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Abstract

Electrohydrodynamic (EHD) and magnetohydrodynamic phenomena are being widely
studied for aerodynamic applications. The major effects of these phenomena are
heating of the gas, body force generation, and enthalpy addition or extraction, [1, 2, 3].
In particular, asymmetric dielectric barrier discharge (DBD) plasma actuators are
known to be effective EHD device in aerodynamic control, [4, 5]. Experiments have
demonstrated their effectiveness in separation control, acoustic noise reduction, and
other aeronautic applications. In contrast to conventional DBD actuators driven by
sinusoidal voltages, we proposed and used a voltage profile consisting of nanosecond
pulses superimposed on dc bias voltage. This produces what is essentially a non-
self-sustained discharge: the plasma is generated by repetitive short pulses, and the
pushing of the gas occurs primarily due to the bias voltage. The advantage of this non-
self-sustained discharge is that the parameters of ionizing pulses and the driving bias
voltage can be varied independently, which adds flexibility to control and optimization
of the actuators performance. Experimental studies were conducted of a flow induced
in a quiescent room air by a single DBD actuator. A new approach for non-intrusive
diagnostics of plasma actuator induced flows in quiescent gas was proposed, consisting
of three elements coupled together: the schlieren technique, burst mode of plasma
actuator operation, and 2-D numerical fluid modeling. During the experiments, it was
found that DBD performance is severely limited by surface charge accumulation on the

dielectric. Several ways to mitigate the surface charge were found: using a reversing
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DC bias potential, three-electrode configuration, slightly conductive dielectrics, and
semi conductive coatings. Force balance measurements proved the effectiveness of
the suggested configurations and advantages of the new voltage profile (pulses+bias)
over the traditional sinusoidal one at relatively low voltages. In view of practical
applications certain questions have been also addressed, such as electrodynamic effects
which accompany scaling of the actuators to real size models, and environmental

effects of ozone production by the plasma actuators.
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Chapter 1

Introduction and Background

Sapere aude

Flow control consists of manipulating a flow to achieve a desired change. Usually
it means modifying the laminar-to-turbulent transition in the boundary layer and
preventing flow separation, increasing the lift and reducing the drag of an airfoil,
enhancing mixing or reducing acoustic noise. It is of great practical importance for
aerospace industry, commercial and military aviation, energy systems, automobile
industry, and everywhere where external and internal airflows occur.

There are several mechanisms through which the flow can be manipulated. Control
over laminar-to-turbulent transition can be very beneficial. For example, in certain
cases the turbulent boundary layer can have an order of magnitude higher skin-
friction drag than the laminar one. For aircrafts and cars suppression of transition
means better fuel efficiency, longer ranges, and higher speeds.

The range of operational conditions for a wind turbine, take-off and landing speeds
of an aircraft, maneuverability of a fighter jet are highly affected by maximum lift
and stall characteristics of the airfoil. The produced lift depends on the ability of

the flow to follow the curve and increases with the angle of attack and camber of the
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wing. At some point however the flow fails to follow the curve and separates. Thus
suppression of boundary layer separation is one of the main opportunities for flow
control.

Another important issue is the acoustic noise produced by turboprops, helicopters,
cars, wind turbines (infra sound), etc. It is associated with the turbulent nature of
many flows and is an area where flow control can have a significant impact. In some
circumstances turbulence is desired since it enhances mixing and here again, the flow
control can play an important role.

The title of this thesis is ”Dielectric barrier discharge plasma actuator for flow
control.” It follows from the title that the problem is quite multidisciplinary and re-
quires expertise in several areas to tackle it, namely ”dielectric” and ”barrier” requires
knowledge in material sciences, ”discharge” and ”plasma” — in gas discharge physics
and plasma physics, "flow” stands for fluid mechanics, and ”actuator” and ”control”
for control theory. There are also a few areas which are not mentioned explicitly
but are implied — optical diagnostics, high voltage electronics, electrodynamics. To
avoid spreading out our efforts to all of these areas of science and engineering we
concentrated mostly on the DBD plasma part, keeping in mind that its application

would be for flow control.
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Figure 1.1: DBD plasma flow control. Plasma OFF (left), plasma ON (right). Taken
from 6]

1.1 Background

The story of DBD plasma actuators for flow control began in 1998 when Reece Roth
from University of Tennessee presented his first paper [9] on DBD flow control. His
demonstration of DBD flow control capabilities is shown at Figure 1.1, where he
demonstrated that separation at high angles of attack can be suppressed. The main
advantages of plasma actuators are their robustness, simplicity, light weight, low
power consumption, and fast enough response time to make them capable of real-
time flow control.

Since 1998, interest in DBD plasma actuators has been growing exponentially as
is illustrated by number of Google hits on ”plasma actuator” at Figure 1.2. Still, un-
derstanding of the underlying physics is incomplete, and, although several approaches
have been shown to improve the performance of plasma actuators, only a complete
understanding of both plasma processes and their interaction with the flow will allow
optimization of the performance. It is the intention of this dissertation to investigate
mechanisms of DBD plasma actuator flow control and suggest further improvements

to it.
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Figure 1.2: Interest in plasma actuators. Some data are taken from [7].

The introduction would not be complete without mentioning that, even though
DBD plasma actuators were introduced to current public by R. Roth, they were known
back in the sixties in Soviet Ukraine, [8]. Figure 1.3 shows a schematic of one of those
experiments. The configuration is slightly different from the one suggested by Roth.
The top electrode is flush mounted on the airfoil and the segmented bottom electrode
consists of several wires embedded into the flap. Regardless this difference, the plasma
induced flow velocities and separation control results were similar to those obtained
nowadays. The reason the technology has been forgotten was probably because at
those times most efforts were spent on super- and hyper-sonic flights, and the plasma

induced flows of the orders of 10 m/s did not look that impressive after all.

NASA/CR—2012-217655 4



HYV electrode

o

py

o

Grounded electrodes

Figure 1.3: DBD plasma actuator in 1968, from [§].

1.1.1 Dielectric barrier discharge

A dielectric barrier discharge (DBD) is an electrical discharge between two electrodes
separated by an insulating dielectric barrier. It was first reported by Werner von
Siemens in 1857, [19], as a new method of ozone generation. Originally it was called
the silent discharge in contrast with a spark discharge, which is accompanied by sub-
stantial heating and generation of an audible noise. From a fundamental point of
view, the main difference between DBD and spark discharges is the presence of the
dielectric barrier which precludes dc operation of the DBD. DBDs are usually driven
by sinusoidal voltages at frequencies between 0.05 and 500 kHz or by high voltage
pulses. When the applied voltage reaches breakdown value, the electric current de-
posits surface charge onto the dielectric and the discharge self-terminates.

In most cases the DBD in room air is not uniform and consists of numerous
microdischarges, as shown at Figure 1.4. Let us take a closer look at the plasma
formation process, [20]. A typical breakdown starts with one free electron. When

the electric field reaches the breakdown value the free electron produces secondary
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electrons by direct ionization and starts an electron avalanche. In certain cases, if the
Meek condition is satisfied, [21], the avalanche develops into a streamer discharge.
After several nanoseconds, the streamer filament reaches the dielectric barrier, and
builds up surface charge on the surface. At this point the local electric field collapses,
which leads to self-termination of the discharge leaving a cloud of electrons and ions.
In atmospheric pressure air it takes about 10 nanoseconds for the electrons to attach
to molecular oxygen forming negative ions. The residual ion-ion cloud decays in
microseconds due to recombination processes and drift/diffusion to the walls. If the
next breakdown happens while the ion plasma is still present or before the local
heating has dissipated it will most likely follow the same path. That is why it is
possible to see a stable pattern of the microdischarges in DBD, even though each of
them consists of multiple sequential streamers. Sometimes the plasma decays and
thermalizes completely before the next breakdown occurs so the streamers start at
random locations each time. In this case the discharge appears uniform and its

structure can be revealed only by using ultra fast cameras.

Figure 1.4: DBD plasma appearance.

Typical parameters of a microdischarge are summarized in Table 1.1, from [22].
As we can see, the plasma is highly non-equilibrium with hot electron and cold heavy

particles. This characterizes most applications for the discharge, where energetic
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electron efficiently transfer energy to ionization, electron excitation, and electron

impact dissociation, but not significantly to direct heating.

Lifetime 1-20 ns  Filament radius 50-100 pm

Peak current 0.1 A Current density 0.1-1 kA cm ™2

Electron energy 1-10 eV Electron density 10-10" cm™3

Total transported charge 0.1-1 nC Gas temperature Close to average, about 300K
Total dissipated energy  5uJ Reduced electric field E/n = (1-2)(E/n)Paschen
Overheating 5K

Table 1.1: Typical parameters of a microdischarge.

In more than 150 years of studies, the DBD has found many industrial applica-
tions such as for ozone generation, for high-power CO, lasers, and as a UV-source in
eximer lamps. Most notably DBD’s are used in plasma display panels of large-area
flat television screens. DBD’s are widely used for polymer surface treatment to pro-
mote wettability and adhesion; and for pollution control to remove dust or CO, NO,,
and VOCs from exhaust gases. Among recent and yet to be perfected DBD appli-
cations are plasma medicine/sterilization, plasma assisted ignition and combustion,

and plasma aerodynamics.

1.1.2 Flow control

There are many definitions of boundary layer flow control, one of which was given
by Flatt in 1961 [23], stating: ”"Boundary layer control includes any mechanism or
process through which the boundary layer of a fluid flow is caused to behave differently
than it normally would were the flow developing naturally along a smooth straight
surface.”

Ludwig Prandtl was the first one to realize importance of the boundary layer

on the entire flow structure in 1904. He was also the one who demonstrated active
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flow control by delaying separation from the surface of cylinder using boundary layer
suction, [24]. Since then the field of flow control has grown and many other flow
control methods have been developed, both active and passive. Detailed description
of them can be found in the literature, see [25] for example. The most common

boundary layer control techniques are briefly discussed below:

e Boundary layer bleed. We will start with the very first method, which
Prandtl used in his original experiment, boundary layer suction. As the bound-
ary layer loses its momentum due to viscous effects, in the presence of adverse
pressure gradients the flow direction along the surface can reverse, causing flow
separation. Using porous surface or discrete suction slots, the low-momentum
part of the boundary layer can be withdrawn from the flow, making the profile
fuller. This method has been proven to be effective at both low and high speeds
with most of the remaining problems being maintainability and reliability of
the suction surfaces. Special care should be taken to protect the suction surface

from dust, insects, and ice formation.

e Boundary layer blowing. Similar to the previous method, in this case the
boundary layer is being manipulated using discrete slots at the wall. In contrast
to the previous method, the velocity profile is made fuller not by removing a
layer of slow air at the wall but by direct tangential injection of air at high speed
along the surface. This flow control technique has been applied to military
fighters and STOL transports. High-pressure bleed-air is readily available from
the jet engines. Although generally less efficient than suction, blowing requires
less interior ducting. In some application, the blowing allows a lighter, cooler or
non-reacting gas to be introduced into the boundary layer to provide thermal

protection at hypersonic speeds.
e Passive vortex generators. Passive vortex generators are essentially small-
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aspect-ratio airfoils mounted normal to the surface of a wing. Being large
enough to stick out of the boundary layer into the free stream, they create
stream-wise vortices which circulate the retarded near-wall flow with the free
stream flow, increasing the near wall flow velocity. This approach of boundary
layer manipulation is passive, it does not require any power source to operate
and is always ON. Among its advantages are simplicity and robustness. The
freedom to choose the shapes and positions of the vortex generators on an
airplane wing or turbine blade leaves many opportunities for optimization. On
the other hand, the vortex generators cannot adapt to changing flight conditions,
and they cause parasitic drag. Nevertheless, they are widely used in most

modern commercial airplanes.

e Boundary layer turbulizers. Another similar method is based on using
groves or rough surfaces to trip the boundary layer and trigger laminar-to-
turbulent transition. A turbulent boundary layer is more resistant to separation
than a laminar one, and, mostly for that reason, transition advancement may
be beneficial in some situations. The mechanism is similar to the previous one,
where large-scale vortices provided mixing. Momentum transfer in a turbulent
boundary layer is strongly enhanced due to the presence of eddies in the flow,

which make the velocity profile fuller and delay separation.

e Acoustic excitations and periodic forcing. Other methods for active
boundary layer control include acoustic excitations and periodic excitations of
the boundary layer. Similarly to the previous method, both of these techniques
rely on triggering laminar-to-turbulent transition, but the difference is that they
are active are can be applied any time needed. It has been observed that sound
of a particular frequency and intensity can affect the boundary layer. The

source of the acoustic waves can either be internal — mounted on the surface,
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or external — outside of the boundary layer. Periodic forcing was also found
to be effective. In this case the velocity field is disturbed directly by computer
controlled flaps, oscillating wires, or piezo elements. Both acoustic and periodic
forcing methods achieved their best control at specific frequencies which are
generally found to occur at a Strouhal number, St = f ¢/U,, (f is frequency, ¢

is the chord’s length, U, in the free stream velocity), near unity.

1.2 Literature review of DBD flow control

The conventional DBD plasma actuator consists of two plane electrodes flush mounted
asymmetrically on both sides of dielectric, with one electrode encapsulated, and the
other exposed to the atmospheric air, as shown at Figure 1.5. The electrodes are
usually made of copper or aluminum foil, however thin wires have also been tried as
top electrode in some works, see [26] for example. A variety of other DBD plasma
actuator geometries exist, for example the double barrier DBD plasma actuator, where
both electrodes are covered with dielectric, [27], or the annular DBD plasma actuator,
in which the electrodes have a shape of concentric rings, [28]. Different dielectric
materials are used in DBDs, such as glass, quartz, kapton, teflon, and ceramics. The
thickness of the dielectric varies over a wide range from 100 pm to 6.35 mm (1/4
inch). The discharge is ignited by applying high voltage to one of the electrodes, the
other electrode is usually grounded.

The DBD plasma actuator is usually driven by a high voltage sinusoidal voltage
profile 1-20 kV, 0.05-20 kHz, however other shapes (triangular, positive and negative
sawtooth) have also been tested, see [29]. Sometimes DBD plasma actuators are
driven by high voltage nanosecond pulses, [30, 31, 10]

The DBD is normally accompanied by several effects, such as ionic wind, heating,

acoustic effects, and plasma chemistry. If the driving voltage is modulated these
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Figure 1.5: Conventional dielectric barrier discharge plasma actuator.
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effects become periodic. Different groups have utilized one or the other of these
effects, to substitute for a well known mechanical flow control device, usually treating
the other phenomena as side effects. So far several mechanisms associated with DBD

actuator boundary layer control have been suggested and demonstrated.

e Introducing momentum into boundary layer.

The first method is based on the fact that the DBD imparts momentum into the
air. The actuator is placed span-wise and the induced force adds momentum to

the decelerated boundary layer in the stream-wise direction, as shown in Figure

1.6.

This mechanism is very popular and most research groups have used this config-
uration in their studies. It is very similar to mechanical blowing through slots
but it does not introduce additional mass into the flow. If needed, the actuator
can be reversed to cause flow separation. The drawback of this method is that
in order to be successful the discharge must induce flows with velocities on the

order of the boundary layer velocities. Thus, successful demonstrations of the
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flow control have primarily been successful at free stream speeds up to 30 m/s
due to the low velocity of the DBD surface jet. To overcome this problem the

following method was suggested.

e Creating streamwise vortices. Similar to the passive vortex generators dis-
cussed earlier, the purpose of the stream-wise mounted plasma actuators (which
induce flow in span-wise direction) is not to accelerate the boundary layer, but
to create stream-wise vortices which will replace the slow boundary layer with
high momentum free stream. The idea to use DBD’s in such way was first sug-
gested by Roth et al [9] and is illustrated at Figure 1.7. It was later developed
by other groups, see [32] for example. They were able to demonstrate that
plasma induced flow is more effective for separation control if used to create

these vortices than to accelerate the retarded boundary layer directly.

e Periodic forcing. Since it has been known from mechanical flow control that
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Figure 1.6: Velocity profiles in the boundary layer of a 5 m/s free airflow along a flat
plate, with co- and counter-flows, from [9].
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the introduction of periodic disturbances near the separation location can pre-
vent or delay the onset of separation, the same approach was undertaken for
plasma flow control. Corke et al, [5], performed a set of experiments on flow
reattachment around an airfoil NACA 0015 at 21 m/s using a 17 kHz sinusoidal
driving field with a variable duty cycle. The 12 in. DBD strip was located
at the leading edge of the wing. They discovered that at 10% duty cycle, the
stall angle of attack (asqy) was higher than with steady operation as shown at

Figure 1.8.

Naturally the flow separates around o = 15° at these conditions with no DBD
actuation. When the actuator was ON in "steady” operation, meaning 100%
duty cycle, the stall angle increased to 18°. The results at & = 16° are presented
in the left part of Figure 1.8. These show that a clear minimum in the voltage

required to re-attach the flow exists at an unsteady frequency that is close

leading tip of electrode

Figure 1.7: Smoke visualization of free airflow along a flat plate with a streamwise
DBD actuator, flow speed 5 m/s, from [9].
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to that for which St = 1. This frequency was then used for the "unsteady”
operation that gave the results in Cy versus « in the right part of Figure 1.8.
The unsteady actuator with periodic forcing at St = 1 gave significantly better
results than the steady operation. The authors discovered that it significantly
increased Cy, . and augyy, and maintained lift to v = 22°, which was 7° past
the natural stall angle of attack. Similar improvements were also found for a
higher free-stream speed. Note that the power to the actuator was only 10% of

that for the steady operation, approximately 2 Watts for the 12 in. span.

e Acoustic excitations. In a number of works [10, 33] Starikovskii et al used
high voltage (upto 50kV) nanosecond pulses to drive the DBD plasma actuator.
Plasma induced gas velocities show near-zero values for nanosecond pulses and

the authors relied on tripping and periodic forcing of the boundary layer. Ac-
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Figure 1.8: Minimum voltage required to re-attach the flow as a function of the
actuator frequency for "unsteady” operation at o = 16° (left), and lift coefficient
versus angle of attack with leading-edge actuator off and on at optimum Strouhal
number, from [5].
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cording to the authors, the measurements showed overheating in the discharge
region and fast (7 &~ 1 us) thermolization of the plasma deposited energy. The
peak values of the temperature increase of the plasma layer reached 400 K for
50-ns pulse durations. This heating produced an emerging shock wave together

with the secondary vortex flows which disturbed the main flow, see Figure 1.9.

70 m's

Position, mm
Lo

480 m/s;

Figure 1.9: Shock wave produced by a single 50 kV 50 ns long pulse. Left: numerical
modeling, discharge with hot spot near the edge of the exposed electrode; center:
experimental shadow images of shock waves formation; right: shock wave position vs
time; from [10].

The resulting pulsed-periodic disturbance causes an efficient transverse momen-
tum transfer into the boundary layer and further flow attachment to the airfoil
surface. It thus can be concluded, that for periodic pulsed nanosecond dielec-
tric barrier discharge, the main mechanism of impact is the energy transfer to
and heating of the near-surface gas layer. The following pulse-periodic vortex
movement trips the boundary layer and stimulates redistribution of the main
flow momentum. The authors were able to control boundary layer separation,
lift, and drag force coefficients, and obtain acoustic noise reduction in the Mach

number range of 0.05 to 0.85.

e Heating effects. If the DBD is driven by a sinusoidal voltage, the heat release
is more uniform in time. However it is interesting that the major heat release

does not necessary happen in the bulk of plasma. The IR image of a DBD plate
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with single trace of a hot electrode is shown in Figure 1.10.
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Figure 1.10: IR image of DBD, from [11].

This image was recorded after 30 sec of DBD run time. Leonov et al, [11],
showed that there is significant heating of the dielectric surface by the discharge.
They suggested that it occurs due to active charged particles deposition on
the surface with sequential recombination and thermal energy release. This
localized heating increases the viscosity of the gas promoting separation. It
also lowers the gas density, deflecting the stream lines and changing the effective

shape of the aerodynamic profile, which can be beneficial in some cases.

Regardless the number of configurations DBD plasma actuators can be used to
control the flow they all rely on two major effects: heating (fast or steady state)
and body force. The flexibility of DBD plasma actuators is that depending on the
choice of the driving voltage waveforms the same device can produce different effects

on the flow. The DBD allows fast switching between body steady state and periodic
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force production, acoustic perturbation, and heating regimes of operation. As it was
mentioned above another name for DBD is silent discharge because of the relatively
low heating compared to a spark. Thus the heating itself can be more effectively
produced using other forms of gas discharge, such as sparks and arcs. There are
even simpler solutions which do not involve plasmas. Steady state heating can be
produced by ohmic elements. Fast acoustic perturbations of the boundary layer can
be produced using piezo elements which possess all advantages of the plasma actuator,
they are light weight, small, robust, and very fast. For these reasons this work does
not address eating or acoustic effects, but concentrates on body force production, its

mechanism and enhancement.

Implicit factors that affect DBD performance

While the instrumentation error of most experiments presented in this work is less
than 5% and the accuracy of the data acquired is high, the total error is pretty large.
On day-to-day basis variations in readings as high as 25% for some measurements
could be observed.

The reason is that some factors which have effect on the overall DBD performance
were not monitored or taken into account. All the experiments were performed in
room air. Weather outdoors and air conditioning in the lab affected the temperature,
pressure and humidity of the room air. Daily temperature and pressure fluctuations
can lead to 1 to 3 % variations in air density. This would change the reduced electric
field and consequently many plasma processes, for example ionization, which expo-
nentially depends on the field. But this hardly compares with the humidity effects
on the DBD performance. It is known that water vapor is a strong electro-negative
gas. High humidity increases the breakdown voltage and decreases the ionization

level and size of plasma. Recently Benard et al, [12], showed that the DBD induced

NASA/CR—2012-217655 17



flow velocity decreases by a factor of 2 when the relative humidity goes from 40% to

85% and another factor of 2 at 98% relative humidity, Figure 1.11.
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Figure 1.11: DBD induced flow profiles at different values of relative humidity, from
[12].

Variations in performance can also be caused by certain dielectric material proper-
ties. In DBD plasma actuator problems the dielectric has been usually characterized
by two parameters: thickness and dielectric permittivity. Together with electrode
configurations and dielectric material these parameters define the electric field and
therefore the plasma properties. Until recently these properties had been considered
to be constants in DBD related problems. However, even if the thickness of a dielec-
tric is constant, its electric permittivity may not be. In [34] the dependence of the
dielectric constant on many factors is considered. For example, the electric permit-

tivity depends on frequency of the applied voltage, temperature, and humidity. Plots
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for kapton and MACOR dependences (materials we used in our DBD experiments)

on these parameters are presented at Figure 1.12. The data were taken from [13, 14].

4.0

Dielectric Constant

(=
b
@
=
S
L
B
2
T
&

3.0 | | | 1
100 o 300 ] 0 20 40 60 80 100
Temperature, °C Relative Humidity, %

3.6

34l © \

- -~
f= o
S
2 32
3.6 3
= g
& 35 [ © -
S - A g 30} o
6 o0 A o
8 34 | ‘~q a \C 103 Hz
g N, oo
s 33 | O~5_ N\ 2.8 |- ~o
3 B O 10° Hz
8 32
3.1 | \ | 2.6 ' ‘ ‘ .
107 108 10° 10 10" -100 0 100 200 300

(-148) (32) (212) (392) (572)
Temperature, °C (°F)

Frequency, Hz

Figure 1.12: Dependence of dielectric permittivity on temperature, frequency and
humidity for MACOR (left on the top, data taken from [13]) and Kapton (the other
three plots, data taken from [14])

Based on these plots it is evident that the DBD plasma actuator performance can
change from day to day due to its dependence on humidity. Temperature dependence

can lead to other effects. For example, if the actuator is running for a long time
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it heats up. Leonov et al, [11], showed that the dielectric surface can get up to 80
C in 30 seconds of actuators operation. That means its performance will change
with time as the actuator is run. The results will also differ if it is a cold run or
if it was run just recently and the dielectric is still hot. External flows can provide
additional cooling and in laboratory supersonic flows, the wall recovery temperature
is usually significantly from room temperature. Another important dependence is
voltage frequency. For example, if the DBD is driven by 10 kHz sinusoidal voltage,
the dielectric will have one dielectric constant for the 10 kHz electric field and another,
lower one, for fast electric field changes caused by ~10 ns breakdowns. As we can
see from the plots, the frequency dependence becomes more crucial as temperature
increases, which is very important for high temperature applications of DBD plasma

actuators.

1.3 Goals of this research

The main objective in this dissertation was to establish a comprehensive understand-
ing of force production mechanisms in DBD plasma actuators and enhance them. The
aim of the work was to break down the process into simple steps and get control over
each of them. Certain tasks were not planned in advance but came up as the research
advanced. In view of practical applications certain questions were also addressed,
such as scaling the actuators to large scales, and ozone production by the actuator.

The specific goals and milestones to achieve these objectives are as follows:

1. Design and development non-intrusive diagnostics for DBD plasma actuator
characterization. These included schlieren visualization for the plasma induced
flow, non-contacting potential measurements of the surface charge, thrust stand

measurements for force production in DBD, Pitot probe sensing of the induced
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wall jet profile, and visualization of ozone by absorption. The setup should
provide a stable, repeatable, and rigid platform to capture various aspects of

the DBD plasma actuator performance.

2. Develop simple numerical and analytical models in support of the experiments
and to provide a better understanding of the underlying physics and prediction

of further steps in the research.

3. Experimental investigation of the dielectric barrier discharge plasma, its char-
acteristics, and the induced flow. Compare the obtained data against the nu-
merical prediction to ensure correct interpretation of the results. Based on the
obtain results further investigate the possibility of more effective momentum

coupling into the flow using DBD plasma actuators.

The work was positioned as a research and not testing of a plasma device. Thus
more attention was paid to understanding the underlying physics and distinguishing
the essential processes involved, rather then quantifying the actuator’s performance

within high accuracy.

1.4 Outline of this dissertation

Chapter 2 introduces the Princeton approach for enhancing the body force produc-
tion in DBD plasma actuators. This chapter also describes the electric circuit used
to power the actuator and presents distinctive features of working with high voltage

nanosecond pulses.

Chapter 3 presents results of the schlieren visualization of the plasma induced
flow. The results show the effectiveness of pulses+bias voltage profile and suggest

the importance of the surface charge that limits the actuator’s performance. A new
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pulses+ac bias configuration is proposed.

Chapter 4 shows the surface charge evolution (build up, saturation, and depletion)
on the dielectric surface for pulsed and sinusoidal driven DBDs. Numerical simulation
confirms experimental data. Based on the results of the charge distribution, a new

three-electrode configuration is introduced.

Chapter 5 presents results of the force produced by DBD plasma actuators. In addi-
tion to pulses+ac bias and three-electrode configuration, DBDs with slightly conduc-
tive dielectric and semi-conductive coatings are tested. The result show consistency
with schlieren visualization. Comparison with sinusoidally driven DBDs show advan-

tage of pulses+bias waveform.

Chapter 6 provides details about DBD induced flow in quiescent air. The ob-
tained results show the laminar wall jet structure of the low. An analytical model in
boundary layer approximation is developed and shown to be in agreement with the

experimental data.

Chapter 7 points out the importance and evaluates ozone production by the actua-
tor. It discusses its potential importance for flow tagging, environment and combus-

tion applications.
Chapter 8 addresses scaling issues which may arise when the actuator is scaled up to

a real size aircraft wing. Electrodynamic effects in long plasma actuators are studied

both numerically and experimentally.
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Chapter 9 concludes the dissertation with a summary of the major developments
of the DBD plasma actuator project and a review of its major contributions. The
chapter also contains suggestions for further directions of the research which may
lead towards the downstream goal of applying the concept to an actual flow control

problem.
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Chapter 2

High Voltage Power Supply

The majority of the groups studying DBD plasma actuators use a sinusoidal volt-
age to drive it. In such a case the sine voltage performs two functions simultane-
ously: plasma production when the electric field reaches breakdown values and body
force production between the breakdowns. In such DBD actuators, ionizing pulses
(streamer breakdowns) occur randomly, the magnitude and frequency of those ion-
izing pulses depend entirely on the parameters of the sinusoidal driving voltage. In
contrast, the Princeton approach consists in using high voltage repetitive nanosecond
pulses superimposed on dc or low-frequency bias voltage. We proposed and used what
is essentially non-self-sustained discharge: the plasma is generated by repetitive short
pulses, and the pushing of the gas occurs primarily due to the low-frequency (bias)
voltage. The advantage of this non-self-sustained discharge is that the parameters of
ionizing pulses and the driving bias voltage can be varied independently, which adds
flexibility to control and optimization of the actuator performance. The comparison

of the approaches can be illustrated by a diagram at Figure 2.1.
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Main differences between pulses
with arbitrary bias and sine voltage

Sine Voltage Pulses with Bias (Princeton approach)

Two functions simultaneously: Pul icientl Bias produces
Plasma generation and u seste |c;|en y the body force
body force on the gas generate plasma on the gas

The parameters of pulses+bias configuration —
peak pulse voltage, pulse repetition rate, pulse burst rate, duty cycle,
and both the frequency and amplitude of the time-depended bias voltage —
can be varied independently,
greatly increasing flexibility of control and optimization of the DBD actuator

Figure 2.1: Princeton approach.

2.1 Power Circuit

To create the "pulses+bias” voltage profile a circuit was designed so as to superimpose
short pulses on a low frequency bias voltage without interference between the pulser
and the low frequency power supply. The design of the circuit slightly changed over
time but its principle design remained the same. It included a capacitor (100-470
pF) in series with the actuator, which protected the pulser from the bias voltage.
Since the capacitance of the actuator was only 4-30 pF (depending on its size and the
dielectric used), the main pulse voltage drop occurred just at the plasma actuator.
To keep the high voltage nanosecond pulses from going into bias voltage source, 220
k€ resistors or ferrite rings (high inductances) were used. The charging time for the
capacitor through the corresponding resistors was 7 = RC = 220 k() x 470 pF = 100

us, which corresponds to 10 kHz > the 100 Hz, highest frequency of the bias voltage
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used in the studies. In early experiments a 10 MS) resistor was put in parallel with
the actuator for safety reasons, but later it was found to be unnecessary. It was used
to discharge the high voltage electrode after experiments. Its high impedance did not
influence the circuit in any way. Also, a non-inductive matching resistor was added
in parallel with the actuator to minimize the pulse reflection. The problem of the
impedance matching will be addressed later in this chapter.

Two pulsers and several sources of the bias voltage were used in the experiments

over five years of research.

2.1.1 FID Technology pulser FPG 30-100

A pulser used in early experiments (schlieren visualization, Chapter 3, and surface
charge measurements, Chapter 4) was an FID Technology pulser FPG 30-100 4 ns
full width at half maximum (FWHM). The pulser was capable of running with pulse
repetition rate (PRR) of up to 100 kHz, and it was triggered by a 10 V pulse from
a Stanford Research, Inc. Pulse Generator. The peak output voltage of the pulser
was up to 10 kV which was fed to three separate 3 m long 75 €2 coaxial lines. The
three copropagating pulses were converted into a single pulse by taking advantage of
the short physical ”"length” of the pulses, less than 1 m. By connecting the center
conductor of the first coaxial line to the outer conductor of the second and the center
conductor of the second to the outer conductor of the third, an amplified pulse is
produced between the center conductor of the third line and the outer conductor of
the first, as shown at Figure 2.2. This essentially is a transformer made of sections
of transmission lines, and it is well described in the literature, [35].

The pulser was able to produce pulses of negative polarity only. The bias voltage
could be of any polarity but could be added to the pulsed electrode only due to the

circuit properties. The terminology used in this work came from the numerical sim-
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Figure 2.2: Electric circuit with FID Technology pulser FPG 30-100. The circuit is
designed so as to combine short pulses with a low frequency bias voltage without
interference between the pulser and the low frequency power supply. In experiments
with sinusoidal bias, the dc power supply was replaced by a high-voltage transformer.

ulations, where the encapsulated electrode was considered grounded, and the voltage
waveform was applied to the exposed electrode. Following the same terminology, we
consider the encapsulated electrode to be at zero potential. That means that the
term positive refers to a case when the electric field is directed from the exposed
electrode to the encapsulated one, i.e., parallel to the induced jet, and negative when
in the opposite direction. Thus, applying negative pulses to the lower encapsulated
electrode will henceforth be referred to as positive pulses. Further, applying negative
bias voltage to the top exposed electrode will be called a negative bias, whereas ap-
plying negative bias voltage to the lower encapsulated electrode will be referred to as

positive bias. See Figure 2.3 for further examples.

2.1.2 FID Technology pulser FPG 25-200MC4

As the experiments moved forward, a question was raised about the role of the ionizing

pulse duration. It was desirable to have pulses of both polarities, but not negative
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Figure 2.3: Terminology used in the paper for the pulse and bias voltage polarities.
The encapsulated electrode is always considered to be at zero potential. The sign
of potential of the exposed electrode relative to the encapsulated one determines the
pulse and bias polarity.

only, and expand the range of other pulse parameters, such as peak voltage and
repetition rate. A new FID Technology pulser FPG 25-200MC4 was purchased for
this purpose. It is designed to produce positive and negative voltage pulses with the
maximum amplitude of up to +/- 6.25 kV into 125-250 €2, rise time of 2 ns and the
duration of about 3, 7 and 13 ns at 90% of maximum voltage (combined output is 25
kV into 500-1000 Ohm). The pulse duration was changed by replacing pulse forming
modules inside of the pulser. The pulse full width at half maximum (FWHM) of the
pulses was measured and equals to 5.5, 10, and 17 ns. The pulse profiles at matching
load (300 €2 non-inductive resistor) is shown at Figure 2.4.

Similar to previous pulser, its operational principle was based on a transformer
made of sections of transmission lines. However the new pulser has four 75 ) cables

— two positive and two negative — and connects to a load as shown at Figure 2.5.
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Figure 2.4: High voltage pulse profiles for different pulse widths, FID Technology
pulser FPG 25-200MC4.

An example of the electric circuit with the new pulser is shown in Figure 2.6. In

this example a high voltage pulse is applied to the top electrode only. To increase

the effective pulse voltage, the bottom electrode can be connected to the pulser’s

cable of the opposite polarity, instead of the ground. In this case both electrodes are

driven with the identical pulses of the opposite polarities, which doubles the pulse

peak voltage.

The pulser was used in thrust measurement experiments, Chapter 5, ozone vi-

sualization, Chapter 8, and to study electro-dynamic effects in long DBDs, Chapter

7.

Pulse Generator

Ferrite rings

Load

Figure 2.5: Load connection diagram for FID Technology pulser FPG 25-200MC4.
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2.1.3 Nanosecond pulse profile

Special attention was paid to the electric pulse waveform. It was measured using a
fast high-voltage probe (LeCroy PPE6 kV 400 MHz bandwidth, 5 M input resis-
tance, less than 6 pF input capacitance, or LeCroy PPE20 kV 100 MHz bandwidth,
100 MS2 input resistance, less than 3 pF input capacitance) connected to fast oscillo-
scope (Tektronix TDS 380, 400 MHz bandwidth, or LeCroy WavePro 7300A, 3GHz
bandwidth). Since the pulses are only several nanoseconds long, they are reflected
back from the plasma actuator and then reflected again by the pulser toward the
actuator. Therefore, each pulse actually looks like a series of damped pulses. To
reduce this ringing, a computer code incorporating the actuators and the probes ca-
pacitances was developed. The code calculated the reflection of a pulse from a RLC
load. The code was based on Kirchhoffs laws written for an LRC load connected to
a3 x 75 Q = 225 Q) cable. The load consisted of a capacitance (representing DBD
actuator) connected in parallel with a resistor (a matching load). The inductance
of the connecting wires was also taken into account. The discharge contribution to
the impedance was neglected. A schematic of the transformer made of sections of
transmission lines connected to a RLC load is shown in Figure 2.7a. In the figure, Z
is the cable impedance, Zg is defined by parasitic impedances and/or impedance of
cable connecting wires, C is the capacitance of the actuator and the voltage probe, R
is resistance of the noninductive matching resistor, and Li and Lo are inductances
of the connecting wires. Note that usually Zy > nZ, where n is the number of the

cables. This simplifies the circuit to the one shown in Figure 2.7b.
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Figure 2.6: Electric circuit with FID Technology pulser FPG 25-200MC4. The circuit
is designed so as to combine short pulses with a low frequency bias voltage without
interference between the pulser and the HV amplifier.
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Figure 2.7: An equivalent scheme of the transformer made of sections of transmission
lines connected to the RLC load. a) full circuit. b) reduced circuit.
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Kirchhoffs laws for this circuit can be written as,

ARy

6E = 3Z0(Ine + I1c) + Inp R+ L~ (2.1)
dlrc
6F =3Z0(Ir + Irc) +V + Le o (2.2)
1 t
V=— [ Id 2.3
& [ e 2.3)

From these, we get the following set of two integro-differential equations for the

currents:

dI 1
"~ (6B —3Z(Igs + Ipc) — InLR (2.4)
dt ~ Lg
dI 1 1 [t
d;C — L_C <6E — 3Zo(IRL + ILC’) — 5 /0 ILch) (25)

Solving the set of equations using first order explicit Eulers method, we obtain
the dependence of the currents on time. From that, the time-dependent voltage on

the plasma actuator and of the reflected pulse is calculated as

Viefiected = 3Z0(Irr, + Irc) — 3E (2.6)

In the absence of a reactive load, this gives a well-known result-the ringing can
be eliminated by a matching load. In our case, it was 225 €2. In the experiments, the
connecting wires had finite dimensions, i.e., inductances. To evaluate the inductances,

we used an approximate expression for circular loop inductance,

S8R
Lcircle = R/LO |:1H<7) - 2:| (27)
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where R is the radius of the loop, a is the radius of the wire, and pg is the perme-
ability of free space. In the experiments with the old pulser, the wires connecting
the resistance formed a loop with ~1 c¢m radius, while the wires connecting the ac-
tuator were longer and the corresponding radius was ~5 cm. This corresponds to
inductances of Lz=0.038 pH and L =0.294 pH. Substituting these numbers into the
numerical code, the pulse reflection can be calculated. Calculations showed that at
these values of inductances, there is almost no difference if a 250 2 resistor is used as
the matching impedance instead of the 225 € one. Therefore, in the experiments, a
250 € resistor was used due to its availability in the laboratory. Unfortunately, the
reflection of the pulse from the pulser back to the actuator could not be calculated
because of the complex structure of the pulser. Therefore, the numerical results are
for single reflection only, whereas the experimental ones show all the ringing which

takes place between the actuator and the pulser.

Non-optimized pulse Optimized pulse
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Figure 2.8: Numerical calculation of the nanosecond pulses. The plots show profiles
of the pulse originally generated by the pulser, the voltage profile over the actuator,
and the pulse reflected back into the cables. Left plot is for non-optimized load.
Right plot is for optimized load with 250 non-inductive resistor. Adding the resistor
decreases the ratio of the reflected pulse to the voltage on the actuator from 60% to
40%. These 40% are due to inductances of the connecting wires.
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The voltage over the actuator and the reflected pulse is shown in Figure 2.8. By
choosing the right resistance, we were able to reduce the ratio of the reflected pulse
to the voltage over the actuator from 60% to 40%. The main reason for the 40%
reflection is the inductance of the connecting wires. The measured pulse profiles

before and after optimization are shown in Figure 2.9.
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Figure 2.9: The measured pulse profile before and after optimization.

The numerical model also predicted that increasing the actuators capacitance
leads to a lower peak voltage and to increased pulse duration. This result was ver-
ified experimentally and the same behavior was observed, as shown at Figure 2.10.
Although the original pulses were 4 ns HWHM they became longer (~5.5 ns HWHM)
and lower in amplitude at the actuator due to its capacitance (~27 pF, measured by

Fluke 189 multimeter).

NASA/CR—2012-217655 34



<
. 2
Qo
(@)
g -4 —— Original pulse (3 ns HWHM)
g —— Experimentally measured voltage
at the DBD (4 ns HWHM)
-6 —— Numerically predicted voltage
at the DBD (4 ns HWHM)
'8 T T T T i T i T i 1
-5 0 5 10 15 20

Time, ns

Figure 2.10: Ionization pulse profile from.

2.1.4 Bias voltage sources

Various bias voltage sources were used throughout the experiments. A source of
constant bias voltage used in the schlieren experiments presented in Chapter 3 and
surface charge measurements presented in Chapter 4 was High Voltage DC Supply
model 412 by John Fluke MFG Co, Inc., capable of producing output voltages up to 2
kV dc both polarities. The sinusoidal bias voltage used in the schlieren experiments,
Chapter 3, was produced by an ozone generator transformer by Plasma Technics, Inc.
A Trek Model 20/20C HV Amplifier driven by a signal from Tenma 72-7210 function
generator was used as a source of the alternating bias voltage in force balance testing,
Chapter 5, and ozone visualization, Chapter 8, and as an ac voltage source in the

surface charge experiments, Chapter 4.

NASA/CR—2012-217655 35



Chapter 3

Schlieren Experiments

Experimental studies are conducted on a flow induced in initially quiescent room air
by a single asymmetric dielectric barrier discharge driven by voltage waveforms con-
sisting of repetitive nanosecond high-voltage pulses superimposed on dc or alternating
sinusoidal or square-wave bias voltage. A new approach for non-intrusive diagnostics
of plasma actuator induced flows in quiescent gas is proposed, consisting of three
elements coupled together: the schlieren technique, burst mode of plasma actuator
operation, and two-dimensional numerical fluid modeling. The force and heating rate
calculated by a plasma model are used as inputs to a two-dimensional viscous flow
solver to predict the time-dependent dielectric barrier discharge induced flow field.
This approach allows prediction of the entire two-dimensional unsteady plasma in-
duced flow pattern as well as the characteristics of the plasma induced force. Both
the experiments and computations show the same vortex flow structures induced by
the actuator. Parametric studies of the vortices at different bias voltages, pulse po-
larities, peak pulse voltages, and pulse repetition rates are conducted experimentally.
The significance of charge buildup on the dielectric surface is demonstrated. The
charge buildup decreases the effective electric field in the plasma and reduces the

plasma actuator performance. The accumulated surface charge can be removed by
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switching the bias polarity, which leads to a newly proposed voltage waveform consist-
ing of high-voltage nanosecond repetitive pulses superimposed on a high-voltage low
frequency sinusoidal voltage. Advantages of the new voltage waveform are demon-

strated experimentally.

3.1 Introduction

Experiments reported in this chapter have demonstrated that the new voltage profile
which consists of nanosecond pulses superimposed on a high-voltage low frequency
sinusoidal bias voltage does indeed lead to higher performance.

To conduct experiments with DBD actuators one needs to develop reliable non-
intrusive flow diagnostics. Difficulties for diagnostics of the actuator induced flow
arise from its small approximately millimeter scale, low speed m/s, proximity to the
plasma and the dielectric surface, and produced electro-magnetic noise. Most com-
mon techniques to diagnose the induced wall jet include particle image velocimetry,
smoke visualization, hot wires, etc. Unfortunately, these methods are intrusive and
must be used with great care.

For example, in particle image velocimetry measurements the particles may get
charged in the plasma and may not only depict the flow incorrectly but may also affect
the plasma and the gas flow, [36]. In [28] the flow field obtained with PIV showed
streamlines which go into a solid wall. These facts demonstrate the unsuitability of
PIV for visualization of DBD induced flows.

The main difficulty of Pitot-probe measurements is their low sensitivity. The
measurements have to be taken at some distance downstream from the actuator in
order not to perturb the plasma. Pitot measurements are also local, and to obtain
the entire flow pattern, a scan through the entire flow region should be performed.

The task becomes much more complicated with nonstationary flows.
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Attempts to use nonintrusive optical methods were made in a number of works. A
laser deflection technique was used to measure density by probing index of refraction
gradients in the air, [37]. Being nonintrusive, this approach, however, gives only local
measurements and, like the Pitot-probe one, is hard to apply to nonstationary flows.

The use of the schlieren technique for DBD induced flow measurements was re-
ported earlier, [11, 38]. In the first paper, Leonov et al [11] used a conventional
schlieren technique for flow visualization. The technique is based on following ther-
mal disturbances in the jet and extracting the flow speed from that. However, the
authors found this insufficient for quantitative speed measurements and used schlieren
streak video instead. Another, similar, application of the schlieren technique to DBD
plasma actuator was demonstrated by Sosa et al in [38]. Turbulent eddies were treated
as tracers in the flow. A new, helium based technique of schlieren image processing
was suggested to observe the flow field. In the region outside the turbulent flow a
helium jet was injected in order to produce the necessary contrast. The helium jet,
however, can disturb the plasma and the flow field. All of the above techniques are
based on disturbances and/or turbulence in the induced flow. As noted in [38] the
technique is not applicable for laminar flows.

In this work, we used a new approach for the induced flow visualization and veloc-
ity measurements. Since the discharge slightly heats the air, it is possible to visualize
the induced wall jet. The principal feature of our schlieren technique, distinguish-
ing it from other studies, is the modulation of the voltage waveform applied to the
discharge so that the plasma actuator is operated in pulse-burst mode. In the burst
mode, separate pulse jets are created by each burst. The advantage of this approach is
the ability to visualize two-dimensional 2D, laminar, low speed, small, nonstationary
plasma induced jets. An advantage of studies with quiescent air is that it is possible

to observe some features of the induced flow which otherwise would be washed out
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by an external flow. A numerical model based on the 2D Navier- Stokes equations
predicts similar structures and allows us to extrapolate the entire flow pattern by
matching the schlieren images of a single vortex. The numerical modeling also allows
us to infer the magnitude of the body forces exerted by the DBD actuator on the gas.

As will be discussed in the chapter, the schlieren imaging in the pulse-burst mode
demonstrated that the DBD actuator produces vortices. Note that similar structures
have been observed in DBD experiments using smoke visualization, [39], with schlieren
technique, [40], in DBD induced flow numerical simulations,[41, 42] and also in plane
wall jet experiments and numerical simulations, [43, 44, 45]. However, in this work,
we demonstrate that the strength of the vortices and frequency of their generation

can be controlled by the voltage waveform, which has practical implications.

3.2 Experimental setup

DBD plasma actuator used for schlieren experiments consisted of two electrodes
placed asymmetrically on either side of the dielectric, with one electrode encapsu-
lated, and the other exposed to the atmospheric air, as shown in Figure 1.5. The
electrodes were made of 100 um thick copper foil. The width of the electrodes was
equal to 25 mm and their spanwise dimension was 50 mm. A 100 pm thick kapton
tape was used as the dielectric. The discharge was ignited by applying high voltage
to one of the electrodes. The other electrode was grounded. The actuator was placed
inside a sealed cylindrical aluminum chamber 45 cm high and 40 c¢m in diameter to
eliminate the interaction between the plasma induced flow and air in the room. Side
windows of 10 ¢cm in diameter provided optical access to the actuator.

For the plasma actuator induced flow visualization we used a conventional schlieren
system Figure 3.1, [46], which consisted of a mercury lamp, a 50 pum pinhole, and two

lenses (FL=25 cm, D=6 cm). A vertical knife edge was located at the focus of the
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Figure 3.1: Schlieren system.

second lens. The image was projected on a ground glass screen and then captured
by a Princeton Scientific Instruments 4-D charge coupled device camera. The camera
took 28 consecutive images with 1 ms exposure time and no significant delay between

the images.

3.3 Navier-Stokes code

The schlieren technique provides the coupling between the theoretical investigation
of the plasma-gas interaction and the experiment. The plasma model predicts the
heating rate and the force exerted on the gas. The output parameters from the
plasma calculations can be then used as an input for the time-accurate numerical
computational fluid dynamics CFD model based on 2D Navier-Stokes equations. The
experiments showed, Figure 3.2, that the DBD actuator run in pulse-burst mode
generates periodic wall jets which evolve into vortical structures. The numerical
model predicts similar vortical structures and allows us to restore the entire flow
pattern by matching the schlieren images of a single vortex.

A numerical code to simulate DBD induced flow at the experimental conditions

was developed by Likhanskii, [47]. The 2D Navier—Stokes equations were solved
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Figure 3.2: An example of experimental left and simulated right schlieren images of
the DBD plasma jets. The images are 20 by 10 mm? each and correspond to 7, 14,
and 21 ms after the burst start.

using second order accurate MacCormack scheme, [48]. The computational domain
was 5x2 cm?. The time step was determined by the Courant-Friedrichs-Lewy (CFL)
condition. The modeling has been performed for quiescent air at initial temperature
of 300 K. The gas constants have been taken from Anderson, [48]. The dielectric
surface temperature 1 mm downstream from the exposed electrode was considered to
be 350 K. The plasma region was assumed to be 100x500 pm?. The force on the gas
was considered to act only in horizontal direction downstream and to be uniformly
distributed in the interaction region. In the simulations, the force magnitude and

heating in the interaction region were varied.
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3.4 Results

Consider the flow induced by the DBD plasma actuator in pulse-burst mode. When
the DBD is on, the gas in the interaction region is being heated and receives momen-
tum in the downstream direction from left to right. The motion of the gas generates
a pressure gradient in the vicinity of the interaction region. The gas is being sucked
in that region from the left and from above, creating an upstream vorticity. At the
same time another vortex is generated by the induced gas jet as seen in Figure 3.3.
There are important differences between the two vortices. One of them is the sign
of vorticity. The vorticities of upstream and downstream vortices are negative and
positive, respectively. Another principal difference is the gas density in these vortices.
The upstream vortex involves motion of the quiescent air at room temperature, thus
its temperature is constant. In contrast, the downstream vortex is generated due to
the motion of heated gas jet. Thus, it is characterized by well-defined temperature
and density profiles. In the schlieren experiments on DBD induced flow, only density
gradients can be visualized, i.e., the downstream vortex is observed and the upstream
one is not detected.

These results can be important in theoretical investigations of the flow separation
control using DBD: the gas flow will interact not only with the observed downstream
vortex but also with the hidden upstream one. Representative examples of such
vortical structures, both experimental and reproduced in the numerical modeling, are
shown in Figure 3.2. By comparing the experimental and computational results, it
was thus possible to reconstruct the entire evolving flow pattern and to infer both
the induced velocity field and the magnitude of plasma induced body force. For this
example the motion of the vortex was around 0.5 m/s 17 mm downstream and that
was driven by a surface jet with a velocity of 7 m/s in the plasma vicinity.

Likhanskii et al, [49, 50, 51, 47], calculated the integral momentum transferred to
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Figure 3.3: Air density and velocity distribution 14 ms after the burst.

the gas by means of positive and negative nanosecond pulses with dc bias, as well as
the heating rate in the interaction region. We have now extracted that data and used
it as an input to the Navier—Stokes solver. An important assumption in the modeling
was that there are no saturation effects due to surface charging. The pulser was
considered to operate at 500 kHz repetition rate. The computed vortex propagation
velocity as a function of distance from the exposed electrode is shown in Figure 3.4.
Taking the results for momentum transfer from [50, 51| for positive 3 kV pulses 4 ns
FWHM with 1 kV dc bias and distributing it equally in he interaction region, we get

the force in that region, 1.4x 105 N/m3. The numerical results for this calculation are
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Figure 3.4: Vortex propagation velocity as a function of the distance from DBD at
different forces in the interaction region. The maximum velocities of the induced flow
at the vicinity of interaction region are designated as max flow velocities”.

between the green round and blue square data points in Figure 3.4. The other curves
correspond to the different force magnitudes in the interaction region at constant
heating rate. It can be clearly seen that the translational vortex velocity significantly
drops with the propagation along the surface. This fact is very important, since
using the schlieren technique in the experiments we can extract the density gradients
at several temporal points and thus determine the vortex propagation speed. The
developed model thus allows inferring the induced flow velocity right at the edge

of the plasma and the force magnitude in the interaction region by matching the
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experimental pictures with numerically obtained ones. The effect of heating was
also investigated; however, the results showed that the vortex size has almost no
dependence on the heating in the interaction region. Only the temperature of the
gas within the vortex varies. Note that the gas temperature cannot be measured by
the schlieren technique, and additional measurements with other techniques should
be used to provide an additional insight into the plasma-flow interaction.

In the experiment the pulser was run in burst mode at 50 kHz PRR and 50%
duty cycle, giving 10 ms bursts with 500 pulses in each burst every 20 ms. The pulse
voltage was 5 kV. In addition 2 kV bias voltage was applied to the electrodes.

To examine experimentally how the actuator induced flow speed depends on the
constant bias voltage, we ran experiments with fixed pulse voltage and different bias
voltages, as shown in Figure 3.5. The vortex translational speed versus downstream
coordinate at different bias voltages is shown in Figure 3.6 for both polarities of the
pulses. The experiments showed that in the case of negative pulses there is only
a weak, within the error bars, dependence of the induced flow velocity on the bias
voltage. Bias voltage of either polarity increased the induced jet speed only slightly.
For the positive pulses, there was no clear dependence on the bias voltage. These
results did not agree with the expectations based on the numerical plasma model that
predicted significant increase in the induced flow velocity with the bias voltage.

However, during the experiment, an interesting phenomenon was noticed: a rapid
switch of the bias polarity increased the jet velocity for the first several pulse bursts.
To observe the details of the first vortices after the bias switch, the camera was
triggered at the very beginning of every run so that it captured the first bursts. The
actuator was thus run at some value of the bias voltage for 5 s, and then the pulses
were turned off. After 10 s off, the pulses were turned on again, and the first two

bursts of this second run was captured. This second run was done at either the same
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Figure 3.5: Varying the bias voltage in constant bias experiments. The pulse voltage
is unchanged, thus change in bias voltage leads to the same change in the peak voltage.
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Figure 3.6: The induced flow speed vs distance at different constant bias voltages.
The error bar is 0.04 m/s.

or a different value of the bias voltage compared to the first run. As in the previous
experiments, the pulser was run in burst mode at 50 kHz PRR and 50% duty cycle,
giving 10 ms bursts with 500 pulses in each burst every 20 ms. The pulse voltage was
5 kV, and the bias voltage was changed from -2 to 42 kV. The results are presented
in Figure 3.7.

Columns represent images taken 7, 14, and 21 ms after the burst started. Different
rows represent different biases. The electrode arrangement is indicated. The results
show that switching the polarity of the bias voltage has a dramatic effect on the DBD

operation: much faster jets and vortices are generated compared to the constant bias
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Figure 3.7: Bias voltage switch experiments. The columns represent images taken 7,
14, and 21 ms after the burst started. The bias and pulse polarities are indicated.
The results are presented for 5 kV negative pulses, 50 kHz, 50% duty cycle. The bias
voltage was +/2 kV. The view field is 20 by 10 mm?.

cases. An interesting feature can also be observed when switching from positive to
negative bias with negative pulses. The induced wall jet from the first burst moves
off the surface and then returns back, what looks like a jump. The jet created by
the following (second after the bias switch) burst, however, does not jump anymore.
The location of the jump is around the region where the plasma ends. In the case
of positive pulses, a similar jump can be observed when switching from negative to
positive bias voltage. In addition, in that case the second vortex also jumps. The
same behavior was observed during switches from 2 to 0, 0 to 2, 0 to +2, and +2 to 0
kV for both polarities of the pulses. However, the jet velocity increase and the jump
were not as strong as in the cases of switching between negative and positive polarities
of the bias voltage. A likely explanation for the observed behavior is accumulation of
surface charge on the dielectric. During the run, the dielectric surface is charged, and
shielding of the applied bias electric field occurs, reducing the force on the gas and

the jet velocity. This explains why in the first series of experiments the effect was
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determined by the difference between the peak voltage and the bias voltage and not
so much by the peak voltage or the bias voltage separately. Switching the polarity
of the bias removes the surface charge and enhances the actuator performance for a
short time, until the surface charge builds up again. One reason for the jump behavior
could be an interaction of residual space charge with the surface charge. More studies

on this subject were done and are presented in Chapter 4.

10 sec 10 sec

20 sec 20 sec

60 sec 60 sec
discharged discharged
(wiped) (wiped)

First run of the 0KV = 22 KV

day

Figure 3.8: Surface wipe experiments. The experiments were done for 0 kV left
column and +2 kV right column bias voltages with 5 kV, 50 kHz, 50% duty cycle
positive pulses and time delays of 10, 20, and 60 s. Wiped runs were done with 10
s time delay during which the charge was removed from the surface by a grounded
wet cloth. The last picture in the left column shows the very first run of the day,
when the surface was still charge-free. The last picture in the right column shows a
bias switch experiment in which the bias voltage was changed from 0 to +2 kV. The
images were taken 12 ms after the burst start. The field of view of each image is 20
by 10 mm?.
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To check if there really is a surface charge accumulated on the dielectric, the
next set of experiments was conducted. The conditions were similar to the previous
experiments. First the actuator was run for 5 s. Then after some time being off it was
run again without switching the bias voltage. The first burst of the second run was
captured. The aim was to see how the generated vortex depends on the time delay
between the runs. The experiments were done for 2, 0, and +2 kV bias voltages with
5 kV, 50 kHz, 50% duty cycle positive pulses and time delays of 10, 20, and 60 s.
Another run was done with 10 s time delay during which the charge was removed from
the surface. The surface charge removal was done with a wet grounded cloth. The
water provided a good contact with the entire surface, and after a wipe the surface
was slightly wet and quickly dried out by itself. The whole procedure took less then
10 s at the end of which the surface was dry and discharged. Wiping the surface
with a dry cloth to remove the water might lead to the surface charging through
friction. The results are presented in Figure 3.8. It is seen that the vortex-generating
performance persists for the times up to 1 minute. If the observed behavior was due
to some heating effects, there would not have been such a long hysteresis as 1 minute.
This provides evidence in favor of the surface charge. Also the wiped-surface runs
with bias look like a switch from zero bias voltage. This shows that the effect does
occur due to the surface charge which depends on the bias voltage. It can be seen that
the vortex is very similar to the one from the wiped-surface run, which means that
both the wipe and the run at kV bias voltage discharge the surface. Again, it can be
seen that the surface charge shields the applied bias voltage. However, if the surface
charge is removed, the plasma feels the bias voltage, but only until the new charge
builds up on the dielectric surface. It was not possible to conduct similar experiments
with the negative pulses. As mentioned above, the bias voltage was applied to the

same electrode as the pulses, i.e., for the negative pulses that would be the exposed
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electrode. Manually wiping the surface to remove the charge in the close vicinity of
the electrode at a few kilovolts potential would be unsafe.

Since the jet-enhancement effect disappears as soon as the charge builds up on
the dielectric and shields the bias field, to let the effect go on continuously, one
needs to keep switching the bias. Thus, a new voltage waveform was used in the
subsequent experiments: high-voltage sinusoidal signal 2.6 kV peak to peak, 60 Hz
plus nanosecond pulses 50 kHz, 5 kV, positive or negative. Three versions of the

voltage waveform were examined:

100% duty cycle pulses + sinusoidal bias voltage,

50% duty cycle pulses, bursts near the peaks of the sinusoidal voltage + sinu-

soidal bias voltage,

50% duty cycle pulses, bursts at the slopes of the sinusoidal voltage + sinusoidal

bias voltage,

50% duty cycle pulses with no bias

Since this set of experiments involved 60 Hz sinusoidal signal, a new modulation
of the pulses had to be used. The pulses were generated in bursts with 208 pulses
per burst and 120 bursts per second. The results are presented in Figure 3.9. From
the experimental results we can see that the sinusoidal bias significantly improves the
actuator performance. The jet speed increases from 30 cm/s near the discharge in
case d) to 80 cm/s at 10 mm downstream in the case a). Thus, even a relatively low
bias voltage 1.3 kV compared to 5 kV pulses has a great effect on the DBD actuator
operation. Note that the bias voltage itself could not ignite the plasma in the absence
of the pulses. Also, vortices are still observed in case a) despite the fact that the pulses

are on all the time. This means that the induced wall jet speed strongly depends on
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Figure 3.9: Nanosecond pulses combined with sinusoidal bias voltage. 5 kV, 50 kHz
positive left column and negative right column pulses combined with 2.6 kV peak-

to-peak 60 Hz sinusoidal bias voltage. The field of view of each image is 20 by 10

IIlIl’l2 .

instantaneous bias voltage as well as on the surface charge on the dielectric. In
addition, bursts at different bias voltages, are different. The vortex speed and size
depend on whether it was generated during positive/negative bias/slope of the bias
voltage.

For further investigation we selected a voltage waveform with pulses near the
peaks of the bias voltage, since this waveform was more effective than the one with
the pulse bursts at the bias voltage slopes. Additionally, with this waveform, it can
be determined unambiguously which burst the vortex came from, which makes the
data easier to interpret.

As a baseline voltage waveform, we chose 5 kV pulses at 50 kHz and 50% duty
cycle near the peaks of a 10 kV peak-to-peak 60 Hz sinusoidal bias voltage. Then
varying one of the parameters at a time, the bias voltage, pulse voltage, and repetition

rate, we observed the vortices for each polarity of the pulses. As mentioned above,
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Figure 3.10: Vortex speed vs distance for different PRRs with positive polarity of the
pulses. The schlieren images were taken at the same moment of time for 20, 50, and
100 kHz. A slow vortex is created by a jet from positive bias half-cycle, then from
5-7 mm it is accelerated by a jet from the negative bias half-cycle burst. The field of
view of each schlieren image is 20 by 10 mm?.

the vortices coming out of different bias half-cycles differ in speed and size. Thus
plots for both kinds of vortices are presented in the figures when possible.

Consider, first, the actuator performance dependence on pulse repetition rate
(PRR) for positive pulses Figure 3.10. The vortex coming out of the positive bias
half-cycle is slow. It has not moved far away from the plasma region by the time
the next vortex appears. The next vortex, which comes out of the negative bias
have-cycle, is very fast. It actually does not evolve into a vortex immediately; it is
still in its jet phase and thus is hard to notice. Then, upon collision with the earlier
generated slow vortex, it also becomes a vortex. Thus, actually there is only one
vortex in the schlieren image at a time. As seen in Figure 3.10, there is rather weak
dependence on the PRR.

The dependence of vortex parameters on PRR for negative pulses Figure 3.11

is different. The vortices created during the negative bias half-cycles consist of two
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Figure 3.11: Vortex speed vs distance for different PRRs with negative polarity of the
pulses. The schlieren images were taken at the same moment of time for 30, 50, and
70 kHz. In the bottom images, a vortex from the negative bias half-cycle is shown.
The vortex consists of two parts: head vortex and tail vortex. In the top image,
jet from positive bias half-cycle hitting the tail part of the negative vortex is shown.

The speed of the positive vortex greatly depends on the PRR, while the speed of the

negative one does not. The field of view of each schlieren image is 20 by 10 mm?.

parts. The head part is not observed for pulses repetition rate lower than 30 kHz. Its
speed is relatively high and does not depend on the PRR. The tail part is brighter
and much slower. The vortex created during positive bias half-cycle is faster. Its
speed strongly depends on the PRR, as seen in Figure 3.11.

The next parameter varied in the experiments was the pulse voltage. The results
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Figure 3.12: Vortex speed vs distance for different pulse voltages with positive polarity
of the pulses. The schlieren images were taken at the same moment of time for 3.3,
5.0, and 7.4 kV. In the top images, slow jet from positive bias half-cycle is shown. In
the bottom images, a vortex from the negative bias half-cycle is shown. The speed of
this vortex is high and depends strongly on the pulse voltage. In the pictures for 5.0
and 7.4 kV, this vortex is colliding with the positive one. The field of view of each
schlieren image is 20 by 10 mm?.

for the positive pulses are presented in Figure 3.12. The speed of positive i.e., gen-
erated during the positive half-cycle of the bias voltage vortices weakly depends on
the pulse voltage. However, their brightness temperature strongly depends on the
pulse voltage. The pulse voltage has a dramatic effect on the speed of negative i.e.,

generated during the negative half-cycle of the bias voltage vortices.
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Figure 3.13: Vortex speed vs distance for different pulse voltages with negative po-
larity of the pulses. The schlieren images were taken at the same moment of time
for 3.3, 5.0, and 7.4 kV. In the top images, jet from positive bias half-cycle is shown.
In the bottom images, a jet from the negative bias half-cycle is shown, consisting of
two parts: head vortex and tail vortex. There is no dependence of the speed of the
vortices on the pulse voltage. The field of view of each schlieren image is 20 by 10

IIlIIl2 .

For the negative polarity of the pulses, the vortex speed is quite high, and the
only effect of the higher pulse voltage is stronger heating. The details are shown in
Figure 3.13.

Among all the parameters, the sinusoidal bias voltage has perhaps the strongest

influence on the DBD plasma actuator operation. The results for the positive pulses
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Figure 3.14: Vortex speed vs distance for different peak-to-peak sinusoidal bias volt-
ages with positive polarity of the pulses. The schlieren images were taken at the same
moment of time for 5, 10, and 13 kV. In the top images, a slow jet from positive bias
half-cycle is shown; when a strong jet from the negative half-cycle arrives, it pushes
the positive jet forward, which explains the acceleration in 6-11 mm range. In the
bottom images, a vortex from the negative bias half-cycle is shown. Its speed is high
and strongly depends on the pulse voltage. In the pictures for 5.0 kV, the collision is
still in progress, which explains the complex shape of the vortex. The field of view of
each schlieren image is 20 by 10 mm?.

are presented in Figure 3.14. Again, positive vortices are rather slow, and it is unclear
if changing the bias voltage has any effect on them because they propagate only
several millimeters before the vortices from the negative bias half-cycles hit them

from behind. The speed of vortices from the negative half-cycles depends strongly on
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Figure 3.15: Vortex speed vs distance for different peak-to-peak sinusoidal bias volt-
ages with negative polarity of the pulses. The schlieren images were taken at the
same moment of time for 5, 10, and 13 kV. In the top images, jet from positive bias
half-cycle is shown. The vortex speed strongly depends on the negative pulse voltage.
The field of view of each schlieren image is 20 by 10 mm?. The circle in the images
is due to water condensation in the camera.

the bias voltage.
For negative pulses, the increase in bias voltage leads to a significant increase in
effect in both half-cycles of the bias voltage. The results are presented in Figure 3.15.
Starting from 5 kV peak-to-peak bias voltage, self-sustained discharge was ignited
in the absence of the high voltage pulses. This discharge could remove the surface

charge by itself. Since positive pulses create a strong force on the gas only during
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the negative bias half-cycle, it was interesting to check if it is still important to have
pulse bursts during the positive half-cycle of the bias. Thus experiments were run
with the pulses during half-cycles of one polarity only. The voltage waveforms are

shown in Figure 3.16.

M\ﬁ)mﬂ oW N

c) d)

Figure 3.16: Voltage profiles with pulses near the bias voltage peaks of one polarity
only.

The results of the experiments are shown in Figure 3.17. It can be seen that in
the absence of the pulse burst during the other half-cycle, the induced wall jet speed
becomes two to three times lower in all cases. This means that although some of the
pulse bursts do not create a strong wall jet, they still play an important role in the
DBD operation. Their task is to discharge/recharge the dielectric surface and thus
to increase the efficiency of the other bursts. The experiments also clearly show that
the wall jets induced by negative pulses evolve into two-vortex formations, whereas
the ones from the positive pulses do not. The mechanism of this behavior should be

investigated in future studies.
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Figure 3.17: Vortex speed vs distance for different voltage waveforms, see Fig. 20. The
schlieren images were taken at the same moment of time for pulses during negative
half-cycle only, both half-cycles, and positive half-cycle only. The field of view of each

schlieren image is 20 by 10 mm?.

3.5 Summary

We have used a burst mode of plasma actuator operation in conjunction with non-

intrusive schlieren diagnostic of the actuator induced flows in quiescent gas. With
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this technique, the DBD actuator was observed to generate periodic pulsed wall jets
that evolve into vortices. Parametric studies of the vortex speed and size versus pa-
rameters of the waveform pulses in repetitive-burst mode plus dc or ac bias voltage
were performed. Matching 2D numerical fluid modeling to the experimental results
allowed us to infer the magnitude of plasma-generated body force exerted on the gas.
The knowledge of the body force magnitude can then be used to compute the entire
flow field in both burst and continuous modes of plasma actuator operation.

The experiments showed that although repetitive short pulses do efficiently gen-
erate the plasma, a dc bias voltage cannot push the gas efficiently because the charge
buildup on the dielectric surface shields the applied dc electric field. To remove the
surface charge, periodic switching of the bias voltage polarity is required. Thus, we
proposed a new voltage waveform, consisting of high-voltage nanosecond repetitive
pulses superimposed on a high-voltage low frequency sinusoidal or square-wave bias
voltage. The advantages of the new voltage waveform in significantly enhancing the
wall lets and the vortices have been demonstrated experimentally.

Note that in conventional DBD actuators driven by sinusoidal voltages, ionizing
pulses streamer breakdowns also occur, but the magnitude and frequency of those
ionizing pulses depend entirely on the parameters of the sinusoidal driving voltage.
In contrast, we proposed and used what is essentially non-self-sustained discharge:
the plasma is generated by repetitive short pulses, and the pushing of the gas occurs
primarily due to the low frequency bias voltage. The advantage of this non-self-
sustained discharge is that the parameters of ionizing pulses and the driving bias
voltage can be varied independently, which adds flexibility to control and optimization

of the actuator performance.
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Chapter 4

Surface Charge in DBD Plasma

Actuators

Schlieren experiments presented in Chapter 3 reveal a significant charge build up
at the dielectric surface which have a big impact on the DBD plasma actuator per-
formance. It appears that the surface charge shields the applied bias voltage that
otherwise pushes the gas. To verify this hypothesis direct measurements of the di-
electric surface potential, its distribution and dynamics are required.

This Chapter presents results of the direct measurements of the dielectric surface
potential and its dynamics in asymmetric dielectric barrier discharge (DBD) plasma
actuators. It is shown that the charge builds up at the dielectric surface and extends
far downstream of the plasma. The surface charge persists for a long time (tens of
minutes) after the driving voltage has been turned off. For a sinusoidal voltage wave-
form, the dielectric surface charges positively. With the voltage waveform consisting
of nanosecond pulses superimposed on a dc bias, the sign of the dielectric surface
charge is the same as the sign (polarity) of the bias voltage. A simplified numerical
model showed a good agreement with the experimental data. This confirms that the

surface charge is deposited by the ions which drift from the plasma region to the
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dielectric surface in the applied bias field. The surface charging significantly affects

DBD plasma actuator performance.

4.1 Introduction

It is understood that electric charge deposition on the dielectric surface limits the
current and thus allows operation of nonequilibrium discharges at atmospheric pres-
sure. The important role of the surface charge and its finite relaxation time (the
“memory voltage”) in the discharge physics was pointed out by Massines et al, [52],
and Gadri , [53], for the parallel plate DBD configuration, and by Roth et al., [54]
for One Atmosphere Uniform Glow Discharge Plasma (OAUGDP). Since the surface
charge plays an important role in DBD physics, it warrants a special study. In the
work of Font et al., [55], the surface potential in a DBD driven by sinusoidal voltage
was measured using a V-dot probe technique, and the voltage across the plasma was
shown to be less than half of that which is applied across the electrodes. Recently the
same group, [56] presented the time evolution and the spatial extent of the surface
potential. In this Chapter, we describe electrostatic voltmeter measurements of sur-
face charge in DBD plasma actuators driven by various voltage profiles, most notably
by pulses plus dc bias but also by sinusoidal voltages. The results for the sinusoidal
profile recently reported by Enloe et al., [56] are consistent with our results. For
sinusoidal voltages the two approaches are mutually complementary since Enloe et

al. measured the surface potential using a different method.

4.2 Electrostatic voltmeter

For non-intrusive surface potential measurements we used the Trek Model 247-3 Elec-

trostatic Voltmeter with Trek Model 6000B-13C Electrostatic Voltmeter Probe, Fig-
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ure 4.1. The probe has high resolution around 1 mm, fast response time less than 3
ms for a 1 kV step, and an operating range from 0 to 3 kV dc or peak ac.

A test run was done to verify the probe’s spacial resolution. To do that 1 kV dc
voltage was applied to the actuator’s top electrode, the encapsulated electrode was
grounded. Such configuration gives a step-function-like distribution of potential along
the surface. The result of testing is shown at Figure 4.1. It shows that the resolution

of the given probe is around 1 mm.
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Figure 4.1: Electrostatic voltmeter and its spatial resolution.

The DBD plasma actuator used for these experiments was the same as in schlieren
experiments, see Figure 1.5. It was made of copper foil electrodes and 100 pm thick
kapton tape. The width of the electrodes was equal to 25 mm and their spanwise
dimension was 75 mm. A 100 pm thick kapton tape was used as the dielectric. The
discharge was ignited by applying high voltage to one of the electrodes. The other

electrode was grounded.
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4.3 Numerical model

In order to enable simulations of actual experiments, a simplified numerical model was
developed. The original numerical model developed by A. Likhanskii, [49, 51, 47], was
derived from the first principles and incorporated full plasma kinetics for electrons
and both positive and negative ions coupled with the electric potential and surface
processes. This model requires a very long computational time to calculate even
several pulses. In this model, the time step was defined from the Courant-Friedrichs-
Lewy (CFL) condition for electrons. However, during most of the voltage cycle (the
time between the pulses and even a significant portion of the pulse), the electron
number density is very low, and the plasma consists predominantly of ions. This
enables significant simplification of the model, making it much faster, but still valid
qualitatively. By setting the CFL condition defined by the slow ions when the electron

density falls below a certain threshold, the computations were made much faster.

5 mm

100 1m

| 100 um

2 mim
5 mun 15 mm

Figure 4.2: Computational domain for surface charge build up.

The modeling was performed for sea-level atmospheric air at room temperature.
Air chemistry was not considered in details. The plasma was considered as a three-

fluid mixture, consisting of neutrals, and positive and negative ions. The plasma
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kinetics included only ion-ion recombination, and interaction with neutral gas was
modeled in the drift-diffusion approximation. These simplifications allowed increasing
the size of the computational domain from sub-millimeter to a practical size of 20 by
5 mm.

The breakdown phase and plasma formation were not calculated. Instead, it
was assumed that the breakdown produces uniform neutral ion-ion plasma of 2 by
0.1 mm with an ion number density of 10® cm™3, Figure 4.2. The values of the
plasma dimensions and ion number density were taken according to the results of the
original full model. The uniformity of charge distribution and charge neutrality are
assumptions which are not exactly true and, as shown later, lead to some deviations
from the experimental results. The "pulses”, i.e. the ion-ion plasma production, were

applied at 10 kHz rate. 2 kV dc positive bias voltage was applied to the electrodes.

4.4 Results

4.4.1 Sinusoidal voltage experiments

First, experiments were conducted for the 3 kHz 10 kV peak-to-peak sinusoidal voltage
profile. Since the sinusoidal profile is widely used in DBD experiments, [4] it is
interesting to compare its surface potential distribution with the one obtained in
pulsed DBD.

The actuator was run for 15 seconds and then the surface potential was measured.
Each surface potential measurement was repeated five times. The standard deviation
is shown in the figures with a dash line. The result is presented in Figure 4.3, where
the distance is measured from the edge of the exposed electrode. The plasma extends
only a few millimeters downstream of the edge of the exposed electrode, whereas the

dielectric charge extends centimeters away from it, far downstream of the plasma.
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10kV peak-to-peak. Electrodes edge at 0. On the right, the same with 167 pF
capacitor in series with the plasma actuator.

The maximum surface potential 1.5 kV is comparable to the applied peak voltage 5
kV. This means that the electric field of the surface charge can significantly distort
the electric field produced by the voltage applied to the electrodes. Also, even though
the applied voltage is symmetrical sinusoidal with no bias voltage the time-averaged
surface charge has a positive polarity. This is possibly due to the much higher mobility
of electrons compared to positive ions which leads to a much higher electron current
into the exposed electrode during the positive half-cycle of the sinusoidal voltage
compared to the positive ion current into the exposed electrode during the negative
half cycle.

With this reasoning one might conclude that there is a net negative current into
the exposed electrode and positive current flow from the DBD to infinity. This picture
is consistent with results from two further experiments. In one, a 167 pF capacitor was
inserted in the circuit between the power supply and the exposed electrode. From
the results, presented in Figure 4.3, we can see that the potential of the exposed
electrode (negative values of distance) is negative and maximum positive potential

value decreased. It proves that on average there is a negative current to the exposed
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electrode.

0.6

0.4+

0.2

Suspended plate potential, kV

0.0+

Figure 4.4: Suspended plate in the induced
flow potential. A metallic plate put in the
induced flow 3 cm downstream gets pos-
itive charge S = 35 cm?. Applied volt-
age profile - sinusoidal 3kHz, 10kV peak-

to-peak.

In the second experiment a copper
plate was placed in the plasma induced
gas jet 3 cm downstream the plasma.
The plate was suspended in the air so
it did not touch the actuator, and an
electrostatic voltmeter was used to mon-
itor its potential versus time. The result
is shown in Figure 4.4. It can be seen
that the plate gains a significant pos-
itive potential 600 V. Similar behavior
is observed in asymmetric rf discharges,
where there is a positive current flux to
a virtual electrode at infinity, [57]. In
addition the role of positive and nega-

tive oxygen molecular ions in the plasma,

their attachment to the surface, and surface dominated mechanisms of charge build

up and charge removal may be important. These effects need to be further studied.

The persistence of surface charge far downstream of the plasma could be due

either to surface mobility of the charges or to deposition of the charges onto the

surface from the gas jet downstream of the plasma. Estimates show that while the

dielectric surface charge mobility is too low, the deposition of ions from the DBD-

generated tangential gas jet is likely to persist downstream of the plasma. Indeed, in

the DBD generated jet downstream of the visible plasma, plasma electrons, no longer

regenerated by ionization, rapidly in tens of nanoseconds recombine with positive

ions and attach to oxygen molecules, which results in an ion-ion plasma jet with an
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estimated ion-ion recombination time on the order of several milliseconds. At a jet
velocity of several m/s, this translates into several centimeters of ion-ion plasma and

thus into several centimeters of dielectric surface charge.

4.4.2 Pulses with dc bias experiments

In this set of experiments the voltage profile consisted of 3 kV 8-ns FWHM ionization
pulses superimposed on 2 kV dc bias voltage. The pulse repetition rate was 10 kHz
and the plasma was run for 10 s. The results of surface potential measurements are
presented in Figure 4.5. As in the case of a sinusoidal voltage, the charge builds up
far downstream the plasma region. As can be seen from Figure 4.5, the magnitude
of the surface potential is quite close to that of the bias voltage, while the magnitude
of the ionization pulse voltage has little effect.
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Figure 4.5: Surface potential distribution for positive (right) and negative (left) po-
larity of ionizing pulses. Applied voltage profile: 2 kV dc bias, 3 kV pulses at 10 kHz
PRR.

We next examined how quickly the surface charge builds up. At a selected dc
bias voltage, a predetermined number of pulses was sent to the actuator, and then
the surface potential was measured. Results for four possible combinations of pulses’

and biases’ polarities are shown at Figure 4.6. Even though for a small number of
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(top row), negative bias (bottom row). Applied voltage profile: 2 kV dc bias, 3 kV
pulses at 10 kHz PRR.

pulses the accuracy of the measurements is low, it can be seen that even a single pulse

creates a noticeable surface charge. As the number of pulses increases, the surface

charge builds up and moves farther away from the plasma. After thousands of pulses,

the surface charge is close to its steady-state value. We have also found that 2 kV bias

voltage itself builds up some surface charge at the dielectric. The charge is smaller

then the one built by a single pulse but is still significant.

We have also found that positive pulses added to positive bias are significantly

more efficient in depositing the charge on the surface than other combinations of the

pulse and bias polarities. This effect is illustrated in Figure 4.7.
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The purpose of the next set of ex-
periments was to study the evolution of
the surface charge with time after the
discharge has been turned off. The re-
sults for both polarities of the bias volt-
age are presented in Figure 4.8. The re-
sults show very similar potential distri-
bution for both signs of the charge. As
seen in Figure 4.8, the charge persists for
a very long time. In 30 min it depletes by
only 15%-20%. There is uniformly slow
charge depletion from the surface in the

region of low gradients of the charge con-

centration and a relatively fast depletion close to the exposed electrode in the region

of high gradients. The fact that the depletion occurs at the same rate for both positive

and negative charge is consistent with the charged particles at the dielectric surface

being positive and negative ions from the gas rather than electrons.
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_ An experiment was conducted with
Low-static Kapton tape

\\\\\\\ . a plasma actuator in which a conven-

IS S tional Kapton tape was substituted by

a lowstatic Kapton tape of the same

Surface potential, kV

0.04 —s.

thickness.[24] The results, see Figure 4.9,

Distance, mm show that the depletion rate is faster for
the low-static Kapton tape, but the char-
Figure 4.9: Surface potential versus time.

acteristic time is still of the order of tens

In this experiment low-static kapton tape
of minutes.

was used instead of conventional kapton
Note that Roth et al, [54], also ob-

tape.

served the slow depletion of the residual
surface charge on the dielectric after the driving voltage was turned off. The typical
time periods were up to 30 s, which is much shorter than the times we observed. This
difference is associated with the difference in dielectric materials and their conduc-

tivity, Roth et al used glass. A similar, about one minute, charge depletion time was

observed by us with MACOR dielectric.

4.4.3 Comparison to numerical simulation

The simulation shows that a positively charged ion cloud drifts downstream along the
electric field lines building the surface charge upon the dielectric. The negative ions
either recombine with the positive ions remaining in the plasma region or disappear
into the exposed electrode. Figure 4.10 presents comparison of the evolution of the
surface charge obtained numerically and experimentally. First, we can notice that
the charge profiles look the same in both cases. In the beginning, the surface charge
builds up in the plasma region mostly. When the surface charge builds up to such

a level that it distorts the applied electric field it starts building up downstream.
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In both cases, the rate of charge built up decreases with a number of the applied
pulses. The computed steady state density of surface charge agrees well with the
experimental value. It corresponds to a value at which the applied bias voltage is

shielded by the surface charge.
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Figure 4.10: Surface build up: simulation (left) vs. experiment (right)

Of course, the assumptions about uniformity and neutrality of the ion-ion plasma
introduce some error. As a consequence, the numerical model underpredicts the
amount of charge deposited by the first several pulses. Also, the experiment shows

that the surface charge extends farther downstream than the model predicts.

4.5 Three-electrode DBD configuration

One of the numerical results published by Likhanskii et al in 2006, [49], was a predic-
tion of efficient operation of DBD plasma actuator driven by short repetitive pulses
superimposed on DC positive bias voltage. Schlieren experiments described in Chap-
ter 3 did not confirm this prediction. The reason was found to be the surface charge
build-up which shields the applied bias field. As a solution it was proposed to switch

the bias periodically.

NASA/CR—2012-217655 72



— Positive bias,
2. Negative pulses
—— Negative bias,
Negative pulses

Top electrode Discharge area

Surface potential, kV
o

14
\\ / dielectric ends

[ ¢
. . - R T T
Dielectric material [/ 4 2 0 2 4 6 8 10 12 14 16
Lower electrode

Distance, mm

Figure 4.11: Modified DBD plasma actuator and surface potential distribution in it.

In this chapter we found that the surface charge builds up far downstream from
the plasma. We therefore propose a modification to the actuator configuration. The
dielectric covers only part of the lower electrode, for example half of an inch, leaving
the rest of the electrode (another half of an inch) exposed, as shown in Figure 4.11.
In such a case the surface charge can not build up far downstream and the DC bias
voltage is not shielded. Indeed, the surface potential measurements, presented at Fig-
ure 4.11, show the modified charge distribution and suggest that the bias component
of the electric field never gets shielded. One of advantages of such an actuator is a
simpler bias voltage profile (dc but not ac). One should be careful with applying too
high voltages, which can lead to an arcing over the dielectric. Use of a current limited
power supply or an high resistance/inductance connected in series with the actuator
might alleviate this problem.

Note that if a relatively thick dielectric layer is used, then simply cutting the
dielectric layer off over a part of the lower electrode would produce a "step” which
can be detrimental to aerodynamic drag. A simple modification of the idea would then
be to put a third electrode on the surface and to electrically connect this electrode

with the encapsulated electrode, rather than cutting the dielectric off.
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The three-electrode DBD configuration resembles that of the sliding discharge,
[58, 59, 60]. However, in sliding discharges the plasma actually reaches both exposed
electrodes. In contrast, in the three-electrode DBD discharge proposed here, the
electrons would not reach the auxiliary electrode whose purpose is simply to reduce

or eliminate the charge accumulation on the dielectric surface.

4.6 Summary

In this chapter, surface charge dynamics in DBD plasma actuators was studied. Di-
rect measurements of the dielectric surface potential and its dynamics in asymmetric
dielectric barrier discharge DBD plasma actuators show that the charge builds up at
the dielectric surface and extends far downstream of the plasma. The electric field
of the surface charge can dramatically distort the field produced by the voltage ap-
plied to the electrodes and thus reduce the actuator performance. The surface charge
persists for a long time tens of minutes after the driving voltage has been turned off.
For a sinusoidal voltage waveform, the dielectric surface charges positively. With the
voltage waveform consisting of nanosecond pulses superimposed on a dc bias, the sign
of the dielectric surface charge is the same as the sign polarity of the bias voltage.
A simplified numerical model has been developed for the surface charge evolution.
A good agreement of the modeling with the experimental data has been demonstrated,
including evolution of the surface charge, rate of its buildup, and the charge profile
shape. This provides evidence that the surface charge is deposited by the ions which
drift from the plasma region to the dielectric surface in the applied bias field, and
not through the surface conductivity. Some deviations seen when comparing the
modeling results with the measurements are due to the assumptions made to simplify

the model, particularly the uniformity and neutrality of the initial ion-ion plasma.
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Chapter 5

Thrust Measurements

In this chapter DBD plasma actuators driven by repetitive nanosecond pulses added
to dc or low frequency bias voltage are studied, and parametric results of plasma-
induced thrust versus voltage profile parameters are presented. The results of the
thrust measurements agree with schlieren visualization results obtained earlier and
indicate that dielectric surface charge plays a major role in the thrust production.
In addition, two new configuration of the DBD plasma actuators are proposed an
asymmetric DBD plasma actuator with a slightly conductive dielectric and a DBD
plasma actuator with a slightly conductive silicon coating. Two materials that have
been considered as slightly conductive dielectrics — zinc oxide and linen based phenolic,
show some promise, but one is too conductive, and the other too resistive. Regarding
silicon coated DBD, experiments on the produced force and its dependence on the
driving voltage and coating parameters are performed. It is shown that the new
configuration of the plasma actuator suppresses charge buildup and that it can be

efficiently driven by a dc voltage only.
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5.1 Introduction

In Chapter 3, the schlieren technique is used to evaluate the plasma actuator perfor-
mance. This approach is totally non-intrusive and permits studies of the induced flow
structure. However, direct plasma-induced thrust measurements are more convenient,
because, although not revealing the details of the induced flow, such measurements
yield the body force which, when inserted into the equations of fluid dynamics, allows
one to model the entire flow. Also, the thrust measurements can be used to verify
results obtained by the schlieren experiments. The force measurements for DBD were
performed before [15, 29, 61|, but we used another voltage profile, namely nanosecond
pulses added to dc bias voltage. In this Chapter, a comparison of the DBD thrust

driven by different voltage profiles including a time varying bias is made.

5.2 Thrust stand

A PL303 Mettler Toledo balance was used in the experiments. The maximum capacity
of the balance is 310 g, readability - 0.001 g, typical settling time 3 s. Difficulties
with such experiments are that the balance is electrically operated, and nanosecond
pulses used for driving the DBD create a lot of electro-magnetic noise. This noise
distorts the force readings significantly. A Faraday cage was constructed to shield
the balance as shown at the Figure 5.1. It is mounted on optical table and consists
of four aluminum plates (with a hole for the post in the top plate) and one copper
grid. The actuator is mounted on a dielectric post. It was found experimentally that
instrumental error of the thrust stand was 3 mg.

A set of experiments was conducted in order to verify the accuracy of the measure-
ments. First of all, we confirmed that the connecting wires do not alter the readings.

This was done by placing a known weight on top of the actuator with connected wires.
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Figure 5.1: Thrust stand.

The weights ranged from 5 mg to 50 g and the error introduced by the connecting
wires was not more that 1 mg, i.e. within the reading accuracy of the balance. Also
it was noticed that the balance did not measure weights less then 5 mg. Second, the
fact that electro-magnetic noise created by the discharge does not affect the readings
was checked by fixing the actuator (so it did not act on the balance) and running

the plasma. The balance readings remained zero when the plasma was ON. Third,
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the actuator was mounted upside down and observed to create the same force on the
balance but in the opposite direction. Thus we can conclude that the setup works
properly and measures the actuator induced thrust.

Each set of data was taken the same day to exclude air humidity variations men-
tioned in the Introduction. Each measurement was done three to five times and the

result were found to be very repeatable as long as taken close in time.

5.3 Results

5.3.1 AC bias

Schlieren visualization presented in Chapter 3 has demonstrated that running DBD
plasma actuator with nanosecond pulses added to alternating bias voltage is an effec-
tive way to couple momentum into the gas. This configuration of the actuator was
also tested on a thrust stand.

In these experiments the same plasma actuator as for schlieren visualization is
used. It consists of two electrodes placed asymmetrically on either side of a thin
dielectric, with one electrode encapsulated, and the other exposed to the atmospheric
air as shown at Figure 1.5. The electrodes are made of copper foil. The width of
the electrodes was equal to 25 mm and their spanwise dimension was 75 mm. A 100
micron thick kapton tape was used as the dielectric in all experiments except where
noted. The discharge is ignited by applying high voltage to the top electrode. The
encapsulated electrode is grounded.

A comparison of different bias profiles was done. From the results presented in
Figure 5.2 we can see that rectangular wave bias profile provides the highest thrust.
The produced thrust correlates very well with the average of the absolute value of

bias voltage which is defined as % fOT | f(t)|dt, where T is period, and is proportional
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to 0.64 : 1 : 0.5: 0.5 : 0.5 for sinusoidal, rectangular, triangular, positive and
negative sawtooth respectively. The measured thrust is almost the same for both
polarities of the pulses. Some deviation from this rule is observed in the case of the
rectangular bias profile where negative pulses produce higher force. The question of
why the thrust of negative and positive pulses is different for the rectangular bias
and is the same for other bias profiles is still open. Based on these results, all further

experiments were conducted with rectangular bias voltage profile.
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Figure 5.2: Thrust for different bias profiles. Bias 10 kV peak-to-peak, 100 Hz; Pulses
3 kV, 25kHz.

The effect of bias positive and negative duty cycles was also investigated. In these

experiments the frequency and voltage of the bias profile were fixed and the relative
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time duration of positive and negative periods was varied. The results are presented
at Figure 5.3. For case of positive ionization pulses the optimum regime was found
to be when the bias is positive for less than 10% of the time and negative the other
time. For case of negative ionization pulses 50% duty cycle is most efficient one. The
results agree with ones obtained by means of schlieren visualization before, see Figure
3.14 for example. It was shown that in case of positive ionization pulses the plasma
actuator induced a very strong wall jet in the negative half cycle of bias voltage and
a relatively weak one in positive half cycle. In case of negative ionization pulses, the
induced wall jets of both half cycles are approximately of the same strength. It can
be due to difference in surface charge build up. The surface charge measurements
presented in Chapter 4 showed that positive pulses added to positive bias voltage
deposit more surface charge than any other combination of pulse and bias polarities,

see Figure 4.7.
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Figure 5.3: Thrust for different bias duty cycles. Bias: rectangular, 10 kV peak-to-
peak, 100 Hz; Pulses: 3 kV, 25kHz
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Also the effect of ionization pulse duty cycle was investigated. Keeping the total
number of ionization pulses the same we increased pulse repetition rate and decreased
the ON time. From the results shown at Figure 5.4 we can see that the uniform
distribution of pulse in time is most efficient. Reducing the duty cycle down to 50%

decreases the effect by 30%.
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Thrust, mN/m
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Pulses duty cycle, %

Figure 5.4: Thrust for different pulses duty cycles. Bias: rectangular, 10 kV peak-to-
peak, 100 Hz; Pulses: negative 3 kV, 25kHz

Thrust dependence on the pulse repetition rate, pulse voltage, bias frequency
and bias voltage was investigated. The results for both polarities of the pulses are
presented at Figure 5.5 and Figure 5.6. For these measurements a baseline was
chosen: bias voltage 10 kV peak-to-peak, 100 Hz frequency, rectangular, ionization
pulse voltage 3 kV at 25 kHz ionization pulse repetition rate in continuous mode.
Then one parameter at a time was varied. As can be seen from the figures, the
bias voltage has greatest impact on the induced thrust. An increase of the other

parameters also leads to an increase in force but not so fast. Note that the effect
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saturates with the bias frequency at around 50 Hz.
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5.3.2 Three-electrode configuration

Three-electrode configuration of DBD plasma actuator was proposed in Chapter 4 as
a solution to the surface charge problem. The solution is based on the fact that the

surface charge builds up far downstream from the plasma. It was shown that placing

a third electrode downstream mitigates the bias voltage shielding.

Plasma actuator used in the experiments is made of MACOR ceramic and copper
plates. The length of the actuator is 75 mm. The dielectric (MACOR) covers only part
(13 mm) of the lower electrode, leaving the rest (25 mm) of the electrode exposed, as

shown in Figure 5.7. In such a case, the surface charge cannot build up far downstream
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and the dc bias voltage is not shielded, as is shown in Figure 4.11.
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Figure 5.8: Thrust measurements in three-electrode DBD plasma actuator. Left is as
a function of pulse repetition rate with positive bias, Right is as a function of pulse
repetition rate with negative bias.

Thrust measurements for this configuration were performed and the results are
shown at Figure 5.8 and Figure 5.9. The voltage profile consisted of 7 kV 17 ns
(FWHM) negative pulses added to dc bias voltage. It can be seen that, similar to
the pulses plus ac bias configuration, the produced thrust strongly depends on bias

voltage and saturates with the pulse repetition rate.
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5.3.3 Slightly conductive dielectric configuration

The three-electrode configuration is simple but as voltage or pulse repetition rate
increases, a spark across the top and the bottom electrodes occurs. As one of the
solutions to avoid the spark, we propose to use a ”conductive” dielectric which will
deplete the surface charge in the time between the pulses. We looked for materials
with volume conductivity, which would allow depletion of the charge between the
pulses. The depletion time can be estimated using an RC analogy, see Figure 5.10.
As can be easily seen from Figure 5.10, the depletion time is t = RC , where
capacitance and resistance, which leads to C = €¢,S/d and resistance R = %, which
leads to 7 = €€p/o. For a pulse repetition rate of 10 kHz and € ~ 1 the bulk conduc-
tivity should be at least ¢ ~ 1077Ohm~' m~!. At the same time, the conductivity

cannot be too high.
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Figure 5.10: Surface charge depletion through the barrier and its RC representation.

3 mm thick, linen based phenolic and zinc oxide (ZnO) plates were used in the
experiments. It is known that conductivity of such type of materials can vary signifi-
cantly with the temperature, applied field, etc. The conductivity dependence on the
applied field at room temperature was measured experimentally and is presented in
Figure 5.11. The linen based phenolic conductivity was of the order of 5 x1071° - 1.5
%1072 Mho/m, for zinc oxide the range was 3 x10™* - 8 x10™* Mho,/m.
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Figure 5.11: Bulk conductivity vs applied electric field for linen based phenolic (left)
and zinc oxide (right).

The measurements were done by applying a known voltage to copper foil electrodes
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placed symmetrically on the opposite sides of the plates. The Trek Model 20/20C HV
Amplifier was used as the voltage source. Because the produced current was limited to
20 mA, the sample voltage applied to ZnO did not exceed 60 V, which is significantly
lower than a typical bias voltage applied in the DBD experiments. Therefore, zinc
oxide conductivity is expected to be much higher (one-two orders of magnitude) in
the experiments. Thus, neither of the materials’ conductivities is optimal one being

too high, the other too low.

Kapton tape Zn0 The experiments showed that be-
€ \ b /
\ cause of too high ZnO conductivity, it
C J

\
Electrodes was not possible to ignite the discharge

Figure 5.12: ZnO barrier plasma actuator. at the actuator. Thus, a Kapton tape

was placed under the top electrode to in-
sulate it from the plate as shown at Figure 5.12. This modification allowed igniting
the discharge using nanosecond repetitive pulses. As a significant bias voltage was
added, breakdown over the Kapton to the plate occurred. ZnO conductivity was
high enough to provide very fast surface charge depletion and cause the discharge
constriction thus making it not very convenient for further experiments.

The next set of experiments on thrust measurements was conducted using linen
based phenolic DBD plasmas actuator. First, a waveform consisting of 17 ns FWHM
negative pulses superimposed on positive bias voltage was studied.

The measured thrust dependence on the pulse voltage is shown in Figure 5.14. As
expected, the thrust increases as the pulse voltage goes up.

Thrust dependence on pulse duration was studied for the first time, and the results
are summarized in Figure 5.14. It was shown that for linen based phenolic plasma

actuator there is almost no dependence on the pulse polarity and duration, except

for 17 ns FWHM (longer) positive pulses that show lower efficiency.
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Figure 5.13: Thrust vs pulse repetition rate and bias voltage for linen based phenolic
DBD plasma actuator.
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Figure 5.14: Left - Thrust vs pulse voltage. Bias voltage: positive 10 kV; pulse
repetition rate: 10 kHz. Right - Thrust vs bias voltage for different pulse polarities
and durations.

5.3.4 DBD with partially conductive coating

Alternative approach to the charge depletion is to coat the surface with partially con-
ductive layer that bleeds the charge off. For these experiments the plasma actuators
consisted of a 1/16” Macor plate coated with silicon on one side and two electrodes
placed asymmetrically on either side, Figure 5.15. The electrodes were made of 100
micron thick copper foil. The width of the electrodes was equal to 17 and their span-

wise dimension was about 2”. The discharge was ignited by applying high voltage to
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Figure 5.15: DBD plasma actuator with slightly conductive coating (the dimensions
are highly exaggerated).

the top electrode. The lower electrode was grounded. The lower electrode was also
wrapped around the plates edge to ground the coating and provide the charge bleed-
off. It was covered with a Kapton tape to prevent arcing between the electrodes,
ensuring that all the charge is depleted through the coating only, and preventing the
discharge from passing around the sides to the lower side of the plate. The distance
between the electrodes on the top side of the dielectric was equal to 17, length of
exposed silicon coating was 3/4”.

Silicon layers were deposited using chemical vapor deposition technique and were
0.4, 3.5, and 17.8 micron thick. The resistance of the coatings of a fixed thickness
was measured in Ohms per square (or Ohm/0J). These units come from the fact
that resistance is proportional to the length and inversely proportional to the width.
Therefore, a coating of a square shape has resistance that depends on its thickness and
material conductivity only and does not depend on the size of the square. Assuming
silicon resistance equals to 640 Ohm-m [62], it corresponds to 2.5x 107, 2.8x10%, and
5.6x10” Ohm/0O. The actual resistance readings give somewhat different numbers:
7.5x108, 7.6x107, and 3.5x10” Ohm/J. The deviations might be due to existence
of impurities in the silicon, which have a dramatic effect on the conductivity, and the

strong temperature dependence of the conductivity of semiconductors. Also, as it
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was discovered later by Kortshagen et al in [63, 64], the silicon coating conductivity
can be changed over a wide range by luminosity.

An approach utilizing an RC analogy similar to one used before can be used to
estimate the optimal conductivity of the coating needed for charge depletion between
two sequential pulses, see Figure 5.17. The charge q on the surface equals to:

eegSL

9= U (5.1)

where S — width of the coating, L. — length of the actuator, U — surface potential. The

draining current equals to:

ULk

= 22"
pS

(5.2)

where h is the thickness of the silicon coating, p — bulk resistivity of the amorphous
silicon. From Equations 5.1 and 5.2 the optimum conductivity of the silicon coating
can be estimated:

p d

where v is the frequency of the applied pulses.

Assuming ey = 1, v = 10 kHz, W = 18 mm, the optimum conductivity o ~ 5.2x 10"
Mho /O, which close to the values of the conductivity of the tested samples.

Results of thrust measurements of the silicon coated DBD plasma actuators are
shown in Figure 5.17. Different colors represent different coating thicknesses and
different bias voltages and pulse polarities. Pulses were 17 ns FWHM long and had a
5 kV peak voltage. The pulse repetition rate was varied from 0 to 40 kHz. It can be
seen that all combinations of pulse/bias polarities and coating thicknesses give similar
values of thrust. As in other configurations of the actuators, the bias voltage has a

biggest effect on the produced force. Figure 5.17 shows the effect of pulse repetition
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Figure 5.16: Surface charge depletion through the coating and its RC representation.
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Figure 5.17: Thrust measurements for silicon coated DBD plasma actuator. Left -
vs. bias voltage, right - vs. pulse repetition rate. Voltage profile: 17 ns FWHM 5kV
pulses added to dc bias, PRR 0-40 kHz, bias voltage -10 - +10 kV.

rate. Again, as in other configurations of the actuators, the dependence is strong for
low PRRs and saturates about 20 kHz.

The effect of the pulse polarity on the DBD performance is shown in Figure 5.18.
It seems that both positive and negative pulses give comparable thrust values for the
same operating conditions.

It also was noticed that with the thin electrodes, between 1/3 and 1/2 of the thrust

is produced even in the absence of the ionizing pulses as shown by the solid circles in
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Figure 5.18: Left - produced thrust for different pulse polarities. Right - comparison
of silicon and carbon coated actuators.

Figure 5.17. Indeed, the bias voltage is high enough to ignite a corona discharge at
the electrodes edge. The nanosecond pulses only enhance the effect. In this case, the
ions produced in corona discharge at the edge of the electrode drift towards the coated
dielectric surface where they recombine without building up the surface charge. It
turns out that the lower (buried) electrode does not play an important role anymore,
since the electric field in the gas is defined by the top electrode and the coating, and
thus the buried electrode can be removed altogether.

In addition to silicon coating, a 77 micron thick carbon coating on a 2 mm thick
glass plate was investigated. The overall configuration was similar to the silicon
coated actuator. The electrodes were made of 100 pm thick copper foil, the length
of the actuator was 75 mm. The results of the thrust measurements are shown at
Figure 5.18. The carbon coating demonstrated lower efficiency comparing to the
silicon one. It was also not possible to get to higher bias voltage values because
long sparks developed along the carbon surface, initiating a short circuit. It means
that besides conductivity some other material characteristics, for example secondary
electron emission, photo emission, can play important role when a coated actuator is

considered.
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5.4 Comparison of tangential body forces

At the present time a few groups have performed thrust measurements for DBD
plasma actuators [29, 61, 15, 16] for different voltage profiles and dielectric parameters.
Figure 5.19 and Figure 5.20 present some of the literature data plotted together with
our results for comparison. Most of the data were obtained for sinusoidal voltage
profiles. In the case of the pulses plus AC bias profile, the peak to peak bias voltage
was used to characterize the amplitude of the applied voltage. The pulses plus DC
bias profile was characterized by the value of the DC voltage.

These results appear to show that the "pulses plus sinusoidal bias” method gen-
erates a much stronger tangential force than the conventional sinusoidal voltage at
the same voltage amplitude. Of course, since we have pulses, their amplitude also
effectively adds to the "overall” voltage amplitude, so the direct comparison is tricky.
However, we can claim that the amplitude of neither the sinusoidal bias nor the ion-
ization pulses need be very high to achieve the performance equivalent to that of
DBD with a conventional sinusoidal voltage. We can also say that there is a clear
trend to improved performance with thicker dielectrics (both for us and for Corke
et al [16]) that allow the use of higher voltages, plus there is a trend of improved
performance when the bias frequency and ionization pulse repetition frequency are
increased. We are optimistic that, if all those parameters are increased, the perfor-
mance of the "pulses plus sinusoidal bias” system can be significantly higher than
that of the conventional devices.

Figure 5.21 shows a comparison of different waveform used to drive the plasma
actuator. Trying to compare apples to apples, we used the same dielectric material
(100 micron kapton tape) in almost all these actuators. Only the silicon coating
configuration utilized a MACOR plate due to the manufacturing requirements. As

we can see, pulses plus bias are more effective for thrust production than sinusoidal
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Figure 5.19: ”Pulses plus AC bias” versus sinusoidal voltage: comparison of tangential
body forces. Some data were taken from Porter et al [15] and Corke et al [16].

profile of the same amplitude. The silicon coating only shows a low performance

because of order of magnitude thicker dielectric.
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Figure 5.20: ”Pulses plus AC bias” versus sinusoidal voltage: comparison of tangential
body forces (zoomed-in). Some data were taken from Porter et al [15] and Corke et
al [16].
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Figure 5.21: DBD produced thrust is different configurations.
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5.5 Summary

In this chapter, thrust measurements for four configurations of DBD plasma actuators
driven by repetitive ionization pulses added to dc or low frequency ac bias voltages are
studied. The results of plasma induced tangential body force (thrust) measurements
agree with schlieren visualization results obtained earlier. For all four configuration,
force measurements show that the produced thrust is highly depended on the dc
bias voltage. Thrust dependence on the ionizing pulses frequency is strong at low
repetition rate and saturates around 20-40 kHz. The performance of the actuator is

similar for both polarities of the pulses and bias voltage.

e Pulses plus ac bias. It is shown that a rectangular bias voltage is more
effective than sinusoidal, triangular, or sawtooth. For positive pulses optimum
performance is achieved when the bias voltage stays negative for more than 90
% of the cycle. For negative pulses the optimum duty cycle of the bias voltage
is 50%-50%.

e Three-electrode configuration. Three-electrode configuration generates a
slightly lower thrust at the same voltage amplitude but requires a simpler volt-
age profile than ”ac bias”. Also, the three-electrode configuration is susceptible

to a breakdown over the dielectric since both electrodes are exposed.

e ”Conductive” dielectric configuration. The optimal bulk conductivity of
the dielectric was estimated. Two materials have been considered as slightly
conductive dielectrics zinc oxide and linen based phenolic, one being too con-
ductive, the other too resistive. No dependence on the pulse duration or polarity
can be observed, except for long (17 ns) positive pulses which show lower per-
formance. The slightly conductive dielectric approach requires a simple dc bias

voltage, but strict material requirements (both suitable bulk conductivity and
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breakdown voltage) may limit the configuration’s applicability.

e DBD with partially conductive coating. Also, the effect did not depend
on the coating resistivity in the range measured. Carbon coating is also inves-
tigated but found to be unsuitable for DBD application, since a spark develops
along the surface and short circuits the electrodes. It has also been shown that
the new configuration of the plasma actuator can be efficiently driven by DC
voltage only. Compared with previously studied DC surface corona discharges
[4], the main advantage of the new configuration with the coating is that the
dielectric between both electrodes prevents the glow-to-arc transition, resulting
in a more stable discharge and in a faster electric wind. In principle, the new
configuration can be run without the lower electrode. The electric field in the
gas is defined by the top electrode and the coating, so the lower electrode is

fully shielded and thus can be removed.

Please note, that time average force is measured in the experiments. While the
last three configurations produce steady state jets, the ”ac bias” one works in burst
mode.

Comparison of the thrust generated by the pulses plus bias waveform and by the
conventional sinusoidal voltage shows the advantage of the former. Indeed, nanosec-
ond ionization pulses superimposed on a low-frequency bias generate thrust compa-
rable with that produced by the sinusoidal voltage, but at significantly lower voltage
amplitudes. Still, little work has been done on optimization of the new configura-
tions and higher performance can be expected. Based on the available data, ac bias
+ pulses configuration demonstrates the best performance. The configuration with
partially conductive coating has the most flexibility due to the fact that the dielectric
and the coating can be chosen independently. These two configurations, pulses + ac

bias and partially conductive coating, look most perspective for future development.
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Chapter 6

DBD Induced Wall Jets

In addition to wind tunnel tests of flow control, many groups [26, 4, 65, 66, 67, 68,
69, 70] have studied the DBD actuators in initially quiescent air. This approach
enables relatively simple plasma and flow diagnostics and simplifies interpretation
of the results. The most commonly used parameters of the actuator are the plasma
induced jet velocity and thrust. These parameters, measured experimentally, are often
used as input parameters for fluid codes to predict the plasma effect on complex flows
around various geometries. However, there is some ambiguity in measuring these
characteristics. For example, the induced jet velocity is not constant across the flow,
which means that one should measure the entire velocity profile.

Since the integrated momentum flux (or thrust) of the jet should be affected by
viscous friction, the velocity profile should be measured immediately downstream of
the plasma, and, given that the discharge thickness is less that one millimeter, such
measurements are very difficult to perform with an acceptable spatial resolution.
Thrust measurements also have some disadvantages. It has been shown that most
of the momentum coupled to the air can be lost in a relatively short distance due
to wall friction [69, 70]. The losses are not the same in all experiments and depend

on the streamwise wall length and thickness of the jet. Thus, for a better insight
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into the DBD actuator induced flow and thrust and for correct interpretation of the
experimental measurements, a deeper understanding of the plasma induced wall jets
and their dynamics is required. In this chapter, we use a wall jet model that permits
self-similar analytical solution outside the plasma. We validate the analytical models
applicability by comparison of the predictions with experimental measurements of the

DBD induced flow.

6.1 Analytical model

“induced flow
-

plasma.region

/

electrodes dielectric

Figure 6.1: DBD plasma actuator and the induced flow.

Numerous thrust and pressure measurements and experiments on visualization
of DBD induced flows in quiescent air revealed the ability of plasma to impart mo-
mentum to the gas while producing only a slight heating [65]. This momentum
coupling produces steady laminar jets usually up to 1 cm thick, much thicker than
the original plasma (~100 micron), observed centimeters and even tens of centimeters
downstream, Figure 6.1. To describe the gas flow after it leaves the plasma region,
where no body forces are present, we make the following assumptions: (1) the air is
originally quiescent and without body forces and pressure gradients, (2) the problem

is two- imensional, (3) the flow is incompressible, and (4) the flow is steady. With
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these reasonable assumptions, the problem is reduced to the wall jet problem that
admits an analytical self-similar solution in the boundary layer approximation. The
solution has been found by Akantov, [71] and Glauert, [72]. We will not repeat the
derivation, referring the reader instead to the original papers or textbooks (see, for

example [73]).
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Figure 6.2: Typical flow field produced by a wall jet. X — distance downstream along
the wall, Y — distance from the wall. Jet parameter E = 6.38x 1077 m®/s?.

A typical flow field produced by the wall jet is shown in Figure 6.2. The red
curve shows the thickness of the jet which is defined here as the distance from the
wall to the maximum horizontal velocity component of the cross section. Since the
boundary layer equations are of parabolic type, the velocity distribution at any cross
section completely defines the flow field downstream. The jet expands and slows
down with the distance; it thickens as it involves more mass into motion and loses its
momentum due to friction at the wall. Similarly, it is possible to formally extrapolate
the solution upstream until the jet collapses into a virtual point source at the wall. At

that virtual point its total momentum and maximum velocity, as well as the friction
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force, diverge. It follows from the self-similar solution [73] that the only parameter
which fully characterizes the jet and is conserved at any cross section downstream

is a product of the volumetric flux rate < fooo udy) and the specific momentum flux

()

E:0.45/ udy/ u*dy (6.1)
0 0

The flow field (u,v) can be expressed through the stream function :

_ % _

= = — 2
u o v e (6.2)

u = V40vEx 0(x,y) (6.3)

where v is the kinematic viscosity and the function O(z,y) is found from the

following equation [73]:

2 1+vV0+06 V36 ] JE oy
+2vBarctan —=— | = ¢/ =L 6.4
7B e T ) Ve o4

Although Equation (6.4) does not permit analytic solution, the function 6(x,y)
can be found from Equation (6.4) numerically. Once 0(x, y) is found, one can calculate
the stream function from Equation (6.3) and the flow field from Equation (6.2).

As mentioned above, the jet is completely characterized by the E parameter.
Along with the fluid kinematic viscosity v , it determines the entire flow field. The
principal flow characteristics as a function of the distance along the wall can be found

analytically,

Q(zx) = /000 u dy = 2.5149(vEx)'/* (6.5)
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K(x) = p/o u® dy = 0.8836V1/4x1/4 (6.6)
0K _ pE3/4

vxr

g 1/2
Umaz = 0.4980 <—> (6.8)

3/4,.3/4

veor

(6.9)

It is important to recognize that the distance x in the formulas (6.5)-(6.9) is
measured from the hypothetical jets point of origin, where its thickness is zero, and
not from the plasma where the jet is actually created. These relationships not only
provide a clear understanding of the wall jet dynamics, but also enable one to restore
the entire flow field from a velocity profile u(y) measured at a single location x. By
measuring any two values out of the five (6.5)-(6.9), one can find the jet parameter
E and distance to the jets point of origin x . This significantly reduces the number
of measurements and complexity of the experiment required to obtain the entire flow
field.

In the papers by Hoskinson et al. [26] and by Little et al. [68] the authors used

an empirical fit to the selfsimilar DBD induced flow velocity profile,

Upit = Voy/J XD [— (y _Ly°>2] (6.10)

where vy, vo, and L are adjustable parameters. Figure 6.3 shows comparison of
the two wall jets velocity profiles, one obtained from the analytical model (the jet
parameter is E = 6.38x 1077 m®/s?, distance from the point of origin x = 8 mm)

and the other being its least square fit by an empirical functional form of Equation
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(6.10) (vo = 0.172 m/s, yo = 3.344 mm, L. = 4.653 mm). It can be seen from the
plot that the convenient functional form (6.10) can indeed approximate the actual
analytical similarity solution closely. However, it is important to distinguish between
our analytical theory that generates a full flow field and the empirical approximation

(6.10).
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Figure 6.3: Wall jet velocity profiles, analytical model and approximate fit.

6.2 Experimental setup

The applicability of the analytical model of the wall jet to surface plasma induced
flows was verified experimentally. A schematic of the setup is shown in Figure 6.4.

A 0.8 mm thick pitot probe mounted on a step motor was used to measure the flow
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induced by a DBD plasma actuator. The actuator was made of 1/16 MACOR plate
and 100 micron thick 5 by 1 copper electrodes. The actuator was driven by a sinusoidal
12 kV peak-to-peak 5 kHz voltage profile. SETRA-339 electronic manometer was used
to take dynamics pressure readings. Overall 100 readings were taken during each scan
of 15 mm. Each profile was scanned four times and then averaged and filtered out

from the noise.

Pitot Probe

[ |Plate

Induced wall jet Actuator

b2

Electronic Manometer

Figure 6.4: Experimental setup for Pitot probe measurements of DBD induced wall
jet.

6.3 Results and discussion

Figure 6.5 shows experimentally measured dynamic pressure profiles and their com-

parison to the analytical model. In this particular case, the analytical solution was
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built based on the momentum flux and maximum velocity at the 30 mm profiles, i.e.
the entire flow field was extrapolated from this single streamwise location. The com-
parison demonstrates an excellent agreement and confirms the ability of the model to
predict plasma induced wall jets. Note that the distance in the plot is measured from
the electrode edge, and the jets virtual point of origin is located 4 mm upstream of

that real origin.
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Figure 6.5: Experimental (blue) and analytical (red) dynamic pressure profiles. X
distance downstream from the electrodes edge, Y distance from the wall. Jets pa-
rameter E=6.44x 107 m5 /s%.
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The maximum velocity and momentum flux as functions of the streamwise dis-
tance are presented in Figure 6.6. The experimentally measured maximum velocity
in all streamwise locations is in excellent agreement with the analytical model. As
expected, its value decreases as the inverse square root of the distance from the jets
virtual point of origin. The calculated and measured momentum fluxes are also in
good agreement; however, the measured flux exhibits a significant noise, particularly
at large distances downstream from the plasma. This occurs probably due to the fact
that the jet expands and partially leaves the region of consideration, thus leaving a
part of the momentum flux not included into integration.

For both cases it is possible to extrapolate the analytical solution upstream to the
electrode edge (x=0 in Figure 6.6). As we can see, the jet velocity at this point is
almost twice that measured 1 cm downstream. The momentum flux also loses half

of its value over the first 2 cm and 70% by the time the jet reaches the end of the
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plate. These losses are due to the viscous friction after the gas element has left the
plasma region and do not include the friction losses in the plasma itself. Therefore,
the total losses due to viscous friction are even higher. One consequence is that the
force balance measurement of plasma induced thrust show values that are significantly
lower than the plasma produced body force. A similar conclusion has been reached
by Font et al. in [70] based on results of numerical Navier-Stokes simulation. Note
that the momentum losses may vary in different experiments and depend on the jet

thickness, velocity, and length of the plate.
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Figure 6.6: a) Experimental and analytical maximum velocity of the wall jet. b)
Experimental and analytical momentum flux of the wall jet. X — distance from the
electrode edge.

6.4 Summary

In this Chapter, we studied the surface plasma induced flow using analytical self-
similar solution for the wall jet problem. The plasma induced flows in quiescent air
can be presented as wall jets that originate from a single point at the wall and are
characterized by a single jet parameter number E which is equal to the product of flow

rate and momentum flux and is conserved at any cross section downstream. It was
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demonstrated that the entire induced flow field can be restored from a velocity profile
measured at a single streamwise location. Even though the exact analytical expression
for a velocity profile cannot be found, a simple near-Gaussian fit gives a very close
approximation. Analytical expressions for the most important plasma induced flows
characteristics, such as flow rate, momentum flux, jet thickness, maximum velocity
and wall friction, were found. The analytical models applicability to the DBD induced
flow has been verified experimentally. The calculations and measurements showed
that after the jet leaves the plasma region a significant part (fifty percent in the
considered case) of its momentum and velocity is lost due to viscous friction in the

first 1-2 cm downstream of the plasma.
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Chapter 7

Electrodynamic Effects in

Nanosecond Pulse Sustained Long

DBD Plasma Actuators

7.1 Motivation

The most promising prospective application of the asymmetric dielectric barrier dis-
charge DBD plasma actuator is flow control over an airfoil, [4, 74, 75, 54]. A number
of both numerical [76, 77] and experimental [30, 65, 78] works have demonstrated the
effectiveness of nanosecond, high voltage pulse sustained DBDs in achieving improved
performance for the generation of surface flow for control authority. While these pulse
sustained devices have worked well for laboratory size models tens of centimeters in
spanwise direction important issues arise when it comes to scaling the pulse sustained
actuator to the practical airfoil sizes several meters spanwise.

If the actuator is extended across a wing its size may become comparable with

physical length of the high voltage pulse or to the wavelength of the applied rf voltage
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if the actuator discharge is sustained by a rf generator. In such case the electrodes can-
not be considered equipotential anymore and the wave nature of the electromagnetic
signal propagating along the long line of the actuator must be taken into account.
This effect can lead to variations in the voltage along the actuator, voltage dou-
bling at the end, nonoptimized power coupling into the actuator, and ringing due to
mismatched impedance of the cable and the actuator. The nonuniform voltage dis-
tribution across electrodes was observed for the first time in rf driven CO4 lasers of
slab geometry by Lapucci et al.[79]. Theory of the phenomenon was later developed
by Raizer and Shneider in [80]. Later a similar problem was studied for large-area rf

plasma chemical reactors by Lieberman et al in [81].

7.2 Long DBD plasma actuator

The plasma actuator used for this study was 2.4 m long and was connected to the pulse
generator at one end, as shown in Figure 7.1. The electrodes were made of copper
foil. The width and thickness of the electrodes were 25 mm and 100 pm, respectively,
which resulted in resistance R = 1.34x10% @ m~!. A 100 um thick kapton tape was
used as the dielectric. The actuators capacitance was measured experimentally using
a Fluke 189 multimeter and found to be C=127 pF m~!. Its inductance was found to
be L = 0.178 H m~! by measuring the pulse propagation speed v=2.1x10%® m s~! in
the actuator and using the expression v=1/LC. The impedance of the actuator can
be found from the expression Zgcuator=L/C=37 Q. The voltage was monitored with
PPO005A 500 MHz LeCroy voltage probe connected to WavePro 7300A 3GHz LeCroy
oscilloscope.

The experiments were conducted for low and high voltage pulses. The low voltage

pulses were used to measure the pulse propagation speed in the absence of the plasma,

which may introduce significant dissipation. A Stanford Research Systems pulse
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Figure 7.1: DBD plasma actuator a) and schematic representation of its elementary
components b).

generator was used as a source and the pulses were applied to one end of the actuator
through a 50 Q2 cable. High voltage pulses of negative polarity were used to ignite
the plasma and observe the visible appearance of the discharge. These pulses were
generated by FPG 25200MC4 pulser by FID Technology. The pulse profiles are shown

in Figure 7.2.
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Figure 7.2: Low a) and high b) voltage pulse profiles.

7.3 Numerical model

The signal propagation in a long line is described by telegraph equations,
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o1 . Ou

where u and i are voltage and current; L, C, GG, and R are the impedance parameters
specified per unit length — inductance, capacitance, leakage conductance, and resis-
tance correspondingly. The values of the impedance parameters were taken from the
experiment and are specified above. The leakage conductance was considered to be
negligibly low.

A numerical code has been developed to solve the set of telegraph (7.1) and (7.2)
using a second order Lax—Wendroff method coupled with Flux Corrected Transport
technique, [82, 83, 84].

Proper boundary conditions for forward and reversed waves (see for instance [85])
were imposed at the cable/actuator connection point as well as at the end of actuator
open circuit. The code allows simulation of the actuator with an arbitrary active

noninductive resistor or reactive inductor, capacitor load at the end.

7.4 Results and discussion

Results of both numerical simulation and experimental measurements of the low volt-
age nanosecond pulse in the long plasma actuator are presented in Figure 7.2. The
diagrams show the time evolution of the voltage distribution along the actuator. Neg-
ative values of the distance correspond to the voltage in the connecting cable. The
finite capacitance, 11 pF, of the voltage probe caused the small amount of pulse
broadening seen in the comparison of the modeled voltage left with the measured

voltage right.
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Figure 7.3: Pulse propagation along the actuator. Numerical a), experimental b).

Several phenomena characteristics of long lines can be recognized in these dia-
grams, Figure 7.3. First of all, the voltage distribution is not uniform along the
electrodes. To demonstrate the result better the voltage distribution along the actu-
ator at time t = 20 ns is shown at Figure 7.4 a). Second, the pulse doubles at the
end of the actuator which we expect to happen with a high impedance load. This
leads to nonuniform discharge parameters along the actuator.

Also the impedance matching of the connecting cable and the DBD actuator is
important. The mismatch leads to poor power coupling from the cable to the actuator
as can be seen from the modeling. In this particular case the impedances have values
which are close Z.qpe=50 2 and Zgetuator=37 €2 so the effect is not particularly strong,
but it is still observable. Similarly, a part of the pulse reflects on its way back to the
cable which creates a ringing effect, which can be seen most clearly in the model results
at Figure 7.3 a) and Figure 7.4 b). By choosing the proper dimensions and dielectric
constant, the actuator could be designed in a way to match the cable impedance.

It means that pulse would be transferred from the cable to the actuator and back
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Figure 7.4: Electrodynamic effects in long DBD plasma actuators. a) nonuniform
potential distribution, voltage disctribution along the actuator at t = 20 ns; b) ringing
effect, voltage profile vs. time at x = 1.1 m.

without any distortion and losses, so there would not be any ringing effect or poor
power coupling. The finite conductivity of the electrodes did not play a significant
role in the pulse propagation. The effect of the various boundary condition on the

pulse propagation was studied numerically.

7.5 Visual plasma appearance

Experiments with the high voltage nanosecond pulses were conducted in order to
observe the plasma nonuniformity visually. The pictures of the discharge at different
pulse voltages are shown in Figure 7.5. The top left picture, Figure 7.5a), corresponds
to the pulse voltage slightly below the breakdown value. In this case, the pulse travels
along the actuator without ingiting the discharge until it hits the open circuit at the
far end where the pulse voltage doubles and the discharge is initiated. In the second
picture, Figure 7.5b), the pulse voltage is higher than the breakdown value and the
discharge ignites along the whole length of the actuator. The image in Figure 7.5¢),

which is the top view of Figure 7.5a), shows the nonuniformity of the discharge, which
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becomes brighter and wider toward the end of the actuator. The size of the discharge
is in agreement with the numerical simulation and equals to a half of the pulse length

in the actuator. Gaps in the discharge are due to local variations in the electrode

edges.

C

Figure 7.5: Images of DBD at different voltages. a) low voltage, b) high voltage, c)
low voltage seen from above.

7.6 Summary

Experiments on the nonuniformity of the pulse voltage distribution in a long DBD
plasma actuator have been conducted. Images of the discharge appearance have been
taken and direct voltage distribution measurements have been made. The images
demonstrate the discharge nonuniformity. Numerical modeling of short pulse propa-

gation in long lines has also been performed and agreement between the experimental
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and the simulated voltage distribution was obtained. The results show the impor-
tance of the wave nature of pulse propagation. This leads to a nonuniform potential
distribution along the electrodes, a doubling of the pulse voltage, at the end of the

actuator, nonoptimized power coupling, ringing effects, etc.
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Chapter 8

Ozone Visualization

Dielectric barrier discharges are well known sources of ozone. This type of dis-
charge is widely used in commercial ozonators. Its effectiveness is due to high non-
equilibrium of the plasma; the electron temperature reaches values of several electron
volts whereas heavy particles stay at the room temperature. It allows efficient oxygen
dissociation by electron impact followed by formation of ozone from O and O,. DBD
plasma actuators for flow control, both pulsed and driven by ac voltage, also produce
a significant amount of ozone.

Ozone in the lower atmosphere is an air pollutant with harmful effects on the
respiratory systems of animals and will burn sensitive plants, it also causes smog and
greenhouse effect; however, the ozone layer in the upper atmosphere is beneficial,
preventing potentially damaging ultraviolet light from reaching the Earth’s surface.
In addition to a possible effect of the produced ozone on the environment, the ozone
production needs a special study due to its effect on combustion processes (if DBD
is used in turbine engines), personnel safety during lab testings, and its possible
use for flow visualization. The visualization is based on the strong absorption band
of ozone around 254 nm, [86, 17, 87] and was first demonstrated by Dickerson and

Stedman [88]. The advantage of this technique is that the flow is seeded with the
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ozone naturally and no additional seeding is required. It perfectly suits for purpose
of boundary layer visualization.

The diagram of the setup is shown in Figure 8.1. A mercury lamp illuminates the
actuator from a side; the light is collected by a UV lens, goes through a notch filter,

and the backlit actuator is imaged by a CCD camera.

Plasma actuator UV lens 253.7 nm notch filter

CCD Camera
Mercury lamp

Figure 8.1: Experimental setup (not to scale).

If there is ozone, it produces a shadow by absorbing the light at 253.7 nm. The im-
age of the shadow is then captured by the camera. Based on the absorption intensity,

ozone concentration can be found from Beers Law,

Iozone - Ib

ﬁ = eXp(—ULn) (81)
or,
1 ]ozone - Ib
=—In——m 8.2
Y S A (82)

where I,,,,. — intensity with the actuator ON, Iy — intensity with the actuator OFF,
I, — background intensity, with the lamp OFF, L = 75 mm — integration length, o =
1.13x107!7 ¢cm? — ozone absorption cross section.

Figure 8.2 presents the ozone absorption cross section, taken from [17], and the
mercury lamp spectrum after the 253.7 nm notch filter. It can be seen that the

absorption is almost constant across the mercury line.
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Figure 8.2: Ozone cross section (from [17]) and mercury lamp spectrum.

In each run, the camera took ten frames during several seconds, which were av-
eraged to increase signal-to-noise ratio. The exposure time of each frame was equal
to one millisecond. The experiments on ozone visualization were conducted using 3
mm thick, linen based phenolic DBD plasmas actuator. This actuator was chosen
because it produced a steady jet, which is convenient for preliminary experiments.
The actuator was driven by 17 ns FWHM 7 kV negative pulses at different repetition
rates added to 6 kV positive dc bias voltage. The images shown at Figure 8.3, present
the results. Pictures on the left are unprocessed images of the ozone shadow. Pictures

on the right are ozone concentration distribution in cm™3

. Dimensions are given in
mm. The point of origin is at the electrode edge.

It can be seen that this visualization technique clearly shows the location of the
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jet and provides quantitative ozone concentration measurements, which are on the
order of 10! ecm™3. The concentration of the ozone increases with the PRR, and the
jet speed does as well. The ozone production, which is proportional to both of these

quantities, goes up significantly.

On the shadow pictures, one can notice a bright line above the plasma region. A
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Figure 8.3: Ozone visualization of DBD induced flow at different pulse frequencies.
Left — original image of ozone absorption, right — post processed image of ozone
distribution.

set of experiments was performed in order to establish the origin of that line. First,
it was checked to determine if the light comes from the plasma. To do that the lamp
was turned off and a picture was taken with the plasma on. No line was observed.
Then we changed the color filter in front of the camera to a yellow one. In this case,
no ozone could be observed and the bright line was still there. Based on this, it can be
concluded that a lensing effect takes place and the light is refracted as it passes close

to the discharge in a strong density gradient. It means that the ozone concentration
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measurements in the immediate proximity to plasma are not very accurate.

Nevertheless, it is possible to use the obtained data to estimate ozone production
DBD plasma actuators. Ozone concentration downstream the discharge, where the
readings are not affected by the lensing effect, is ~10'® cm™3. Jet velocity at that
location is around 1 m/s and its thickness equals to 2 mm. It can calculated that
ozone production rate is about 1.6 mg/sec per one meter of DBD length.

In 2010, US Environmental Protection Agency set a limit for ground level ozone
as 0.075 ppm (or 0.16 ng/cm?) for 8-hour averaging time, [89]. This means that one
meter long DBD pollutes 10 m? of air per second. According to Stevenson et al [90],
the tropospheric ozone lifetime equals to 22 days. This means that ozone production
should be taken into account when the plasma actuators are implemented for use.

Another observation can be made about rate of production of the ozone. First,
as the pulse frequency increases, the ozone concentration goes up. But starting from
20 kHz increase in pulse repetition rate leads to a lower concentration of the ozone
in the jet. As we know from thrust stand experiments, the jet speed saturates at
these values of pulse frequency, so the decline in the ozone concentration cannot be
explained by the increase of the jet velocity. Indeed, the ozone production decreases.
However, the lensing effect in the discharge region becomes stronger which means
higher temperatures. It is known that the ozone is destructed by heat and that is
what is observed here. This suggests one of the solution to excessive ozone production
— thermal destruction.

Also, if the camera is able to take high repetition rate consecutive images, this
method can be used for visualization of unsteady flows and velocity measurements

by correlation of sequential images.
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Chapter 9

Conclusions

9.1 Overview

It was the goal of this dissertation to gain a through understanding of dielectric barrier
discharge plasma actuation for flow control applications. The driving voltage profile
consisted of two parts, each serving its own function. Short pulses were responsible
for ionization production, while the bias component provided an electric field to act
on the produced charged particles between the pulses. Based on the performed stud-
ies it can be concluded that the force production in DBD plasma actuators occurs
by means of ion wind. The electric breakdowns, though capable of producing high
instantaneous forces, last for very short time (about 10 ns) and thus do not contribute
significantly to the total transfered momentum. The residual ions driven by the bias
voltage transfer momentum to the neutral gas over microseconds. In the case of ions,
the lower force is compensated by longer interaction time, so the total transfered
momentum is significantly higher than for electrons during the breakdowns. Surface
charge deposited by the ions shields the bias voltage thus reducing the performance of
the actuator. Four configurations were suggested in this work to mitigate the effect.

Scaling of the thrust with the bias voltage, pulse repetition rate, and pulse voltage
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was similar in every case. Indeed, the force production mechanism was identical —
ion wind, the different configuration just provided different ways of the depleting the
surface charge.

Resolving the structure of the DBD induced flow demonstrates the importance of
the viscous losses. In addition to the impact it may have on practical applications,
it also means that induced velocity or thrust are not good enough metrics for DBD
characterization. The induced flow is better described by the velocity profile and
distance to point of origin. Some factors, such as air humidity, have a strong impact
on the overall DBD performance and can lead to discrepancy in the obtained data as

high as 25% on day-to-day basis.

9.2 Summary of findings

The use of dielectric barrier discharges for flow control has been the focus of a wide
range of recent studies [4]. The conventional plasma actuator is driven by a sinusoidal
voltage waveform at a frequency of 1-20 kHz and amplitude of up to 30 kV. In this
dissertation, it was proposed to use what is essentially non-self-sustained discharge:
the plasma is generated by repetitive short pulses, and the pushing of the gas occurs
primarily due to the low-frequency (bias) voltage. The advantage of this non-self-
sustained discharge is that the parameters of ionizing pulses and the driving bias
voltage can be varied independently, which adds flexibility to control and optimization
of the actuator performance. It has been also shown that the voltage waveform
consisting of short nanosecond pulses added to a low frequency or DC bias voltage is
more efficient.

We have used a burst mode of plasma actuator operation in conjunction with non-
intrusive schlieren diagnostic of the actuator induced flows in quiescent gas. With

this technique, the DBD actuator was observed to generate periodic pulsed wall jets
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that evolve into vortices, and parametric studies of the vortex speed and size versus
parameters of the waveform (pulses in repetitive-burst mode plus dc or ac bias voltage)
were performed. Matching 2-D numerical fluid modeling to the experimental results
allowed us to infer the magnitude of plasma-generated body force exerted on the gas.
The knowledge of the body force magnitude can then be used to compute the entire
flow field in both burst and continuous modes of plasma actuator operation.

Surface potential measurements have revealed that during the operation of both
the conventional and the pulse sustained DBD, performance is significantly reduced
due to charge that builds up on the dielectric surface. The surface charge builds
up quickly (with a few pulses), extends far downstream of the discharge region, and
depletes slowly. For pulse sustained, dc driven discharges, this charge opposes the
applied dc bias voltage. Several solutions for this problem have been suggested and
proven to be effective. In the first approach, switching the polarity of the bias voltage
periodically leads to alternate depletion and recharging the dielectric with the charges
of the opposite signs. This approach is quite effective at eliminating the charge
buildup problem, but it requires relatively sophisticated equipment and suffers a loss
in thrust from the reduced duty cycle compared to the DC bias case. In the second
approach to the charge buildup problem, since the plasma is only a few millimeters
long and the charge builds up centimeters away, placing a third electrode downstream
allows the depletion of the charge in the area and thus a reduction in the overall
charge buildup. This case is relatively simple but there is a substantial probability
of a spark across the dielectric to the third electrode. In the third approach, to
avoid the spark we are exploring the use of a high, but finite resistance dielectric
that depletes the surface charge between the pulses. This method also turns out to
be quite effective but imposes limitations on the materials which can be used for

the dielectric layer due to the resistance requirements. In the fourth approach, as
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an alternative to the conducting dielectric, we are using a slightly conductive thin
silicon coating applied on top of the dielectric layer and electrically connected to a
covered surface electrode, which, in turn, is connected to the buried electrode. This
approach bleeds the charge away from the surface to the covered electrode and allows
use of any dielectric substrate. It also has the advantage of operating in a corona
mode with only a DC applied voltage. This DBD can be operated with or without a
buried electrode, and the covered surface electrode can be separate or connected to
the buried electrode.

Thrust measurements demonstrated higher performance of the proposed pulsed
DBD configurations than of the sinusoidal ones. When the pulsed DBD configura-
tions are compared to each other, scaling with pulse voltage and repetition rate, bias
voltage, is similar. Indeed, the force production mechanism is the same in all cases —
ions drift from the discharge region to the surface of the dielectric through the neutral
gas in the bias electric field. It is the way the ions are produced and depleted from
the dielectric makes the difference. Separating the ionization pulses from the pushing
bias voltage — that is what gives the pulsed DBDs their advantage over the sinusoidal
ones.

Pitot probe measurements showed the laminar wall jet structure of the DBD
induced flow. An analytical model shows that the entire flow field can be established
from a velocity profile measured at a single cross section, which greatly simplifies
the diagnostic. It showed that the DBD induced jet can be described using two
parameters — the jet’s parameter (which is proportional to product of volumetric
flux and momentum flux) and distance to the point of origin — and allows simple
comparison of the induced jets. In contrast, both the experiments and the analytical
model have shown that the maximum velocity and the induced thrust, widely used to

characterize the DBD performance, are heavily affected by the viscous losses to the
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wall and not constant. Results of their measurements should be used only as a rough
estimate of the actuator’s performance.

The use of ozone for visualization of the DBD plasma induced flow has been
demonstrated. The ozone is produced by the plasma and is present in the jet naturally.
Therefore, this method does not require any artificial seeding. In addition, quantita-
tive measurements of ozone concentration and production rate were performed. Since
high levels of ozone are harmful to humans and the environment, it is suggested to use
heat destruction to lower the production rate. On the other hand, if used in turbine
engines, the production of ozone may be beneficial for combustion process.

If the actuator is scaled up to wing span size, the electrodynamic effects can be-
come important. Experiments on the nonuniformity of the pulse voltage distribution
in a long DBD plasma actuator have been conducted. Images of the discharge appear-
ance have been taken and direct voltage distribution measurements have been made.
The images demonstrate the discharge nonuniformity. Numerical modeling of short
pulse propagation in long lines has also been performed and agreement between the
experimental and the simulated voltage distribution was obtained. The results show
the importance of the wave nature of pulse propagation. This results in a nonuniform
potential distribution along the electrodes, a doubling of the pulse voltage, at the end

of the actuator, nonoptimized power coupling, ringing effects, etc.

9.3 Future direction

While DBD plasma actuators have been proven to be effective for low control at rela-
tively low free stream speeds (upto 30 m/s), which corresponds to wind turbines and
low speed UAVs, many practical application lie in the area of trans- and supersonic
flows, for example turbine engines, commercial and military planes, etc. To extend

the actuator’s flow control capabilities into these regimes the research thrust should
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be pointed towards the following directions:

e Increasing the induced jet velocity. At current configurations the DBD plasma
actuator produces momentum through steady ions drift through the gas, so
called ion wind or corona regime. The maximum induced velocity produced
this way is limited to ~8 m/s by the maximum electric field (breakdown, 30
kV/cm in atmospheric air) due to space charge limitations. The next step
should be to explore the high velocity opportunities by going into non-steady
regimes of plasma generation, where electric fields can reach above breakdown

values (upto Stoletov’s field, 300 kV/cm in atmospheric air).

e Fatending the thickness of the jet. The wall jet studies show that a large portion
of the induced momentum is being lost to the wall due to viscosity effects. The
losses are very sensitive to the thickness of the jet. Thus an increase in the
jet’s thickness will not only spread the zone of the DBD’s influence farther
into the flow and lead to higher thrust production but also make the imparted
momentum less vulnerable to the viscous losses. This may be possible to achieve
by modifying the electrode configuration to repel the electric field lines from the

surface so that the drifting ions penetrate deeper in the flow.

e New opportunities for airfoils design. DBD plasma actuators have been demon-
strated to improve aerodynamic characteristics of well established airfoils which
have been designed and optimized to work without any plasma assistance. It is
promising to investigate what new opportunities plasma actuators can provide
for airfoil design. There can be new advanced aerodynamic profiles which per-
form not so well without plasma compared to the traditional ones, but achieve
superior performance once the plasma technology becomes available. For ex-

ample, airfoils with backward facing steps, see Figure 9.1, were shown to have
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higher lift than the smooth ones but in narrow range of angles of attack, see

[18]. Using DBD plasma actuators may extend the range of operation and allow

even more aggressive solutions.

secondary vortex tralling edge vortex /

Figure 9.1: Schematic of flow development over airfoil with step, from [18].

These tasks represent a compelling body of the future research to be performed

in order to improve DBD flow control.
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