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Conditioning of unsteady cross-flow instability modes using dielectric barrier
discharge plasma actuators

Jacopo Serpieri! and Marios Kotsonis
AWEP Department, Section of Aerodynamics, TU Delft,
Kluyverweg 1, 2629HS Delft, The Netherlands

Abstract

In this study, experiments are performed towards the identification and measurement of unsteady modes occurring in a
transitional swept wing boundary layer. These modes are generated by the interaction between the primary stationary
and travelling cross-flow instabilities or by secondary instability mechanisms of the stationary cross-flow vortices and
have a crucial role in the laminar-to-turbulent breakdown process. Detailed hot-wire measurements were performed at
the location of stationary instability amplitude-saturation. In order to deterministically capture the spatio-temporal
evolution of the unsteady modes, measurements were phase- and frequency-conditioned using concurrent forcing by
means of a dielectric barrier discharge plasma actuator mounted upstream of the measurement domain. The actuator
effect, when positioned sufficiently upstream the secondary modes onset, was tuned such to successfully condition the
high-frequency type-I and the low-frequency type-III modes without modifying the transition evolution. Two primary
stationary cross-flow vortices of different amplitude were measured, revealing the effect of base-flow variations on the
growth of travelling instabilities. The response of these two stationary waves to the naturally occurring and forced
fluctuations was captured at different chordwise positions. Additionally, the deterministic conditioning of the instabil-
ity phase to the phase of the actuation allowed phase-averaged reconstruction of the spatio-temporal evolution of the
unsteady structures providing valuable insight on their topology. Finally, the effect of locating the actuator at a more
downstream position, closer to the secondary instability branch-I, resulted in laminar-to turbulent breakdown for the
high-frequency actuation while the low-frequency forcing showed milder effects on the transition evolution.
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Symbols 5y Angle of the inviscid streamline w.r.t x
] of Spectral frequency resolution
A Amplitude 9 Momentum-loss thickness
b Wing span in the Z direction A Wavelength
c Wing chord in the x direction A Sweep angle
Ccx Wing chord in the X direction v Kinematic viscosity
Cu Actuator momentum coefficient 0 Air density
Cp Pressure coefficient P Phase
d Roughness elements diameter w Angular frequency
E Voltage amplitude - Time-average
f Frequency ) {...} Standard deviation w.r.t. the subscript quantity
k Roughness elements height L Fluctuations
M Optical magnification ™ Magnitude
Re Free-stream Reynolds number
t Time
T Actuator thrust in the wall-parallel direction Sub/super-scripts
Tu Turbulence intensity
u,v,w  Velocity component along the z,y, z directions zo i}cltt_}(l)gboun dary layer edge
U,V,W Velocity along the XY, Z directions
2.y.2 Wing coordinates DBD Is%elatelzfi to the actuator
Ty, Yt, z¢ Wing surface coordinates fn Aézntlﬁelrrlfaximum extent
X,¥,Z Wind-tunnel coordinates 1 Related to stationary modes
@ Angle of attack, wavenumber 11 Related to unsteady modes
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%) Free-stream quantity

P Related to phases

0 Reference value
Abbreviations

AC-DBD Alternating Current Dielectric Barrier Discharge

CE Covered Electrode

CF Cross-Flow

CFV Cross-Flow Vortices

CTA Constant Temperature Anemometer
DNS Direct Numerical Simulation
DRE Distributed Roughness Element
EE Exposed Electrode

EMI Electromagnetic Interference

HF High Frequency

HWA Hot-Wire Anemometry

KH Kelvin-Helmholtz

LF Low Frequency

POD Proper Orthogonal Decomposition
PR Phase Reconstructed

PSD Power Spectral Density

TS Tollmien-Schlichting

1. Introduction

1.1. Background

Swept wings and axisymmetric bodies at incidence or
rotating about their axis feature three-dimensional stream-
lines. Within the boundary layer, the flow experiences an
imbalance between pressure and inertial forces and tends
to be torn by the pressure gradient. This phenomenon
causes a secondary flow called cross-flow (CF), which leads
to inviscidly unstable boundary layers. In low free-stream
turbulence environments, this instability manifests in sta-
tionary co-rotating vortices (the so-called cross-flow vor-
tices (CFVs)), approximately aligned with the flow [2, 29].
These cross-flow vortices, although weak disturbances of
the wall-normal and spanwise velocity components, deeply
modify the base-flow boundary layer by displacing low-
momentum air upwards towards the outer edges of the
boundary layer and vice-versa, thus causing a strong modi-
fication of the spatial arrangement of the streamwise veloc-
ity [1, 2]. Strong velocity gradients along the wall normal
and spanwise directions appear in the transitional bound-
ary layer, giving rise to the development and amplification
of Kelvin-Helmholtz (KH) type instability modes [3]. Two
different travelling modes (type-I and type-II') have been
individuated and named after their locations with respect
to the streamwise velocity gradients as z-mode and y-mode,
respectively [22]. These two modes feature very high fre-
quencies and explosive spatial amplifications. Malik et al.
[21] and White and Saric [38] reported a third region of
strong fluctuations related to the interaction between the
primary travelling cross-flow waves and the stationary CF

vortices. Fischer and Dallmann [10], Hégberg and Hen-
ningson [13], Wassermann and Kloker [35], Bonfigli and
Kloker [3] interpreted these fluctuations as a secondary in-
stability mechanism. This mode is defined in literature
as type-I11. The frequency of the type-III mode has been
identified to be one order of magnitude lower than the type-
I-type-II modes. In addition, the spatial growth rates are
significantly lower for this low-frequency mode.

High-frequency fluctuations were experimentally ob-
served by Poll [26] and Kohama et al. [16]. Later, ded-
icated measurements were performed by Kawakami et al.
[14], White and Saric [38], Glauser et al. [11] and Ser-
pieri and Kotsonis [32]. Theoretical studies using sec-
ondary linear instability theory were published by Koch
et al. [15], Malik et al. [21, 22], Bonfigli and Kloker [3] and
Groot et al. [12] while direct numerical simulations were
performed by Hogberg and Henningson [13] and Wasser-
mann and Kloker [35, 36]. The overall consensus of the
aforementioned studies indicates that the convective sec-
ondary instability vortices abruptly grow over the strong
shear regions caused by the primary waves and eventually
lead to laminar-turbulent breakdown within a relatively
confined streamwise region. Following this observation,
transition prediction approaches, based on the evolution
of the secondary instability modes, have been proposed
through the years [22, 11].

In comparison to experimental investigations, DNS sim-
ulations and theoretical analyses could describe in greater
detail these secondary vortices, by inferring their topology
and spatio-temporal evolution. The advantage of theoreti-
cal/numerical studies over experimental approaches stems
from the use of hot-wire anemometry (HWA) and hot-film
wall shear measurements as the most used flow diagnostic
techniques. These techniques, despite their high spatial
and temporal resolution, are limited to single-point and
in most cases velocity magnitude and wall shear stresses
measurements, thus leading to data which are not corre-
lated in space. Unsteady modes developing in swept wing
boundary layers present a multitude of frequencies and
wavelengths, pertaining to the aforementioned instabili-
ties. As such, their observation by point measurements
like HWA can only be performed in a statistical manner.
Full spatio-temporal information can be attained by rig-
orous knowledge of the phase of the incoming instability.

To overcome this limit of hot-wire based investigations,
Kawakami et al. [14] and Chernoray et al. [4] forced the
secondary instability (of CFVs in the work of Kawakami
et al. and of streamwise roughness-induced vortices in the
work of Chernoray et al.) with localized periodic blow-
ing/suction thus locking the phase of the flow structures
with the signal of the forcing jet. This approach allowed il-
luminating measurements, capable of inspecting the spatio-
temporal evolution of the travelling modes. Recently, Ser-
pieri and Kotsonis [31] and van Bokhorst and Atkin [34]
followed a similar approach as the two aforementioned
studies. The work of van Bokhorst and Atkin focussed
on the effect of changing the forcing amplitude on the de-



velopment of the secondary modes, whereas Serpieri and
Kotsonis presented preliminary results of the current study.
A different approach was followed by Glauser et al. [11],
making use of multiple sensors (multiple hot-wire probes
and multiple hot-films sheets), thus allowing multi-point
correlations.

The current study is part of an ongoing effort by the
authors to provide experimental description of the com-
plex phenomena describing the evolution and breakdown
of laminar swept wing boundary layers. The wind-tunnel
facility and model described in this study have been used
in a previous study [32], aimed at elucidating the spatial
organization of these structures. This was made possible
with the deployment of advanced tomographic - PIV [32],
yielding spatially resolved measurements of the naturally
occurring secondary modes. Nevertheless, due to technical
constraints, temporal description was limited. The flow
structures were only indirectly related to their pertinent
frequencies, measured with HWA, by application of Tay-
lor hypothesis on flow advection. The present study aims
at lifting some of these limitations by following a different
route, as explained in the following section.

1.2. Present study

In this work, low- and high-frequency modes arising on
saturating, roughness-excited CFVs have been conditioned
by known predetermined forcing via an Alternating Cur-
rent Dielectric Barrier Discharge (AC-DBD) plasma actu-
ator specially manufactured for this study and installed on
the wing. In contrast to the localized forcing of Kawakami
et al. [14] and Chernoray et al. [4], the choice was made
for spanwise invariant forcing, enabled by the inherent fea-
tures of the plasma actuator. Plasma actuators present
several attributes rendering them ideal for localized, deter-
ministic actuation of transitional flows [19, 39, 23]. Most
pertinent to this study is their ability to work on elec-
trical rather than mechanical time scales, thus able to
introduce a wide band of frequencies in the flow. Such
band encompasses the relevant frequency range, govern-
ing swept boundary-layer instabilities such as the type-II1,
type-I and type-II modes described in the previous section
for the considered flow case [32]. Additionally, through
the use of state-of-the-art solid state high voltage ampli-
fiers, the driving signal of the actuator can be determinis-
tically set and measured in order to enable time-stamping
and phase-reconstruction of the unsteady structures per-
taining to both low- and high-frequency travelling cross-
flow instabilities. The capability of adjusting the actua-
tors’ control authority by increasing/reducing the voltage
amplitude and the inherent directionality of plasma-based
forcing enable accurate and deterministic conditioning of
flows. As such, apart from their traditional flow control
role, plasma actuators become ideal tools for deep funda-
mental understanding of transitional flows, in an analo-
gous function to the well-known vibrating ribbon. Finally,
given the novel plasma actuator fabrication technique, a

dedicated experiment was carried out with the aim of eval-
uating the actuator performance.

The actuator was mounted on a 45 degrees swept wing
installed in a low-turbulence facility at TU Delft Aerody-
namics, in the same setup as the one used in Serpieri and
Kotsonis [32]. The actuator was operated at different volt-
ages and at different forcing frequencies. The deterministic
forcing slightly enhanced the amplitude of the secondary
instability modes without affecting the primary stationary
mode, allowing to narrow their spectral content and to
condition their phase. As a consequence, a phase-averaged
reconstruction of the hot-wire measurements, based on the
actuator signal, was performed. The secondary modes
spatio-temporal evolution was captured showing a good
agreement with the previous effort of Kawakami et al. [14],
Chernoray et al. [4] and with the recent outcomes of the
tomo-PIV experiments by Serpieri and Kotsonis [32]. The
evolution of the secondary modes at different chord sta-
tions and for different actuator positions was investigated.
Finally, the effect of the amplitude of the 'carrying’” CFV
was analyzed and compared to the results of the simula-
tions by Wassermann and Kloker [35] and Choudhari et al.
[5] and of the stability computations by Groot et al. [12].

2. Experimental Setup

In this section, the model and the facility used in the
current experiments are described along with the flow di-
agnostics setup. The actuator configuration and perfor-
mance are also presented in this section. Finally, the co-
ordinate systems and relative velocities notations are in-
troduced.

2.1. Model, wind-tunnel and reference systems

A 45 degrees swept wing of about 1.25m of span (b)
and 1.27m of chord in the free-stream direction, when at
zero incidence, (cx) was used. The wing section features
a modified version of the NACA 66018 airfoil (see figure
1), named 66018-M3J. The airfoil features small leading
edge radius in order to avoid attachment line instability
and turbulent contamination from the wind tunnel walls.
Flow acceleration until about 70 percent of the chord (at
zero incidence) and the convex shape of the wing section
suppress Tollmien-Schlichting (TS) waves and Gortler vor-
tices, respectively. More details on the model can be found
in Serpieri and Kotsonis [32]. The airfoil used is presented
in figure 1. It should be noted that this is the wing section
orthogonal to the leading edge.

The wind-tunnel where the experiment was performed
is the TU Delft Low Turbulence Tunnel (LTT) facility.
This is a closed loop low-turbulence subsonic tunnel with
a testing chamber of 1.25m x1.80m of height and width
respectively and 2.6m length. The tunnel presents seven
anti-turbulence screens and a contraction nozzle with 17:1
cross-section ratio. The turbulence intensity (7T'u) mea-
sured with a hot-wire sensor and band-pass filtered be-
tween 2 and 5000Hz, is Tu/Us = 0.07% at the free-stream
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Figure 1: Schematic (to scale) of the airfoil (orthogonal to the wing
leading edge) used in the present work with the AC-DBD actuator
installed at z/c = 0.30. Inset: detailed view of the actuator. Red
line: exposed electrode; blue line: covered electrode.
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Figure 2: Schematic (not to scale) of the model with leading edge
DREs and plasma actuator (EE: exposed electrode; CE: covered elec-
trode and Kapton dielectric film). Definition of the reference systems
zyz, XY Z and xtytz¢. [llustration of the HWA measurement planes,
of the stationary CFV, of the attachment line and of the downstream
advecting plasma waveforms.

velocity Us, = 24m/s. This value is low enough to ob-
serve stationary cross-flow waves [2]. The wing was set
at incidence of o = 3° and the free-stream velocity set at
Us = 25.6m/s (Reynolds number based on free stream
velocity and cy chord, Re = Y=¢X = 217.105). The
flow over the wing pressure side (i.e. the geometric side
of the wing on which the attachment line is formed) was
investigated.

Figure 3 presents the measured pressure coefficient (Cp)
distribution at two spanwise stations equally distanced
from the model centerline (£0.3b) together with the an-
gle of the inviscid streamline w.r.t (7). Results indicate
satisfactory spanwise invariance for the pressure distribu-
tion. Furthermore it is worth to notice that for this flow
configuration the measured pressure minimum point is at
x/c = 0.63 thus avoiding amplification of T'S waves, up to
this point.

The expedient used by Reibert et al. [27] of fixing the
primary (naturally dominant) stationary mode by means
of small roughness elements is followed in this study. A
sequence of small cylindrical elements (diameter of d =
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Figure 3: Pressure coefficient (C}) distribution on the wing pressure
side measured by two arrays of 46 pressure taps placed 4-0.3b (dashed
and dotted lines, respectively) from the model centerline at o = 3°
and Re = 2.17 - 105. Angle of the inviscid streamline w.r.t x (v)
(solid line).

2.8mm and average height of k£ = 10um) is installed on the
model surface at /¢ = 0.025, close to the forced mode crit-
ical location. The distributed roughness elements (DREs)
are installed with a spacing along z of A\, = 9mm, match-
ing the wavelength of the dominant stationary wave, as
predicted by preliminary linear stability calculations [32].
All the tests presented here are performed under condi-
tions of primary stationary instability critical forcing.

In figure 2, the reference systems used in this study and
the respective notations are introduced. The wind-tunnel
coordinate system is defined with the upper case letters
XY Z and is such that the X and Y axis lie in a horizontal
plane, the X being in the chord plane and Y orthogonal to
that plane, while the Z is the vertical direction. The veloc-
ity components along this coordinate system are indicated
with upper case letters UVW. Free-stream quantities are
denoted with the subscript co. The swept wing reference
system is such that its = axis is orthogonal to the wing
leading edge, the z parallel to it (both these axes belong
to the chord plane) and the y coincides with the Y di-
rection. By rotating the XY Z system of coordinates 45°
about the Y axis, one goes to the swept zyz system. The
velocity components in this system of coordinates are in-
dicated with the lower case letters uvw. A last coordinate
system needs to be introduced here as the local tangential
system (the definition of tangential is simplified here as it
implies only the surface curvature along the X direction).
It is such that its z; axis is along the surface tangent, the
y; is the wall normal direction and z; coincides with the Z
axis.

2.2. Hot-wire measurements

Hot-wire measurements were performed with a single-
wire boundary layer probe (Dantec Dynamics P15). A
second probe (Dantec Dynamics P11) performed simul-
taneous measurements of the outer inviscid flow. This
second probe was mounted about 10cm away from the
boundary layer probe along the Y axis at the same X — Z



position. This second sensor allowed investigations of the
free-stream turbulence levels as well as eventual electro-
magnetic interference (EMI) from the plasma actuator.
Both probes were operated by a TSI IFA-300 Constant
Temperature Anemometer (CTA). Wire calibration was
performed in the wind-tunnel itself, far from the model and
close to a Pitot-static probe. Flow temperature and atmo-
spheric pressure corrections were applied. The hot-wire
was operated at a sampling frequency of fs = 40kHz and
low-pass filtered with a cut-off frequency of f., = 15kHz
before bridge amplification. Time-series of 4 seconds were
recorded at every probe position to ensure statistical con-
vergence. A three degrees of freedom automated traverse
was installed in the wind-tunnel diffuser. The traverse has
a resolution of 2.5um in all three directions.

The hot-wire scans were performed in y; — z planes
at different chordwise locations corresponding to the pri-
mary instability saturation (cf. [32]). Every measured
plane consisted of 420 points: 28 scans in the local wall-
normal direction y; times 15 stations in the z direction
spaced 0.625mm from each other. The range of the y;
scans was chosen to span from the location where the lo-
cal mean velocity was 10% of the local outer velocity until
the inviscid flow-field. The wires were aligned with the
vertical direction such to mainly measure the euclidean
sum of velocity components along the axes X and Y:
‘VHWA‘ — (U2 + VQ)%.

2.3. AC-DBD plasma actuator

The AC-DBD plasma actuator configuration is described
in this section. Moreover, given the novel fabrication tech-
nique, a dedicated experiment was performed to character-
ize the actuator mechanical performance.

2.3.1. Configuration

For the needs of this study, actuator-induced roughness
is of great importance. To this end, specially developed ac-
tuators were employed. These were manufactured using a
proprietary silver nanoparticles ink-jet printing technique
resulting in electrode thickness of less than 100nm. For
comparison, traditional hand-made copper-electrodes ac-
tuators typically have electrode thickness of ~ 60um. The
plasma actuator was placed at two different chordwise po-
sitions (z/c = 0.30,0.375) to investigate the effect of the
forcing location on transition. The electrodes were aligned
with the leading edge-parallel direction (z) and such to in-
duce an air flow along . The schematic in figure 2 is a rep-
resentation of the experiment including the wall-mounted
actuator. The streamwise length of both exposed (E'FE)
and covered electrode (CE) was 7mm while neither gap
nor overlap between the electrodes were present. In figure
1, the exact position (z/c = 0.30) and relative dimensions
of the AC-DBD actuator w.r.t. the wing section are shown.
Kapton polyimide film of 50pum thickness was used as di-
electric barrier. A second layer of Kapton was put between
the actuator and the model surface to protect the latter

DBD

1/f

Figure 4: Schematic of the time signal of the AC-DBD actuator
voltage and of the hot-wire measurements.

in case of actuator failure (usually translating into spark
discharges); as such the total thickness of the actuator
was measured to be 125um (notice that the layer of glue
used to mount the actuator also contributes to the total
height). Although this value is considerable, it should be
noted that the actuator was placed significantly far from
the leading edge (x/c = 0.30,0.375), where sensitivity of
this flow to two-dimensional roughness is low [29]. Indeed,
preliminary flow visualizations (not shown), indicated no
adverse effects on the transition location, in a spanwise
averaged sense, by the physical presence of the actuator
(this point will further addressed in the remainder).

The actuator was powered using a Trek 20/20C HS
high-speed high-voltage amplifier. Depending on the case,
the actuation signal was sinusoidal with amplitudes (E)
of 1.2kV and 1.5kV. The high voltage signal frequency
(carrier frequency) was chosen such to excite the desired
unsteady modes. During the hot-wire measurements, the
high-voltage monitor output of the amplifier was concur-
rently recorded in order to allow the phase-reconstruction
procedure. A schematic of the time series of the actuator
voltage and of the hot-wire measurements is shown in fig-
ure 4. Cases with the actuator operating at two frequencies
fpep = 0.4kHz and fppp = 4kHz, proper of the type-IIT
and type-I instability modes, respectively (cf. [32]), were
performed. The hot-wire measurements were performed at
acquisition frequency of f; = 40kHz, leading to phase aver-
aged reconstruction of the low-frequency mode (fpgp =
0.4kHz) within 100 discrete phases. Each phase average
was constructed using 1600 instantaneous measurements.
Respectively, the high-frequency mode (fppp = 4kHz)
was resolved within 10 discrete phases, using 16000 in-
stantaneous samples per phase.

2.8.2. Performance

A dedicated experiment was performed to asses the
performance of the used actuator. High speed particle
image velocimetry (PIV) was used to measure the velocity
field induced by the actuator in quiescent air. To do so, the
setup was enclosed in a box of 1 x0.5x 0.5m>. The box was
made out of transparent acrylic glass thus allowing optical
access. The camera used in this experiment is a Lavision
Imager HS featuring a sensor of 2016x2016px?, pixel size
of 11um and 12bits of digital resolution. In order to fa-
cilitate higher sampling rates, the camera’s active sensor
was reduced to 960x440 px2. The camera was equipped



Figure 5: (a) Time-averaged velocity field (one every five vectors shown); shaded: wall-parallel component (m s—1).
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Red dashed lines:

boundaries of the control volume for the evaluation of the exerted thrust. Horizontal thick lines: red EE, blue: CE. (b) Wall-parallel velocity
power spectral density (db Hz~1). Velocity sampled along the vertical red solid line of (a).

with a Nikon Nikkor 200mm macro lens and the optical
magnification resulted to M = 1.14. Paraffin oil particles
(Shell Ondina), 1pm in average diameter, were generated
by a TSI Atomizer nozzle. A Nd:YAG high speed Con-
tinuum Mesa PIV laser (18mJ per pulse) was employed
as light source. A 1lmm thick light sheet was shaped by
means of an opportune set of lenses and aligned with the
induced jet, orthogonal to the actuator electrodes. Image
acquisition and correlation were performed with LaVision
DAVIS 8.3. The final vector spacing was approximately
0.053mm in both directions. The system was operated at
the acquisition rate of 10kHz in single-frame mode thus the
pulse separation between consequent frames was 100us.
Sequences of 25000 images were acquired for each test case
for a total measurement time of 2.5s. The high sampling
rate and long measurement time ensure to capture both
the instantaneous flow evolution as well as the converged
statistical fields.

Following Kotsonis [17], the time-averaged velocity field
induced by the actuator is used to retrieve the thrust ex-
erted by the actuator. The time averaged wall-parallel field
is presented in figure 5(a). The maximum velocity in this
direction is 0.19m s~!. When the actuator was mounted
on the wing surface (see figures 1 and 2), the induced jet
resulted aligned with x;. The momentum flux, through the
boundaries of a control volume large enough to encompass
the total body force (see the red dashed lines in figure
5(a)), is computed. For the fppp = 4kHz - E = 1.2kV
case, the actuator thrust, normalised by unit length, in
the wall-parallel direction resulted in T' = 2.30uN mB}B D
From this quantity the momentum coefficient exerted by
the actuator follows from equation 1,

T

1 2
5 0Ue ﬂu

Cu= (1)
where g is the air density. Following Serpieri et al. [33],
the considered velocity (u.) and length (¢,,) scales are the
local (at the actuator position) boundary layer edge ve-
locity and momentum thickness along x for the considered
flow-case. These quantities are extracted from numerical
solution of the laminar, stationary, incompressible, 2.5-
dimensional boundary layer equations (see [30] for formu-
lation and [32] for the results). Therefore at z/c = 0.30

(ue = 18.36m s~ ! and 9, = 2.31 x 10~% m), the momen-
tum coefficient attains the value of C), = 4.82 x 1075 while
at x/c = 0.375 (ue = 19.14m s~! and 9, = 2.53 x 10~*
m) it is C;, = 4.06 x 107> under the assumption that the
oncoming flow does not modify the actuator performance
[25, 8] and neglecting the mean-flow distortion caused by
the developing CF instability. It must be noted that, for
fixed voltage and frequency inputs (thus for fixed values of
thrust), the relative effect of the forcing at the more down-
stream position is milder due to the increased momentum
loss of the local boundary layer. Moreover, in an acceler-
ating flow, it applies that u.(z1) < ue(x2) if 1 < z5. This
is the case for the considered flow (see figure 3) thus also
contributing to the forcing weakening at more downstream
locations.

The values of velocity, thrust and momentum coeffi-
cient are relatively low compared to standard applications
of AC-DBD plasma actuators [24, 6]. A comparative ex-
ample is provided by the work of Dorr and Kloker [9],
where plasma actuators were used to attenuate non-linear
CFVs. Scaling the dimensional force from the study of
Dérr and Kloker [9] to the conditions of the present ex-
periment (i.e. x/c = 0.30, u. = 18.36m s~ ! and ¥, =
2.31 x 107%), an equivalent C,, = 3.31 - 102 is estimated,
which is three orders of magnitude larger than the actua-
tor of this study, further confirming the weak nature of the
presently used actuators. This is in line with the scope of
this experiment which is to condition the unsteady modes
without modifying their development or affecting the base-
flow. Towards this goal, rather weak jets are required as
will be shown in the results section.

When the actuator was supplied with the fppp =
0.4kHz - E = 1.5kV voltage, the induced jet resulted even
weaker thus not allowing to extract the exerted thrust with
acceptable accuracy despite the slightly augmented volt-
age amplitude to compensate the frequency response of
the actuator [24, 6]. A consequence of the reduced carrier
frequency is that the actuator lifetime can be significantly
longer (several tens of hours of operation), compared to
high-frequency forcing. Vice-versa operation at high fre-
quencies causes dielectric failure after a few hours of op-
eration. The limited lifetime of the considered actuator at
high frequency necessitated a restricted testing matrix for



high-frequency forcing in this study as it will be shown in
section 3.

Capitalizing on the very high frame rate of the PIV
experiment, spectral information of the induced velocity
field is also accessible. The Power Spectral Density (PSD),
computed following Welch’s method [37], with final fre-
quency resolution 6y = 10Hz, of the wall-parallel velocity
signal sampled along the solid line of figure 5(a) is shown
in figure 5(b). It appears that most of the spectral energy
occurs at the carrying voltage frequency as reported in
previous studies on standard actuators [6] thus confirm-
ing the capability of the considered actuator in forcing
the chosen narrow-band fluctuations. However, increased
spectral energy at relatively low frequencies (0 < f < 0.2
kHz) is also evident in figure 5(b). At this point it cannot
be concluded whether this low-frequency component is an
artefact of quiescent-conditions testing (i.e. recirculation
in the box, drafts etc.) or an inherent plasma oscillation.

Finally, a note must be made regarding the use of HWA
in close proximity to plasma actuators. Hot-wires are elec-
trically balanced devices, relying on minute variations of
voltage signals, thus sensitive to electromagnetic noise.
Previous studies have shown pronounced levels of electro-
magnetic interference affecting the hot-wire when in the
vicinity of operating plasma actuators [20, 17]. Typically
EMI would appear as a narrow peak in the measured sig-
nal at the plasma carrier frequency. In the present study,
the effect of EMI was identified by utilizing the second hot-
wire probe positioned in the inviscid flow and measuring
concurrently to the boundary layer probe. As it will be
shown in the results section, EMI effects were detected by
the inviscid-flow hot-wire, albeit several orders of magni-
tude less energetic than the physical velocity fluctuations
pertaining to boundary-layer instabilities, detected by the
boundary layer probe (see figure 7). As such, the effect of
EMI on the statistical and phase-reconstructed flow fields
was confirmed to be negligible. The relatively low levels of
EMI can be attributed to the large distance between the
plasma actuator and the hot-wires (minimum distance was
approximately 120 mm) and the relatively low amplitude
of high voltage.

3. Investigated cases

The plasma actuator was operated at two different volt-
ages in order to reconstruct the spatio-temporal character-
istics of the two developing instability modes of type-I (in
the 4000Hz band) and type-III (in the 400Hz band) [32].
These fluctuations were weakly amplified by the actuation
and their respective phase was locked to the actuator sig-
nal as it will be shown in section 4.4.

Measurements were performed at four different chord-
wise stations (z/c¢ = 0.40,0.425,0.45,0.475) for both the
unforced and the low-frequency forcing cases. Given the
reduced lifetime of the dielectric Kapton sheet when the
actuator was operated at the higher frequency and the

long measurement time necessitated by HWA measure-
ments (about 40 minutes were needed per each measured
plane), only the plane at z/c = 0.45 was measured for
the 4kHz forcing case. The three investigated cases are
summarized in table 1.

4. Results and discussion

The effect of periodic forcing on the statistical flow
fields is inspected in the following section. The spectral
content is analysed by means of single-point spectra and
band-pass filtered fields followed by the investigation of the
spatio-temporal evolution of the unsteady modes. Finally,
the effect of the amplitude of the ’carrying’ stationary vor-
tex and of the actuator position is presented.

4.1. Statistical analysis

As described in the experimental setup, the hot-wire
probe was aligned such to measure mainly the euclidean
sum of the U and V velocity components. Time averaged
(denoted with the overbar symbol) velocity fields non-
dimensionalised with the local external velocity (|[V.ZWA4|)
and pertaining to the three investigated cases are pre-
sented in figure 6. For all cases, the characteristic structure
pertaining to the fully developed cross-flow vortex is ev-
ident at the chordwise location of x/¢ = 0.45. Previous
extended investigations by the authors [32] showed that,
at this station, the primary stationary vortices are un-
dergoing amplitude saturation. Based on the same study
and previous works [7, 22, 35, 38], amplitude saturation
of the primary CF mode is usually accompanied by rapid
growth of secondary high-frequency instabilities. The sta-
tionary CF vortices have very weak in-plane velocity com-
ponents compared to the component along the vortices
axes [35, 32]. Nonetheless, the displacement of high mo-
mentum fluid in low-momentum regions (and vice-versa),
consequence of these vortices, has a dramatic impact in
the organization of the boundary layer. The contours pre-
sented in figure 6 clearly show this effect. Furthermore,
it can be concluded that the unsteady plasma forcing at
both the lower and higher frequency does not produce any
considerable effect on the morphology of the stationary
vortices.

Inspection of the velocity fluctuation fields, provided
in figure 6, for the three flow cases shows pronounced fluc-
tuations levels. These are mainly occurring in two regions
of the boundary layer corresponding to the inner and the
outer upwelling flow regions of the primary vortex. Ma-
lik et al. [22] showed that these regions correspond to the
locations of large positive and negative values of the span-
wise velocity gradient respectively. Previous research (e.g.
[13, 22, 14, 35, 38]) showed that the outer side of the cross-
flow vortices is occupied by high-frequency fluctuations,
defined as type-I mode, of Kelvin-Helmholtz nature (cf.
Bonfigli and Kloker [3]). The inner region of the primary
vortices is instead interested by low-frequency fluctuations,



Table 1: Investigated cases

Instability mode  fppp [kHz] E [kV] HWA planes: z/c
natural flow - 0.40 0425 045 0475
type-I111 0.4 1.5 0.40 0425 0.45 0.475
type-1 4.0 1.2 - - 0.45 -

(a)

yt[mm]

Figure 6: Time averaged velocity fields (solid lines: 7 levels, from 0 to |

VeHWAD

and velocity fluctuation fields (shaded: 10 levels, from 0 to

0.1|VAWA|) at z/c = 0.45. AC-DBD actuator installed at /c = 0.30: (a) non-operative; (b) fppp = 0.4kHz - E = 1.5kV; (¢) fppp = 4kHz
- E =1.2kV. The red markers indicate locations of spectral analysis presented in figure 7.

related to the type-IIT mode, which arise from the interac-
tion between the stationary and the travelling cross-flow
waves, with the latter featuring the reported lower fre-
quencies and growth rates [10, 13, 22, 14, 35, 3.

Upstream plasma forcing at /¢ = 0.3 results in mild
changes in the distribution of dominant fluctuations within
the stationary CFV flow-field. By operating the actuator
at the frequency of fppp = 0.4kHz, the type-III mode is
enhanced. This is confirmed by the contour of figure 6(b),
where the fluctuations in the inner ’leg’ of the stationary
vortex are slightly increased. When instead the unsteady
forcing is applied at fppp = 4kHz, the type-I fluctuations
are stimulated. The contour of figure 6(c¢) indicates a slight
increase of fluctuations associated with the left leg of the
vortex.

The apparent invariance of the statistical flow-fields to
actuation confirms the initial premise of utilization of the
AC-DBD actuator as a forcing agent with minimal effect
on the base flow. This was achieved using rather weak
high voltage amplitudes as well as placing the actuator in
the fully developed primary instability field but consider-
ably upstream of the secondary modes onset (i.e. marginal
stability branch-I). Further discussion on the effect of the
actuator position is provided in section 4.6.

4.2. Spectral analysis

It is instructive to inspect the effect of the unsteady
forcing of type-III and type-I instability modes in the spec-
tral domain. To this goal, the hot-wire velocity signal was
sampled at locations of fluctuations maxima described in
the previous section and corresponding to the marker po-
sitions in the flow-field of figure 6. Averaged periodogram
PSD were computed [37]. The spectra feature a frequency
resolution of §y = 10Hz. The presented spectra are nor-
malised based on Parseval’s theorem as shown in equation

o1 ot(7)?
=/(PSD, - )

where ~y is the spectra variable and E'S the temporal en-
semble size. The sums are performed w.r.t the subscript
quantity (i.e. time (t) at the numerator and frequency (f)
at the denominator).

The spectra of the fluctuations maximum in the outer
upwelling air region are presented in figure 7(a) for the
three investigated flows. The spectra show that at the
higher frequencies, when the 4kHz forcing is applied, the
broadband energy between 3 and 7.5kHz (related to the
type-I mode) attains to lower levels compared to the un-
forced and low-frequency forcing cases. The spectra of
these two last cases are practically overlapping on each
other throughout the resolved band. Nevertheless, the en-
ergy at 4kHz is considerably increased thus showing the
possibility of conditioning the frequency of the secondary
modes through external monochromatic forcing. Further-
more, the spectrum of the high-frequency forcing shows
enhanced energy levels throughout the band suggesting a
contamination of fluctuations, due to actuation. The low-
frequency forcing shows discrete peaks stemming beyond
the unforced case spectrum at the forcing frequency and
at the first two harmonics (400, 800 and 1200Hz).

The spectra sampled at the location of maximum fluc-
tuation in the inner CFV leg are shown in figure 7(c).
As for the previously discussed spectra, the 4kHz forcing
has stronger effects on the full spectrum fluctuations. The
400Hz forcing shows higher peaks at the forcing frequency
and at the first five harmonics (untill 2kHz). All spec-
tra feature a broadband hump centred at f = 0.4kHz.
This hump is related to the type-III mode [32]. Moreover,
the fluctuations comprised in the band 500Hz< f <2kHz

PSD: -85 = (PSD. - 6)
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Figure 7: Normalised power spectral densities of the velocity fluctuations (see equation 2) at x/c = 0.45. Velocity sampled at the location of
local maximum of fluctuations in (a) the outer upwelling air region (denoted by O in figure 6) and (c) the inner upwelling air region (denoted
by A in figure 6). Velocity sampled in the outer inviscid flow (b) simultaneously to (a) and (c) simultaneously to (d). Black lines: unforced

flow; red solid lines: fppp = 0.4kHz; blue solid lines: fppp = 4kHz.
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Figure 8: Contours of the band-pass filtered (top: LF; bottom: HF) fluctuations (shaded, 10 levels from 0 to 0.05:|[VHWA|) at 2/c = 0.45.
AC-DBD actuator installed at z/c = 0.30: (a) non-operative; (b) fppp = 0.4kHz - E = 1.5kV; (¢) fppp = 4kHz - E = 1.2kV. Black line

contours denote time averaged velocity.

are significantly increased, even beyond the high-frequency
forcing spectrum, by the 400Hz forcing.

The spectra of the second hot-wire placed outside the
boundary layer (about 10cm from the boundary layer probe)
at the same X — Z position are plotted in figures 7(b) and
(d). They show different discrete spikes that are to be re-
lated to electro-magnetic interference (EMI). Despite the
undesired occurrence of these spikes their overall energy is
several orders of magnitude lower than the pertinent fre-
quencies in the boundary layer, suggesting negligible in-
fluence of EMI on the measurements. The high-frequency
hump of the second wire signal is instead an artefact of
the CTA hardware [28].

To further evaluate the effect of the applied forcing on
the boundary layer, the velocity fluctuations were band-
pass filtered in the relevant frequency bands by means
of fourth order Butterworth digital filters [32]. The two
inspected bands covered frequencies between 350Hz and
550Hz (low-frequency (LF) band) and between 3.5kHz and

4.5kHz (high-frequency (HF) band) respectively. The anal-
ysis was performed for the three flow cases investigated so
far and is presented in figure 8. It is evident that the un-
steady modes are strictly confined in the described zones
of the boundary layer. Forcing at the high frequency has
major effects, given that the spectral peak of the type-I
mode is much higher than the respective low-frequency
band under low-frequency actuation. The analysis of the
spectra and band-pass filtered fields allows to conclude
that the chosen operating voltages for the two forced fre-
quencies (summarized in table 1) are enough to enhance
the desired instability modes, without strongly affecting
the overall evolution of the boundary layer, or the transi-
tion process.

To quantify the field amplitudes of the primary and
secondary instability mechanisms, opportune metrics can
be introduced. Following White and Saric[38] and Serpieri
and Kotsonis[32], the primary stationary instability am-
plitude is retrieved from the wall-normal integral of the



Table 2: Stationary (A;) and unsteady full spectrum (A%3), band-pass filtered (ALY low-frequency band, A%
1) disturbances amplitudes from equations 3 and 4 evaluated at =/c = 0.45.

phase-reconstructed (A%

F: high-frequency band) and

forcing A Atot ALF ALF APE

none 0.119 0.0302 0.0058 0.0048 -
0.4 [kHz] - 1.5 [kV] 0.1181 0.0329 0.0069 0.0050 0.0042
0 [kHz] - 1.2 [kV] 0.1175 0.0352 0.0074 0.0091 0.0064

mode shape profiles (i.e. the spanwise standard deviation
of the time-averaged velocity profiles). The mathematical
expression of this quantity is in reported in equation 3,

1 Y VHWA
[T,
Yi 0 z

[VHWA(z)|

where the brackets define the standard deviation operator
w.r.t. the subscript quantity (z). Similarly, the amplitude
of the total and of the two band-pass filtered fluctuations
fields is obtained by integrating, over the measured plane,
the temporal standard deviation fields of the considered
frequency band. The formulation of this quantity is re-
ported in equation 4,

Arr(z) = g / / {

where 2" = Ay = 9mm.

The quantity Aj; is evaluated for the total spectrum
(A% with fi = OHz and fy = fs/2) and for the low
(AEF | with f; = 350Hz and f> = 550Hz) and high (AZF
with f; = 3.5kHz and f, = 4.5kHz) frequency bands.
Therefore the fluctuation fields shown in figure 6 and 8
are the considered integrands of equation 4. Finally, AP
is the fluctuations amplitude of the phase-reconstructed
(PR) mode with fi = fppp — 5f and fo = fppp + (Sf
(note that this is true under the assumption that, through
phase averaging, only the fluctuations pertaining to the
monochromatic reconstructed mode are considered). The
results are summarized in table 2. The unforced stationary
vortex, at the measurement location, reached the ampli-
tude of Ay = 0.119. Comparing this value with the one
reported at the same chordwise station and flow conditions
by Serpieri and Kotsonis [32] (c.f. figure 11a) where no ac-
tuators were mounted on the wing (A4; = 0.113), shows
that the steps caused by the layer of dielectric have no
effect on the developing stationary cross-flow instability.

When the actuator is operated, the amplitude of the
CFV is slightly decreased by the enhanced fluctuations.
Moreover, forcing at both the considered frequencies causes
an increase of the fluctuations amplitude in both the forced
band and in the full spectrum amplitude with the higher
frequency forcing showing the largest effects (as seen in
figure 8).

Ap(z) (3)

VHWA’ (1,)‘
[VHWA ()|

} dzdy.df
oW

4.3. Spatial evolution
In this section, the effect of the forcing on the chord-
wise development of the stationary and unsteady fields is
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investigated. For this purpose, the same cross-flow vor-
tex analysed so far is traced along the x direction, con-
sidering that the CFVs are roughly aligned with the lo-
cal flow ([32] and figure 3). Measurements were there-
fore performed at three more chordwise positions: z/c =
0.40,0.425,0.475. The hot-wire scans have the same span-
wise resolution (0.625mm) as for station z/c = 0.45. How-
ever, the wall-normal scans are slightly adjusted to com-
pensate the different wall-normal extent of the boundary
layer while still encompassing 28 points per wall-normal
profile. For this analysis both the unforced boundary layer
as well as the fppp = 0.4kHz - E = 1.5kV case were con-
sidered.

In figure 9, the fluctuation amplitudes are plotted ver-
sus the measured locations together with their chordwise
gradient. It appears that, for the most upstream station
(x/e¢ = 0.40), both the steady modes and the fluctua-
tion amplitudes are not strongly affected by the actua-
tion. However, the amplitude gradients (representative
of local growth rates) of both stationary and unsteady
fields are initially larger for the forced cases. Therefore, at
x/c = 0.45, larger amplitudes in all the three considered
bands are observed, as discussed before. Similar effects oc-
cur when the actuator is operated at the higher frequency.
The stationary mode amplitude at /¢ = 0.45 is almost the
same for all the three cases, however the higher fluctua-
tions for the forced field lead to the reduced A; amplitude
at the most downstream station. This indicates a more
advanced transitional state with enhanced diffusion of the
steady structures.

4.4. Spatio-temporal organisation

It becomes evident from the spectral analysis (figure
7) and band-pass filtered fluctuation fields (figure 8), that
actuation at the selected frequencies results in the forcing
of the respective instability modes. Due to the determin-
istic conditioning of both forcing signal and acquisition
sequence, it can be expected that the triggered modes will
be phase conditioned. This allows the reconstruction of
the coherent spatial structures pertaining to these modes
(the details were discussed in section 2.3), thus enabling
phase-resolved measurements using a point measurement
technique (HWA) [14, 4].

Phase-averaged velocity fluctuation fields (mean flow
subtracted) in the y; — Z plane are presented in figure
10 for the low-frequency forcing and in figure 11 for the
high-frequency forcing (10 equally spaced phases for both
the forced modes). For both the modes, it appears that,
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Figure 9: Chordwise evolution of stationary modes and fluctuations amplitudes (see equations 3 and 4) and related chordwise gradients.
Solid lines: unforced flow; dashed lines: actuator operated at fppp = 0.4kHz - E = 1.5kV; symbol *: actuator operated at fppp = 4kHz -

E =1.51.2kV.

increasing phase (i.e. increasing time), the fluctuations
maxima tend to move towards the wall. More specifi-
cally, the structures pertaining to fppp = 0.4kHz move
towards the right side of the stationary vortex (increas-
ing z and decreasing y;), while the structures pertain-
ing to fppp = 4kHz displace towards the outer side on
the left of the primary vortices (decreasing z and y;) [14].
In order to better facilitate the topological description of
the phase-resolved fluctuating structures, use of a "pseudo-
spatial’ representation is made. This is achieved by rep-
resenting time (i.e. subsequent phases) as the third di-
mension, where the individual slices in the y; — z plane
are the measured phase averages. This approach is fol-
lowed in figures 12a and 12b for the low- and the high-
forcing frequencies, respectively. The plotted structures
are captured at a fixed streamwise position, hence, to rep-
resent their ‘pseudo-spatial’ evolution, they are presented
along the decreasing time direction (cf. [14]). This proce-
dure can be mathematically expressed by the equation of a
downstream propagating wave at a fixed spatial station xg:
A(zo,t) = sin(ayro — wt), where o, is the wavenumber
and w the angular frequency.

Such representation is to be considered only for facili-
tating visualization and not as a quantitative description
of the spatial evolution of the mode. In the latter case,
several limitations occur. The spatial amplification of the
instability modes cannot be assessed by single-plane mea-
surements. To properly capture the spatial evolution, full
volumetric scans are required (see Chernoray et al. [4]).
Alternatively, the true spatial evolution could be retrieved
from the advection speed of the travelling waves. Serpieri
and Kotsonis [32] estimated the convecting velocity by
matching it with the local time-averaged boundary layer
velocity. This approach is corroborated by the consider-
ation that these structures are generated by inviscid in-
stability mechanisms and hence are passively advected by
the local flow (cf. Malik et al. [22] and Bonfigli and Kloker
[3]). This would allow to extrapolate the spatial shape and
evolution of the unsteady structures. Despite these consid-
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erations, the authors believe that the rigorousness of this
approach, applied to the current experiment, would suffer
for several reasons. The estimation of the local boundary
layer velocity from the time-averaged fields is considered
as a blunt approximation. In fact, the hot-wire measure-
ments were performed in planes aligned with y; — z hence
not orthogonal to the primary CF vortices (direction of
advection). Furthermore, the hot-wire measured the ve-
locity magnitude of the U and V velocity components and
not the velocity component along the stationary waves.
Only the latter gives a correct estimation of the actual
advecting velocity [32]. Due to these considerations, the
'pseudo-spatial’ (i.e. decreasing time) representation was
chosen.

Despite these limitations, figures 12a and 12b are con-
sidered an illustrative visualization. For a direct compari-
son between the two modes, the presented time-evolution
refers to the full period of the lower forced frequency (T' =
1/min(fppp) = 2.5us). Hence the structures pertaining
to fppp = 4kHz have been replicated over ten periods.
The low-frequency structures appear as a sequence of posi-
tive and negative velocity regions in the inner upwelling air
region of the stationary CF wave. In the 'pseudo-spatial’
representation they appear oriented with a shallow angle
pointing towards the inner part of the stationary waves and
slightly slanted towards the upper region of the boundary
layer.

The high-frequency fluctuations pertaining to the type-
I mode have a drastically different shape, compared to
type-III structures. In figure 12b they appear as a more
narrow sequence of high- and low-velocity structures riding
on the outer side of the stationary vortices. The pseudo-
spatial’ plot shows that these waves appear significantly
inclined with respect to the stationary vortices. It has to
be stressed again that the third axis of figure 12b is in
the direction of decreasing time. Hence the plotted struc-
tures, not accounting for the effective advecting velocity,
do not accurately describe the three-dimensional shape of
the instabilities but only give an indication of it. It can
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Figure 10: Phase reconstructed velocity fluctuation fields at z/c = 0.45: ten equally spaced (see the upper left corner label) phases (5
levels, red lines between —0.03|VAW 4| and —0.003\V6H‘:VA|; blue lines between 0.003|V.TW 4| and 0.03|V.TW 4|) superimposed on contours of
time-averaged velocity (grey lines: 6 levels, from 0 to |[VHZWA|). AC-DBD actuator installed at z/c = 0.30 and operated at fppp = 0.4kHz
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Figure 11: Same caption as figure 10 (5 levels, red lines between —0.04|VHEWA| and —0.004|\_/;HW“1\; blue lines between 0.004|VAWA| and
0.04|VHWA|) superimposed on contours of time-averaged velocity (grey lines: 6 levels, from 0 to |[VAWA|). AC-DBD actuator installed at

x/c = 0.30 and operated at fppp = 4kHz - E = 1.2kV.

be commented that the structures span along the wall-
normal direction through almost the entire boundary layer
extent. As such, the local flow velocity, by which they are
advected downstream, varies considerably thus leading to
a more pronounced helicoidal shape w.r.t. the plotted fig-
ure [35, 4, 3, 32]. The ’'pseudo-spatial’ representation of
the two modes closely resembles the structures presented
by Serpieri and Kotsonis[32] from the Proper Orthogonal
Decomposition (POD) analysis of the instantaneous tomo-
PIV fields (compare figure 26 and 28 of [32] with figures
12a and 12b in the present study). The convincing qualita-
tive agreement offers a validation of the Taylor hypothesis
based estimation of the structures frequencies followed by
Serpieri and Kotsonis [32].

In both phase-reconstructed fields of figures 10 and 12a
and 11 - 12b, the amplitude of the high- and low-velocity
fluctuations appears not constant throughout the recon-
structed period. To better visualize this effect, the integral
over the measured plane of the square power of the fields
presented in figures 10 and 11 is computed per each phase.
The expression of this amplitude, referred to as ALE, is
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HWA(l, <I>)|
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presented in equation 5,
AER(z, @) ) dzdy;

ol (gt o

where |V HV4| is the phase-reconstructed velocity field at
each phase. The evolution along the period of the re-
constructed fluctuations is presented in figure 13 for both
the low- and high-frequency fields. Both these amplitudes
show an oscillation within the respective period. This ef-
fect can be attributed to the characteristics of the chosen
actuator. AC-DBD plasma actuators are known to yield
both a DC and an AC body force caused by the different
momentum of the species accelerated within the actuation
cycle [24, 6, 18]. Therefore, the modulation of the fluc-
tuations energy along the period can be considered as an
effect of the actuator.

4.5. Effect of stationary CFVs amplitude

The effect of the ’carrying’ primary stationary CFV
on the unsteady field is investigated in this section. For
this purpose, the experimental setup is partially modified.
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Figure 12: ’Pseudo-spatial’ representation of the phase-reconstructed fields (red and blue iso-surfaces at +0.02|VEIWA|) (a) of figure 10
(fpBD = 0.4kHz (one period), view from upstream and larger z) and iso-surface of the time-averaged velocity (grey iso-surface at 0.6|V.TW4));
and (b) of figure 11 (fppp = 4kHz (ten periods), view from upstream and smaller z) and iso-surface of the time-averaged velocity (grey

iso-surface at 0.9|VHWA|).
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Figure 13: Amplitude of the reconstructed velocity fluctuation fields
(evaluated according to equation 5) along one period. Solid blue line:
fields of figure 10; dotted-dashed red line: fields of figure 11.

While the flow conditions and measurement approach are
the same as described in section 2, the leading edge forc-
ing of the stationary CFV is slightly modified. The micro-
metric roughness element triggering the stationary vor-
tex was applied with higher force on the model surface,
thus slightly reducing the effective protuberance height
(see the difference between the two CFVs in figure 16 of
[32]) and therefore the initial amplitude of the stationary
wave. While measuring the element height (using a me-
chanic profilometer) could not help to retrieve an accurate
estimate (measured uncertainty about +1pum), the mea-
sured velocity field can be used, by means of equation 3,
to extract the effect, at the scan location, on the devel-
oping stationary wave. The stationary amplitude for the
weaker CFV considered in this section at z/c = 0.45 is
Ay = 0.1078. This value is about ten percent less than
the modal amplitude of the stronger vortex at the same
position analysed in the previous sections (cf. table 2).
Measurements were carried out for the same actuator
operating conditions and at the same chordwise positions
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reported in table 1. The chordwise evolution of the station-
ary and fluctuation amplitudes and their chordwise gradi-
ents are shown in figure 14. Despite the reduced amplitude
at the most upstream station (x/c = 0.40), the station-
ary mode attains to comparable saturation amplitudes to
what is reported in table 2. Furthermore, also for this flow-
case, saturation takes place in the proximity of /¢ = 0.45
(within the chordwise resolution of the current experi-
ment). Stronger differences between the higher amplitude
CFV (figure 9) and the reduced amplitude CFV (figure
14) relate to the fluctuations fields. The unforced weaker
CFV features a full-spectrum amplitude of A% = 0.0175
compared to A% = 0.03024 for the stronger vortex at
x/c = 0.45. In a similar way, the band-pass filtered fields
are significantly reduced.

The phase reconstruction procedure, described in sec-
tion 4.4, is performed, at z/c 0.45, for the unsteady
field of the weaker CFV. The results are plotted in figures
15 for the reconstructed low-frequency mode. The pre-
sented fields attain lower values compared to the respec-
tive modes along the stronger CFV presented in section
4.4. The reconstructed fields for the high-frequency forcing
yield very weak results and are not shown. The lower fre-
quency correlated band amplitude is AF? = 0.0025 while
the high-frequency mode yields ATE = 0.0029 thus about
half compared to the values of the stronger wave (see table
2)

Malik et al.[22] analysing the terms of the secondary
modes energy equation (namely the Reynolds-Orr equa-
tion), showed that the amplification of the type-I mode
scales with the intensity of the stationary field velocity gra-
dient along the spanwise direction while the type-II mode
amplification is a function of the wall-normal shears. Be-
cause of this relationship, they introduced the alternative
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Figure 15: Same caption as figure 10. Reduced amplitude CFV.

nomenclature of mode-z and mode-y for the two modes.
Groot et al.[12] followed a similar approach (linear sec-
ondary stability theory) but making use of the experimen-
tal flow-field measured with tomographic PIV by Serpieri
and Kotsonis[32] as base-flow. The experimental flow-field
encompassed both the stronger and the weaker CFVs in-
vestigated in this study. One of the results shown by
Groot et al.[12] is that the secondary type-I and type-IT
instability modes of the weaker wave are marginally sta-
ble while those of the stronger vortex are both unstable
(and for a broad band of wavenumbers/frequencies). The
energy terms analysis revealed that, for both the modes,
the Reynolds stresses related to the spanwise shears were
reduced (transferring less energy to the type-I mode and
changing sign, thus becoming a disruptive term, for the

type-1I modes) for the weaker CFV flow-field. The Reynolds

stresses related to the wall-normal shears transferred less
energy from the type-I mode and did not change their
effect on the type-II mode, when comparing the weaker
to the stronger vortex base-flow. From the current mea-
surements, Reynolds stresses are obviously not accessible.
Despite this, the spanwise and wall-normal velocity gradi-
ents for the two stationary vortices can be compared. This
is done in figure 16, confirming the strong reduction of
the spanwise shears (in the outer upwelling air region per-
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taining to type-I mode) and the weak modification of the
wall-normal gradient (on the top region of the stationary
wave) for the weaker vortex thus partially confirming the
analysis of Groot et al. [12]. Furthermore, the POD analy-
sis performed by Serpieri and Kotsonis[32] on the stronger
CFV and leading to the individuation of the flow struc-
tures of both type-I and type-III modes did not yield the
same clear results on the weaker CFV considered in this
section.

The results presented in this section show the strong
dependence of the unsteady field on the underlying sta-
tionary flow. This effect was investigated in numerical
simulations by Wassermann and Kloker [35] and recently
by Choudhari et al. [5] and Groot et al. [12] and here ex-
perimentally reconciled.

4.6. Effect of actuator location

The actuator was installed at a more downstream po-
sition (x/c = 0.375) to investigate the effect that this has
on the flow development. The larger amplitude station-
ary vortex is considered for this analysis. In figure 17, the
spatial evolution of the stationary and unsteady modes is
plotted for the unforced and for the low-frequency forcing
case. The evolution of the stationary mode is compara-
ble to the one observed in figure 9 (these measurements
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Figure 16: (a and c) non-dimensional spanwise velocity gradient ((8|VZW4|/9z2)/(|VEAWA|/).)) (10 levels, shaded: between —37.4 and
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Figure 17: Same caption as figure 9. Actuator installed at z/c = 0.375, larger amplitude stationary vortex.

encompass the same stationary vortex) showing that the
actuator, when not operated has negligible effect on the
boundary layer. Also for this case, the CF'V appears prac-
tically unaffected by the 400Hz actuation. The unsteady
modes present instead some differences compared to the
case of the actuator at z/c = 0.30 especially at station
x/c = 0.45. Overall, the low-frequency forcing does not
strongly change the flow, similarly to the upstream forc-
ing location results. In contrast, the higher frequency forc-
ing considerably enhances the full-spectrum fluctuations as
well as the high and low-frequency bands with the latter
overtaking the former.

In order to gauge this effect, the boundary layer sta-
tus is inferred by inspection of the statistical velocity fields
for the three flow cases (unforced, low- and high-frequency
actuation), shown in figure 18. While the low-frequency
actuation does not show evident effects on the flow field,
the high-frequency forcing triggers the breakdown of the
stationary vortex with a broad area of high energy fluc-
tuations spreading from the upwelling flow region (per-
tinent of the type-I mode) and merging with the inner
vortex leg (where mode type-III develops) thus explain-
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ing the reported increased amplitude of both the high-
and low-frequency. A further consequence of the onset of
flow breakdown by the high-frequency actuation is that the
amplitude of the phase reconstructed fluctuations drops to
AZR = 0.0016 which is four times smaller than the same
quantity measured with the actuator placed at x/c = 0.30
(see table 2). Therefore the phase-reconstruction proce-
dure for this flow field yields less clear results. These ob-
servations show that high-frequency forcing at the down-
stream position (2/c = 0.375) anticipates the flow break-
down with the related enhancement and spreading, in both
space and frequency band of the unsteady field. This lies
in contrast to the flow development when forcing is applied
at x/c = 0.3.

A possible route to the more advanced transition pro-
cess when downstream forcing is applied, can be sought by
considering the stability and growth characteristics of sec-
ondary cross-flow instabilities. To this end, hot-wire mea-
surements from the experiment by Serpieri and Kotsonis
[32] are used. In figure 19, the chordwise evolution of
the high and low-frequency bands are measured according
to equation 4. As said, the same flow case was consid-
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Figure 18: Time-averaged velocity fields (solid lines: 7 levels, from 0 to

z[mm)|

|[VHWA|) and velocity fluctuation fields (shaded: 10 levels, from

0 to 0.16|VHWA|) at z/c = 0.45, larger amplitude stationary vortex. AC-DBD actuator installed at z/c = 0.375: (a) non-operative; (b)

fDBD = 0.4kHz - E = 15]{3\/, (C) fDBD = 4kHz - E = 1.2kV.

ered in [32], albeit no plasma actuators were installed on
the wing surface. The velocity fields pertaining to three
stationary vortices were measured and averaged (2™ =
3 x A, = 27mm). The amplitudes are plotted in loga-
rithmic scale to facilitate comparison of more upstream
portions of the plot where the chordwise amplitudes of
the high-frequency mode evolve slowly. Figure 19 shows
that the high-frequency fluctuations, pertinent to the type-
I mode forced in this study (denoted by the HF notation),
undergo abrupt growth from z/c = 0.40 while showing
a rather flat amplitude evolution at the more upstream
stations. Considering the sensitivity associated to HWA,
amplitudes of A < 10~ can be considered as basically un-
detected (similar to the observations of [38]). This further
suggests that the boundary layer is only mildly unstable
or even stable to high-frequency secondary instabilities up
to x/c = 0.375 — 0.40, for the conditions of this experi-
ment. The implication of this observation, reconciles the
behaviour of the presently studied flow under forcing at
two different streamwise positions. Based on figure 19, an
actuator which is forcing at z/c = 0.3 would introduce
secondary instabilities that need to travel a longer ’stable’
region than an actuator placed at z/c = 0.375. Conse-
quently, the instabilities forced by the upstream actuator
would reach branch-I (z/c ~0.4) at a relatively lower am-
plitude than the instabilities forced by the downstream
actuator. Naturally, the aforementioned considerations
pertain to forcing of equal initial amplitude. In absolute
terms, this is the case for the present study as both volt-
age and frequency are kept constant for the two actuator
positions. However, in momentum coefficient terms, the
downstream actuator effect is even weaker (section 2.3),
as, moving downstream, the local boundary layer becomes
thicker and the external velocity higher. This further con-
firms that the observed flow-field changes under down-
stream forcing are related to the reduced stability of the
flow to secondary instabilities at this position, compared
to upstream forcing.

The outcomes of this section suggest that a careful
characterization of the unforced transitional boundary layer
is needed for studies based on forcing of secondary modes
as, even weak actuated disturbance, can cause flow break-
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Figure 19: Chordwise evolution of fluctuation amplitudes (see equa-
tions 4) (logarithmic scale). Data from the experiment by Serpieri
and Kotsonis [32]. HF and LF bands are the same of figure 8. Un-
forced flow without AC-DBD plasma actuator mounted.

down if occurring close to the natural critical location
[13, 34]..

5. Conclusions

Unsteady low- and high-frequency instability modes
arising at the last stages of transition in the pressure side
boundary layer of a 45° swept wing have been experimen-
tally investigated. The Reynolds number of the experi-
ment was Re = 2.17 - 10% and the wing was set at small
incidence to enhance the cross-flow instability mechanisms.
Primary stationary cross-flow instability was forced to the
most amplified mode by means of micron-sized roughness
elements near the leading edge. Building upon previous
work by Kawakami et al., Deyhle and Bippes and White
and Saric [38], the measurement technique employed in
this study is hot-wire anemometry. Scans along planes
aligned with the wall-normal-spanwise directions, at differ-
ent chordwise stations were performed using an automated
traversing support of the hot-wire probe.

Unsteady periodic forcing of the type-I and type-IIT
modes was performed by means of an AC-DBD plasma ac-
tuator flush mounted to the model surface. The actuator



was installed upstream of the measurement domain and
consisted of a very thin strip of silver-printed electrodes,
summing up to a two-dimensional roughness of 125um.
The actuator was operated at two different frequencies of
fpep = 0.4kHz and fppp = 4kHz respective of the two
analysed modes. The voltage amplitude was varied with
the frequency and set such to minimize the effects on the
transition pattern. Nonetheless, when forcing was applied
upstream of type-I mode branch-I, it demonstrated the ca-
pability of weekly enhancing and narrowing the spectral
distribution of the forced modes. Finally, through the de-
terministic nature of the applied forcing, the phase of the
triggered modes was successfully conditioned. The actua-
tor signal was acquired simultaneously with the hot-wire
and used to reconstruct, by means of phase averaging, the
measured signals. This procedure allowed the inspection
of the spatio-temporal evolution of both the low (type-
IIT) and high (type-I) frequency modes. The presented
results are in good agreement with results of previous at-
tempts to force the secondary instability modes, by means
of localized periodic blowing/suction, by Kawakami et al.
[14], Chernoray et al. [4] and van Bokhorst and Atkin [34].
The results further show that AC-DBD plasma actuators
are suitable for this type of investigations. While avoiding
three-dimensional artefacts, given their spanwise unifor-
mity, the inherent body force production mechanisms of
these actuators cause a modulation of the reconstructed
modes, which needs to be taken into account. They can
be operated at different frequencies (an order of magni-
tude apart in the current study) and their authority is
easily adjusted by tuning the amplitude of the supplied
voltage. Finally, the possibility of directing the forced jets
along a specific direction becomes crucial in applications
where flows are undergoing strong distortions.

The outcomes of the phase-reconstruction analysis agree
with the previous efforts in understanding the mechanisms
leading to the breakdown of swept wing boundary layers,
providing an experimental companion to the numerical in-
vestigations of Hogberg and Henningson [13] and Wasser-
mann and Kloker [35], and the theoretical work of Malik
et al. [22], Fischer and Dallmann [10] and Bonfigli and
Kloker [3]. Finally the current results offer a validation of
the recent tomographic PIV experiment performed by the
same authors of this study [32].

Two different cross-flow vortices of different amplitude
(about ten percent difference in the mode shape amplitude
defined in equation 3) were measured showing the influence
on the development of secondary modes: the weaker wave
is shown to be more stable to the unsteady disturbances
especially under high-frequency forcing. This results are in
line with the simulations of Wassermann and Kloker [35]
and Choudhari et al. [5] and the stability computations of
Groot et al. [12]. At these conditions, the high-frequency
phase-correlated fluctuations become significantly weaker
thus not allowing a clear representation of their topology
and evolution. Finally, the effect of the actuator posi-
tion was investigated. Placing the actuator more down-
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stream and operating it at the higher frequency triggered
the laminar-to-turbulent breakdown of the boundary layer.
This effect was shown to be caused by the boundary layer
stability characteristics to secondary mechanisms.
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