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Abstract

Dielectric barrier discharge (DBD) plasma actuators are active flow control devices
that have shown promising capabilities of enhancing aerodynamic performance. To
study the underling mechanisms occurring within the plasma produced by a nanosec-
ond pulsed DBD actuator and the effect the input electrical parameters have on
plasma generation, a numerical model has been developed. Because this work is
focused on the plasma behaviour, the impact on the bulk flow has been neglected.
The plasma properties analysed here include the charged particle densities, surface
charge along the dielectric, and the ion sheath propagation. As the applied voltage
amplitude and pulse duration was increased, a larger plasma region formed due to
the electric field expanding further throughout the domain. The results highlight a
significant relationship between the residual surface charge on the dielectric and the
propagation of the ion sheath. The ion sheath speed showed to be dependent on a
combination of the residual surface charge and secondary electron emission. Addi-
tionally, the results suggest the presence of an electron void at the end-phase of the
voltage cycle significantly effects the plasma formation by reducing ionization ahead
of the plasma region and limiting propagation downstream. Analysing the plasma
properties over five voltage cycles showed a significant time dependency of the pa-
rameters during the first two voltage cycles before reaching a quasi-steady state for
the remaining cycles, indicating time-averaging plasma parameters over the first few

cycles of operation would not produce representative results.
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Chapter 1

Introduction

1.1 Dielectric barrier discharge plasma actuators

Active and passive flow control techniques have long been used in the aerospace
industry to manipulate flow fields and influence aerodynamic performance. The main
difference between the techniques is that active flow control methods require some
sort of energy input into the system to affect the flow, where passive flow control
methods do not. Actuators and sensors are typical devices used as active flow control
methods, where modifying the geometry, surface roughness, or porosity of the material
to influence the flow are examples of passive flow control techniques. Both applications
have advantages and disadvantages; active flow control can offer greater flexibility and
adaptability for flow control in some cases, however, it does require an energy source
and can be difficult to integrate into systems. Passive flow control techniques can be
technically simpler to implement and economically efficient compared to active flow
control techniques, however, passive flow control techniques cannot be turned on or
off if required.

An active flow control method currently of interest in the aerospace industry is



dielectric barrier discharge (DBD) plasma actuators due to their lightweight design
and fast response time. Additionally, DBD actuators are electronic and therefore do
not require any moving parts. DBD actuators are simple devices consisting of two
electrodes; one electrode mounted on the surface exposed to the flow and connected
to a voltage supply, with the other electrode embedded in a dielectric barrier and
grounded. When supplied with an applied voltage, a DBD actuator generates an
electric field over a small region above the dielectric surface, accelerating free elec-
trons and ionizing the surrounding air generating non-thermal plasma. This new
presence of plasma can be used to modify the airflow and has shown to be effective
at preventing or exciting boundary layer separation and modifying the properties of
shock waves. Additional applications include aircraft and wind turbine blade de-icing
or ice mitigation via the thermal effects produced by DBD plasma generation.

The DBD actuator electrode configuration has been shown to dictate the per-
turbations imposed on a flow. For example, if the grounded electrode is placed down-
stream of the charged electrode, the generated force accelerates the flow downstream
towards the surface therefore delaying boundary layer separation. If the grounded
electrode is placed upstream of the charged electrode, the force then acts upstream
and can assist in inducing boundary layer separation. When two DBD actuators are
placed facing each other, a synthetic jet can be generated away from the surface. DBD
actuators can also be used to generate vortices when placed in parallel to increase
the mixing of a flow. A common configuration studied, and the configuration used
for this work, is the flat-plate surface DBD plasma actuator shown in Figure 1.1. In
this configuration, the charged and grounded electrodes are placed parallel to each
other and the flow is accelerated downwind from the exposed electrode. Most DBD

plasma actuators used in experiments are supplied with alternating current (AC)



waveforms operating in the kHz range. The plasma developed from these waveforms
transfers momentum to the flow from the accelerated charged particles colliding with

the neutral flow particles, inducing velocity in the flow.

Fluid region

Exposed Plasma
electrode —_— Induced flow

Dielectric region

\ Embedded electrode

Figure 1.1: Surface DBD plasma actuator configuration

1.2 Current work

The literature reviewed in the following chapter details the promising capabilities of
DBD actuators for flow control applications including enhancing aerodynamic per-
formance, aeroacoustic noise reduction, and shock wave manipulation. DBD plasma
actuators have been studied extensively both experimentally and numerically to in-
crease understanding of how the electric field interacts with and manipulates external
flows. Experimental work has been successful at allowing the structure of the plasma
to be studied using light intensity measurements, while numerical work has allowed
for analysis of the physical phenomena occurring within the plasma region.

As discussed in the previous section, DBD plasma actuators require an external

power source to provide a charge to the exposed electrode. The charge supplied to the



electrode generates the electric field, ionizes the air and produces plasma; therefore,
the electrical parameters of the power source directly influence the plasma devel-
oped. Supplying DBD actuators with AC waveforms operating in the kHz range has
shown to be effective at modifying low-speed flow, while DBD actuators supplied with
nanosecond pulses have shown the capability of influencing flows in supersonic con-
ditions. Extensive experimental work has been completed analysing the plasma-flow
interaction for high-speed flows, while numerical studies have focused on the compres-
sion wave generated from the rapid heating in the plasm region. The characteristics
of the plasma produced by AC-DBD actuators have shown to be dependent on the
input voltage and frequency, however, limited studies have investigated the depen-
dency of the discharge from an NS-DBD actuator on the input electrical parameters.
Additionally, recent studies have demonstrated that the residual surface charge on
the dielectric following a pulse significantly effects the subsequent pulse.

Therefore, to investigate the relationship between the plasma characteristics and
the input electrical parameters as well as the time dependency of the plasma, this
work numerically simulates an NS-DBD actuator supplied with various input voltages
and pulse durations. The resulting ion and electron densities, surface charge, and ion
sheath propagation are examined to determine if similar behaviour is observed from
an NS-DBD actuator compared to a DBD actuator operating in the kHz range. Each
simulation completes a total of five pulse cycles to study the evolution of the plasma

over time and identify when a quasi-steady plasma configuration has been achieved.



Chapter 2

Literature Review

2.1 Numerical modelling

The physical phenomena that drive the plasma behaviour such as charged particle
ionization, recombination, generation, decay, drift and diffusion have been investi-
gated numerically to study the basic physics of DBD actuators. Numerical modelling
offers a way to analyse plasma behaviour without requiring costly experimental equip-
ment and is thus a critical component in advancing the understanding of DBD plasma
actuators. Some methods currently used to simulate DBD plasma actuators include

phenomenological, kinetic, and fluid models.

2.1.1 Phenomenological models

Phenomenological models are used to describe observed relationships of phenomena
without explaining the underlying mechanisms as to why the phenomena behave
in such a way. These models agree with fundamental theory but are not derived
from fundamental theory. When modelling DBD plasma actuators, phenomenological

models estimate the force on the flow due to the presence of plasma by adding a body



force term in the momentum equations. This method is computationally inexpensive
compared to other models, however, it does not preserve the plasma physics and is
not well suited for analysing the underlying mechanisms of the plasma behaviour.
In most cases, these models are used to test the implementation of a DBD plasma
actuator in a physical problem, not to study the properties of the plasma.

The linear electric field model developed by Shyy et al. [1] is an example of
a phenomenological model and is based on an electromagnetic model used in con-
junction with the Navier-Stokes equations to investigate the effects of glow discharge
on the fluid flow. Here, the paraelectric force is modelled as a body force field in
the plasma region and the electric field is modelled to linearly decrease away from
the edge of the exposed electrode while the charge density is assumed to remain con-
stant. The linearization of the electric field and assumption of constant charge density
significantly simplifies the implementation of the model into numerical simulations.
When incorporated into a model of a flat-plat surface DBD plasma actuator, the
results showed the presence of plasma induced a wall jet, producing flow velocities in
agreement with estimated and experimental values obtained by Roth et al. [2,3].

The linear electric field model has been used in simulations completed by Cho
and Shyy [4, 5] which involved modelling a DBD plasma actuator on an SD7003
airfoil for aerodynamic force control at high angles of attack. The DBD actuator was
shown to reduce lift fluctuations by advancing and reducing the separation bubble
and modifying the local wall pressure distributions. The work of Abdelraouf et al. [6]
also used the linear electric field model to simulate a DBD actuator on a NACA0012
airfoil at high angles of attack. The influence of the DBD plasma actuator was shown
to delay the stall angle by 2° and increase the coefficient of lift by 6.1%. The skin

friction coefficient was investigated to determine when separation occurred, and it



was found that the DBD actuator allowed for a delay of separation by approximately
50%. Similar results were obtained by Zhang et al. [7], where the presence of a DBD
plasma actuator was observed to delay the separation point on an NCCR 1510-7067N
airfoil.

Although the linear electric field model has been implemented in many models
to study flow control over airfoils, the experimental work completed by Enloe et al. [§]
showed a high level of symmetry in the plasma region. The optical measurements
obtained from the experiments showed the plasma discharge was ignited at the edge
of the exposed electrode and propagated down the dielectric surface at a constant
rate. The authors noted differences in the plasma structure in the spanwise direction,
however, the chordwise plasma structure was symmetric. The observed symmetric
chordwise plasma structure is in disagreement with the model developed by Shyy et
al. [1], where the model indicates that the electric field would have enough energy to
only ionize the air in the region closest to the edge of the exposed electrode producing
an asymmetric plasma region, suggesting that the linear electric field model does not
accurately represent the plasma.

Another common phenomenological model used is the one developed by Suzen
et al. [9] which incorporates the effects of plasma actuators into the body force in
the Navier-Stokes equations. Here, the body force is calculated as a product of the
electric field and net charge density. Maxwell’s equations are used to solve the electric
field generated from the charged electrode while the charge density is prescribed
to agree with experimental results and represented as a half Gaussian distribution.
This is in contrast to the model developed by Shyy et al. [1] which used a linear
distribution for the electric field and constant charge density. The Suzen model

requires calibration of the Debye length, which is the maximum distance between two



charged particles not shielded from each others electric field, and the maximum charge
density on the dielectric using an experiment consisting of pure plasma-driven flow in
a quiescent environment. The requirement of the calibration of both the Debye length
and maximum charge density makes implementing the Suzen model into a numerical
model more involved than the linear electric field model from Shyy et al. [1].

The Suzen model was implemented in the GHOST two-dimensional code, which
is a pressure-based code using the SIMPLE algorithm with second-order accuracy in
time and space [9]. The model was applied to simulate a low-pressure turbine flow
with large separation to determine the effect of the plasma actuator on the flow
separation [9-11]. The results showed the presence of plasma successfully delayed
the onset of separation and that manipulation of the maximum charge density value
allowed for control over the onset of separation and the extent of the separation zone.

The work completed by Reasor et al. [12] implemented the Suzen model in the
UNCLE three-dimensional solver for comparison between 2-D and 3-D results. Both
2-D and 3-D solvers produced similar results, however, when compared to experimen-
tal results obtained by Santhanakrishnan [13] discrepancies were observed between
the maximum velocity location produced by the 3-D solver. The simulations pro-
duced a maximum velocity location 0.4 cm from the edge of the exposed electrode
while the experimental results show a maximum occurring 1.6 cm from the edge of
the exposed electrode, indicating the model did not accurately capture the plasma
influence on the flow.

The work presented by Dennis et al. [11] implemented the Suzen model to sim-
ulate flow control over a PAK-B blade via a DBD plasma actuator. The results were
compared to experimental data gathered by Huang [14]. Although the numerical

simulations displayed the ability to delay flow separation on the turbine blade, there



was a discrepancy between the pressure coefficient profile obtained numerically versus
experimentally. This error was indicated to be due to differences in actuator configu-
rations, however, with tuning of the simulations Debye length value better agreement
was achieved suggesting that the Suzen model is sensitive to the calibrated values
and fine tuning is required to obtain accurate results.

In an attempt to improve on the current phenomenological models used, Orlov
[15] developed the lumped element circuit model. This model is based on data col-
lected from time-resolved light intensity measurements of plasma discharge from a
single DBD actuator. A time-dependent charge distribution was used to provide
boundary conditions to the electric field, in contrast to the half Gaussian model used
by Suzen et al. [9]. The behaviour of the plasma actuator was modelled as a network
of electric circuit elements, with the circuit consisting of N elementary subcircuits.
Each subcircuit represented a small, finite physical domain consisting of the air capac-
itor, dielectric capacitor, plasma resistive element and diodes to govern the presence
of the plasma. The model was validated by experimental results obtained by Enole et
al. [16] and Post and Corke [17]. The thrust produced by the plasma actuator in the
lumped element circuit model was in agreement with the values obtained by Enloe et
al. [16], while the maximum plasma induced velocity was similar to that obtained by
Post and Corke [17].

Orlov [15] implemented the model in a numerical simulation on a NACA 0021
airfoil to analyse leading edge separation control using a DBD plasma actuator. The
DBD plasma actuator was simulated for steady and unsteady actuation. Both cases
displayed the ability of the plasma actuator to significantly delay separation and
increase the stall angle of attack. Steady actuation was observed to increase the stall

angle by 2°, while unsteady actuation increased the stall angle by 5°. The presence of



plasma decreased the size of the separation bubble, thereby delaying separation and
causing the lift of the airfoil to increase and the drag to decrease. The simulation
results were consistent with experimental results using the same conditions.

Mertz and Corke [18] compared the lumped element circuit model to the Suzen
model to determine which model best captures the physics of the plasma actuator.
By analysing the body force each simulation produced and its variation with the max-
imum applied voltage, Mertz and Corke concluded that the lumped element circuit
model produced a better agreement with experimental results. The authors then pro-
ceeded to implement the lumped element surface model in a simulation of a circular
cylinder in cross-flow. The results showed the DBD actuators were able to eliminate

vortex shedding, similar to the experimental results obtained by Thomas et al. [19].

2.1.2 Kinetic models

Kinetic models use the kinetic equations of particles and statistical modelling of par-
ticle interactions to solve the flow by considering the interactions of the particles
within the plasma. These models focus on the behaviour of individual particles such
as ionization, recombination, and attachment. Kinetic models are better suited for
understanding the mechanisms of the plasma behaviour compared to phenomenolog-
ical models as they capture the dynamics of the charged particles within the plasma;
however, they are much more computationally expensive.

The work done by Font [20] utilized particle-in-cell (PIC) and Monte-Carlo
methods to numerically model a plasma actuator and investigate the plasmas inter-
action with the fluid low. The PIC method represent thousands of charged particles
of one species (ions or electrons) as a single computational particle whose motion is

updated in time under the influence of the electric field. The electric field is calcu-

10



lated by differentiating the electric potential, which is computed by solving Poisson’s
equation. The particle positions are used to determine the charge distribution for
the solution to Poisson’s equation. The Monte-Carlo method was used to evaluate
the collisions occurring between the charged particles in the plasma region and the
neutral air particles, while the motion of the neutral particles was neglected.

The simulation consisted of pure nitrogen with the exposed electrode supplied
with a square wave voltage input of +/-5000 V at a frequency of 8 MHz. The
electrode was first charged at -5000 V during the first 60 ns of the simulation, then
the charge was reversed to 45000 V from 60 ns and onward. The results from the first
half of the simulation showed that the electrons were accelerated along the electric
field lines towards the embedded electrode, while the positive ions collided with the
neutral particles and trailed behind. This behaviour is commonly observed for the
Townsend phase of streamer discharge. After approximately 30 ns, a sufficient amount
of electrons had struck the surface of the dielectric and the local vertical electric field
had diminished. The loss of the local vertical electric field caused the electrons to
begin landing further away from the exposed electrode, however, further ionization
was not observed. During this half of the simulation, an average force of 0.2 x 107°N
directed toward the exposed electrode was inflicted on the neutral particles.

When the charge was reversed to +5000 V, the electrons began accelerating
back towards the exposed electrode and the positive ions were pushed towards the
dielectric. During this time, the average ion density was observed to be 10 times
greater than when the electrode was negatively charged. Additionally, the average
force inflicted on the neutral particles while the electrode was positively charged was
7 times greater than what was observed when the electrode was negative (1.4 x 107N

compared to 0.2 x 107°N) due to the significant increase in the ion density. The results

11



were compared to the experimental work completed by Enloe et al. [8] and were in
good agreement.

Font and Morgan [21] extended the previously discussed work to include oxygen
particles in the simulation. The addition of oxygen to the model is significant as
negative oxygen ions add momentum in the opposite direction of the positive ions
and should reduce the net force imparted on the background flow. Here, the exposed
electrode was supplied with a square wave voltage input of +/-5200 V at a frequency of
approximately 10 MHz, where the results similar to Font [20] were obtained. However,
during the negative going part of this simulation, the plasma was extinguished after
approximately 3000 ns. This is significantly longer than the time observed in the pure
nitrogen model where the plasma was extinguished after 30 ns.

The presence of oxygen was observed to increase levels of ionization which re-
sulted in a greater net force being imparted on the flow. When the results were
compared to experimental work completed by Enloe et al. [22], the slope of the nor-
malized net force versus the applied voltage from the simulation was steeper than
the experimental results. However, both the simulation and experimental results cor-
rectly predict that the net force produced is higher with the presence of oxygen and
as the applied voltage increases. Font and Morgan [21] suggest the difference in force
magnitudes may be due to dissociated and meta-stable plasma products accumulat-
ing in the vicinity of the plasma actuator over the cycles which would alter ionization
levels.

Font et al. [23] compared the numerical results from the PIC model to a fluid
model and found that the kinetic model predicted a Townsend type breakdown while
the fluid model predicted a glow discharge. However, in both simulations, large

regions of non-neutrality were observed where the positive ion concentration was

12



significantly higher than the electron concentration. The regions of non-neutrality
suggest that the plasma density was insufficient to shield itself from the electric field.
When the numerical results were compared to experimental results, the presence of an
electric field within the plasma confirmed this. The experimental force measurements
agreed with the plasma density predicted by the fluid model, while the experimental
plasma resistivity was in agreement with the plasma density predicted by the kinetic
model. Therefore, the authors suggest that both modes of Townsend breakdown and
glow discharge may be present at the same time.

In an attempt to develop a computationally efficient kinetic model of a DBD
actuator, Likhanskii [24] used the PIC code VORPALL. The plasma was modelled as a
five-species mixture consisting of neutral oxygen and nitrogen particles, positive oxy-
gen and nitrogen ions and electrons. The solver used Poisson’s equation to determine
the electric potential and Boris push to determine the charged particles motion.

In PIC codes, charged particles are typically represented as macroparticles (par-
ticle consisting of several real particles) to reduce computational time. For this work,
VORPAL used the concept of nominal density of macroparticles to define the num-
ber of real particles in a macroparticle. The nominal density was selected for the
two-dimensional case as the macroparticles represent the charged particle per unit
length. An issue with the PIC method is the exponential growth of charged particles
in the plasma region which significantly impacts the computational efficiency. To
resolve this issue, VORPAL uses the concept of variable-weight (VW) particles which
defines macroparticles by position, velocity, and weight. Here, the weight defines the
number of macroparticles in a particular VW macroparticle. By assigning a weight
to a VW macroparticle, standard macroparticles can be combined into one thereby

reducing the number of macroparticles in the domain while also restricting the size
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of macroparticles to prevent the generation of extremely large macroparticles.

An important element for plasma propagation is the presence of an electron
source in front of the plasma front as shown by Boeuf et al. [25]. This electron
source is due to photoionization occurring in regions of high electric fields and high
electron concentrations. The VORPAL code does not have a photoionization model,
therefore a few microparticles were randomly loaded into the simulation at each time
step above the DBD surface. The source of electrons was relatively small compared
to the generated plasma but was sufficient to support plasma propagation.

The simulations were completed in both two and three dimensions with the
exposed electrode being supplied with a 3 kV, 4 ns positive pulse. All essential
physical phenomena of the plasma generation and propagation were resolved. The
plasma generated from this model was observed to be thicker and propagated higher
above the surface compared to plasma generated from a fluid model operating under
the same conditions, however; the model provided an accurate solution to the plasma
generated by a DBD actuator while remaining computationally feasible.

Likhanskii and Poggie [26] compared the results from the PIC method using
VORPAL to multiple fluid models and found both methods produced similar results
for the plasma thickness, plasma height above the dielectric surface, electron density,
and electric fields. The authors found the main discrepancy between the two models
to be the electron density within the streamer, where the fluid model produced a
smooth electron distribution while the kinetic model produced a grainy distribution.
This result highlights how the kinetic approach resolved the stochastic nature of
the plasma discharge producing results similar to experimentally observed plasma

filament formation.
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2.1.3 Fluid models

Although kinetic models produce very accurate solutions for the plasma discharge re-
gion, the computational resources required to run them typically result in researchers
employing fluid models instead. Fluid models consist of modelling the ions, electrons,
and neutral particles as different species rather than tracking individual particles like
kinetic models. These models are useful for understanding the plasma dynamics and
the interaction between the charged particles and the electric field. Fluid models are
more computationally demanding than phenomenological models, but less so than
kinetic models.

Signh et al. [27] developed a fluid model consisting of nitrogen and oxygen to
study the discharge produced from an asymmetric DBD actuator in air. The model
captured the ionization, dissociation, and dissociative recombination of nitrogen, as
well as the ionization, dissociation, dissociative attachment, recombination, and dis-
sociative recombination of oxygen. Metastable species (N, and O} ) were neglected
due to their recombination rates, while NO was neglected to reduce the complexity
of the model. An atmospheric ratio of 3.6 was taken for nitrogen to oxygen molecules
while the drift-diffusion form of the continuity and Poisson’s equations were used to
solve the charged particle number densities.

The simulation involved supplying the exposed electrode with a sinusoidal volt-
age with an amplitude of 1000 V at 5 kHz. The authors state that after a few cycles,
little change in the particle densities was observed and therefore assumed a steady-
state had been reached. The concentration of electrons was observed to increase
from 10% em ™! at initialization to 10" em ™! by the time steady-state behaviour was
observed. During the sinusoidal cycle, the electrons were observed to be attracted

to the exposed electrode during the positive half of the cycle, while being repelled
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during the negative half of the cycle. This caused the dielectric surface to behave as
a negative electrode after the negative peak voltage due to the electrons depositing
along the surface. Previous works by Roy and Gaitonde [28,29] completed similar
simulations in helium where the same behaviour was observed.

The nitrogen and oxygen particles produced through dissociation are neutral
and therefore do not respond to the electric field, so the concentration was observed to
remain constant throughout the positive and negative halves of the cycles. However,
the N, and O particles produced through ionization behaved in a manner opposite
to the electrons. They were observed to be repelled from the exposed electrode
during the positive half of the cycle and attracted to it during the negative half.
Because the ions are significantly heavier than electrons, they remained closer to
the dielectric surface. The O~ ions produced through the dissociative attachment
of oxygen with electrons behaved similarly to the electrons and moved towards the
exposed electrode during the positive half of the cycle and repelled away during the
negative half; however, due to their weight little change in the distribution of O~ ions
was observed.

Singh and Roy [30] used the work of Singh et al. [27] to develop a relationship
between the electrohydrodynamic (EHD) force and electric and physical control pa-
rameters. Nine cases were studied where voltage amplitudes of 800, 1000, and 1200
V were applied at frequencies of 2.5, 5, and 10 kHz. The magnitude of the EHD
force was observed to increase with the fourth power of the applied voltage ampli-
tude. Thus the induced velocity in the flow was increased as the voltage amplitude
increased, meanwhile, a small increase in the induced velocity was observed with in-
creasing frequency. When comparing the results from the approximated EHD force

equation to the results from the fluid model, very similar spatial profiles of velocity
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were observed suggesting that the EHD force approximation equation could be a way
to efficiently model DBD actuators operating within the range of values studied.

Previous work completed by Nishida and Abe [31,32] consisted of a two-dimensional
fluid model assuming spanwise uniformity. This model was validated using the ex-
perimental work of Enloe et al. [33] and Abe et al. [34] which conducted an optical
analysis of the plasma in the chord-wise direction. However, the experimental work
completed by Orlov et al. [35] and Enloe et al. [36], which optically analysed the
plasma from a top view, showed that the plasma discharge is strongly time-dependent
and non-uniform in the spanwise direction. Therefore, Nishida et al. [37] extended
the two-dimensional model from [31,32] to be three-dimensional, allowing for analysis
of the DBD actuator in the spanwise direction.

The three-dimensional fluid model consisted of three species; electrons, positive
ions, and negative ions. The charged particle densities were solved using continuity
equations with a drift-diffusion flux coupled with Poisson’s equation. The EHD force
produced by the plasma was assumed to be equal to the rate of momentum transfer
per unit volume due to the collisions between the charged particles and background
fluid particles, while the background fluid was assumed to be air with a nitrogen to
oxygen ratio of 0.8 to 0.2.

The exposed electrode was supplied with a sinusoidal voltage with an ampli-
tude of 6 kV applied at a frequency of 50 kHz. The model successfully simulated
the streamer-type and glow-type discharge observed in experimental studies. The
streamer discharge was observed to intermittently form during the positive half of
the sinusoidal cycle, where the duration of a streamer was on the order of several tens
of nanoseconds and spanned from several tens to several hundreds of micrometers.

The glow discharge formed intermittently during the negative half of the cycle at a
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frequency higher than the streamer discharge with the duration of several nanosec-
onds. However, the glow discharge was more diffusive than the streamer discharge,
spanning up to one millimeter. The EHD force was also analysed and was found to
act downstream during both the positive and negative halves of the cycle. Although a
negative-directional EHD force was observed next to the exposed electrode during the
negative half of the cycle, the region was small compared to the positive-directional
force generated in the rest of the plasma which resulted in the net force remaining
positive.

Nishida et al. [38,39] compared the results of the three-dimensional model to
those produced by the two-dimensional model to analyse the effects of the spanwise
non-uniformity. The number of current spikes produced in the two-dimensional simu-
lation was much lower than in the three-dimensional model due to the two-dimensional
model corresponding to the simulation of a single discharge, while multiple discharges
are simulated in the three-dimensional model. The overall characteristics of the
EHD force field were the same for both models, however, the two-dimensional model
slightly underestimated the plasma length and body force amplitude. The authors
conclude that the two-dimensional model is useful for preliminary studies, but the
three-dimension simulation is required for the analysis of the plasma structure and

actuator performance.

2.2 Effects of voltage waveform on plasma discharge

Extensive research has been conducted both numerically and experimentally examin-
ing the dependency of plasma discharge on the supplied voltage waveform. Commonly
used voltage profiles include a constant applied voltage pulse, a square pulse, a ramp

input, positive and negative sawtooth waveforms, and sinusoidal waveforms.
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Boeuf and Pitchford [25] numerically simulated a DBD plasma actuator sup-
plied with a constant input voltage amplitude of 1200 V using a two-species (positive
ions and electrons) fluid model. Their results showed that as the exposed electrode
was charged, Townsend breakdown occurred between the edge of the exposed elec-
trode and the dielectric surface. Here, the ion space charge was built due to electron
avalanching until a quasi-neutral plasma region formed. The plasma region was ob-
served to have a non-neutral tip called the ion sheath. Once the plasma had formed,
the ions flowed down the dielectric surface to where the electric potential was lower.
As the positive ions impacted the dielectric surface, secondary electrons were gen-
erated and released from the dielectric surface. The secondary electrons were then
accelerated and multiplied in the ion sheath which allowed the sheath to propagate
further down the dielectric surface. This highlighted a direct relationship between
plasma propagation and secondary electron emission.

For this work, secondary electron emission was the only mechanism of electron
generation ahead of the sheath and produced an ion sheath velocity of 3 pum/ns while
a maximum EHD force of 1-10°N/m? was obtained. Although this force is large,
each particle in the ion sheath only experienced this force for a very short time due
to the fast propagation of the ion sheath. When taking the time-average of the force
generated, it was comparable to the estimated force in direct-current surface corona
discharge, and therefore the authors concluded that the DBD studied in the paper
and corona discharges cause comparable EHD effects.

Building off of the work presented in [25], Boeuf et al. [40] revisited the constant
applied voltage case and also considered DBD plasma actuators supplied with time-
varying voltage waveforms. The constant input voltage showed that for the ion sheath

to propagate along the dielectric surface, a method of electron generation at the ion
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sheath edge is required. This case also displayed that as the constant input voltage
increased in magnitude, the plasma propagation velocity increased, however, the EHD
force did not continue to increase in magnitude for voltage levels above 2 kV. When
the voltage level was increased, a larger electric field developed in the vicinity of the
plasma actuator. As soon as the electric field reached the background electrons, the
electrons were accelerated and collided with neutral particles beginning ionization.
This allowed the ion sheath to propagate faster for higher applied voltage levels and
caused the particles to experience the EHD force for a shorter time.

To analyse the effects of the voltage rise time on the plasma, a linearly increasing
(ramp) voltage waveform with various slopes was applied to the exposed electrode.
A voltage slope of 100 V/us was first used in the simulation. The resulting current
developed consisted of several short pulses distributed uniformly in time. This is in
contrast to the constant case which produced a square current waveform. In between
the large current pulses, a small, non-zero and increasing current was present. At
this time a non-neutral ion dense region was observed to form next to the exposed
electrode which slowly expanded along the dielectric surface. For times less than
136.84 us, the discharge was similar to corona discharge as it was self-sustained and
dependent on secondary electron emission with a large geometric field distortion at
the exposed electrode tip. The large current pulse observed at 136.87 us caused a
breakdown in the plasma formation, leading to a transition equivalent to a corona
discharge transitioning to a glow discharge. The dielectric surface was observed to
be completely charged after the breakdown, and the plasma region was diffused. Due
to the applied voltage on the exposed electrode continuing to increase over time,
eventually, the voltage difference between the electrode and the dielectric surface was

great enough to generate new plasma.
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The EHD force was observed to be much larger during the current pulses than
in between pulses. However, due to the pulses being so rapid, when averaged over
time the low current phase was found to contribute more to the EHD force. When
the voltage slope was varied from 50 V/us to 200 V/us, the time between successive
current pulses was decreased and the successive plasma breakdown was observed at
higher voltages. The time evolution of the EHD force was different for the various
slopes due to the corona-like phase being reduced as the slope increased; however, the
space integrated time averaged EHD force was similar and not significantly dependent
on the slope of the voltage.

A sinusoidal waveform with a voltage amplitude of 5 kV applied at a frequency of
5 kHz was also investigated. During the positive half of the sinusoidal cycle, only one
current pulse was noted, while many current pulses of much smaller magnitudes were
observed throughout the negative half of the cycle. At 320 us (during a current pulse)
plasma breakdown was observed similar to the ramp case. The EHD force parallel
to the dielectric surface was found to be directed away from the exposed electrode
during the positive half of the cycle and directed toward the exposed electrode during
the negative half of the cycle. The EHD force was larger during the positive half
of the cycle and pushed the neutral gas in the same direction, producing similar
behaviour observed in corona discharges. As the voltage amplitude was increased
and the frequency was decreased, similar features were observed except with the
addition of another current pulse during the positive half cycle.

Similar to Boeuf et al. [40], the work of Benard and Moreau [41] compared the
influence time-dependent waveforms on the resulting plasma morphology, body force
production, and time-averaged electric wind. Sine, square, and positive and negative

ramp waveforms were investigated experimentally in quiescent flow conditions. A
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voltage amplitude of 20 kV with an AC frequency maintained at 1 kHz was selected
for the simulations. The current was measured by the voltage across a non-inductive
shunt resistor connected to the grounded electrode, while the plasma formation was
recorded by a fast gateable iCCD camera placed above the plasma directed towards
the dielectric surface.

Observing the results, positive current peaks were formed during the positive-
going part of the cycle for each case due to the generation of ionization channels. The
density of the positive current peaks was noticed to be influenced by the slew rate
of the input signal. The input signals with high positive slew rates (the square and
negative ramp waveforms) had a high density of current peaks and a high density of
ionization channels. When the positive slew rate was lower (the sine and positive ramp
waveforms) the current peaks and ionization channels were lower in density. However,
the ionization channels generated from the sine and positive ramp waveforms were
straighter than those generated by the square and negative ramp waveforms which
resulted in the current peaks reaching larger magnitudes of approximately 60 mA
compared to approximately 40 mA for the square and negative ramp cases.

The slew rate during the negative-going part of the cycle influenced the plasma
development as well. When the negative slew rate was small (sine and negative
ramp waveforms), the charged particles were concentrated in straight channels that
propagated a few millimeters from the exposed electrode. Comparatively, the charged
particles were observed to propagate more than 10 mm downstream of the exposed
electrode for the cases with larger negative slew rates (square and positive ramp
waveforms). The square and positive ramp waveform cases produced only a few
current peaks during the negative-going part of the cycle, while the sine and negative

ramp cases produced more current peaks but at lower magnitudes.
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The time-averaged thrust generated by the EHD force was measured for each
case using a force balance. The waveforms were classified into two categories: symmet-
ric (sine and square) and asymmetric (positive and negative ramp). The symmetric
waveforms produced a larger average thrust compared to the asymmetric waveforms.
The author suspects that a charge build-up effect may reduce the thrust generated
by the asymmetric cases. Fach case was run at voltage levels ranging from 14 to 20
kV at a constant frequency of 1500 Hz, where the average thrust increased with the
applied voltage. Additionally, the frequency was varied from 250 to 1500 Hz with the
voltage kept constant at 20 kV, where the higher frequencies generated higher thrust.
Lastly, the electrical power consumption was compared to the generated thrust, with
the authors recommending a sine wave input as the optimal choice in terms of force
generated by electrical power consumption. Although the square wave produced the
largest average thrust force, it consumed more electrical power compared to the sine
case.

The effectiveness of each waveform was compared by the induced velocity of
the background flow. The velocity measurement was taken 5 mm downstream from
the exposed electrode and 1 mm above the dielectric surface where the electrode was
supplied with a voltage of 18 kV at a frequency of 1000 kHz. The square input
generates the largest mean flow velocity, approximately 1.35 m/s, while the sine wave
produced a slightly smaller mean velocity of 1.1 m/s. Performance continued to
degrade when the ramp inputs where applied. This is in agreement with the results
from the thrust measurements, as the square and sine wave produced larger mean
thrust values compared to the ramp cases. The amplitude of the fluctuations of the
induced velocity was also examined, where the sine waveform produced the largest

fluctuations (1 m/s) and the positive ramp case produced the smallest fluctuations
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(0.5 m/s). The induced velocity fluctuations are of interest for applications requiring
the manipulation of highly turbulent and unsteady flows, where the use of a DBD
actuator can increase and decrease the acceleration of the flow and assist with flow
separation control. The results suggest that the sine wave would be the optimal choice
for flow control applications based on unsteady forcing.

The experimental work completed by Nakanao and Nishida [42] and Nakano et
al. [43] agreed with the results observed by Benard and Moreau [41], where the square
and sine waveforms induced the strongest thrust in the flow with the sine wave being
the most efficient as per electrical power consumption. The authors furthered their
investigation and proposed an optimal waveform to maximize the thrust-power ratio
where a steep-gradual negative and positive voltage profile was effective for inducing
thrust. When the AC cycle was modified to have a waveform with an 80% negative-
going cycle, the thrust was increased by 35% and the efficiency increased by 25%

compared to the sinusoidal waveform.

2.3 Effects of voltage and frequency on plasma dis-

charge

For continuous actuation of a DBD plasma actuator, the studies discussed have shown
a sinusoidal waveform seems to be the optimal choice for actuator efficiency when not
considering optimized waveforms. Experimental and numerical work has been con-
ducted to understand how varying the applied voltage and frequency of a sinusoidal
waveform effect the plasma. This has led to relationships being derived between input
and output parameters, allowing for the optimization of plasma actuators.

Pons et al. [44] conducted experiments to examine the effects of varying the

applied voltage amplitude and frequency on the plasma discharge properties. The
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voltage was supplied to the exposed electrode using a Trek high-voltage power ampli-
fier that was driven by a function generator producing a sine waveform. The current
was measured using a resistive probe and the charge transferred by the circuit was
measured using a capacitive probe. The background flow was kept quiescent with zero
velocity to allow for focus on the electrical properties such as the power dissipated
through the plasma and the velocity induced in the flow.

The time-averaged power dissipated by the plasma discharge was calculated
using the area of the charge-voltage curve obtained from a full cycle. By multiplying
this value by the frequency the authors obtained the power. The variation of the power
was studied over a range of voltage amplitudes (Up,q,) from 10-30 kV at a frequency
of 300 Hz and a range of frequencies from 300-1000 Hz at a voltage amplitude of
14 kV. The power was observed to vary with (Uee — Up)? where Uy = 6.5 kV, and
increased almost linearly with frequency. Similar results were obtained by Roth et
al. [45], where voltage amplitudes of 2-8 kV at frequencies of 100-2500 Hz were used to
analyse the effects of the electrical input parameters on the dielectric heating power.
Here, the results concluded that the heating power grew proportionally to the square
of the voltage amplitude and linearly with frequency.

To study the influence of voltage on the induced velocity in the flow, the ve-
locity profiles were taken 1.5 cm downstream from the edge of the exposed electrode
using a capillary tube connected to a micromanometer. The induced velocity in-
creased linearly within the range of voltages tested. Extrapolating the results showed
a threshold value for the flow production of U,,,, = 6.5 kV (previously defined as Up),
indicating that below this voltage the induced velocity will not increase proportion-
ally to the voltage. The induced velocity was also proportional to the square root of

the time-averaged power dissipated by the plasma, in agreement with the expression
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relating power to the voltage amplitude. When the frequency was increased from
300-1000 Hz, the maximum induced velocity increased almost linearly, similar to the
time-averaged power dissipated.

The mechanical power supplied to the system was determined using methods
outlined in [46], where the mechanical power corresponds to the kinetic energy density
flow rate. The results from the velocity profiles showed that the mechanical power
was proportional to (Upe. — Up)®. By comparing the mechanical power to the time-
averaged dissipated power, a relationship between input and output parameters was
obtained to determine the efficiency of the plasma actuator as 0.05%. This indicates
that the majority of the power was lost to heating, however, the authors suggest
selecting a different dielectric or electrode material could reduce the amount of power
dissipated and improve the efficiency.

Forte et al. [47] extended the range of frequencies analysed by Pons et al. [44]
from 1000 Hz to 2000 Hz to observe the plasma development at higher frequencies.
Increasing the frequency increases the slope of the applied voltage, which was found
to enhance ionization in the plasma region. Additionally, the mean transferred charge
increases with frequency, thereby inducing more collisions in the plasma region. The
results showed the maximum induced velocity in the flow increased asymptomatically
and began to plateau after 1200 Hz. The effects of varying the applied voltage ampli-
tude were investigated in conjunction with the frequency, where the induced velocity
increased linearly with the voltage, in agreement with Pons et al. [44].

More recently, the numerical work completed by Shi et al. [48] tested similar
voltage levels (14-22 kV) and frequencies (500-2000 Hz) under quiescent conditions
using a two species fluid model consisting of positive and negative ions. The presence

of free electrons was neglected as they have been shown experimentally [49,50] and
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numerically [40] to not have a significant influence on the EHD force. The results
from the simulations were in agreement with the experimental results from Pons et
al. [44] and Forte et al. [47], where the power was found to have a cubic relationship
with the voltage amplitude and a linear relationship with frequency, while the induced
velocity in the flow increased with both the voltage amplitude and frequency. The
authors extended their study to include a background flow with velocities ranging
from 1-12 m/s. As the velocity was increased beyond 6 m/s, the effects of the DBD
actuator became significantly reduced even as the voltage amplitude and frequency
were increased.

Additionally, Shi et al. [48] analysed the effect the voltage amplitude and fre-
quency had on the current density, space charge density, and surface charge density.
The current was found to increase almost linearly with both the voltage and fre-
quency, in agreement with the experimental work completed by Valdivia-Barrientos
et al. [51]. The current had similar magnitudes during both the positive and nega-
tive halves of the sinusoidal cycle, however, the maximum current increased during
the first two cycles before reaching a repeatable value for the remaining cycles. This
indicated that the electric parameters required at least three voltage cycles to reach
a quasi-steady state. The space charge density was observed to increase with the fre-
quency due to the ions having less time to move away from the electrode and diffuse
throughout the domain, while the surface charge was found to reverse polarity every
half cycle with the voltage.

Experimental work completed by Tang et al. [52] analysed the effect voltage
and frequency have on the plasma. By varying the voltage from 12-19.5 kV and
the frequency from 500-2000 Hz, the authors used the results to develop empirical

relations for the plasma discharge properties within the range of parameters tested.
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Here, the plasma length was observed to increase linearly with the voltage in agree-
ment with the results obtained by Orlov [15] and Enloe et al. [22], while the plasma
length increased asymptotically with the frequency.

A relationship between the plasma length and height was noted, where the
ratio was found to remain constant at approximately 5.2 for the various voltages
and frequencies tested. The current density and induced velocity were observed to
increase linearly with the voltage, in conformance with the previous studies discussed
[44,47,48]. However, both the current density and space charge density were found
to be independent of the frequency in contrast to the numerical results obtained by
Shi et al. [48]. Although the distribution of the space charge density changed with
the input parameters, the average charge density did not change significantly. Tang
et al. [52] computed a mechanical power efficiency of 0.03%, which is similar to the

value obtained by Pons et al. [44].

2.4 Nanosecond pulsed DBD plasma actuators

The previous section focused on studies examining DBD actuators operating with
voltage levels of 10-30 kV at frequencies of 500-2000 Hz, where the results showed
the plasma induced velocity in the flow via momentum transfer and was successful
at delaying separation, increasing the lift force, and decreasing the drag force over
airfoils. However, as the background flow velocity increased to tens of m/s, the effec-
tiveness of the DBD actuators significantly declined even when the applied voltage
amplitude and frequency were increased. This led to Roupassov et al. [53] performing
experimental work, supplying a DBD actuator with a series of high-voltage pulses
lasting tens of nanoseconds. The results showed that the actuator was successful at

reattaching flows over airfoils at much higher velocities, examining speeds up to Mach
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0.85. During these experiments, a near zero velocity was found to be induced in the
flow, instead, measurements showed overheating in the plasma discharge region where
the rapid, localized heat generation induced compression waves. The results suggest
that the main mechanism affecting the background flow is significantly different for
a nanosecond (NS) pulsed DBD actuator and one supplied with a sinusoidal voltage
operated in the kHz range.

To study the influence of the NS-DBD actuator on the external flow, Roupassov
et al. [53,54] performed an experimental analysis of a C-16 airfoil where the actuator
was mounted 5 mm downstream from the leading edge. The exposed electrode was
supplied with a 25 kV, 12 ns pulse using two different regimes: one consisted of a
single pulse being supplied to the electrode with the time between each pulse ranging
from 0.1-2 ms, while the other supplied 5-100 pulses in a burst with the time between
bursts ranging from 1-100 ms. The external velocity was varied from 10-20 m/s and
the pressure distribution data was collected to observe the changes in the lift and
drag forces. The single pulse demonstrated the ability to partially reattach the flow
at all frequencies tested. When operating under the burst mode regime, two large
vortices were generated which increased the pressure peak near the leading edge.
Overall, the authors were able to decrease the drag force by approximately 45% and
increase the lift force by approximately 30%. Further experiments were performed
on a NACA-0015 airfoil at an angle of attack of 18° in flow velocities up to 110 m/s,
where the NS-DBD actuator was successful in reattaching the flow. Another study
was performed on a Lockheed-Georgia C-141 transonic wing in velocities up to Mach
0.74 where the NS-DBD actuator was successful at reattaching the flow and also
significantly reduced the aeroacoustic noise by removing high-frequency pulsations in

the wake of the model.
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Little et al. [55] performed experimental work on a simplified high-lift model
of the NASA Energy Efficient Transport airfoil in flow speeds up to 62 m/s. Due to
the small radius of curvature at the leading edge of this airfoil, it is susceptible to
stalling at low angles of attack and a deflectable slat is typically included. Although
slats are effective at increasing lift, they add weight and increase manufacturing costs
and mechanical complexity. Therefore, an NS-DBD actuator was mounted near the
leading edge to analyse its capability of flow reattachment which would remove the
necessity of a leading edge slat. When supplied with a 100 ns pulse with a peak
voltage amplitude of 15 kV, the NS-DBD actuator was successful at delaying the
stall angle from 10° to 16°.

The work completed by Little et al. [55,56] compared the resulting current and
induced velocity from the NS-DBD actuator to an AC-DBD actuator supplied with
a sinusoidal wave form with a peak-to-peak voltage of approximately 15 kV at a
frequency of 2 kHz. The maximum current produced by the NS-DBD actuator was
approximately 25 times larger than the current produced by the AC-DBD actuator,
resulting in power levels up to 600 kW. However, when the power was averaged over
time, both cases produced similar values. When comparing the induced velocities in
the flow, the NS-DBD actuator transferred significantly less momentum to the flow.
Velocities up to 0.5 m/s were observed from the NS-DBD actuator, while velocities up
to 3.5 m/s were seen by the AC-DBD actuator, supporting the claim that momentum
transfer is not the main mechanism of NS-DBD actuators influencing the flow.

Takashima et al. [57] extended the work from Little et al. [55,56] to experi-
mentally characterize an NS-DBD actuator by varying the pulse peak voltage, pulse
repetition rate (i.e. the time between each pulse), and electrode length. The results

showed the pulse energy per unit length was mainly dependent on the peak voltage
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and was independent of the electrode length. The plasma region was observed to be
uniform during the initial phase of development, however, it became filamentary as
time progressed and as the pulse repetition rate was increased. Examination of the
compression wave produced by the NS-DBD actuator showed that the wave may be
a superposition of individual waves generated by discharge filaments. Additionally,
a temperature rise of 350 K in the filament was inferred from UV /visible emission
spectroscopy measurements which is similar to the values obtained by Roupassov et
al. [53].

The previous studies focused on NS-DBD actuators operating in subsonic flows,
however, the work of Nishihara et al. [58] and Adamovich et al. [59] researched flow
control capabilities in supersonic flows. Their work consisted of testing a cylinder
cross-section with an NS-DBD actuator mounted both symmetrically and asymmet-
rically to the stagnation line in flow speeds up to Mach 5. When supplied with a
high-voltage single-pulse (up to 30 kV) with a duration of 5 ns at a pulse repetition
frequency of 100 Hz (i.e. 10 ms between each pulse), the generated compression wave
caused the bow shock to be displaced upstream. The experiment was repeated, where
a burst of two pulses was supplied to the exposed electrode at a pulse repetition rate
of 100 kHz and a burst repetition rate of 200 Hz (i.e 0.01 ms between the two pulses
and 5 ms between the sets of pulses). Similar behaviour to the single-pulse case was
observed up until the second pulse, where a second compression wave was generated.
The single-pulse and first pulse when operating in burst mode increased the shock
stand-off distance by 26%, while the second pulse when operating in burst mode
increased the stand-off distance by 25%.

The experimental work discussed mainly focused on the ability of NS-DBD

actuators as flow control devices, without examining what was occurring within the
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plasma region. To expand the quantitative understanding of the mechanisms that
occur within the plasma, Unfer and Boeuf [60] developed a two-dimensional fluid
model consisting of electrons, positive ions, and negative ions. A 14 kV pulse with a
total duration of 35 ns was supplied to the exposed electrode to study the resulting
current, ion sheath, electron density, and compression wave. The current peaked as
the pulse reached its peak potential, having a maximum amplitude on the order of 103
A/m. During this time, an ion sheath developed along the surface of the dielectric
and generated a positive surface charge as it propagated away from the exposed
electrode. The ion sheath reached speeds up to 500 pm/ns, which is similar to the
values obtained experimentally by Starikovskii et al. [61]. As the voltage returned to
zero, the current rapidly decayed reaching a negative peak before returning to zero,
while the ion sheath returned to the edge of the exposed electrode as its potential
became lower than the dielectric surface. During both the rise and fall of the voltage
pulse, the electron density was on the order of 10'® to 10! m~!. Additionally, the
compression wave was observed to propagate like a micro shock wave, travelling at
450 m/s during the first 100 ns before decreasing to 350 m/s.

One of the most significant challenges of modelling NS-DBD actuators is the
wide range of time scales required: 107!2 s for plasma formation, 1079 s for discharge
energy heat generation and compression wave formation, and 1072 s for flow structure.
Unfer and Boeuf [60] made their model computationally feasible by employing an
asynchronous time integration method coupled with an adaptive mesh refinement
technique. The method allows for the mesh to be refined in the plasma region based on
Debye length and particle velocities, thereby reducing the number of elements in the
mesh and decreasing computational time. Additionally, a simple phenomenological

model of energy transfer was implemented in the work instead of modelling the kinetic
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processes that govern the energy transfer. In an attempt to develop a computationally
feasible model that includes the kinetic processes such as electron impact, excitation,
quenching and electron-ion kinetics, Takashima et al. [62] developed a self-similar,
local ionization model.

The model used experimental results compared with energy coupling results
from a kinetic model to predict discharge parameters such as ionization wave speed,
propagation distance, electron density, electric field generation, and plasma thickness.
The pulse supplied to the electrode had the same values used by Unfer and Boeuf [60],
a 14 kV pulse lasting 35 ns. The ion sheath was found to have a velocity of 570 um /ns,
while the current peak was 11.8 A, where both values are only slightly higher than
the values obtained by Unfer and Boeuf [60]. The authors also varied the voltage rise
time to analyse the effects on the plasma. Both the ion sheath velocity and current
peak increased almost linearly as the voltage rise time was reduced, while the plasma
thickness and extent were not significantly affected.

The previous work focused on analysing the behaviour of a single, positive
pulse, however, NS-DBD actuators are typically operated in burst mode and some-
times with alternating polarity. The work completed by Deng et al. [63] has shown
experimentally that the residual surface charge on the dielectric surface from an ini-
tial pulse significantly impacts the propagation of the discharge during the second
pulse. The plasma extent increased gradually during each subsequent pulse, while
the speed of the plasma front increased 3-8 times during the second pulse compared
to the first on an uncharged surface. Additionally, the work from Simeni Simeni et
al. [64] demonstrated how the accumulated charge on the dielectric from repeated
pulses significantly offsets the electric field before each pulse which effects the overall

energy within the plasma. More recently, the experimental work of Peng et al. [65]
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found a strong dependency of the plasma and electrical characteristics on the residual
surface charge produced by previous pulses.

Due to the residual surface charge affecting the plasma development as pulses
are repeated, researchers have used different characteristics of the plasma to deter-
mine how many pulses are required to achieve a self-repeating or quasi-steady plasma
configuration. Both Shi et al. [48] and Kourtzanidis et al. [66] used the value of the
current to determine when the plasma had reached a quasi-steady state, where the
current showed self-repeating behaviour from the third cycle and onwards. Bouef et
al. [40] also determined the plasma had reached a quasi-steady state by the third cycle,
however, their observations were based on the averaged force parallel to the dielectric
surface. However, the worked completed by Nakai et al. [67] assumed the plasma
had not reached a quasi-steady until the fourth cycle, in agreement with Unfer and
Bouef [68] who used the EHD force to determine when the plasma was quasi-steady.
Furthermore, Parent et al. [69] indicated a minimum of five cycles are required for
the plasma to fully form due to recirculation affecting the temperature distribution

near the electrodes.
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Chapter 3

Computational Domain

The simulation geometry used for this work consists of a fluid region and a dielectric
region as shown in Figure 3.1. The exposed electrode has a length of 0.1 mm and lies
flush with the dielectric surface. The embedded electrode spans the entire length of

the domain so that the downstream extent of the plasma is not limited by the length

of the grounded electrode.

0.30 mm

0.05 mm

1.40 mm

I

. Outer boundaries —_—

Fluid region

Exposed electrode
0.1 mm in length /

Dielectric region

F

Embedded electrode

Boundary
interface

Figure 3.1: Computational domain for simulations
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3.1 (Governing equations

The fluid dynamics examined for this work are governed by the laws of the conserva-

tion of mass (Eq. 3.1) and momentum (Eq. 3.2).

dp B
otV (V) =0 (3.1)
\%
m&)+v-vavp?4m+vrr+& (3.2)

This work focuses on studying the development of an NS-DBD generated plasma.
This requires time scales of such short duration that changes in the background flow
are negligible, and therefore the background flow remains quiescent throughout the
simulations. This greatly simplifies the above equations, limiting the momentum

equation to solving the electrodynamic force fp in Eq. 3.2.

3.1.1 Electrodynamic force and electric field calculations

The electrodynamic force fp in Eq. 3.2 is included to model the electromagnetic

relationships within the plasma region. This term is defined as,

fr=pE+J xB (3.3)

where p. is the charge density, E is the electric field, J is the current density, and
B is the magnetic field. Maxwell’s equations are used to solve for the electric and
magnetic fields. The first of Maxwell’s equations considered is Ampere’s law, given

as,
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1 0E

where up is the vacuum permeability (471077 H/m) and c is the speed of light in a
vacuum ( 3 - 10% m/s). Looking at the terms on the right-hand side of Equation 3.4,
the induced magnetic field from J or E can be neglected for small values of current

density and %—]f /c® = 0. For this work the applied magnetic field is 0 which reduces

Eq. 3.3,

The next of Maxwell’s equations considered is Faraday’s law of induction. This
equation is used to relate the time varying magnetic field to the spatial variation in

the electric field,

VXE:J§ (3.6)

When the magnetic field is neglected, Eq. 3.6 is reduced to,

VXxE=0 (3.7)

Gauss’s law for magnetism is,

V-B=0 (3.8)

However, this equation can be neglected due to the absence of an applied mag-
netic field. Lastly, Gauss’s law for electricity is used to relate the charge distribution

to the electric field,
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v-E=" (3.9)

€

where € is the permittivity. The dielectric region is modelled as a non-conductive
solid and therefore maintains a charge density (p.) of 0. This simplifies Eq. 3.9 to,
V-E=0 (3.10)
for the dielectric region. Due to the presence of free charges, Eq. 3.9 must
be used in the fluid region. The permittivity € is calculated as a product of relative
permittivity €, and vacuum permittivity (e = 8.85- 1072 F/m) using,

€ = €€ (3.11)

The electric field E is expressed as the gradient of the electric potential ¢g,

E=-Voég (3.12)

Combining Eq. 3.12 with Eq. 3.9 and Eq. 3.10 yields Eq. 3.13 for the plasma region

and Eq. 3.14 in the dielectric region.

V- (eVop) = —p. (3.13)

V- (eVép) =0 (3.14)

The charge density (p.) is used to relate Eq. 3.5 and Eq. 3.13, leading to the

next section.
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3.1.2 Charge density calculations

The charge density is the difference between the concentration of positive ions and

electrons and can be determined by summing the charged particle densities,

Pe = eOZska (3.15)
k

where ¢ is the elementary charge (1.6022 x 107'? C) and sy, is equal to +1 for positive
ions, -1 for electrons. The solution for the particle number density N, is determined
using the continuity equation,

ONy,

K .T,. = 1
5 +V.-Ty =5 (3.16)

where the source term Sj determines the rate at which particles are generated or
extinguished and is dependent on the species and ionization model used. The flux

term I’y is solved using the drift diffusion model,

This equation accounts for the movement of charged particles due to both the electric
field (skurEN) and gradients in concentrations (D V Ny). The diffusion coefficients

are determined from the Einstein relation,

_ kBT
€0

Dy (3.18)

where kp is the Boltzmann constant (1.3806 - 1072 J/K) and T}, is the temperature
in Kelvin (assuming 11600 K for electrons, 116 K for positive ions [21]). Substituting

these values into Eq. 3.18, the values for the diffusion coefficients for the electrons
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and positive ions are D, = 1p, and Dy = 0.01u, respectively. These values are
consistent with those used by Boeuf and Pitchford [25] and Sato et. al [70].

The value for electron mobility (i) is determined from a drift velocity (V. ),

de (3.19)

where V. is calculated from a curve fit based on data from Grigoriev and Meilikhov

[71]a

Vde _ (E/N)0.69813€42.267(1 4 (E/N)_0'66345€_33'703) (3'20>

while the positive ion mobility (p) is taken from Kaye and Laby [72] as,

T
e =18-107"-2.69 - T (3.21)
p

As previously mentioned, the source term Sy, is dependent on the type of charged
particle and the ionization model used. All simulations in this work model the fluid
as pure Nitrogen gas and only consist of electrons, positive ions, and neutral particles

of N,. Therefore the reactions consist of a single ionization-recombination set,

e~ + Ny =2e + Ny (3.22)

In the forward direction, this reaction shows for every positive ion generated, an
electron is also generated. While in the reverse direction, for every positive ion
extinguished, an electron is also extinguished. Therefore the source terms for both

electrons and positive ions in pure Nitrogen are equal and can be written as,

Sy =S, =5, =a|l.| - BN.N, (3.23)
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where « is the ionization coefficient and § is the recombination coefficient. The

ionization coefficient («) is taken from Raizer [73],

8.8 0.750pe 55575 if E/p < 150 - 1.333
a= (3.24)

34200
12 - 0.750pe” 33387 if EF/p > 150 1.333

The recombination coefficient 3 is taken from [25] and set to 1071% m?/s. With

the particle number density, source term and flux term defined, the charged density

can now be solved.

3.2 Boundary conditions

This section will discuss the boundary conditions imposed on the computational do-
main for the electric potential ¢g, particle fluxes I'y, and particle number densities

Nji. A summary of the initial conditions is included at the end.

3.2.1 Outer boundaries

As previously mentioned, the fluid region consists of electrons, positive ions, and
neutral particles, while the dielectric region is modelled as a non-conductive solid.
The outer boundaries are modelled as outlets for these regions with the embedded
electrode modelled as the bottom boundary of the dielectric region (displayed in
Figure 3.1). For the outer boundaries located in the fluid region, the particle fluxes
(T'. and ') are solved using Eq. 3.17, while the particle number densities (N, and
N, ) are set to a zero gradient. These conditions are not solved at the outer boundaries
located in the dielectric region, including the embedded electrode, as there are no free
charges present here. For the outer boundaries in both regions, the electric potential

(¢g) is set to a zero gradient, while the value for ¢ is set to 0 V for the embedded
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electrode for the duration of all simulations.

3.2.2 Fluid-dielectric interface

The equations used to solve the flow must be coupled at the fluid-dielectric interface
(the exposed electrode is included in this interface). In the fluid region, the electric
potential is calculated using Eq. 3.13, while Eq. 3.14 is used for the dielectric region.
Therefore, at the fluid-dielectric interface, the electric field component parallel (Ey)

to the surface must be equal across the surface such that,

(Ey) fiuia = (By))dier (3.25)

Any difference in the normal component of the electric displacement (E ) is equal to

the surface charge (0.) accumulated on the dielectric (o),

(€EL) fruida — (€EL)die = 0 (3.26)

The surface charge (o.) is calculated through a time integral of the fluxes of the

electrons and positive ions,

o0 = 0yco / (T, —T.) - ndt (3.27)

where the term 0, is used to ensure the surface charge is only computed at the fluid-
dielectric interface and is set to 1 at the interface and 0 everywhere else including at
the exposed electrode.

While the charged particle fluxes are calculated at the boundaries of the fluid
and dielectric domain using Eq. 3.17, at the fluid-dielectric interface (including the

exposed electrode) the particle flux is dependent on the direction of the electric field.
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Positive ions move along the electric field lines while electrons move in the opposite
direction, as shown in Figure 3.2. When the electric field is positive and directed away
from the surface (Figure 3.2 (a)) the positive ions move away from the surface while
electrons embed into the surface, causing the dielectric surface to become negatively
charged. When the electric field is negative and directed towards the surface (Figure
3.2 (b)) the positive ions move toward the surface, causing the surface to become
positively charged. During this process, an electron can be ejected from the surface,

generating free electrons that will assist with ionization in the fluid region.

! b
§ b .

Fluid region @
é? E, E,
(b)

(a) E, >0

E, <0

Figure 3.2: Charged particle motion due to electric field

Therefore, the boundary conditions for the particle fluxes along the fluid-dielectric
interface are governed by the following set of equations and dependent on the direction

of the electric field,

~uEN, ifE, >0
T, = (3.28)

AT, i E <0

0 if E, >0
T, = (3.29)
,LL+EN_|_ if EJ_ <0

where 7 is the secondary emission coefficient (set to 0.05 for all simulations) and
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represents the ejection of free electrons when the positive ions move toward the sur-
face. The boundary conditions for the charged particle densities (N, and V) at the

fluid-dielectric interface are as follows,

V(N,)=0 ifE >0
N, = (3.30)

”}/N_FZ—: if EJ_ <0

;

0 1fEJ_>O

=
I

(3.31)
V(N,) =0 ifE, <0

\

3.2.3 Exposed electrode

Although the boundary conditions imposed on the exposed electrode are discussed in
the previous section, it is worth taking time to discuss the electric potential applied
to the electrode throughout the simulations. The goal of this work is to analyse how
varying the supplied voltage amplitude and pulse duration effect plasma developed by
an NS-DBD actuator. Therefore, a sinusoidal waveform was applied to the exposed
electrode and the electric potential on the electrode can be expressed as,

27t

Op = Asin(F) (3.32)

where A is the voltage amplitude, t is the time, and B is the pulse duration. Each
simulation was run for a total of five cycles for t = 5B. A summary of initial and

boundary conditions is presented in Table 3.1.
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Location Variable Condition
€, 1
T 300 K
Fluid region P 100 kPa
[0y Y%
N.,, N, 1-108m=3
. . . €, 10
Dielectric region b, 0V
OB Coupled (Eq. 3.25, 3.26)
N . N., N, Calculated (Eq. 3.30, 3.31)
Fluid-dielectric interface . T, Calenlated (Eq. 3.2, 3.29)
Oy 1
¢g, Ne, N, Zero gradient
Outer boundaries r.,T. Calculated (E. 3.17)
Oy 0
g Calculated (Eq. 3.32)
N., N,y | Calculated (Eq. 3.30, 3.31)
Exposed electrode T.,T. | Calculated (Eq. 3.28, 3.29)
0y 0
Embedded electrode ?E 0 OV

Table 3.1:

Initial and boundary conditions

3.3 Numerical methods

The software used for this work is OpenFOAM, an open-source software application
that utilizes libraries written in C++ to solve fluid dynamics problems. The solver
used for this analysis is based on the conjugate heat transfer with multiple regions
solver supplied in OpenFOAM with modification to incorporate plasma development
and follows the work of Murzionak [74]. Using first order implicit Euler time march-
ing with time steps on the order of 1- 107 seconds to capture the behaviour of
the charged particles, the convective terms are discretized using second-order Van-
Leer discretization, Laplacian terms are discretized using a second-order Gauss linear

corrected scheme, and scalar gradients are solved using a linear Gauss integration
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scheme.

It is important to note that OpenFOAM uses Gaussian integration to discretize
the spatial terms. Gaussian integration is a method to numerically approximate the
integral of a function over a finite interval by using points within the interval and
corresponding weights to compute the integral accurately. By applying Gaussian
integration at the faces between cells and interpolating values (such as pressure or
velocity) from cell centres to face centres, the flux integrals of said values can be
computed. The Gauss (or Divergence) theorem (Eq. 3.33) can then be used to allow

conversion between surface and volume integrals for the spatial terms.

(V-F)dV = ¢ F-dS (3.33)
/ /

\4 S

The theorem states that for a control volume V' bounded by surface S, the divergence
of F over the region V' is equal to the flux of F across the boundary S (assuming S
is oriented outward). The theorem is used to relate how much F is diverging inside
the control volume V' to how much of F is passing through the surface boundary S
that encloses the control volume V. The theorem provides a link between the local
behaviour of the flow (divergence) and the global behaviour of the flow (flux through
a closed surface) while also ensuring conservation of fluxes across boundaries.

The discretization and interpolation schemes used for this work are summarized
in Table 3.2.

The Gauss Van Leer scheme in OpenFOAM combines the upwind and central
differencing schemes and adds a Van Leer limiter ¢ (r). The upwind differencing
scheme is robust, but only first-order accurate which is generally too inaccurate for
use; while the central differencing scheme is second-order accurate, but not well suited

to cases with high gradients. Therefore, the Van Leer limiter is added to reduce the
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Term Discretization Interpolation Order of
Scheme Scheme Accuracy
Time Euler - O(h)
Gradient Gauss Linear O(h?)
Divergence Gauss Van Leer O(h?)
. Linear 9
Laplacian Gauss Corrected O(h?)

Table 3.2: Numerical methods used to solve the governing equations

errors imposed from each scheme,

W) = == i (3.34)

where 1 is the ratio of gradients around the integration point and defined as,

_upwind side gradient (3.35)
~ downwind side gradient '

r

The limiter will switch the interpolation scheme to upwind differencing at loca-
tions of high gradients, while using central differencing everywhere else, keeping the

overall scheme second-order accurate in space.
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Chapter 4

Grid Sensitivity Study

The mesh used to solve the computational domain is a two-dimensional mesh using
two levels of refinement as shown in Figure 4.1. The element size is reduced by a
factor of 2 with each successive refinement level, having a maximum element length
of 2 pym in the unrefined region and a minimum element length of 0.5 pm within the
plasma region. This spacing is selected based on an average particle density of 102
m~3 and an electron temperature of 1 eV to produce an element size in the plasma
region smaller than the Debye lenth. The refinement regions are increased in length
as the voltage amplitude and pulse duration are increased so that the plasma region
is always within the maximum refinement region.

A grid refinement study was performed using the methods outlined in [75] to

estimate the influence of the grid on the solution accuracy.

4.1 Order of convergence

Before proceeding with the grid sensitivity study, it is important to establish an

observed order of convergence. The order of convergence is used to quantify the
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Element size x1

Fluid region
2— x1/2

‘ B x1/4

Dielectric barrier

Figure 4.1: Mesh refinement regions

rate at which the simulation approaches the exact solution as the grid spacing is
refined. The exact solution is considered to be the value obtained from a grid with
zero spacing. The difference between the grid solution (f;,) and exact solution (f,—)

can be expressed as,

€ = fh — fh:O = Chp + HOT (41)

where C' is a constant, h is the grid spacing, p is the observed order of convergence
and H.O.T is higher-order terms. Assuming the grid is sufficiently refined such that
the results do not vary significantly with each grid refinement, the higher order terms
can be neglected. By using three grids (f1, f2, f3) with different grid spacings (hy,

ho, h3), Eq. 4.1 can be written as,
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e1 = fi — fr=o = Ch}
e = fa — fn=o = ChY (4.2)
es = f3 — fnmo = ChY

These expressions can be combined to eliminate f,—q and C,

63—62_f3—f2_h‘§—h§

= = 4.3
€2 — €1 fa— f1 h‘g_h‘? )
The grid refinement ratios can be defined as,
ho
21 = 7~
Z; (4.4)
732 h—2
Rewriting Eq. 4.3 in terms of the grid refinement ratios gives,
f3_-f2 _rgl(r%_l) . (f3_f2)(r§1_1) (45)

= . T =
for i (=1 T (o f)(E 1)
The observed order of convergence (p) can then be determined by taking the natural

logarithm of Eq. 4.5,

(fs — f2)(7"§1 —1)
(fa— f1)(7“§2 —1)

For this work, the grid was refined by adding successive levels of refinement in the

=1In

/lIl [7“21] (46)

plasma region that reduced the element length by half in both the x and y directions.

Therefore, r35 = 191 = r, and Eq. 4.6 can be reduced to,

e e
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4.2 Richardson extrapolation

With the order of convergence defined, the Richardson extrapolation is used to es-
timate the exact solution with zero grid spacing. The Richardson extrapolation is
presented in [76], where the discrete solutions f, in the grid spacing h, are assumed

to have a series representation,

f= fr=o+gih + gah® + gsh® + ... (4.8)

where g; is a function defined in the computational domain that does not depend on
any discretization. Richardson [76] proposed if g; = 0 (a second-order method), then
two separate discrete solutions f; and fs, on two different uniform grids with spacings
hy (fine grid) and hy (coarse grid), can be combined to solve for go. By substituting
this into Eq. 4.8 one obtains,

_ h3fi—hifs

g = HOT 4.
fh—(] h%_h% + O ( 9)

By dropping the higher order terms and introducing the grid refinement ratio, ro; =
ho/hi, Eq. 4.9 can be rewritten as,
Ji—f

—0 >~ f1+
th fl T%l—]_

(4.10)

However, Roache [75] highlights several issues with the Richardson extrapo-
lation including the assumption of the absence of odd powers in the expansion of
Eq. 4.8 and a monotone truncation error convergence in grid spacing. Other issues
identified by Roache [75] include the requirement of integer grid refinement ratios

and the magnification of machine round-off errors. Roache’s proposed solution is the
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Grid Convergence Index (GCI), a method aimed at reporting the results of a grid
convergence study in a consistent manner, regardless if Richardson extrapolation is

used.

4.3 Grid convergence index (GCI)

Roache’s [75] GCI is based on the generalization of the Richardson extrapolation.
Including odd powers in the expansion of Eq. 4.8, the Richardson extrapolation can

be generalized to pth-order methods as,

Jr=0 f1 + J::n__];z (4.11a)
Frmo 2 fo + % (4.11b)

In Eq. 4.11, the second term is an error estimator for either f; or f;. The error

estimator for f; can be expressed as an estimated fractional error Fy,

_h—f=o Lo fu

E = 4.12
' fi Jir?—1 (4.12)
The expression for the fractional error estimator can be reduced to,
Bi=— (4.13a)
fi(rp —1)
er?
Ey= —— 4.13b
A1) ( )

where ¢ is the relative error and is defined as,
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g = f2 — fl (414)

The estimated fractional error (£) is an improvement of the relative error (¢) as
it considers both the grid refinement ratio (r) and the observed order of convergence
(p). The value of € can be made artificially small by selecting a grid refinement ratio
close to 1, thus the value of F is recommended to quantify the error induced by the
grid resolution.

The GCI is the percent difference between the computed numerical value and
the true solution. It also indicates an error band on how far the solution is from the

asymptotic numerical value as well as how much the solution will change with further

grid refinement [77]. The GCI for the fine grid 1 is defined as,

GCI,, = F|E| (4.15)

where [} is a safety factor. When a coarser grid is required due to computational

restraints, the GCI for coarse grid 2 can be calculated as,

GCI,, = F| By (4.16)

Although the estimated fractional errors F; and Fsy are dependent on only the
numerical results of grids 1 (f;) and 2 (f), the solution to grid 3 (f3) is required to
determine the order of convergence p. This results in a recommended safety factor of

1.25 in Equations 4.15 and 4.16 when 3 or more grids are compared.

GCI; = 1.25|E| (4.17)
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GCI;, = 1.25| 5, (4.18)

4.4 Grid sensitivity results

For the purpose of the grid sensitivity study, two additional refinement regions are
added as listed in Table 4.1. For each refinement, the number of grid points in the x

and y direction is doubled while the number of grid points in the z direction remains

constant.
Refinement Minimum
Level x - Limits [gm] | y - Limits [gm]| | Element Length
eve
[m]
0 -100 to 1400 -50 to 300 2
1 -100 to 1000 -10 to 100 1
2 -100 to 900 -3 to 75 0.5
3 -100 to 800 -1 to 50 0.25
4 -100 to 600 -1 to 25 0.125

Table 4.1: Refinement region parameters

A total of three grids are used to evaluate the GCI where the coarsest grid uses
two refinement regions and the finest grid has four levels of refinement (see Table
4.2). The total number of elements is approximately doubled with each successive
refinement region added such that the finest grid has a total of 1.2 million elements
and a minimum grid resolution of 0.125 pum. KEach case was run on 16 cores of an
Intel® Core™ i9-13900KF 3.0 GHz CPU.

The results for the grid sensitivity study are evaluated over the first positive half
of the sinusoidal voltage cycle. The electrode is supplied with a sinusoidal waveform
having a peak potential of 1500 V and a pulse duration of 100 ns. The parameters

analysed are the current per unit width along the exposed electrode, the surface
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Grid Normalized Refinement Number of Computational
Grid Spacing Levels Elements Time [hr]
Fine 1 0, 1,2, 3,4 1221 789 64
Medium 2 0,1,2,3 744 511 39
Coarse 4 0,1,2 360 582 23

Table 4.2: Grid descriptions

charge along the dielectric, and the plasma front position. The global maximum of

the variable of interest produced by the finest grid in Figures 4.2, 4.3, and 4.4 is used

to determine the time and or location to calculate the GCI.

The current per unit width along the exposed electrode for each grid is displayed

in Figure 4.2. The current peaks at 20 ns, where the element size causes a difference of

14.7% between the coarse grid and the fine grid, while the results are indistinguishable

between the medium and fine grid. Here, the fine and medium grids produced GCI

values of 0.0075% and 0.37% respectively.
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Figure 4.2: Current per unit width along the exposed electrode for different grids

Figure 4.3 displays the surface charge on the dielectric at 50 ns. The surface

charge has two positive peaks: one peak at the edge of the exposed electrode and

a second peak 129 pym downstream from it. The results from the three grids are
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indistinguishable until approximately 100 gym downstream from the electrode. Using
the second peak in the surface charge, the coarse grid predicts the peak a distance
6.5 um downstream compared to the fine and medium grids (which are too close to
be distinguished). This results in a difference of 4.7% between the coarse and fine
grid. However, all three grids produce the same surface charge maximum of 0.0018
C/m?. Using the distance of this peak surface charge, the GCI values for the fine and
medium grids are 0.005% and 0.46% respectively.

0.006

—Fine

--------- Medium

0.005

0.004 ---Coarse

0.003

0.002

Surface Charge [C/m?]

0.001

-100 -50 200

Position [um)]

Figure 4.3: Surface charge on the dielectric surface at 50 ns for different grids

Lastly, using the plasma front position as shown in Figure 4.4 there are two
regions of discrepancy (A and B). In region A ionization is observed to begin 2 ns
earlier for the coarse grid as compared to the fine grid. This results in the plasma
region reaching a maximum downstream extent 6.5 um further for the coarse grid as
compared to the medium and fine grids (a difference of 4.7%, similar to the results of
the surface charge). Based on the position of the plasma front, the GCIs for the fine
and medium grids are 0.009% and 0.23% respectively.

A summary of the GCI results is included in Table 4.3. Small increases in

accuracy were noted from the GCIs of the fine and medium grids, where using three
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Figure 4.4: Plasma front position for different grids

measures the fine grid has a GCI less than 0.01% compared to the theoretical no grid

error solution while the medium grid is within 0.5%.

Surface Charge Plasma Front
Current [4/m] [C'/m?] Position [pm]
Fine Grid 35.49 0.00179 139.25
Medium Grid 35.59 0.00178 139.5
Coarse Grid 40.70 0.0012 146
p 5.62 6.50 4.70
Jh=0 35.48 0.0018 139.24
GClpinecrid 0.0075% 0.0054% 0.0090%
GCIyrediumarid 0.37% 0.49% 0.23%

Table 4.3: Grid convergence results

In addition to the proceeding analysis, a probe position is chosen to be placed
15 pm downstream from the exposed electrode and 5 pum above the dielectric at 25 ns
as shown in Figure 4.5(a). The electric potential (¢g) and charged particle densities
(N, N1) at this location (at a time of 25 ns) from the medium and coarse grids are
normalized by the results from the fine grid and are shown in Figure 4.5(b). The dif-
ferences observed between the medium and fine grids is 0.3% for these variables while

the coarse grid differs by a maximum of 5% from the fine grid. Although the medium
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grid does yield an accuracy to within 0.3% of the fine grid, it also approximately
doubles the computational time for a single positive pulse simulation. Given that the
maximum difference between the fine grid and the coarse grid is 5% or less, the coarse
grid is considered sufficient and thus selected for the remaining simulations. Addition-
ally, the solver has previously been compared to the work of Boeuf and Pitchford [25]
and Abdollahzadeh et al. [78] in the work completed by Murzionak [74] using two

refinement regions (the coarse grid), with the results in good agreement.
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Figure 4.5: Probe location and normalized values for grid sensitivity study
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Chapter 5

Results: Effects of applied voltage

on plasma development

Several simulations are completed where the peak potential on the exposed electrode
is set to 1, 1.2, 1.5 and 2 kV, while keeping the pulse duration constant at 100 ns.

This sinusoidal pulse is repeated a total of five times resulting in the applied voltage

waveforms shown in Figure 5.1.
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Figure 5.1: Applied voltage profiles
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5.1 Plasma Geometry

The plasma region in the fluid domain is identified by the presence of an elevated
number of charged particles as shown in Figures 5.2 (a) and (b). The figures show
when the electrode is supplied with a sinusoidal waveform having a peak potential of
2 kV with a pulse duration of 100 ns, a plasma region of approximately 100 pm in
length and 50 pm in height forms by 25 ns. The remainder of the fluid domain has a
charged particle concentration less than 10 m ™ and thus can be treated as neutral

gas. The contour lines included in the figures show the electric potential throughout

the domain.
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N
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(a) Concentration of positive ions (Np) (b) Concentration of electrons (Ne)
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Figure 5.2: Charged particle concentrations at 25 ns

The electric field is strongest at the downstream end of the plasma region which
causes an unequal distribution in the charged particles in Figures 5.2 (a) and (b). This
results in a region within the plasma having an elevated positive charge density as
shown in Figure 5.3, and allows the plasma to be separated into two regions: a neutral
plasma region and an ion sheath region. The ion sheath is used to define the leading
edge of the plasma to evaluate the plasma propagation and can be identified by either

the concentration of positive ions, the electric field strength, the charge density, or
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Figure 5.3: Charge density (p.) at 25 ns

the reaction rates occurring within the plasma. For this work, all methods mentioned
are used to identify the position of the ion sheath at various points throughout the
voltage cycles. The ion sheath also assists with shielding the neutral plasma region
from the electric field, preventing the electric potential lines from penetrating through
the plasma region as displayed in Figure 5.4. This figure also clearly displays that

the maximum strength of the electric field is located within the ion sheath region.

5.2 Applied voltage effect on charged particle dis-

tribution and surface charge

This section compares the resulting charged particle distributions and the surface
charge generated on the dielectric from the 2 kV case and the 1 kV case when the
electrode is supplied with a sinusoidal waveform having a pulse period of 100 ns. For
all figures, the top figure displays the 2 kV results and the bottom figure displays the

1 kV results which have been flipped in the vertical direction to mirror the 2 kV case.
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Figure 5.4: Electric field (E) at 25 ns

5.2.1 Cycle 1

The distribution of the positive ions at 25 ns when the peak positive potential is first
reached is displayed in Figures 5.5 while the resulting surface charge generated on
the dielectric is displayed in Figure 5.6. Observing the positive ions, the 2 kV case
generates an electric field with enough strength to establish a plasma region spanning
approximately 100 pm. This is in contrast to the 1 kV case, where the electric field
is too weak to begin ionization. The ion sheath for the 2 kV case is identifiable from
the electric potential lines and is directed away from the exposed electrode.

As the voltage on the electrode is increasing, the positive ions propagate down-
stream from the positively charged electrode causing the dielectric surface to become
positively charged as seen in Figure 5.6. The extent of the charge coincides with
the extent of the plasma region generated by the 2 kV case, where the magnitude of
the surface charge peaks in region A (100 pm downstream from the electrode). This
region is where the electric field is strongest and contains the highest concentration of

positive ions as observed in Figure 5.5 and indicates the latest location of the positive
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ion sheath. Because a plasma region has not formed for the 1 kV case by this time

(25 ns), no surface charge is generated along the surface in Figure 5.6.
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Figure 5.5: Positive ion concentration at 1/4 phase during cycle 1
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Figure 5.6: Dielectric surface charge at 1/4 phase during cycle 1

As the voltage of the exposed electrode decreases, returning to 0 V by 50 ns, the
electric potential on the dielectric surface becomes higher than the exposed electrode
as shown in Figure 5.7 where the dielectric surface has a charge of approximately 500 V
and 200 V for the 2 kV and 1 kV case respectively. This causes the positive ion sheath

that has been established by the 2 kV case to split, where a high concentration of
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positive ions reverse in direction and congregate at the edge of the electrode while the
rest remain downstream as shown by the charge density in Figure 5.8. Additionally,
the size of the plasma region for the 2 kV case has tripled, spanning approximately

300 pm due to the electric field generated by the electrode expanding throughout the

domain.
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Figure 5.7: Positive ion concentration at 1/2 phase during cycle 1

During the positive half of the voltage cycle, the dielectric remains positively
charged as seen in Figure 5.9. The extent of the surface charge is again observed
to coincide with the size of the plasma region, where two positive peaks (A and B)
are noted for the 2 kV case. The location of peak A coincides with the positive ions
that remained at the downstream extent of the plasma region, while peak B coincides
with the positive ions that migrated towards the edge of the electrode. Observing the
charge density in Figure 5.8 and that the magnitude of peak B is nearly double that
of peak A in Figure 5.9, the result suggest that the ion sheath is now located at the
edge of the electrode for the 2 kV case.

Due to the onset of ionization for the 1 kV case, a positive surface charge peak

(A) is seen in Figure 5.9. This peak for the 1 kV case is similar to the peak observed
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Figure 5.8: Charge density (p.) at 50 ns

at 25 ns for the 2 kV case in Figure 5.6. At 25 ns plasma had not yet formed for the
1 kV case, however, now at 50 ns a small region of plasma (approximately 50 pym in
length) has developed for the 1 kV case as seen in Figure 5.7. At this time, the slope
of the voltage waveform is constant and decreasing which allows the electric field to
gain enough strength to begin ionization, forming an ion sheath as indicated by the
positive peak A in the 1 kV case surface charge in Figure 5.9. The positive charge
generated on the dielectric from the 1 kV case has a magnitude just under 50% of the
magnitude of the charge from the 2 kV case, where the maximum charge is 0.0014
C/m? for the 1 kV case compared to 0.0032 C/m? from the 2 kV case.

When the charge of the electrode reverses polarity and reaches its negative peak
potential, the ion sheath and direction of the plasma becomes difficult to identify
due to the plasma region becoming more diffuse. In Figures 5.10(a) and (b), the
electric potential lines penetrate through the plasma region, suggesting there is no
longer an ion sheath present to shield the plasma. A similar feature was noted in the
numerical work completed by Font et al. [23], where the electric field was observed

to be penetrating the plasma region and experimental measurements confirmed the
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Figure 5.9: Dielectric surface charge at 1/2 phase during cycle 1

presence of an electric field within the plasma. The electric field penetrating the
plasma indicates that the plasma density iss insufficient to shield itself from the
electric field. Similar behaviour is observed here, where the electric field successfully
penetrates through the plasma regions generated by both the 1 kV and 2 kV cases.

In Figure 5.10(a), two distinct ion bubbles are observed for both the 1 kV
and 2 kV case. Bubble A has a higher concentration of positive ions located near
the negatively charged exposed electrode and is similar in shape to the positive ion
distribution observed at 50 ns in Figure 5.7, while bubble B has a lower concentration
of ions and is more diffuse. The plasma region generated by the 2 kV case is more
than double the length and height of the plasma generated by the 1 kV case (denoted
by the concentration of positive ions) as the electric field is significantly stronger and
spans further throughout the domain. The negative charge on the exposed electrode
repels the electrons downstream and diffuses them throughout the domain as shown
in Figure 5.10(b). The diffuse electrons are accelerated by the electric field to a high
enough energy to ionize neutral particles and thus generate the positive ion bubble
B.

The reaction rates occurring within the plasma at this time (75 ns) are shown
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Figure 5.10: Charged particle concentrations at 3/4 phase during cycle 1
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Figure 5.11: Reaction rate for 2 kV case at 3/4 phase during cycle 1

in Figure 5.11. This figure is separated into an ionization region and a recombination
region by a zero reaction line. Observing the figure, the ionization rate occurring at
the edge of the electrode is four orders of magnitude higher than the recombination
rate. This indicates that although the ion sheath is no longer shielding the plasma
from the electric field as previously discussed, it is still present and now located next
to the edge of the electrode. Comparing Figure 5.11 to the positive ions in Figure
5.10(a), the recombination region is almost entirely located within the ion bubble A
while ion bubble B consists entirely of ionization. Therefore, ion bubble A consists
of the movement of ions that were previously generated during the positive half of
the cycle while ion bubble B consists of newly generated positive ions by the diffuse

electrons.
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As the electrons propagate along the dielectric away from the negatively charged
electrode, a negative charge is generated on the surface as observed in Figure 5.12.
This negative surface charge repels the electrons away from the surface, resulting
in the increased diffusion of electrons. The charge on the dielectric continues to
coincide with the extent of the plasma throughout the negative half of the voltage
cycle, spanning approximately 700 pum for the 2 kV case and 250 pum for the 1 kV
case. Both cases have surface charges with peak negative values next to the electrode
that gradually return to zero downstream from the electrode. The 1 kV case has a
positive peak charge before becoming negative which is not observed for the 2 kV
case. Looking at the charged particle concentrations in Figures 5.10(a) and (b), while
the concentration of both the positive ions and electrons is on the order of 10?° for the
2 kV case, the positive ions are an order of magnitude higher than the electrons in the
1 kV case near the edge of the electrode. The increase in positive ions for the 1 kV
case could be due to the late formation of the ion sheath. For the 2 kV case, an ion
sheath was present prior to the reverse of the slope of the voltage (before 25 ns) which
resulted in the positive ions being separated as the ion sheath reversed direction and
moved towards the electrode (at 50 ns), leaving a high concentration of positive ions
at the downstream extent of the plasma (as shown in Figure 5.8). However, the ion
sheath for the 1 kV case was not formed until the slope of the voltage had already
begun decreasing (between 25 and 50 ns) which resulted in the ion sheath forming
next to the electrode (not splitting like the 2 kV case). The congregation of positive
ions causes the positive peak in the surface charge near the electrode observed in
Figure 5.12.

As the voltage returns to 0 V, the positive ion bubbles remain similar in shape

with only bubble B increasing in length as seen in Figure 5.13(a). The charge on the
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Figure 5.12: Dielectric surface charge at 3/4 phase during cycle 1

dielectric is now lower than the charge on the exposed electrode, where the surface
has a charge of approximately -1000 V for the 2 kV case and -500 V for the 1 kV
case compared to the charge of 0 V on the electrode. The negative charge encourages
the ion bubbles to expand downstream to the area of lower potential similar to the
behaviour observed during the 1/4 phase. The charge density at this time is included
in Figure 5.14 and shows the ion sheath expanding away from the electrode which also
assists with increasing the size of the plasma region (again, similar to the behaviour
of the ion sheath observed at the 1/4 phase). The negative surface charge is also
responsible for further repelling the electrons making them significantly more diffuse
across the entire domain as seen in Figure 5.13(b). Additionally, a high concentration
of electrons has moved towards the electrode in an attempt to move away from the
peak negative charge on the dielectric surface. Comparing the two voltage cases,
the plasma generated by the 2 kV case is nearly triple the length and height of the
region observed from the 1 kV case as seen in Figure 5.13(a). The concentration of
electrons is also three magnitudes higher for the 2 kV case compared to the 1 kV
case, having peak concentrations on the order of 10%° m=3 and 10'" m~3 in Figure

5.13(b) respectively.
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Figure 5.13: Charged particle concentrations at the end phase of cycle 1

0 pem 200 pm 400 g 600 pm 800 g 1000 pm 1200 pm
200! pum / \
3 | B e
100_pm e | g 2KV Uase
5 \V.’ / 1000 V"

| 0V

‘1 L 10 ‘ 100

pclC/m?|

Figure 5.14: Charge density (p.) at 100 ns

The negative charge on the dielectric has been reduced slightly in magnitude in
Figure 5.15 compared to the values observed at the 3/4 phase in Figure 5.12 but the
extent has increased for both cases. The region of the negative surface charge now
extends to 900 pum and 350 pum for the 2 kV and 1 kV case respectively representing
a growth of approximately 40% for the 2 kV case and 35% for the 1 kV case. The
overall charge on the surface remains largely unchanged for the 1 kV case, however,
the 2 kV case now has a slightly less negative hump following the initial negative
peak and before returning to a similar peak negative value as seen at the 3/4 phase
of the cycle (approximately 0.0025 C/m?). This hump coincides with the maximum
concentration of positive ions in the ion bubble A in Figure 5.13(a) and the ion sheath
identified by the charge density in Figure 5.14 which reduces the negative charge on

the dielectric in this area.
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Figure 5.15: Dielectric surface charge at the end phase of cycle 1

At the end of the first voltage cycle (t = 100 ns), the conditions in the domain
are significantly different from start-up (t = 0 ns). The concentration of electrons
has increased by 7 orders of magnitude for the 2 kV case and 4 orders of magnitude
for the 1 kV case compared to the original concentration of 10'® m ™3 for both cases.
Additionally, there is now a residual negative surface charge on the dielectric com-
pared to the original uncharged surface. Both these factors facilitate ionization at

the beginning of the second cycle.

5.2.2 Cycle 2

The distribution of positive ions and electrons as the potential on the electrode reaches
its peak positive value for a second time are displayed in Figures 5.16(a) and (b). An
ion sheath is clearly visible for the 1 kV case from the electric potential lines in
Figure 5.16(a) and the positive downstream peak in the surface charge in Figure
5.18. Meanwhile, the ion sheath for the 2 kV case is more diffuse at this time and
is identified through the charge density displayed in Figure 5.17. In this figure the
ion sheath is observed to expand along the dielectric surface, generating a positive

surface charge (see Figure 5.18), with the maximum concentration of positive ions
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located at the downstream extent of the plasma region. Although the plasma regions
do not significantly increase in size, the concentration of positive ions increases by an
order of magnitude for both cases. The concentration of electrons has also increased
by an order of magnitude for the 2 kV case and by four orders of magnitude for the
1 kV case as shown in Figure 5.16(b). Additionally, the ion bubbles have merged
resulting in the formation of one large plasma region that spans approximately 900
pum for the 2 kV case and 300 um for the 1 kV case as shown in Figure 5.16(a). These
values coincide with the extent of the negative residual surface charge observed for
both cases in Figure 5.15. This suggests that the residual negative surface charge

significantly impacts the plasma development by increasing the levels of ionization.
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Figure 5.16: Charged particle concentrations at 1/4 phase during cycle 2

At the 1/4 phase of cycle 2, a positive charge has now developed on the surface of
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Figure 5.17: Charge density (p.) for 2 kV case at 125 ns
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the dielectric as seen in Figure 5.18 similar to that seen at the 1/4 phase during cycle
1 in Figure 5.6. A positive peak in the surface charge is observed for the 1 kV case
approximately 300 pym downstream from the electrode, identifying the position of the
ion sheath. The surface charge generated from the 2 kV case also has positive peaks;
one at the edge of the electrode and another lower in magnitude at the downstream
extent of the plasma region. The peaks are not as sharp as previously noted at the
1/4 phase during the first cycle (see Figure 5.6), suggesting that the ion sheath has
become more diffuse for the 2 kV case (as observed in Figure 5.17). The surface charge
developed from both cases is observed to become slightly negative at the downstream
extent of the plasma, where the maximum concentration of electrons is located (see

Figure 5.16(b)), before returning to 0.
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Figure 5.18: Dielectric surface charge at 1/4 phase during cycle 2

As the potential of the electrode decreases, returning to 0 V at the 1/2 phase
of the second cycle, the positive ions are observed to split for both cases with high
concentrations located at the electrode and the downstream extent of the plasma as
seen in Figure 5.19(a). For both cases, the potential on the dielectric surface is higher
than the exposed electrode causing the positive ions to move away from the positively

charged location on the dielectric surface to areas of lower potential (the electrode and
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further downstream on the dielectric surface). The positive charge on the dielectric
results in the plasma region expanding, increasing the length by approximately 100
pm for both the 2 kV and 1 kV case. Similar behaviour of the positive ions was

observed during the 1/2 phase of the first cycle in Figure 5.7.
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Figure 5.19: Charged particle concentrations at 1/2 phase during cycle 2

The surface charge remains positive on the dielectric as the potential on the
electrode returns to 0 V with two positive peaks once again observed in Figure 5.20
(as previously seen in Figure 5.9 at the 1/2 phase of the first cycle). The first positive
peak for the 2 kV case has decreased by 11% compared to the peak observed at this
time during the first cycle, while the magnitude of the second peak at the downstream
extent of the plasma region has increased by 50%. The increase in the peak surface
charge at the downstream extent of the plasma suggests that a higher concentration
of positive ions remain at the downstream extent as the voltage on the electrode
decreases during the second cycle in contrast to the first cycle where a majority of
the ions moved towards the electrode.

By the 1/2 phase in the first cycle only one positive peak was observed for the
1 kV case in Figure 5.9. However, now two positive peaks are seen for the 1 kV

case in Figure 5.20. The surface charge peak next to the electrode has increased by
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approximately 40% during the second cycle compared to the peak observed during
the first cycle, while the downstream peak is 12% lower than the peak from the first
cycle. These values are very similar to the changes observed in the 2 kV case, however,
for the 2 kV case the peak next to the electrode decreased in magnitude while the
downstream peak increased (opposite to what is observed for the 1 kV case). This
could be due to the delay of the formation of the ion sheath during the first cycle,
which resulted in a higher concentration of positive ions accumulating next to the

electrode.
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Figure 5.20: Dielectric surface charge at 1/2 phase during cycle 2

During the negative half of the second cycle, the positive ions in the 1 kV case
behave similarly to the first cycle and separate into two ion bubbles as shown in
Figure 5.21(a). The regions in the 1 kV case are now significantly larger compared to
the first cycle with the ion bubble A spanning 400 pum and ion bubble B extending
the plasma region to 600 pum. In contrast to the 1 kV case, the two ion bubbles
have merged into one large plasma region for the 2 kV case that spans just over 1000
pm. Meanwhile, the electrons have begun diffusing throughout the domain due to
the negative charge on the electrode as seen in Figure 5.21(b). The charged particle

concentrations are similar in magnitude for both cases, with the 2 kV case generating
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a plasma that is approximately 400 pm longer and 125 pm taller than the resulting

plasma for the 1 kV case.
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Figure 5.21: Charged particle concentrations at 3/4 phase during cycle 2

The surface charge on the dielectric is predominantly negative for both cases
as shown in Figure 5.22. Both cases have positive peaks next to the exposed elec-
trode due to an increased concentration of positive ions. The surface charge remains
negative for the 1 kV case and gradually returns to 0, however, the 2 kV case has a
slight positive charge located at the downstream extent of the plasma. This positive
charge spans from approximately 800 to 1050 um and coincides with the downstream
positive surface charge peak observed during the 1/2 phase in Figure 5.20. As pre-
viously mentioned, the downstream positive peak observed at the 1/2 phase of the
second cycle for the 2 kV case is approximately 40% higher than what was seen dur-
ing the first cycle (see Figure 5.9). This increase in magnitude results in a stronger
ion sheath with higher levels of ionization and thus a larger concentration of positive
ions congregates in this region. The increase in the concentration of positive ions
and resulting positive surface charge delays the influence of the electrons generating
a negative surface charge on the dielectric surface as they move away from the nega-

tive electrode, resulting in the residual positive charge observed in Figure 5.20 at the
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downstream extent of the plasma.
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Figure 5.22: Dielectric surface charge at 3/4 phase during cycle 2

As the potential on the electrode returns to 0 V, a third ion bubble (region C)
is observed to form at the downstream extent of the 2 kV plasma region in Figure
5.23(a). Region C forms as if the edge of the plasma (approximately 1000um in
Figure 5.21(a)) is the edge of the exposed electrode and increases the plasma length by
approximately 250 pym. Figure 5.24 displays the reaction rates occurring at this time
for the 2 kV case, where ion bubbles A and B are now located almost entirely within
the recombination region while the newly formed ion bubble C is in the ionization
region. This is similar to the behaviour observed during the first cycle (see Figures
5.10(a) and 5.11), where ion bubble B formed as if ion bubble A was the electrode
and consisted entirely of new positive ions generated from the diffuse electrons.

The ion bubble B for the 1 kV case extends down the dielectric as well, increas-
ing the plasma length by approximately 100 ym. The electrons behave comparably
to the first cycle diffusing throughout the domain, however, a significant void of elec-
trons is observed in Figure 5.23(b) from 400 to 650 pm in the 1 kV case. This location
coincides with ion bubble B. A slight decrease in the concentration of electrons is seen

from 600 to 800 pwm in the 2 kV case, however, this region is much smaller than that
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observed in the 1 kV case.

The negative electric potential along the surface in these areas attracts the posi-
tive ions while also repelling the electrons to areas of higher potential, thus generating
electron voids. The lack of electrons in these areas limits the level of ionization. This
is why the ion bubble C in the 2 kV case and the ion bubble B in the 1 kV case are
smaller than those upstream of them. The electron voids also hinder the development
of plasma downstream of these locations for future cycles as the plasma will have to
pull electrons from upstream to facilitate ionization at the downstream extent of the

plasma region.
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Figure 5.23: Charged particle concentrations at the end phase of cycle 2

The surface has become completely negatively charged for both cases by the
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Figure 5.24: Reaction rate for 2 kV case at the end phase of cycle 2
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end of cycle 2 as shown in Figure 5.25. The positive peaks previously observed next
to the edge of the electrode are no longer present. Instead, similar behaviour to the
cycle 1 end phase results in Figure 5.15 are seen where the dielectric becomes slightly
less negative in regions of elevated positive ion concentrations. By the end of the
second cycle, the surface charge extent has increased by approximately 300 pm for

both the 2 kV and 1 kV case.
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Figure 5.25: Dielectric surface charge at the end phase of cycle 2

5.2.3 Cycles 3-5

As more cycles are completed, the charged particles begin to achieve quasi-steady
configurations as shown in Figure 5.26, Figure 5.27, and Figure 5.28 for the positive
ions, electrons, and dielectric surface charge respectively.

Beginning from the third cycle and onwards, the electric field is no longer able
to transition smoothly from the charged electrode to the grounded electrode for both
cases as shown in Figures 5.26(a), (e), and (i). Instead of completely positive parallel
potential lines as seen in previous cycles (Figures 5.5(a) and 5.16(a)), a transition
to negative electric potential lines is now observed beginning around 350 um for the

1 kV case and 700 pm for the 2 kV case. Comparing the electric potential lines in
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Figures 5.26(a), (e), and (i) to the surface charge in Figures 5.28(a), (e), and (i), the
transition in electric potential coincides with a transition of the surface charge from
positive to negative. As the charge on the exposed electrode returns to 0 V at 250 ns
the concentration of positive ions is reduced by an order of magnitude from 10% to
101 m=3 for both cases near the surface of the dielectric in Figures 5.26(b), (f), and
().

For the negative half of the cycle, the positive ions experience little change in
shape and density. The 2 kV case maintains its size, covering approximately 1350
pm of the dielectric, while the 1 kV case spans 600 pum for the third and fourth cycle,
increasing to nearly 800 ym during the end phase of the fourth cycle in Figure 5.26(h)
and throughout the fifth cycle. At the 1/4 phase of the fourth cycle, the concentration
of positive ions increased by an order of magnitude compared to the third cycle (see
Figure 5.26(e)). The increase in positive ions results in a stronger ion sheath forming
(as identified by the charge density) and allows the plasma region produced by the 1

kV case to expand further downstream.
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Figure 5.26: Positive ion distributions for the remaining cycles



The residual negative surface charge at the end of the second cycle (Figure 5.25)
and the regions void of free electrons (Figure 5.23(b)) continue to further reduce ion
sheath development at the 1/4 phase of subsequent cycles such that the surface charge
cannot become completely positive again as in Figures 5.6 and 5.18 for the remaining
cycles as shown in Figures 5.27(a), (e), and (i). This suggests that the plasma will not
be able to extend further down the dielectric and a quasi-steady plasma configuration
has been achieved (the distribution of positive ions in Figure 5.26 supports this, as
little change is observed in the plasma from the third cycle onwards).

Similar to cycles 1 and 2, during the negative half of the remaining cycles the
electrons diffuse throughout the domain. The electron void noted in the 1 kV case in
Figure 5.23(b) is clearly visible in Figures 5.27(d), (h), and (I). The void continues
to grow in size as more cycles are completed for the 1 kV case, initially spanning
from 400-650 pm in Figure 5.27(d) and almost doubling in size by the fifth cycle in
Figure 5.27(1) where the concentration of electrons along the dielectric is significantly
reduced. The 2 kV case still has a slight decrease in electrons along the dielectric
from 600-800 pm, however, it does not grow in size like the 1 kV case. As discussed,
the electron void reduces ionization in the plasma region and limits further plasma

development indicating that the plasma has achieved a quasi-steady state.
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As mentioned in the previous discussion on the positive ion distributions, from
the third cycle and onwards the surface charge transitions from positive to negative
as the electrode reaches its peak potential in Figures 5.28(a), (e), and (i). The change
in polarity coincides with the area where the electric field also reverses from positive
to negative as noted by the negative potential lines in Figures 5.26(a), (e), and (i).
This negative surface charge repels the electrons away from the dielectric and assists
with the formation of the electron voids observed at the downstream extent of the
plasma in Figures 5.27(a), (e), and (i).

The surface charge displayed in Figures 5.28(b), (f), and (j) show that by the
end of the positive half of the voltage cycle the dielectric has a primarily positive
charge. However, there is a negative residual surface charge on the dielectric at the
downstream extent of the plasma region. As the strength of the ion sheath reduces,
the dielectric surface is unable to become completely positively charged as in Figures
5.9 and 5.20.

When the voltage of the electrode reverses polarity the surface becomes neg-
atively charged by the end of the the voltage cycle. This is consistent with the
movement of the charged particles in Figures 5.26 and 5.27. Slightly positive and
negative peaks are observed in the surface charge diagrams over the cycles, where the
peaks coincide with locations of increased concentrations of positive ions or electrons.
Nevertheless, the surface charge on the dielectric shows repeating behaviour from the
third cycle and onwards.

This section analysed the behaviour of the charged particles and the resulting
surface charge generated on the dielectric. The main difference between the 1 and 2
kV cases is the size of the plasma generated. Although the plasma from the 2 kV

case extends further downstream on the dielectric surface, both cases produce plasmas
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with positive ion and electron concentrations on the order of 10%° m™=3. Additionally,
significant changes were noted during the first two voltage cycles before the charged
particle distributions and surface charge on the dielectric display repeating behaviour
for both cases. The results indicate care must be taken when analysing plasma
parameters during the initial voltage cycles, as the plasma requires multiple cycles
before it becomes time-independent. For further analysis of the time dependency of
the plasma and the effects of the applied voltage, the following sections will examine

the propagation of the ion sheath over the five cycles.
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Figure 5.28: Dielectric surface charge for the remaining cycles



5.3 Applied voltage effect on plasma length and

ion sheath speed

As previously mentioned, multiple variables can be used to identify the ion sheath
such as the positive ion concentration, the electric field strength, the charge density,
and the reaction rates occurring within the plasma. For this section, the position of
the ion sheath is estimated based on the maximum positive value of the horizontal
electric field (£,) along the surface of the dielectric. Figure 5.29(a) displays the
position of the ion sheath along the dielectric surface over time, while Figure 5.29(b)
shows the maximum extent reached during each cycle versus the applied voltage
amplitude. The previous section examined the charged particle distributions and
resulting surface charge where significant changes were noted in the conditions at the
start of the second cycle compared to the first cycle. The increase in electrons and
residual charge on the dielectric increases ionization at the beginning of the second
cycle and encourages rapid propagation of the ion sheath along the dielectric surface.
The rapid propagation of the ion sheath can be observed in Figure 5.29(a), where the
plasma extent increases by approximately 280% for the 2 kV case, 380% for the 1.5
kV case, 575% for the 1.2 kV case ,and 1530% for the 1 kV case as compared to the
first cycle. The lower voltages (1 kV and 1.2 kV) experience higher percent increases
as the electric field is insufficient to generate a region of plasma during the positive
half of the first cycle. The plasma is observed to gradually expand downstream during
each cycle in Figure 5.29(a). Similar behaviour was observed by Deng et al. [63] when
AC voltages ranging from 15-18 kV were applied at a frequency of 50 kHz.

The previous results indicated a minimum of three voltage cycles are required
before the plasma reaches a quasi-steady configuration. Therefore, Figure 5.29(b)

compares the maximum extent the ion sheath to the voltage supplied to the electrode
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over cycles 3 through 5. The average of each voltage level over these cycles is indicated
by an ”X” marker, with a trend line plotted which generates an expression to predict
the plasma length for voltage levels within the range tested here. This function can
be implemented in a simple phenomenological model to predict the size of the area
the plasma region will cover.

As the applied voltage increases, the maximum plasma length increases almost
linearly. Similar behaviour has been observed for AC-DBD actuators, where the
plasma extent increases linearly with the applied voltage [15,22,52]. All cases reach a
maximum extent during the fourth cycle. The analysis of the electron distribution in
the previous section shows a growing electron void at the end phase as more voltage
cycles are completed. The void forces ionizing electrons to be pulled from upstream
and limits further propagation of the plasma region. However, only a very small
electron void is noted in the 2 kV case throughout the cycles which is why the 2 kV
case is able to reach a maximum extent of approximately 1100 pm during both the

fourth and fifth cycles.
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Figure 5.29: Ion sheath position for multiple applied voltage amplitudes

The instantaneous speed of the ion sheath as found by differentiating the ion

sheath position over the five cycles is displayed in Figure 5.30(a), while the maximum
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positive speed reached during cycles 3 through 5, and their averages, versus the
applied voltage is displayed in Figure 5.30(b). The various voltages supplied to the
electrode produce ion sheath speeds between 180 and 570 pm/ns, where a positive
speed indicates the ion sheath is propagating away from the electrode and a negative
speed indicates the ion sheath is moving towards the exposed electrode. Similar
magnitudes have been observed in the literature where the numerical simulations
of NS-DBD actuators by Takashima et al. [62] and Unfer and Boeuf [60] produced
ion sheath speeds of 500-570 um/ns. As the voltage increases, the ion sheath speed
increases approximately linearly as seen by the trend line included in Figure 5.30(b),
similar to the results obtained by Takashima et al. [62]. The ion sheath speed increases
as the voltage levels increase due to a larger plasma region forming on the surface
of the dielectric, thus causing the ion sheath to have to propagate a further distance
to reach the downstream extent of the plasma. Due to the plasma region gradually
expanding during each cycle, the ion sheath travels a further distance when returning
to the edge of the exposed electrode. This results in higher ion sheath speeds in the
negative direction. During the fifth cycle, the plasma extent is reduced for all cases
except the 2 kV case, therefore a reduction in the ion sheath speed occurs as shown
in Figure 5.30(b).
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Figure 5.30: Ion sheath speed for multiple applied voltage amplitudes
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Simulations supplying DBD actuators with a constant voltage pulse of similar
magnitudes to this work have produced plasma front speeds on the order of 1 ym/ns,
where secondary electron emission from the dielectric surface is the only source of free
electrons in front of the plasma [25,79]. The position of the ion sheath throughout
each cycle in Figure 5.29(a) shows the ion sheath rapidly propagating to the down-
stream extent of the plasma, gradually expanding further down the dielectric surface,
and then rapidly propagating back towards the edge of the electrode. The rapid prop-
agation of the ion sheath from the edge of the exposed electrode to the downstream
extent of the plasma produces speeds on the order of hundreds of um/ns. However,
during the times when the plasma region is gradually expanding (highlighted for the
2 kV case in Figure 5.31(a)) the ion sheath obtains speeds on the order of one to ten
pum/ns. Therefore, Figure 5.31(b) is included to analyse the ion sheath speed during
the first cycle and gradual expansion of the plasma. Here, similar speeds to Boeuf and
Pitchford [25] and Nishidia and Abe [79] are observed. This suggests that during the
time of gradual plasma expansion, secondary electron emission is the main mechanism
influencing the propagation of the ion sheath. Additionally, during the positive half
of the first cycle, the plasma gradually expands along the dielectric surface as shown
in Figures 5.31(a). Here, the ion sheath speeds are significantly lower compared to
the following cycles, indicating that the first cycle is only dependent on secondary
electron emission for plasma propagation as the original surface is uncharged.

The ion sheath speeds during the first cycle and the times of gradual expansion
are significantly lower than those achieved by the NS-DBD actuator throughout the
voltage cycles. This suggests that a combination of secondary electron emission and
the residual surface charge coupled with an increased concentration of charged par-

ticles influences the propagation of NS-DBD produced plasmas. Previous works by
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Figure 5.31: Ion sheath speed during gradual plasma propagation

Boeuf et al. [40] and Benard and Moreau [41] have shown a significant dependence
of plasma development on the slew rate of the applied voltage signal. Therefore it is
expected that the NS-DBD actuators, which employ high slew rates, would have sig-
nificantly higher propagation rates compared to constant pulse or AC-DBD actuators
with small slew rates. The experimental work of Deng et al. [63] observed a 3-8 times
increase in the ion sheath speed during the second cycle compared to the first on an
uncharged surface, indicating that the residual surface charge significantly influences
the plasma front propagation rate. This is in agreement with the results presented
here where the speed of all plasmas increased by a minimum factor of 6 from cycle 1
to 2.

This section analysed the resulting plasma formation when the voltage supplied
to the electrode was varied from 1 - 2 kV with the pulse duration kept constant at 100
ns. Significant changes are observed in the positive ion and electron distributions over
the first two cycles before achieving a quasi-steady configuration for the remaining
cycles. The results also show that increasing the voltage increases both the length
and height of that plasma, where further analysis of the ion sheath position shows

an approximately linear relationship between the plasma length and applied voltage.
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Additionally, the ion sheath speeds are shown to range from tens of gm/ns to hundreds
of um/ns throughout each cycle indicating the ion sheath propagation is dependent
on a combination the residual surface charge on the dielectric and secondary electron

emission from the dielectric.
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Chapter 6

Results: Effects of pulse duration

on plasma development

To observe the effect of the pulse duration on the results, simulations are run with
the pulse durations of 50, 100, and 200 ns while the peak voltage amplitude is kept

constant at 1.5 kV as shown in Figure 6.1. All simulations are run over five complete

voltage cycles.
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Figure 6.1: Various applied voltage profiles
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6.1 Pulse duration effect on charged particle dis-

tribution and surface charge

This section compares the resulting charged particle distributions and the surface
charge generated on the dielectric from the 200 ns case and the 50 ns case. For all
figures, the top figure displays the 200 ns results and the bottom figure displays the
50 ns results which have been flipped in the vertical direction to mirror the 200 ns

case.

6.1.1 Cycle 1

The distribution of positive ions as the electrode first reaches the peak positive poten-
tial is displayed in Figures 6.2. By this time, the 200 ns case has developed a plasma
region significantly larger than the 50 ns case. Both cases have similar electric fields,
however, as the pulse duration is increased the electric field has longer to expand
throughout the domain which allows for ionization to occur further downstream from
the exposed electrode and thus generates a larger plasma region. An ion sheath is
visible for for the 200 ns case in Figure 6.2 while ionization is observed to just be
starting for the 50 ns case.

A negligible surface charge has developed along the dielectric in Figure 6.3
for the 50 ns case while a positive surface charge spanning approximately 150 pum
is observed for the 200 ns case. The positive peak coincides with the maximum
concentration of positive ions and is used to identify the location of the ion sheath.
The difference in the surface charge generated by the two cases shows that increasing
the pulse duration increases the size of the plasma generated as the potential on
electrode has longer to ionize the flow.

As the charge on the electrode returns to 0 V, ion sheath generated by the 200
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Figure 6.2: Positive ion concentration at 1/4 phase during cycle 1
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Figure 6.3: Dielectric surface charge at 1/4 phase during cycle 1

ns case is observed to split as indicated by the electric potential lines in Figure 6.4
and the two positive peaks in the surface charge as seen in Figure 6.5. The plasma
length has increased by 200 pum for the 200 ns case, now spanning 350 gm down the
dielectric while the plasma generated by the 50 ns case has only slightly increased in
size. Additionally, the electric potential for the 50 ns case is significantly lower than
the 200 ns case, having a maximum value of 250 V compared to 400 V in the 200
ns case due to the late formation of the ion sheath for the 50 ns case (similar to the

behaviour observed from the 1 kV case in the previous chapter).
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Figure 6.4: Positive ion concentration at 1/2 phase during cycle 1

The positive surface charge on the dielectric continues to develop as the plasma
expands along the surface as shown in Figure 6.5. Both cases have positive peaks
of similar magnitude as the maximum concentration of positive ions in Figure 6.4
are both on the order of 102 m=3. Due to both cases having the same potentials
applied to the electrode it is expected that surface charges of similar magnitudes
should develop, with the charge expanding further down the dielectric as the pulse
duration is increased. The positive peak in the surface charge for the 50 ns case
indicated that an ion sheath formed between 25 and 50 ns as the slope of the voltage
began to decrease similar to the results of the 1 kV case in the previous section (see
Figure 5.9).

The distribution of positive ions during the negative half of the cycle is displayed
in Figure 6.6 where similar behaviour seen in Figures 5.10(a) and 5.13(a) is observed.
Two ion bubbles form, with the ion bubble A extending 300 pm further downstream
for the 2 ns case compared to the 50 ns case. This is because the electric field generated
by the potential of the electrode has more time to expanded further throughout

the domain for the 200 ns case, allowing for ionization to occur at further extents
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downstream. The positive ion bubbles expands as the voltage returns to zero on
the dielectric in Figure 6.6(b) while the concentration of positive ions in ion bubble
A significantly decreases in the 200 ns case. Because the potential changes polarity
quicker for the 50 ns case, the charged particles have less time to travel resulting in
a higher concentration of positive ions remaining next to the electrode for the 50 ns

case.
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Figure 6.6: Positive ion concentrations at 3/4 and end phase of cycle 1

As the charge on the electrode becomes negative, a negative surface charge
develops along the dielectric as the electrons propagate down the surface away from

the electrode as shown in Figure 6.7. Both cases have positive peaks in Figure 6.7(a)
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corresponding to the location of the ion sheath. The peak is larger for the 50 ns case
due to the late formation of the ion sheath next to the exposed electrode. This results
in the 50 ns case having a higher concentration of positive ions next to the electrode
compared to the 200 ns case where the ion sheath is split as the voltage begins to
decrease during the positive half of the cycle. Similar behaviour is noted for the 1 kV
case as seen in Figures 5.12 and 5.15. The negative charge on the surface is similar in
magnitude for the two cases in both Figures 6.7(a) and (b) with the charge from the

200 ns case extending approximately 350 pm further than the resulting 50 ns charge.
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Figure 6.7: Dielectric surface charge at 3/4 and end phase of cycle 1

By the end phase of both voltage cycles, the maximum concentration of elec-
trons has increased by approximately seven orders of magnitude. Additionally, a
negative residual surface charge is present along the dielectric, extending 900 pm and
550 pum for the 200 ns and 50 ns cases respectively. The results observed during the
first cycle are similar to the previous chapter, however, a difference worth noting is
the increased electron density observed for the shorter pulse where the concentration
of diffuse electrons being between 10'7 and 10 m~=3. The concentration of electrons
is two orders of magnitudes larger in the 50 ns case than what is observed in the 200
ns case, therefore the reaction rates within the plasma generated from the 50 ns case

will be significantly higher.
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6.1.2 Cycle 2

The distribution of positive ions and electrons during the positive half of the second
cycle is displayed in Figures 6.8 and 6.9, with the surface charge displayed in Figure
6.10. The distribution of the charged particles and surface charge during the negative
half are included in Figures 6.11, 6.12, and 6.13. As noted during the end phase of
the first cycle, the increased concentration of electrons in the 50 ns case generates
a plasma region with a significantly higher concentration of both positive ions and
electrons compared to the 200 ns case as seen in Figures 6.8(a) and 6.9(a). This trend
is maintained throughout the entire cycle, where the charged particle concentrations
are notably higher for the 50 ns case. A similar result is noted by Forte et al. [47],
where ionization in the plasma region is enhanced as the period of the AC cycle was
reduced.

Throughout the second cycle, the plasma behaviour is similar to that discussed
in the previous chapter. The ion sheath becomes more diffuse as the electric potential
lines are now observed to penetrate through the plasma in Figures 6.8(a) and (b),
while the surface charge developed as displayed in Figures 6.10(a) and (b) is similar

to that seen in Figures 5.18 and 5.20.
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Figure 6.8: Positive ion distribution during the positive half of cycle 2
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Figure 6.9: Electron distribution during the positive half of cycle 2
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Figure 6.10: Dielectric surface charge during the positive half of cycle 2

Throughout the negative half of the cycle, the ions behaviour in Figures 6.11(a)
and (b) is similar to that seen in Figures 5.21(a) and 5.23(a). However, a difference
noted is the presence of a positive electric field just ahead of the plasma region in the
200 ns case. As previously discussed, the electric field can expand further throughout
the domain for the 200 ns case due to the increase in the pulse duration. This also
means it will take longer for the electric field in the domain to be impacted by the
charge on the exposed electrode, resulting in a residual positive electric field being
present during the negative half of the cycle. Another difference between the two
cases at this time is the formation of a small ion bubble C at the end of the plasma

region in the 50 ns case in Figure 6.11(a). By the end phase of the cycle this third ion
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bubble is observed for both cases in Figure 6.11(b). Once again, the concentration of
charged particles for the 50 ns case is higher than that of the 200 ns case, indicating
that as the pulse duration is decreased, the charged particles remain closer to the

surface of the dielectric.
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Figure 6.11: Positive ion distribution during the negative half of cycle 2
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Figure 6.12: Electron distribution during the negative half of cycle 2

6.1.3 Cycles 3-5

As more cycles are completed, the charged particles begin to achieve quasi-steady
configurations. This indicates that the pulse duration does not significantly impact

the number of voltage cycles required to achieve a steady-state plasma. Therefore,
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Figure 6.13: Dielectric surface charge during the negative half of cycle 2

from the third cycle and onwards the positive ions are displayed in Figure 6.14, the
electrons in Figure 6.15, and the surface charge in Figure 6.16.

The distribution of positive ions does not significantly change throughout each
voltage cycle or as more cycles are completed. Observing Figure 6.14, the plasma
spans approximately 1000 pgm for the 200 ns pulse case and 900 pm for the 50 ns
pulse case. Although there is not a large difference in the size of the plasma region
between the two cases, there is a significant difference in the amount of positive ions
within the plasma. The 50 ns case has a fairly uniform region of positive ions along
the dielectric surface that is an order of magnitude higher than the concentration
seen in the 200 ns case. Both cases produce plasma having heights of approximately
200 pm, and both develop small ion bubbles at the downstream extent of the plasma
region in Figures 6.14(h) and (1). Overall, the positive ion distribution is fairly similar
once a quasi-steady plasma configuration has been achieved regardless of the pulse
duration.

Similar results are observed in the electron distribution over the remaining
cycles in Figures 6.15. Like the positive ions, the 50 ns case has a uniform region of

an increased concentration of electrons near the surface of the dielectric. Although
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the electrons are highly mobile, the short pulse duration of the 50 ns pulse prevents
them from diffusing throughout the domain to the same extent observed in the 200
ns case. This also causes residual electrons to remain in the domain throughout the

voltage cycle as seen in Figures 6.15(b), (f), and (j).
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Figure 6.14: Positive ion distribution for the remaining cycles



G0t

0 pm 200 gim 400 gem 600 pum 800 4im 1000 g 20€
| | ;

0

m 200‘ fum 400 jum 600 1 800

im 1000 200 pm

200 )|

I
| |
H 1

(a) 9/4 Phase

(b) 10/4 Phase

0 gem 200 pm 400 e 600 gem 800 m 1000 gl 200 pm

600 pem 800 pm 1000 i 200 jem

0 pm_ 200 pim 400 pim
i [

200

0 ym

200 fem 400 e 600 1 800 pm 1000 pnd200 pm

(c) 11/4 Phase

0 gem200 pm 400 gm 600 pm 800 £ 1000 pind 20
] ]

0 gom_ 200 gm 400 j1m 600
= ]

I |

4 800 1 1000 200 jim
|

g

ZeaSe

(e) 13/4 Phase

0 pum 200 im 400 gum 600 gum 800 i 1000 il 200 pim
(]

(f) 14/4 Phase

L

200,

200
100

(d) 12/4 Phase

0 pem 200 i 400 pem 600 gem 800 pm 1000 el 200 gim

(g) 15/4 Phase

0 jim_ 200 im 400 gum 600 pum 800 pum 1000 imi 200 i
1 T ¥ T

0 pm_ 200 em 400 pum 600 i 800 pum 1000 200 e,
] ! [

| I il

[

(i) 17/4 Phase

Figure 6.15: Electron distribution for the remaining cycles

(j) 18/4 Phase

1015 1016
|

‘%%3]

(h) 16/4 Phase

0 gem 200 pm 400 gem 600 e 800 4im 1000 gl 200 pm

(k) 19/4 Phase

018 1020 1021

(1) 20/4 Phase



The surface charge developed along the dielectric has similar magnitudes for
the different pulse durations, just different extents due to the longer pulse generating
a larger plasma region as seen in Figure 6.16. During the positive half of the voltage
cycle, the transition from a positive to negative surface charge is delayed for the 200
ns in Figures 6.16(a), (e), and (i). Here, the positive charge on the dielectric surface
extends further downstream compared to the 50 ns case. This is also noted during the
negative half of the voltage cycle in Figures 6.16(c), (g), and (k), where the residual
positive charge on the dielectric surface at the downstream extent of the plasma
region is more positive for the 200 ns case compared to the 50 ns case. Observing the
positive ion distribution in Figures 6.14, an elevated concentration of ions remains
downstream of the exposed electrode throughout the entire cycle for the 200 ns case,
while the 50 ns case has a uniform distribution of ions along the dielectric surface.
This contributes to the surface charge remaining more positively charged downstream
from the electrode for the 200 ns case throughout the voltage cycles.

This section analyses the behaviour of the charged particles and the resulting
surface charge generated on the dielectric when the pulse duration is varied. The main
difference between the 200 ns and 50 ns cases is the size of the plasma generated and
the concentration of charged particles within the plasma. The plasma from the 200
ns case extends further downstream on the dielectric surface, however, the 50 ns case
produces a plasma having a higher concentration of charged particles that remains
in a fairly uniform distribution along the dielectric. The surface charge generated
on the dielectric from the plasma regions are very similar in magnitude for the two
cases, where the main difference is the extent of the charge. For further analysis
of the effects of the applied pulse duration, the following sections will examine the

propagation of the ion sheath.
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6.2 Pulse duration effect on plasma length and ion

sheath speed

Similar to the results presented in the previous chapter, the position of the ion sheath
is estimated based on the maximum value of the horizontal electric field (E,) along the
surface of the dielectric. Figure 6.17(a) displays the position of the ion sheath along
the dielectric surface over time, while Figure 6.17(b) shows the maximum extent of
the ion sheath during cycles 3 through 5 versus the applied pulse duration. During the
first cycle, the 200 ns pulse case is able to establish a plasma region significantly larger
than the other cases due to the electric field having longer to expand throughout the
domain, which results in the ion sheath travelling significantly further downstream
compared to the 50 ns and 100 ns pulse cases. As the second voltage cycle begins,
all cases display rapid ion sheath propagation, where the maximum ion sheath extent
increases by 952% for the 50 ns case, 385% for the 100 ns case, and 168% for the 200
ns case compared to the first cycle. As noted in the previous chapter, the plasma
gradually increases throughout each voltage cycle, where the 100 ns case reaches an
approximate maximum during the fourth cycle. Similar to the voltage, the plasma
region increases linearly with the pulse duration as seen by the trend line of the
average maximum position values in Figure 6.17(b).

During the fifth cycle, the 50 ns pulse and 200 ns pulse cases are able to match
the extents reached during the fourth cycle as seen in Figure 6.17(b). However, the
maximum extent for the 100 ns case is significantly reduced in magnitude during the
last cycle. Figure 6.18 displays the concentration of electrons during the fifth cycle
for all cases. The presence of an electron void is discussed in the previous chapter,
however, neither the 50 ns pulse or 200 ns pulse case develops one. Meanwhile, in the

100 ns case a significant electron void develops during the end phase of the voltage
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cycle. This void limits the downstream propagation of the ion sheath due to the
lack of electrons available for ionization and thus the extent of the plasma is reduced
during the fifth cycle similar to the results from the 1 kV case in the previous section.
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Figure 6.17: Ion sheath position for multiple pulse durations

The speed of the ion sheath over the five voltage cycles is displayed in Figure
6.19(a), while the maximum positive speed reached during cycles 3 through 5 versus
the pulse duration is displayed in Figure 6.19(b). Again, the ion sheath speeds are
on the order of 100’s of um/s, where the values range from 315-675 pm/s, with the
negative going speeds being higher than the positive going speeds due to the gradual
increase in the plasma extent. Although the 200 ns case produces the largest plasma
region, the 50 ns case is observed to obtain the highest speeds in Figure 6.19(b). This
is attributed to the rapid change in polarity for the shorter pulse which forces the ion

sheath to propagate quicker than the other cases. Examining Figure 6.19(b), the ion

(a) 50 ns case (b) 100 ns case (c) 200 ns case

Figure 6.18: Electron distribution at the end phase of the fifth cycle for all pulse
durations
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sheath speeds are found to increase each cycle up until the fourth. A slight decrease
in the speed is noted for the 50 and 100 ns cases, while a slight increase is observed
for the 200 ns case during the fifth cycle due to the change in plasma extents.
Where the shorter pulses change polarity quicker than the longer cases, it would
be expected that the ion sheath speed would decrease as the pulse duration would
increase. While the results in Figure 6.19(b) do show that the ion sheath from the 50
ns pulse case travels significantly quicker than the other cases, the ion sheath from
the 100 ns pulse case is observed to travel slower than the 200 ns pulse case. The
reduction in ion sheath speed for the 100 ns case is due to the interference of the
electron void in the 100 ns pulse case shown in Figure 6.18(b), where the maximum

plasma extent is limited, thereby reducing the distance the ion sheath travels.
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Figure 6.19: Ion sheath speed for multiple pulse durations

This chapter analysed the resulting plasma when the pulse duration of the
applied voltage is varied from 50 to 200 ns. The results show similar results to
the various voltage cases, where a minimum of three cycles are required before the
charged particles achieve a quasi-steady configuration. Varying the pulse duration
did not significantly effect the overall length or heigh of the plasma region, however,

as the pulse duration is decreased, the concentration of charged particles within the
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plasma increases due to the rapid change in polarity of the charge on the electrode.
The rapid change in polarity also increases the speed of the ion sheath where the ion

sheath developed by the 50 ns case achieved the highest speeds.
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Chapter 7

Conclusions and Recommendations

7.1 Conclusions

As mentioned in Section 2.5, this work aims to analyse how the plasma develops
as the input electrical parameters are varied and to study the time dependency of
the plasma properties. Simulations are performed in quiescent flow with a sinusoidal
waveform supplied to the exposed electrode. The solver developed by Murzionak
[74] has previously been validated by results in the literature when supplied with a
constant voltage pulse and has been modified to supply the exposed electrode with a
sinusoidal waveform. The voltage amplitude and pulse duration (sinewave frequency)
are varied to analyse their effect on the plasma formation.

It is shown that supplying the plasma actuator with a higher voltage amplitude
results in a larger plasma region forming along the dielectric. As the voltage amplitude
is increased, an electric field sufficient for ionization is established earlier and expands
further downstream from the electrode. Analysing the charged particle densities and
the ion sheath propagation, the 2 kV case, 50 ns case, and 200 ns case successfully

develops a plasma region free of electron voids at the downstream extent of the
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plasma region over five voltage cycles. The results from the lower voltage cases and
the 100 ns case show a growing electron void forming at the end phase of each voltage
cycle. This void reduces ionization and restricts further plasma development. Ion
sheath speeds similar to the literature are observed, with the speed increasing with
the applied voltage. The ion sheath has a higher speed when travelling towards the
exposed electrode due to the plasma gradually expanding throughout the voltage
cycle. During the gradual expansion of the plasma, the ion sheath has speeds similar
to those observed in the literature of DBD actuators supplied with constant voltage
pulses of similar magnitudes. This suggests that when the plasma region is gradually
expanding throughout the sinusoidal voltage cycle, secondary electron emission is the
main mechanism influencing the plasma propagation at this time. However, due to the
large difference in ion sheath speeds over the entire voltage cycle, the results suggest
that a combination of both the residual surface charge on the dielectric surface and
secondary electron emission are responsible for influencing the ion sheath propagation.

Additional simulations varying the pulse duration show that longer pulses es-
tablish larger plasma regions due to the electric field having more time to expand
throughout the domain, allowing for ionization to occur further downstream. Al-
though the longer pulse case generates a larger region of plasma, the charged particle
densities in the 50 ns pulse case are significantly higher due to the particles having
less time to diffuse throughout the domain. The rapid change in polarity for this case
results in a fairly uniform distribution of charged particles along the surface of the
dielectric, with the charged particle densities being at least one order of magnitude
higher than the 200 ns pulse case over the same voltage cycles. The various pulse
durations produce similar surface charge magnitudes, where the extent of the surface

charge increases with the pulse duration due to the plasma expanding further along

113



the dielectric. When analysing the ion sheath propagation, the 50 ns and 200 ns
pulses follows trends observed in the literature for AC DBD actuators. However, the
100 ns case developed a large electron void during the end phase of the voltage cycle
which was not observed in the other cases.

Due to the conditions in the computational domain changing significantly at
the start of the second cycle compared to the first cycle (at start-up), the plasma
parameters vary largely throughout the first two voltage cycles. A notable increase
in the concentration of charged particles and the ion sheath propagation is observed
during the second cycle for all cases analysed in this work. From the third cycle
onwards, the cases display a quasi-steady plasma configuration with little change
in parameters, indicating a steady-steady state had been reached. The strong time
dependency of the plasma during the first couple of cycles emphasizes that care should

be taken when averaging plasma parameters for cyclic voltage cycles.

7.2 Recommendations

This work employed a high-fidelity numerical model of an NS-DBD actuator to gather
the data discussed in the previous chapters. Although this model offers detailed in-
sight into the behaviour of the charged particles within the plasma region, the mesh
element size and time scale required to properly resolve the plasma is computationally
demanding and thus incorporating features such as negative ions or a non-quiescent
background flow is difficult. Therefore, some methods that could improve the com-
putational performance of the current solver include using a dynamic mesh instead
of a static mesh or incorporating the model proposed by Parent et al. [80].

A dynamic mesh is a mesh that allows for refinement to occur throughout the

simulation as certain conditions are met. By implementing a dynamic mesh into the
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current solver, the refinement of the mesh could be restricted to the plasma region
while a coarser mesh would be employed everywhere else, thus reducing the number
of elements in the computational domain. Reducing the number of elements would
allow the solver to be implemented into larger models without drastically increasing
the number of elements. Preliminary work on this modification has been completed,
however, more time dedicated to ensuring the stability of the code during the initial-
ization of the simulation is required.

The model proposed by Parent et al. [80] involves using Ohm’s law in place of
Gauss’ law to solve the electric field. Current fluid models, including the one used
for this work, solve the electric field using Gauss’s law, however, when discretized
these models become significantly stiff in regions where the positive charge density
approaches the negative charge density (quasi-neutral regions). This stiffness is sig-
nificantly reduced when using Ohm’s law and the time-step can be increased. The
results from Parent et al. [80] show a hundredfold reduction in the number of iterations
required to reach convergence in quasi-neutral plasma while producing a numerical
error no larger than the model based on Gauss’s law.

Incorporating these modifications into the current solver would significantly
reduce the computational cost. This would allow for the solver to be implemented into
models to study plasma effects on background flows, including shockwave-boundary
layer interactions in hypersonic flow, where early studies have shown promise in using

plasmas to prevent inlet unstart in scramjets and airbreathing engines.
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