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Summary

The results of a preliminary experimental research on a Nanosecond Dielectric Bar-
rier Discharge Plasma Actuator are presented in this document. For carrying out
such a research, experiments were performed in the low speed facilities of Delft Uni-
versity of Technology. Four wind tunnels and several data acquisition techniques
have been used in order to investigate the physical actuation mechanism that a
NS-DBD plasma actuator is able to achieve. Leading Edge Flow Separation Con-
trol has been demonstrated at a Reynolds number up to 3.3 millions, and with a
Mach number about 0.3. Set-ups of tests like Schlieren or PIV and results of such
tests have been shown and discussed in this report.

For industrial application the issue of applicability rose up. A scalability study has
shown the capability of the NS-DBD Plasma Actuator of working on different scales.
From a phenomenological study several actuation principles have been derived.
Moreover, from the large data set that was obtained possible physical mechanisms
that underlay the NS-DBD plasma actuation have been proposed.

The most remarkable results achieved are: maximum lift coefficient increased about
20% with respect to its theoretical maximum, stall angle delayed about 5 degrees,
drag due to the wake reduced about 300% in a leading edge flow separated condition.

Eventually possible outlook and future research aimed to get the plasma actuator
at an “industrial” stage is proposed.

This experimental study has been carried out as a joined project between Delft
University of Technology and NEQLab Research BV. The first one supported the
project with knowledge and facilities, the second one with technology, equipments
and manpower.
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Chapter 1

Introduction

The world of the flow control has shown important improvements over the past
century and a lot of new concepts and devices have been developed in order to
achieve a valuable enhancement of the aerodynamics performance of any application
dealing with a fluid (gas or liquid) flow.

Reason for pushing the envelope in this field is that, anyhow, any flow control
technique, while dealing with a flow, usually archives positive and negative effects
on the aerodynamics performances. So basically a flow control application is a
trade-off between positive and negative effects. This is a reason why there is not
an unique optimized working strategy for any flow control application.

Any Aerodynamic device, outside the range of conditions where the flow is con-
trollable with an overall positive effect, will experience a drastic reduction of its
aerodynamics performance.

The energy expense required by an aerodynamic device depends on the aerodynam-
ics conditions of the flow which it is dealing with. The final goal of the flow control
is to reduce the energy required for the application under consideration. On the
other hand any flow control technique requires energy itself in order to control the
flow. So a trade-off in terms of energy is the difference between the energy saved
applying flow control and the energy required from the flow control technique itself.

Very often flow control techniques require to add structural elements to the aerody-
namics device under control which may increase the aerodynamics resistance that
the body offers to the flow. These structural elements represent a continuous energy
loss and they dissipate energy also when the flow does not need to be controlled
and even if the energy trade-off gives a positive energy saving, it is felt that more
energy could be saved.

So, in order to reduce the energy expense due to any flow control technique and the
parasitic extra drag induced by additional structural elements aimed to control the
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flow, researchers about flow control have moved in the direction of the active flow
control.

With “Active flow control” are meant all those techniques devoted to control the
flow only when it is required so adding extra drag elements or spending energy only
when necessary; these techniques differ from “Passive flow control” by the fact that
for the latter ones the expenses in terms of induced drag and energy are higher
since they can never be “switched off”. The downside of the “active flow control”
techniques is that very often they require additional mechanism for being actuated
which increase the complexity of the aerodynamics device, sometimes drastically.

Among the several active flow control techniques, developed over the years, the
Dielectric Barrel Discharge (DBD) Plasma Actuator is one of those considered very
promising since:

e simple constructive requirements
e not expensive

e 1no moving elements

fast reactivity
e low parasitic drag

e low energy consumption

Actually there exist basically two different kinds of DBD plasma actuators: the AC-
DBD plasma actuator driven by AC voltage waveform, which is also the most well-
known one, and the NS-DBD plasma actuator driven by high voltage nanosecond
pulses. The latter is the one under study and discussion in this document.

First the state of art about DBD plasma actuator in general will be presented as
well as the physical aspects and limits of applicability that researchers have found
during the past years. Then, following a theoretical approach, the reason why this
subject has been selected for this study will be introduced and a possible physical
mechanism for the actuation will be hypothesized.

Afterwards, the results of an experimental study will be presented, carried out on
high lift devices like wind turbine airfoils and a discussion about all the observed
phenomena will be carried out. First the experimental set-up will be presented and
all the required equipment will be shown in details, together with a brief description
of the facilities used for the different experimental campaigns. Moreover possible
data corrections will be proposed. Then the data acquired from the experimental
study will be presented not as a whole, but going through the chronological history
of the research. Time by time it will be make clear how new observations have
brought to the light new characteristics of the device under study and it will be
discussed.



It will be also shown, and proven experimentally, that the NS-DBD plasma actuator
could be scaled, which thing is very important in order to get the research at an
“application stage”.

With “application stage” it is meant the stage of a project where the research is
basically over and the development of the device for an industrial application is
started.

A physical mechanism of actuation will eventually be proposed trying to explain all
the phenomena observed during the experiments; moreover a theoretical approach
will be undertaken in order to define a conceptual working principle for the NS-DBD
plasma actuator.

Last but not least a series of comments and possible industrial applications will be
given and an outlook of some of them will be discussed.

The research has been carried out as a join project where TUDelft and NEQLab
Research BV have been collaborating: the first one supporting the work with knowl-
edge and facilities and the second one providing technology, equipments and man
power.

The research itself has been roughly one year long and a CFD simulation has been
carried out in parallel about NS-DBD plasma actuator by PhD student Ilya Popov.
This CFD simulations have shown a very good agreement with all the observed
phenomena. The results of this experimental work have been supporting the CFD
research as well as the CFD results have been supporting the experimental research.

It has been observed during the research that the NS-DBD plasma actuator is
capable to actively control the flow on high lift element such as airfoils reattaching
the flow when experiencing flow separation. An effect has been observed on the
drag which, in the best case, achieved a reduction about 300%. The best result with
respect to lift enhancement is an increase of the lift coefficient about 20% of the
theoretical maximum for the airfoil under investigation, and the critical stall angle
has been moved to one about five degrees higher. The highest Reynolds number
at which NS-DBD plasma actuator has been investigated is about 3.3 millions,
on a medium scale model, in a low turbulence wind tunnel, with a velocity of
the free stream flow up to 80 m/s. The scalability has been proven through a
Schlieren test campaign. The results have shown how increasing the number of
actuators the observed effect actually increase. Moreover thanks to Schlieren tests
also other phenomena have been observed: the formation of two counter rotating
vortex forming into the shear layer. Those observed phenomena greatly helped
figuring out a possible physical mechanism of actuation.

Afterwards a closer look at the discharge region has been felt necessary so a PIV
test campaign has been carried out, not only on an airfoil immersed into a 30 m/s
flow, but also on a flat plate in still air. The results of the PIV tests also helped
a lot in the physical understanding of the device under study. Moreover it also
showed new peculiar characteristics of the NS-DBD plasma actuator. With this
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set of data several effects of NS-DBD plasma actuator have been recognized and
a combination of two of them, working together, is the core idea of the proposed
physical mechanism of actuation.

In chapter two a background about flow control, either steady/unsteady and ac-
tive/passive, is given. Then AC-DBD Plasma Actuator is introduced and typical re-
sults and mechanism of such a device is presented. Eventually NS-DBD Plasma Ac-
tuator is introduced. The state of art of this device is presented in details and some
typical result is shown. In paragraph 2.5.2 the phenomenology of the nanosecond-
pulsed actuator is discussed. This paragraph requires some special attention: in this
section is discussed what is thought to be the principal phenomenology of NS-DBD
Actuator.

In chapter three the several set-ups, equipments and facilities are presented.

In chapter four all the test results are presented. In chapter five a summary of
all the results obtained is presented and a discussion about them is carried out.
Moreover some conclusion is drawn out.

Eventually, in the last chapter possible outlooks of NS-DBD Plasma actuator are
given together with ideas for a further investigation about ND-DBD Plasma Actu-
ator.



Chapter 2

Background

The term “flow control” is referred to all those techniques meant to affect the
character or the natural behavior of a flow during its development along a smooth
surface, changing the natural disposition of the flow field. In the 1904 Prandtl
[1], investigating the behavior of viscous flows, introduced as first the concept of
Boundary Layer (BL). He explained the mechanism of the steady separation, and
he showed some result about the flow control around a cylinder by suction at the
wall, achieving a consistent boundary layer separation delay.

Basically the BL is that region of the flow field where the viscous effect cannot be
neglected anymore. Physically, when the momentum of the BL cannot overcome
the energy lost due to the skin friction and the adverse pressure gradient it does
separate from the surface. In general, regardless to the kind of motion, the BL will
always have the same characteristics in terms of energy content but, since different
concept for flow control are required for different kind of flow motion, it will be
distinguished between flow control for internal flows and flow control for external
flows. This work focuses on the flow control for external flows. The flow control can
have different tasks and, based on what it is meant for, it can be split in different
subparts as it is shown in Fig[2.1l. It can delay or advance transitions from laminar
to turbulent flow, or perhaps it suppresses or enhances turbulence. It could be used
in order to prevent or provoke separation of the flow from a surface. It could lead
to drag reduction, lift enhancement and even noise suppression.

In this work the task of preventing or delaying the separation of the fluid wall-
bounded flow will be studied. Among the several kinds of flow separation the one
on which this work is focusing is the leading edge separation, restricted to the
incompressible flows. Moreover, flow control may be further divided into two big
categories: Active Flow Control and Passive Flow Control. The difference between
these two categories is that for the latter one the flow control is actuated by devices
that are continuously working on the flow, even if it is not required, so Passive
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Flow Control techniques are those which are always “turned on” and they cannot
be “turned off” during the operational period of the aerodynamics device they are
working on. On the other hand, for the former one, the control on the flow is
actuated by devices that do not work continuously but they are activated by an
user only when it is required, so the Active Flow Control techniques are those which
could be “turned on and off” by an user, or by any feedback loop control, and they
could be optimized a way further with respect to the passive techniques, such that
a bigger improvement of the aerodynamics performances may be achieved.

Anyway it is important to underline how much any possible task of the flow control
could affect all the others. As Mohamed Gad-el-Hak[2], in his book (Flow Control:
Passive, Active and Reactive) underlines, an ideal method to control the flow that
is simple, effective and inexpensive does not exist, and he did produce a drawing
that graphically shows how the different tasks of the flow control could interact
with each other. Such a scheme is proposed hereafter in the Fig[2.1l

Transition in Fres-Shear Layer may
Lead to Reattachment

_ [ REATTACHMENT
{Bubble
Farmation)

TRANSITION

SEPARATION

uopsuelL Jaye Jeybfiy Belg uola)i4-uMs
yin seduBlLg

Induced Drag

DRAG LIFT

Lift-to-Drag Ratio

Fig. 2.1: Interactions of possible effects of any Flow Control technique[2]

As an example, BL of an external wall-bounded flow developing on a lifting surface,
such as an airfoil, will be taken into consideration. If the BL is turbulent it will be
more resistant to separation and then the incidence of the airfoil, with respect to the
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free stream flow, could be increased thus enhancing the lifting performances. On
the other hand the skin friction for a turbulent BL is a way bigger then a laminar
one. The transition delay could lower the skin friction but it will keep the flow
laminar for a longer period, and since the laminar BL: can stand only to very small
adverse pressure gradient the laminar BL will require a reduced incidence of the
airfoil with respect the free stream direction. When the laminar BL separates, for
a moderate Reynolds number, the free SL (Shear Layer) formed by the separation
will experience transition to turbulent which may result in the reattachment of the
separated flow and the consequent formation of a laminar separation bubble which
reduces the possible optimal incidence of the airfoil and increase the drag, reducing
also the lifting performance.

So the ultimate goal for the flow control in general is to be able to make a trade-off
of all the interactions between the several effects of the actuation and eventually
having as a result an effective increase of the lift-to-drag ratio.

2.1 Steady flow separation control

The research about the physical understanding of the phenomena that cause the
separation of a wall-bounded flow have considerably advanced in the last 20 years.
A detailed overview of all the techniques, active or passive, developed for Flow
Separation Control is a massive task therefore, here in this document, it will be
reported only about those devices consider related to the subject under study.

The main concept for controlling a wall-bounded external flow is that the velocity
profile along the solid surface has to be kept “as full as possible”, or mathematically
it translate in keeping the second y-derivative of the velocity at the wall (g%ﬂy:o)
as negative as possible.

Experimental studies have proved that methods using geometry modifiers, such as
slats, flaps, or vanes, or perhaps constructing aerodynamics elements with special
materials deformable under the action of pressure gradient, effectively affect the flow
by a gradual mitigation of the adverse pressure gradient that the flow experiences
moving downstream along the smooth surface, so basically archiving the goal of
keeping the velocity profile “as full as possible”, for example bodies can be designed
for incipiently separated flow over large surface areas using the so called Stratford
closure [3] [4].

A second technique that could be used in order to affect the velocity profile is based
on suction at the wall or transpiration walls. As already mentioned, Prandtl [I] [5]
put the basis for such kind of technique, developing also an approximation method
to compute the amount of suction needed to prevent laminar separation. Other
researcher over the years have improved the Prandtl method [7]. A particularly
simple calculation, as an example, for a symmetrical Zhukovskii airfoil with uniform
suction predicts a suction coefficient just sufficient to prevent separation of C; =
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1.12Re%5 [6](where the Reynolds number is based on the airfoil chord and the free
stream velocity). For turbulent BL semi-empirical methods have been found [§].

With such a method suction coefficients sufficient to prevent separation on a typical
airfoil are in the range of C;, = 0.002 — 0.004.

Others techniques are based on thermal effect, since the temperature gradient in
the flow field could affect the shape of the velocity profile. Such techniques are
basically heat transfer at the wall. In a gas motions, subtracting heat from the fluid
adds a negative contribution to the curvature of the velocity profile at the wall, so
postponing the separation point. Nevertheless this method has been proved only
for high-speed gaseous flows, analytically [9] [L0] and experimentally [11] [12].

All the above mentioned methods are able to affect the velocity profile at the wall.
This is clearly visible, from a theoretical point of view, just having a look at the
stream-wise component of the momentum equation at the wall, in a steady case:

ou Op o, Ou 0%u
powg =0+ 5 lv=0 = 5 l=0 lu=o = 15 5 l=0 (2.1)

It is easy to recognize the first term on the left hand side of the equation 2.1 to be
the suction-related term, the second one to be the pressure-related term and the
third one the thermal-related term: as the equation shows that all these terms are
able to affect the shape of the velocity profile.

If the fluid particles near the wall does not have enough momentum for continuing
its motion it is brought to rest at its “Separation Point”. This point is commonly
recalled as the Goldstein’s Singularity. In a steady situation a characteristic of this
point is that both the velocity of the fluid and the shear stress at the wall are zero
there.

2.2 Unsteady flow separation control

The unsteady separation is a much more complex phenomenon since it is character-
ized by different vanishing locations for the wall shear stress and the velocity at the
wall [13] [14]. The concept to control this kind of flow separation is still the same
with respect to the one used for steady separation case. The main difference with
respect to the steady case is understandable just having a look at stream-wise com-
ponent of the momentum equation at the wall, which reveals a time-related term,
the unsteady term.

From this time-related term techniques are sought such that forcing disturbances
are introduced in the flow motion, and, basing on the frequency of such forcing
disturbance, flow control could be achieved.
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Among the most used techniques it could be found pulsed suction/blowing systems,
zero net mass flux systems, and more. The unsteady forcing has been proved to
be more effective then the steady one [15] in fact an experimental study on differ-
ent kind of airfoils has shown that an unsteady forcing is able to achieve an higher
critical stall angle and a higher lift coefficient with respect to the case of steady
forcing on the same models in the same aerodynamics conditions. A very impor-
tant parameter for such kind of flow control is the operating frequency at which
the technique works, the dimensionless number expressing such a frequency is the
Strouhal number. It has been shown that the range of effective dimensionless fre-
quencies related to the separation control is on the order of the unity. The Strouhal
number is define ad:

St = fUi (2.2)

where f, L and U, are respectively the forcing frequency, the characteristic length
of the separated region and the free stream velocity [15] [16].

Physically, setting the Strouhal number to the unity means that a perturbation
need to be introduced with a time scale such that it could be comparable to the
time scale that the free stream needs in order to propagate along the separated
region.

In an unsteady situation small disturbances introduced into the shear layer, pro-
duced by the separated BL, are amplified by nature if they are introduced very
close to the receptivity point of the SL. This implies that the location of the actu-
ator device could highly affect the result of the application. It has been observed
that placing the actuator close to the separation point increases the chances to suc-
cessfully introducing such perturbation, which provokes the formation of vortexes.
Such three dimensional structures, developed as Kelvin-Helmholz instability, are
able to transport momentum throughout the separated free stream region, there-
fore reattaching the flow [18].

For example a experimental study on forced reattachment of flow to an inclined
flat surface, simulating a simple flap, shown that the excitation parameters deter-
mined the total duration of the reattachment process. Minimum reattachment time
occurred at an optimal excitation frequency of Fj;)t ~ 1.5, which was independent
of amplitude and flap inclination. The control over the process was achieved by
enhancing large spanwise vortices in the flow. Spatial amplification of consecutive
vortices induces mean transport of fluid away from the flap surface which causes
the main stream to reattach [17].

Flow separation control techniques using an higher order of magnitude of the di-
mensionless frequency are supposed to work with a different actuation mechanism,
so they are classified as a different kind of techniques.



10 Background

2.3 Active flow separation control

Active Separation Control Techniques have gained a big interest in the last decade
since their big potential: they are able to achieve and to enhance the results gotten
by Passive Techniques without the expenses in terms of energy and induced drag
one should pay using those techniques. On the other hand an active flow control
technique might require mechanical elements which would increase the complexity of
the aerodynamics device too much. Dealing with this two aspects of the active flow
separation control, researchers nowadays are pushing the envelope in the direction
of techniques able to achieve an active flow control trying to reduce at the minimum
the complexity of the system.

Such a device could be the Dielectric Barrier Discharge Plasma Actuator. Several
are the aspects that make such a device very fascinating and appealing: it does
not require mechanical elements, it does have a very simple geometry and its size
is such that it does not affect much the controlled aerodynamics element, it does
have a low energy consumption and a very fast reactivity with respect to the input.

There are two main different kinds of DBD plasma actuators: AC-DBD plasma
actuator and NS-DBD plasma actuator. They have exactly the same geometry and
the construction procedure is very similar but they differ from each other by the
physical mechanism by which the flow control is achieved.

Passive Active
VGs Wall Heating/Cooling
Surface Shaping Suction/Blowing
Winglets Flaps

2.4 AC-DBD Plasma Actuators

The typical layout of a Dielectric Barrier Discharge (DBD) Plasma Actuator is
basically composed by two electrodes separated by a layer of dielectric material. In
the Figl22] an example is given:

Between the two electrode an AC voltage signal is applied, which must be sufficiently
high in order to breakdown through the air and sufficiently low in order not to
breakdown through the dielectric layer. With such a voltage value it will create a
stream of electrons propagating from an electrode towards the other one forming the
so called “cold plasma” region. This is a self limiting process because the charged
particle accumulated on the dielectric surface will create an electrical field opposed
to the discharge itself, and in order to overcome this phenomenon a quite high
voltage between the electrodes need to be applied. Within the discharge period,
and within the plasma region, many chains of chemical reactions will take place. Not
getting into the details the electrons of the plasma stream, hitting the air particles
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Induced Flow Plasma

\ / Dielectric Layer
voltage X s

Actuator location reference

Fig. 2.2: Typical AC-DBD Plasma Actuator geometry [19]

between the electrodes of DBD plasma actuator, create a great number of ions
by species oxidation. The peculiar waveform of the AC signal, that continuously
changes polarity, drives these charged particles forward and backward between the
electrodes of the actuator generating an ion flow. Such ion flow is able to introduce
into the flow field a limited amount of momentum in the near wall region [19].
For these actuators the mechanism of flow control is through a generated body-
force vector field that couples with the momentum in the external flow. The body
force can be derived from first principles, and the effect of plasma actuators can be
easily incorporated into flow solvers so that their placement and operation can be
optimized. It has been shown that such an actuator is able to produce a vortex over
the exposed electrode which could inject into the near wall region a momentum of
the order of 3.8 mN. The rotating verse of the vortex is depending on the disposition
of the anode and the cathode with respect each other [20] [21].

This kind of DBD plasma actuator have been subjected to numerous studies related
to boundary layer control and separation flow control.

An experimental approach to quantify the effect of cold plasma actuators on a
laminar flat plate boundary layer in order to evaluate the effect on laminar to
turbulent transition was carried out [22]. The paper showed the experimental results
obtained with DBD actuator: the characteristics ionic wind generated and the
velocity profiles modified by this ionic wind. Moreover complementary information
was given by hot wire measurement on the velocity fluctuations inside the laminar
boundary layer.

An other experimental study has been undertaken to reduce skin-friction drag by
applying a spanwise oscillation in the near-wall region of a turbulent boundary layer
using RF glow- discharge surface plasma at Re = 380 [23]. The oscillatory plasma
forcing was created using two opposing sets of asymmetric plasma actuators. By al-
ternately activating the electrodes, skin-friction drag was reduced by up to 45% in
the downstream of the actuators. The plasma action creates a tangential force very
close to the wall surface, which creates alternating, co-rotating streamwise vortices
in the inner region of the boundary layer. A 40% reduction in mean streamwise
velocity and a 30% reduction in turbulent intensity were observed. This was ac-
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companied by over 50% reduction in sweep duration and a 30% reduction in sweep
intensity.

In others studies the amount of momentum transferred to the air using AC-DBD
plasma actuator has been investigated [24]. It was found that the momentum added
by a plasma actuator is fully contained within the boundary layer of an induced
flow and is on the order of milli-Newtons. As a result, the actuator lacks the ability
to use “brute force” methods to alter the flow field around an object, and must
rely upon instabilities in the flow to bring about changes. To further investigate
the effects of the plasma actuator on the boundary layer, the actuator has been
placed on a flat surface with both a laminar and a turbulent boundary layer, and
its effects on the flow upstream, immediately downstream, and far downstream were
measured. Boundary layer traverses were performed with a boundary layer pitot
probe for free stream velocities of approximately 4 and 6.5 m/s. The results show
that regardless of the orientation of the plasma actuator, the actuator will trip a
laminar boundary layer, providing the ability to electronically control it. It was
also found that the actuator effect on a turbulent boundary layer is limited to a
localized region immediately downstream of the plasma actuator.

An investigation about control of leading-edge flow separation that occurs over a
NACA six digit airfoil at high angles of attack showed reattachment for angles of
attack that were 8 degrees past the stall angle. This was accompanied by a full
pressure recovery and up to a 400% increase in the lift-to-drag ratio. The airfoil
was operated over a range of free stream speeds from 10 to 30 m/s, giving chord
Reynolds numbers from 77 x10% to 333 x10% [25].

An other study about the applicability of Single Dialectic Barrier Discharge (SDBD)
plasma actuators for use as active flow control devices, capable of enhancing the
performance of airfoils, was carried out. Measurements were carried out on two thick
airfoils with simple flaps, With a chord Reynolds numbers tested between 0.8x10°
and 3x10°. The input momentum was shown to be very weak and not sufficient
to prevent separation at Reynolds numbers greater than 10°. The SDBD plasma
actuators used in this study may only provide sufficient momentum to be effective
at very low Reynolds numbers. Under special circumstances the passive presence of
the actuator on the surface may trip the boundary layer making it more resistant
to separation, but in those cases a proper roughness strip or vortex generators may
delay separation more effectively [26].

The peculiar results in common to all these studies is that the AC-DBD plasma
actuator, even if able to affect the flow at low velocity regimes, decreases its effec-
tiveness with increasing the Reynolds number. This because, fixing the physical
gas propriety and typical length of the flow motion, an increase of the Reynolds
number translates in an increase free stream velocity; when such velocity becomes
larger and larger with respect to the momentum inputted in by the AC-DBD ac-
tuator, its relative effect becomes smaller and smaller. Recent parametric studies
about optimization of the AC-DBD plasma actuator have been carried out aimed
to maximize the body force created by the actuation mechanism, and so positively
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affect the induced velocities introduced near the wall.

Several studies have shown that a surface dielectric barrier discharge (DBD) may
be used as an electrohydrodynamic (EHD) actuator in order to control airflows. A
parametric study has been performed in order to increase the velocity of the ionic
wind induced by such actuators [27]. The results show that an optimization of
geometrical and electrical parameters allows to obtain a time-averaged ionic wind
velocity up to 8 m/s at 0.5 mm from the wall.

The momentum-transfer performance of a plasma actuator was investigated exper-
imentally for the effects of ambient-gas pressure, ambient-gas species, and electrode
configuration [28]. For measurement of the momentum-transfer performance, the
force exerted by the actuator, in addition to the induced velocity, was measured;
the consistency between both measurement methods was demonstrated. Results
showed that the ambient-gas pressure under which a plasma actuator operates has
a considerable effect on the momentum-transfer performance. In fact, the perfor-
mance does not decrease in a linear manner with decreasing ambient-gas pressure;
rather, it initially increases and then decreases. The chemical species of the ambi-
ent gas also has a considerable effect on the momentum-transfer performance. The
momentum transfer in air is greater than that in nitrogen gas at pressures of less
than 1 atm, which suggests a considerable contribution of oxygen molecules in the
air. The momentum-transfer performance in carbon dioxide gas is slightly greater
than that in nitrogen gas for pressures of less than 1 atm, although they are com-
parable at 1-atm pressure. Furthermore, the electrode configuration was found to
strongly affect the momentum-transfer performance of the plasma actuator.

In other studies [29] complementary and coherent electrical, optical and aerody-
namic measurements as a function of various parameters and geometries were per-
formed. They measured the influence of the frequency and applied voltage of the
discharge on the dissipated power. Experimental data yielded an empirical formula
to calculate dissipated power and the energy lost in the dielectric was estimated.
The plasma temperatures were also evaluated by spectroscopy emission measure-
ments of N2 molecular bands. The velocity of the airflow induced by the DBD
discharge in initially still air was measured as a function of the power dissipated in
the discharge for different thicknesses and types of dielectric.

Several different models, often with conflicting explanations, have been offered to
explain the process of this momentum coupling. The DBD is known to proceed
in two stages during the discharge cycle, one on the positive-going portion of the
applied AC high-voltage waveform and the other on the negative-going portion.
By using the actuator to drive a second-order mechanical system, [30] it has been
shown that the great majority (97%) of the momentum coupling occurs during the
negative-going portion of the discharge cycle and this behavior has been related
to dramatic differences in the structure of the discharge revealed with high-speed
photography.

Others experimental studies [31] present measurements of how variations in the dis-
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charge geometry of surface-mounted dielectric barrier discharges (DBDs) affect the
force transferred to atmospheric pressure air. This studies include both single bar-
rier plasma actuators (one electrode insulated) and double barrier plasma actuators
(both electrodes insulated) operated in quiescent air. Stagnation probe measure-
ments of the induced air flow and direct force measurements using an electronic
balance show that, for both actuator types, parallel time-averaged forces increase
as the high voltage electrode diameter decreases. For single barrier actuators, this
increase is exponential rather than linear.

Some other paper [32] presents the results of a parametric experimental investi-
gation aimed at optimizing the body force produced by single dielectric barrier
discharge plasma actuators used for aerodynamic flow control. A primary goal of
the study was the improvement of actuator authority for flow control applications
at higher Reynolds number than previously possible. The study examined the ef-
fects of dielectric material and thickness, applied voltage amplitude and frequency,
voltage waveform, exposed electrode geometry, covered electrode width, and multi-
ple actuator arrays. The metric used to evaluate the performance of the actuator
in each case was the measured actuator-induced thrust which was proportional to
the total body force. In this paper was demonstrated that actuators constructed
with thick dielectric material of low dielectric constant produce a body force that
is an order of magnitude larger than that obtained by the Kapton-based actuators
used in many previous plasma flow control studies. These actuators allow opera-
tion at much higher applied voltages without the formation of discrete streamers
which lead to body force saturation.

So limitations for this actuator, in order to improve its effect, arise from several
factors: dielectric thickness, dielectric properties of the barrier material, breakdown
voltage of air and geometric arrangement of the actuator itself.

More effectively the AC-DBD plasma actuator have been employed in order to
affect the secondary structure of the global flow dynamics. An example of such
application is the delay of laminar to turbulent transition by means of Tollmien-
Schlichting (TS) wave cancellation. The T-S wave at their linear amplification stage
have an energy content on the order of 0.01% of the free stream velocity [33]. Sim-
ilar techniques have been investigated by means of vibrating strings or membrane
for example investigations on active attenuation of naturally occurring TS instabil-
ities on an unswept wing [34] has been carried out. TS disturbances are canceled in
their linear stage by superimposition with artificially generated counter waves in or-
der to shift the laminar—turbulent transition downstream. In this method, the need
for energy input is considerably lower than the stabilization by manipulation of the
local mean velocity profile (e.g. boundary layer suction). An optimum TS wave
cancellation is achieved by a fast digital signal processor performing an adaptive
control algorithm. As a follow up of these experiments, recent investigations focus
on the application of multi-channel control systems. This approach is essential to
attenuate three-dimensionally dominated boundary layer instabilities by spanwise
arranged sensor—actuator systems. Furthermore, the employment of multiple sen-
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sor—actuator systems allows a streamwise repeated damping to extend the delay of
laminar—turbulent transition considerably.

TS wave cancellation as been successfully achieved by AC-DBD plasma actuator.
Experimental studies [35] shown that artificially excited TS waves were canceled
using plasma actuators operated in pulsed mode. In order to achieve this a vibrating
surface driven by an electromagnetic turbulator was flush mounted in a flat plate to
excite the TS waves. These were amplified by an adverse pressure gradient induced
by an insert on the upper wall of the test section. A control plasma actuator
positioned downstream of the excitation actuator attenuates the waves by imparting
an unsteady force into the boundary layer to counteract the oscillation. As a result
the amplitude of the velocity fluctuations at the excitation frequency was reduced
significantly depending on the distance from the wall. Also a parameter study was
performed to identify the influence of several operation parameters of the control
actuator. In the same conditions a different experimental study [36] shown that
plasma actuator is able to attenuate the waves by imparting a steady or unsteady
force into the boundary layer. In the case with steady actuation the two actuators
change the velocity profile of the laminar boundary layer, which then attenuates
the waves by itself. In the case of pulsed actuation the actuator creates an unsteady
body force to counteract directly the oscillation. As a result the amplitude of the
velocity fluctuations at the excitation frequency is reduced significantly in both
cases.

Also investigations about manipulating unsteady structure such as shedding vortex
using this kind of plasma actuator have been carried out with interesting results.
For example a plasma actuator was used to control leading-edge flow separation
and dynamic stall vortex on a periodically oscillated NACA 0015 airfoil [37]. The
effectiveness of the actuator was documented through phase-conditioned surface
pressure measurements and smoke flow visualization records. The airfoil was driven
in a periodic cycle corresponding to o = 15 deg plus 10 deg sinwt. Three cases of
control with the plasma actuator were investigated: open-loop control with steady
plasma actuation, open-loop control with unsteady plasma actuation, and closed-
loop control with steady plasma actuation. For closed-loop control, the actuator
was activated in selected portions of the oscillatory cycle based on angle-of-attack
feedback. All of the cases investigated exhibited an increase in cycle-integrated
lift with improvements in the lift-cycle hysteresis. In two cases, the pitch-moment
stall angle was delayed and in one of these, the adverse negative moment peak was
significantly reduced.

DBD plasma actuators have been used to control the flow around a circular cylinder
at Re = 1.5210* [38]. It was shown that the vortex shedding was suppressed when
the surface plasma placed near the natural separation point was activated in a
pulsed mode at non-dimensional frequency above 0.6 with a force coefficient, Cp,
greater than 0.05%. Plasma actuator performance on flow control was summarized
by mapping the changes in drag and lift fluctuations as a function of the forcing
frequency and the force coefficient. They showed that more than 70% reduction
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in lift fluctuations was obtained with up to 32% drag reduction at fp+ = 2.0 and
Cp = 0.32%. In this conditions narrowing of the wake was observed as the plasma
promoted shear layer roll-ups at the forcing frequency. This, however, did not
affect the shear layer on the opposite side of the wake. At non-dimensional forcing
frequencies less than 0.6, the vortex shedding locked onto a multiple of the plasma
frequency to amplify the wake oscillations. This caused more than 85% increase in
lift fluctuations with 8% drag increase at fp+ = 0.2 and Cp = 0.01% . The efficiency
of flow control using DBD plasma was found to be 1%-2% for drag reduction while
around 6% for drag increase.

Unfortunately, even if the AC-DBD plasma actuator looks very promising for con-
trolling the boundary layer, the momentum it is able to transfer into the flow is
too small for controlling the separation for an aerodynamics application such as
airplane flight. So a peculiarity of the AC-DBD plasma actuator is its quite low
flow control authority. Recent experimental works demonstrated that this actuator
could produce a thrust force of 0.2-0.3 mN/W [39] [40]. It has been shown that the
induced flow velocity by such an actuator is about 5m/s [41], till up to 8 m/s [42].
Lastly researchers have been able to achieve, by the optimization of the discharge
waveform, better results getting a value of the inputted velocity up to 11m/s [20].
A reason for such a behavior could be found looking at the restrictions of the phys-
ical mechanism of creating ionic wind. It has been observed [20] [21] that the ionic
wind is not only created by the discharge but it is also driven by the discharge:
this translates in the fact that, while discharging, the induced electrical field drives
the ions from an electrode towards the other one, for reasons of clarity the elec-
trodes will be named electrode one (where the discharge stars from), and electrode
two. However, the typical shape of the AC waveform induces a periodic change in
the sign of the induced electrical field, this allows the division of the discharge pe-
riod in two parts: the first part will be defined from the beginning of the discharge
till the time instant when the electrical field change its sign, and similarly, the sec-
ond part will last as long as the induced electrical field with the sign changed will
last. So in the first part of the discharge the ions are driven from electrode one to-
wards electrode two while during the second part of the discharge the ions will be
driven backwards. The effect of the AC-DBD actuator, due to the first part of the
discharge, is decreased during the second part of the discharge by this self-limiting
mechanism.

Thus optimization techniques based on discharge waveform shaping are sought [21].
So, in order to increase control authority of the DBD plasma actuators researchers
have pushed the envelope looking for new methods for applying DBD plasma tech-
nology. The shape of the discharge input has been felt to be a key parameter for
such an aim.

Summarizing It could be stated that the BDB plasma actuator is able to control the
BL to some extent. Nevertheless this kind of actuator presents several limitations:

e The mechanism of actuation is self limiting
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e The body force produced is often small with respect to the flow momentum
under control

e High Frequency required for wave cancellation even for small free stream ve-
locity

e [t is effective only at low Reynolds numbers

e [t is more effecting in enhancing drag instead of reducing it.

All these characteristics of the DBD plasma actuator limit its applicability. However
considering its low energy consumption and cheap and easy constructiveness it is
still very appealing as new technology. This is why the researchers continued to
test it with different discharge modes looking for new solution of applicability.
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2.5 NS-DBD Plasma Actuators

2.5.1 State of Art

The possibility to control shock waves (SW) by plasma applications, widely doc-
umented by Bletzinger looking also at its possible interactions with aerodynamics
[43], has been demonstrated by several experimental investigations [44] [45] [46] [49]
[50].

In [43] is presented a review of the studies about plasmas and high speed flows
and shocks. Energy addition to the flow results in an increase in the local sound
speed that leads to expected modifications of the flow and changes to the pressure
distribution around a vehicle due to the decrease in local Mach number. There have
been a large number of experimental studies on the influence of a weakly ionized
plasma on relatively low Mach number shocks and inherently also on the influence of
the shock on the plasma. Experiments with dielectric barrier discharges and focused
microwave plasmas proved that such devices can produce very localized heating.
The latter appears more attractive for energy efficiency in flow control. Tailored
localized ionization and thermal effects are also of interest for high speed inlet shock
control and for producing reliable ignition for short residence time combustors.

For example an experimental study data on the non-equilibrium plasma - gas flow
interaction for hypersonic flows and the gas parameters during shock wave - non-
equilibrium plasma interaction were obtained [48] [47]. Basic factors that determine
the interaction process in such a system and the effect of charged and excited
particles on the interaction dynamics were revealed. An experimental data for the
gas discharge influence on the flow pattern around the model in the wind channel
with Mach number M ~ 8 were shown. The measurements of the drag force for
different gas discharge parameters were performed and the conclusion was made
that the gas discharge affects the flow mainly by thermal heating in the investigated
range of parameters. In this work calculations support the conclusion about the
thermal nature of the shock wave-plasma interaction.

In a different experimental work [49] the summary of combined experimental and
computational investigations is presented for the plasma injection from a hyper-
sonic blunt body for drag reduction. The systematic pursuit addresses all specu-
lated mechanisms that can generate favorable magneto-aerodynamic interactions:
the counterflow jet shock aerodynamic interaction, the non-equilibrium thermody-
namic and chemical phenomenon, and the electromagnetic-aerodynamic interaction.
The computational study was carried out by solving both the three-dimensional and
the axial-symmetric, mass-averaged, Navier-Stokes equations for counterflow jet in-
teraction. The experimental investigation of the plasma injection was conducted
in a nominal Mach 6 open jet, blow-down tunnel. The weakly ionized, counterflow
jet generated by a plasma torch has a vibrational temperature of 4400 K, an elec-
tron temperature around 20,000 K, and electron number density greater than 3 x
1012/cm?
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All these works opened the way to researches aimed to find new techniques for flow
controlling based on thermal mechanisms. Opaits, in the 2005 [51] proposed to use
nanosecond (NS) discharge for DBD plasma actuators. With such a discharge it is
possible to increase by several times the value of the induced electrical field with
respect to what the AC-DBD plasma actuator is able to do, which seems to be an
evident advantage of using this kind of discharge. The value of E/n (where E is
the electrical field and n is the concentration of neutral particles) can then exceed
the breakdown threshold for this kind of discharge. Beside, also considering its low
energy consumption, the possibility to operate within a wide range of pressures,
gas composition and velocities, and the capacity to work also at high humidity
conditions, it is easy to understand why such proposed approach resulted to be
very successful.

The first investigation showing the possibility of boundary layer separation control is
due to Opaits [51], in this work the influence of barrier discharge on the flow pattern
for the NACA-0015 profile within the velocity range 20 - 75 m/s was investigated.
The pressure distribution near the profile was obtained by system of pressure gauges.
Without discharge the stall angle was equal to 15 degrees. When the additional
momentum was produced by the actuator it was obtained flow without separation
up to angle of attack o = 21 degrees. It was shown that gas acceleration by discharge
can be explained by interaction between non-compensated charge in the streamer
head region and strong electric field.

A further investigation on this subject [52] showed very interesting results. In this
research the influence of pulsed sliding discharge on the flow separation has been
investigated. The high efficiency of pulsed discharge was shown within the velocity
range from 20 to 110 m/s. The dynamics of discharge propagation with nanosecond
time resolution was obtained. The influence of electrodes geometry was investigated
and it was found that discharge affects flow separation while the electrodes were
placed in parallel to the gas flow so the streamers propagated perpendicular to the
flow. High efficiency was shown for a velocity up to 110 m/s and the main plasma
effect on the flow was thought to be the turbulization of the boundary layer. The
optimal frequency of the pulsed nanosecond discharge was found to be f,,; = % ,
where Uy is the free stream velocity and L is the distance from the leading edge to
the separation point. This result has been confirmed by Patel [53].

Afterwards, many other experimental works have demonstrated the applicability
of NS-DBD plasma actuator for flow control and flow separation control purposes.
For example in an experimental work [54] it has been shown high efficiency of
the nanosecond pulsed SDBD to control the boundary layer separation, lift and
drag force coefficients, and acoustic noise reduction in the Mach number range
from 0.05 to 0.85. In this paper the author presents a detailed explanation of
the physical mechanism of the pulsed SDBD effect on the flow. Actuator-induced
gas velocities show near-zero values for nanosecond pulses. The measurements
performed show overheating in the discharge region at fast (7 ~ 1us) thermalization
of the plasma inputed energy. The mean values of such heating of the plasma layer
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can reach 70, 200, and even 400 K for 7-, 12-, and 50-ns pulse durations, respectively.
The emerging shock wave together with the secondary vortex flows disturbs the
main flow. The resulting pulsed-periodic disturbance causes an efficient transversal
momentum transfer into the boundary layer and further flow attachment to the
airfoil surface. Thus, for periodic pulsed NS-DBD, the main mechanism of impact
is the energy transfer and heating of the near-surface gas layer. The following pulse-
periodic vortex movement stimulates redistribution of the main flow momentum.

In a different research [55] separation control experiments on a rectangular wing
were carried out using DBD plasma at subsonic speed for chord Reynolds num-
bers between 0.35 x 10% and 0.875 x 10°. Surface pressure measurements and flow
visualization shown that global flow separation on the wing can be mitigated or
eliminated with the plasma actuators. The data were obtained for a wide range of
angle of attack, flow speed, plasma excitation frequency and power. New applica-
tions of several kinds of voltage pulses for plasma excitation are discussed including
microsecond and nanosecond pulses. It was found that control efficiency strong
depends on discharge frequency.

Common result of all these investigations is that the control efficiency is strongly
dependent on the discharge frequency. For further technological development it is
very important to understand the physical actuation mechanism of the NS-DBD
actuator in order to be able to control and optimize it, therefore to be able to design
it for industrial applications. A big debate about such an issue has been going on
during the last six years. The most quoted theory relies on thermal mechanism.

Roupassov [56] explained that the plasma governs the flow through two main mech-
anisms, either by energy transfer or momentum. The mechanism is based on the
discharge energy transfer, which is a quite complicate multi-step process [57]. The
electrons, during the discharge, gain energy from the applied electrical field, and
depending on that value the mean electron energy can reach several electron volts.
Based on the value of the mean electron energy depends the rate of the energy
transfer between electrons and molecules. These conditions provide active excita-
tion of the internal degrees of freedom of molecules as well as their dissociation
and ionization by electron impact. The energy release during molecular dissocia-
tion and ionization, by electron impact, is a very fast process: particles decompose
with high translational energy and the rate of thermalization, in these conditions,
usually is on the order to the nanosecond. Such a mechanism is depending on the
initial voltage applied to the electrodes of the DBD plasma actuator. In the Fig2.3
[56] a visualization flow is give as an example of what a NS-DBD Plasma Actuator
is capable to do.

The same paper shows also the forming SW with respect to the one obtained by
CFD calculations in Fig[2.4l

Another mechanism explanation relies on the hypothesis that the flow velocity
can be changed during the interaction of the electrical field and uncompensated
spatial plasma charge. It could be explain by two different mechanisms, steady and
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c) d)

Fig. 2.3: Tuft flow visualization[56]. V = 12.5 m/s,a = 9 deg. a) Initial detached flow
(discharge is off ); b) attached flow (discharge is on). V = 11.2 m/s, a = 17 deg. c) Initial
detached flow (discharge is off); d) attached flow (discharge is on).

unsteady: in both the cases the uncompensated spatial charge wave front results
accelerated by the electrical field in the region of the discharge.

However NS-DBD plasma actuator has been successfully tested for separation flow
control at high Reynolds and Mach numbers only in few investigation works [50]
[58] [59] [60].

In [58] the efficacy of DBD plasmas driven by repetitive NS pulses for flow sep-
aration control was investigated experimentally on an airfoil leading edge up to
Re=1x10% (62 m/s). The NS pulse driven DBD plasma actuator transfers very
little momentum to the neutral air, but generates compression waves similar to lo-
calized arc filament plasma actuators. Experimental results indicated that NS-DBD
plasma performs as an active trip at pre-stall angles of attack and provides high
amplitude perturbations that manipulate flow instabilities and generate coherent
spanwise vortices at post-stall angles. These coherent structures entrain free stream
momentum thereby reattaching the normally separated flow to the suction surface
of the airfoil. In this paper is shown a very clear schlieren image of the SW reported
here in Fig[2.0l

Moreover in this paper also some interesting data about €'y, and momentum transfer
into the BL are give, as reported in the Fig.s 2.6 and 2.7

In a different [60] work is presented the ongoing development and use of DBD plasma
actuators driven by repetitive nanosecond pulses for high Reynolds number aerody-
namic flow control. Leading edge separation control on an 8-inch chord NACA 0015
airfoil was demonstrated at various post-stall angles of attack for Reynolds num-



22 Background

B o et TR

Fig. 2.4: Dynamics of flow development near surface. From top to bottom: 4, 8, 16, and
25 us after the discharge. Single scale division both in horizontal and vertical directions
corresponds to 1 mm. Left column: numerical modeling; discharge with “hot spot” near
the edge of the exposed electrode. Right column: numerical modeling; homogeneous en-
ergy distribution. Center column: experimental shadow images of shock waves formation.
Pulse duration is 50 ns.[56]

bers and Mach numbers up to 1.15x10% and 0.26 respectively (free stream velocity
up to 93 m/s). The NS-DBD can extend the stall angle at low Re by functioning
as an active trip. At post-stall angle, the device generates coherent spanwise vor-
tices that transfer momentum from the free stream to the separated region, thus
reattaching the flow. An example is give with smoke flow visualization technique
in Fig2.g

Another experimental study about flow separation control with a nanosecond pulse
plasma actuator proved the scalability of the actuator itself [59] . In this study the
discharge used had a pulse width of 12 ns and rising time of 3 ns with voltage up to
12 kV and repetition frequency was adjustable up to 10 kHz. Different geometries
of the actuator were tested at a Reynolds number of 3.3 million. In stall conditions
the significant lift increase up to 20% accompanied by drag reduction up to 300%
was observed and the critical angle of attack shifted up to 5-7 degrees. The rela-
tion of the optimal discharge frequency to the chord length and flow velocity was
proven. The dependence of the effect on the position of the actuator on the wing
was studied, showing that the most effective position of the actuator is on the lead-
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Fig. 2.5: Phase-averaged schlieren image of compression waves generated by NS-DBD

plasma actuator viewed along the major axis of the discharge a 30 cm DBD load.[58]
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Fig. 2.6: Effect of active control with NS-DBD plasma actuation on Cj for the OSU

airfoil. [58]

ing edge in case of leading edge separation. In order to study the mechanism of the
nanosecond plasma actuation experiments using schlieren imaging were carried out.
It shown the shock wave propagation and formation of large-scale vortex structure
in the separation zone, which led to separation elimination. PIV diagnostics tech-
nique was used to investigate velocity field and quantitative properties of vortex
formation. In flat-plate still air experiments small-scale actuator effects were inves-
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Fig. 2.7: Mean velocity profiles for NS and AC-DBD plasma actuators operating in qui-
escent air with 2 kHz carrier frequency using 100% (a) and 50% (b) duty cycle at 90 Hz
measured 20 mm downstream on a 30 cm DBD load.[5§]

(a) Before Actuation (b) After Actuation

Fig. 2.8: Smoke flow visualization at Re = 1.15x10° and o = 18° with no actuation (a)
with NS-DBD plasma actuation at F* = 2.75(b).[60]

tigated. Measured speed of flow generated by actuator was found to be of order
of 0.1 m/s and a span-wise non- uniformity was observed. The experimental work
is supported by numerical simulations of the phenomena. The formation of vortex
similar to that observed in experiments was simulated in the case of laminar lead-
ing edge separation. Model simulations of free shear layer shown intensification of
shear layer instabilities due to shock wave to shear layer interaction. In the Fig2.9
is given the C, and Cp obtained in this work[59],at a Reynolds number about one
million, and in the Fig.s and 2.11] the result the CFD calculation done in order
to support the vortex formation mechanism is also shown.

The scope of this experimental work is to investigate the features and the effects of
the NS-DBD plasma actuator in details and to propose a possible physical mecha-
nism of actuation.
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Fig. 2.9: Lift and drag coefficient at different discharge frequencies. V. = 20 m/s, a =
15°.[59]

Fig. 2.10: Simulation of the laminar separation with actuation: velocity field after the
discharge. Magnitude of the velocity is shown by the color.[59]

Fig. 2.11: Velocity field without and with actuation in shear layer simulation. Thickness
of the shear layer at the inlet is 0.5 mm.[59]
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2.5.2 Phenomenology

This paragraph is aimed to help the reader either to follow the discussion coming in
the next chapters either to understand what the author figured out about the phe-
nomenology of the NS-DBD Plasma actuator. Such a device is basically composed
of two electrodes, usually made out of copper, separated by a dielectric material,
usually kapton tape. An high voltage nanosecond pulsed discharge is applied to the
electrodes. In its symmetrical fashion is given in Fig2.T2 hereafter, with typical
dimensions.

b
[{EE 1]
_‘ 3

(.05 mm

Fig. 2.12: Scheme of discharge gap with characteristics dimensions. 1: high-voltage
electrode; 2: dielectric layer; 3: ground electrode; 4: zone of discharge propagation; 5:
model surface. [56]

When the wave input is given a barrier discharge happens between the electrodes:
electrons, distributed in channels, leave the ground electrode (the one exposed to
the flow), traveling along the dielectric surface, trying to reach the high voltage
electrode. When the electrical field becomes too weak, few millimeters far from the
exposed electrode, the electrons move backwards. The dielectric layer, practically,
does not allow the discharge to happen completely, so far, for “barrier” kind of
discharge, there is no spark. Instead of it a light blue glow is visible during the
discharge, if the discharge frequency is high enough. For this kind of discharge also
peculiar is the low energy consumption, since the dielectric layer does not allow the
energy to flow away from the font.

Thus electrons traveling during the discharge hit up the air particles in a small
volume just above the covered electrode. The mean energy of the electrons is such
that when they hit the molecules they are able to dissociate them in sub particles,
exciting their vertical translational degree of freedom. The discharge lasts few
tens of nanoseconds. The thermalization mechanism takes about one microsecond.
So in a very small fraction of time the hit volume increases its temperature of
about ten times [50], though the temperature increase depends upon the discharge
characteristics. In such a small fraction of time the gas within the hit volume,
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increasing its heat, does not have time to expand. Thus, the pressure within the
hit volume rises as quick as the heat does. Only after few tens of microseconds the
gas starts expanding adiabatically. In this way, a shock wave, with a velocity a bit
higher than the speed of sound, will be generated. In a condition of leading edge
separation, with the actuator mounted close to the separation point (separation
line in a bi-dimensional case), the shock wave will travel as far as its energy content
will allow it to do, in all the directions within the field of motion. Thus, moving
downstream the separation point, it will travel into two different domains of the field
of motion, because of the presence of the shear layer, a gas dynamics discontinuity
[63], that divides the region of the free stream flow from the recirculation flow of
the separated region. In this scenario the shock wave will be moving in two means
with two different velocities, this will result in the fact that the shock wave will
have two different velocities itself depending on which region it is traveling in, and
so in the shear layer a pressure gradient rises up due to this particular phenomenon
[59]. This will produce a disturbance that, somehow, drives the shear layer to the
breakdown.

For a deeper understanding of the just mentioned phenomenology, a graphical ex-
planation is felt to be necessary. In the following Fig[2.13 a schematic sketch of
the plasma actuator (side view) is shown: it is shown how the two electrodes are
displaced with respect to each other and how they are separated by the dielectric
layer.

Ground Flectrode

Dielectric Layer

Hi gll Volt;lge Flectrade

Fig. 2.13: Sketch - Actuator Side-view, generic layout. In the sketch the dimensions are
exaggerated for clearness reasons.

Now, imagining the discharge: the natural behavior of the electrons flow is to follow
the shortest possible path but breaking through the air it will be driven towards
the regions where there will be the lowest dielectric resistance felt by the electrons
themselves. Thus one might think that the discharge happen somehow similarly to
that one shown in the Fig[2.14]: electrons leaving the exposed electrode and moving
as close as possible to the dielectric surface, where the electrical field is stronger.

Within few tens of nanosecond the discharge is over and the temperature in the hit
region, where the electrons have flowed through, start rising. This is sketched in
the Fig2.15l
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Discharge Path

Fig. 2.14: Sketch - One of the several possible discharge path

Fig. 2.15: Sketch - Gas volume heated up by the discharge

The temperature rising takes about one microsecond [56]. With the temperature,
also the pressure within the hot volume rises producing after few microseconds
a very fast adiabatic expansion of the gas within the volume. Such an expansion
moves in all the directions, and the vertical size of the bi-dimensional volume shown
in the Fig2.15] is much smaller than the horizontal one since the geometry of the
discharge. So it might be assumed that the expansion will be about the vertical
direction mainly: the flow expands upward and downward. As shown in Fig2.T6l
the expansion produces a shock wave.

For now the discussion will be focused on the upper part of the SW. Later in this
paragraph the lower part of the expansion will be discussed as well.

If now one considers the actuator placed on the very leading edge of an airfoil, in
a still air condition, it could be seen how a shock wave produced by the actuator
travels towards the far field. A sketch of such a situation is presented in Fig2. 17

If now one places the same airfoil with the same plasma actuator in a leading edge
flow separation condition it might be easy to see the different velocities at which
the shock wave travels. Such velocities depend on the velocity of the mean it is
traveling through. Again a sketch of this situation is shown hereafter in Fig2.18]

The shock wave will produce a pressure gradient throughout the shear layer. Such
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Fig. 2.16: Sketch - volume heated up expanding, forming a SW

Shock Wave

NS-DBD Plasma Actuator

NO Flow
V=0

Fig. 2.17: Sketch - SW on an airfoil with no flow. The SW expands in all the directions.

Shear Layer

/ﬁw Sr;lgnetion Point

Fig. 2.18: Sketch - SW on an airfoil interacting with a leading edge separated flow. Since
the presence of the Shear Layer the SW will move in two media with different velocities,
so the SW will move with two different velocities as well.

a phenomenon has been proved also by simulations [59].

Zooming in, now, on the shear layer it might be possible to figure out how the SW
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distributes itself through it and how it could interact with the particles inside it.
In FigR.19is given a sketched representation of how the SW is distributed into the
SL with a representation of the velocities of the pre and post shock regions [63].

Shear Layer

Zoomed in

Flow
oy
Vi-Vv2
C1:C2
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L < »
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ALY 2y
Recirculation Region

i

Fig. 2.19: Sketch - Zoom in on the SW into the SL with representation of the velocities
of both the pre and the post shock regions, in both the domains separated by the SL

The gradient of pressure will produce a disturbance into the shear layer.

Since the upper part of the shear layer velocity profile will meet the pressure distur-
bance, produced by the shock wave, before the lower part it will be affected first,
Fig2.20

SWinto the SL
Shear Layer

Zoomed in

Flow

Recirculation Region

Separation Point

Actuator Position

Fig. 2.20: Sketch - Very first interaction of the SW traveling throughout the SL

Now, for the conservation of momentum, since the upper part of the shear layer get
pushed in a direction, the lower part will be pushed in the opposite direction. The
latter phenomenon is illustrated in Fig2.21]
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Plane of the SW

Momentum Compensation into the SL

Perturbance due to the SW

Fig. 2.21: Sketch - Disturbance formation due to momentum conservation into the SL

The pressure disturbance into the SL produced by the SW might be schematized
as it is shown in Figl2.22l Such a schematization is done in order to make the
understanding process easier.

Fig. 2.22: Sketch - velocity profile due to the perturbation in the shear layer

Now, in order to figure out how the pressure disturbance, introduced into the shear
layer, works it might be wise to start with a more easy situation: considering a
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laminar flow separation. Thus a laminar shear layer could be thought and a sketch
with the relative velocity profile is given in Figl2.23]

/

Fig. 2.23: Sketch - Velocity profile in a laminar SL

Now, dividing the shear layer in small portions ds, one might ask oneself what
would happen if in the free shear layer, as represented in Fig2.23] the discussed
pressure disturbance was applied.

As it could be understood from Fig2.24] where the dimensions have been exagger-
ated for a better visualization of the phenomenon, the two velocity profiles will add
to each other. The relative effect of the disturbance is higher in the lower region of
the shear layer where the momentum of the flow is lower.

The momentum transferred by the pressure disturbance, since the continuum of
the mean, is convected in the whole shear layer domain. So the half upper part of
the disturbance transmits a momentum in the downstream direction while the half
lower part does the same in the upstream direction.

Thus the induced pressure disturbance will mainly affect the flow in the lower part
of the SL because the relative momentum of the flow in that region, being smaller
than the one of the upper part, is more likely affected by the momentum introduced
by the pressure disturbance.

So, It will be traveling upstream affecting the velocity profile of the previous (in
upstream direction) Js of the shear layer.

For better explaining how the disturbance behaves, as illustrated in Fig2.25] a SW,
and then the pressure disturbance it produces, is introduced into a laminar shear
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Fig. 2.24: Sketch - Addition of velocity profiles into the laminar SL

layer, divided in 0s, at the location ds;, by a NS-DBD plasma actuator placed at
the leading edge of an airfoil, in a condition of leading edge separated flow, at the
time instant ¢;:

Fig. 2.25: Sketch- SL divided in ds with SW in the region 1

The disturbance will change the velocity profile in the region ds;. Zooming in one
might see schematically, as in Fig[2.20l

the velocity at the lower part of the profile gets reduced while the upper part is
weakly increased, Figl2.27l Forwarding in time, at a time instant ¢, > t;, the shock
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Fig. 2.26: Sketch - Interaction of velocity profiles into SL in ds; at time t;

wave will be moving downstream getting into the region ds;. Again the pressure
disturbance will affect the flow field, changing it as well as it does it into ds; region.
So Fig.27 illustrate also the velocity profile, in region dsy at time t5.

Fig. 2.27: Sketch - SL divided in 0s with SW in the region 2

However, the disturbance produced at the time ¢, will move further backwards, in
the upstream direction, getting in the region 0s;, again affecting the flow also there,
so the new situation in region ds; might be represented as in Fig2.28

Forwarding in time the relative effect of the disturbance will affect the upper part
of the profile less and less. On the other hand the opposite happen regarding the
lower part of the velocity profile which will be affected more and more since the
relative difference in the momentum content of the two velocity profile, in that
region, increases. This phenomenon will be repeated at any time instant. At a time
instant t3 > t5 , the shock wave will be located in region 0ss.

The velocity profile in region 0s;, having been already affected by the former dis-
turbances, now might become as in Fig[2.30]
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Fig. 2.28: Sketch - Interaction of velocity profiles into SL in dsy at time to

Fig. 2.29: Sketch - SL divided in 0s with SW in the region 3

+

Fig. 2.30: Sketch - Interaction of velocity profiles into SL in ds3 at time t3

Such a velocity profile produces a vortex, shown in Fig[2.31], which is able to break-
down the shear layer, allowing the free stream flow to pass through.

The vortex as well is convected downstream in the far field.
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Fig. 2.31: Sketch - Vortex generated by the pressure disturbance traveling into the SL

Another effect produced by the NS-DBD plasma actuator is the downwards ex-
panding gas which will be also investigated here. Since the discharge is thought
to happen very close to the dielectric surface, it might not be able to produce an
appreciable effect, but if it does, it could transmit momentum to the flow in the
downwards-vertical direction, very close to the wall.

This phenomenon will be now analyzed in more details. Again is felt necessary for
understanding a graphical sketching of the phenomenon.

For simplicity a boundary layer, developing till the separation point, on a flat plate
is considered, as sketched in Fig[2.32l

= 5

¥ &
FLAT PLATE

Fig. 2.32: Sketch - Boundary Layer on a flat plate

Two possible scenarios are foreseen depending on the position of the actuator with
respect to the position of the separation point. Placing the actuator exactly at the
point of separation is an hard task, therefore it will be analyzed the case where the
actuator is placed just before the separation point, and the case where the actuator
is placed just after the separation point. So it could be figured out, in the first
scenario, a situation as shown in Fig[2.33

The two adding velocity profiles, in Fig[2.33, are overlapped in the reality, but for
explicative reasons they have been sketched separated, showing a possible interac-
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Fig. 2.33: Sketch - Case 1: effect on a flat plate BL of the lower part of the expansion
of the heated gas volume. In the sketch, for a reason of completeness also the upwards
pushing part of the expansion is shown, but it is not taken into consideration for this
discussion so it will never be drawn again.

tion between each other. In the same manner a sketch of the second scenario is
proposed in Fig2.34
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Fig. 2.34: Sketch - Case 2: effect on a flat plate BL of the lower part of the expansion of
the heated gas volume.

It could be see that in the former case the flow, interacting with the disturbance,
gets some momentum transferred , which may help the flow to stay attached on the
flat plate a bit longer. In the latter case the interference of the disturbance with the
flow actually may advance the separation point upstream. This scenario brought to
the light an issue about the location of the actuator with respect to the separation
location.

Since the actuator seems also capable to advance separation special attention need
to be taken placing it. This phenomenon also will be investigated further.

The expansion of the hot volume in the downwards direction might also provoke a
second order effect: the local vibration of the actuator itself. This phenomenon will
not be investigated but discussion will be carried out about it, as well as for all the
other phenomena.
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Another effect of NS-DBD plasma actuator more commonly considered a side effect
must be remembered here:: during the nanosecond discharge the NS-DBD plasma
actuator does produce Electromagnetic (EM) noise. Due to this side effect testing
this kind of actuator is a very difficult and challenging task. Such noise, generated
by the fast changing in time of the electromagnetic field, travels in all directions in
the space around the source. The peculiarity of the EM noise is that it interacts
with all the electronics it meets on its way, making them go crazy, or freezing them
or, in a rare cases, breaking those electronics down.

This puts some limitations in testing the actuator as well as, of course, in using it
for any industrial application. This is a very delicate issue since it might affect the
interest of potential investors for a further research limiting, if not even erasing,
any chance of future applications of the NS-DBD actuator.

Also this issue will be discussed eventually in this work.

2.6 Position in the State of the field

After having carried out a literature review about DBD plasma actuators placing
this work into the state of the field is necessary.

This is a purely experimental investigation which have been externally supported
with CFD calculations carried out from the PhD Student Ilya Popov at Delft Uni-
versity of Technology.

The type of actuator studied within this work is only the nanosecond kind, so
no data comparison about the AC and the NS-DBD kind of actuator has been
presented.

Experimentally, in order to prove the possible utilization of the NS-DBD actuator
for industrial application, the Reynolds number achieved with a successful active
flow control has been doubled with respect to the highest Reynold number findable
in the most recent literature.

The kinds of airfoil used for the investigation are basically three: NACAO0015 for
having reference data available from the literature, a NLF model for studying the
mechanism at low turbulence level, and a 5-digit NACA commonly used in the wind
energy field, for studying some interesting industrial application configurations.

From this research it was learned that the location on the actuator is a very sensible
issue which requires a lot of attention and that the optimal frequency of discharge
is not linear anymore for high angles of attack.

This research can be seen as a first step towards a research about a combination of
AC and NS DBD plasma actuator, for studying, designing and developing strategies
of active flow controls aimed to get the DBD plasma actuator at an ”industrial
applications” stage.
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2.7 Research Goals

The aim of this work is to investigate the above mentioned phenomena, in order to
look for evidences and eventually proposing the physical mechanism of actuation.
Moreover the structural impact of the actuator on different kind of airfoils will be
also investigated, and it will be also tested in severe conditions like high humidity
flow or presence of ice.

Furthermore a study, and a discussion, about the scalability of the device will be
carried out. Eventually a discussion about possible industrial application for the
actuator will be done.

Summarizing, starting from what is known about the NS-DBD plasma actuator,
and from what is thought to be the phenomenology involved, the aim of this exper-
imental work is to closely observe the actuation, trying to provide any evidence of
the phenomena discussed in the section Phenomenology(2.5.2), for figuring out the
physical mechanism of the actuation.

Special attention will be given to the side effects produced by the actuator itself.
Furthermore the scalability upwards will be investigated and eventually industrial
applications will be proposed and discussed.
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Chapter 3

Experimental Setup

In this work flow separation control on airfoils with the nanosecond pulsed plasma
discharge is studied. There are two major kinds of discharge which are used for the
separation control — AC discharge and nanosecond pulsed plasma discharge. The
AC discharge is the most well-known one, and its effect is the result of a momentum
increase due to ionic wind created by the discharge. But this ionic wind is quite
slow (velocities up to several meters per second [20] [41] [42]) and thus the range
flow speeds at which this type of actuators is effective is limited. The mechanism
of flow control by nanosecond pulsed plasma discharge is different. It is supposed
that the vorticity is created by the shock wave, which is produced from the layer
of the hot gas. This hot gas is generated during the fast thermalization process, in
which more then the 60% of the discharged energy is converted to heat in less then
1 ps [56].

The current work continues studying the performances of nanosecond pulsed plasma
actuator. A series of wind tunnel experiments was carried out with different actu-
ator layouts under different conditions at flow speed up to 80 m/s.

3.1 Setup

In the experiments a linear actuator was used in four different wind tunnels at a
speed up to 10 till 80 m/s. It was made of layers of kapton and copper foils. Generic
actuator layout is presented in figure [3.11

The actuator consisted of a base layer of insulator (1) attached onto the surface
of the airfoil, a covered electrode (2), an inter-electrode layer of insulation (3) and
an exposed electrode (4). The thickness of the inter-electrode insulation was about
0.15-0.20 mm. Another adjustable parameter was the inter-electrode gap (d). In
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\ \ to HV generator
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Fig. 3.1: Actuator layout. 1 — base insulation layer, 2 — covered electrode, 3 — inter-
electrode insulation layer, 4 — exposed electrode, d — gap width.[59]

the latter series of experiments a dielectric airfoil was used thus the base layer of
insulator (1) was not needed anymore.

The sets-up actually were different for the four wind tunnels but basically it can be
generalized: the length of the actuators tested is from 20 cm for structural tests to
120 cm in the LTT.

High voltage electric pulses were fed to the actuator by a coaxial cable. One of the
electrodes was connected to the ground, and another was a high-voltage one. In the
majority of the cases, exposed electrode was ground, and the high-voltage electrode
was the covered one.

High voltage nanosecond pulses were provided by a nanosecond pulse solid-state
generator, which was capable of producing pulses up to 10 kV of magnitude with
rising time of 3 ns and length of 15 ns at repetition frequencies up to 10 kHz. This
pulse generator was controlled by a arbitrary function generator, and the shape
of the pulses was monitored by an oscilloscope by a back current shunt technique.
Moreover, by the shunt, it has been calculated also the energy input into the flow
given by the discharge. The energy calculation is based on the difference between
the time integral of the pulse inputted and the pulse reflected back into the power
generator through the HV cable.

All the experiments were performed in low speed wind-tunnels of Delft Univer-
sity of Technology; the speed of the flow was always kept between 10 and 80 m/s
(Reynolds number 4x10° and 3.2 millions respectively), and a Data Acquisition
System(DAS)(different for each tunnel) was always controlled by a computer.

With DAS are meant all the interfaces between the computer and the acquisition
equipments such as pressure transducers as well as thermo-couples as well as exten-
someters from the balance and so on.
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3.2 Facilities

The tests have been carried out at the facilities of the University of Technology of

Delft, in particular at four wind tunnels, all of them low speed: the V-Tunnel, the
LTT(low turbulence tunnel), the M-Tunnel and the W-Tunnel.

3.2.1 V-Tunnel

The vertical low turbulence wind tunnel is a tunnel with an open test section and
a vertical inflow from below. The inflow is through a circular exit with a diameter
of 0.6m diameter. Due to the high contraction ratio of the settling chamber the
quality of the airflow is very high in terms of the turbulence level that is smaller
than 0.1%.

Next to this the tunnel is relatively silent, which enables performing aeroacoustic
experiments. The maximum achievable velocity is 45m/s. The V-tunnel is one of
the low speed wind tunnel of TUDelft.

The tests have been carried out in this tunnel and the actuator has been tested at
10, 20, 30 and 40 m/s.

A balance able to measure horizontal stresses was installed on the wind tunnel; the
balance was, in turn, linked by a coaxial cable to a data acquisition device(DAD)
that converted the signal in a readable value expressed in Newton.

Additionally a pitot probe was also installed on the wind tunnel; the probe was
connected by two pipes to a reader able to give the differences between the total
pressure and the static one, so by such a device it has been possible to read the
effective dynamic pressure of the flow by this value to calculate the effective velocity
of the flow.

3.2.2 Low Turbulence Tunnel (LTT)

The Low-Speed Low-Turbulence Wind Tunnel(LTT) is owned by the Faculty of
Aerospace Engineering of Delft University. It is an atmospheric tunnel of the closed-
throat single-return type, with a contraction ratio of 17.8.

The six-bladed fan is driven by a 525 kW DC motor, giving a maximum test section
velocity of about 120 m/s. The maximum Reynolds number for two-dimensional
testing is about 4.8 million based on a chord model of 0.6 metres. The free-stream
turbulence level in the test section varies from 0.015% at 20 m/s to 0.07% at 75
m/s. The interchangeable octagonal test sections are 1.80 m wide, 1.25 m high and
2.60 meters long.

Mechanically actuated turntables flush with the test-section top and bottom wall
provide positioning and attachment for a two-dimensional model. The standard
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wind tunnel testing equipment consists of an electronically read 200 tubes multi-
manometer with fiber optic cells, a 6-component balance, a 192 ports electronic
pressure scanner system and hot wire anemometry and PIV systems. For flow
visualization purposes an infra-red camera system is available. Data are recorded
using an electronic data acquisition system and are on line reduced using the HP
9000-712 laboratory computer.

3.2.3 M-Tunnel

The M-tunnel is a model tunnel of the Low turbulence tunnel facility and is rather
unique, since it can be used as both an open jet or a closed wind tunnel. Depending
on whether it is used as an open tunnel or closed tunnel, the maximum velocity
is 35 m/s or 50 m/s respectively. The test section of the tunnel is 0.4 m x 0.4 m
square and due to the large contraction ratio the turbulence level of the flow in the
test section is low.

3.2.4 W-Tunnel

The W-tunnel is an open jet wind tunnel with a square 0.4 m x 0.4 m exit. The
maximum velocity is about 35 m/s and can be regulated by setting the revolutions
per minute of the centrifugal fan. Depending on the flow velocity, the minimum
achievable turbulence level can be in the order of 0.5%.

The tunnel setup is very simple: after the plenum and the centrifugal fan the flow
passes through a diffuser. The flow than enters the settling chamber, after which it
enters the contraction, a small tunnel nozzle and the tunnel exit. In case particles
are added to the flow an external ventilation system can be used to filter the added
particles out of the air.
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3.3 Instrumentation

The instrumentation used in order to test the actuator was composed of nanosecond
pulse solid-state generator, which was capable of producing pulses up to 12 kV of
magnitude (nominal value) with rising time of 3 ns and length of 15 ns at repetition
frequencies up to 10 kHz linked to the actuator by a coaxial cable with an impedance
of 100 Ohms; an oscilloscope Tektronix TDS 3054C used for monitoring the pulse
input and a function generator Tektronix AFG 3252 used for building the input
pulse and for trigger the test.

The power generator was monitored by the oscilloscope and controlled by the func-
tion generator.

Hereafter, in the Figl3.2l we can see a block scheme of the configuration of the
set-up.

NS-DBD Plasma

Actuator
Maodel
| P P
iy ressure ressure
Power Generator |—— Wind Tunnel gauge Transducer
Balance DAD
Oscilloscope Acki F o Ger
Tektronix TDS Arbitrary l-lncnon : 'IIEI ator PC
N - Tektronix AFG 3252
3054C

Fig. 3.2: Generic Block Scheme of a set-up

Moreover photos of the Power Generator, Oscilloscope and the Arbitrary Function
Generator are presented in the Fig.s[3.3 and [3.4]

3.4 Actuator

3.4.1 Geometry of the actuator

The geometry of the actuator is quite easy to realize; it is composed basically of
two electrodes: a ground electrode and an high voltage electrode.
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Fig. 3.3: On the botton the FID solid state power generator , on the top the Arbitrary
Fanction Generator Tektronix AFG 3252

These two electrodes are never overlapped, this means that there is always some
space between them and they are electrically separated by a layer of a dielectric
material. The dielectric was made out of three layers of kapton tape, but the number
of layers must be basically design on the applied voltage. Copper foil has been used
for the electrodes. Both these things are easily findable in commerce.

Generic actuator layout is presented in Figl3.Il The actuator consisted of a base
layer of insulator (1) attached onto the surface of the airfoil, a covered electrode (2),
an inter-electrode layer of insulation (3) and an exposed electrode (4). The thick-
ness of the inter-electrode insulation was about 0.15-0.20 mm. Another adjustable
parameter was the inter-electrode gap (d).

Geometrical parameters have been investigated such as the thickness of the dielectric
layer, the horizontal distance between the two electrodes(gap), the width of the
electrodes and the position of the actuator with respect to the leading edge of the
wing.

Thickness Dielec. Gap Width Electrode | Pos. wrt LE

range | 0.l mm- 03 mm | 0.3 mm-3 mm 5 mm - 10 mm -5 cm - +5 cm
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Fig. 3.4: On the botton the FID solid state power generator, on the top the Oscilloscope
Tektronix TDS 3054C

3.4.2 Nomenclature

A universal way to name the actuator used will be used. The structure of the name
will be composed in this way:

act_:I:Xl/in_in/in W/

where the distance will be indicated with the X coordinate in millimetres, from
the leading edge of the profile till the front edge of the first electrode (regardless
whether it was the ground electrode or HV electrode), as it is shown in Figl3.5l The
symbol plus or minus will indicate the direction of the measurement, so by that it
will actually be defined if the electrode is on the upper part or on the lower part of
the model.

The distance between the first electrode and the second one, that is practically the
size of the gap between the two electrodes. will be indicated with the Y coordinate.
Again the symbol plus or menus will state the exact position of the gap with respect
to the position of the first electrode mentioned above. Thus the second electrode
will be placed at the end of the gap. In this way the actuator is geometrically
positioned on the model. The last coordinate, the Z, will indicate the thickness of
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the dielectric layer in millimeters as well. The copper electrods have always the
same thickness.

In the Figl3.5 here below, the electrodes are painted in gray and the coordinates X;
and Y, are shown. In the figure the dimensions are exaggerated for clarity reasons.
Y1

X1+

O0mm

Fig. 3.5: Nomenclature scheme for defining univocally any actuator tested

In the case the coordinates X5 and Y, will not appear it means that the actuator
will only have one gap and only two electrode, which geometry is actually the most
common one.

3.5 Models

The model used carrying out this experimental research have been a NACA 0015,
a NLF-mod22 and a NACA 63-618. Such models have been tested in the V-tunnel,
LTT and M/W-tunnel respectively.

The first one, the NACA 0015 has been selected at the first stage of the research
itself. Being a very known airfoil a big amount of reference data are available in
the literature. A picture of this model, in the V-tunnel test set-up, are presented

in the Fig.s 41 and 1.2

The NLF, or Natural Laminar Flow, airfoil has been selected for the test campaign
in the LTT because it was furnished with pressure taps all over the upper and lower
side of the profile. Moreover because of it characteristic stall behavior it was a good
benchmark for future investigations. A picture of this model is given in FiglL.14l

The last model used, the five digit NACA 63-618 was made on the purpose of
being tested with NS-DBD Plasma Actuator. This is way the model is made out
of dielectric material. Such a model has been selected for its characteristic trailing
edge separation, this means that the separation of the flow along the upper surface
of the airfoil happens smoothly which thing might imply that small changes in
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the pressure distribution on the model might be enough for appreciating small
reattached portions of the flow on the airfoil itself. Pictures of the model with
different actuator configurations are presented in the Fig/4.45]
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Chapter 4

Experimental Results

The scope of this chapter is to show the results of an experimental study of flow
separation control with a nanosecond pulsed plasma actuator. Such investigation
has been performed in four wind-tunnels of TUDelft.

The first series of experiments was carried out with a NACA-0015 airfoil with
the chord of 20 cm. A linear actuator of different geometries was attached to
the airfoil at different positions. The discharge used had a pulse width of 20 ns
and rising time of 2 ns, and the voltage up to 12 kV. Repetition frequency was
adjustable. The relation of the optimal discharge frequency to the chord length
and flow velocity was proven. Different geometries of the actuator had been tested,
including different insulator thicknesses, gap sizes and three and four electrode
configurations; moreover for the latter testes also a configuration with a parallel of
three actuator had been studied. Also the dependence of the effect of the actuator
with respect to the position of it on the wing has been studied.

It appeared that the only effective position of the actuator is on the leading edge,
but also a dependence on the shift of the actuator relative to the centerline of the
profile by several millimeters was found. However it has been proved that a multi-
actuator system is able to reattach the flow up to conditions which a single actuator
could not reach. At the V-Tunnel separation elimination was shown at the velocities
up to 40 m/s with a lift increase, in term of C7, up to 20% and an increase of the
stall angle of several degrees has been observed.

A second series of experiments was carried out at the LTT on the laminar airfoil
NLF-MOD22A with a chord of 60 cm. In these experiments the pressure distribu-
tions on the surface of the airfoil and in the wake were obtained. At a flow speed of
30 m/s a notable increase of lift coefficient was found combined with a decrease of
of drag coefficient (based on wake measurements). With this airfoil it was found to
be harder to achieve separation elimination and the effect was found to be sensitive
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to the actuator geometry and position. The experiments are supported by numeri-
cal simulation of the interaction of the shock wave produced by the discharge with
the boundary layer (Simulation done by Ilya Popov).

A third series of experiments was carried out, at the M-Tunnel, on a NACA 63-618,
a NACA 5-digit airfoil, typical wind turbine airfoil, with a chord of 20 cm. In these
experiments the lift and the drag were measured with a velocity up to 10, 20 and 30
m/s, by using a balance of forces, for only one geometry of the actuator positioned
on the leading edge of the airfoil. For this series of tests a special test section was
applied to the open-jet wind-tunnel so the results do not need to be corrected for
the open-jet effect of the wind tunnel. Separation elimination was shown again, and
with this configuration the separation angle of attack was shifted more with respect
to the first series of experiments. Again a lift increasing up to the 20% was shown.

A fourth series of experiments, Schlieren tests, was carried out with the same pro-
file at the W-tunnel in order to find out the mechanism of the actuation. The
parameters tested were: geometries, velocities of the flow, frequencies, angle of at-
tach, number of pulse for each burst, and frequency of the pulses for each burst. It
appeared that the use of a burst mode discharge increases the efficiency of the ac-
tuator, and it depends on the period of the pulses for each burst. Nevertheless it
was found out that the energy input in the flow, in the case of a parallel actuator
system is lower with respect to the case of a single actuator,

Again at the W-Tunnel a PIV campaign has been carried out on both the 5-digit
NACA model, already used for the Schlieren tests, in a flow with a velocity up to
30 m/s, and on a flat plate in a still air box. A magnification of about three has
been selected for the tests in order to investigate the discharge region very closely,
looking for evidences of the actuation physical Mechanism. Very interesting results
were acquired for the PIV test section.

Moreover a series of aerodynamics tests have been carried out in order to investigate
geometry parameters of actuators such as the distance between the electrodes or
the positioning of the actuator itself with respect to the leading edge; a series of
structural tests have been carried out as well in order to get information about the
thermal and the structural impact of the actuator on a wing.

The actuator has been tested in severe conditions, and its effectiveness has been
shown in high humidity condition. Still air test has been performed in order to
observe if the presence of ice in the discharge region could affect the actuator func-
tioning/working. In this section, the most significant results obtained will be pre-
sented.
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4.1 Tests @ V-Tunnel

In the V-tunnel several series of tests have been carried out: at 10, 20,30 and 40
m/s, with alpha(angle of attack) between 0 and 30 degrees.

The model used for the tests was a NACA-0015 that is a symmetrical airfoil, with
a percentage thickness of the 15% of the chord; the chord was about 20 cm and the
span of the model was 75 cm.

It is needed to be pointed out that because of the downwash effect the angle of
attack tested in this wind tunnel needs to be correct(for corrections see Appendix

A).
In the Fig.44.1] and is shown the set-up used in the V-tunnel test campaign.

ot
Osci]]osco-p-cl

Fig. 4.1: Set-up of the Vertical Wind-Tunnel test campaign

In particolar in the Figld.2l is appreciable the blue glow due to the electrical dis-
charge. Such a glow is visible at naked eye only if the frequency of the discharge is
high enough.

4.1.1 Description

The actuator used for these series of tests was roughly 70 centimeter long; each
electrode was ten millimeter wide and 0.17 millimeter thick.
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Fig. 4.2: In the picture is visible the blue glow due to the discharge into the NS-DBD
Plasma Actuator

The test itself consisted in letting the tunnel run, actuating the discharge, and
acquiring measurements by Data Acquisition System (DAS).

The DAS was controlled by a computer which was able to have a direct reading of
the lift acting on the wing, and averaging it on a number of ten measurements, so,
once a velocity was fixed , for each angle of attach, an average on ten measurements
gave us the value of the calculated C',.

Each series of tests was aimed to produce a lift polar (C vs «) and by a direct
comparison of the obtained curves, the conditions and the actuator geometries for
further testing were decided.

Several kinds of actuators have been investigated: two electrodes, three electrodes
(symmetrical and not symmetrical), four electrodes(or double actuator).

Actually the three and four electrodes actuators have not given good results: one of
the most probable reason is that for those actuators the energy density distributed
over the discharge region was too low for getting any effect.

4.1.2 Results @ V-Tunnel

The first series of tests carried out at the V-tunnel was with a flow velocity up to
10 m/s. In Figl3] the calculated polars (Cp vs «) can be seen.
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The actuator chosen was: act_+20_+0.5_0.2: this means that the front edge of the
first electrode is met along the surface of the wing 20 millimeter far from the leading
edge of the model, on the upper part of the airfoil, since the sign is plus; the gap
between electrodes is roughly 0.5 millimeter in the same direction starting from
the edge of the first electrode and the thickness of the dielectric layer is roughly
0.2 millimeter. In this case (and almost in all the cases) the first electrode that
has been met along the surface form the leading edge is the High Voltage (HV)
electrode and it is covered by the dielectric layer, so the Ground (Gd) electrode is
the one exposed to the flow.

Two cases are shown: Actuator ON and Actuator OFF.

Before proceeding with showing results it must be state that, since the configuration
of the vertical wind tunnel the maximum lift achievable in this wind tunnel is always
lower than the theoretical one. So for the data acquired in this test campaign extra
correction might be required, but since this test campaign was aimed to observe
the phenomenon of the actuation and to get an idea about what it could be able
to achieve a relative comparison of data between configurations with actuator ON
and OFF are enough.

Thus there is no need of extra corrections for this data since the interest in this
case is not toward the absolute value of the lift reachable but only for the relative
difference of lift between the two cases.

It is evident the effect of the actuator on the Cj that moves the separation of the
flow backwards: in fact with the actuator OFF it can be observed that separation
happen at an AoA up to 18[deg] and it moves at an AoA of 19[deg] when the
actuator is turned ON.
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Fig. 4.3: Cr, vs a up to 10m/s on a NACA-0015 in the V-tunnel @ TUDelft
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At a wind speed of 20 m/s the effect of the actuator becomes more prominent as
can be seen in Figl4.4l

What it is clearly seen is that the effective Cp, is increased of about the 20% of its
maximum value and the separation that the flow experiences at an inclination of
17 degrees with respect to the flow direction moves forward till an angle up to 21
degrees.
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Fig. 4.4: Cr, vs a up to 20m/s on a NACA-0015 in the V-tunnel @ TUDelft

Hereafter the same test with the same actuator at 30 m/s.

Also here almost the same result with respect to the case of 20 m/s has been
obtained: separation delay and the Cp increasing look the same.

After this series of tests it was decided to use the case of 20 m/s as a reference, and
to compare that results obtained testing other geometries at exactly the same flow
conditions.

In the Figl4.@l the result for a different geometry compared with respect to the latter
one can be observed.

The actuator was: act_-5_+4_0.15 that means that the edge of the first electrode of
such a geometry is placed on the lower part of the airfoil, exactly at 5 millimeter
below the leading edge of the profile; the gap between electrodes is roughly 4 mil-
limeter wide, it was wider with respect to the actuator used in the reference case.
The electrical field between the two electrodes in this case must be lower with re-
spect to the reference case since the two electrodes were placed quite far apart from
each other, so, in order to increase the electrical field between the two electrodes, a
thinner the dielectric layer was employed.

The improvement that the new geometry brings to this result is appreciable: expla-
nation for such a behavior could be found either in the manipulated electrical field
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Fig. 4.5: Cr, vs a up to 30m/s on a NACA-0015 in the V-tunnel @ TUDelft
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Fig. 4.6: Cp vs a up to 20m/s on a NACA-0015 with a new geometry actuator, in the

V-tunnel @ TUDelft

which could have resulted to be stronger with respect to the reference case, so that
the energy inputted into the flow by the discharge is higher; either the position of
the actuator on the bottom part of the airfoil nose let it work in the thinner part

of the boundary layer where actually it is supposed to be more effective[56].

Moreover, the gap between the electrodes was bigger which thing might affect the

turbulization effect produced by the NS-DBD plasma actuator.
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Hereafter, in the Figl47 the previous results compared with respect to the case of
a three electrodes actuator tested at the same aerodynamics conditions (velocity of
the wind again up to 20 m/s) can be seen.

It could be observed that the three electrodes actuator was not able to get results
as good as the two electrodes one.
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Fig. 4.7: Cr, vs a up to 20m/s on a NACA-0015 with a three electrodes actuator, in the
V-tunnel @ TUDelft

In the Figld8 the results on an two electrodes actuator built with the gap on the
leading edge is shown. It could be noticed that also such a geometry is still not able
to get results as good as the actuator placed on the lower part of the airfoil nose
does.

Moreover, in the following graph the mechanical effect due to the presence of the
actuator itself in the flow.could be appreciated.

In the end, results of flow visualization test by means of tufts are here shown. Flow
separation elimination has been demonstrated with a velocity of the flow up to 40
m/s with a Reynolds number of about 4e®. In the FiglI0 pictures of the flow
visualized by tufts before and after actuation are shown.
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(a) Before Actuation (b) After Actuation

Fig. 4.10: Flow visualization actuator off (a) and actuator on (b), with a flow velocity at
40m/s
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4.2 Tests @ LTT

In the LTT a series of tests have been carried out in order to investigate the effect
of the actuator at higher velocities and Reynolds numbers. The maximum velocity
reached has been 80 m/s with a Reynolds number, based on a chord of 0.6 meter,
about 3.2 millions. In the Figld.I1] a picture of the LTT.
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N

Fig. 4.11: An overview of the Low Turbulence Tunnel (LTT) and its control station
operated by the Author.

The model used for the tests was a flapped model, the NLF-MOD?22, with the flap
set at 0 degrees. The chord of the model with the flap retracted was 60 cm and the
span was 125 cm. In order to produce separated flow the model was set at an AoA
about 14.5 degrees.

By means of pressure gauges placed all along the upper and lower surface of the
model, the pressure distribution on the wing has been acquired.

Moreover wake measurements by means of a wake pressure rank, placed transver-
sally with respect to the airfoil, downstream in the far field. Such a device was
capable to measure the momentum defect due to the wake. In the FigldTI2] a pic-
ture of the pressure wake rank is shown. The picture has been taken from the inside
of the wind tunnel.

The pressure gauges from the model and from the wake rank where monitored by
the MMMM device. In the Figld I3 a picture of the MMMM is presented.
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Fig. 4.12: Pressure wake rank. Picture taken from the inside of the wind tunnel

4.2.1 Description

The actuator used for the tests in the LTT was 120 cm long, on the very begin-
ning, but since it has been no possible to appreciate any macroscopic effect of the
actuator by tufts visualization applied on the upper surface of the wing, it has been
hypothesized that the energy density per span centimeter could have been too low.
In that respect it has been decided to make the actuator roughly 50 cm long in or-
der to increase the energy density distribution of the discharge. The actuator was
placed in such a way that its center point was about the location of the pressure
gauges.

With such an set up the pressure distribution measured might be affected by the
fact that the flow may not be bi-dimensional anymore. A redistribution of the
pressure in the spanwise direction might reduce the value of the pressure measured
by pressure gauges.Thus a lower value of pressure is expected to be measured. This
will also affect the C';, and C'p since they are calculated based on the measured Cp
distribution.

The test itself consisted in letting the tunnel run and taking measurements by
profmeas program, a computer program installed on the LLT computer controller,
consider to be part of the LTT DAS.

Such a program was able to read the pressure distribution and to return a plot of
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Fig. 4.13: MMMM pressure monitoring.

the Cp along the chord and by that measurement to calculate Cp, and Cp.

By a direct reading of the Cp’s distribution it has been possible to check if the
actuator was working (being affective) or not and in this way it has been possible
to look for the conditions which the actuator could have worked, in that respect
deciding the changes upon the actuator itself for further testing.

In the LTT only one kind of actuator has been investigated: the two electrodes one,
with different size of the electrodes and different gaps.

4.2.2 Results @ LTT

Here below, in the Figlf.I3 the distribution of the coefficient -C'p along the upper
and the lower part of the wing can be seen. It can be observed a smooth separated
flow around the 35% of the chord, the presence of the retracted flap is visible on
around the 70% of the chord, on the lower side of the curve.

Each curve represents such Cp’s distribution with respect to the dimensionless chord
at different discharge frequencies.

At the initial location (dimensionless chord about zero) it can be observed the effect
of the presence of the actuator on the leading edge of the model: the Actuator
closes the taps in those locations not allowing pressure measurements there. In the
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Figld. 14l a picture illustrating such a situation. In the picture the red arrow indicate
one of the taps closed by the actuator.

Since the highest value of the pressure is actually expected to be at the leading edge,
the presence of the actuator does not allow a complete measurement of the pressure
distribution on the wing: this fact will affect the calculations of the lift since it
is based on the measured Cp. Correction for this effect is possible considering, as
approximation, the Cp distribution around the actuator location in condition of
no actuator on the wing. Integrating this values on the uncorrected data a more
realistic lift calculation might be done.

The actuator used was: act_0_3.0.15, the test has been carried out at 40 m/s and the
angle of attack was 15 degrees. The width of the two electrodes was 5 millimeter.

The Figs[A 16, 17 and A8 details of the FiglIH are visualized. It is clearly

visible the difference between the curves.

In all these plots it is visible how the pressure distribution on the wing improves
(increasing on the lower side and decreasing on the upper side of the wing) while
increasing the frequency of discharge till up a value of 300 Hz. After such a frequency
value the pressure start reducing

Hereafter, in the Fig.s 219 and [£20] it is possible to see the differences in the Cp,
and in the C'p depending on the frequency of the discharge.

The effect of the actuator on the C'p, that when the discharge is up to 300 Hz goes
down to 1/3 of its value with respect to the no discharge case is quite impressive.

A very interesting thing to remark out is that the same test with the same actuator
but with a gap between the electrodes ten times smaller (0.3 millimeter instead of 3
millimeter, so the act_0.0.3_0.15) has not given any effect at all. This phenomenon
as well as all the others will be discussed later.

By the graph it is understandable that the distribution of the pressure on the wing
is affected by the NS-DBD plasma actuator. The effect gets stronger by increasing
the frequency of the discharge till up to 300 Hz, above that value the effect of the
actuator becomes smaller and the pressure coefficient of the wing drops.

Hereafter, from Fig. [4.21] to Figld.32 we can see the results of tests carried out at
a flow velocity of 50, 60 and 80 m/s on an act_0-3.0.25.

4.2.3 Burst mode

In order to increase the energy inputted into the flow instead of a single pulse mode
a burst mode discharge has been employed. Thus, each time the input was given,
instead of using a single pulse, a burst containing several pulses was given. This
trick, even if it did not increase the energy of a single pulse, was capable of inputting
more energy into the flow. In the Figll.33 a sketch of such kind of discharge is given.
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A series of tests with such a discharge has been carried out : the investigated
parameters of the burst were the number of pulses of each bust, the frequency
within each burst, and the frequency between the bursts themselves

The Fig.44.34] (4.36] and [4.37 show a small improvement of the effect of the
actuator using the burst mode discharge. Such a result have suggested the possi-
bility of scaling upwards the actuator since inputting more energy the effect looked
anyhow improved.
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NS-DBD Plasma

Actuator

Fig. 4.14: In the picture the NLF-Mod22 with NS-DBD Plasma Actuator built on the
leading edge of the airfoil. In the picture also the pressure taps are visible. The red arrow
indicates one of the pressure taps closed by the presence of the Actuator.
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Fig. 4.15: Effect of the NS-DBD Plasma Actuator on the distribution of Cp at 40 m/s
along the surface of the wing on the model NLF-MOD22A, at LLT of TUDelft
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Fig. 4.16: Detail of the C'p around 5% of the chord on the model NLF-MOD22A
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Fig. 4.17: Detail of the Cp around 35% of the chord on the model NLF-MOD22A
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Fig. 4.18: Detail of the Cp around 70% of the chord on the model NLF-MOD22A
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Fig. 4.19: Changing of the C, coefficient depending on the frequency of the discharge at
40 m/s; model NLF-MOD22A
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Fig. 4.20: Changing of the Cp coefficient depending on the frequency of the discharge;

model NLF-MOD22A
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Fig. 4.21: Distribution of Cp at 50 m/s along the surface of the wing on the model
NLF-MOD22A, @ LLT of TUDelft
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Fig. 4.22: Changing of the C}, coefficient depending on the frequency of the discharge at
50 m/s; model NLF-MOD22A
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Fig. 4.23: Changing of the Cp coefficient depending on the frequency of the discharge at
50 m/s; model NLF-MOD22A
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Fig. 4.25: Distribution of Cp at 60 m/s along the surface of the wing on the model
NLF-MOD22A, @ LLT of TUDelft
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Fig. 4.26: Changing of the C}, coefficient depending on the frequency of the discharge at
60 m/s; model NLF-MOD22A
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Fig. 4.27: Changing of the C'p coefficient depending on the frequency of the discharge at

60 m/s; model NLF-MOD22A
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Fig. 4.29: Distribution of Cp at 80 m/s along the surface of the wing on the model
NLF-MOD22A, @ LLT of TUDelft
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Fig. 4.30: Changing of the C}, coefficient depending on the frequency of the discharge at
80 m/s; model NLF-MOD22A
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Fig. 4.31: Changing of the C'p coefficient depending on the frequency of the discharge at
80 m/s; model NLF-MOD22A
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Fig. 4.32: Changing of the C)js coefficient depending on the frequency of the discharge at
80 m/s; model NLF-MOD22A
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Fig. 4.33: Sketch of the Burst Mode Discharge: the black spot indicate the period between
bursts, the red one the period within a single burst.
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Fig. 4.34: Distribution of C'p at 80 m/s along the surface of the NLF-MOD22A, at LLT
of TUDelft. Burst mode
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Fig. 4.35: Changing of the C}, coefficient depending on the frequency of the discharge at
80 m/s, with the Burst mode; model NLF-MOD22A
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Fig. 4.36: Changing of the Cp coefficient depending on the frequency of the discharge at
80 m/s, with the Burst mode; model NLF-MOD22A
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Fig. 4.37: Changing of the C); coefficient depending on the frequency of the discharge at
80 m/s, with the Burst mode; model NLF-MOD22A
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4.3 Test @ M-Tunnel

4.3.1 Description

The actuator used for the tests in the M-tunnel was 40 centimeter long and the
model used was a NACA 63618, a 5-digit NACA airfoil, typically employed for
wind turbines blades. Such a model has been used for its characteristic trailing
edge separation, this means that the separation of the flow along the upper sur-
face of the airfoil happens smoothly which thing might imply that small changes
in the pressure distribution on the model might be enough for appriciating small
reattached portions of the flow on the airfoil itself.

The model was made out of a dielectric material, thermal resistant, very rigid. The
test itself consisted in letting the tunnel run and taking measurements by means of
a balance of forces which was monitored by Data Acquisition System(DAS).

The DAS was controlled by a computer which was able to calculate C', and Cp.
In the M-tunnel only one kind of actuator has been investigated: the single one.

These tests have been carried out applying a test section, made out of Plexiglas,
to the test outlet jet section of the wind-tunnel, so for the taken measurements
corrections for downwash effect is not necessary. Such Plexiglas test chamber was
designed in such a way that it is applyable on both the M-tunnel and the W-tunnel.

In the Figl.38 is shown the set-up of the tests carried out at the M-tunnel.

Moreover in the Figld.39 is shown the Plexiglas test chamber and the balance of
forces. Such balance has six degrees of freedom so it is able to acquire data of the
three component of both the Aerodynamics force and momentum acting on the
model.

4.3.2 Results @ M-Tunnel

Regarding the lift polar the results of these tests were quite expected. As it could
be observed in the Fig.s A4TA.40] and that the stall angle is delayed,
lift is enhanced and an appreciable reduction of the drag is achieved. Such results
were expected based on the earlier results gotten in the LTT and V-tunnel test
campaigns.

Test presented results in the Fig.s 40 [£.4T] and [£.43] are for a flow velocity
up to 20 and 30 m/s. The acquired data demonstrate active flow leading edge
separation control with a Reynolds number about 2xe® and 3xe® respectively, with
a increase of the C, a delay of the stall angle and a reduction of the calculated Cp
are appreciable in both the cases.
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Pressure Transducer

Oscilloscope

Fig. 4.38: Set-up of the M-Tunnel test campaign.
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Fig. 4.39: In the picture the plexiglas test chamber and the six component Balance of
forces supporting the airfoil.
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Fig. 4.40: Lift polar for the NACA 63-618 model in the M-tunnel at 20m/s. Data com-
parison of actuator On and Off.
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Fig. 4.41: Drag polar for the NACA 63-618 model in the M-tunnel at 20m/s. Data
comparison of actuator On and Off.
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Fig. 4.42: Lift polar for the NACA 63-618 model in the M-tunnel at 30m/s. Data com-
parison of actuator On and Off.
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Fig. 4.43: Drag polar for the NACA 63-618 model in the M-tunnel at 30m/s. Data
comparison of actuator On and Off.
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4.4 Test @ W-Tunnel

4.4.1 Description

The actuator used for the tests in the W-tunnel was roughly 40 centimeters long
tested on the same model used for the tests at the M-tunnel, the NACA 63-618;
also the balance of forces was used but this time only as support of the airfoil.

In this tunnel two different series of tests have been carried out, a Schlieren cham-
paign and a PIV campaign test. They will be treated separately.

The first series of test was carried out using the Schlieren Technique. This series
of experiments was aimed to observe the mechanism of the actuation given by the
NS-DBD pulsed discharge actuator, in order to qualify it.

The test itself consisted in letting the tunnel run and recording the event of the
actuation by a particular set-up of light, lenses and a fast camera.

The system was controlled by a computer that, thanks to a software, was able to
cut useless parts of the acquired movies and store the data at a different frame rate.

During the same test section, series of tests aimed to study the scalability upwards
of the actuator were performed. For such a goal several configuration of actuators
has been investigated: the single one, double one and a triple one.

For all these geometrical configuration five parameters have been investigated: An-
gle of Attach (AoA)(between 20 and 32 with a stepwise of 3 degrees), Speed Flow
(15 and 30 m/s), overall frequency (0, 50 Hz, 100 Hz, 200 Hz, 400 Hz, 800 Hz),
number of pulses for the burst mode(from 1 till up to 10 pulses per burst) and
period (frequency) between the pulses of each burst (100us, 200us, 300us).

These tests have been carried out with an open-jet configuration of the tunnel.

In the same tunnel a second test champaign has been carried out, this time using
a PIV acquisition technique.

Actually this section could be divided in subsections: a planar PIV in the plane of
the airfoil with a field of view of 10x10 centimeters, in a flow with a velocity up to
30 m/s has been carried out, and, beside this test it was recognized to be very useful
a more typical study case. So the set-up was changed and the PIV was carried out
in a still air box and the actuator was built on a flat plate. However the results of
these test will be treated in separate subsections later in this chapter.

4.4.2 Results @ W-Tunnel(Schlieren)

The first section of test carried out in the W tunnel, as it has been already said in
the introduction to this section, was aimed to study the scalability of the actuator
and to give a qualification to the mechanism of the actuation. In order to do so
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Fig. 4.44: In the picture is shown a typical set-up of a schlieren test.

a) Single Actuator ) Double Actuator c¢) Triple Actuator

Fig. 4.45: In the pictures are shown the three different configurations of actuator used for
the schlieren test campaign.

a Schlieren acquisition technique has been selected, and the peculiar set-up was
carefully executed, also thanks to the professionalism of the technician of TUDelft.
In the Figld.44l the set-up of the Schlieren test campaign is presented:

The schlieren acquisition technique had been used for studying three different con-
figurations: single, double and triple NS-DBD Plasma actuator. The three config-
urations are given in the Figl4.49]

The results have been analyzed and here only an overview of the most significant
obtained results will be given. For a check in more details of all the results the
reader is addressed to the Appendix D of this thesis, where all the most significant
test results are presented in more details.

In the Figld.46] it is presented a table of pictures comparing different cases. The
differences for the different aerodynamics tested conditions are visible.

Because of the frames size only a limited number of tests are comparable at the
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Fig. 4.46: Schlieren imaging of the actuator in different cases: A — o = 26 deg, single
actuator, no burst; B — a = 26 deg, single actuator, burst 10 pulses, At = 100 us; C
— « = 26 deg, double actuator, no burst; D — a = 26 deg, triple actuator, no burst; E
— a = 29 deg, double actuator, burst 2 pulses, At = 300 us; F — a = 29 deg, double
actuator, burst 5 pulses, At = 300 us; Images taken at moments in time: 1 — 0 us (before
the first pulse); 2 — 40 us (shock wave propagation); 3 — 1 us (vortex formation after
1%¢ burst); 4 — 6 us (after 274 burst); 5 — 11 us (after 3" burst); 6 — 16 us (after 4"
burst); In all cases burst-to-burst frequency was 200 Hz, pulse voltage 10 kV. Velocity of
the flow 30m/s and Reynolds number based of the chord of the model about 4e®
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same time in one table as in Figld.46] so a more wide test analysis has been carried
out and the result of such an analysis is shown in the table.

In the table “a”is the angle of attack between free stream and airfoil; “type”indicates
the kind of actuator configuration distinguishing between single, double and triple
actuator; “np,s indicated the number of pulses within a burst, given per pulse in-
put; “At”is the period within one burst, when it is not given is because within one
burst there is only one pulse, the period is measured in ps; “Nyeq indicates the
number of bursts needed in order to get the flow reattached; “x/c”indicates the por-
tion of flow reattached on the airfoil in percentage with respect to the chord length
of the model.

o type Npurst At s S Nreatt X/C

26 single 1 — 3 25%
single 3 100 3 30%
double 1 — 2 38%
double 3 100 2 41%
triple 1 — 2 45%
triple 3 100 2 49%
triple 3 300 2 51%

29 triple 10 100 4 24%
triple 10 300 4 35%

The scalability has been shown: it is possible to archive more and more an active
control on the separated flow increasing the number of actuators, or increasing the
number of pulses inside a burst. It has been observed that for more burdensome
conditions (like AoA up to 32 degrees) a bigger amount of energy needs to be spent in
order to achieve the control on the flow. Moreover an interesting gas-dynamic limit
of the actuation mechanism has been observed: increasing the period between two
consecutive pulses inside the same burst helps in order to control the flow. It means
that with a bigger period between two consecutive pulses it is possible to get a better
result (reattaching the flow spending less energy with respect to the time interval).
This gas-dynamic limit will be discussed later on in the next chapter. From the
‘qualification of the actuation mechanism’ point of view it has been observed, for all
the different configuration (single, double, triple), that when the control on the flow
happens always the same series of events is record: after the discharge the volume
enclosing it warms up, this, after few us leads to an adiabatic expansion, so a shock
wave is formed. The velocity of this shock wave has been calculated and found to
be roughly 370 m/s, so the shock wave velocity is a bit higher than a sonic shock,
it is a compression wave. This shock wave propagates perpendicularly to the shear
layer (generated by the separated flow): the free stream flow has an higher velocity
with respect to the flow between the airfoil and the shear layer (in the recirculation
flow region), so the shock wave propagates in the two regions with two different
velocities.
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(a) Flow separated (b) Shock wave (c) Instability propagation

(d) Generated vortex (e) Flow reattached (f) Flow reattached

Fig. 4.47: Single actuator configuration. In the pictures are presented six processed frames
showing the several phases of the actuation. It could be observed that after the flow is
reattached it stays in that way. In this test the velocity of the free stream is 30m/s with
a = 26 deg.

Since the total momentum of the system needs to be conserved this phenomenon
generates a pressure gradient throughout the shear layer which generates itself a
disturbance that propagates downstream. The generation of such a disturbance
has been explained in the section regarding the Phenomenology (par.2.5.2) of the
NS-DBD plasma actuator.

Now, going back to the gas-dynamic limit mentioned earlier, when the distance
between two consecutive pulses, so between two consecutive shock waves, is bigger,
this disturbance has more time for growing up before the next shock destroys (or
compensates) it. Actually it could be hypothesized that the disturbance produced
by the oncoming SW will affect every disturbance already generated by the previous
SW, but if the previous disturbance is big enough it does not really get much affected
by the oncoming one.

Thus to a bigger period between pulses corresponds an bigger disturbance for which
corresponds, as well, a better result in terms of flow controlled.

This brings with it the idea that the instability is the 'Key’ for the actuation
phenomenon.

All these results will definitely be analyzed later on, at the light of a more complete
set of data.

Eventually, in Fig.s £.47 and 48], significant processed result for a single and a
triple actuator respectively are presented aimed to help the visualization for the
qualification of the mechanism.

In the Fig.s [4.47 and [4.48 is shown a typical result: after the actuation the flow
stays attached on the model. This phenomenon might be due to a strong down-
wash effect generated after the actuation due to the fact that the controlled flow
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(a) Flow separated

(d) Generated vortex (e) Flow reattached (f) Flow reattached

Fig. 4.48: Triple actuator configuration. In the pictures are presented six processed frames
showing the several phases of the actuation. It could be observed that for more extreme
boundary conditions one vortex is not enough in order to reattach the flow. Also in this
case, after the flow is reattached it stays in that way. In this test the velocity of the free
stream is 30m/s with a = 29 deg.

acquires some three-dimensionality. A different explanation for this phenomenon
might be found in the stall behavior characteristic of the model itself which might
be such that a stable equilibrium is created controlling the flow.

For the sake of clarity hereafter, in Figld.49 are shown processed frames with a
single SW propagating and the vortex later generated by the pressure disturbance
traveling backwards into the SL.

Moreover, the Figld.50l shows a frame acquired with the model inclined about 90
degrees with respect to the flow direction. Such a result is shown in order to clearly
show the gradient created by the shock wave propagating into the shear layer.
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Fig. 4.49: Processed Schlieren images: SW propagation and Vortex generated afterward,
by the pressure disturbance propagating backward into the SL. Time forwarding going
downward from the top-left frame.
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Fig. 4.50: Visualization of the gradient produced by the shock wave propagation into
the shear layer. In the picture the Shock Wave and the Shear Layer are annotated with
orange lines.
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4.4.3 Results @ W-Tunnel(PIV)

The second test section carried out at the W tunnel was aimed to give a quantifica-
tion to the mechanism of actuation due to the NS-DBD plasma actuator. In order
to do so a PIV acquisition technique has been selected, and the peculiar set-up
was carefully execute, also thanks to Mr.Sina Ghaemi. a PhD student at TUDelft,
expert in PIV acquisition tests. His tips and suggestions have been priceless also
during the phase of data processing.

As already said, this section can be actually split in two separate subsections since
two different PIV test have been carried out: PIV test of an airfoil in a flow with a
velocity up to 30 m/s and PIV test on a flat plate in still air.

Test in the flow

With the NS-DBD plasma actuator mounted at the leading edge of a 5-digit NACA
airfoil, the NACA63-618, the same one used for the Schlieren test section, a PIV
measurement has been performed in order to quantify anyhow the actuation mech-
anism.

This test has been performed on a field of view of 10 by 10 centimeter.

Hereafter, in Figld.52 is presented the most significant result in form of matrix of
pictures and a brief description coming along with it. The test set-up was a typical
PIV set-up, with a magnification of 1 and a acquisition frame rate of 1 kHz. The
discharge frequency of the NS-DBD plasma actuator, placed on the leading edge of
the model, was about 200 Hz.
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(g) t = 4.6 ms

Fig. 4.51: The figure continues on the next page
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velocity mis
velocity mis

(a) t = 5.8 ms (b) t = 6 ms

velocity mis
velocity mis

(¢) t =6.2ms (d) t = 6.4 ms

(g) t = 9.8 ms

Fig. 4.52: In this table of pictures it is possible to observe a processed PIV result. It is
shown that within two pulses the flow reattaches. After each pulse a disturbance produces
a vortex into the shear layer which is visible in this result. Frames:(a) initial condition;
(b) first pulse; (c-d-e) first vortex; (f) situation after one pulse; (g) second pulse; (h-j-k-i-1)
second vortex; (m) flow reattached; (n) final situation.

In the Figld.52 the result for the planar PIV test on a 10x10 centimeters field of view
is shown. Remarkable result is that the flow speed increases after the reattachment.
Initially the flow is up to 30 m/s and after the reattachment it gets up to about
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65-70 m/s. Since in the flow it has been not possible to catch any of the events
observed performing the Schlieren tests it was thought to be useful to switch to an
other kind of test: the actuator was tested on a flat plate in the still air box.

Test in the still air Box

A PIV test has been carried out with the actuator mounted on a flat plate, in a
still air condition. The field of view is very small, about 5 by 5 millimeters. The
employed magnification was about 3. This test is aimed to observe and quantify
the event of the actuation from its very beginning

Hereafter, in Figld.54l the most significant result in form of matrices of pictures and
a brief description coming along with it below are presented. The acquisition rate
was 5 kHz while the discharge frequency was 1 kHz, so one pulse each 5 frames:
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(d) t = 0.6 ms (e) t = 0.8 ms (f) t =1 ms

Fig. 4.53: The figure continues on the next page
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In the Figld.54] the discharge from its very beginning is shown. Here a new phe-
nomena have been found. First of all it is visible in Figl4.55 that the formation,
and expansion, of consecutive shock waves creates a jet of air, probably warmer
then the rest of it. This effect translates in a quite weak momentum transferred
upwards, in the vertical direction, in a plane perpendicular to the flat plate. The
formation of the jet, for a momentum conservation principle, drives suction of air
from the side-air-jet regions. Such a suction produces the formation of two vortexes
which also are observable in Figl4.55]

Moreover, it is very interesting to see, in all the frames following a pulsed discharge,
in the Figll54] the frames (b-g-l-q-v), a downwards pointed velocity. Since these
velocity vectors begin at a certain height from the flat plate the small momentum
they transfer could play a rule in the flow reattaching mechanism. FEven if the
momentum that those velocity vectors are able to transfer is pretty low it is still
comparable to the momentum that a flow could have in that region of the boundary
layer, very close to the surface (no slip condition at the wall).

Explanations for the latter phenomenon could be several: maybe the discharge does
not happen very close to the dielectric surface and the downwards pointing velocity
vectors results from the expansion of the hit volume; maybe the oil particles, used
for the PIV test, get charged and attracted by the electromagnetic field created by
the discharge.

This phenomenon will be discussed later on in the next chapter.
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p—

Fig. 4.54: PIV result of an NS-DBD Plasma Actuator on a Flat Plate in still air. The
frames following a pulsed discharge are b-g-l-g-v. These frames reveal a downwards
pointed velocity vector generated by the discharge.
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velocity mis

Fig. 4.55: From the still air box test the velocity distribution after 20 pulses is presented.
The formation of a vertical jet is visible, just above the location of the dircharge region.
The flow into the jet gets accelerated to the velocity of 0.25 m/s, depicted in red in the
picture.
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4.5 Additional Tests

Several tests have been carried out in order to investigate the extent of applicability
of the NS-DBD plasma actuator for industrial applications.

4.5.1 Structural Test

A structural test aimed to investigate the thermal-structural impact of the actuator
on the wing during the actuation has been carried out since no reference has been
found in the literature about that.

The test itself was quite easy: based on a long duration discharge, after a while
the thermal status between the working actuator, the flow and the wing becomes
stationary.

To obtain an actuation frequency that is relevant for a full scale application a
Strouhal number of 1 was selected ([54] [56]). This leads the frequncy to be f =¥
where V is the velocity of the flow and L is a characteristic length of the system.

Since the max velocity which an airplane could get is, in the cruise mode, up to 250
m/s and since the average chord of the models that have been testing is roughly 20
cm the frequency which the actuator has been tested at was between 50 and 1500
Hz.

Description

In order to perform such a test an actuator 15 centimeter long has been built up
on purpose. The actuator was glued on a model and the discharge was actuated
(always without the flow). After 5 minutes of discharge, with a thermo-couple a
direct measurements was taken and annotated, and an average temperature on ten
values have been calculated for each case. Five discharge frequencies have been
selected for the tests: from 250 Hz till 1.5 kHz, with a stepwise of 250 Hz.

Five different models made out of different materials have been tested: aluminum,
wood, apoxie resin, foam covered by a plastic shell and carbon fiber.

Structural Test Result

In the Figld.56 it can been seen the averaged temperature that each model reached,
depending on the frequency of the discharge and on the material that the model
itself was made of.

This test might be enough in order to give a clue about the impact of the NS-DBD
plasma actuator on a wing. The temperatures gotten by the wood and the foam
ones are quite high. When testing a model made out of such materials it could very
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Fig. 4.56: Temperature vs Frequency on different materials without flow

important to keep in mind this result in order to protect the wing and do not let
the model get damaged. Of course the test has been performed in absence of flow,
which might be able to cool the temperature down quite quickly.

4.5.2 Rain Test

In order to investigate the extent of applicability of the ND-DBD plasma actuator
a rain test has been performed. The test is aimed to demonstrate the functionality
of the NS-DBD plasma actuator in severe conditions such as the presence of drops
of water in the flow.

Description

The test has been carried out just after the Schlieren test campaign, so the visu-
alization technique used for this test is the Schlieren one as well. Such a test gave
the chance to observe in slow motion the propagation of shock waves, produced by
the nanosecond discharge, and the formation of the consequential disturbance, with
the airfoil at an AoA of 29 degrees, and drops of water in a flow with a velocity up
to 30 m/s.

The test has been performed two times, one with discharge ON and the other with
the discharge OFF in order to see if any mechanical effect on the shear layer could
have been caused by the water drops of water themselves.
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The test itself consisted in letting the tunnel run, injecting upstream into the flow
nebulized water by an electrical nebulizer, in order to simulate rain drops, and
taking measurements. The nebulized water jet was directed transversally with
respect to the flow direction.

Even if the test itself is not really representative for the rain case, it still proves the
functionality of the NS-DBD plasma actuator in conditions of high humidity.

Rain Test Result

It is very difficult to visualize the water drops in the results, this is why it is not
worth to show them. However the results of these two rain tests could be summa-
rized: when the discharge is OFF the flow has been observed to be slightly affected
by the presence of the water drops, although the flow does not get reattached; when
the discharge is turned ON reattachment has been achieved, even if an higher fre-
quency (so more energy) was required for achieving the actuation in this situation
with respect to the same case with a clean flow.

4.5.3 Ice Test

During the cruise-mode flight an airplane could experience very low temperatures
depending on the height it is flying at. This phenomenon brings with it the issue
of the ice formation on the flow stagnation point of a wing.

In order to investigate the extent of applicability of the NS-DBD plasma actuator,
a still air test has been carried out with the presence of ice in the discharge region.
Such a test was aimed to observe if and how the plasma actuator was working in
such severe condition.

Description

For the ice test an actuator 20 cm long has been built on a flat plate, then water
has been placed on both the electrodes enclosing the discharge region. The sample
was put in a refrigerator for two days.

The test has been very short. It basically consisted in just letting the discharge go
on an actuator with presence of ice on its surface and recording it.

The test was not aimed to acquire data but only to observe the behavior of the NS-
DBD plasma actuator dealing with ice. The discharge frequency was kept constant
at 1 kHz and the size of the the ice layer from the actuator surface was about 2
mm, which is about two times the size of the actuator itself.



4.5 Additional Tests 103

Ice Test Result

The result of such test did not only show that the discharge happen normally,
even through the ice, but it also revealed the capability of the NS-DBD plasma
actuator to melt it. The test has been performed in the refrigerator itself, in order
to prevent the ice from melting because of the room temperature. The frequency
of the discharge was kept constant at 1 kHz and the ice got melted completely in
about 2 seconds. Unfortunately no reference has been found in the literature in
order to make any comparison.

Such result might open the way for a further research about possible application
of the NS-DBD plasma actuator for de-icing applications. It might be though an
Active Safety De-icing System which could highly increase the safety feeling of any
user of aerodynamics devices. For instance such a de-icing system might be applied
on wind turbines in arctic regions where the issue of de-icing is quite important.
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Chapter 5

Discussion and Conclusions

5.1 Results Summary

Summarizing all the results obtained during this experimental research about NS-
DBD Plasma Actuator for Leading Edge Separation Control it could be stated
that:

e Boundary Layer Separation delay or elimination has been demonstrated
e Scalability has been demonstrated

e Lift Coefficient increased about 20% of its maximum value

e Drag due to wake reduced about 300%

e Lift-to-Drag ratio enhanced about 3.2 times

e Capability to work in severe conditions such as high humidity or ice

e Capability to work at Reynolds Number up to 3.3 millions

e Non-linear dependence of the optimal discharge frequency on the AoA has
been observed

e New phenomenology has been observed

e Low Energy Consumption Demonstrated

e Applicable on existing devices without big modifications
e No severe constrains for the constructive elements

e Actuation Mechanism has been proposed
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5.2 Discussion

The first step of this research has been to make sure of the capability of the NS-
DBD plasma actuator to work properly. The second step has been to measure the
aerodynamic enhancement that such a device could produce. The third step has
been to prove the scalability of the actuator in order to understand the applica-
bility extent of it. Afterward an observation study has been performed aimed to
characterize the actuation mechanism qualitatively and quantitatively. Such study
brought to the light several phenomena: the barrier discharge does produce a shock
wave which creates a pressure gradient into the shear layer. Only after few tens of
microsecond from the gas expansion a vortex get formed into the shear layer at the
leading edge, in a condition of leading edge separation. This fact makes the Author
believe that the hypothesized phenomenology regarding the pressure disturbance
transmitted upstream into the shear layer is valid. The vortex, together with other
vortexes formed just after the first one due to the continuous propagation of the
shock wave through the shear layer, breaks down the viscous region of the flow field
allowing so the free stream to pass through.

Nevertheless this phenomenon does not look enough for the actuation itself, since
in many tests it has been observed the breaking down and the reformation of the
shear layer several times before getting the flow reattached. This may be explained
by the downward pushing phenomenon, also hypothesized and confirmed by the
experimental results. In fact if the downward pushing phenomenon advances the
separation, it does change the direction of the free stream in the neighborhood of
the leading edge, making the shear layer expanding, so reducing the velocity in its
upper region. This eventually might affect the disturbance upstream propagation,
reducing the strength of the induced vortex.

Another effect that may be taken into account is the formation of an air jet, per-
pendicular with respect to the actuator plane, induced by the gas expansion. Such
a jet, moving upward, induces a momentum injection downward, from its sides, into
the expanded region. This phenomenon induces the formation of two counter ro-
tating vortexes, on the sides of the air jet, in a still air box. Such a phenomenon
created in a separated flow condition might change the direction of the free stream
velocity vector such that it might become able to pass through the shear layer once
it is broken down. On the other hand the velocity induced by the air jet is about
0.25 m/s, so the momentum induced by it may not be big enough to affect a flow
with a free stream velocity about hundred times bigger.

However, the relative direction of the free stream, once the shear layer
is broken down, looks to be a parameter that plays a very important role
in the actuation mechanism.

Moreover it has been observed a dependency of the optimal frequency of actuation
on the AoA: the more the AoA is increased the higher is the frequency required for
controlling the flow. Nevertheless this dependency did not look linear.
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Such a dependency actually makes sense: in fact the more the angle of attack in-
creases, from an aerodynamic point of view, the bigger changes need to be actuated
on the flow in order to control it. The bigger is the change one is aimed to get,
the higher is the prize one must pay in terms of energy spent for achieving the flow
control.

Beside the actuation mechanism itself, during this study several effect produced by
the NS-DBD plasma actuator have been observed and recognized, and some of them
look very similar to already existing flow control devices: the downward pushing
of the SW produced by the gas expansion looks like a Suction System at the wall;
the perpendicular air jet looks like a Zero Net Mass System, the possible vibration
of the actuator’s body, induced by the gas expansion, looks like a Vibrating String
Actuator, the gas hearting might locally affect the velocity profile like an heated
wall flow control technique.

Thus as it could be seen in the equation [2.1] the several “flow control related terms”
are all affected by the actuator itself. Moreover a very high unsteady term may be
considered since the At in which the velocity profile is affected is of the order of
the microsecond.

Also looking at the Crocco equation one might conclude that the vorticity level
after each pulse of the discharge get increased since all the terms of the Crocco
equation are increased: entropy gradient due to the shock wave, total Enthalpy
since the thermal phenomena, and the unsteady term which, again, might be very
significant.

5.3 Conlusions

In conclusion it could be stated that the NS-DBD plasma actuator, having such
a wide range of applications and being so constructively simple, is a cutting edge
technology very promising in the Flow Control field.

If properly designed it could increase the efficiency of any existing aerodynamic
application. Furthermore application of the plasma actuator might be taken into
consideration in the design stage of any aerodynamic device. In this case the ND-
DBD actuator might bring with it a drastic change in the concept design itself.

It does not require extra mechanical elements and it is able to provide an active
control on the flow, with a reaction time being a fraction of a millisecond, very
cheap and low energy consuming.

It is able to increase not only the aerodynamics performances but it also might
increase the lifetime of the device itself through gust load alleviation.

The key for an optimization strategy for the control of the flow is in the understand-
ing of the physical mechanism of actuation. With such a knowledge an optimal
design may be obtained.
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Although quite some aspect of the nanosecond-pulsed actuators still have to be
studied in more detail, the technique may be close to an industrial application.
Moreover, the Electromagnetic Noise problem, which hinders a direct implementa-
tion of nanosecond-pulsed actuators, has been overcome during this research.

As soon as the relation between the optimal frequency of discharge, angle of attack
and airfoil shape is found, trial-and-error applications may be started, using an
engineering approach.

A combination of AC and NS DBD plasma actuator might be considered as an
interesting step. As such the combination of the two different kind of actuators
leads to complementary actions which may be required for a specific flow problem
(i.e. transition in combination with flow separation). A feedback control loop might
be further developed in order to better optimize the two plasma actuators working
together.

It is judged likely that an “industrial application design”could be achieved in about
one year of work.



Chapter 6

Outlook and Future Research

Understanding the actuation mechanism of the NS-DBD plasma actuator would
open the way for implementing it in many different technology fields. Its peculiar
features such as the low energy consumption or the very easy layout, make the
plasma actuator a very appealing cutting edge technology.

The possible applications, which a researcher could come up with, are several: it
might be thought to be applied for separation flow control as well as separation

delay, or flow turbulizator or perhaps it may be used for reducing the wake drag of
bluff bodies.

Its secondary effects such as de-icing capability, shock wave interaction or high
frequency induced vibrations could be further studied and a wide range of possible
applications might be thought.

Of course several investigations are still required for getting the plasma actuator
to the stage of industrial applications. In the next section several outlooks of the
NS-DBD plasma actuator will be proposed and discussed. Further in this chapter
next stages for this research will be proposed, motivated and discussed.

6.1 Outlooks

Regarding the primary effect of the NS-DBD plasma actuator several applications,
and several outlooks, may be sought. Moreover, the secondary effect, further studied
and developed might also be used for several useful applications.

It might be applied on airplanes: wings, tails, flaps, rudders, fuselage, engine na-
celles. Such an application might bring several advantages: increasing the possible
angle of attack of wings may reduce the take-off required time, since at the same
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take-off velocity a bigger lift may be produced, so it would also reduce the re-
quired take-off strip: this may also imply a reduction of fuel consumption during
the take-off of an airplane. Applications on flaps may make the maneuverabil-
ity of the aircraft improve as well as applications on tail’s radder. In the cruise
mode, applications on fuselage or engine nacelles may reduce the drag due to the
wake. Feedback loops might be developed for fast active reaction to sudden gusts
or atmospheric turbulence so increasing the flight safety.

Moreover the possible capability to prevent the ice formation or to melt formed ice
might make an anti-ice system develop. This may increase not only the safety of
the flight itself but also it may greatly increase the safety feeling of any kind of
user, from pilot to passengers.

Moreover, the possible capability to induce high frequency vibrations might make
an anti-flutter system develop. This system might be able to prevent structural
fluttering problems, increasing the safety of the flight itself and increasing the op-
erational lifetime of the aircraft.

Moreover, the possible capability to interact with shock waves may make noise
suppression system develop. This may be able to reduce the loud sound produced
by the engines thus solving a nowadays big issue of airports.

All these applications may bring to a drastic change of the concept design of an
aircraft which may become smaller and lighter, less fuel consuming, more safe and
more environmental friendly. Moreover, airports might have smaller take-off strips
and be less annoying for their neighbors.

It may be applied on rotors: helicopter flight, wind turbine, propellers. The capa-
bility of the plasma actuator to increase the possible angle of attack could bring a
drastic change of the concept design also of these devices. Rotors may increase their
blade/wing splice angle increasing in this way the mass flow, and so the momentum,
they are able to transfer.

Moreover, possible shock wave interaction might help the aerodynamics at the tips
of the rotor itself in such a way to either increase the tip AoA either increase the
size of the blade/wing itself.

Moreover root aerodynamics might be improved such that bubble separation might
be prevented and possible vortex interaction might reduce the aerodynamic drag in
that region.

These effects all together may increase the operational lifetime of a rotor, increasing
it efficiency, maneuverability and safety.

It may be applied on cars and trucks: both normal cars and racing cars may
get a substantial improvement of their aerodynamics performances using NS-DBD
Plasma Actuator. Flow separation delay may reduce the drag due to the wave of a
bluff body such as a normal car, so reducing the fuel consumption, making the car
itself less consuming and environmental friendly.
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Even higher advantages may be gotten by a racing car, since its performances are
strongly related to its aerodynamics. The actuator may be applied on any part
of a racing car, increasing its downwards pushing at a fixed velocity, so increasing
the safety of the car. Its maneuverability may get positively improved, and a fuel
consumption reduction may be achieved.

Many other applications might be figured out, like applications on space launchers,
or applications for flow control around bridges or high buildings, or flow control for
inner flows like metanoduct.

All the possible industrial applications of NS-DBD plasma actuator need to be
further studied and implemented. For this reason the next section is devoted to
the proposal of a study aimed to develop a stronger understanding of the actuator
mechanism, trying eventually to prove it. Afterward a study about the capability of
implementation of the plasma actuator for industrial applications will be proposed
and discussed. The final goal of such a research will be to bring the studied device
to an industrial applications stage. Eventually several flow control strategies will
be developed with respect to the industrial field of applications that the NS-DBD
plasma actuator will be sought for.

6.2 Future Research

In order to further continue this research and bring the NS-DBD Plasma Actuator
at an “industrial application” stage few other tests are suggested.

A systematic Boundary Layer parametric study on a well know flat plate is required,
perhaps supported by a CFD calculation. Such a test campaign is necessary in order
to understand the interaction of the plasma actuator with the Boundary Layer. For
real application, in fact, it must be considered that the size of the boundary layer
produced in the TUDelft facilities is not even comparable with one generated on the
wing of a big airplane. The relative effect of the actuator with respect to the size
of the controlled BL is a very important information. It might affect the optimal
position of the actuator itself. Moreover a study about the effect of the actuator on
the skin friction is very important as well in order to be able to estimate the total
overall effect that a NS-DBD actuator might have in a real application.

Further on, in order to finally be able to design a flow control strategy, finding out
the relation between the angle of attack and the optimal frequency of discharge is
necessary in order to get the actuation happening.

With such an aim again flat plate tests are suggested: placing in a wind tunnel two
flat plates, consecutively, and placing the second one at an angle with respect to the
first one as well as with respect the flow direction, one might be able to reproduce
the “flow separated” conditions. With such a configuration two series of tests might
be designed.
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First of all the optimal frequency of discharge is studied. Based on the observations
done in the presented experimental work, the optimal frequency of discharge is
considered to be related to the frequency of oscillation of the separated shear layer,
which itself must be related to the velocity of the free stream and the velocity of
the flow in the separated region. The velocity of the flow in the separated region
must be dependent on the angle at which the second plate is set. So changing the
angle of the second plate, and so changing the frequency of oscillation of the shear
layer, a parametric study could be performed.

Second of all, since the mechanism has been thought to act on a laminar separated
shear layer, changing the size of the first plate a turbulent separated shear layer
could be achieved and a study on the effect of the actuator in such a situation also
is necessary for possible industrial applications.

With such a complete set of information strategies for real applications of flow
control might be designed for any kind of outlook that has been already discussed
in the previous section.



Appendix A

Windtunnel wall corrections for
NACAQ0015 model in the V-tunnel

Based on reference [61] and [62] a correction may be obtained for the angle of attack
in case a rectangular model spans a circular test section. The ratio of measured lift
over the lift obtained in a free stream can be written as

L 8tR[2 << b
b ” Al
Ly ac (7‘(‘2 Z 2n+3> (A1)

n=0

where

e R is the wind tunnel jet radius (0.3m)
e c is the wing chord (in the case of the NACA-0015 model ¢ = 0.24m)
e a; is the 2-dimensional lift curve slope (assumed to be 27)

e b, are the coefficients that determine the span-wise loading of the wing [61]
[62].

In this case the correction to the angle of attack becomes

Aa=—Cp L (ﬁ _ 1) (A2)

where C7p,is the uncorrected lift coefficient.
With g = 3£ =5 and by = 0.31968, b; = 0.0222, by = 0.0698 from [62] we find an

aic

angle of attack correction which is linear with the lift coefficient

Aa(Cr) = —13.2CL (deg) (A.3)
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Appendix B

Discharge Characteristics

The characteristic of the discharge pulse inputted into the plasma actuator might
affect the functionality of the device itself, and its applicability and scalability
upwards.

Its has been observed in the several researches about the plasma actuator that only a
nanosecond discharge is actually able to generate such a mechanism able to actively
control the flow. In fact the very small energy content of a picosecond discharge
pulse would create a not enough strong shock wave or a millisecond discharge pulse
might not even create a shock wave at all.

Important characteristics of the nanosecond pulse are the rising time and the dura-
tion of the pulse. Moreover the voltage applied and the frequency of the discharge
itself are key parametres for the actuation of the mechanism as well. The pulse ris-
ing time can affect the compressibility effect: in fact the slower the inputted pulse
rises the weaker will be the shock wave produced in term of Ap of the shock wave
itself.

The duration of the pulse can affect the thermal energy inputted in the flow: a long
pulse could increase the raised temperature, increasing in this way the strength of
the shock wave.

Several tests carried out on long actuators showed that the velocity of propagation
of the pulse into the electrodes is half of the speed of light, which means that a
pulse with a duration of about 20 nanoseconds can travel to a length of about 6
meters, which actually gives an up limit to the upwards scalability. In actuators
shorter than 6 meters, with such a pulsed discharge, the pulse will reach the end of
the electrodes and will be reflected backwards. Doing so the energy inputted get
multiplied as much as the pulse get reflected.

It has been observed that a parallel system of actuator, developed for proving
the scalability, is able to reduce the energy expense required in order to achieve
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the actuation mechanism. Physically it might be explained as a more distributed
energy over the actuators might increase its efficiency. This effect can be observed

in the Fig[B.1l

The energy input is calculated based on the time integral of the curve in Fig/B.l
It has been calculated that for a Reynolds number up to 4e® the energy expense is
about 2 W/m? at an AoA of 26 degrees. This value rises up to 20 W/m? when the
AoA is up to 32 degrees.
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Fig. B.1: In the graph is shown the energy input given into the actuator for a single,

double and triple configuration. For acquiring such information a Back Current-Shunt
technique has been applied.

It has been observed that a minimum of 7 kV are required for achieving control
over a flow up to 30 m/s. A frequency and a burst mode discharge studies have

shown that more important than the voltage inputted per pulse is the total energy
content that get inputted into the flow.



Appendix C

Dealing with Electromagnetic Noise

Carrying out experiments about NS-DBD plasma actuator a researcher will experi-
ence the very annoying interference of the Electromagnetic Noise produced by the
discharge of the actuator itself.

This electromagnetic (EM) Noise travels like a wave, propagating in all the direc-
tions from its source point, its strength is depending on the discharge characteristics
such as voltage applied or frequency and it will be amplified by all the cablings of
the experimental setup which will work as antennas for the EM noise.

The EM wave, travelling in the laboratory space meets on its way electronics such as
computers, transducers, extensometers, cameras and many others electronic equip-
ments of the acquisition system.

As a result the electronics may freeze in a short or somewhat longer period depend-
ing on their own quality.

Even if the interaction is quite short it increases the difficulty of peforming exper-
iments with nanosecond-pulsed actuator considerably. Considering that the phe-
nomenon under study takes less then a millisecond it might be seen how much this
EM emission is an issue for a researcher.

Unfortunately it is impossible to get rid of the EM noise, so one has to live with it.

In fact, in order to carry out many of the tests done during this research a home
made Faraday Cage has been designed and built. Such a device was not always
needed but it turned out to be extremely useful when the EM noise was too big.
Usually it was used for protecting deviced such as computers, transducers and
anything else was being affected by EM. In fact thanks to it the tests in the V-
tunnel and in the M-tunnel, and some of the tests in the W-tunnel, have been
possible.

In order to reduce the EM emission some tricks could be performed such as: min-
imizing the length of all the required cables and wires, positioning when possible
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the electronics as far as possible away from the noise source and reducing at the
minimum the discharge duration. Moreover a good shielding and grounding of all
the electronics is strongly recommended in order to reduce the noise and preserve
the correct functioning of the electronics.

In fact all these measures are needed to enable wind tunnel test with nanosecond-
pulsed actuators. Especially for future applications it is needed to investigate effi-
cient ways to incorporate them in the particular setup.



Appendix D

Schlieren Results

From the Schlieren Imaging important conclusions were drawn out in this report
with respect to the working principle of the nanosecond- pulsed actuators. To
enable the reader to get a clear picture of particular actuator and flow conditions
all Schlieren images have been presented in subsequent Fig.s[D.1l to [D.21] as is.
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(a) t =0 ps (b) t =70 us (¢) t =90 us

(d) t = 450 us (e) t =790 us (f) t = 1.04 ms

(g) t = 16.71 ms (h) t = 16.74 ms (i) t = 16.76 ms

(j) t = 16.97 ms (k) t = 17.31 ms (1) t = 23.29 ms

Fig. D.1: AoA26.50hz.30ms.act 0-20 +0.2 0.15
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a)t =0 us b) t = 50 us c)t =170 pus

d) t =400 pus e) t =930 us )t =2.51 ms

) t = 5.26 ms ) t = 5.28 ms ) t = 5.53 ms

Fig. D.2: The figure continues on the next page
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) t = 5.99 ms ) t = 10.41 ms ) t = 10.46 ms
) t = 10.50 ms ) t =10.72 ms ) t = 11.05 ms

(g) t = 11.55 ms

Fig. D.3: AoA26.200hz.30ms.act 0-20 +0.2 0.15
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a)t =0 us b) t =20 us ¢) t =50 us

d) t =250 us e) t =280 us f) t = 310 us

g) t =570 us h) t = 930 us )t =4.17 ms

Fig. D.4: The figure continues on the next page
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t—419ms t—422ms t—442ms
) t = 4.44 ms ) t = 4.47 ms )t =4.71 ms

(g) t = 8.33 ms

Fig. D.5: AoA26.200hz.2p.300us.30ms.act 0-20 +0.2 0.15
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a) t =0 us b) t = 30 us (¢) t =50 us

(d) t = 100 us (e) t =120 pus (f) t = 150 ps

(g) t = 350 us (h) t =920 ps (i) t = 4.16 ms

(G) t = 4.20 ms (k) t = 4.22 ms (1) t =4.28 ms

(m) t = 4.60 ms (n) t = 8.33 ms

Fig. D.6: AoA26.200hz.2p.100us.30ms.act 0-20 +0.2 0.15
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Ny

-

(a) t =0 ps (b) t =70 us c) t =230 us

V)

(d) t = 640 us (e) t = 1.57 ms )t =4.17 ms

(g) t = 4.23 ms (h) t = 4.40 ms (i) t = 8.33 ms

Fig. D.7: AoA29.200hz.30ms.act 0-20 +0.2 0.15
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a) t =0 us b) t = 20 us (¢) t =50 us

(d) t =230 us (e) t =270 us (f) t = 310 ps

(g) t =390 us (h) t = 600 us (i) t = 1.20 ms

(G) t = 4.16 ms (k) t = 4.20 ms (1) t = 4.46 ms

(m) t = 4.53 ms (n) t = 8.33 ms

Fig. D.8: AoA29.200hz.2p.300us.30m s.act 0-20 +0.2 0.15
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(a) t =0 us (b) t =30 us

(d) t = 540 us (e) t = 740 us (f) t =790 pus

(g) t = 1.04 ms (h) t = 1.29 ms (i) t = 4.16 ms

(j) t = 4.20 ms (k) t = 4.45 ms (1) t =4.71 ms

Fig. D.9: The figure continues on the next page
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(a) t = 4.95 ms )t =5.21 ms (c) t =8.33 ms

(d) t = 8.37 ms ) t = 8.63 ms (f) t = 8.69 ms

(g) t = 8.86 ms ) t =9.06 ms (i) t =9.12ms

(G) t =9.37 ms (k) t = 12.49 ms

Fig. D.10: AoA29.200hz.5p.300us.30m s.act 0-20 0.2 0.15
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(d) t = 220 us (e) t = 300 us (f) t = 400 ps

(g) t = 870 us (h) t = 4.17 ms

Fig. D.11: AoA29.200hz.5p.100us.30m s.act 0-20 +0.2 0.15
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(d) t = 16.67 ms (e) t = 16.70 ms (f) t = 16.97 ms

(g) t = 33.33 ms (h) t = 33.36 ms (i) t = 33.64 ms

(j) t = 50.00 ms (k) t = 50.03 ms (1) t = 50.36 ms

Fig. D.12: AoA26.50hz.30ms.act 0-20-45 40.2 0.15
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(b) t =40 us

(d) t =4.17 ms (e) t = 4.20 ms (f) t = 4.50 ms

(g) t =8.33 ms (h) t = 8.37 ms (i) t = 8.60 ms

(j) t = 12.50 ms

Fig. D.13: AoA26.200hz.30ms.act 0-20-45 +0.2 0.15
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a)t =0 us b) t =40 us c) t =290 us

d) t =790 us ) t = 4.16 ms )t =4.21 ms

) t = 4.46 ms ) t = 4.82 ms ) t = 8.33 ms

Fig. D.14: AoA26.200hz.2p.300us.30ms.act 0-20-45 +0.2 0.15
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a)t =0 us b) t =40 us c) t =120 pus

d) t =330 pus ) t = 4.16 ms ) t = 4.20 ms

)t = 4.29 ms ) t = 4.54 ms ) t = 8.33 ms

Fig. D.15: AoA26.200hz.2p.100us.30ms.act 0-20-45 +0.2 0.15
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(a) t =0 ps (b) t =40 us (c) t =270 us

(d) t =710 us (e) t =4.16 ms (f) t = 4.20 ms

(g) t = 4.50 ms (h) t = 8.33 ms (i) t = 8.37 ms

(j) t = 8.62 ms (k) t = 12.50 ms

Fig. D.16: AoA29.200hz.30ms.act 0-20-45 +0.2 0.15
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a)t =0 us b) t =40 us ¢) t =300 us
d) t = 640 pus )t = 4.17 ms )t =4.21 ms
) t = 4.46 ms )t = 8.33 ms

Fig. D.17: AoA29.200hz.2p.300us.30ms.act 0-20-45 +0.2 0.15
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(a) t =0 ps (b) t =40 us (c) t =300 us

(d) t = 550 us (e) t =800 us (f) t = 1.04 ms

(g) t = 1.39 ms (h) t = 4.17 ms (i) t = 4.21 ms

(j) t = 4.46 ms (k) t = 4.72 ms (1) t = 4.96 ms

Fig. D.18: The figure continues on the next page
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)t =5.21 ms ) t = 5.46 ms ) t = 8.33 ms

) t = 8.37 ms ) t = 8.63 ms ) t = 8.88 ms

)t =9.13 ms ) t = 9.37 ms ) t = 12.08 ms

Fig. D.19: AoA29.200hz.5p.300us.30m s.act 0-20-45 +0.2 0.15
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(a) t =0 ps (b) t =30 us (c) t =120 pus

(d) t =200 us (e) t =290 us (f) t = 370 ps

(g) t =980 us (h) t = 4.16 ms (i) t = 4.20 ms

() t = 4.28 ms (k) t = 4.37 ms (1) t = 4.46 ms

Fig. D.20: The figure continues on the next page
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) t = 4.54 ms ) t = 8.33 ms ) t = 8.37 ms
) t = 8.46 ms ) t = 8.54 ms ) t = 8.63 ms
) t = 8.72 ms )t =12.49 ms

Fig. D.21: AoA29.200hz.5p.100us.30m s.act 0-20-45 +0.2 0.15

Basically all the tests with different configuration of the actuator give results very
similar to each other if only the mechanism of actuation is investigated. On the
other hand, when the scalability is investigated it will be important to distinguish
between the different configurations. For now, since the qualification of the mecha-
nism of the actuation has been first investigated, there is not the need to make such
a distinction. Firstly the tests for the Double actuator configuration are presented.

In the Fig[D.] the result for an AoA26.50hz.30ms.act 0-20 +0.2 0.15 configuration
is shown. In this test we could see two consecutive pulses with a frequency of 50
Hz and in this case the flow did not reattach.

In the Fig[D.3] the result for an AoA26.200hz.30ms.act 0-20 +0.2 0.15 configuration
is shown. In this case the flow reattaches after 3 pulses.

In the FigD.5 the result for an AoA26.200hz.2p.300us.30ms.act 0-20 +0.2 0.15
configuration is shown . In this case the flow is reattached after 2 bursts.
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In the FiglD.0 the result for an AoA26.200hz.2p.100us.30ms.act 0-20 4+0.2 0.15
configuration is shown. In this case the complete reattachment happen at the third
bursts, but it is already partially reattached after the second one.

In the Fig[D.T the result for an AoA29.200hz.30ms.act 0-20 +0.2 0.15 configuration
is shown. In this case the actuation does not happen at all.

In the Fig[D.8 the result for an AoA29.200hz.2p.300us.30m s.act 0-20 +0.2 0.15
configuration is shown. Also in this case the actuation does not happen at all.

In the Fig[D.I0 the result for an AoA29.200hz.5p.300us.30m s.act 0-20 +0.2 0.15
configuration is shown. In this case the actuator reattaches the separated flow after
2 bursts.

In the Fig[D.I1] the result for an AoA29.200hz.5p.100us.30m s.act 0-20 +0.2 0.15
configuration is shown. In this case the flow is never fully reattached.

Secondly the results for triple actuator configuration as well are presented. The
distinction between double and triple actuator has been made now in order to
investigate the scalability property of the actuator. From a 'qualification of the ac-
tuation mechanism’ point of view there are no many differences from the former
presented set of results.

In the FiglD.12 the result for an AoA26.50hz.30ms.act 0-20-45 +0.2 0.15 configu-
ration is shown. Differently from the double actuator a complete reattachment of
the flow (for the 25% of the chord) after the third pulse case is visible here.

In the FigD.13 the result for an AoA26.200hz.30ms.act 0-20-45 +0.2 0.15 config-
uration is shown. After 3 pulses the reattachment of the flow for the 25% of the
chord is visible

In the Fig[D.14 the result for an AoA26.200hz.2p.300us.30ms.act 0-20-45 +0.2 0.15
configuration is shown. In this case the actuation happens already after 2 bursts
(reattachment for the 25% of the chord).

In the Fig[D.18 the result for an AoA26.200hz.2p.100us.30ms.act 0-20-45 +0.2 0.15
configuration is shown. Here the reattachment is achieved after 2 bursts (again for
the 25% of the chord).

In the FigD.I6l the result for an AoA29.200hz.30ms.act 0-20-45 +0.2 0.15 config-
uration is shown. In this case a strange partial reattachment of the flow after 3
bursts has been achieved.

In the Fig[D.17 the result for an AoA29.200hz.2p.300us.30ms.act 0-20-45 +0.2 0.15
configuration is shown. In this case again a strange partial reattachment of the flow
after 2 bursts has been achieved.

In the Fig/[D.19 the result for an AoA29.200hz.5p.300us.30m s.act 0-20-45 0.2 0.15
configuration is shown. Reattachment has been observed after 3 bursts(for about
the 23% of the chord).
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In the Fig[D.21] the result for an AoA29.200hz.5p.100us.30m s.act 0-20-45 +0.2 0.15
configuration is shown. Flow reattached has been observed here as well (for the 25%
of the chord) after 3 bursts.
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