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Abstract

The global aviation industry currently faces the urgent challenge of mitigating its
environmental impact by reducing pollutant emissions. One of the most effective
strategies to minimize the carbon footprint of aircraft is the reduction of skin
friction drag. It accounts for a significant portion of the total drag on commercial
aircraft and it is intrinsically linked to the dynamics of the turbulent boundary
layer.

A well-established technique for drag reduction, validated by both numerical
simulations and experimental studies, is spanwise wall oscillation. Despite its
potential, this technique remains challenging to implement in practical applications.
Consequently, this thesis represents a continuation of an ongoing characterization
project, focusing on two distinct approaches to emulate this technique through
plasma actuators, which were custom-fabricated via manual deposition of conductive
paint over laser-cut stencils.

The first approach consists of generating a time-dependent spanwise forcing
using a three-electrode layout, while the second exploits a sinusoidal electrode
geometry to generate a standing wave. The experimental campaign was conducted
at the 'M. Panetti’ Aeronautics Laboratory of Politecnico di Torino. It involved
stereoscopic PIV measurements in cross-flow at several locations relative to the
actuator: specifically, at the minimum/maximum and at the mid-point of the
sinusoid, as well as approximately 1000 viscous units downstream of the actuator’s
trailing edge. Furthermore, measurements were carried out at three different free-
stream velocities, investigating both the Reynolds number effect and the effect
produced by two different supply voltages, previously identified through an electrical
characterization of the device. The measurements show that the plasma actuator
generates wall jets in the spanwise direction that collide with each other, resulting
in wall-normal plumes. Therefore, the controlled flow exhibits regions of upwash in
the central area between the electrodes and downwash aligned with the electrodes,
where the flow is drawn towards the wall. As the supply voltage increases, the
actuator induces higher velocities, therefore exerting a higher control authority also
at the highest Reynolds number considered (Re, = 2300). The results obtained
provide a better understanding of the phenomenology of sinusoidal plasma actuators
and establish a benchmark for comparison with three-electrode actuators.
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Chapter 1

Introduction

Flow control is one of the promising fields of fluid dynamics that has garnered
significant attention from engineers in recent years, resulting in rapid growth. It
attempts to introduce perturbations into the flow field to alter the natural develop-
ment path toward an ideal state and to achieve desired goals. The aim is to enhance
surface performance in terms of drag reduction, aerodynamic efficiency improve-
ment, vibration suppression, noise reduction, fuel and heat transfer enhancement,
and so on. The most important application of flow control is in aviation, where it
aims to improve the performance of aircraft. However, engineering applications
extend far beyond the aeronautical field; for instance, the automotive industry ex-
ploits flow control techniques to reduce fuel consumption, while in civil engineering,
different techniques are used to suppress wind-induced vibrations and noise in tall
structures. In a historical period where environmental impact is a driving factor
for technological innovation, and with the aviation sector in rapid expansion, flow
manipulation techniques have become essential.

The major motivation behind this thesis is the potential to reduce the carbon
footprint of aircraft, which represents one of the key targets of the ACARE
Flightpath 2050 program [1]. Three main approaches have been identified to
mitigate pollutant emissions: optimizing the aerodynamic design of airframes,
reducing overall aircraft weight and improving aero-engines efficiency; this thesis
will focus on the first one. Regarding the reduction of aircraft drag to improve
aerodynamic performance, some preliminary considerations must be taken into
account. The major drag component is due to skin friction, which is mainly
generated in the region where turbulence occurs; therefore, research must focus on
near-wall dynamics. As illustrated in Figure 1.1, more than 50% of total drag is
due to viscous drag, which is caused by the interaction between the flow and the
aircraft surface. It has been demonstrated through both experiments and Direct
Numerical Simulation (DNS) that flow control techniques can reduce skin friction
by more than 40%, which is equivalent to approximately a 15% reduction in total
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drag. Indeed, this drag component offers the highest potential for overall reduction.

Drag Technology Drag Reduction
Break-down Opportunities Potential
100 Parasitic Dra,
#’“. « Shock Control - 3%
Total Drag rag « Novel Configurations »
[%]
80 Lift = Shape Optimisation
Induced « Adaptive Wing Devices 7%
Drag e Wing Tip Devices
60 « Load Control
40
Viscous « Laminar Flow Technology
D « Turbulence & Sepgratlon -15%
20 rag Control Technologies
& Total -25%

Source: Airbus KATnet 2006.

Figure 1.1: Drag components and corresponding drag reduction potentials.

A further consideration is that the boundary layer is inherently turbulent since
aircraft typically operate at high Reynolds numbers. Consequently, the study
of Turbulent Boundary Layer (TBL) manipulation techniques emerges as one of
the most effective approaches to achieving a significant reduction in total drag.
Numerous studies have shown that even a minimal improvement in the aerodynamic
performance of an aircraft would lead to significant economic and environmental
benefits, such as reducing the maximum take-off weight, increasing the transportable
payload, reducing fuel consumption or increasing the achievable distance.

1.1 Boundary Layer Theory

The concept of the boundary layer was introduced in 1904 by Ludwig Prandtl, who
succeeded in reconciling experimental reality with the mathematical theory of the
time, which until then had been stuck at d’Alembert’s paradox, according to which
a body immersed in a perfect fluid experiences no drag. Analyzing flows at high
Reynolds numbers, Prandtl hypothesized the existence of a thin layer of fluid near
the wall, called the boundary layer, where viscous stresses dominate over inertial
forces. According to this theory, the flow can be considered non-dissipative and
irrotational throughout the entire domain external to the boundary layer, whereas
within the layer itself, the motion is dissipative and rotational. In this region, the
velocity components transition from zero at the wall, due to the no-slip condition,
to the local values of the external potential flow at the boundary layer edge. This
layer is characterized by strong normal gradients and, therefore, high shear stresses.
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Consider a semi-infinite flat plate at zero incidence, immersed in a freestream
with velocity U,; the boundary layer originates at the leading edge of the plate and
increases in thickness along the direction of motion, as schematized in Figure 1.2.
According to convention, the boundary layer thickness dgg is defined as the distance
from the wall at which the velocity reaches 99% of the local external potential flow
velocity (U.). As the thickness of the boundary layer grows along the plate, the
internal structure of the flow undergoes a significant transition. The boundary layer
can exhibit either a laminar or turbulent nature depending on the local Reynolds
number, which is correlated with the streamwise position z. Near the leading edge,
where the local Reynolds number is relatively low, the boundary layer is laminar.
This regime is characterized by a well-organized flow, where fluid particles move
along streamlines that remain parallel to the surface. However, when the critical
Reynolds number is reached, the boundary layer transitions from a laminar to a
turbulent regime, which is characterized by eddies.

lJ (o) . e

e laminar to edge of boundary layer

free stream turbulent .

y transition , X..---p2= T
----------- — O(x)
IO | turbulent —
o P P -
_.--~""'x laminar

>

— x, —

Figure 1.2: The development of a boundary layer over a flat plate [2].

1.1.1 Laminar Boundary Layer

Considering again a semi-infinite flat plate at zero incidence, with a constant
freestream velocity parallel to the x-axis, the boundary layer equations can be
written as follows:
ou  Ou  u
u% + va—y = V(?Tf
ou  Ov

(1.1)

5+ = 0 (1.2)
dp
3y =" (1.3)

where u and v represent, respectively, the velocity components in the streamwise
and wall-normal directions, and v is the kinematic viscosity of the fluid. These
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equations are subject to the following boundary conditions, which take into account
the no-slip condition at the wall and the recovery of the freestream velocity at an
infinite distance from the surface:

y=0: u=0 v=0 (1.4)
y—o00o: u=Uyx (1.5)
By introducing the similarity variable n = y«/%‘) and a dimensionless stream

function f(n), such that f'(n) = 0f/0n = u/Uy, the governing Partial Differential
Equations (PDEs) are reduced to the Blasius equation:

"+ ff" =0 (1.6)

This third-order ordinary differential equation is subject to the following transformed
boundary conditions:

n=0: f=0 f=0 (1.7)
n—oo: f=1 (1.8)
The local shear stress is:
ou Uso .1
_ hutindl IR — 1.
o) = (G) =tz (19)

where the numerical value for f! for a flat plate at zero incidence is approximately
0.4696, as reported by Schlichting][3].

1.1.2 Turbulent Boundary Layer

When the Reynolds number exceeds the critical threshold, the flow transitions into
a turbulent regime. Turbulence is a random and intrinsically three-dimensional
process that operates as a continuum phenomenon. This state is characterized
by a wide range of different scales, where the diffusive nature of the flow leads to
significant energy dissipation. Moreover, turbulence is unpredictable in detail, but
its statistical properties are reproducible. The flow is space and time dependent,
with a very large number of spatial degrees of freedom. Since the velocity and
pressure at a fixed point in space do not remain constant over time, it is useful to
decompose the motion into a mean component and a fluctuating one as follows:

U=U+1Uu
vV=U+v
w=w-+w
p=p+p
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The time averages of fluctuating quantities are zero by definition. By applying this
decomposition to the boundary layer Navier-Stokes equations, it is observed that
the turbulent regime introduces an additional transport mechanism: the momentum
transfer induced by turbulent fluctuations. Consequently, the total shear stress
includes a supplemental term compared to the laminar case:

T = /ng — puv’ (1.10)

The term —pu/v’ is an apparent shear stress known as the Reynolds stress. The
leading negative sign defines a positive Reynolds stress when the fluid layer, at
a certain distance y from the wall, is accelerated by the external flow through
momentum exchange. In proximity to the wall, the viscous shear stress contribution
is predominant in the total shear stress; however, the Reynolds stresses rapidly
become the dominant term in momentum transport as the distance from the wall
increases.

Within a TBL, it is possible to identify spatio-temporal regions characterized
by uniform physical properties, known as coherent structures. The comprehension
of these structures is fundamental for developing drag reduction techniques.

The boundary layer is characterized by the presence of streaks, elongated low-
speed regions whose life cycle is described by the bursting process. During this
process, the streaks slowly lift away from the wall until they reach a critical point
where they accelerate outward; this phenomenon is known as ejection. Subsequently,
the streak becomes unstable and breaks up into small-scale motions. Due to mass
conservation, this outward fluid motion draws high-speed fluid toward the wall, a
phenomenon known as a sweep event. Both ejections and sweeps constitute the
primary mechanisms for Turbulent Kinetic Energy (TKE) production near the
wall.

Moving away from the wall, vortical structures such as hairpin vortices can
be found. These hairpin-shaped vortices that originate at the wall are composed
of two counter-rotating legs in the streamwise direction, joined by a vortex that
develops in the spanwise direction, referred to as the head. Recent studies have
highlighted how these structures are responsible for an increase in velocity variance
within the logarithmic region. At high Reynolds numbers, this phenomenon breaks
the previously hypothesized theoretical plateau, demonstrating the development
of a second peak of TKE far from the wall, which significantly influences the flow
dynamics in the outer regions.

To quantitatively describe these phenomena, Wallace introduced Quadrant
Analysis [4], classifying velocity fluctuations (v, v’) into four distinct categories
based on their signs:

e Q1 (v >0,v" >0) — outward interaction;
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e Q2 (v <0,v >0) — ejection;
e Q3 (v <0,v <0) — inward interaction;
e Q4 (v >0,—v" <0) — sweep.

Q2 and Q4 events are the primary contributors to the Reynolds stresses and
dominate the turbulent dynamics; closer to the wall, sweeps prevail, whereas
further away, ejections become dominant.

The TBL can be divided into two regions: the inner layer and the outer layer.
The former can be further subdivided into three regions:

 Viscous sublayer; this is the layer closest to the wall, extending up to y* < 5.
Since in this region, the mean velocity gradient is intense and the turbulent
fluctuations are negligible, the viscous shear stress is dominant and the velocity
profile is linear.

ut =yt

» Buffer layer; this is the transition layer between the viscous sublayer and the
logarithmic region, where complex phenomena develop. Coherent structures
exist within the viscous sublayer. This region is dominated by longitudinal
streaks of high and low velocity, which are significantly elongated, unstable,
and have an average spacing of approximately 100 viscous units. Quasi-
streamwise vortices are particularly prevalent; they appear tilted upwards and
are closely associated with ejection events and sweep events. These vortical
motions are considered responsible for the formation and maintenance of the
streaks themselves. In fact, turbulent kinetic energy production reaches its
peak in this region.

o Logarithmic layer; this region extends for 30 < y* < 150, although the upper
limit depends on the Reynolds number and features a logarithmic velocity
profile:

1
ut=~-In(y")+ B
K
where k and B are constants depending on the flow type. Here, incomplete
hairpin vortices or parts of their legs are observed; these are generated near the
wall and subsequently pushed outward, and they are also partially responsible
for turbulence production.

Regarding the outer layer, the viscous shear stress is negligible compared to the
turbulent stress. The flow dynamic in this region are governed by Large-Scale
Motions and Very-Large-Scale Motions; these coherent structures are significantly
larger than those found in the inner layer. According to Coles[5], the velocity profile
in the outer layer can be expressed by the aforementioned log-law, supplemented
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by a correction function known as the Law of the Wake, which accounts for the
profile’s deviation from the logarithmic trend:

+ 1 n 211 /y
u —Rln(y)%—B—i- Hw((s) (1.11)
where II is the wake parameter, which depends significantly on the external pressure
gradient and w(y/d) is the wake function.

The typical velocity profile of a TBL is shown in Figure 1.3; by convention, the
profile is plotted using non-dimensional variables scaled by viscous units, with the
wall distance y* presented on a semi-logarithmic scale.

30 , =
0000
Viscous Logarithmic o s
sublayer Bty region o »7
25| o.”
o~
(02
o
c Wak
> ake
20 | o< region
OI)
N <
0
+ | = 4
3 15 O})p
/ o g
/ /O/O/
L0
10} _-lo
/
/ )
&)
51 / ]
o
O ! 1 L
10° 10! 10? 10° 10*

'V+

Figure 1.3: Velocity profile of turbulent boundary layer.

1.1.3 Unsteady Plane Flows

Before proceeding, it is useful to introduce the concept of the Stokes boundary layer,
which is fundamental to boundary layer manipulation mechanisms such as oscillating
walls and plasma actuators. The Stokes boundary layer is an exact solution to the
equations when velocity and pressure are subjected to time-dependent boundary
conditions. In other words, for example, it represents an exact solution to the
Navier-Stokes equations that describes the motion of a viscous fluid near a wall
subjected to a periodic oscillation in time.
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Consider a flow over a semi-infinite flat plate in zero pressure gradient conditions
that lies on the xz plane. The following hypotheses apply:

ow
5, =0 (1.12)
ov
5 0 (1.13)

Under these hypotheses, the Navier-Stokes equations reduce to the following
equation:

Ow 0w
— =v— 1.14
ot~ oy (1.14)
Now, consider a flat plate oscillating harmonically; the boundary conditions are
defined as follows:

0 se t<0

(1.15)
wocoswt se t>0

y=0: w((),t):{

y—oo: w=0 (1.16)

With these boundary conditions, the analytical solution to the equation 1.14 is:

w(y,t) = wpexp (—\/zy) oS (wt - @y) (1.17)

The shape of the velocity profiles is shown in Figure 1.4.

0.8
04k
B0 SS=
-0.4
Analytical solution
0 70 20+ 30 20 30

Figure 1.4: Mean spanwise velocity profiles; different curves represent different
instances in time during an oscillating period [6].

Quadrio & Ricco [7] demonstrated that the Stokes layer plays a fundamental
role in the mechanism of drag reduction. In particular, the induced spanwise
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velocity disrupts the near-wall coherent structures and interferes with the turbulence
regeneration cycle. Quadrio and Ricco’s analysis highlighted a linear proportionality
between the reduction in resistance and the product of the maximum acceleration
reached by the layer during the cycle and the wall-normal distance at which this
peak occurs.

1.2 Flow Control Techniques

There are many flow control techniques that could be classified into different
groups according to certain criteria. As shown in Figure 1.5, the most common
classification distinguishes between passive and active methods based on energy
input. Passive techniques do not require an external energy supply, while active
techniques require an additional energy input. The former are easy to implement
but cannot be dynamically adjusted; the latter, on the other hand, can adapt
to the flow in real-time through control mechanisms. This dynamic adaptability
generally makes active techniques more effective and efficient than passive ones;
indeed, active techniques typically achieve up to 40% drag reduction, compared to
10% for passive ones.

| Flow control |

| Passive control | |Active controll

Fundamental techniques: Biomimetic techniques: Oscillation
Gurney flap Wing tip Rotation
Vortex generator Hairy coating Flow perturbation
Bump Leading edge serrations Flexible wall
Cavity Corrugated surface Acoustic excitation
Roughness Bubbles Jet
Small disturbance Compliant coating Suction
Bleed Leading edge tubercles Synthetic jet
Splitter plate Riblet Plasma actuator
Polymer Superhydrophobic surface Lorentz forces

l

| |
Open-loop Closed-loop

Figure 1.5: Flow control techniques classification. [8]

There are several kinds of passive flow control methods, which can be further
classified into two categories. One group, called fundamental techniques, originates
from basic insights into flow physics; the other, termed biomimetic techniques, is
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inspired by biological systems.

Active flow control techniques represent an interdisciplinary research field. Their
fundamental principle consists of the targeted introduction of perturbations into the
flow by integrating various physical mechanisms, for example, through mechanical
actuators, electromagnetic devices or a combination of both. Active flow control
can be applied using either an open-loop or closed-loop approach. An open-loop
system is based on a pre-established program, and its parameters are not influenced
by any control results. Conversely, the closed-loop system, as shown in Figure
1.6, uses information gathered from post-actuator sensors to adjust the forcing in
real-time, making the system more reactive.

Actuator p—p it —p={ Sensor -
system
Control
algorithm N

Figure 1.6: Closed-loop control algorithm.[§]

To quantitatively evaluate the performance of different flow manipulation tech-
niques, the following key parameters are defined.

o Drag reduction rate (DR): this parameter measures the reduction in pumping
power compared to the unmanipulated flow, representing the effectiveness of
the control technique;

« Net energy saving (S): this accounts for the power input required to activate
the control. A positive saving is achieved only when S > 0, indicating that
the power saved through drag reduction exceeds the power consumed by the
control system;

» Gain (G): this expresses the system’s performance as the ratio between the
power saved and the power required for control. The value 1/G represents the
minimum efficiency threshold the physical actuator must reach to ensure a
positive net energy saving.

1.2.1 Oscillating Walls

Regarding active flow control techniques, a particularly well-studied and promising
approach for skin friction drag reduction is called oscillating walls. This method is
based on introducing a perturbation into the flow, also called the forcing function,
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which is generated directly by surface motion. The choice of the direction in
which to apply the wall forcing has been largely heuristic, or rather, based on
experience. Since the flow near the wall is highly anisotropic, the effect of the
forcing depends strongly on the direction of application. Jovanovié¢ & Bamieh|9]
analyzed the problem in terms of the frequency response of a perturbed linear
laminar flow. They found that the system responds strongly to both spanwise and
wall-normal forcing, particularly in the streamwise velocity component. However,
their results are not quantitatively applicable to fully developed turbulence. In
general, it has been proven that a forcing applied streamwise is quite ineffective,
in contrast to a wall-normal forcing, which is the most effective but causes strong
perturbations to the natural wall turbulence. On the other hand, it has been
observed that forcing applied in the spanwise direction are particularly effective
and currently the subject of numerous studies. First introduced in the 1990s, the
spanwise oscillating wall technique has been extensively researched; theoretical
studies and Direct Numerical Simulations have shown that the sinusoidal oscillation
of a wall in the transverse direction can reduce skin friction by up to 50%, which
was later confirmed experimentally. A significant result was obtained by Baron
& Quadrio[10] when they demonstrated that, with the correct combinations of
amplitude, period, and maximum displacement, a positive net energy saving can
be achieved.

Spanwise-Traveling Waves

Although uniform wall oscillation allows for significant drag reduction, research has
shifted towards spatially non-uniform configurations to enhance energy efficiency.
The idea of non-uniform forcing functions in space and time was introduced by
Du & Karniadakis[11] when they proposed a forcing modulated in time and in the
spanwise direction. The concept is to apply spatiotemporally varying body force,
thereby generating waves that propagates transversely. Through DNS simulations,
drag reductions of up to 30% were achieved. However, no practical experiments
exist for this type of forcing, as they do not represent a real physical wall movement;
furthermore, these studies resulted in negative net energy savings.

Streamwise-Traveling Waves

Similarly to waves propagating in the spanwise direction, Quadrio[12] proposed a
transverse forcing modulated in the streamwise direction, generating streamwise-
traveling waves. Quadrio focused on conducting an extensive parametric study
to determine the conditions for maximum drag reduction. The results, reported
in Figure 1.7, show that the maximum DR achieved is 45%. Moreover, the
DNS simulations revealed a triangular region where, for those specific parameter
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combinations, there is an increase in drag.

5

Figure 1.7: Skin-friction changes via streamwise-travelling waves[12].

The following figure illustrates some applications of Quadrio’s concept. The left
one represents the work carried out by Auteri et al.[13], who applied Quadrio’s
idea to a circular pipe; he essentially divided the surface into discrete sections,
each characterized by different rotational velocities. The right one illustrates the
recent experimental investigation by Knoop et al.[14], who explored the spatial
evolution of a TBL subjected to a steady, square-wave (SqW) transverse wall-
forcing. In this setup, the continuous sinusoidal wave is approximated by a series of
streamwise-periodic belts moving in spanwise directions. This configuration allowed
the authors to achieve a significant drag reduction of up to 38%, demonstrating
that impulsive forcing can be as effective as traditional smooth traveling waves
while offering a more feasible architecture for practical engineering applications.

::‘:1'.\:\:\“\*.‘\‘.

(a) Auteri’s experiment[13].

Figure 1.8: Streamwise-travelling waves experiment.
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1.2.2 Plasma Actuators

Research on Plasma Actuators (PAs) for flow control has seen significant develop-
ment since the 1990s. The interest in this type of actuator is due to the lack of
moving parts, low cost, weight and power consumption, and its overall mechanical
simplicity. Furthermore, their high frequency response allows for effective real-time
flow modulation, making them an excellent alternative to other techniques such as
oscillating walls, which involve significantly higher mechanical complexity. There
are several types of plasma actuators that differ in geometry, functioning principle,
and application; the most widely adopted are Dielectric Barrier Discharge (DBD)
plasma actuators, which will be the subject of study in this thesis.

Exposed Induced flow
—

| electrode Dielectric layer
1

@ Voltage [ 7 |
BOULCE Embedded

electrode

Figure 1.9: Scheme of a DBD actuator.[8]

The typical configuration consists of two long and thin electrodes: one exposed
to the flow and the other encapsulated within a dielectric layer. When a high
potential difference between the electrodes is applied, a region of plasma is generated
near the exposed one. The charged particles are accelerated by the electric field
in a direction determined by the actuator’s layout, and through collisions, they
transfer momentum to the neutral molecules of the surrounding air. These are
zero-net-mass-flux actuators, meaning that they transfer momentum without the
need for mass injection. Thus, the induced tangential force accelerates the particles
toward the encapsulated electrode and, consequently, by mass conservation, the
fluid ejected is replaced by the fluid from above the active surface. The actuator
produces a body force that can modify flow velocity profiles or generate air jets in
quiescent conditions.

During the discharge, electrons are transferred to and from the dielectric surface,
thereby regulating the discharge. The accumulation of charge on the dielectric
surface is the fundamental reason why the discharge is self-limiting and does
not degenerate into an arc. The discharge initially ignites near the edge of the
exposed electrode and then propagates along the surface until it is extinguished.
Optical observations have shown that the electron density is non-homogeneous
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and spatially and temporally complex, with maximum densities localized precisely
near the exposed electrode edge. The propagation of the discharge depends on the
amplitude and frequency of the applied voltage and is limited by the extent of the
encapsulated electrode. Since the electric field is confined to the region between
the two electrodes, the plasma is restricted in that area as well; this limitation
affects the actuator’s efficiency. Furthermore, beyond a certain length, an increase
in electrode size yields no further improvements. In other words, for a given voltage,
there is a specific length of the insulated electrode beyond which the electrode’s
effect on the flow becomes negligible. A possible configuration to achieve a broader
effect is to place several DBDs side-by-side and sufficiently close to one another.

The geometry of the exposed electrode plays a crucial role. Although the
global properties of the discharge, such as dissipated power, are independent of the
electrode thickness, the efficiency with which the actuator transfers momentum to
the air depends strongly on this parameter. Indeed, experiments have highlighted
that thinner electrodes provide a greater thrust for the same power input.

The electrodes are asymmetric, and it is precisely this asymmetry that introduces
a preferential direction for momentum transfer. Moreover, electrons cannot transfer
significant momentum to the fluid due to their negligible mass; whereas ions are
able to impart it because they are heavier. Overall, a tangential air jet originates at
the wall and it is called ionic wind. When the actuators are AC-driven, during each
half-cycle, some of the charges remain trapped on the insulating material, creating
what is termed charge memory. This phenomenon breaks the symmetry between
the two half-cycles, resulting in different intensities for each one. Consequently,
the sum of these effects does not cancel out, so a unidirectional net mean force is
generated.

In the early 2000s, Jukes[15] hypothesized that plasma actuators could be used as
an alternative to oscillating walls for the reduction of turbulent drag. The idea stems
from the fact that spanwise wall oscillations, as studied in the literature, are capable
of reducing friction by up to 40-45% but require complex mechanical systems that
are difficult to implement on a large scale. In his experiments, conducted in
quiescent air, Jukes demonstrated that plasma is indeed capable of imparting
momentum to the air and producing a laminar wall jet, with velocities reaching
approximately 2 m/s. Furthermore, he verified that the thrust can be modulated
by varying electrical parameters, such as frequency and voltage. However, the
results remain preliminary and do not guarantee that this technique can replicate
the effects of oscillating walls.

Further progress was made by Choi & Jukes[16]. The measurements were
conducted using hot-wire anemometry and optical techniques to obtain both
temporal and spatial information. Naturally, particular attention was paid to the
near-wall region where low-speed streaks and streamwise vortices originate and
self-sustain cycles of turbulence. The results demonstrate that plasma actuators
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are capable of significantly modifying the dynamics of the turbulent boundary layer.
The wall jet induces spanwise forcing that interacts with the streaks, destabilizing
them and reducing their spatial coherence. As noted, an increase in wall-normal
vorticity and a tendency toward the fragmentation of longitudinal structures results
in a reduction of local turbulent intensity.

Figure 1.10 below shows the adopted configuration; furthermore, it illustrates the
dynamic of the near-wall region in quiescent air when the actuators are activated
alternately. When the plasma is activated on black electrodes, thrust is generated
in the positive spanwise direction. In this case, counter-clockwise rotating vortices
are formed, which grow in size as they move along the wall, driven by the transverse
jets generated by the plasma. Conversely, when white electrodes are activated, the
thrust is in the opposite direction, generating clockwise vortices. By periodically
alternating the activation of these electrodes, a spanwise oscillation of the flow
is achieved. The interaction between "new" and "old" vortices causes the flow to
oscillate regularly in the spanwise direction, achieving a drag reduction of up to
40%.

(a) (b)
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Figure 1.10: Choi and Jukes’s configuration and flow visualization in quiescent
air[16].

Experiments showed that the effectiveness of plasma actuators in reducing
aerodynamic resistance depends strongly on both the non-dimensional oscillation
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period (T'1) and the normalized electrode spacing (s*). It was observed that higher
oscillation frequencies, and so lower T values, generate a marked velocity deficit
in the buffer and logarithmic regions of the boundary layer, associated with the
formation of streamwise vortices; this reduces the velocity gradient near the wall
and the effect is optimal as Tt approaches 100. Regarding the distance between
electrodes, it emerged that drag reduction occurs only for small s*; for larger
spacings, an increase in drag is observed. This behavior is attributed to the fact
that the plasma-generated vortices must be sufficiently close for the upwash and
downwash motions to balance each other; if the distance increases, this interaction
is lost, and the transport of high-momentum fluid toward the wall increases, thereby
increasing resistance. The aforementioned results are presented in Figure 1.11.
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Figure 1.11: Drag reduction as a function of s™ and T+[16].

A significant and more recent study was conducted by Zong et al.[17] in 2022.
They studied the interaction between plasma jets and a TBL by measuring the flow
field using Stereoscopic Particle Image Velocimetry (S-PIV) at different streamwise
positions. For their experiments, they investigated three distinct working modes of
the plasma actuator:

o Mode A: this configuration produces a steady unidirectional jet by activating
a single high-voltage electrode. This induces a single streamwise vortex that
grows within the actuation zone and decays rapidly downstream:;

o Mode B: this configuration involves two high-voltage electrodes powered
continuously. The two resulting wall jets collide in the middle and form a
vertical jet column;

e Mode C: this configuration produces spanwise oscillating jets by switching
the two electrodes alternately. Zong and his team analyzed the effect of
modulation across three different frequencies.
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As shown in Figure 1.12, the study revealed that in Mode C, a periodic alteration
of two opposite wall jets is achieved only at the lowest frequency. At higher
frequencies, the jets collide to produce a meandering vertical column, while at even
higher modulation frequencies, the flow becomes nearly identical to the steady
crashing jet of Mode B due to fluid inertia.
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Figure 1.12: Phase- and time-averaged velocity fields for Mode C. Columns show
increasing modulation frequencies (left to right), while rows 1-4 display discrete
phases within the cycle. The bottom row shows the time-averaged fields[17].

Regarding the spatial distribution of relative skin friction drag variation, a high
skin friction drag region is generated beneath the downwash zone. The maximum
value of skin friction variation is reached just downstream of plasma actuation, after
which a weak drag reduction region is induced by upwash motions. By averaging
the relative drag variation along the spanwise direction, as illustrated in Figure
1.13, it is possible to observe the net impact of the actuation at various streamwise
locations. Moving downstream from the actuator’s leading edge to its trailing edge,
the net friction drag increases approximately linearly with = in all cases. Further
downstream, a drag reduction region emerges due to the decay of the streamwise
vortices and, extrapolating from these decreasing trends, a significant magnitude
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of drag reduction is expected further downstream.
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Figure 1.13: a) Spanwise distributions of the relative skin-friction drag variation
at a given x7. b) Streamwise variation of the spanwise-averaged skin-friction

drag[17].

A different actuation approach was proposed by Benard and co-workers [18].
In their study, the modulation of the forcing is not achieved through temporal
variation of the input signal, but rather through the geometry of the actuator itself,
thus introducing a spatial modulation instead of a temporal one. Their objective
was to experimentally reproduce the effect of a wall-parallel standing wave using
a plasma actuator, thereby avoiding any mechanically moving components. To
achieve this, the researchers designed a DBD actuator featuring an innovative
electrode configuration. In particular, the grounded electrode was shaped with
a semi-sinusoidal profile. The configuration of the actuator array is shown in
Figure 1.14, while the geometric properties of the imposed sinusoidal waveform are
summarized in Table 1.1.

Table 1.1: Geometric properties of the sinusoidal waveform [18].

AF AT St
1035 287 575

This geometric choice is not arbitrary. The sinusoidal shape constrains the
plasma discharge to develop with spatial modulation along the streamwise direction,
generating an ionic wind that alternates between accelerations and decelerations. In
this way, an oscillatory near-wall velocity field is created that mimics a standing wave
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Figure 1.14: Photograph of the plasma actuator for wall-parallel standing wave
forcing [18].

condition. Through Particle Image Velocimetry (PIV) measurements performed in
quiescent conditions, the authors analyzed the flow generated by the actuator. The
results confirmed that the induced velocity field exhibits a clear spatial alternation
consistent with the sinusoidal electrode geometry, effectively reproducing the
intended standing-wave-like modulation. Overall, as shown in Figure 1.15, this
study demonstrates that spatially modulated plasma forcing can reproduce the
effects of a wall-parallel standing wave and achieve measurable drag reduction, but
only within a narrow range of operating conditions. Excessive forcing leads to a
detrimental reorganization of the turbulent structures and ultimately increases
drag.
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Figure 1.15: Total drag change for different voltage amplitude (a) and ac frequency
(b) [18].

1.3 Research Motivation

Although plasma actuators have been extensively studied, research has predomi-
nantly focused on conventional geometries with longitudinal electrodes, while only
a limited number of studies have addressed unconventional configurations. The
present work is motivated by the need to explore alternative actuator geometries
capable of enhancing flow control performance while maintaining practical feasibil-
ity. In particular, the study draws inspiration from active flow control techniques
such as the oscillating wall, which has demonstrated remarkable drag reduction
capabilities, with values reaching up to 40%. This technique can generate traveling
waves through modulation of the forcing, leading to significant drag reduction.
However, the mechanical systems required to implement oscillating-wall strategies
are complex and challenging to apply in practical scenarios.

Plasma actuators, on the other hand, provide a versatile and relatively simple
solution, as they can generate flow forcing without moving parts. Moreover, the
forcing can be easily modulated through voltage control. Previous studies, such as
those by Jukes and Choi, have shown that properly controlled plasma actuators can
also achieve drag reductions exceeding 40%. Nevertheless, most investigations have
focused on the conventional three-electrode configuration. Following Bernard’s
approach [18], this research seeks to expand the current understanding by introduc-
ing a sinusoidal electrode geometry. Unlike the conventional configuration, which
relies on two power supplies alternately switched to generate oscillating voltages
and induce traveling waves, the sinusoidal geometry employs a single power supply
and introduces spatial modulation through the electrode shape itself. This spatial
modulation generates standing waves without temporal modulation of the input

20



Introduction

signal. This study aims to analyze the actuation phenomenology through S-PIV)
measurements, providing a comprehensive characterization of the three-dimensional
flow fields induced by the sinusoidal configuration.
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Chapter 2

Review of Particle Image
Velocimetry

This section analyzes the methodology used for data collection. Specifically, it pro-
vides a review of the literature concerning Particle Image Velocimetry, a technique
that enables the determination of flow fields and provides insights into how the
flow was manipulated by the actuators.

PIV is an anemometric and non-intrusive technique that provides both qualitative
and quantitative information on the instantaneous velocity field of a fluid flow. This
contrasts with more commonly utilized single-point measurements, such as Hot-Wire
Anemometry (HWA) or Pitot tubes, which, while limited in spatial resolution, can
provide excellent temporal information and a high-frequency response. Furthermore,
this technique is particularly innovative as it provides detailed information on the
flow field while minimizing disturbances caused by the presence of probes.

Three distinct types of PIV can be identified based on the region illuminated by
the laser and the dimensionality of the resulting velocity field data:

e Planar PIV 2D2C: this configuration employs a single camera to measure the
two velocity components projected onto the laser plane;

o Stereoscopic PIV 2D3C (S-PIV): the stereoscopic configuration employs two
cameras to resolve the out-of-plane velocity component, thus providing a
complete three-component velocity field over the laser sheet;

» Tomographic PIV 3D3C (T-PIV): this configuration employs a multi-camera
setup (typically four or more) to reconstruct the three-dimensional velocity
vector field within a finite volume, providing a full characterization of the flow
and extending the analysis to a volumetric space rather than a single plane.

The experimental setup of a PIV system typically consists of three main sub-
systems, as illustrated in Figure 2.1:
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Figure 2.1: Experimental arrangement for particle image velocimetry in a wind
tunnel [19].

o Light source and optics. The system typically employs a laser that provides
a high-power monochromatic light beam. This beam is shaped into a thin
sheet (or a volume in the case of T-PIV) to illuminate the tracing particles
transported by the flow. The flow plane is illuminated at least twice within
a very short time interval. This time delay is a critical parameter, adjusted
according to the mean flow velocity. The lasers for PIV applications can be
classified depending on the operating frequency: low speed lasers, characterized
by repetition rates of up to 15 Hz and capable of delivering pulse energies
reaching 800 mJ (typically 200 mJ per pulse), and high speed lasers for much
higher acquisition frequencies, up to 10 kHz, with a lower energy per pulse of
approximately 30 mJ;

o Camera and sensors. The camera is responsible for capturing the light scattered
by the tracing particles, where the number of pixels (N x M) in the recorded
images directly determines both the spatial resolution and the required storage
memory. PIV cameras are typically distinguished based on their sensor
technology. Charge-Coupled Device (CCD) sensors offer a more affordable
solution with lower brightness levels (up to 12 bit) but carry a higher risk
of sensor damage. In contrast, Complementary Metal-Oxide Semiconductor
(CMOS) sensors, despite a higher average cost, provide significantly higher
brightness (up to 16 bit) and greater reliability;

e Seeding. Tracing particles are used to seed the flow and are the essential
element that makes the fluid motion visible. They must follow the flow without

23



Review of Particle Image Velocimetry

perturbing it; therefore, the fluid mechanical properties of the particles must be
examined to avoid significant discrepancies between fluid and particle motion.
Determining the size of the particles is crucial for accurate PIV measurements.
By assuming spherical particles in a viscous fluid at a very low Reynolds
number, the gravitationally induced velocity can be derived from Stokes’ drag
law as follows:

U, = dg(pqgup)g (2.1)
where d, represents the tracing particle diameter, p, the particle density, p
the flow density, p the flow viscosity and g the acceleration due to gravity.
Similarly, the velocity lag U; is defined as:

(pp = p)
Us=U,— U= df,iTMa (2.2)

From which, the step response of U, can be rewritten as an exponential law:

Uzzj(t) =1—exp (—i) (2.3)

which depends on the relaxation time 7,, defined as:

7, = df,lgpu (2.4)

As evidenced by the previous equation, a larger particle size leads to an
increased relaxation time; consequently, the resulting particle inertia prevents
them from following the flow accurately. Conversely, excessively small particles
do not scatter sufficient light, which would cause the processing algorithms to
fail. To facilitate the selection of the optimal particle size, the dimensionless
Stokes number (St) is introduced:

St=2 (2.5)

The choice of the tracing particles is made such that the dimensionless Stokes
number is much smaller than unity. For our applications, Di-Ethyl-Hexyl-
Sebacate (DEHS) particles generated by a Laskin nozzle were used. DEHS is
characterized by chemical inertness and excellent dielectric strength, which
minimize the risk of undesirable electrical arcing or short circuits.

The following discussion describes the operational procedure of S-PIV measure-
ments. An experimental campaign can be divided into five main steps:

24



Review of Particle Image Velocimetry

Calibration

Image acquisition

|

Pre-processing

|

Disparity correction

|

2D-cross correlation
& Image dewarping

|

Post-processing

\ J

Figure 2.2: Flowchart of S-PIV measurements

2.1 Calibration

This step is essential to establish a correspondence between the information recorded
on the image plane and the actual displacement of the particles on the target plane.
In a S-PIV system, this process is particularly delicate as it requires the exact
knowledge of several parameters, such as the lens focal length fI, the angles between
the various planes 6 and ¢ (see Figure 2.3), the actual position of the lens plane
and the nominal magnification factor M. In S-PIV, the image plane is tilted with
respect to the lens plane. This configuration is necessary when the camera is not
perpendicular to the object plane and allows the entire image to remain in focus;
otherwise, the focal distance would vary across different points of the plane. This
is known as the Scheimpflug condition, and when it is satisfied, the target plane is
focused completely. Knowledge of these parameters allows for the definition of the
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mapping functions:

X = fl(x,y,gb,Q,Mo,fl) (26)
Y:f2(x7y7¢707M07fl) (27)

where (X,Y) are the coordinates on the image plane and (z,y) are the coordinates
on the target plane. However, precisely determining all these geometric parameters
is difficult, and this method does not account for non-linear effects.

-Camera #1 .o° Camera#2

Figure 2.3: Basic stereoscopic imaging configurations satisfying the Scheimpflug
condition.|19]

A more robust approach is the second-order image mapping approach, where
the following functions are defined as:

X = ag + a1z + axy + azx® + asxy + asy? (2.8)
Y = by + by + bay + bsx® + byxy + bsy?

The twelve unknown parameters a; can be determined using a least-squares fit
if at least six image-object point pairs are provided, for instance, by employing
a dual-plane target (see Figure 2.4) of known geometry. The advantage of this
method is that it is not necessary to know the aforementioned imaging parame-
ters. Furthermore, lens distortions and other image nonlinearities are inherently
accounted for by the higher-order terms.
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Figure 2.4: Dual-plane target

2.2 Image acquisition

The image acquisition process requires synchronization between the laser source
and the camera shutters. To ensure this, a synchronizer is used. Two primary
temporal parameters govern this phase: the acquisition frequency and the temporal
separation (At). The At defines the time interval between the first image (Frame
A) and the second image (Frame B), which are subsequently correlated to resolve
the velocity field. At must be small enough to ensure that particles remain within
the laser sheet thickness and the field of view. Typically, the temporal separation
is chosen to have displacements of the tracing particles in the range of 8 to 12
pixels. Higher separations guarantee higher dynamic ranges, but other issues arise;
it increases the number of particles that leave the illuminated area (3D effects)
before the second laser pulse and increases the probability of false positives in the
correlation process. Regarding the acquisition frequency, it must be high enough to
capture small-scale fluctuations and fast temporal evolutions of the flow. However,
it must be balanced to avoid excessive data volume, ensuring that both large-scale
structures and small-scale dynamics are accurately resolved without compromising
the quality of the statistical reconstruction. Furthermore, the tracing particle
density must be carefully controlled. For the cross-correlation algorithm to function
correctly, each window must contain about 8 to 10 particles per interrogation
window. In fact, excessive seeding can lead to a poor signal-to-noise ratio, while
insufficient seeding prevents the reconstruction of a continuous velocity field due to
the lack of valid vectors in certain regions. Another parameter to consider during
image acquisition is the camera f-stop, which is defined as the ratio between the
focal length and the aperture diameter. Specifically, a low f-stop results in high
particle brightness but a low depth of field. Conversely, a high f-stop increases the
depth of field at the expense of light intensity.
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2.3 Pre-processing

During the pre-processing phase, the raw images are enhanced through various
algorithms to reduce several imperfections that cannot be eliminated during the
image acquisition stage. Common issues include reflections from the walls or light
emitted by the plasma actuator. These filtering operations are essential to increase
the signal-to-noise ratio before the cross-correlation process.

Image enhancement can be achieved through several methods. A common
approach is the subtraction of the average background, where the mean intensity
value of each pixel across the entire dataset is calculated and subsequently subtracted
from each individual frame. This method is computationally efficient and effective
at removing static reflections; however, it may not yield sufficient image quality in
the presence of time-varying background noise or intense intermittent reflections.

A more robust approach is the Proper Orthogonal Decomposition (POD). This
method allows the velocity tensor to be decomposed into a set of orthogonal modes.
Considering that each mode represents a coherent spatial structure of the flow
and its energetic contribution is quantified by an eigenvalue. The flow velocity is
decomposed into a mean contribution and a fluctuating term:

U(z,y,t) =U(z,y) +u'(x,y,t) (2.10)

where U and v’ € C™™*t The first step of the POD method is to convert the
velocity tensor ¢ into a matrix having p = n x m rows and ¢ columns; in this way,
each column represents a vectorized snapshot:

u e O = o/ € OP*! (2.11)

Subsequently, the resulting matrix is decomposed into a product of three matrices
representing, respectively, the eigenvectors, the eigenvalues and the temporal
coefficients of the problem:

W =UN (2.12)

The solution is not unique, as it depends on the choice of the basis functions. For
the POD method, these bases are orthonormal vectors that satisfy the following

condition:
(::97)

The solution is therefore given by the normalized eigenvectors of the spatial
covariance matrix, which is defined as the product between the transposed velocity
matrix and itself:

€ 03w 219

.
Il

=Jj

uTy' = dTYNd € oP*P (2.14)
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Since the covariance matrix can be computationally complex to manage, it is
preferable to use the snapshot method, which exploits the temporal covariance
matrix defined as:

W = wEye’ e ot (2.15)

Since eigenvectors are ordered by decreasing energy content, the velocity field can
be reconstructed by removing the first £ modes, which are primarily correlated to
optical reflections, and instead using the subsequent modes to recover the particle

signal.
U, —\If([’“ 0) v

- (2.16)

[

2.4 Disparity correction

In a standard S-PIV setup, the reconstruction accuracy depends on the precise
alignment between the calibration target and the laser light sheet. Due to minor
offsets or rotations of the target, significant discrepancies between the two camera
views may be detected. Therefore, the disparity correction step adjusts the calibra-
tion, taking into account this misalignment. This procedure utilizes the acquired
particle images to detect the apparent displacement of particles between the two
views through cross-correlation of simultaneous frames.

Calibration plane —_ ©
*———_%__L*__ i
Oz
Light sheet plane L .i l ~
Disparity Z

& ke

Figure 2.5: Misalignment between calibration target and light sheet plane.

2.5 2D cross-correlation & Image dewarping

The key point of a PIV measurement is the cross-correlation stage. The pre-
processed images are divided into small interrogation windows (or cells). The aim is
to determine the velocity vectors for each cell; to achieve this, each window in Frame
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A is compared with the corresponding window in Frame B using a cross-correlation
algorithm. The cross-correlation function is defined as follows:

Al Ak
Rijri(r,ma) = D> filh, k) fioa(h 411,k +12) (2.17)

h=1k=1

where f; is the intensity distribution of the cells and r; denotes the displacement
associated with the peak of the correlation map. This algorithm identifies the most
probable displacement and, given the separation time (At), the velocity vector can
be calculated. This step is often performed through multiple iterations, moving
from large interrogation windows to progressively smaller ones. Thus, information
from previous iterations can be exploited to optimize the correlation process. In
fact, the displacement calculated in the initial steps is used to shift or deform the
windows in subsequent iterations. To improve the spatial discretization of the
field, an overlap between interrogation windows can be applied, extracting more
information from the same set of tracing particles. Another important parameter
to take into account is the Interrogation Window (IW) size. The selection of the
IW represents a fundamental trade-off between spatial resolution and statistical
robustness:

o Large windows ensure a high number of tracing particles per cell, increasing
the signal-to-noise ratio and the robustness of the cross-correlation. However,
they provide poor spatial discretization;

e Small windows allow for a much finer discretization of the velocity field,
which is essential near the wall where gradients are high. Nevertheless, they
increase the risk of having an insufficient number of particles to achieve a valid
correlation peak.

To further improve accuracy, additional processes can be applied directly to the
images prior to the cross-correlation. If a particle is imaged by multiple pixels, its
sub-pixel position can be determined by fitting a Gaussian curve to its intensity
distribution. This estimation allows the algorithm to identify the particle’s center
with sub-pixel resolution, significantly enhancing the precision of the displacement
calculation.

In S-PIV, cross-correlation must be applied to each set of images captured by
the two cameras. However, the velocity components determined in this stage do
not represent the actual flow field, as they are 2D projections onto the sensors. To
obtain the true velocity components, a further step of geometric reconstruction is
required. Consequently, through a geometric analysis of the vectors obtained from
the cross-correlation, it is possible to reconstruct the three-dimensional velocity
components within the laser sheet as follows:
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t t

y— U1 tan as + us tan a;q (2.18)
tan o + tan sy
tan tan

p = U Ba + v tan Sy (2.19)
tan 1 + tan 5o

Uy — U2 V1 — U2

"~ tana; + tan as ~ tan [£1 + tan [y

(2.20)

where u; and v; represent the velocity components determined through cross-
correlation and «; and 3; are obtained through geometric calibration.

For the S-PIV analysis, the PalRS (Particle Image Reconstruction Software)
was employed, which was developed by the University of Naples Federico II.

2.6 Post processing

In order to non-dimensionalize the results obtained and make them independent
of the specific experimental conditions, the calculation of the viscous quantities is
carried out. This operation allows for the derivation of fundamental parameters
such as the wall shear stress (7,,) and the skin friction coefficient (cs). Different
approaches can be employed: for example, the Clauser method. This method is
based on the assumption that, in the logarithmic region of a turbulent boundary
layer, the velocity profile follows a universal law. By rewriting the variables, you
can determine cy without needing to resolve the extremely thin viscous sublayer.
The governing equations are rewritten as follows:

u 1 Yur
— =1 B 2.21
ur k n( v >+ (221)
ulUs, 1 yv
—— =—In{— B 2.22
u U ko (uTVUOO) * (222)
Ur Of
— 2 2.2
N 5 (2.23)

(Zo = CQ’f [; In (ygoo> + liln (E) +B (2.24)
where u is the velocity profile measured and x = 0.38 and B = 4.17 are the constants
for a smooth-wall turbulent boundary layer. The final step involves determining
C from this non-linear equation. Since the expression is implicit with respect to
the skin-friction coefficient, it cannot be solved analytically. Therefore, a numerical
best-fit procedure is employed to identify the C value. However, the reliability of
the Clauser method depends heavily on the assumption of fixed values for x and
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B. While these constants are well-established for smooth-wall boundary layers,
their universality is often questioned in the presence of flow control devices such
as riblets or plasma actuators. These actuators can significantly alter the log-law
intercept or the turbulence structure, making these assumptions problematic. To
overcome this limitation, a more robust approach was preferred, such as the method
proposed by Rodriguez-Lopez et al. [20], which enables the extraction of viscous
scales without fixing the value of x and B.

The Rodriguez-Lépez method accounts for a potential wall-position offset (Ay).
By including this parameter in the optimization procedure, it is possible to com-
pensate for the uncertainty in the relative positioning between the measurement
system and the actuator surface. It is assumed that the velocity profile is linear
within the viscous sublayer and logarithmic in the log layer. To ensure a smooth
and continuous connection between these two regions, the buffer layer is described
using the Musker profile, which is obtained by integrating the following equation:

+\2 1
o (yﬁ) = -
dy* (W) 1 '
(o) + ==+

where s is a constant that relates the eddy viscosity in the inner and overlap regions.
In order to represent the empirically observed overshoot of the mean profile with
respect to the logarithmic law at high Reynolds numbers, a corrective term is
introduced.
o |~ log?(y* /M)
bump ]\/[2

(2.26)

Therefore, including the outer layer, the canonical profile can be expressed as
follows:

211
+ _ u’r—;usker + ul_;;mp + ?W(y/(S) 0 S Y S d

Ucanonical = (227)
ut d<y<oo

At this point, the canonical profile depends on five key parameters: {u,, Ay, x,I1,d}.
To determine these variables, an error function is defined to evaluate the difference
between the canonical profile and the experimental data points. Thus, the problem
has become an optimization problem that involves the minimization of the residual
error. This is achieved by varying the five unknowns within predefined ranges.
Every optimization method requires a starting point, which is calculated using the
aforementioned Clauser method.
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Chapter 3
Experimental Apparatus

This chapter provides a description of the experimental setup employed for the
mechanical characterization and the power supply system. Furthermore, the
following sections will detail the data acquisition system used, the specific geometry
of the PA and its manufacturing process.

3.1 PAs Manufacturing and Design

The investigation focuses on an innovative geometry characterized by sinusoidal
electrodes. The design was developed in a previous thesis project [21] and it is
reported in Fig. 3.1.

The exposed face features electrodes with a sinusoidal geometry, while the encap-
sulated side consists of a single large square electrode. Although the encapsulated
electrode could have been designed to mirror the exposed one and shifted to ensure
plasma inception, a simpler geometry was preferred to streamline the manufacturing
process and avoid electrode misalignment issues. This design choice also promotes
a more uniform plasma discharge along the entire length of the electrode. The PA
was attached to a glass plate and then to a 3D-printed support, which enhances
the overall rigidity of the actuator and allows it to be secured within the wind
tunnel. The procedure for determining the dimensional parameters of the plasma
actuator, presented in the previous thesis, is reported below. The approach requires
a preliminary evaluation of the friction velocity u, = \/Tyau/p within the wind
tunnel under standard operating conditions. In particular, considering a flat plate
boundary layer at a distance of x = 3.5m from the leading edge, with standard
air viscosity and a mean freestream velocity U, &~ 15m/s, which represents a
mid-range value of the measurement campaign. The local skin friction coefficient
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(a) Sinusoidal-electrode layout (b) 3D-printed support

Figure 3.1: DBD-PA design and 3D-printed support.

C is estimated using the semi-empirical correlation:

0.0576
Cr=——+ 3.1
f Reglc/5 ( )

where Re, is the Reynolds number calculated at x = 3.5m, the friction velocity is

derived as:
1
Ur =/ §CfU§o ~ 0.56m/s (3.2)

u, is employed as a scaling parameter to translate the dimensionless values typically
found in the literature into the physical, dimensional characteristics of the actuator.

The geometric characteristics of the sinusoidal actuator are summarized in Table
3.1.

Table 3.1: Geometric parameters of the sinusoidal actuator.

Spacing Amplitude Wavelength Width
' os[mm] AT A[mm] AP A, [mm] -

575 157 2875 785 1035 28.3 3 mm

S

In Table 3.2, the properties of the dielectric substrate are reported. As previously
mentioned, to increase the structural rigidity of the actuator, the device was
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mounted on a glass support plate; this solution was implemented to prevent any
bending of the substrate during testing, which could arise from the thermal stress
induced by the plasma discharge.

Table 3.2: Parameters of the dielectric substrate.

Material Dimensions Thickness

PMMA 26 x 26 cm 2 mm

Based on the electrical characterization performed by the previous student [21],
the data in Fig. 3.2 and Table 3.3 has emerged.

Measurements will be performed using slightly lower peak-to-peak voltages (V)
as a conservative approach to prevent excessive actuator stress (see Table 4.1).

Table 3.3: Operating conditions for maximum induced velocity

fact [kHZ} V;nput [V] VZDp [kV] I [A] Winduced [m/s]

10.10 29.00 17.28 8.06 4.92
12.00 35.00 13.92 4.50 4.36

Once the geometry and materials are selected, the fabrication of the plasma
actuator follows a structured procedure. First, a dielectric board is cut to the
required dimensions for wind tunnel integration (26 x 26 cm). The electrode
geometry is designed using Solid Works; the design is then exported as a DXF file
and subsequently converted into a GCode file, an industry standard format.

Before the laser treatment, a black stencil layer is applied to both sides of
the dielectric substrate. The GCode file is processed via OpenBuildsCONTROL
software to control a laser pantograph, which removes the stencil only where the
electrodes are to be located. A conductive nickel-based paint is then applied to
these areas. This stencil-based technique ensures high-definition edges and prevents
paint leakage outside the desired boundaries. After the paint has dried, the surface
is sanded with abrasive paper to remove any imperfections. Finally, the remaining
stencil is peeled off, leaving the completed and functional actuator.
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(b)
Figure 3.2: Electrical characterization as a function of the actuation frequency.
Top panels: supply voltage Viyppiy, input current, and input power Pj,,,;. Bottom

panels: effective power P, and electrical efficiency E. Red circles: V,, = 13.12 kV;
blue circles: V,,, = 13.2 kV; remaining points: V,, = 14 kV.

3.2 Power Supply System

The power supply and diagnostic system consist of the following main components:

o DC Power Supply: it provides electrical energy as constant direct current,
acting as the primary power source for the entire circuit. In this study, a
Voltcraft VSP 2410 unit was used;

o Function Generator: it generates a low-voltage square-wave control signal,
allowing for the precise setting of the operating frequency. In this study, a RS
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Pro AFG-210005 was used,;

 Extra-High-Tension (EHT) power supply: this system is designed to generate
high-voltage signals from low-voltage inputs. Its primary functions include
converting direct current (DC) to alternating current (AC) via a H-bridge
circuit and amplifying the voltage from a few volts to the kilovolt range (in
our configuration, the output is about 2000 times the input voltage). In this
study, a GBS FElektronik GmbH Minipuls 4 was used. The Minipulse unit
constrains the applicable voltage to the actuator, as it is designed to operate
with a maximum input voltage of 35 V and currents below 10 A;

o Oscilloscope: this instrument is not necessary to supply the PA but it can
display the voltage applied in real-time via high-voltage and current probes. It
is used as a diagnostic tool for monitoring and analyzing power consumption.

The interconnections and the signal flow between the hardware components are
illustrated in the flowchart in Figure 3.3. The diagram highlights the integration
between the power supply line and the control signals managed by the function
generator and the NI-DAQ system.

Power
Supply

Function

Inverter
generator

F’ower Supply

Oscilloscope Amplifier

=
},

PAs

Figure 3.3: Schematic representation of the hardware interconnection.
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The aforementioned equipment is shown in Fig. 3.4.

(a) Power supply (b) Function generator

(c) Bridge (d) Amplifier

(e) Oscilloscope

Figure 3.4: Power supply and electrical characterization system
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3.3 Wind Tunnel

Figure 3.5: The Fuxia wind tunnel of Laboratory of Aeronautics M. Panetti of
Politecnico of Torino.

The measurements were conducted at the M. Panetti Aerodynamics Laboratory.
The Fuxia wind tunnel, shown in Figure 3.5, is an open-circuit blowing wind tunnel
equipped with a flat plate for the development of a canonical boundary layer.

The wind tunnel features two fans upstream of the stagnation chamber. To
prevent propeller wake signatures from reaching the test section, a wide-angle
diffuser leads to the stagnation chamber. Inside the settling chamber, honeycombs
and screens are used to straighten the flow and reduce turbulence intensity, thereby
eliminating velocity fluctuations and propeller-induced motions. Subsequently, the
flow is channeled through a convergent duct into the test section, which has a
square cross-section of 70 cm x 70 cm and a length of 5.3 m. A high contraction
ratio between the settling chamber and the test section is essential; the higher the
ratio, the lower the turbulence intensity of the flow.

Inside the test section, a flat plate features a super-elliptical leading edge
geometry. This design prevents boundary layer separation and, under natural
evolution conditions, is particularly useful for transition studies. Furthermore, the
plate divides the tunnel into two regions, allowing all necessary instrumentation to
be positioned in the lower zone without altering or compromising the measurements
taken in the upper region. Typically, studying the natural evolution of the TBL
requires 20 to 25 meter long wind tunnels; since our test section is not sufficiently
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long, transition is forced using a trip strip placed near the leading edge.

At the end of the plate, a flap is used to compensate for the effects of the growing
boundary layer on the walls. This growth leads to a reduction in the effective
cross-sectional area, which consequently induces a favorable pressure gradient
(dp/dx < 0).

Finally, a divergent duct (diffuser) is used for pressure recovery, which improves
the overall energy efficiency of the system.

The flow velocity within the test section is regulated by a closed-loop feed-
back system managed by a PID (Proportional-Integral-Derivative) controller, as
illustrated in Fig. 3.6.

PC
PID
Controller
MOTOR NI-DAQ FCO [
g
it I —

Figure 3.6: PID controller.

A Pitot tube measures dynamic pressure and transmits the signal to an FCO
pressure transducer, which converts the pressure signal into an electrical one. This
signal is sent to a National Instruments Data Acquisition (NI-DAQ) system that
converts the analog signal into a digital one, translating the voltage into a numerical
value readable by the computer. The software then compares this data with the
desired velocity setpoint, allowing the PID algorithm to calculate the error and
determine the corrective output u(t) (note that for this discussion, u(t) represents
a generic control signal and not the x-component of the velocity). This command
is sent back through the NI-DAQ as an output signal to the motor, which adjusts
the rotational speed of the fans to stabilize the velocity.

Mathematically, the PID controller calculates the control signal u(t) by acting on
the error e(t), defined as the difference between the setpoint r(¢) and the measured
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value y(t):
e(t) = r(t) —y(t)
The general PID equation is expressed as the sum of three distinct components:
de(t)
dt

u(t) = Kyelt) + K | Ce(r)dr + K

The coefficients K, K;, and K, act as corrective parameters that influence the
speed at which the system reaches the setpoint value, ensuring that convergence
toward the desired velocity is achieved in a stable manner and without divergent
oscillations.

3.4 PIV Setup

As specified in the previous chapters, the implementation of a Stereoscopic Particle
Image Velocimetry setup requires two cameras, a laser source, and suitable seeding
particles. The setup used is shown schematically in Fig. 3.7. The entire assembly
is mounted on a traversing system, allowing it to translate in the flow direction.
This movement is manually regulated by a hand-wheel. This configuration enables
the acquisition of S-PIV measurements at various streamwise positions.

The cameras adopted for high-frequency image acquisition are Andor Zyla ZL41
sCMOS cameras, featuring a 5.5 Mpx resolution and a sensor size of 2560 x
2160 pixels®. Each camera is equipped with a 100 mm fixed focal length lens with
a 2Xx teleconverter. Moreover, to satisfy the Scheimpflug condition, the cameras
are equipped with a Scheimpflug adapter. This device allows for the independent
rotation of the sensor plane relative to the lens plane, thereby enabling the entire
image to remain in focus even when the object is tilted.

[lumination is provided by a Litron dual-cavity laser, operating at a frequency of
15 Hz and delivering approximately 200 mJ per pulse. The dual-cavity configuration
allows for the generation of two independent laser pulses with a highly controllable
time delay. This feature is essential for high-frequency sampling. Once emitted,
the laser beam passes through a set of optics that transform the beam into a thin
light sheet, oriented perpendicular to the flow direction.

The seeding system involves a Laskin nozzle. When supplied with high-pressure
air (3 bar) and submerged in DEHS oil, the device produces an aerosol with a mean
particle size of 1 um. The resulting seeding is injected directly into the stagnation
chamber through perforated tubes. Initially, it was intended to be upstream of

the fans; however, this would have caused excessive loss of seeding due to the fan
blades.
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(a) Top View.
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(b) Side View.

Figure 3.7: Schematic representation of the PIV experimental setup.
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All the components required for the PIV are shown in the following figures:

......

(2)

(b) Andor Zyla ZL41 sCMOS cameras

(c) Laskin nozzle

Figure 3.8: Principal components of the PIV setup.
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Results

This chapter will present the results obtained from the S-PIV campaign. Before
discussing the results, the experimental matrices are reported to summarize all
the measured cases. The following table refers to three distinct measurement
positions: z1, 22 and x3 (downstream). Specifically, x1 and x2 correspond to
the maximum /minimum and intermediate points along the sinusoidal wave of the
exposed electrode. These measurement locations are graphically represented in
figure 4.1.

Figure 4.1: S-PIV measurements stations

The downstream measurement position was located approximately 1000 viscous
units (Az™ & 1000) from the actuator’s trailing edge. A relevant question often
addressed in literature is the persistence of the actuation effect downstream of
the array, for example in terms of drag reduction. To investigate this evolution,
a specific downstream measurement location was selected. This position was
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determined a posteriori: once the viscous scales (¢,) for the non-actuated cases
were established, it was possible to define the physical distance for the target
placement. To ensure experimental consistency and due to the time-intensive
nature of the calibration process, this fixed location was maintained for all test
cases, avoiding the uncertainties associated with frequent sensor repositioning and
re-calibration; the case characterized by a free-stream velocity of Uy, = 9 m/s was
selected as the reference
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Table 4.1: Experimental matrix for sinusoidal PA PIV measurements.

" Time delay | Acquisition
Positions | Uy, [m/s] At 18] time [s] Vip [KV] | faer [kHz]
60 0
9 30 14
0 15.8
60 0
x1 14 15 14
20 15.8
60 0
16 13 14
0 15.8
60 0
9 30 14
90 15.8
60 0
x2 14 15 14 10.2
90 15.8
60 0
16 13 14
20 15.8
60 0
9 30 14
0 15.8
60 0
x3 14 15 14
90 15.8
60 0
16 13 14
90 15.8
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4.1 Data Validation

To validate the entire measurement chain and hence the reliability of all the experi-
mental data, it is necessary to compare measurements obtained from benchmark
test cases with known reference results. The mean velocity profiles are presented
below, compared with the results obtained from DNS carried out by Schlatter and
Orlii for a TBL characterized by a friction Reynolds number of Re, = 1270. Some
discrepancies in the values may be observed; however, these can be attributed to
the inherent uncertainties of the experimental measurements and to the fact that
the presence of the electrodes inevitably alters the surface roughness of the plate.
What is crucial to observe, however, is the trend of the profiles in the log layer,
which should match the DNS results as closely as possible.

Another metric that can be used to assess the equilibrium state of the boundary
layer is the diagnostic plots, reported in Figure 4.2 which is a graphical method
used to rapidly assess the quality of experimental data in turbulent boundary layers,
obviating the need to calculate the viscous scales. It allows for the verification
of a canonical profile by comparing the velocity profiles within the logarithmic
region. In this region, the curves are expected to overlap regardless of the Reynolds
number. Conversely, the region closer to the wall is subject to Reynolds number
effects; therefore, it is expected that the curves deviate from the reference.

The Table 4.2 presents the linear interpolation coefficients calculated within the
logarithmic region for the different test cases. Additionally, the percentage error is
reported relative to the reference DNS data, characterized by a slope m = —0.245
and an intercept ¢ = 0.28.

Table 4.2: Linear regression coefficients (m and ¢) and percentage errors in the
logarithmic region relative to the reference DNS (mpyg = —0.245, gpns = 0.28)
for various positions and freestream velocities.

Positions U, [m/s] m q Err%

9 -0.24  0.27 1%
xl 14 -0.23  0.27 4%
16 -0.21 0.28 3%
9 -0.24 0.27 1%
x2 14 -0.25 0.28 5%
16 -0.21 0.26 2%
9 -0.22  0.26 2%
x3 14 -0.25 0.28 2%
16 -0.22  0.26 2%
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The error is calculated as follow:

1 N rms oo rms o]
ET’T%, avg — a7 Z 4 /U <u /U )DNS x 100
N = (Urms/Uso) ps
x1 X2
0.3 : T T 0.3 T . !

0.25} 1 0.25 &

0 : ‘ ‘ ‘ ‘ 0 : ‘ ‘ ‘ :
0.4 0.5 0.6 0.7 0.8 0.9 1 0.4 0.5 0.6 0.7 0.8 0.9 1
U/Ug U/Ug
(a) Test case: x1 - unactuated flow (b) Test case: x2 - unactuated flow
—o— Re, = 2.30e + 06
Downstream *
0.3 ‘ ‘ ‘ —o— Re, = 3.40e + 06

0.25+ 1|—e— Re, = 3.90e + 06
| |-—- Alfredsson profile + 5% error bounds

0.4 0.5 0.6 0.7 0.8 0.9 1
U/u,,

(c) Test case: downstream - unactuated flow

Figure 4.2: Diagnostic plots of the boundary layer for various freestream velocities
and measurement positions.

The mean velocity and Reynolds stress profiles are reported below, see Figure
4.3. These data are processed using the Rodriguez-Lépez approach (see Paragraph
2.6) to determine the viscous scales and are subsequently normalized by them.
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x1

10k / = = = DNS Schlatter and Orlii at Re, = 1250 [{

Re. = 1300
Re; = 2000
s Re. = 2300
” <uu>*
.

. <w>*

- <ww>*

¥ y
Figure 4.3: Mean velocity U™ (left) and Reynolds stress components (u;u;)™
(right) as a function of y*, compared with DNS data at Re, = 1270 (black dashed
lines). Color coding denotes friction Reynolds numbers (Re,) cases, while markers
distinguish the stress components: (uu)™ (diamonds), (vv)™ (squares), and (ww)™

(circles).
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Regarding the outer layer, the slight deviations observed in the profiles can
be linked to local seeding density fluctuations. Similarly, in the inner layer, the
minor discrepancies between experimental data and the reference DNS are likely
due to laser reflections on the actuator surface. Despite these localized near-wall
and far-field effects, the diagnostic plot and the overall trend of the Reynolds stress
profiles show consistent agreement with the literature. This confirms that the
experimental apparatus provides a reliable representation of the flow physics under
investigation. The viscous scale values obtained from the optimization process are
reported in the following table.

Table 4.3: Boundary layer parameters and optimized viscous scales (u., [,) for
the three investigated free-stream velocities across different streamwise positions
(1, 22, and 23).

Positions U [m/s] wu, [m/s] [, [m] ¢6[m] Res Re,
9 0.38 4.05e-05 0.0510 2.24e5 1300

xl 14 0.52 2.93e-05 0.0550 3.37e5 2000

16 0.65 2.45e-05 0.0525 3.90e5 2300

9 0.37 4.09e-05 0.0510 2.17e5 1300

x2 14 0.52 2.94e-05 0.0550 3.24e5 2000

16 0.62 2.46e-05 0.0525 4.18e5 2300

9 0.37 4.17e-05 0.0510 2.05e5 1300

x3 14 0.53 2.98e-05 0.0550 3.14e5 2000

16 0.64 2.50e-05 0.0525 3.94e5 2300
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4.2 Velocity fields

The following figures illustrate the flow fields for each velocity component across
the analyzed test cases at the specified measurement positions. The fields are first
time-averaged and subsequently subjected to periodic averaging in the spanwise
direction, exploiting the geometric periodicity of the electrode arrangement. In
this way, the statistical robustness of the obtained data is increased. The data are
non-dimensionalized using u, and ¢, derived from the corresponding unactuated
(no-plasma) case. This approach was adopted because determining the skin friction
velocity for the actuated cases is particularly challenging; the presence of plasma
introduces significant noise and prevents accurate near-wall measurements, thereby
hindering the reliable application of the Rodriguez-Lopez algorithm. The velocity
fields are calculated by subtracting the corresponding unactuated case from the
actuated datasets. This subtraction highlights the flow regions specifically altered
by the plasma actuator. Furthermore, a comparison between the effects obtained
by operating the plasma actuator at two different voltage levels will be presented
in Section 4.3.

Regarding the streamwise velocity component, see Figure 4.4, a distinct deceler-
ation is observed in the intermediate region, followed by a significant acceleration
in proximity to the exposed electrodes. The effects are notably more intense in the
high-voltage case, indicating a stronger momentum injection into the boundary
layer as the electrical potential increases.

V., = 14KV Vyp = 15.8kV
400
"= 200 0 =200 |
—s™ +s1/2 —s* +5t/2
z+ Z+

(a) Test case: x1 Re, = 1300 V,,, =14 kV.  (b) Test case: x1 Re, = 1300 V,, = 15.8 kV.

Figure 4.4: Induced streamwise velocity fields (AU™) for the two analyzed voltage
levels in position x1.

As shown in Figure 4.5, completely analogous behavior is observed at position
2.
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V., = 14k V,p = 15.8kV
400
KN 200 0 = 200 ¢
0 L‘: :&:
—s* +st/2 —s7 +51/2
z+ Z+

(a) Test case: x2 Re, = 1300 V,,, = 14 kV.  (b) Test case: x2 Re, = 1300 V,, = 15.8 kV.

Figure 4.5: Induced streamwise velocity fields (AU™) for the two analyzed voltage
levels in position x2.

From the analysis of the wall-normal velocity component in position x1, see
Figures 4.6a and 4.6b, two distinct downwash regions are clearly visible in cor-
respondence with the exposed electrodes, where the fluid is drawn toward the
surface. In parallel, two upwash regions are observed in the central zone; these
two ascending jets tend to converge and merge at an altitude of approximately
y+ ~ 100, enclosing a small residual downwash zone in the center. This central lobe
is probably due to a recirculation structure caused by the weak initial interaction
between the jets generated by the electrodes.

AV*
AVT
400
N 200 0 S 200
. " -
—sT/2 +5t/2 +5/2
z+ Z+

(a) Test case: x1 Re, = 1300 V,,, = 14 kV.  (b) Test case: x1 Re, = 1300 V,, = 15.8 kV.

Figure 4.6: Induced wall-normal velocity fields (AV ") for V},, = 14 kV in position
x2.

52



Results

Instead, in position x2, Figures 4.7a and 4.7b, a significantly different interaction
is evident. At this station, the electrodes are closer together, leading to a much
stronger coupling between the generated ionic winds and higher induced velocities.
Specifically, an intense upwash region in the middle and two downwash regions
located directly above the exposed electrodes can be observed.

AV*
AV*

|

+s7/2 +57/2
+

Z z+
(a) Test case: x2 Re, = 1300 V,,, = 14 kV.  (b) Test case: x2 Re, = 1300 V,, = 15.8 kV.

Figure 4.7: Induced wall-normal velocity fields (AV™) for V,, = 15.8 kV in
position x2.

Finally, concerning the spanwise component, a rightward induced jet generated
by the left electrode can be observed, stronger than the opposite one. This behavior
is due to the sinusoidal geometry: the left electrode is located at a minimum
point, where a constructive superposition of the induced jets from the surrounding
electrode segments occurs, whereas at the right electrode, which is located at a
maximum, a weaker induced jet is observed in terms of velocity. The physical
mechanism described above is schematically represented in the following figure.

Figure 4.8: Schematic representation of the induced flow field interaction in the
x1 position.
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At position x1, two large lobes of opposite sign are clearly visible in correspon-
dence with the exposed electrodes. Conversely, the phenomenology at position x2
appears more complex: in addition to the two primary lobes located above the
electrodes, two further regions of opposite sign emerge in the inter-electrode area.
These induced velocities are attributable to the jets generated upstream, which are
subsequently convected by the main flow toward the downstream section.

AW AWT
400
300
= 200 =200
100 ‘ »
— - g-@
i)s+/2 0 +5/2 —st/2 0 +57/2

zt z"
(a) Test case: x1 Re; = 1300 V,,, =14 kV.  (b) Test case: x1 Re, = 1300 V,, = 15.8 kV.

Figure 4.9: Induced spanwise velocity fields (AW ™) for the two analyzed voltage
levels in position x1.

AW AWT
400
300
=200 =200
i)s +s57/2 +S+/ 2
z+ z+

(a) Test case: x2 Re; = 1300 V,,, =14 kV.  (b) Test case: x2 Re, = 1300 V,, = 15.8 kV.
Figure 4.10: Induced spanwise velocity fields (AW™) for the two analyzed voltage

levels in position x2.

The images above reveal a slight effect due to the different V,,, applied to the
actuator, manifesting as larger and more intense lobes. However, since the potential
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difference is relatively small, these effects remain marginal. This phenomenon is
more clearly observed in the streamwise component. A more detailed visualization
of the potential’s impact will be provided in Section 4.3. Moreover, the images
reveal that the influence of the plasma actuator remains predominantly confined
within the first 400 viscous wall units (y* < 400). Beyond this threshold, the
induced effects decay rapidly, becoming negligible as the distance from the wall
increases.

An analogous behavior across all velocity components is observed at higher
Reynolds numbers, although significant differences emerge in the wall-normal and
spanwise components. In both cases, the induced structures appear notably smaller
in scale. Specifically, regarding the wall-normal velocity, a substantial reduction
in the intensity of the plumes is observed as the flow velocity increases. This is
attributed to the fact that the higher momentum of the free-stream flow tends to
counteract the vertical lift of the jet, effectively confining the structures closer to the
wall and limiting their vertical penetration. Regarding the streamwise component,
the perturbation appears to extend toward higher y* values and increase in intensity;
however, it must be considered that at higher velocities, the viscous length scale
decreases.

V,p, = 15.8kV V,p = 15.8kV
400
"= 200 0 "= 200
—s* +51/2 +s1/2
z+ Z+
AVT AV*
400 0.5 400 0.5
0 "= 200 0
-05 ! -0.5
d - e
+s57/2 —st/2 0 +5/2
zt Al
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Figure 4.11: Influence of the friction Reynolds number Re, on the induced
flow field. Cross-stream maps of velocity perturbations in viscous units. V,, =
15.8 kV .Left columns: Re, = 1300; Right columns: Re, = 2300.

The downstream velocity fields are shown in Figures 4.12 and 4.13. Although the
physical measurement location remains constant, the corresponding dimensionless
distances from the trailing edge (Axz™) vary due to the change in the viscous length

scale. These values, normalized by the baseline friction length, are summarized in
Table 4.4.

Uy [m/s] Azt
9 1110
14 1580
16 1915

Table 4.4: Downstream distances from the trailing edge normalized by the friction
length of the unactuated case.

Downstream the characteristic structures associated with plasma actuators
remain observable, albeit with reduced intensity. Specifically, concerning the
streamwise velocity component, a flow deceleration is present in the region between
the exposed electrodes. This deceleration becomes more pronounced at higher
voltages and free-stream velocities; this is likely attributable to the fact that the
flow is more convection-dominated at higher Reynolds numbers. Furthermore, the
wall-normal velocity component reveals an upward jet in the intermediate region,
flanked by two downwash regions located at the electrodes themselves. Regarding
the spanwise component, identifying structures analogous to those observed directly
over the actuator becomes increasingly difficult; nevertheless, such features remain
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discernible at lower Reynolds numbers. This is primarily because, at lower Re,,
the measurement plane is located at a shorter dimensionless distance (Az™) from
the trailing edge, where the induced vortices have undergone less spatial decay and
turbulent diffusion. For other velocities, the spanwise flow field remains clearly
perturbed; it can therefore be hypothesized that the large-scale structures are
undergoing a breakup process into smaller, less intense scales. For the sake of
brevity, only the two extreme cases, corresponding to the minimum and maximum
flow velocities, are presented here. The complete set of analyzed cases is provided
in Appendix A.

Vpp = 14kV Ut Vop = 15 8kV Ut

Figure 4.12: Test case: Downstream Re, = 1300.
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Figure 4.13: Test case: Downstream Re, = 2300.
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4.3 Voltage Effect

An interesting aspect to investigate is the spanwise velocity distribution as a
function of the spacing between two electrodes, see Figure 4.15. Specifically, by
plotting the transverse velocity component profiles along the wall-normal direction
at various intermediate locations between the electrodes, the following graphs can
be derived. Similarly, only specific representative cases are reported in this section;
the complete set of analyzed data is provided in Appendix B.

In general, the profiles exhibit a clear resemblance to those obtained in a Stokes
layer. The primary difference lies in the boundary conditions: in the case of
oscillating walls, the velocity at y™ = 0 matches the wall velocity exactly (and
is thus non-zero). In our configuration, this condition does not apply; instead,
we observe that the induced velocity peak occurs at approximately y* = 30.
Moving away from the left electrode, a continuous decrease in induced velocity is
observed, eventually reaching negative values in the vicinity of the right electrode.
Furthermore, the positive induced velocities are higher in magnitude than the
negative ones due to the jet superposition effect. Moreover, a higher peak voltage
leads to an increase in the induced transverse velocity; however, this difference
remains slight, as the gap between the two analyzed voltage levels is not large
enough to trigger a significant shift in the plasma-generated body force magnitude.
Another interesting observation is the higher induced velocity at increased Reynolds
numbers. This can be attributed to the fact that the actuator itself was designed
and optimized to operate under high-speed conditions, making it more effective at
higher Reynolds numbers than at lower ones. 1. The following reference frame is
adopted.

+
—S+/2 0 S /2

Figure 4.14: Coordinate system and measurement locations.
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We shall now proceed to analyze the individual effects of the governing parame-
ters on the flow field.

W [m/s] W [m/s]
-0.5 0 0.5 1 1.5 -0.5 0 0.5 1 1.5
300 : 300
! Re, = 1300 Re, = 1300
250 ! 250 k
200 t : 200
150 t 150 t

100 | 100 - | \

(a) Test case: x1, Re, = 1300, V,,, =14 £V (b) Test case: 22, Re, = 1300, V,,, = 14 kV

W [mis] W [mis]
-1 0 1 2 3 -1 0 1 2 3
300 : 300
: Re, = 2300 Re, = 2300
250 ¢ ' 250 —04s+ 0.15%
H —03s* 025*
200 ¢ ' —0.25* 0.3s*
" : —0.1s% 0.4s%
150 |

100 -

(c) Test case: 22, Re; = 2300, Vpp = 14 KV (d) Test case: 22, Re, = 2300, V,, = 15.8 kV

Figure 4.15: The spanwise velocity profiles at different in under different operating
conditions: (a) baseline case at position z1; (b) effect of downstream evolution
(position z3); (c) effect of increasing free-stream velocity U, at fixed position; (d)
effect of increasing actuation potential V,, at high velocity.

Taking panel 4.15a as a reference (Re, = 1300, V}, = 14 kV at position z1),
it can be observed that at position z2, the same case exhibits a modulation of
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the turbulent boundary layer in the spanwise velocity component that extends to
higher y* values. In fact, while the spanwise component at x1 tends to vanish
at approximately 150 wall units, at position 22 (4.15b), as well as for higher flow
velocities, the velocity remains non-zero until significantly higher y* levels are
reached.

Regarding the effect of the friction Reynolds number, see Figure 4.15c. Higher
Re, values appear to induce slightly higher velocities. This can be attributed to
the fact that the increased flow momentum confines the plasma actuator’s effect
closer to the wall; consequently, the energy input is concentrated within a thinner
near-wall region, leading to higher localized induced velocities.

Finally, concerning the actuation voltage, a slight increase in velocity is also
noted at higher V,,, (4.15d). However, the potential difference is not large enough
to produce a substantial enhancement of the induced flow field.

Analyzing the effect of voltage on the other velocity components, the results
are presented in Figure 4.16. These profiles are shown with the non-actuated (no-
plasma) baseline subtracted to highlight the net effect of the actuation. Specifically,
the impact of voltage was investigated at two fixed wall-normal heights: y* ~ 30,
which roughly corresponds to the peak of the induced spanwise velocity, and at
yT ~ 130, where the effect is still detectable, although significantly reduced. In
general, the effect of the plasma actuator decreases as the distance from the wall
increases. Conversely, in the near-wall region, the average effect is slightly stronger
when the actuator is driven at higher voltages, as expected.

Regarding position 21 and the wall-normal component, two peaks separated by a
central depression can be observed. This behavior is consistent with the previously
described recirculation bubble. Moreover, even at different driving voltages, the
peak associated with the left electrode produces a higher wall-normal velocity
compared to that induced by the right electrode; this effect is attributable to the
sinusoidal geometry of the electrode and to the constructive superposition of the
induced jets in the case of the left electrode.

For position 2, the induced velocities of the wall-normal component are larger
than those observed in case x1. This is due to a stronger interaction between
the two plasma-induced jets. Several studies have shown that the effectiveness of
plasma actuators depends on the spacing between the electrodes, and that smaller
spacing can result in greater drag reduction since drag is correlated with the upwash
regions generated by the actuator. Another feature observed at position x2 is that
the plume is not located exactly at the midpoint between the two electrodes, but
is shifted toward the right. This is because the electrodes are not perpendicular
to the laser plane; consequently, the plasma-induced jet does not lie within the
measurement plane.

As previously highlighted in the velocity fields, regarding the streamwise com-
ponent, we observe flow deceleration in the region between the exposed electrodes,
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whereas acceleration occurs in correspondence with them. This deceleration is
slightly more pronounced at lower Reynolds numbers.

—Vpp=14kV-y" =30
“TVpp=14KkV-y' =130
—Vpp=15.8kV -y =30
- Vpp=15.8kV -y =130

—st/2 0 +s7/2 —s"/2 0 +st/2

(a) Position: x1.
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—Vpp=14kV-y' =30
“==Vpp =14 kV -y =130
—Vpp=158kV -y =30
- Vpp=15.8kV-y" =130

—st/2 0 +st/2 —s"/2 0 +st/2
Jr

(b) Position: z2.

Figure 4.16: Effects of voltage variation on the streamwise and wall-normal
velocity profiles at different Reynolds numbers in position x1 and 22 at y* = 30
and y* = 130.
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4.4 Reynolds Stresses

In this section, the Reynolds stresses are analyzed, focusing on their evolution across
different streamwise positions and their sensitivity to variations in peak-to-peak
voltage and friction Reynolds number (Re,). Specifically, the profiles of the uu™*
and o™ components are presented, as these components are central to assessing
potential drag reduction in the streamwise direction. These profiles are obtained by
averaging the experimental data in both time and the spanwise direction. To ensure
a consistent comparison across different test cases, the profiles are normalized using
the viscous scales (u,,d,) of the corresponding unactuated (baseline) case.

The following figure (4.17) illustrates the (uu)™ component of the Reynolds
stress tensor at different peak-to-peak voltages (V},,), providing a direct comparison
with both the unactuated baseline and the reference DNS data. In general terms,
it can be observed that the presence of plasma actuation leads to a noticeable
reduction in Reynolds stresses in the near-wall region. This trend holds true for
the majority of the investigated conditions, with the notable exception of the z1
position at Re, = 1300. This specific discrepancy might be attributed to several
factors; however, it is likely suggestive of measurement uncertainty, given that a
reduction in stress is again observed at higher flow velocities. A common feature
across all tested configurations is the emergence of a secondary peak located within
the log-layer, approximately at 100 wall units, where the unactuated case typically
displays a plateau. This secondary maximum appears to migrate further away from
the wall as the flow moves toward the downstream position. This behavior suggests
that, even in regions where the direct influence of the actuator is no longer present,
the turbulence tends to be displaced toward the outer flow, further from the solid
boundary. Regarding the influence of the actuation voltage, a slightly more intense
effect can be identified, with the observed modifications to the Reynolds stress
profiles becoming more pronounced at higher peak-to-peak voltages. The remaining
analyzed cases are reported in Appendix C.

Regarding the Reynolds shear stress (—(u'v')"), a reduction in near-wall stresses
is observed compared to the unactuated baseline. Similar to the previous obser-
vations, a secondary peak emerges at approximately 100 wall units for x1 and x2
positions. This peak appears to migrate toward higher y* values in the downstream
direction, while simultaneously increasing in intensity. These features are consistent
across all test cases, with slightly more pronounced effects identified at higher
actuation voltages.

64



Results

12 2
---- DNS Schlatter and Orlii at Re, = 1250
10 Baseline unactuated
1.5 —v,= 14 v
i 8 " —V,,= 158 kV
56 1
4 [
; 0.5
2 -
0= ‘ 0
100 102 100 102
y* y*
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(e) Test case: 23, Re, = 1300, (uu)™t (f) Test case: z3, Re, = 1300, (uv)™*

Figure 4.17: Evolution of the streamwise Reynolds stress profiles ({(uu)™ on the
left) and Reynolds shear stress ((uv)™ on the right) at a fixed Re, = 1300 for
different downstream positions: (a) 1, (b) 22, and (c) 3. The plots compare the
DNS results (dashed line) and the unactuated baseline (yellow dashed line) with
the actuated cases at V,, = 14 kV (green) and V,, = 15.8 kV (orange).
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We shall now examine the potential influence of the Reynolds number by
analyzing the behavior of the Reynolds stresses at different flow velocities, see
Figure 4.18. To maintain clarity and avoid overcrowding the plots, only the
minimum and maximum velocities investigated are presented, both at a constant
actuation potential of 15.8 kV. In the following figures, the black dashed line
represents the reference DNS data, while the colored dashed lines correspond to the
unactuated baseline cases at their respective Reynolds numbers: red for Re, = 1300
and blue for Re, = 1600. The solid lines represent the actuated conditions. While
the observed trends remain consistent across all tested voltages, the 15.8 kV case is
selected for this comparison to better highlight the phenomena, as the effects are
more pronounced at higher potentials (see Appendix C).

Regarding the streamwise Reynolds stress component ((uu)'), no significant
modifications are observed in the near-wall region as Re, varies; consequently,
the Reynolds number effect near the wall can be considered negligible. However,
notable variations emerge in the logarithmic region, particularly concerning the
induced secondary peak. As the velocity increases, this secondary peak tends to
migrate toward higher y* values. Furthermore, it is no longer sharply localized;
instead, the fluctuation intensity tends to be distributed over a wider range of y*
values.

A similar trend is observed for the Reynolds shear stress component ((uv)™),
where the peak shifts toward higher y* levels with increasing velocity. Additionally,
consistent with the streamwise Reynolds stress, the observed effects on the Reynolds
shear stress profiles appear to be less intense at higher Reynolds numbers.
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10 ---- DNS Schlatter and Orlii at Re, = 1250
— = = Re, = 1300 unactuated
8 1.5 Re, = 1300 actuated
+ + — — = Re, = 2300 unactuated
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£ 2 1
4 |
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0kEs .
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+
a) Test case: 21, V,,, = 15.8 kV, (uu)™ b) Test case: z1, V,, = 15.8kV, {uv)™
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(uu)*

(c) Test case: 22, V,,, = 15.8 kV, (uu)™

12
10+

(uu)*

(e) Test case: x3,V,, = 15.8 kV, (uu)™

Figure 4.18: Evolution of the streamwise Reynolds stress profiles ({(uu)* on the
left) and Reynolds shear stress ((uv)™ on the right) at a fixed V,, = 15.8 £V for
different downstream positions: (a) 1, (b) 22, and (c) 3. The plots compare the
DNS results (dashed line) and the unactuated baseline (yellow dashed line) with

— — = Re, = 1300 unactuated
[ Re, = 1300 actuated
— = = Re, = 2300 unactuated

—(uv)*

---- DNS Schlatter and Orlii at Re, = 1250

Re. = 2300 actuated
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(d) Test case: 22, V,, = 15.8 kV, (uv)™*
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— — = Re, = 2300 unactuated
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(f) Test case: @3, V,, = 15.8 kV, (uv)™

the actuated cases at Re, = 1300 (red) and Re, = 2300 (blue).
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Chapter 5
Conclusions

The experimental activity conducted has allowed for an extensive analysis of
the interaction between sinusoidal geometry plasma actuators and the turbulent
boundary layer, providing more information on the effects of turbulent boundary
layer manipulation through plasma actuators with unconventional geometries.

Stereoscopic PIV measurements in the cross-flow plane reveal that the interaction
of the induced spanwise wall jets generates well-defined, coherent three-dimensional
structures; the actuation effect is not limited to the spanwise component alone,
but involves all components, significantly modifying the local structure of the
boundary layer. In particular, the collision of the transverse wall jets produces
plumes directed in the wall-normal direction, resulting in an alternating spatial
distribution of upwash and downwash regions. The central zones between the
electrodes are characterized by upward motion, while above the electrodes, flow
entrainment towards the wall is observed. The ejection of, on average, slower flow
away from the wall leads to a reduction in velocity along the streamwise direction;
conversely, near the electrodes, an acceleration of the flow along the same direction
is observed.

It is established that the distance between electrodes plays an important role in
the genesis of the so-called plumes: indeed, precisely due to the variation in spacing
between the electrodes moving streamwise, significant differences in the flow fields
emerged between positions x1 and z2. Since the spacing is greater in x1, it does
not allow for an optimal interaction of the jets, and this translates into less intense
plumes and flow modulation confined to lower y*. The downstream flow fields
highlighted how the modulation remains coherent in space even where the actuator
is not present, still showing significant but less intense variations, especially for the
streamwise and wall-normal components.

During the experimental campaign, the effects of various parameters were
analyzed, such as the influence of the friction Reynolds number and the peak-to-
peak voltage imposed on the actuator. A fundamental aspect that emerged is the
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role of the supply voltage: an increase in voltage leads to an increase, albeit minimal
given the small input variation investigated, in the induced velocities. This effect
is maintained even at higher Reynolds numbers, demonstrating its effectiveness
even in more energetic flow conditions.

From the profiles of the transverse velocity component along the wall-normal
direction, taken at different intermediate positions between the two electrodes, it
emerges that more intense transverse jets are induced at higher velocities. This
behavior can be interpreted by considering that the increase in Re, leads to
a decrease in the boundary layer thickness and, therefore, to a compression of
the structures toward the wall. The energy introduced by the actuator remains
physically confined closer to the wall, thus leading to more intense transverse jets.

The analysis of Reynolds stresses highlighted changes in the distribution of
turbulent fluctuations, suggesting a direct interaction between the structures
generated by the actuator and the mechanisms of turbulence production. Particular
attention was given to the (uu)™ and (uv)™ components, as they are more relevant
for determining a possible drag reduction along the streamwise direction. In general,
above the actuator, Reynolds stresses increase at approximately 200 wall units from
the wall, where a distinct peak emerges compared to the non-actuated case. This
peak tends to shift away from the wall and intensify in the downstream position.
Near the wall, a reduction in Reynolds stresses compared to the non-actuated case
is generally observed; however, the measurement shows some uncertainties at these
scales due to signal noise from laser reflections and the presence of the plasma. As
Re, increases, the profiles remain relatively unaltered near the wall, while a shift of
the external peak toward higher y™ and a flattening of the peak itself are observed.

The analyzes conducted in this work provide a solid benchmark for the sys-
tematic comparison between sinusoidal geometry actuators and more traditional
configurations. Although the results have identified several indicators of potential
drag manipulation, the current experimental setup does not allow for a direct
quantification of skin-friction resistance.

Looking toward future developments, two main directions are proposed: the
implementation of techniques for the direct measurement of skin friction (7),
which are essential for obtaining a quantitative estimate of drag reduction, and
the manufacturing of PCB-printed actuators. The latter would eliminate the
undesirable effects of dielectric flexing caused by thermal stresses, ensuring a more
stable electrode geometry and enhancing the repeatability and reliability of the
tests. Furthermore, the use of PCB technology could allow for testing across a
broader range of voltages by reducing the risk of arcing, thereby increasing the
overall durability and operational authority of the device.
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Velocity Fields

Appendix A

Velocity Fields
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Figure A.1: Test case: z1 Re, = 1300.
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Velocity Fields

Figure A.2: Test case: z1 Re, = 2000.
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Figure A.3: Test case: z1 Re, = 2300.
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Velocity Fields

Figure A.5: Test case: 2 Re, = 2000.
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Figure A.6: Test case: 2 Re, = 2300.
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Velocity Fields

Figure A.7: Test case: 3 Re, = 1300.
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Velocity Fields

Figure A.8: Test case: x3 Re, = 2000.
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Figure A.9: Test case: x3 Re, = 2300.
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Appendix B

Voltage effect

Vyp = 14KV
W [mis]

0 0.5 1 1.5

300
250
200

150
100

50

300
250
200

+.150

300
250
200

150
100

50

-2

(a) Test case:

14 kEV.

wt

zl Vpp =

300

(b) Test
15.8 kV.

V,, = 15.8kV
W [ms]

0 05 1 15
Re, = 1300
!

Re, = 2300

—0.4s*" 0.1s%
—035F =——— 025"
—0.25% 0.35"
— 015t 04t

—_0

case: xl1 Vp, =



Voltage effect

Vpp = 14kV
W [mvs]
05 0 05 1 15
300 . 300
! Re, = 1300
250 'l 250
i
200 i(‘ 200
. 150 | . 150

100
50

300

250
200

'
P =)
¥}

150
100
50

W [m/s]

300 —

250
200

.
s=e- -1 O
[35]
w0

150
100

50

(c) Test case: 22 Vp, = 14 kV. (d) Test case: 22 Vp, =
15.8 kV.

Figure B.1: Effects of voltage variation on the spanwise velocity profiles at =1
and 22, measured at discrete spanwise locations with a constant step of 10% of the
electrode spacing (sT).
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Appendix C

Reynolds Stresses
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Reynolds Stresses
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Figure C.1: Dimensionless mean velocity profiles and uu® and —uv™ Reynolds
stresses components at different streamwise positions for a fixed friction Reynolds
number (a,b,c) Re, = 1300 and (d,e,f) Re, = 2300. The black dashed linerepresents
the reference DNS data, and the yellow one denotes the no-plasma case at the
corresponding Reynolds number. All profiles are normalized using the viscous
scales of the unactuated case.
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Reynolds Stresses
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Reynolds Stresses
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Figure C.2: Dimensionless mean velocity and Reynolds stresses profiles at different
streamwise positions, comparing different friction Reynolds numbers (Re,) at
fixed peak-to-peak voltages. (a,b,c) Profiles at V,_, = 14 kV; (d,e,f) profiles
at V,_, = 15.8 kV. In each plot, results for Re, = 1300 and Re, = 2300 are
compared. The black dashed line (—) represents the reference DNS data, while the
colored dashed lines denote the corresponding unactuated (no-plasma) cases for
each Reynolds number. All profiles are normalized using the viscous scales of the
respective unactuated case.
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