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Summary

Efficiency increase of aerodynamic bodies should always be striven for. Plasma actuated flow
control is a promising technique, but not yet ready for implementation. Better understanding
of the fundamental physics can be achieved using numerical methods. This study aims at
development of a robust and flexible framework for modelling of dielectric-barrier discharge
in gaseous media by implementation of a plasma model into OpenFoam® .

By creating a strong electric field between two electrodes, plasma can be generated, existing of
a mixture of charged (ionized) particles and the neutral parent gas. Different discharges can be
generated, where corona and streamer discharges are the most notable ones. Dielectric-barrier
discharge (DBD) is most popular in active flow control, which includes a layer of insulating
but polarizing material shielding at least one of the electrodes. By using an alternating current
(AC) or nanosecond (ns) pulsed actuation signal, termination of the generated discharge by
charge accumulation on the dielectric surface can be prevented. The neutral flow experiences
different interaction with the plasma under different input signals, in short being a body force
for the continuous signal and energy deposition for the pulsed signal.

Most types of discharges can be described using the same plasma model, governed by the
drift-diffusion equations and Gauss’ law for electrostatics. These equations describe charged
particle transport, creation and destruction through chemical reactions, driven by the electric
field. The drift-diffusion equations are continuity equations for the different particle species,
and are heavily coupled to the equation for electrostatics. The model problem was described
as a 1D volumetric or 2D surface DBD set-up, involving a gaseous region and electrode and
dielectric solid regions. The 1D set-up involves two parallel opposing plates separated by the
dielectric layers and the gas, whereas in the 2D set-up the two electrodes are situated parallel,
with one plate buried in a dielectric layer with the other electrode in contact with the gas.
Particles are assumed to recombine instantly when colliding on the geometric surfaces, where
their charge is stored which is known as surface charging.

Up to three species are considered, comprising of electrons, positive and negative species. The
governing equations are solved in a semi-implicit and sequential manner. The strong coupling
existing between the equations were overcome by predictor-corrector algorithm, which uses
a first order approximation of charge densities in a semi-implicit formulation of Gauss’ law
to predict the electric field at the new time step. The corrector algorithm then corrects the
solutions by iteratively solving for the species densities and the electric field, which heavily
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viii Summary

depend on one another. The inter-dependency of the continuity equations were overcome by
a Strang splitting method. A MUSCL scheme and a forward Euler scheme were used for
spatial and temporal discretization, respectively.

During code verification, first order accuracy was observed for the Laplacian scheme of the
electrostatic equation as well as for the convective scheme of the continuity equations. A
Gauss-Seidel method was used to solve the electric field sequentially in the different regions,
accelerated through over-relaxation. Discretization of the coupling condition was found to be
first order, yielding first order accuracy for the Laplacian scheme as well. Although higher
accuracy could not be obtained, the computational routine is at least convergent. The model
was successfully validated qualitatively against a volumetric glow discharge case from liter-
ature, proving the physics are treated correctly. Quantitative validation on the other hand
could not be achieved and requires experimental data. Robustness of the computational
routine was observed, but at the cost of computational efficiency.
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Chapter 1

Introduction

Plasma is finding its way into many engineering applications, from surface treatment to
production of ozone. In aerodynamics, initiating a small plasma region in the flow over the
surface of an immersed body has been found to alter the flow in such ways that it can be
utilized for flow control; the active guidance of the flow over an aerodynamic body. This
is achieved by triggering small continuous or repetitively pulsed electric discharge currents
through the flow over the surface of an object. The gas is brought in motion by electrostatic
force mechanisms, without the need for mechanically moving parts. This was found already
in 1750 by B. Wilson, who managed to make a pin wheel rotate just by applying a voltage
to it, as reported by Collier and Gourdine (1968). The strong electric fields generated at the
sharp edged geometry ionizes the air by generating a corona discharge, and the positive ions
forced away from the tip transfer their momentum to the neutral particles, causing a so called
ionic wind. As Newton already prescribed, the net body force applied to the air requires an
equal but opposite component, applied to the pin wheel and making it spin. This sparked
interest in development of devices relying on this so called electrohydrodynamic principle for
engineering purposes.

1.1 Practical relevance of the subject

Most research performed today on plasma actuated flow control finds its application in the
aircraft industry, such as separation and transition control (Post and Corke (2004); Huang
et al. (2006); Little et al. (2010); Glezer et al. (2005); Little et al. (2012)), shockwave control
(Nishihara et al. (2011)) or even flight control (Lee et al. (1997)). Albeit, optimization of
aerodynamic performance of an object is relevant to all applications involving aerodynamics.
For other applications, one may think of efficiency increase of wind turbines, drag reduction
of trucks or performance enhancement of combustion engines (Starikovskaia (2014)). Con-
cluding, this technique knows many applications, all of which have one common denominator:
increase of efficiency, required for a reduction in energy usage. This is an important drive, as
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2 Introduction

the world will only grow more hungry for energy, and technological development must make
sure that the transportation sector !, or the energy consumption market in general, is allowed
to grow to meet demand, without compromising our living environment. Until a revolution
takes place in the way mankind transports itself, research must keep improving the current
conventional methods, and strive for an ever increase in efficiency of these methods. For
example, by taking old but high potential concepts and making them the current state of the
art.

This thesis aims at contributing to this goal for the technique of plasma actuated flow control:
the active guidance of a flow over an aerodynamic body by plasma forcing. This technique
is very promising: the lack of mechanically moving parts can be a great advantage over
other means of active flow control, requiring only a simple and light-weight design for the
actuator. The required input voltages may be high, but at the right discharge types, the
discharge current is moderate and often of a very short duration, keeping the total power
consumption of an actuator at acceptable levels and making the whole actuator very efficient
(Moreau (2007)). But most importantly, the actuators have been found very effective in their
interaction with macroscopic aerodynamic structures and phenomena, at least in laboratory
environments.

On the other hand, development of plasma actuators still has to take a number of important
steps. Power supplies for certain types of actuators are far from implementation ready. Also,
the electromagnetic interference induced by the electric systems is not well controlled either.
But most importantly, the flow interaction processes are simply not fully understood yet.
This is essential for optimal design and control of actuators, but is also crucial in light of
safety during operation.

In modern times, an unmissable step in reaching this level of understanding is by research
and development of numerical methods. Such methods enforce deep understanding of the
fundamental physics by the need of a physical model, while giving access to a reality where
a wide range of circumstances can be mimicked cheaply and quickly.

Delft University of Technology (DUT) and Ecole Polytechnique Fédérale de Lausanne (EPFL)
have both been working on the topic of plasma actuators for a number of years now and have
already reached a broad understanding of its working principles. At DUT, research has been
done under the supervision of Dr M. Kotsonis on actuator design and control necessary to
make this device applicable, while at EPFL under supervision of Dr P. Leyland, experimental
work has been done on the plasma physics which make this type of flow control possible. To
reach a technology readiness level required for application in industry, a deeper and more
fundamental understanding of the parameters and variables which influence the actuation
process and quality should be obtained. A strong basis has been laid through experimental
work (Kotsonis et al. (2014), Peschke (2014)). Some numerical work has preceded this project,
but have mostly been focussed on the induced flow dynamics (Kotsonis et al. (2011)) and less
on the plasma physics behind it. The work of Goekce (2014) was a first step in modelling
of the plasma physics by simulating a streamer discharge in air, although there were many
difficulties validating the model. Also, the program was written in a language which does not

Yhttps://www.eia.gov/outlooks/ico/world.cfm, under transportation sector
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1.2 Thesis outline 3

provide a reliable platform for further development.

1.2 Thesis outline

This project is set-up to meet the demand for a robust platform for development of a first-
principle electrohydrodynamic model. The aim is then to take a first step and lay a solid
foundation for a fully coupled model for simulation of non-equilibrium cold plasma
discharge processes and flow interaction based on the current global state of the
art in a platform which provides robustness and flexibility in both development
and application. The following main research question is formulated to reach this goal:

How can a robust and flexible computational framework be established for
modelling of dielectric-barrier discharge in gaseous media?

At the end of this study, this main research question should have been answered. To do so,
a number of sub-questions have been formulated to support the process:

e What discharge processes and flow interaction phenomena characterize DBD in gas?

e What are the numerical challenges in plasma modelling and what is the state of the art
in literature on handling these challenges?

e What is the physical behaviour of the plasma in a 1D volume discharge and how is this
influenced by physical and numerical parameters?

e What are the capabilities of the developed model and what can be expected for future
work?

1.3 Methodology

The methodology on which this project is based is as following. First a literature study is
conducted to get a good overview of the available knowledge, challenges and solutions in all
areas related to this topic.

Next, the model is development. This is done in OpenFoam® | a C++ based open source CFD
package supported by an open and active community of users and developers. The software
includes many different solvers already, ranging from potential flow to combustion models.
The fact that the software is open source allows for implementation of an own plasma-neutral
fluid model and gives the desired flexibility in the development of the tool. The availability
of a wide variety of neutral fluid dynamic solvers allows for convenient coupling between a
plasma model and these neutral flow models, which provides the desired flexibility from an
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4 Introduction

application perspective. Finally, many numerical schemes and solution methods implemented
in OpenFoam® and used in e.g. modelling of compressible flows can also be used for modelling
of electrohydrodynamic problems.

The first step is to develop the electrostatic model. This unit calculates the forcing mech-
anisms which drives the plasma dynamics. After that, the transport model is constructed
which describes the transport through electrostatic forces undergone by the plasma species.
Finally, a chemical model is developed which describes the creation and destruction of species
through varies chemical reactions.

The development of the numerical model is succeeded by a verification and validation step.
The units are tested individually in a 1D symmetric volume discharge set-up. For the electro-
static and transport model, exact solutions are known and errors can be quantified. Reference
data is available in literature for validation of the model.

1.4 Report structure

The outcome of the literature study is presented in chapter 2, where the relevant background
theory is given. This chapter should provide the reader with the sufficient knowledge on
plasma, electric breakdown and discharge physics, as well as different ways of actuating the
discharge and their respective fluid interaction mechanisms. The chapter is concluded with
some examples of application of plasma actuators to aerodynamic problems.

Then, the physical model is presented in chapter 3, which describes the problem to be sim-
ulated by the numerical model. The working force mechanisms and discharge dynamics
presented in chapter 2 are summarized and the solution domain, governing equations and
analytical boundary conditions are discussed by which the problem model is described.

In chapter 4, the implementation of the numerical model is presented. The finite volume
method on which OpenFoam® is based, is elaborated on and some insight is given in the
solution methods utilized by the software. Then, the implementation of the governing equa-
tions is treated. Available spatial and temporal discretization schemes are discussed as well
as additional schemes presented in literature. Calculation of the mobility and reaction rates
of the plasma is elaborated on as well as the implementation of the boundary and initial
conditions. Then, the numerical procedure of the model is laid out and the computational
steps taken is explained one by one.

The verification and validation of the model is treated in chapter 5. A 1D volume discharge
set-up in helium is used as a case study. The convergence behaviour of the different solver
units is studied. Furthermore, the physical effects of the dielectric permittivity and non-
linear effects of the surface and volume charges is evaluated. Finally, the model is validated
by qualitative comparison of the solution to a reference case from literature, driven by a
sinusoidal input wave form.
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Finally, in chapter 6, the conclusion of this work is formulated and the main and sub-research
questions will be answered. The chapter is ended with an outlook for future work; what is
recommended and what can be expected.
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Chapter 2

Non-equilibrium cold plasma discharge
processes and flow interaction

In chapter 1, the practical relevance of DBD actuators has been reviewed. Its capability of
altering the flow over its surface without any mechanically moving parts has endless appli-
cations. In this chapter, the physics behind the working of this actuator will be revealed,
according to the available knowledge in literature. First, a short introduction to plasma is
given in section 2.1. Second, in section 2.2 electric breakdown and discharge in gas is dis-
cussed. Then, two specific discharges will be discussed, namely the Townsend and streamer
discharge, in section 2.3 and section 2.4 respectively. A specific actuator configuration is con-
sidered in section 2.5 in which the dielectric-barrier discharge (DBD) actuator is explained.
This actuator has two popular actuation voltage waveforms in particular: alternating cur-
rent (AC) and nanosecond (ns) pulsed, which have different effects on the neutral flow. The
continuous (AC) operation yields a body force, as explained in section 2.6, while the pulsed
operation results in rapid energy deposition, as explained in section 2.7. The chapter is con-
cluded by evaluation of reported studies on macroscopic flow interaction using the formerly
presented actuators in section 2.8.

2.1 Introduction to plasma

Plasma is the fourth state of matter, besides the solid, liquid and gaseous form, and is
well represented in many natural phenomena such as lightning, flames, solar wind and the
Northern light (Aurora Borealis). This fourth state is reached by feeding energy into a gas
until molecular bonds are overcome and ionization occurs. The gas becomes ionized, meaning
the medium consists of positively and negatively charged ions, free floating electrons and the
remaining neutral particles. For this reason, plasmas conducts electricity as charged particles
can be transported through the medium. A plasma is called neutral if the net charge is zero,
i.e. the concentrations of positive and negative species balance each other out. According to
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8 Non-equilibrium cold plasma discharge processes and flow interaction

Pavén (2008), the concentration of free floating electrons determines the degree of ionization,
indicated by ay:

Te

Qpy = ————
7Y )
Ne + Ny

(2.1)

where n. and n, are the electron and neutral gas species densities, respectively. A plasma
is said to be highly ionized when «, > 0.1% and weakly ionized when «a; < 0.1%. Plasma
can be generated by adding thermal energy (heating of a gas) or by adding electric potential
energy (applying a strong electric field). A gas can be ionized directly as well through photo-
ionization, where a photon interacting with a particle can energize its electrons, e.g. by the
use of a laser, up to a point where the particle is excited and the outer electron is released.

When ionization is achieved by adding thermal energy, the plasma is classified as a hot
plasma, referring to the relative high temperatures (> 5000K for air Peschke (2014)) required
for ionization. In the case of application of an electric field or photo-ionization, the plasma
is termed cold plasma, referring to the relative low temperatures required for ionization.
This type of plasma can be subdivided into thermal equilibrium and non-equilibrium plasma,
referring to the temperature differences between the electrons and the ions and neutrals.
According to Pavén (2008), for a thermal equilibrium plasma, T, ~ T; ~ T,,, while for non-
equilibrium, T, > T; ~ T,,.

An import parameter in plasma physics is the Debye electron shielding length. This length
indicates the distance over which the potential of a single charge drops with a factor e, which
is the elementary charge, by induced transport of other charged particles. As an illustration,
the electric potential induced by a free charge carrier would drop much quicker with increasing
distance from the carrier in a plasma than in a vacuum. This is due to the collective behaviour
of charges in a plasma: a charge carrier tends to repel carriers with the same charge and attract
carriers of opposite charge, thereby effectively cancelling its own charge Nicholson (1983). The
Debye length is given by the relation:

Te 7
Aej = ., 2.2
e 47nog? (2.2)

In aerodynamics, hot plasma is relevant mainly in hypersonic aerodynamics, where shocks can
cause extreme temperature rises generating chemically reacting, thermally imperfect gas flow.
Cold plasma, on the other hand, can be generated in a more controlled manner and used for
active flow control in any flow regime. This plasma is usually generated through gas discharge,
where a voltage potential difference between two electrodes initiates a breakdown, which in
its turn leads to a current. Generally, two types of current are distinguished: conduction and
displacement current Jackson and Fox (1999). The first is simply due to transport of charge
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2.2 Electric discharge in a gas 9

carriers:

. Ope
V. Jcond + ot

=0, (2.3)

in which Jeonq is the conduction current and rho. the charge volume density. The charge
volume density is made up from free charge carriers, of which their number densities are
determined by convection, diffusion and chemical reactions, creating or destroying species
according to their corresponding reaction rates. The displacement current is due to change
in the electric field, for example in a fluctuating electric field:

> OcE
Jdisp == W (24)

In this relation, Jy;s, is the displacement current, for a dielectric material with relative per-

mittivity €4, € = e4e0 is the dielectric permittivity and E is the electric field vector. Both
current types can be used to quantify the plasma, and more specifically the strength of the
discharge.

In the next section, more insight will be given in the generation of gas discharge in general,
and different classifications and their properties used in aerodynamics specifically.

2.2 Electric discharge in a gas

In the former chapter, the plasma state of matter has been introduced and some examples
of generating plasma have been given. In this chapter, specifically gas discharge as a way of
generating plasma will be discussed as it currently is the most popular way of intentionally

generating ionized flow.
1,4) @

Figure 2.1: Gas discharge tube Raizer and Allen (1997).

The discharge referred to here is the current resulting from two electrodes or capacitors with a
voltage potential between them. An electric current is the transportation of charged particles,
in this case through a gas. To explain the processes concerned with this discharge, a volume
discharge will be considered, which includes two opposing, parallel electrodes separated by a
gas spacing d. We consider the volume to be filled with gas at both high and low pressures.
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10 Non-equilibrium cold plasma discharge processes and flow interaction

Vacuum is not considered here. The applied voltage potential is constant. The set-up is
presented in Figure 2.1.

Most gases are well known to be good insulators, but under certain circumstances such media
can become conductors, allowing a discharge between the two electrodes. Multiple discharge
regimes exist, depending on the applied voltage and the resulting current density through the
gas, as depicted in Figure 2.2. Besides its dependency on the voltage, the current density can
be controlled by altering the gas type and pressure, the spacing between the electrodes and
their respective configuration.
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Figure 2.2: Gas discharge regimes Meek and Craggs (1953).

The discharge types considered here are stable or quasi-stable processes and are preceded
by a transient process called a breakdown. When considering the set-up displayed in Fig-
ure 2.1 with a steadily increasing voltage potential starting from zero, the first identified
discharge to occur is the Townsend discharge, preceded by the Townsend breakdown, or
electron avalanche. The discharge is characterized by a low voltage, low current and is not
self-sustaining. At low pressures, this Townsend breakdown can develop through secondary
electron emission into a sustained discharge with higher currents at lower input voltages.
These discharges are characterized by radiating photons in the visible spectrum, producing
a glow for which they are termed glow discharge. For higher pressures (around atmospheric
values), a much higher breakdown voltage V4, is required due to the isolating properties of
the denser air. Similarly to the glow discharge, when secondary electron emission occurs,
the Townsend breakdown transits into a sustained discharge called a corona discharge. The
corona discharge differs from its low-pressure counterpart by the occurrence of a complemen-
tary electron seeding process, called photo-ionization, where additional ionization occurs by
the radiation of photons from excited radicals in the plasma. Alternatively, the Townsend
breakdown initiates a streamer breakdown, which evolves if a sufficiently high over-voltage
is applied. When for all pressures the initialized discharge is able to undergo a spark break-
down, the discharge evolves into an arc discharge. This type of discharge is typical for its
high current density and can be sustained at relative low voltages. Arc discharges occur when
the ionized region reaches from the anode to the cathode and a closed circuit is formed. This
can be prevented by setting up a dielectric barrier discharge, as explained in section 2.5.
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2.3 Townsend breakdown 11

First, the types of discharge most relevant for flow control are discussed below. More insight
is given in the process of the electron avalanche and its transition into a sustained (corona)
discharge in section 2.3. Thereafter, the streamer breakdown and discharge is elaborated on
in section 2.4. Please note that all processes explained in the next sessions are generated in
the geometric set-up as presented in Figure 2.1.

2.3 Townsend breakdown

The fundamental discharge type is the Townsend discharge. This discharge is characterized
by its very low current densities and is also known as the Townsend avalanche. FExternal
sources such as cosmic radiation provide free charge carriers, such as electrons, which are
accelerated by the electric field. This causes an initial low current. If the strength of the
electric field between the electrodes is sufficient, which occurs at the breakdown voltage Vj,.,
the electrons can pick up velocities which allow for inelastic collisions with neutral particles,
thereby releasing another electron and leaving a positively charged ion. This newly freed
electron can do the same with another neutral particle, through which the number of electrons
increases exponentially in space as visualized in Figure 2.3. This phenomenon is called an
electron avalanche and is the primary breakdown process.

Cathode

Figure 2.3: Free electron exponential growth in electrode gap Pavén (2008).

The remaining ions are charged, meaning they respond to the electric field as well. The
resulting current of this process is termed a Townsend discharge, and terminates directly if
the electric field strength is sufficiently low. On the other hand, if the electric field strength
is sufficiently high, heavy species collide upon the cathode with sufficient velocity to release
new electrons. This is called secondary electron emission and according to Pavén (2008),
can be enhanced by photo-ionization or photon bombardment. When this secondary electron
emission takes place, the current is self-sustaining and the discharge transforms into a corona
discharge. The condition determining whether a current is self-sustained can be derived as
follows. The Townsend ionization factor « is defined as:
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12 Non-equilibrium cold plasma discharge processes and flow interaction

_idne
C ne dx

Which states that the ionization factor is given by the relative increase of the electron particle
density per increase in distance. Integrating over x yields:

Ne(T) = nege™”,

meaning that at the cathode e®® electrons are freed for every single seed electron, neglecting
recombination or binding to electronegative molecules. As explained, in a sufficient strong
electric field, resulting positive ions collide with the negative electrode, potentially releasing
y(e®® — 1) electrons, where « is the probability that the ion-electrode collision releases an
electron. This probability factor depends on the gas type, cathode material, surface condi-
tions, reduced electric field E/N and the measure of photo-ionization photon bombardment
of the cathode. If a single electron is released, the current is said to be self-sustaining, so the
breakdown condition therefore is:

and takes place at a voltage higher than the breakdown voltage V.. Empirical relations
exist for this breakdown voltage as a function of the product of the gas pressure P, and
the electrode spacing d, called the gap-pressure-product. One of such relations is given by
(Paschen (1889); Pavén (2008)):

BPyusd
In(APyqsd) — ln[ln(%) +1]’

‘/E)T:

where constants A and B depend on the gas type and stem from curve-fits for the Townsend
ionization of the form:

a = Aexp(B/(E/p)"

The factor r has the value of 0.5 and 1 for atomic and moceluar gases, respectively. The
meaning of the reduced electric field E/p will be explained later. This relation as well as
values for A, B and r for different gases can be found in the work of Ward (1962). To
continue, for air, the curve is presented in Figure 2.4:
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2.3 Townsend breakdown 13

Simply, the voltage region above the curve results in a breakdown process, while the region
below the curve will not. For higher values of the product, a higher voltage is required
for breakdown. This can be physically explained as follows: for increasing values of d, the
generated characteristic electric field strength decreases (E o« V/d), lowering the characteristic
electron velocity (U oc E), and electrons will not have the kinetic energy to initiate an electron
avalanche. Similarly, when the gas pressure is increased, the mean free particle path reduces
(A o< 1/P,). If an electron is not able to accelerate sufficiently before colliding with another
particle, it also won’t be able to gain the required kinetic energy to initiate breakdown.
Increment of either of the parameters result in an increase in the product, and a higher Vj,
is required.

A small note is added regarding the mean free path, also the characteristic plasma length
scale which is equal to the mean free path A and scales with oc 1/Ny (P; o< Ng). When
considering DBD modelling used for flow interaction, it must be taken into account that for
most fluid models, the medium is considered a continuum, i.e. Kn = A\/L < 1. This implies
that A < L. Since N, is proportional to oc P, only medium to high pressure gases can be
considered.

Instead of this pressure-gap-product, it is more common to use another similarity parameter
called the reduced electric field, E/N:

E/N = 1B 102[Td] (2.5)
Ng

This parameter normalizes the local electric field strength over the initial gas number density,
which makes it a local function of the ratio V/(P, - d). The unit is given in Townsend (Td)
and equals 1072V -m?2. Whenever two plasmas have equal reduced electric field distributions,
the plasmas are said to be similar.

Concluding this section, the Townsend discharge requires free seed electrons (generally pro-

Air
Temperature: 20°C

Breakdown voltage [kV]

p * d [barmm]
Figure 2.4: Breakdown voltage dependency on the socalled pressure-gap-product Pavén (2008).
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14 Non-equilibrium cold plasma discharge processes and flow interaction

vided by external sources, such as cosmic radiation) and the breakdown is initiated by grad-
ually increasing the voltage to the breakdown voltage Vj,., until an electron avalanche occurs.
The breakdown then leads to a discharge, which is sustained whenever the breakdown condi-
tion is met and secondary electron emissions are released. In the next section, the streamer
breakdown process will be explained.

2.4 Streamer breakdown and discharge

In case of a sufficiently high reduced electric field E/N, the electron avalanche initiates a
different type of breakdown, called a streamer breakdown. A Townsend breakdown can
develop into a glow or corona discharge when secondary electron emission occurs. For high
values of E/N, the electron avalanche develops too quickly (in the order of nanoseconds) for
this to happen. Another fundamental difference with a Townsend breakdown is the fact that
the resulting electron avalanche is so strong, it causes an exceeding of the critical number
of free electrons in the electrode gap. The critical number refers to the upper limit of free
electrons, beyond which a space charge is induced that distorts the local electric field Meek
and Craggs (1953). What then happens is the following:

(a) electron avalanche (b) positive streamer (c) negative streamer (d) filament

anode + anode + anode + anode +
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Figure 2.5: Formation of a streamer (Raizer and Allen (1997)).

a Similarly to the Townsend breakdown, an electron avalanche is formed initiated by
free electrons, as illustrated in Figure 2.5. The electrons released by impact ionization
accumulate at the front of the avalanche, polarizing the avalanche. The critical number
of free electrons is exceeded and a local electric field, stronger than the applied electric
field, is induced due to the accumulated space charge. This is an important aspect, as
the local induced electric field ionizes the surrounding neutral particles, which facilitates
growth and propagation of the streamer. This process is the formation of the streamer
head.

b For moderate gaps and voltages, the initial avalanche has reached the anode before
the streamer head has been formed. The electrons are absorbed by the anode, leaving
a cloud of positively charged ions behind, which then forms the streamer head. This
induces a positive local electric field. Secondary avalanches are initiated by photo-
ionization, which feed the required electrons. The transported electrons again leave

F.G.A. van de Beek M.Sc. Thesis



2.5 Dielectric-barrier discharge 15

behind positive ions, and the streamer propagates towards the cathode. A current has
formed inside the streamer, feeding electrons collected at the streamer head towards the
anode. This is called a positive streamer, corresponding to the charge of the streamer
head.

¢ For large gaps and high voltages, the initial avalanche has not reached the anode yet,
but exceeds the critical number of free electrons in the electrode gap. Similarly though,
a streamer head is formed consisting of accumulated particles, this time the negatively
charged electrons. The streamer head propagates towards the anode, while an electron
current is induced by the idle positive ions, following the streamer head and feeding the
streamer. This is called a negative streamer.

d Regardless of the direction, a significant amount of charged particles is transported
resulting in a discharge current. The streamer is characterized by its slim, filament
shape between the electrodes. This type of discharge is therefore also called filamentary
discharge.

Now the chief breakdown and discharge processes have been discussed applicable to flow
control, it is time to consider a different geometric set-up.

2.5 Dielectric-barrier discharge

In the former sections, a volume discharge set-up with a constant voltage potential was
considered to explain the resulting plasma processes. Other geometries can be utilized too,
where a specific kind of configuration is the dielectric-barrier discharge (DBD). This kind of
discharge is fundamentally different from the test case as presented in Figure 2.6 by a dielectric
layer separating the two electrodes (Kotsonis (2015)), and (in this study) the discharge not
taking place in between the electrodes, but on the surface, for which it also is called a surface
DBD (SDBD). A dielectric is simply a piece of polarizing, insulating material placed between
two capacitors in order to prevent the generated discharge (corona or streamer) to evolve
into an arc discharge. Please note that in some studies, the dielectric is just separating the
two exposed electrodes, whereas in this study, the dielectric encapsulates the lower (ground)
electrode entirely.

AC HV

Figure 2.6: Set up of a surface DBD, with a high voltage (HV) exposed electrode (anode) and
a burried ground electrode (cathode) Moreau (2007).
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16 Non-equilibrium cold plasma discharge processes and flow interaction

When placed in an electric field, the net neutral but polar molecules orientate according
to the electric field. At the boundaries, i.e. the surfaces of the dielectric, a net charge
occurs. This net charge at first stores the electric field: the exposed dielectric surface takes
on a surface charge opposing the anode charge. Over time though, free charge carriers are
attracted to the surface, accumulating on the surface and thereby reducing the effective
potential. This generally leads to termination of the discharge process when a constant
direct current is applied since at some point, the electric field will be reduced until discharge
cannot be sustained. This configuration therefore requires usage of increasing direct current
or alternating input current wave forms, such as a sinusoidal waveform or a pulsed waveform
(step or saw tooth function), to re-initiate the breakdown once the accumulated surface
charge has become too strong. The different operating types are discussed in section 2.6 and
section 2.7.

Dielectric-barrier discharge is characterized by a number of processes, all of which according
to a certain time scale (Jayaraman et al. (2007)). First of all, many different time scales exist
for the discharge process alone (flow interaction not considered). The following time scaling
parameters with indicated order of magnitude can be distinguished.

Table 2.1: Characteristic time scales in DBD (Jayaraman et al. (2007)).

Process Time scale Order of magnitude
Operating frequency Tw = % =0O(T)

Ton drift Tdrion = ﬁ = 0O(T107%)

Electron drift Tdre = 37 = 0O(T1079)

Dielectric relaxation Tdiel = e%ﬁ =0O(T1077)
Ionization frequency Te = U—lc = 0O(T1079)

As was mentioned earlier in this section, different actuation signals can be used for operating
a DBD actuator, as a constant voltage potential won’t yield a sustained plasma. More
specifically, for flow control, two types are favored most above all: the continuous alternating
current operation (ACDBD) and the pulsed nanosecond operation (nsDBD). The AC-DBD
is characterized by a continuous sinusoidal high-voltage waveform with frequencies in the
kilohertz range, through which momentum is transferred from ions to neutral gas molecules
Unfer and Boeuf (2010). This will be elaborated more in the next section. The nsDBD
actuates high-voltage pulses with a duration in the order of nanoseconds, injecting energy
into the neutral gas on a very short time scale which in turn generates shock waves. This
type of actuation is treated in section 2.7.

2.6 Body forces in continuous actuator operation

It has already been explained that the charge accumulation on the dielectric surface opposes
the anode voltage, thereby quenching the electric field. A constant direct current cannot sus-
tain the plasma. By alternating the high-voltage potential, the potential difference is reversed
and the electric field is restored. What then follows is a corona discharge responsible for a
carrier current, with incidentally streamers occurring during the full pulse. An experimentally
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obtained data set is shown in Figure 2.7.
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Figure 2.7: Example experimentally obtained voltage (black) and current (blue) waveforms for a
DBD, with fast-imaging of the created plasma Benard and Moreau (2013).

The streamer discharges can be identified by the short current pulses in the current waveform.
The voltage waveform is generally broken down into the rise phase and the decay phase, or
the positive half-cycle and the negative half-cycle, as each cycle-half generates a different
plasma and discharge current. During the positive half-cycle, streamer discharges were found
to happen in rapid, irregular succession indicated by the high number of current spikes in
the current graph. Corona discharge occurs close to the anode, visible from the bright spots
in the plasma imaging. FElectrons are drawn to the exposed electrode and positive stream-
ers are formed, visible by the outskirts of those bright spots. The streamer discharges are
characterised by their high current amplitude, but sparse temporal distribution. During the
negative half-cycle, the plasma is characterised by corona regions which spread widely away
from the exposed electrode Benard and Moreau (2013). The fundamental difference between
the two cycle-halves is the infinite number of available electrons to the plasma during the
negative half-cycle (exposed electrode functions as a cathode), assuming the electric field is
strong enough for the cathode to emit electrons. During the positive half-cycle, the available
electrons is limited to the built-up concentration on the dielectric surface and the secondarily
emitted electrons Enloe et al. (2004).

The main flow interaction induced by the sinusoidal waveform actuation is momentum transfer
from drifting ionized particles caught by the electric field resulting from the voltage potential
to the neutral gas, which is felt by the gas as a body force. All along a voltage cycle, the EHD
force is pointed away from the exposed electrode tip. This means that during the positive half
of the voltage wave, the momentum transfer by positive ions is dominant, while during the
negative half of the cycle, negative ion momentum transfer is dominant. Spatial and temporal
force distribution differs per half, though, as can be seen clearly in Figure 2.8. Also, the local
body force may not necessarily always point away from the tip, as is the case in the negative
phase in close proximity to the electrode tip (red color in the figure) Boeuf et al. (2009).
Furthermore, voltage amplitude and frequency influence the force density and coverage, such
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that for two difference input voltage waveforms, the integrated body force may be the same
for two cases, but the effect on the flow may not.
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Figure 2.8: Calculated temporal distribution of the EHD body force parallel to the dielectric
surface Boeuf et al. (2009). Blue indicates a positive force (away from the electrode tip) while
red indicates a negative force.

The resulting body force term Frpp has been formulated to different extents, but are all
related to one another. The most extensive formulation is given by Unfer and Boeuf (2010);
Abdollahzadeh et al. (2014); Goekce (2014); Abdollahzadeh et al. (2016):

ﬁEHD = e(np — Ne — nn)E — Z Vk:kank (26)

k:e7n7p

The first term is the momentum transfer by charged particle drift driven by the electric field.
The second term is the diffusion term due to species concentration gradients. In general, the
Coulomb force (drift term) accounts for the larger order which may lead to neglect of the
diffusion term when only the order of magnitude of the force is of interest Goekce (2014).

A final important point stressed, which leads directly to the next section, is the fact that the
corona discharge is chiefly responsible for the EHD force, whereas the streamer discharges
only cause aeroacoustic noise in the form of acoustic waves, caused by the heat released by
the streamers Unfer and Boeuf (2010). This is the purpose of development of nsDBD, where
the EHD force effect is abandoned and this aeroacoustic effect is exploited for flow control
purposes. This will be explained in the next section.
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2.7 Energy deposition in pulsed nanosecond actuator opera-
tion

Where the continuous operated actuator mainly inflicts a body force on the neutral gas, a
pulsed nanosecond actuator profoundly causes rapid energy deposition into the neutral gas,
leading to aeroacoustic disturbances in the form of acoustic waves. As has been demonstrated
in section 2.6, streamer discharges only occur during the positive voltage half-phase, during
rapid rise of the voltage amplitude (Unfer and Boeuf, 2010). The streamer discharges can
be concentrated in time and increased in current amplitude by applying a pulse with a rise
time in the order of nanoseconds. The streamers then form at high over-voltages, leading to
considerable power deposition.

The effects of this power deposition on the flow is visualized in Figure 2.9. The energy
deposition happens in proximity to the electrode tip and over the covered electrode. This
creates a local high pressure region, which starts to propagate through the gas. The cylindrical
wave is formed by the energy deposition at the tip, also called a "hot spot’, which is strongest.
The plateau is formed by propagation of the streamers in positive x-direction. Because of
diversity in strength and propagation length of the streamers, the total energy deposition
away from the tip is lower, yielding the characteristic tail of the shock wave.
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Figure 2.9: Shockwave formation after nanosecond pulsed actuation of a DBD actuator. The
shock wave is characterized by the circular wave around the tip, with a tail above the covered
electrode ((Unfer and Boeuf, 2010)).

Starikovskii et al. (2009) investigated the characteristics of the shock wave and concluded the
following. The initial expansion wave moves away from the surface with approximately Mach
1.13. Simultaneously, a rarefaction wave travels towards the surface, is reflected and catches
up with expansion wave. After interaction, the expansion wave is slowed down to Mach 1.
From comparison between cathode- and anode directed discharges, i.e. positive and negative
over-voltage on the exposed electrode respectively, it was concluded that cathode-directed
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discharge leads to greater energy deposition.

To investigate the exact order in which energy is released during a complete pulse cycle,
(Unfer and Boeuf, 2009) depicts how the current behaves. A plot indicating the current
development from their work is shown in Figure 2.10. As can be seen, two major pulses
can be distinguished. According to the authors, the current rises at the same moment the
applied voltage is increased, until the dielectric surface has been charged sufficiently and
the effective electric field is reduced sufficiently to decrease the current. The current rise
recovers, though, due to the continuous applied voltage increment, until the applied voltage
takes on a constant value. Until now, the exposed electrode has functioned as anode, meaning
the dielectric has been charged positively by accumulation of free charge carriers inside the
plasma. Because of this, the effective electric field reduces, and so does the discharge current.
The potential relaxes in an exponential decay, until the applied potential is decreased. During
this decay, the potential between the electrode, which is still charged positively, soon becomes
less than the potential on the dielectric surface, which causes a negative discharge current as
the exposed electrode functions as a cathode. The current steadily increases, until the applied
voltage reaches null. The dielectric surface is still positively charged, but relaxes such that
the negative current increases back to zero.
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Figure 2.10: Current waveform of a nanosecond DBD (Unfer and Boeuf (2009)).

During a single streamer discharge, energy is deposited into the neutral gas. According to
Unfer and Boeuf (2009), this energy transfer originates from a number of processes. First of
all is the energy transfer through ion-neutral molecule collisions, also known as Joule heating.
The transported charge carriers which make up the current collide with neutral particles,
during which it is assumed that the energy from the charge carrier is transferred totally and
instantaneously into neutral particle thermal energy. This relation is given by:

Dions = (j;, - j;m) : E (27)

This relation describes the energy transferred from the electric field to the neutral gas through
the induced positive and negative ion current, indicated by J, and J,, respectively.
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The second contribution is due to direct thermal energy transfer from electrons to neutral par-
ticles, driven by elastic and rotational excitation (el-R), vibrational-translational relaxation
(VT) and electronic excitation (E). The transfer through elastic collisions and rotational ex-
citation represents a fraction of the total energy gained by electrons through the electric field.
This latter term is the electron power density pejec:

Pelec = Ue‘E‘Z (28)

Where o, is the electron conductivity and is given by o. = ey, (Benilov and Naidis (2005)).
Unfer and Boeuf (2009) explains that energy transfer in other degrees of freedom, i.e. vibra-
tional relaxation (VT) and electronic excitation (E), have different process time scales. A
phenomenological model is then formulated based on the generally shared observation in lit-
erature (Popov (2001); Guerra et al. (2004); Flitti and Pancheshnyi (2009)) that energy spent
by electrons to excite No by quenching of the states by oxygen molecules (i.e. recombination)
is released very rapidly compared to other processes. This then allows for the assumption
that this energy release happens instantaneously. Furthermore, it is assumed that not all of
this energy is released, but that only 30% is absorbed by the neutral gas. The only process
which then operates on a different time scale is relaxation of vibrational and translational
energy (VT), for phenomenological relation formulated:

Ipyr 1 1
+ bvr = TV Pelec- (29)
ot TVT TV T

This relation simply states the appropriate scaling of pyr from the characteristic relaxation
time scale Ty to the current time scale t, determined by the fraction of the energy absorbed
by the electrons from the electric field 7y pejec-

The total amount of heat released is then given by the sum of the partial power terms:

Dthe = (Pel—R + PVT + DE) + Dions

(2.10)
=pyvr + (nelfR + €nE)pelec + Dions-

The values of pyr and pjons is found through Equation 2.9 and Equation 2.7, respectively. &
has a value of 30% and the fractions 7¢;_ g, g and nyr can be found by solving the Boltzmann
equation, often by using the Bolsig+ software Hagelaar and Pitchford (2005).

2.8 DBD induced flow interaction

DBD actuators have been developed for their flow interaction capabilities. In the former
chapter, it has been discussed that body forces and energy deposition applies depending on
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the type of actuation: AC or nanosecond DBD. Both actuation types, body force and energy
deposition, will interact with the surrounding flow differently per case. Kotsonis (2015) has
summed up the chief applications for which DBD actuators have been investigated so far:

Separation control;

Laminar-turbulent transition delay;

Lift enhancement and drag reduction;

Shock wave control;

Combustion augmentation.

As can be seen, the ability of a device to produce a wall jet or a weak shock wave results in
a great variety of applications. In this chapter, each topic will be discussed independently.
It should be emphasized that there has been much work done on AC-DBD actuators, where
the main effect is a body force, while not so much has been done on nsDBD, which mainly
induces thermal effects. This is believed to be so because of the relative young popularity
of the nanosecond operation mode (Likhanskii et al. (2006); Starikovskii (2005), while the
continuous operation mode has been of interest for a longer time now (Roth (1998)). The
actuation mode relying on the production of a wall jet seems limited in its application to
low velocity flows, above which the wall jet velocity becomes insignificant. Likhanskii et al.
(2008) already reported a limited range of 0-30 m/s. Since the nanosecond pulsed operation
relies on thermal effects, it can also be applied for flow control higher up in the Mach regime.
An example of this is shock wave control, which will be discussed in one of the sections below.

2.8.1 Separation and transition control

Separation control is a major topic for lift conservation over airfoils, but also for drag control.
Post and Corke (2004) set up an experiment whereby an AC-DBD was used to reattach
separated leading-edge flow over a generic airfoil, with an angle of attack 8 degrees beyond
stall. Little explanation is given for the exact working principle of the stall recovery, but
the actuator, which produces a 2D jet at the wall in the direction of the flow, is said to add
momentum to the boundary layer, preventing a negative boundary layer velocity gradient.
Similar results are found by Huang et al. (2006), who found that the momentum addition
reduces the adverse pressure gradient, thereby postponing the separation point.

Little et al. (2010) not only looked at separation delay, but also at lift enhancement by
manipulation of oscillating low phenomena. As was the case in the work mentioned above,
the direct effect of the AC-DBD is assumed to be a steady wall jet, which can be interpreted
as a quasi-steady phenomenon. Little et al. (2010) managed to increase lift, regardless of
the controlled separation, by amplifying the natural instabilities associated with vortices
shedding from the flap shoulder by emulating the low shedding frequency with the plasma
actuation carrier frequency. This confirms that a second effect induced by the actuator exists:
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interaction between the operation frequency of the actuator and the frequency of the natural
instability. As Glezer et al. (2005) puts it, lift can be manipulated by damping the large-scale
trailing edge vortex shedding into the wake, which affects the overall circulation all around
an air foil.

Later in continuous work, Little et al. (2012) performed similar experiments, using a nanosec-
ond driven DBD. The resulting weak shock wave, created by the rapid energy deposition by
the plasma actuator, is thought to trip the flow at pre-stall angles of attack. Transition is
forced and the air remains attached over a longer distance over the air foil. During post-stall,
effects are assumed to be induced similar to the ones occurring when an AC-DBD is used.
Coherent span wise vortices are generated by manipulation of flow instabilities, which are
known for their effective role in separation control. The effects are most apparent in the
range of ™ = 4 — 6, where F'" is defined as a non-dimensional frequency F* = fz%

The aforementioned authors have all addressed the topic of flow separation over a wing.
Additionally, these devices can be used to influence the laminar-turbulent transition pro-
cess. Grundmann and Tropea (2008) studied the natural transition process by introducing
Tollmien-Schlichting waves over a flat surface. These waves were then cancelled by means of
an AC-DBD actuator operated in pulse mode. While the boundary layer velocity profile was
not affected significantly, the turbulence level was, up to 20-30% amplitude of the uncontrolled
oscillation amplitudes.

2.8.2 Lift enhancement, drag reduction and noise mitigation

The applications of the work described in the former section was of a very fundamental
nature. Transition and separation control are mostly means for controlling stall, lift and drag.
Studying these effects in an isolated and generic test case is of great importance though, to
reach better understanding of the fundamental interaction with the flow. Other authors have
presented work of a more applied nature.

Thomas et al. (2008) took the problem of landing gear noise and investigated the mitigation
of such noise through plasma actuated flow control. Their work involved experiments on
a cylinder with mounted DBD actuators. The initial aim was to reduce noise, successfully
reducing the sound pressure levels of the frequency band associated with wake vortex shedding
by 13.3 dB.

Another application to aircraft aerodynamics is that of optimization of high-lift devices. He
et al. (2009) mimicked the effects of a slat and flap by replacing them with two plasma
actuators mounted on a NACAOQ015 air foil. It is reported that the trailing-edge actuator was
found to produce the same effect as the flap in the sense of a uniform positive shift of the
CL,, lift coefficient, while the leading-edge actuator increased the lift-to-drag ratio up to a
340%.

In another study, Nati et al. (2013) investigated the suppression of vortex shedding from
the trailing edge of a rectangular trailing edge. Using a new configuration called ’transverse
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actuation’, successfully reducing the total kinetic energy of the fluctuating component of the
velocity field with 60%, while the energy contained in the Von Kédrman vortices was reduced
by a factor 6 for low velocity flows (< 7m/s).

2.8.3 Shock wave control

The nsDBD produces a weak shock wave due to rapid energy deposition from the plasma
into the neutral air during discharge. Shock wave interaction is a well known phenomena
in supersonic and hypersonic aerodynamics. Nishihara et al. (2011) used a phase-locked
Schlieren imaging technique to capture and analyse the interaction between a Mach 5 bow
shock and a weak shock wave produced at the leading edge of a cylinder by a nsDBD. It was
observed that the shock wave travels up stream, interfering with the bow shock, increasing
the stand-off distance by up to 25%. It is noted that the main advantage of using a nsDBD
is the low power budget compared to other methods.

2.8.4 Combustion augmentation

The highly reactive processes during a nsDBD can be exploited for other purposes than aero-
dynamic control. During combustion, complex chemistry plays an important role, for which
nsDBD can be used to enhance processes or provide reactants, such as ozone. Starikovskaia
(2014) makes the distinction between plasma-assisted ignition (PAI) and plasma-assisted com-
bustion (PAC). Ignition is the process to initiate combustion, an irreversible chemical process
during which heat is released. Since a spark is also a plasma, PAI has basically been used in the
form of spark discharge since the first internal combustion engine in 1858. Starikovskaia (2014)
describes the main effect of a spark discharge as local gas heating and the resulting combus-
tion wave which then propagates through the fuel-oxidizer mixture. Using non-equilibrium
plasma to increase the internal energies (excitation of internal degrees of freedom) of the
present species may be much more effective than purely releasing local thermal heat. An
example of PAC is the production of ozone as a catalytic species to intensify the combustion
process as more oxygen atoms are present in the mixture.
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Chapter 3

Description of the physical model

In this chapter, the physical model description of this work relevant to DBD physics is given.
This model will form the basis of the numerical work presented in the next chapter, and its
description focuses on plasma physics related to discharge dynamics only. Furthermore, an
introduction is given to coupling terms governing the dynamics between the discharge and
fluid flow, although a fluid model to solve for said flow dynamics is not included. The flow
dynamics related to or with influence on the physics treated here are left for future work.

In section 3.1, the model problem is presented, together with relevant actuator geometries
defining the solution domain. Then, in section 3.2 the governing equations applicable to this
model problem are derived. Boundary and initial conditions are then discussed in section 3.3.
Mathematical formulation of the interaction of the plasma with the neutral parent gas is
described in section 3.3. Finally, a summary of the physical model is given in section 3.5.

3.1 Model problem and solution domain

First, the physical problem problem and its solution domain are introduced. In short, the
discharge physics treated in the last chapter involves production of plasma containing electrons
and charged species of the parent gas undergoing chemical reactions, such as impact- and
photo-ionization, attachment and recombination. The driving force mechanism behind these
processes is the electric field created between two electrodes by applying a voltage potential
difference. Only dielectric-barrier discharge at atmospheric pressure is considered, yielding
glow or streamer discharges, depending on the input voltage and the geometry configuration.

Two geometric configurations are considered here: a 1D volume discharge and a 2D surface
discharge. Both types of configuration involve at least two electrodes, a dielectric layer and
a gaseous region. The dielectric material is shielding at least one of the electrodes from
the plasma, which prevents transition from any type of discharge into an arc discharge, as
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explained in chapter 2. The volume configuration, depicted in Figure 3.1, is symmetric and
involves dielectric material on both electrodes. For convenience, the upper electrode is called
the anode as its voltage is controlled, even though this voltage can be both positive and
negative. The ground electrode is called the cathode and its electric potential is always zero.
The gap width of such actuators varies and is generally in the order of cm, while the dielectric
layers are in the order of 10 'mm. The discharge of such actuators is often designed to be
1D by using a circular actuator. The domain width as therefore arbitrary.

Anode
Gas Gas-dielectric interface
Cathode

Figure 3.1: Geometry of a volume DBD actuator.

In Figure 3.2, a typical surface DBD actuator configuration is depicted. The cyan bounds
indicate the far field of the fluid domain. The red bounds enclose the dielectric domain, while
the black bounds enclose the electrode domains. The control volume is bounded by the left
edge of the anode, the right edge of the cathode, the lower side of the cathode and the upper
fluid bound at an arbitrary distance from the dielectric. This distance should be sufficient
such that the far field assumption on the upper boundary is valid. Similarly to the upper
boundary, in case of a relative short anode, the left boundary is extended to assure that the
far field assumption is valid here as well. Similarly to the 1D geometry, the dielectric layer
is often in the order of 10~'mm, while the cathode length can reach up to several mm. The
anode is usually of the same length, or a factor 1-5 shorter than the cathode.

Gas

Gas-dielectric interface

Cathode
Figure 3.2: Geometry of a surface DBD actuator.

The different materials involved in this problem make it a multi-media problem, introducing
additional surface processes. Also, solution of the particle dynamics is only relevant in the
gas domain, but the electric field is continuous through all regions. For the electric field, this
requires coupling conditions between the different regions. These conditions will be explained
in section 3.3. Next, the equations governing this model problem are treated.
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3.2 (Governing equations

The model problem includes electrostatics and charged particle flow dynamics. The gas is
considered to have an atmospheric pressure, and so the medium as well as the plasma can
be assumed to behave as a continuum, to which continuity and momentum equations can
be applied. The electromagnetic effects are ignored in this study. The driving mechanism
behind the plasma dynamics is the electric field, resulting from a potential difference between
the electrodes. For this, Gauss’s law for electrostatics applies, combined with the definition
of the electric field. For the particle dynamics, specie continuity and momentum equations
are applicable. These relations have been derived from the Boltzmann equation, as shown in
the next session. Finally, an applicable form of Gauss’s law is obtained.

The fundamental Boltzmann equation

The Boltzmann equation was formulated by Ludwig Boltzmann in 1872 and describes the
distribution of particles in six phase dimensions (r,v); three dimensions in both space and
velocity. In primitive form, the equation is written as:

f(r,v,t)d*rd®v = N, (3.1)

Where N is the total number of particles in a spatial and velocity space. The final Boltzmann
differential equation in three dimensional space is written by Lieberman and A. J. (1994) as:

0 0
8—{+V-Vrf+a-vvf:a—{c. (3:2)

Here, f is the particle distribution function, V, = (29/0x + §0/0y + 20/0z) and V, =
(20/0vy + 90/0vy + 20/0v,), v is the three dimensional velocity vector and a is the three
dimensional acceleration vector, which can also be written as a = F/m according to Newton’s
second law. The term on the right hand side accounts for production or destruction of particles
inside the control volume by chemical reactions, and is also known as the collision term. When
zero, the Boltzmann equation becomes the collisionless Boltzmann equation (Lieberman and
A. J. (1994)). Note that this equation solves for the distribution function f(r,v,t) for a
certain species. From this distribution, the following average quantities can be computed:
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n(r,t) = /fd3v, the particle density, (3.3)
[(r,t) =nu= /vfd3v, the particle flux, (3.4)
3 1 2 1 2 3 . . . .
w = §p + imu n = im v* fd°v, the particle volumetric kinetic energy. (3.5)

Here, u is the mean particle velocity and p(r, t) the isotropic pressure while m represents the
particle mass. v is the particle individual velocity. Using these definitions, the Boltzmann
equation can manipulated into continuity, momentum and energy conservation. These are
called the drift-diffusion equations as explained in the next subsection.

Derivation of the drift-diffusion equations

The drift-diffusion equations resemble a continuity, momentum and energy conservation equa-
tion. The first is obtained by integrating the Boltzmann equation over the velocity space,
which yields Lieberman and A. J. (1994):

g—?—l—v-(nu):G—L (3.6)

The right hand side consists of the respective gain (G) and loss (L) terms due to e.g. ionization
and recombination. An additional equation is required to describe the particle population

evolution as both n and u are unknown. By multiplying the Boltzmann equation by v and
again integrating over the velocity, the following momentum equation is found:

mn[gltl+(u-V)u]:qn(E—i—uxB)—V-H-l-fc- (3.7)

IT is the pressure tensor, which arises from integration over velocities:

IL;; = mn((v; — u)(v; — u)) (3.8)

The last term on the right hand side of Equation 3.7 can be approximated by Krook’s collision
operator:

f

C

=— Z mnupmg(u —ug) —m(u —ug)G +m(u—ur)L. (3.9)
B
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The parameters q, F and B represent the particle charge, the electric field vector and the mag-
netic field vector, respectively. The collision term involves momentum created by difference
between the gross mean velocity and the velocities of the considered species ug, the newly
gained particles ug and the newly lossed particles uy. This term depends on the collisional
cross section of the species, which determine the reaction rates, and thus the momentum loss
or gain. According to Lieberman and A. J. (1994), generally uz ~ u and |ug| < |u|. Apply-
ing there assumptions together with negligible magnetic effects and a single neutral species,
the following momentum equation is obtained:

mn[g? + (u-V)u] = gnE — Vp — mnuyu. (3.10)

The charge of the particle is represented by ¢. The pressure gradient term originates from
the earlier denoted II term and can be rewritten using the equation of state:

p=nkT = Vp=V(kgTn). (3.11)

According to Goekce (2014), Equation 3.10 allows for a redefinition of the flux term described
above:

I(r,t) = nu. (3.12)

When taking electron as current species, Equation 3.10 can be written as:

Ove
mene(afzL +ve - Vo) = —ene B — V(kpTene) — menevmve. (3.13)

Assuming that the total derivative of the electron drift velocity, and therefore the LHS term,
to be zero, which according to Jayaraman and Shyy (2008) is the case when the thermal
velocity is comparable to the drift velocity (ve < wv;) and the continuum regime can be
assumed (Kn = A\/L < 1), the term for I'. can be rewritten into:

—enF 1
I'e = neve = Nel _ V(kpTene). (3.14)
mevm mevm

Please note that for positive ions have a charge of +e, where negative ions and electrons
have a charge of —e. By assuming a constant species temperature, this relation can be more
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generalized in terms of mobility and diffusion coefficients pp and Dy, respectively, through
which ultimately the species momentum equation is obtained, where k is the described species:

Tk = ngvg = ppEng — DpV(ng), (3.15)

Where pp = qx/mivm and Dy = kpTy/myvpm, with Tj in Kelvin, my, is the species particle
mass and v,, is the particle mean velocity. The diffusion coefficient can also be written in
terms of the mobility coefficient: Dy = purkpTy/qr = T} T is the species temperature in
eV. A Péclet number can now be obtained:

Pe — _ Y
T Dyvn, Iy T}

(3.16)

The input voltage @ is in the order of O(10%), while typically for the electrons, 7 = 1 and
for the heavy species, T;* = O(1072), which means Pe > 103. This problem is therefore a
convection dominated problem, and often the diffusion term is neglected. In this study though,
diffusion is not neglected to increase fidelity of the model. Another motivation is numerical
stability: the diffusion term acts as a spatial averaging term, which should help stabilize the
convective scheme. In typical electric discharges, electrons can have typical velocities in the
order of several 10°m/s, while the heavy particles reach velocities up to 10°m/s.

Generally, these coefficients are hard to obtain and are often approximated by a Boltzmann
solver, e.g. as proposed by Hagelaar and Pitchford (2005). From their software Bolsig+, curve
fit expressions can be obtained in which the mobility and diffusion coefficients are related to
the reduced electric field E/N. More on this will be explained in section 4.4.

When the continuity source terms are expressed through collision rate coefficients, the follow-
ing set of equations are obtained for three species (electron, negative and positive ions) as
discussed by Goekce (2014). Note that the physical model is presented for three species, while
the actual number of species is dependent on the gas. Monatomic plasma (which requires a
noble gas parent) for example only consists of positive ions and electrons.

Continunity equations:

one

5 +V T, = (o — n)\f6| — NeNpPei, (3.17)
on,, - -

ﬁ + V- Fp = OZ|F6| — nenp/Bei - nnnpﬁii, (318)
ony, _, .
% +V Ty = n[Te| — nnyBis, (3.19)
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Momentum equations:

I.=-— ,ueﬁne — D¢V (ne), (3.20)
T, =+ ppEny, — D,V (n,), (3.21)
Ty = — pinEng, — DV (ny,). (3.22)

The coefficients a and 7 are the ionization and attachment coefficients, respectively, while the
coefficients B¢; and f;; are the recombination coefficients and account for electron-ion and ion-
ion recombination, respectively. These coefficients determine the production and destruction
rates of the species. The mobility coefficient uj; and diffusion coefficient Dy relate to the
transport of the particles. How these coefficients can be obtained is explained in section 4.4.

It is very common to present the governing equations in the drift-diffusion form above. From

a fluid dynamic point of view though, it may be more interesting to write these equations in
a slightly different form:

Continunity equations:

5 TV Usnie — V - DV (ne) = (a — 1) |Te| = nenpBes, (3.23)
)
% +v-U oy — V- DpV(ny) = a\I‘ | — nenpBei — nnnpBii, (3.24)
Onn .
% +V - Upnn — V- DpV(nn) = 1lFe] — nanyBi, (3.25)
Velocities:
U, = — uE, (3.26)
U, =+ uyE, (3.27)
Up = — pnE, (3.28)

Tonization collision flux:

‘fe’ = ‘ﬁene|- (3.29)

In the ionization collision flux, only the drift velocity is considered, i.e. diffusion is assumed
to yield insufficient energy to cause any reactions. This transforms the drift-diffusion equa-
tion in a more conventional convection-diffusion relation with source terms, which is a rather
well-known problem in fluid dynamics. This also improves understanding in terms of the
physical meaning of boundary conditions and choice of computational schemes, as the com-
parison to more conventional computational problems is easier to make. Also, OpenFoam®
was developed for fluid dynamic problems, so the latter form will be more straight forward
to implement.
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Derivation of the Poisson equation for the electric potential

The electric field is the driving principle behind the creation of species and the discharge in
general. The electric field is described by Gauss’s law for electrostatics:

V- ¢E = p.. (3.30)

€ is the permittivity of the medium: € = gpe,. For example, the relative permittivity of air is
1.00059, while that of helium is 1.0000684. p. is the space charge, in a plasma given by the
sum of the free charge carriers:

Pe = Qplp + geNe + Gniin = e(np — ne — ny). (3.31)

Also introducing the electric potential E = —V¢, the following differential equation is ob-
tained:

V-eVp = —e(n, —ne —ny). (3.32)

This relation is valid in the fluid region where free space charges are available. In the solid
regions of the dielectric and the electrodes, no such space charges are present, leaving the
RHS zero. Also, as ¢ is constant throughout the dielectric domain:

V. eVpy =0 = V2¢,; = 0. (3.33)

A note on the energy equation

The drift-diffusion equations describe species number densities over time by means of a trans-
port equation with source terms. The set consists of a continuity equation and a momentum
equation per considered species. When the temperature of the species cannot be assumed to
be constant, an energy equation is included as well. In this study though, it is assumed that
the gain in electron energy is directly balanced by collisional losses, and no thermal energy is
obtained. This leads to the Local Field Approximation (LFA), which states that the electron
energy is solely dependent on the local reduced electric field strength E/N, as energy is not
transported. This requires that the electron energy relaxation time scale is smaller than the
characteristic discharge time scale, which is often the case in highly collisional plasmas (Arpa
and D’Ambrosio (2009)).
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A similar justification is given by Abdollahzadeh et al. (2016): two distinct species temper-
atures can be assumed, that of ions (positive and negative) and that of electrons, based on
the particle masses, which is nearly identical for the positive and negative ions. Since the
ions also have nearly the same mass as the neutral particles, it may be assumed that the
ion temperature is of the same order as the neutral gas temperature, i.e. the ions are in
thermal equilibrium with the neutral background gas. The electrons have such low mass that
their temperature can be significantly higher than that of the ions, but are unlikely to change
significantly. To simplify the problem, a high but constant electron temperature is then as-
sumed, often of 1 eV (= 11,600K) as proposed by Jayaraman and Shyy (2008). Extension of
the model by addition of an energy equation is left for future work.

3.3 Analytical boundary conditions

To solve the model problem with the equations given in the former section, boundary condi-
tions must be formulated. The specie continuity equation includes a convection term and a
diffusion term. The latter has an elliptic form, and requires specification of conditions for ny
on every boundary of the fluid domain.

Figure 3.3: The concept of surface charging. While electrons collide on the dielectric surface,
they attach to the positively polarized surface, reducing the net surface charge and increasing the
net volume charge. The process is similar for ions.

The geometric problem is represented by the boundary conditions for the specie velocity ﬁk,
in literature often presented as conditions for the flux fk, and is quite typical for DBD. In
general, any of the charged species colliding onto the geometric boundaries (electrode and
dielectric surfaces in the fluid region) are assumed to recombine instantly. This is visualised
in Figure 3.3 and can be explained as follows. Charged particles are highly reactive, as their
non-zero net charge easily facilitates bonding with other particles. Charged electrodes have
a net non-zero charge on their surfaces, while dielectrics have polarized surfaces. Although
those charges are not free to move, they are exposed, and as the charged species in the plasma
collide onto the surface, they react and form neutral molecules. This results in additional
destruction of charge in the volume and charge storage on the surface: the charged species
leave the plasma, and the charge on the electrode or dielectric surface is reduced. The charge
surface density o describes the net charge on the surfaces, and is dependent on the outflow
of charged particles, i.e. the species fluxes.
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This is discussed in the next subsection, where firstly conditions for the electrostatic potential
¢ are specified on all region boundaries.

Conditions for the electric potential

The electric potential is described by the elliptical Poisson equation, so no initial field values
are required. The initial value of p. is determined by the initial species densities and will be
treated later. In Figure 3.4 and Figure 3.5 an overview of the electric potential boundary
conditions is given.

6= o(t)
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ e
¢ = Ginter face
$=0

Figure 3.4: Analytical conditions for ¢ for the 1D geometry. The problem is defined in one
dimension and needs no conditions on the left and right sides of the domain.

0P
:)7 =0
O¢p : 0p
n =V % =0
¢ = d)(t) ¢ = gbintcrfacc
\ /
0(f) — BN - AR III——.,s K)O —
2% _ 2% _ )
on ¢:O

Figure 3.5: Analytical conditions for ¢ for the 2D geometry.

The values in the anode and cathode regions are prescribed as:

¢anode = Cb(t)’ (334)
chathode =0. (335)

The outer domain boundary conditions of both the dielectric and the fluid regions are far

F.G.A. van de Beek M.Sc. Thesis



3.3 Analytical boundary conditions 35

field conditions, where the change of the electric potential is assumed to be zero:

0% _

5, =0 (3.36)

The gas-dielectric region interface requires a special coupling condition. The Poisson equation
is an elliptical equation which poses a boundary value problem. The value or the local normal
derivative of ¢ should be known, which requires the solution in the other domain when solved
in a segregated manner, which also is not known. This poses an initial-boundary value
problem. This problem requires an iterative solution method for which a compatibility relation
is required. On the boundary, the following conservation relation holds Abdollahzadeh et al.
(2014):

- (EOEgEgas - SOSdEdielectric) = 0. (337)

Where o is the accumulated charge surface density. This relation can be derived by considering
Gauss’s law:

V-¢E = pe, (3.38)

which holds anywhere in the computational domain, and so also over a surface. Then, the
relation can be written in a single dimension n, the distance normal to the surface. The
component of the electric field in this direction is found by multiplication with the surface
normal vector n. Integrating with respect to n over a distance h then yields:

/ [geﬁ . E} dn = /pdn — Aen - E =o0. (3.39)
n LOn h

This condition couples the electric fields in two domains connected by a surface on which
the charge surface density is known. In literature, this relation is sometimes termed as the
current continuity condition. The relation for ¢ is often bluntly given. For clarity, the relation
between surface and volume charge is used to derive the equation for the charge surface density
required in the coupling condition given above.

Derivation of the charge surface density

In the equation for the coupling value of the interface potential, a surface charge is taken into
account. This surface charge causes a discontinuity in the electric field normal to the surface
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by accumulation of free space charge carriers in the fluid domain. To obtain this density, the
relation between a volume and its area is considered first:

NS S PR 3
4V ~ dAdn Pe= Qv

G _do B
~ dAdn _ dn :>//hdpcdn_/da'

pe is the charge (g.) per unit volume (V'), whereas o is the charge per unit area (A) and h
is the distance of the volume normal to the surface. In this case, the surface of interest is
the dielectric surface, above which the charge volume density is known and can be written in
terms of its fluxes:

(3.40)

(3.41)

t
:/ e(~V-Tp+V T+ V-T,)dr.
0

This relation is obtained by noting that, when summing the different specie continuity equa-
tions, all source terms cancel out:

Sy — Se — Sp = a|Te| — nenpBei — nunyBis

— (a— W)’fe‘ + nenpBei

— |Te| + npnyBii

alTe| = (= n)[Te| = n|Te]

— NeNpBei — NnMpBii + NeNpPei + NpnpBis
=0.

(3.42)

Particles are always created or destroyed in combination with another specie, e.g. electrons
with positive ions during ionization or positive and negative ions during recombination. What
is left then are the flux terms. Since the control volume is constant over time, the differential
operator is independent of time and can be taken out of the integral:

t

pe=V- / e(~Tp + T + T )dr, (3.43)
0
t

o= /pcdn = /Vdn / e(-Ip+T.+Ty,)dr. (3.44)
h h 0
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Where it can be found that fh Vdn = —n, which is the surface normal vector out of the
domain following OpenFoam® sign convention. Concluding, the relation for o is given by:

t
o="n- / e(Tp —Te —Tp)dr. (3.45)
0

In words, the charge surface density is the surface normal component of the species fluxes
weighted by their charge integrated over time. Time ¢ is the current time value, which
increases with each iteration.

In some cases, better control on the physical processes on the surfaces can be achieved by
using separate relations for the individual charge surface densities:

doy,
— 4+ T, = s;. 4
ot + L1k = sk (3.46)

In which o} is the charge density on a surface of species k and si, is a source term. The flux
term is then composed out of transport and source terms, e.g. Golubovskii et al. (2002b):

Tk = e(ugng — yon; — Uky,‘fes). (3.47)

I/ges is the desorption frequency in s-1. The source term can consist of surface recombination
term between species k and j:

Sk = Qe kjOROTj (3.48)

Finally, the net charge surface density is then given by:

0 =0p—0c— Op. (3.49)

In this work, the latter formulation is not used, and the charge surface density is computed
integrally using Equation 3.45 obeying the boundary conditions presented below.
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Conditions for the species flux

The species number densities are only solved for in the fluid domain, so no boundary conditions
are required in the other domains. The conditions for the flux define the geometric problem,
and the prescribed conditions determine whether the boundary is e.g. a non-slip wall, an inlet
or an outlet.

On the geometric surfaces, special care has to be taken. Charged particles are highly reactive,
and are assumed to instantaneously recombine when colliding onto the surface. In the normal
drift-diffusion formulation, conditions for the flux term I'j are specified. Conditions for this
term used in literature will be presented first. Then, the conditions will be rewritten in terms
of ﬁk to match Equation 3.23 to Equation 3.29.

The conventional boundary conditions applicable to the drift-diffusion equations have been
discussed by Unfer and Boeuf (2010); Goekce (2014); Abdollahzadeh et al. (2016), which
assume instantaneous recombination on the anode and dielectric surfaces. An overview of
these conditions is given in Figure 3.6.

I'y-n=0

—
o~
=
I
—
-
—
o~
=>
I

L

Figure 3.6: Overview of the species flux boundary conditions for the drift-diffusion formulation
found in literature.

The flux values on the geometric surfaces are then given by the following relation for the ions:

1

Vi th M + max(pn - E,0)n,, (3.50)

and for the electrons:

. = 1 .3 . B
T = JVeithTe + max(—penent - E, yupnpn - E). (3.51)

Here, the thermal velocity scalar is given by vg 4, = /8kpT)/mm. Typical values of vy 4, are
in the order of O(10%) for electrons (at 11,600K) and O(10%) for ions (300K). The condition
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states that on the boundary faces of the domain, all +ugn - E particles drifting towards the
surface are permitted to leave the computational domain, which translates physically into
instantaneous recombination. Additionally, the thermal velocity of each particle accounts for
extra flux: i.e. when the drift velocity would be negligible, %%vkythnk particles close to the
surface still collide with the surface, thereby combining, purely because of the thermal motion
of said particles. Considering the electrons, an extra term is added to account for secondary
electron emissions: I'c soc = —7I",. This term is added to the relation in Equation 3.51 and
is only non-zero if the positive ion flux is positive. In that case, the electron drift is always
negative, and then according to Equation 3.50 set to zero. In the case of ns-DBD, the thermal
velocity may be assumed negligible compared to the drift velocity.

Hagelaar et al. (2000) evaluates the condition in Equation 3.50 from a physical perspective,
and concludes that the diffusion term DVn is often wrongly ignored. The derivations of the
following equations are well explained in his work, so only a recapitulation is given. When
this diffusion term is taken into account, the following relation is obtained:

~ 1 -

Where a; = 1 for ;- E > 0, and a; = 0 if +p;7 - E < 0. The term ;7 - E is the drift
velocity, so this term can be rewritten into a similar form of Equation 3.50 as:

L1 . .
n-T;= o VithMi + 2max(tun - E,0)n; — (£un - E)n;. (3.53)

Additionally, the secondary electrons are also debated in Hagelaar et al. (2000), most notably
the fact that in Equation 3.50 the plasma bulk electrons and the ones emitted from the dielec-
tric surface are treated equally, while this mistakenly assumes that the secondary electrons
also contribute to the wall-directed diffusion flux. The two types are thus separated into «
bulk electrons and v secondary electrons. For the « electrons, the expression in Equation 3.53
holds. For the v electrons, the following relation was found:

ATy =—(1—a)yi-T). (3.54)

The last term is the original secondary electron flux term. If a, = 1, the electron velocity is
directed towards the surface, which means any species of opposite sign (positive ions), is not.
No secondary electron emission occurs, and the term becomes zero. The v electron number
density n. is given by the relation:

1
ny~(1— ae)%npfy (2a, — 1) + 2\/

e

8(myp + mg)myg ] '

3.55
m(5bmy + 3mg)my (3.55)
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The values of the positive ion mass m, and neutral gas mass m, depend on the incorporated
species. When the electron flux terms are combined in rewritten in the form presented first,
the following relation is obtained the electron geometric surface boundary condition:

L1 . ,
n-le= ive’th(ne—n7)+2 max(+uen-E,0)ne—(£pen- E,0)n. —2max(yn-I'),0). (3.56)

What is obtained then is the original flux term with a correction to the thermal flux equal to
the number of secondarily emitted electrons.

It is added to this discussion that the work of Hagelaar et al. (2000) was published before
the other papers (e.g. (Unfer and Boeuf, 2010; Goekce, 2014; Abdollahzadeh et al., 2016))
referred to here. Even after publication, the condition in Equation 3.50 has been widely
used, most likely to allow for comparison with earlier work. Therefore, it is difficult to draw
conclusions on how this improved boundary condition in Equation 3.53 performs compared
to the more widely applied condition in Equation 3.50, although it is shown by Hagelaar
et al. (2000) that the first yields a higher effective secondary electron emission coefficient as
compared to the corrected formulation. For a v of 0.2, this can be 20% higher, potentially
leading to unrealistically high emission of electrons.

The conditions for the convection-diffusion formulation are found by considering that Iy =
Uikng. This gives the following conditions:

Boeuf et al. (2009)

L1 .

n-U; = Ut + max(+u;n - E,0), (3.57)

L= 1 . = ny,. =

n-U, = Ut + max(—pen - E, pp,—n - E). (3.58)
Ne

Hagelaar et al. (2000)

| . .
n-U; = Juth + 2max(+u;n - F,0) — (£pn - E), (3.59)
. = 1 Ny . o= . o= Ny, =
n-Ue = ivth(l — — )+ 2max(tpucn - E,0)ne — (pen - E,0)ne — 2max(y—mn - Up,0).
Ne e
(3.60)

With the definition of n, give in Equation 3.55 and:

8eT;
Vkth = k. (3.61)
Ty

The conditions presented are implemented and in chapter 5 compared to one another.
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Conditions for the species number densities

As the densities are described by unsteady transport equations, the problem is classified as an
initial-value problem. The initial value is a manner of modelling photo-ionization, a complex
process not further treated in this work but essential in streamer modelling. According to
Pancheshnyi (2005), this effect can be incorporated by assuming an initial uniform neutral
plasma at the start of the simulation. It is even added that other photo-ionization models
only yield unrealistic results.

The values of the densities of the positive and initial species should be equal to assure a
neutral plasma. The initial conditions of the three species are then:

= no,

N o

0
ng = No, n

(3.62)

3
|

The value of ng can be varied to investigate the influence of the initially available space
charges on the discharge characteristics. Typically, these values range from 10'2 to 106, in
contrast to a neutral particle density in the order of 10%° at atmospheric conditions.

Figure 3.7: Analytical conditions for ny for the 1D geometry. The problem is defined in one
dimension and needs no conditions on the left and right sides of the domain.

ony, -0

on

ony, ony,

on 0 IIQ p = on 0

ﬁnk _ O & (‘)nk o 0
- on

Figure 3.8: Analytical conditions for ny for the 2D geometry.
The boundary conditions for species densities on the surfaces relate to the diffusion term. As
was discussed in the former subsection, the diffusion term is included in the velocity term,

and the original diffusion term is zero. The conditions on all boundaries, both far field and
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surface geometry, prescribe zero gradient conditions for all species, as shown in Figure 3.7
and Figure 3.8:

ong

3.4 Plasma-neutral flow coupling source terms

The plasma induced flow interaction is due to ion-neutral particle momentum transfer and
energy deposition as explained in section 2.6 and section 2.7. The body force consists of a
Coulomb force and a pressure force:

ﬁEHD = e(np — Neg — nn)E — Z Vk:kank (364)

k:e7n7p

The first term is the momentum transfer by charged particle drift driven by the electric field.
The second term stems from the partial pressure term, found by applying the equation of
state:

pr = kpTyni. (3.65)

In general, the Coulomb force (drift term) accounts for the larger order (Goekce (2014)) which
may lead to neglect of the diffusion term when only the order of magnitude of the force is of
interest.

The heating term is built-up from two energy deposition processes. The first is ion-neutral

molecule collisions, generally known as Joule or resistive heating found in any situation of an
electric current through a medium with significant resistance. It’s value is given by:

—

Pions = (j]; - j';z) B (366)

This relation describes the energy transferred from the electric field to the neutral gas through
the induced ion current, indicated by J, and J,, which are found by:

J_]; = qkﬁknk. (3.67)
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3.4 Plasma-neutral flow coupling source terms 43

Subscript k = p, n, ¢ is the charge of the species, U, LN 1s the species density flux. The second
contribution is due to thermal energy transfer from electrons to neutral particles, driven
by elastic and rotational excitation (subscript el-R), vibrational and translation relaxation
(subscript VT) and electronic excitation (subscript E):

Pthe = Pel-R + PVT + PE (3.68)
= (Nei—r + &nE)oe EI* + pyr. (3.69)

In this equation, £ represents the electron excitation energy instantaneously deposited into
gas heating and is assumed to have a value of 30% and o, is the electrical conductivity of the
medium, given by the equation below:

Oc = €lleMNe. (3.70)

It denotes the ease of charged particle motion through the medium. The value of p. represents
electron mobility inside the plasma. py 7 is found by solving a phenomenological differential
equation:

0 1 1
VT 2 pvr = —nyvoe B2 (3.71)
ot VT VT

Since the right hand side and the initial conditions are known, py7 can be marched forward
in time. The relation depends on an assumed characteristic residence time 7y 7, which is the
time the plasma resides in the flow (and therefore the time the plasma has to deposit its

energy).
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3.5 Summary of the physical model

Governing equations

Gauss’s law:

V2 =0 in solid regions,

. . . (3.72)
V-eVo=—e(ny —ne—ny) =—pc in fluid regions.
Definition of the electric field vector:
E=-V¢. (3.73)
Electric field compatibility relation:
- (5059Ega5 - 505dEdielectric) = 0. (374)
Charge surface density:
do . - - - . .
ikl e(U,— U, —U,)  only fluid regions. (3.75)
Continunity equations:
One o o
Y +V - -Une—V-DV(ne) = (o —n)|Te| — nenpPei,
on - o
aitp +V- Upnp -V Dpv(np) = O‘|Fe‘ - nenpﬁei - nnnpﬁiiv (376)
on - =
atn +V . -Uyn, —V-D,V(n,) =nle] — npnpBii.
Species velocities:
U, = —peE,
Uy = +1pE, (3.77)
_’n = _HnE
Tonization collision flux:
ITe| = [Tenel. (3.78)
Conduction current:
J = e(Uyny, — Uene — Upny). (3.79)
Mobility and reaction rate coefficients:
a=f(E), n=fE),
:U’e:f(E)v ,up:f( )> ,un_f(E)y (380)
De:f(E)a Dp:f(E)a Dn:f(E)
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Initial conditions (fluid regions)

Species densities:
0

ne:n07
0 _
np—no,
0 _
n,, = 0.

Charge surface density:

o’ =0.

Boundary conditions

Far field:
¢
— =0
on ’
Oy _
on
n-U, =0.
Electrodes:

¢anode = qb(t)v
¢cathode =0.

Fluid-dielectric interfaces (solid regions):

¢ = Pinter face-
Fluid-dielectric interfaces (fluid regions):
ong
on
¢ = Pinter face-

0,

Boeuf et al. (2009)

L1 .
n-U; = 1 Vth + max(+pu;n - E,0),

— —

U,

o7 MNp,
vy, + max(—pen - B, ,ul-n—pn - E).
e

>

1
4
Hagelaar et al. (2000)
— 1 — —
n-U; = o Vth + 2max(+u;n - E,0) — (xun - E),
AU, = Zvg(1 — &) + 2max (0 - E,0)n,
n

—(£pifs - E,0)ne — Qmax('y%ﬁ -Up, 0).

e
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Chapter 4

Description of the numerical model

In this chapter, the physical model presented in the former chapter is converted into a numeri-
cal model. The governing equations are discretized, the boundary conditions are implemented
and a numerical approach is designed, leading to a specific solver architecture.

In section 4.1, an introduction to the the open source CFD software OpenFoam® is given.
The coordinate system and cell convention are explained, as well as the solution methods
on which this software is based. Finally, the discretization schemes utilized in this work are
presented.

This chapter continues in section 4.2 and section 4.3 with the formulations of the governing
equations. Both the Poisson equation for electrostatics and the species continuity equations
need special care. In order to overcome the most restrictive time scales (see Table 2.1),
semi-implicit formulations are derived. Implementation, specifically in OpenFoam® | of these
equations is treated briefly as well.

In section 4.4, the chemical model is introduced, which finds its way into the model through
the reaction rate coefficients. A numerical model for finding the reaction rate and mobility
coefficients is presented, followed by the simulation results for two gases: helium and air.
These results are used in the numerical solver to model the chemical reactions of the non-
equilibrium plasma.

Discretization and implementation of the boundary conditions proposed in section 3.3 are
elaborated on in section 4.5. Conditions for the electric potential, number densities and

fluxes are all shown how they have been implemented using short code snippets.

Finally in section 4.6, the numerical procedure and solver architecture is explained. Also, a
time chart is included in which advancement of each variable is depicted.
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4.1 Finite volume discretization in OpenFoam®

To transform the physical model into a mathematical model, consisting of a set of equations
which can be solved, the solution domain must be discretized. The finite volume discretization
divides the control volume into an N number of sub-control volumes, each cell having a centre
point and a number of faces, corresponding to the number of neighbour cells of the cell. The
sign convention used in OpenFOAM is displayed in Figure 4.1 Jasak (1996). This is a cell of
arbitrary shape; in this work only equidistant hexahedral meshes are employed. In plasma
modelling, cell sizes in the order of pym is typical.

Figure 4.1: Arbitrarily shaped single cell with sign properties used in OpenFOAM finite volume
discretization Jasak (1996).

Geometric field description

Two types of faces exist: the internal faces and the boundary faces. Internal faces are always
shared between exactly two cells and therefore have an owner cell and a neighbour cell.
The owner cell is always the cell with the lower index. Boundary faces are all other faces
which together form the boundaries of the computational domain. Such domain boundaries
are called patches each and consist of a set of boundary faces which make up the domain
boundaries. The most important patches are:

Wall patches for physical wall representation;

Empty patches for reduced dimension representation of the computational domain (2D
or 1D);

Coupling patches for coupled boundaries in multi-region problems;

Internal patches for parallel computation communication.

Volume and surface fields exist, both either as scalar fields or vector fields. Vectors interpo-
lated to the faces can be scaled to a face normal scalar by inner-multiplication with the face
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normal vector. A face has a normal component which is defined positive in the cell outward
direction. A positive flux on a face is then also pointing outward. This implies that at the
boundaries, the positive normal is always directed out of the domain. Inside the volumes,
the Cartesian coordinate system is used, i.e. a vector x-component is defined positive in the
positive x direction.

Cell centre values are defined in the internalField array, while the values on the boundary

surfaces are defined in the boundaryField array. The distinction between the two is visualized
in Figure 4.2.

e Internal field

Boundary field

@ Patch 1
o Patch 2

Patch 2

(a) A volField= Type>
Patch 1

e Internal field

Boundary field

e Patch 1
o Patch 2

Patch 2

(b) A surfaceField<Type:
Patch 1

¢ Internal field

Boundary field

@ Patch 1
o Patch 2

Patch 2

() A pointField=Type>

Figure 4.2: Field definitions in OpenFoam® . Volume fields are defined in the cell centres, while
surface fields are defined on the cell interfaces (called faces). Boundary fields of any type are
defined on the faces forming the outer boundary of the computational domain. Each boundary
face belongs to a certain patch, which can be assigned a certain type with corresponding properties
(documentation under reference Greenshields).

When a set of equations is solved, the internal field of the variable is accessed. The boundary
values are user set and define the physical problem.
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Solution methods

OpenFoam® uses iterative methods to solve PDEs. This means that always a matrix formu-
lation of the corresponding problem is required:

AZ =1b

This approach is called implicitly solving of a PDE: the first step contains setting up the
coeflicient matrix A, while the second step consists of solving for Z using one of the many
available methods. Methods used in this work are the Preconditioned Conjugate Gradient
(PCG) method and a multi-grid method, called the geometric-algebraic multi-grid (GAMG)
method. Explicit relations don’t need an iterative method and simply are solved using a
diagonal solver. When setting up the governing equations in the source code, the user can
define the level of implicitness. A typical example is the incompressible, inviscid, homogeneous
momentum equation of the Navier-Stokes equations.

oi o
E%—V‘(d)U)——Vp

In this equation 4 is the velocity, ¢ is the mass flux pi and p is the pressure. The divergence
term can now be included explicitly or implicitly. For the first, the divergence of the product
ou is evaluated at the current time step and the explicit values of the term are added to the
source term b on the RHS. The coefficient matrix will then consist of the matrix 7" only:

Ti+s=b=—=id=T"b-35)

The current example assumes a direct solution method for simplicity; this is not available in
OpenFoam® . When treated implicitly, the divergence term is instead written into a matrix
form as well:

Ti+Ui=b=ad=(T+U)"'b (4.1)

It can be seen that the latter form contributes to higher accuracy of the solution, as the
convection term contributes to the coefficient matrix, instead of contributing to the source
term with a lagged value.

If all governing equations are assembled into one system of equations, the problem is said
to be solved fully implicitly. This method does not require any iterative processes, but is
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often very difficult to implement. If the equations are solved separately, but the individual
equations are solved implicitly, the problem is said to be solved semi-implicitly. With the set
of equations governing the problem in this work, fully implicit implementation is very tricky.
Furthermore, OpenFoam® is not optimized for fully implicit implementation. The equations
will be implemented in a semi-implicit way: each relation is formulated implicitly, but the
individual equations are solved in a sequence. This requires an iterative process to make the
system of equations converge. More insight in the numerical procedure is given in section 4.6.

In sections section 4.2, the semi-implicit formulations of the governing equations of the plasma
modelling are presented.

Discretization schemes in OpenFoam®

Many discretization schemes have already been implemented in OpenFoam® | ranging from
first order temporal schemes to higher order Total Variation Diminishing (TVD) spatial
schemes. A complete overview of schemes can be found on the OpenFoam® website . Here
the most relevant schemes are presented: the forward Euler scheme and the TVD MUSCL
scheme.

The forward Euler temporal scheme is a first order implicit scheme, and uses the following
discretization (implicit, first order):

9 _d—¢°

ot At

i (4.2)

A first order scheme is usually not preferred in a transient solver. The problem of first order
schemes is the linear decrease of the truncation error with the time step. Say, a simulation is
run with N number of time steps, the cumulative discretization error is:

€disc,N = Z €. (43)
N

Now, when the number of time steps is doubled, i.e. M = 2N, the truncation error per step
is decreased by a factor two:

1
Cdise M = D € =2) € = €discN- (4.4)
M N

"http://www.openfoam.com/documentation/user-guide/ (May 24, 2017)
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Concluding, the total error of the simulation is not reduced. The scheme is still chosen though
because sub-cycling is required at a later stage to solve the non-homogeneous continuity
equations, as will be explained in section 4.6. Higher order methods, such as the backward
Euler scheme, requires special asynchronous time stepping implementation (Unfer (2008))
which is not treated here, but recommended for future work. The scheme has been tested for
code verification of the homogeneous continuity equations though. It’s discretization (implicit,
second order) is given by:

96 1.3 o 1
ot = Ar? 20+ 500). (4.5)

For spatial discretization, a total variation diminishing (TVD) MUSCL interpolation scheme
is used. The finite volume method in OpenFoam® uses Gaussian integration for evaluation
of spatial derivatives. In practice, this means the flux values on the interfaces of a cell are
summed over. This flux term is defined on the cell interfaces, while the species densities
are defined in the cell centres. An interpolation scheme is required to find the flux ﬁknk
on the cell interfaces. The MUSCL scheme is a TVD scheme, based on Godunov’s scheme,
where instead of using piecewise constant values in each cell, linearly varying distributions
are obtained. This is called reconstruction and according to Harten (1983), by limiting
the reconstructed function, monotonicity can be assured: spurious artificial oscillations are
prevented by limiting the flux on a cell interface according to the surrounding fluxes. This is
done by choosing a specific limiter function, which is a min-mod limiter standard for MUSCL.
Other limiters, such as de Van Leer and SuperBee limiters are available as well, but have not
been used in this work. More insight in the MUSCL scheme implementation is given in
Appendix B. Here, other discretization schemes proposed in literature can be found as well.

The model problem in this work is dominated by species convection, for which a flux limited
higher order scheme is an appropriate choice. Such schemes are also often used in modelling
of flow discontinuities and have proven their worth.

In this work, only the MUSCL scheme is utilized, combined with either a forward or backward
Euler scheme. The MUSCL scheme formally is second order in smooth regions, and first order
near discontinuities. The forward and backward Euler are first and second order in time,
respectively. In the convection-diffusion problem with both spatial and temporal variations,
the truncation error of the highest magnitude always dominates, which is not necessarily term
with the lowest order as the spatial en temporal resolution are limited by one another through
the Courant number.

4.2 Semi-implicit formulations of the Poisson equation

Explicit integration of differential equations lead to strict restrictions in temporal and spatial
resolution if stability is still to be assured. The most severe time step restriction is the
dielectric relaxation time, which relates to the evolution of the electric field, found through
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the Poisson equation. This equation is dependent on species densities at the current time
step, which are not available yet:

V- (eVe') = —e(nl, — nl — nf,). (4.6)

By formulating a first order Taylor expansion approximation of n’, this dielectric relaxation
time constraint can be overcome (up to a factor 50 as was reported by Punset et al. (1999)):

)
nt =nt" At(a—?)t”. (4.7)

For the time derivative, the species continuity equations can be used:

on o
S~V Ty 4,
T S, — V- Ty (4.8)

Sk is the ionization/recombination source term specific for each species k. Substituting for
the time derivatives yields:

¢ t t _ ot t—1 t—1
Ny =N — Ny =Ny~ — N~ — Ny,

p
+AY-V T 4 v T+ v T (4.9)
+ AL(S, — S — Sy).

The source terms cancel out completely, since each ionization and recombination is a process
involving two of the three species, as was shown in Equation 3.42. The following approxima-
tion of the species number densities is obtained:

n; —nl —nl = n;_l —nlt it (4.10)
+AH -V T 4 v T 4 v T, '
Substituting for the field values in Gauss’ law:
V- (eV¢) = —e(nh !t —nl™ —nlt — At|V T -V T - v T, (4.11)
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Since the flux term is dependent on the electric field, another decomposition can be made.
The flux terms can be written as:

Fk = VN = qZ,uﬁ?nk — DkV(nk) (4.12)

Rewriting for the initial RHS in Equation 4.6:

nt —nt —n n;—l nt= 1_n$l—1
— AtV - — D,V (n,))' ™t
(HpE k. pV(np)) (4.13)
+ AtV - (—preEne — DV (ne)) !
+ AtV - (—pnEng — DV (ny)) L
Reordering and implementing the relation E= —V¢ yields:
¢ t ¢ t—1 t—1 t—1
My — Mg — Ny =Ny~ — Ny — Ny
+ AtV - (D,V(ny) — DV (ne) — D,V (ny)) ™! (4.14)
+ AtV - (pnpV o + p1ene Vo + pnn, Vo) =t

Returning to the original Poisson equation, this now becomes:

V- (CVe) = ~(ny —ne =)'
— AtV - (D,V(ny) — DV (ne) — DV (ny)) (4.15)
— AtV - ((ppnp + pene + Nnnn)t_lv¢t)-

The gradient term on the RHS is now taken at the new time step by multiplication of 1 = % =

‘f—jl, such that this product becomes a correction term for the permittivity of the medium
rather than a correction term for the number densities, as will become clear in the next step:

% (Z + At(ppnp + pene + pnnin) VG = —(np —ne — nn)'”

— AtV - (DyV(ny) — DV (ne) — D,V (ny)) ™!
(4.16)

F.G.A. van de Beek M.Sc. Thesis



4.2 Semi-implicit formulations of the Poisson equation 55

The summation of the uing product on the LHS can be interpreted as the time rate of change
of the permittivity of the fluid. The additional diffusion terms on the RHS can be calculated
using the same schemes as used for the flux term for a zero drift velocity Uy = 0.

During the derivation of Equation 4.16, the assumption was made that ¢!/¢!~! ~ 1. This
puts a potential restriction on the time step:

t t—1 ZStQQ
£+ 6t—1+g@zl.

¢t— 1 ¢t—1 - ¢ ot

For the sum of 1 and an additional term to be approximately 1, the additional term must be
much smaller than 1, yielding the inequality:

At d¢ 0
5 at|<<1:>At<<yn|. (4.17)

7 is the time rate of change of the voltage ¢, which is determined by the input voltage pulse.
Considering the orders of magnitude:

= At < O(T). (4.18)

Which is in the order of magnitude of the characteristic actuation time. Since other processes
require time restrictions which are much more severe (Table 2.1), it is safe to assume that this
condition is always met in both nanosecond pulsed as well as continuous actuation discharge
simulation and the proposed decomposition is valid.

The implementation is then done as follows:

// Calculate the effective permittivity of the gas.
eps = eps_g + runTime.deltaT()*Foam::constant::electromagnetic::e/epsilon0x*(
mue*Ne + mup*Np + mun*Nn) ;

// Predict species at current time index using tinformation from the latest
time tindex.

volScalarField Nek = Ne + runTime.deltaT()*fvc::laplacian(De,Ne);

volScalarField Npk = Np + runTime.deltaT()*fvc::laplacian(Dp,Np);

volScalarField Nnk = Nn + runTime.deltaT()*fvc::laplacian(Dn,Nn);

// Prevent negative species densities.

Nek == max(Nek, 0);
Npk == max(Npk, 0);
Nnk == max(Nnk, 0);
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56 Description of the numerical model

// Set up the equation matriz using the newly predicted specties densities.
fvScalarMatrix phiEqn
(

fvm::laplacian(eps,phi)

- Foam::constant::electromagnetic::e/epsilonO*x(Npk - Nek - Nnk)

)

// Solve the equation matriz.
phiEqn.solve ();

4.3 Semi-implicit formulation of the continuity equations

The governing equations for the species densities have been derived in section 3.2 and are
written as:

on =
(,%e +V . -Une—V-DV(ne) = (a—n)|Ce| — nenpBei, (4.19)
on _
an +V -Uyny, — V- D,V (ny) = a|Te| — nenpBei — nnnpbii, (4.20)
on .
a—tn -V -Uyn, —V-D,V(ng,) =n|Te| — npngBii. (4.21)
Where |T'e| = |U.ne| is the ionization collision flux. The continuity equations are strongly

coupled, and require a special approach on solving them sequentially. Multiple techniques are
available, but only the method of source splitting will be discussed here. The method relies
on making the distinction between the Homogeneous terms and the Reaction terms:

%(At} = H(ng) + R(ng). (4.22)

The RHS is split, and the split relations are integrated over time sequentially. The procedure
can consist of M = 2,4,6.. sub-iterations, where a sub-iteration 1 < ¢ < M. The example is
given for M = 2:

onttl/?
#(AT) = H(n}) with AT =At, (4.23)
t+1

87;’; (A7) = R(niTY?) with Ar = At (4.24)
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4.3 Semi-implicit formulation of the continuity equations 57

The relations above simply state that a number of total iterations M is chosen. The first
M — 1 sweeps are used to sequentially integrate the homogeneous terms forward in time
using an implicit temporal scheme, where each sub-iteration i uses the solution of the former
sub-iteration ¢ — 1. In a final sweep, the reaction terms are integrated explicitly over the
original time step At. This kind of splitting is called Godunov splitting and is presented
in literature as a common approach to handling the strong coupling between the different
species, e.g. by Jayaraman et al. (2007); Abdollahzadeh et al. (2016). Strang splitting is an
alternative to this method, in which the sweeps are performed in a symmetric order. An odd
number of sweeps are required for this splitting, i.e. M = 3,5,7.., and the reaction terms are
always integrated explicitly at the middle iteration (M + 1)/2. The homogeneous terms are
integrated implicitly. The example is given for M = 3:

onit/3
#(AT) = H(n}) with A7 = At/2, (4.25)
ontt2/3
”’fT(AT) = R(n!™?) with Ar= At (4.26)
o t+1
%’; (A7) = H(n!™3) with Ar = At/2. (4.27)

The sub-cycling is implemented using the built-in subCycle utility. This functionality alters
the current time index of the corresponding volume field, assuring that sub-iterations are
stored as t+i/N and the final iteration corresponds to the current time step t+1, instead of
t+N which would be the case of the time indices are not corrected.

In the beginning of this section, it was explained that OpenFoam® uses iterative solution
methods to solve differential equations. Also, in the explanation of sub-cycling given above,
it was mentioned that the homogeneous terms are integrated implicitly over time. This
implicit functionality is utilized by using the fvm:: class, which tells OpenFoam® to add the
coefficients of the fvm:: operator to the matrix A it constructs when an equation matrix is
build. The derived form of the governing equations easily allows for this, as the flux term I'y
was already decomposed, and since all the terms in:

0
% +V - -Ugng — V- DiVn; =0, (4.28)

contain the variable ng, this equation can be implicitly implemented as:

fvScalarMatrix exampleEqn
(
fvm::ddt (Nk)
+ fvm::div (kFlux,Nk)
- fvm::laplacian(Dk,Nk)
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58 Description of the numerical model

The term kFlux requires some additional explanation. OpenFoam® is a finite volume method
based package, and where the governing equation describes the Cartesian system based cell
velocity U'k, most spatial discretization schemes in a finite volume formulation require the
surface normal flux, kFlux. This term is obtained by interpolation of the velocity to the
interface surface, and by transformation of the surface vector to a surface scalar by inner-
multiplication with the surface normal vectors:

surfaceScalarField kFlux = fvc::interpolate(Uk) & mesh.Sf();

The source R step for e.g. the electrons is implemented as:

fvScalarMatrix exampleEqn

(
fvm::ddt (Ne)

(alpha - eta)#*magUe*Ne - betaep*NexNp

~

While both the Godunov and Strang splitting methods were implemented, only the Strang
splitting method was used in the rest of this work.

4.4 Mobility and reaction rate coefficients

In the formulation of the drift-diffusion equations, a number of parameters are still unknown
and have to be modelled. These parameters are the transportation coefficients p and D,
termed mobility and diffusion coefficient respectively, and the reaction rate coefficients 3, «
and 7, termed the recombination, ionization and attachment coefficients, respectively. The
incorporated chemical reactions together with the parent gas composition determine the values
or relations for these variables, and so the model through which these values are obtained
represents the chemical model of this problem description. Goekce (2014) summarizes the
most important processes for non-equilibrium cold plasma:

Two-body electron-impact ionization, collisional excitation of neutral species by elec-
trons;

Two- and three-body attachment, binding of electrons to electronegative species;

Two- and three-body ion-ion recombination, binding of positive and negative ions;

Two- and three-body electron-ion recombination, binding of positive ions and electrons.

Regarding the mobility coefficients, the influential parameters are the type of the gas (species
and mixture ratio), the reduced electric field E/N and the pressure and temperature of the
gas Ty and P,, respectively.
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4.4 Mobility and reaction rate coefficients 59

There are multiple ways to obtain the mobility and rate coefficients required for this way
of plasma modelling. Some methods simply assume constant values for these coefficients,
while others use phenomenological relations (look-up tables), or a combination hereof. In this
work, the Bolsig+ software developed by Hagelaar and Pitchford (2005) is used. Through
this software, look-up tables can be obtained, which approximate the values of the coeflicients
as a function of the reduced electrical field. This follows from the LFA (section 3.2), which
assumed that the electron gained energy is only a function of the local E/N. This implies
that also the mobility and reaction rate coefficients are dependent of the local E/N. The
curve-fitting formulas are obtained by solving the electron Boltzmann equation using a two-
term approximation based on collision cross-section data, i.e. the involved reactive species.
A steady-state solution is then obtained valid for a uniform electric field with uniform or
exponentially growing electron densities. The solver is able to account for different spatial
growth models, quasi-stationary and oscillating fields and collision reactions between electron-
neutral and electron-electron species. The solver was developed specifically for application
to fluid models, which, combined with the aforementioned properties, makes it suitable for
application to numerical simulation of DBD actuators.

The LXCAT website 2 provides an on-line tool presented in the work of Pancheshnyi et al.
(2012), with which the computations for the electron properties in a gas (mixture) can be
performed. In this study, two types of gas are considered: helium and air. Using the Bolsig+
solver calculations (on the LXCAT website) were performed and the results are presented
in this chapter. All calculations were done at a gas pressure of 760Torr and a temperature
of 300K under the assumption of a non-Maxwellian Electron Energy Distribution Function
(EEDF), as the ionization degree is low. It should be noted that Bolsig+ provides swarm
parameters for electrons; parameters for the heavy species are obtained from literature. Ad-
ditionally, from the Bolsig+ solver energy loss fractions can be obtained. These fractions
were introduced in section 2.6 and treated in section 2.7 and section 3.4 and describe the
distribution of the energy lost by the electrons during collisions and absorbed in different
modes by the neutral particles.

Alternative models found in literature are given in Appendix C, but are not applied in this
work. The graphs presented in this chapter are results from simulations performed with the
Bolsig+ software for the reaction rates « and 7, the transport coefficients p, and D, and
the energy loss fractions ng, nyr and 7 _gr. Additionally, constant values or curve-fitting
relations obtained from literature are given for the heavy species transport coefficients pip
and D, , and the recombination coefficients 3.; and ;. To implement the simulation data
into the solver, spline interpolation is used to interpolate between the discrete data points:

A routine has been implemented which, for an arbitrary value of the reduced electric field
Td, finds the two closest corresponding indices of the E/N table ENtable obtained from
Bolsig+. Through linear interpolation, the corresponding reaction rate and electron transport

Zwww.lxcat.net/SIGLO
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coefficients are calculated:

O«
OE/N

a(E/N) =ap + AE/N. (4.29)

The simulation data is spaced equally on a logarithmic scale, i.e. at a constant AE/N = 1047,
which is used to find the index of the E/N table. When the input Td is out of bounds, the
data is extrapolated. This is to prevent runtime errors, but preferably this should be avoided
as validity cannot be guaranteed any more.

// Get the coordinates of the mesh cell centres.
const volVectorField& Cp = mesh.C();

// Get the 10log wvalue of the first (0) and the last (end) E/N table indezx.
scalar 1ogENO = Foam::log(ENtable[0] + SMALL)/Foam::1log(10.0);
scalar logENend = Foam::log(ENtable[tableSize - 1] + SMALL)/Foam::1lo0g(10.0);

// Loop over all cells with current indez p.
forAll(Cp,p)

{
// Store the reduced electric field Td computed in the current cell p.
scalar EN = Td[p];
// Get its 10log walue.
scalar logEN = Foam::log(EN + SMALL)/Foam::10og(10.0);
// Find the closest corresponding table index.
int q = min(max(round ((logEN - 1o0gENO)/dlogEN) ,1),tableSize) - 1;
int qupper = -1; int qlower = -1;
// Find the upper and lower cell indices used for inter- or exztrapolation.
if (EN > ENtablel[ql)
{
if (q != tableSize - 1) // interpolate between two closest points
{
qupper = q + 1;
qlower = q;
}
else //Exztrapolate from last two points
{
qupper = q;
qlower = q - 1;
}
}
else
{
if (q != 0) // interpolate between two closest points
{
qupper = q;
qlower = q - 1;
}

else // exztrapolate from first two points
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4.4 Mobility and reaction rate coefficients 61

{
qupper = q + 1;
qlower
}
}

1]
Q

// Compute the ionization rate alpha by multiplication of the walue (.wvalue())
of the gas neutral particle density Ng with the value of alpha/N
interpolated from the table "alphatable”.

alphal[p] = Ng.value()*(alphatable[qlower] + (alphatable[qupper] - alphatablel
qlower])/(ENtable [qupper] - ENtable[qlower])*(EN - ENtable[qlower]));

4.4.1 Properties of helium

In this section, properties of helium will be discussed. Helium is used in a number of papers
and is convenient since it, as it is a rare gas, only electrons and (higher) excited states of
atomic helium, He, and molecular helium, Hes, have to be taken into account.

In experimental work, obtaining a pure helium mixture is very challenging, and most often
impurities are found which influence the discharge characteristics in the gas (Massines et al.
(1998)). This effect is called Penning ionization, where interaction between mostly Ny impu-
rities and helium metastable states cause ionization of these impurities, which is due to the
high energy threshold of helium metastable states compared to that of the impurities. The
effect is clearly visible in Figure 4.3. A small percentage of argon (0.5%) is added to the
mixture, which strongly increases the ionization rate of helium at lower reduced electric field
values.

Note that this result is not simply obtained by linearly adding the ionization rate propor-
tionally; the addition has highly non-linear effects. The strong effect Penning ionization has
becomes evident when the mixture mobilities are compared to those of pure helium. The
lack of difference between the He-0.5%Ar and the He electron mobility curves in Figure 4.4
emphasizes the negligible amount of argon added.

In the work of Ward (1962), helium ion mobility is given in the form of the following relation,

which is a fit of experimentally obtained ion velocities (in units of cm). Generally, the ion
velocity is an order of 10% lower than the electron velocity:

8.0 x 103(1 — 8.0 x 1073|E/p|) if |E/p| < 25V c¢cm-1 Torr-1,
HpPg = { (4.30)

4.1 x 10%/\/|E/p|(1 — 27.44/\/|E/p]3) if |E/p| > 25V cm-1 Torr-1

The diffusion coefficient again is given by Einstein’s relation, where the temperature 77 is in
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Tonization coefficient He
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Figure 4.3: Reaction rate coefficients of the Ar-He mixture in comparison with the original dis-
tributions for pure argon and pure helium. Penning ionization strongly increases the ionization
rate of the mixture at lower values of E/N.

eV and has a constant value of 0.026:

D, = T (4.31)

Recombination rates depend on the species taken into account, as shown in Golubovskii et al.
(2002a); Mangolini et al. (2004). In this work, the recombination rate for atomic helium is
used:

T \4
Bei = 8 x 10—20(?9) cm®s~1, (4.32)
(&

Both pure helium and argon are electro-positive gases, i.e. they have a tendency to repel
electrons, and so §;; = 0 as negative ions do not occur in its plasma.
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Figure 4.4: Electron mobility and diffusion coefficients for the Ar-He mixture, and the pure
parent gases Ar and He. The transport coefficients are hardly altered by the addition of Ar.

The electric field is a source of potential energy, from which mainly electrons extract energy
in different modes. The distribution of three modes with varying electric field strength is
shown in Figure 4.5. The black curve corresponds to the power fraction 7.;_r and represents
elastic collisions (i.e. collisions without energy loss) and rotational excitation. The vibrational
curve corresponds to ny: vibrational and translational acceleration of electrons. Lastly, the
growth curve is related to ng; the electronic excitation of atoms which results in ionization,
attachment and dissociation. Following the LFA, all energy obtained by electrons is directly
deposited into the neutral flow, so these fractions quantify the energy deposition during a
discharge. Three different stages can be observed, where each mode is dominant over a range
of reduced electric field strength. For low values hereof, vibrational and electronic excitation
are negligible, and all energy absorbed by the electrons leads to elastic (i.e. energy conserv-
ing) collisions. With increasing values of the electric field, the vibrational mode is excited
first for intermediate values, followed by electronic excitation, leading to ionization first and
dissociation after. This is in correspondence to observations made in e.g. high temperature
gas dynamics: with rising gas temperature, the thermal heat first excites vibrational modes,
after which particles ionize and finally dissociate.

Also in Figure 4.5, the differences between helium and argon demonstrated in Figure 4.3
become evident. Argon can absorb much more energy in its vibrational mode than helium,
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Figure 4.5: Power fractions for He-Ar mixture and pure He and pure Ar obtained with the
Bolsig+ solver as a function of E/N (lower axis) and E/p (upper axis) under the assumption of
a non-Maxwellian EEDF at T, = 300.

and so only in stronger electric fields are electrons energized enough to get excited.
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4.4.2 Properties of air

Air is a mixture consisting of 79% -21% Ny — O2, and while nitrogen is an electro-positive
species, oxygen is not. This means that the attachment coefficient is non-zero and ion-ion
recombination occurs.

An extensive list of reactions is given in Kossyi et al. (1992). The addition of oxygen has
some strong influence on the processes in the plasma. Not only the chemical products are
different, but the capability of oxygen to bind electrons to its molecules is an additional
electron destruction process, one that can delay breakdown significantly. As depicted in
Figure 4.6, breakdown is only possible above electric field values of 100 Td, where in helium
and argon, this is already for electric fields in the order of 10 Td. Comparing the orders of
magnitude of the mobility and diffusion coefficients, the values of those coefficients is much
more constant for the air mixture than for the noble gases, with variation in the order of 2
and 4, respectively.

E/p [V m-1 Torr-1]
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16_18 T T T I T T T I T T T I T T T I T T T I

1le-20 +
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(a, n)/N [m2]

1e-30

le-32

le-34 |- «
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Figure 4.6: Reaction rate coefficients for air obtained with the Bolsig+ solver as a function
of E/N (lower axis) and E/p (upper axis) under the assumption of a non-Maxwellian EEDF at
T, = 300K. Air has an ionization as well as an attachment coefficient. The blue line indicates
the intersection between the two: for reduced electric field values above this line, the ionization
factor becomes dominant and breakdown can occur as electrons are not dominantly attached to
oxygen molecules any more.
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Figure 4.7: Mobility and diffusion coefficients for air obtained with the Bolsig+ solver as a
function of E/N (lower axis) and E/p (upper axis) under the assumption of a non-Maxwellian
EEDF at T, = 300K.

The mobility coefficients of the positive and negative ions are assumed to be only dependent
on the gas pressure (Goekce (2014)). Alternative relations are given by Hoskinson (2009) and
can be found in Equation C.15.

pppg =20 [m*Torr(Vs)~1],

) _1 (4.33)
pnpg =20  [m“Torr(Vs)™].
To obtain the diffusion coefficient, Einstein’s relation for diffusivity is used:
Dy = tpn Ty - (4.34)

The temperature 7} is in eV and has a constant value of 0.026 for both species. The recombi-
nation coefficients describe the recombination reactions between electrons-ions and ions-ions.
The coefficient S.; accounts for destruction of both electrons and positive ions, whereas the
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coeflicient (;; accounts for destruction of both positive and negative ions. These coefficients
are assumed to be constant and their values have been taken from Boeuf et al. (2007):

Bei =2.0x 10713 [m3s71],

4.35
Bii = 1.7x1071  [m3s7!]. (4.35)

In Figure 4.8, the power fractions are presented. Compared to the distributions for helium,
the vibrational excitation is dominant for a much wider range of electric field strength. Only
for electric field values of higher than 100 Td, energy is spent on electronic excitation. This
corresponds to the data shown in Figure 4.6, wherein only after 100 Td the electronic excita-
tion becomes significant. This also reflects the stronger isolating properties air is characterised
by in comparison to helium.
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Figure 4.8: Power fractions for air obtained with the Bolsig+ solver as a function of E/N (lower
axis) and E/p (upper axis) under the assumption of a non-Maxwellian EEDF at T, = 300K.

MSc. Thesis F.G.A. van de Beek



68 Description of the numerical model

4.5 Boundary and initial conditions

In section 3.3, the analytical boundary conditions which define the problem definition were
elaborated on. In this chapter, discretization and implementation of these conditions is
treated.

Electric potential conditions

The fluid and dielectric region share an interface which couples the electric fields in the two
regions. No such boundary condition is available directly in OpenFoam® | so this coupling
has to be implemented. As explained in section 3.3, the compatibility equation is given by:

n- (505gEgas - 805d-Edielectric) = 0. (436)

This relation will be rewritten into a central difference discrete formulation such that it is
implementable into the numerical solver. Using the definition of the electric field F = —V¢
and discretizing the terms:

€0 Cbgas - ¢mterface T ey ¢znte7"face - ¢dzelectr7,c — 0 (437)

—&
g9
Agas Adielectric

Use was made of the identity n - 0/0y = 0/0n. Note that this is a first order discretization.
This will make the whole Poisson scheme first order as well, as will be shown in chapter 5. The
latter term is directly expressed as the absolute distance from the corresponding boundary
cell centre to the cell boundary face, A. Then, collecting terms gives:

g 1) 3 1) 1 1 (o
g + d )¢interface: g¢gas + d¢dzelectmc + 2 (438)

Agas Adieleci&m’c Agozs Adielectm’c €0

The expression for the updated interface value becomes:

b _ €g0g/Ag + €ada/Ad + 0 /g0
inter face 1/Ag n gd/Ad

(4.39)

This boundary condition is applied for both the dielectric as well as the fluid region and can
be interpreted as a weighted averaging of the internal field values of ¢. The weighting term
is the relative permittivity divided by the cell to face distance &, /A.
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Figure 4.9: Region interface layout

To show how this single relation behaves as an iterative routine for which a converged value
will be found, the recursive form is presented. Since the fluid and dielectric region are solved
sequentially and the dielectric region is solved first, we consider the solving step of the dielec-
tric k 4+ 1/2 while that of the fluid region k + 1. If interface j is considered, subscript j —1/2
and j 4+ 1/2 denote the dielectric and fluid cell values, respectively:

Find interface boundary value

SR Oy ol Djray +eadl o/ Dj1ja +0F /g
’ VA2 +eaf/ By

Solve for the dielectric region

Vip=0= ¢,

Find interface boundary value with updated ¢;_1 /2

¢§+1/2/Aj+1/2 + Edqﬁ?ﬂ/g/AJ«_l/g + % /eg
1/Aji12 +2a/Djiayo

k+1 _
Pt =

Solve for the fluid region

2,  Pec k+1
Vo= Lo ot

The segregated manner in which the different regions are solved can be regarded as one linear
system Ax = b describing a model problem consisting of N cells, where N is the number of
coupled regions. The fluxes between the different regions are solved for using the coupling
condition given in Equation 5.1. The solution inside each individual cell (which represents a
whole physical region) is solved using a pre-conditioned conjugate gradient (PCG) method.
The regions are solved sequentially, such that the moment one region is solved for, up-to-
date information for the adjacent region becomes available. This is typical for a Gauss-
Seidel iterative solution method and has improved convergence rates compared to a Jacobian
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70 Description of the numerical model

method, in which all regions would be solved parallel using only the information from the
former iteration. the Gauss-Seidel method allows for over-relaxation: acceleration of the
convergence by applying a relaxation factor « to the following decomposition:

PR — gk a(¢k _ ¢k+1/2)_ (4.40)

The value of ¢*1t1/2 is the updated flux value on the region interface. According to Carré
(1961), the solution always converges for a relaxation factor of 0 < a < 2 and depends on the
eigenvalues of the coefficient matrix A.

This routine is repeated until the norm of the relative residual between two iterations r4 drops
below a convergence criterion e:

NS E -fL—U—éo@dEd-ﬁ
— 99

>0 (4.41)

Ty = - _ :
¢ leoegEy - v — 0| + |e0eq Eq - 1

This criterion can be set manually, but by default has a value of ¢ = 1073. In the relation
above, the charge surface density at time step k is required.

The boundary condition is implemented into the solver by use of the groovyBC ? functional-
ity. An example snippet of the changeDictionaryDict of the gas region is given below. The
changeDictionary functionality is further explained in Appendix A.

dictionaryReplacement

{
phi
{
internalField uniform O;
boundaryField
{
{
type groovyBC;
value $internalField;

valueExpression

variables (

)

3https://openfoamwiki.net/index.php/Contrib/groovyBC

F.G.A. van de Beek M.Sc. Thesis

13

18
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“

Implementation of the particle velocity conditions

The particle velocity boundary conditions are implemented in the source code of the solver by
accessing the patch fields of the vector fields, which is a property of each volume field. As only
the normal components are to be altered, the conditions are imposed on the flux term kFlux,
which is the velocity Uk interpolated to the cell interfaces (section 4.3). An example snippet
for correcting the flux boundary values of the positive ion specie is given below. Additional
explanation on coding in OpenFoam® can be found in Appendix A.

// Interpolate thermal welocity wolume scalar to cell interfaces and scale by
the interface surface (magSf()).
surfaceScalarField ssfUpth = fvc::interpolate (Upth)*mesh.magSf ();

// Loop over all the patches available in the mesh of the current region.
forAll (mesh.boundary (), patchi)

{
// Create read-only (const) pointer (&) p to the current patch with index
patche.
const fvPatch& p = mesh.boundary () [patchil];
// Create read-write pointer (&) ppFluz to the s(urface)PatchScalarField of
pFluz.
fvsPatchScalarField& ppFlux = pFlux.boundaryField () [patchil;
// Create read-only pointer (&) pUp to the PatchVectorField of Up.
const fvPatchVectorField& pUp = Up.boundaryField () [patchil;
// Check that the accessed patch is not of the coupled type.
if (!ppFlux.coupled())
{
// Access (==) and set the electron fluz sPatchScalarField ppFluz equal to
the inner product (&) of the patch normal wvector p.Sf() and the
internal field wector from the adjacent cell centre pUp.internalField
0.
ppFlux == 0.25*pssfUpth + max(p.Sf()&pUp.patchInternalField () ,0.0);
}
}

Implementation of the number density conditions

The number density boundary values are required for finding the appropriate flux term values
on the boundaries from the momentum equation. It was explained in section 3.3 that a
zero gradient condition can be imposed on all boundaries. OpenFoam® needs no particular
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72 Description of the numerical model

implementation for this, and the conditions can be enforced straight forward in the case folder,
e.g. using:

Ne
{
internalField uniform 1.0e16;
boundaryField
{
{
type zeroGradient;
}
}
}

4.6 Numerical procedure

In the section, the solver architecture and numerical procedure will be elaborated on. The
solver consists of three units:

1. the coupled-Poisson solver;
2. the convection-diffusion model for species transportation;

3. the reactive modelling of the chemical reactions.

As all units are strongly coupled, a predictor-corrector like implementation has been selected.
The undertaken steps are explained below. The procedure is visualized in Figure 4.10.

Predictor step - At the start of a new time index, only information from the latest time
index is available, while the solution to the Poisson equation requires the values of the space
charge at the current time index. To overcome this initial value problem, a prediction of the
electric field is made.

1. At a new time step, the potential on the anode has changed and is updated first;

2. The electric field in the dielectric regions is updated according to the new anode poten-
tial. This is done first as the latest information available comes from the anode region
which the dielectric has direct access to;

3. The electric field in the gas region is updated according to the new anode and dielectric
potentials. This requires species densities in the new time index, which are not known
yet. Using the semi-implicit Poisson equation derived in section 4.2, the charge volume
density is predicted using a first order approximation based on the data from the last
time index. Also the surface charge is predicted in the same manner. The Poisson
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4.6 Numerical procedure 73

equation is solved and a first prediction of the electric field is obtained. The predictor
step is complete.

Corrector step - A basis for the solution of the current time step has been obtained in
the predictor step. The solution will now be corrected to a convergent state at the current
time index by means of iteration, sequentially updating the species number densities and the
electric field.

1. Using the predicted electric field values, the reaction rate and mobility coefficients are
updated, which all depend on the reduced electric field strength. The velocities and
velocity boundary conditions are updated accordingly.

2. The number densities are found by solving the continuity equations using the Godunov
or Strang splitting technique, and the charge volume and surface densities are updated
accordingly. The currents, power deposition and body forcing resulting from the gas
discharge are calculated as well. The rate of change of the EHD force is used to check
convergence of the solution.

3. With the new charge volume and surface densities, the electric field can be corrected.
The fully implicit Poisson equation can now be used, as the charge density does not
have to be predicted any more. The fluid region is updated first to directly use the
newly available information in this region. Then the dielectric regions are updated.
The coupling condition between the fluid and dielectric is used as a means to check con-
vergence. The fluid and solid regions are updated one after the other until convergence
is achieved.

4. When both the electric field and the density fields have converged, the solver advances
in time and restarts the prediction routine. When the density fields have not converged,
the corrector step is repeated.

To visualize the process, a time advancement chart has been created which is presented in
Figure 4.10. This chart indicates the order in which variables are updated. Each variable is
situated on a specific row, corresponding to the equation used to find this variable. In some
steps, multiple variables are updated at once, but only one has been included in the graph.
These variables are depicted in Table 4.1.

The two manually set tolerances €4 and €, are compared to two convergence criteria r4 and
Ty, respectively, given by:

o= |Eo€gEg “n—0— 505dEd . ’fl|

= 4.42
’606gEg SN — O'| + ‘608dEd . TAL| ’ ( )
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' Predictor Corrector :
Equation 3.72 ' Qe A f RS V ok ¢d Y Da |
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Figure 4.10: Advancement of variables in a time step. On the axis, the time increment from
t — At to t is indicated. The solver starts on the left and with every calculation advances to the
right. The procedure starts by updating the input potential on the electrode. Then the predictor
step is executed, followed by two loops in the corrector step. The predictor and corrector steps

are explained above.

F’t _ﬁt—l
_ - 1 I (4.43)
[[F= ]

n

The first was already introduced in Equation 4.41, the latter is the relative increment of the
EHD force. This force is a function of p.E, which means it is a good condition for checking

the

rate of change of the residual vectors of both the electric field and the species density

numbers.

F.G.

R Uk e J
ER a,n p PE
E/Nr gDk F.M

Table 4.1: Variable updating according to Figure 4.10. The subscript R indicates the region to
which the variable belongs, while subscript k indicates the species. The variables under J only

exist in the fluid region.
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4.6 Numerical procedure 75

Time stepping

The Courant-Friedrichs-Lewy (CFL) Courant et al. (1928) condition, or Courant number, is
used for the time step control. The species particle velocities are used to evaluate the ratio of
the distanced v At travelled by said particles over the local length scale, determined by the
local cell size Ax:

v At
Az

CFL = . (4.44)

In this work, the Courant number is limited by a maximum value of 0.7 and a maximum
relative increase in value of 30% to prevent oscillations caused by changes in the time step.
The maximum value of 0.7 was found to yield sufficient stability while not restricting the time
step to severely. Values of the Courant number higher than 1 were found to always lead to
instabilities, caused by the explicit first order approximations of the space and surface charges.
Additionally, as in some cases the discharge arises to quickly and the Courant number can
not guarantee stability, the time step is explicitly limited.

Error monitoring

The solution errors are monitored manually by checking two conditions: the species produc-
tion and destruction and Gauss’ law. It was shown in Equation 3.42 already that the charge
weighted sum of the continuity source terms is zero:

on, On. Ony - = =
—r_Ze_ T __y.T T, -T,,. 4.4
TR V- I,+V-T.+V (4.45)

Of course in numerical modelling, this is never truly zero. Integrating this relation over both
the computational volume V and time t:

TR TR S P )
14

Where €. is the cumulative numerical error in number of particles created or destroyed, caused
by discretization and round-off errors. A similar error can be formulated for Gauss’ law:

V-eVep = —p, (4.47)
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For which the error is written as:

/V [v eV + p} dv = ¢, (4.48)

The error physically represents the total charge in coulomb lost by the computational proce-
dure.
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Chapter 5

Verification and validation

Verification and validation of the model has been done by using a one dimensional volume
discharge set up. This set-up has been used by different authors for simulation of Townsend
and glow discharges at atmospheric pressures. The configuration consists of two electrodes
separated by a gap of a variable width. This gap is filled with helium at 1 atm pressure. The
electrodes are both shielded from the gas by a dielectric layer.

First, code verification will be done. The electric field unit and the species transport units
are verified and the order of accuracy of the schemes is tested. Then, the chemical model will
be validated using reference data from a paper.

5.1 Verification of the plasma model

In the code verification process, a number of steps will be taken. First, the coupling of the
electric field is studied, especially the behaviour of the solution with varying convergence tol-
erance, the effect of the relative permittivity and that of space charges. Then, implementation
of the continuity equations is verified by analysing convergence and accuracy of the schemes.
Also, the effect of space and surface charges as well as that of different boundary conditions
is demonstrated.

5.1.1 Coupling of the two electric field regions

A dedicated boundary condition was formulated to couple electric fields in the fluid and
dielectric regions. A convergence criterion € is a numerical parameter used to set the accuracy
of the coupling. The relative permittivity €4 is a physical parameter and determines the
resistivity of the dielectric material. In this subsection, the influence of both parameters is

MSc. Thesis F.G.A. van de Beek



78 Verification and validation

investigated. A maximum value of € is proposed to assure convergence of the electric field
in the whole computational domain within one time step. Thereafter, the influence of the
relative permittivity on the electric field is studied. Finally, the influence of the charge volume
density p on the solution of the Poisson equation is investigated. The solution is analysed
and the observed order of accuracy of the numerical scheme is checked.

Convergence of the electric field

The normalized coupling residual ry is tested against a set coupling tolerance € to determine
whether the iterative routine is finished, and the solver can continue calculating the species
densities. The coupling condition is written as:

N - (e0gg g — €0eakoq) = 0. (5.1)

The normalized error norm is then written as:

NS E -ﬁ—O'—é“()é“dEd-ﬁ
— 99

>0 (5.2)

T = - _ :
¢ leoegEy - v — 0| + |e0eq Eq - 1

Which tests the current continuity from the gas region eoe, £, - — o into the dielectric region
goeqlq - n over the surface interface. The value is non-zero due to the lagged values in each
region simply because the regions are solved sequentially. The iterative routine continues
while r4, > €. Thus, this criterion influences the smoothness of the electric field properties
(electric potential ¢ and field strength E) The penalty for higher convergence accuracy is the
number of required sub-iterations, which can significantly influence the total simulation real
time, especially for large meshes. The exact solution of the electric field is known for a relative
permittivity of ¢4 = 1.0, where the electric field properties should be smooth continuous, as
the dielectric material behaves as air and no discontinuities should arise. The test is performed
at a voltage of 10kV put on the upper electrode. Thus, the voltage should rise from 0 to 10kV
at a slope of 10/50=2kV/mm. The distributions of ¢ and E for a range of values of € is given
in Figure 5.1.

The values shown are normalised by the exact solution values and represent the solution after
1 time step. It can be concluded that a value of ¢ = 1le — 3 already is sufficient for the solution
to converge in a single time step. It was checked that the rate of convergence of the solution
is independent of the input voltage ¢g, which is as expected for a linear system.

Consistency of the coupling should be checked as well: does the solver behave consistently
with an increasing number of cells? The consistency of the solver was tested by checking the
rate of convergence of the system on two meshes of 200 and 400 cells for a non-relaxed system
(i.e. @ =1). On the finer mesh, the impact of the relaxation factor is tested by applying a
factor of 2. The results are shown in Figure 5.2. Double the number of cells yields double
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Figure 5.1: Electric potential (left) and electric field (right) distributions after 1 iteration per
convergence criterion. The arrows indicate the direction of convergence with decreasing € (in-
creasing accuracy). The input ¢g = 10kV, which yields an exact solution of Ey = 2kV/mm.
Furthermore, the number of cells NV = 200 and the relative permittivity ¢4 = 1.0.

the number of iterations to achieve the same accuracy, which indicates a first order accuracy.
This corresponds to the first order discretization used to formulate the recursive formula for
the interface potential. For a mesh with 400 cells, a relaxation factor of 2 reduces the number
of iterations by a factor 3.

When the number of cells is increased, the convergence rate decreases, which is typical for

an iterative solution method. The rate of convergence varies with the spectral radius of the
residual matrix B of the system, which for a Laplacian scheme with Neumann conditions is:

p(B) =1—O(h?). (5.3)

The spectral radius is a quantification of the diagonal dominance of the matrix, which deter-
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Figure 5.2: Comparison of the convergence behaviour of the region electrostatic coupling for
different meshes and relaxation factors. The black line indicates the base convergence without
relaxation and 200 cells.

mines the rate of convergence of the system. It can be seen that for h — 0, p(B) — 1, and
the convergence rate approaches zero. This shows why an increase in cell number leads to an
increase in iterations for a given accuracy.

When over-relaxed at the optimum relaxation factor (depending on the largest eigenfunction
of the system), the spectral radius is in the order of:

p(B) =1—O(h). (5.4)

This is one order higher and shows that the radius approaches 1 linearly instead of quadrati-
cally, explaining the better convergence performance.
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Relative permittivity

Next, the influence of the relative permittivity of the dielectric will be evaluated. The variable
€4 is a measure of resistivity of the material, and similarly, the set-up presented in the left
column in each picture in this chapter should be seen as an resistor-capacitor (RC) electric
circuit. The electrodes function as source, the dielectrics as capacitors and the gas as resistor.
The definition of the relative permittivity is given by:

C
5d:60

Where C is the capacitance of the dielectric material relative to a reference capacitance. If
g4 increases, the effective capacitance of the material increases: the resistance, and therefore
the electric field strength, drops, and in the limit of lim., ., the dielectric behaves as an
electrode. The effect on the electric field is demonstrated in Figure 5.3. The same set-up as
in the convergence tests is used: an input voltage of 10kV is put on the upper electrode. The
grid consists of 200 cells and the relative error criterion is set to € = le — 4. The results are
shown in Figure 5.3.

It can be observed that as the dielectric constant increases, the electric field strength in the
dielectric material approaches zero. Consequentially, the electric potential in these regions
become constant and, as the total potential energy between the two electrodes should be
conserved, the electric field in the gas converges to a finite, non-zero value. Considering the
effective gap width reduces from 5 mm to 3.8 mm by a value of 2 x 0.6 = 1.2, which means
the electric field in the gas region should increase by 5/(5 — 1.2) for lim., o0 E(eq)/E(eq =
1) = 5/3.8 ~ 1.32, which corresponds to the result obtained in the right graph. From this
behaviour, it can be concluded that indeed, for increasing values of the dielectric permittivity,
the capacitance of the dielectric material increases, its resistance drops and the dielectric starts
behaving as an electrode, preserving the electric potential. As a result, a stronger electric
field strength is obtained in the gaseous region.

Non-linearity through space charges

In the results presented so far, space charges were always neglected and the potential distri-
butions were always linear. In this section, the effect of these charges will be investigated.
Simultaneously, the accuracy of the solution will be tested by assuming a distribution for the
space charge and by analytically deriving the solution for ¢. This is then implemented in the
solver by setting initial values of the species densities. By observing the residual norms, the
accuracy of the solver can be derived.

Ounly the gaseous domain is considered: the relative permittivity is chosen high (100) to
prevent any potential gradients in the dielectric regions, such that the value of the electric

potential on the upper boundary of the fluid domain is equal to the input voltage ¢g. The
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Figure 5.3: Behaviour of the electric field with varying permittivity. The arrows indicate direction
of convergence for increasing values of 4. The reference values ¢y = 10kV and Ey = 2kV/mm.
The number of cells N = 200.

charge volume density p will be varied periodically over the domain, i.e.:

p=e(ny, —ne—mny,) =ecA Sin(ﬁy). (5.5)

Assuming the permittivity is constant throughout the domain, the one-dimensional Poisson
equation becomes:

0% .27
8873/2 = —eA sm(ﬁy). (5.6)

A is chosen according to a suitable value. The order of magnitude of the LHS is e¢g/eH?,
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where 0 < y < H and H is the gas region domain height. The factor with which this order

varies is chosen to be 10. A then has to be A = 13;‘20. Next, the equation is integrated over
y:

foler - H 2w
aa—y =—cF = eA% cos(ﬁy) + B. (5.7)

Integrating this relation again over y:

H?  on
ep = eA@ sm(ﬁy) + By + C. (5.8)

With boundary conditions ¢(y = 0) = 0 and ¢(y = H) = ¢o. This relation for ¢ is the exact
solution for the potential in the gas domain. Please note that A is already known. Evaluating
at y = 0 yields C = 0 and y = H yields B = e¢9/H. The exact relation for ¢ in this problem
is then given by:

10
6= 5% sin(27r%) n %%. (5.9)

And following the corresponding relation for the electric field:

L1
E= —%Eo cos(27r%) — Ey. (5.10)

Where Fy = ¢o/H. The exact solution is shown in Figure 5.4, together with the numerical
solution obtained from the solver.

Now a manufactured solution is obtained, mesh consistency can be checked as well. According
to Roy (2005), consistency is measured by observing the discretization error. The Laplacian
scheme is second order in space, although this order is not necessarily obtained in practice.
It is necessary to evaluate the obtained order of accuracy by the solver. This is done through
inspection of the behaviour of the solution by varying the spatial resolution, i.e. Axz. The
observed order of accuracy p can then be found by dividing the residual norms for two different
mesh sizes by the ratio of their seizes:

_ In(L/Lisr)

n() (5.11)
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Figure 5.4: The exact and numerical solutions of ¢ left and E right to a sinusoidal charge
volume density distribution p.. at an input voltage ¢ = 10kV and reference Ey = 2kV/mm. The
solution to the homogeneous Laplace for this problem is given for comparison.

The norm Ly, for mesh k of size hy, = Az /Axg = rhi4+1 can be computed by using either of
the following norms Roy (2005):

Nie _ px
L, = Zj |!§<[ fj |’ (5.12)
Nyig *|2
L2 _ Zj |f;v f] | ’ (513)
Lo = max|f; — f7]. (5.14)

Where N is the number of cells in the mesh and f; is the solution of the PDE in cell j. These
norms are therefore residual norms and are a measure of how well the linear system approaches
the exact solution. The result of the performance of the solver on different meshes for the
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manufactured problem with sinusoidal charge volume density is presented in Figure 5.5.
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Figure 5.5: Presentation of mesh convergence of the Poisson equation for the electrostatic po-
tential ¢ using the manufactured solution for space charge p. First and second order slopes are
included for comparison. The Laplacian scheme was found to be only first order accurate.

The curves shown in Figure 5.5 correspond to a first order scheme. This is unexpected, as
any Laplacian numerical scheme should be second order. On the other hand, a coupling
condition is used which is only first order accurate, which would explain why no higher order
is achieved. The first order at least proves convergence of the system.

5.1.2 Transport of species

The next unit to be tested is the transport species continuity model, which comprises drift
and diffusion of the species. In this section, particles can neither be created nor destroyed,
yielding the homogeneous continuity equations. The general behaviour of species over time
will be visualized, as well as the influence of different boundary conditions and the effect of
taking into account thermal velocity for these conditions. Finally, the influence of surface
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charge and space charge on the electric field, and therefore also on the transport of species,
will be looked into.

First, a simple transport case is shown. An initial neutral plasma is assumed with a density
of 10'6 for both the electrons and the positive ions. Zero flux boundary conditions are
imposed, so all initial species are contained within the computational domain. No space or
surface charges are applied, i.e. the electric field is not distorted in any way and has a linear
distribution similar to the distributions shown in Figure 5.3. Furthermore, ¢ = le — 4 and
Ed = 5.

For spatial discretization a MUSCL scheme has been used. A backward Euler scheme was
used for integration in time. The properties of these schemes will be evaluated later in this
section. Two cases are represented, one with an input voltage of 1kV and one at 250kV. The
results at three different time steps are displayed in Figure 5.6.

1kV 250 kV
4.975 5 5
4.4 ""-'Im—"—-'-_'—'—-----
: ————
T I —
3y Y e -
_2
B 23 t=1le—08
> [ I PEOToT I AP F 3e—08 - }F - -
2= ol ve -1 2F 5¢ — 08 ««{---- 7
1 1 e —
0.6 - S P
0.025 0 l I I 0 L L l
le+15 le+16 le+17 le+15 le+16 le+17
ng [m—3] Nk [m—3]

Figure 5.6: Temporal variations in species distributions for ¢ = le — 4, ¢4 = 5. The red line
represents the electrons, while the black line indicates the positive ion distributions.

At an input voltage of 1kV at the upper electrode, the electric field has a negative value in
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the current reference frame (positive upward) and positive ions are forced downwards to the
ground electrode. The direction of the species transport is indicated by the two arrows in the
figure. As the mobility of the positive ions is not high enough though, the heavy particles
hardly move and only some change can be spotted at the dielectric boundaries. The electron
mobility is significantly higher, and transport of this species is clearly visible. As the electric
field strength is constant throughout the whole domain, all particles have the same velocity
and a wave forms at the lower dielectric. The electrons accumulate on the upper dielectric,
where the concentration quickly rises. It was checked that the average density in the domain
remains 10'%, which confirms that indeed no species are lost or created.

To demonstrate the effect of this difference in order of magnitude of the species mobilities, a
voltage of 250kV is applied. The positive ion mobility is a function of the electric field and
has its peak at 2.5 V/(mm Torr). The mobility reduces for higher electric field values. So in
order to match the electron velocity, the voltage potential has to be exponentially increased.
For now, the voltage is just set to 250kV to show that the ions are transported in a similar
way.

MSc. Thesis F.G.A. van de Beek



88 Verification and validation

Accuracy of the discretization schemes

The convection-diffusion problem which is dealt with in this work is a well known one, appli-
cable to many other areas than plasma modelling. To investigate whether the solver behaves
appropriately, a manufactured solution will be introduced again, for which the accuracy of
the MUSCL spatial scheme and the Euler temporal scheme can be determined. The MUSCL
scheme is second order accurate in smooth regions, but tends to behave as a first order
scheme near discontinuities. In this case, the velocity and diffusion coefficient are assumed to
be constant.

Gnk Gnk aQTLk

= 0. 1
ot e g =V (5.15)

The following solution is assumed for the number density of species k:

2 T

n(y,t) = AsiHQ(ﬁy) siHQ(Tt). (5.16)

With initial conditions n(y,0) = 0 and boundary conditions an’“ 2 (t,0) = ‘9"’“ (t,H) =0. The
constant A has a value of A = ng = 10' to simultaneously 1nvest1gate the behav10ur of the
schemes at high gradients.

Taking the first derivative in time and the first and second derivatives in space yields:

% = 2%14 sin%%y} sin(%t) cos(ft), (5.17)
(?;Zf = %A sin(i;ry) cos(%ry) SiHQ(%t), (5.18)
o S Aeos ) sn? (). (519)
Substituting into the convection-diffusion equation gives:
rue T sin(Ty) cos%”y) (5.20)
5

This equation is implemented for the electron species and solved over a simulation time T at
an input voltage of 10kV. At this voltage, the electrons have velocities of u, = 264808m/s. T is
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then computed as H/u, = 1.43e —8s. To get the combined order of magnitude, both the time
step and the cell size are reduced. The definition of the size factor h is then AxAt/AxoAty.
The result is shown in Figure 5.7.
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Figure 5.7: Comparison of the residual norm behaviour of the transport equations with a MUSCL
spatial scheme and a forward Euler temporal scheme. The x axis indicates the temporal and spatial
refinement factor. First and second order slopes are included for comparison.

It can be seen that the observed order of accuracy is 1. The backward Euler scheme (second
order) was tested as well in combination with the MUSCL scheme, and also only yielded a
first order accuracy. This is due to the nature of the truncation error, which is of an order

equal to the sum of the truncation errors of the individual terms:

Truncation error = O(At?) + O(Az?).

(5.21)

p and ¢ denote the orders of the temporal and spatial schemes, respectively. Formally, the
MUSCL scheme is second order. In this model problem though, the MUSCL scheme behaves
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as a first order scheme. As the number densities are of very high orders, so are the gradients
yielding gradient ratios r < 1 (used to determine the slope limiter), indicating low scheme
resolution as the first order Godunov scheme is approached. To get a second order accuracy
using the presented analysis, the scheme should behave second order throughout the whole
domain, which is simply never the case when computing number densities. Concluding, the
net order of magnitude of the solution is then also first order.
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Non-linearity through space and surface charges

As explained in subsection 5.1.1, non-linearities are imposed on the solution of the Poisson
equation for the electrostatic potential. This in turn alters the plasma transport character-
istics, imposing non-linear effects on the solutions of the continuity equations as well. The
severity of this feedback will be investigated, and the effect for pure transport (no source terms
considered) will be demonstrated. Whereas earlier on only Gauss’ law was considered, the
surface charge remained constant. Now, as species are also transported towards the surfaces,
the net surface charge becomes a function of time, altering the potential on the fluid-dielectric
interfaces.

The effect is shown in Figure 5.8. The same geometry has been taken as in the former
section, with an applied voltage of 1kV and a dielectric permittivity of 9. Outflow conditions
are specified, as otherwise surface charging would not occur. Also the initial species densities
are taken one order higher to increase the observed effects. In the figure, four trends are
depicted. The left graph shows the result when the surface charge is not considered (o = 0),
while in the right graph surface charges are considered(c # 0). In both graphs, the gray
trends indicate the volume charge is neglected (p = 0), while the coloured trends indicate the
volume charge is not neglected (p # 0).

Non-symmetric, non-linear effects arise as the electrons are transported towards the anode
and a region of positively charged ions remains. The non-zero space charges allows for wave
steepening, as the electric field upstream of the species density wave is intensified, while the
electric field downstream is quenched. Furthermore, the upper surface is charged negatively,
while the lower dielectric surface is positively charged, although due to the low ion mobilities,
this charging is only marginal. Still, this drives the voltage difference down, quenching the
electric field and reducing the movement of charged species.

When comparing the gray curves with the coloured curves, it can be concluded that the
space charges alter the species velocities locally, creating discontinuities in the density fields.
Comparing the left graph to the right, quenching of the electric field by surface charge built-up

becomes evident.

It is added that the initial species densities are of severe influence on the observed effects.
This can also be concluded when analysing Gauss’ law:

V-eVep = —p, (5.22)

by the order of magnitudes of its variables. Using the fact that ¢ = O(gg), ¢ = O(¢),
V = O(d) where d is the gap spacing, and p = O(eny):

= O(enyp). (5.23)
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Figure 5.8: Non-linear effects of the charge densities on the electric field potential ¢ and density
distributions for electrons and positive ions for ¢ = 0 (left) and ¢ # 0 (right), ¢4 = 9.

The order of magnitude of the induced potential by space charges is then:

engd?

¢ =0O( )- (5.24)

€0

This analysis is only valid for the homogeneous transport model. When the chemical model
is activated, p is determined by the discharge characteristics. The initial charge density is
then also expected to be of less influence.

Additionally, the effect of the thermal velocity is examined. In some work, this component
is ignored. When examining the order of magnitude of the component, the following can
be concluded. For an electron elementary charge e = O(107!%)c, temperature of O(1)eV
and mass of O(1073)kg, this velocity is in the order of e = O(le — 5.5)m/s. As shown in
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subsection 5.1.2, for voltages in the order of V' = O(1)kV, the velocity of electrons is in the
order of u, = O(10*)m/s. This means that in a convection dominated problem, the thermal
velocity component at the boundary is dominant by 1.5 orders of magnitude. Especially
considering the fact that this velocity is constant, this can have great implications on the
simulation results.

¢ [kV] ¢ [kV]
-0.5 0 0.5 1 1.5 -0.5 0 0.5 1 1.5
4.975 5 I I ; 1 [ I I I y

4.4 —_— EEE—
AL T -
3 Yp oo A A I -
_ 2 L i L i
B £5 I 1 L ]
- A i i i i
oYL I -
| Ve 1 i i
1 R R = e R -
0.6 i L ] [ J |
0.025 oL | | | 1oL i ! | ]

le+15 le+16 1le+17 le+15 1le+16 1le+17
ng [m-3] ng [m-3]

Figure 5.9: Effects of the thermal velocity on the electric field potential ¢ and density distributions
for electrons and positive ions for o = 0 (left) and o # 0 (right), with ¢4 = 9.

This can be observed in Figure 5.9. While even for a short period, the electron thermal
velocity still dominates the species flux towards the cathode, which is sufficient to negatively
charge the lower dielectric surface. It can be imagined that in the case of zero particle
production, the influences are not so severe, and the major effect of the thermal velocity is
found in a negative overall shift of the potential distribution. In actual discharge simulation,
significant asymmetric peaks can arise in the particle densities, close to the dielectric surfaces.
Negligence of the thermal velocity component as then ill advised, as strong asymmetric effects
then may arise, which have not become clear in the given verification cases.

Concluding, neglect of the thermal velocity is not supported in this work. In ns-DBD, elec-
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trons reach velocities up to several 10° m/s. In this case, neglecting the thermal velocity is
acceptable. For the voltages used here, ignoring the thermal velocity is not a valid assumption.

Comparison of different flux boundary conditions

Two sets of flux boundary conditions were discussed in section 3.3. The effect of the thermal
velocity component was treated above. Here, the difference between the more popular condi-
tions proposed in Boeuf et al. (2009) are compared to the physically more accurate conditions
proposed by Hagelaar et al. (2000). The main difference between the two sets of conditions
is disposal of the diffusion term in the first, and separate treatment of the surface emitted
v-electrons in the second.
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Figure 5.10: Comparison data of the boundary conditions physical effects for the electric field
strength £ and density distributions for electrons and positive ions at an input ¢ = 1kV and
permittivity of e4 = 9. Furthermore, space and surface charges, thermal velocity and secondary

electrons are all enabled, with v = 0.2.

In Figure 5.10, the two sets of conditions are compared against each other. Thermal velocity
is considered, as well as a secondary electron flux of v = 0.2. The differences are not very
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clear, and so it can be assumed that the assumptions made in Boeuf et al. (2009) are valid.
It is added, though, that Hagelaar et al. (2000) reported strong differences, especially in the
effective v observed when treating the ~y-electrons separately. It is possible this difference
only arises when the chemical model is included, and secondary electron emissions affect the
breakdown voltage. This should be investigated, but is left for future work.

5.2 Validation of the plasma model

The model is validated against a case presented by Massines et al. (1998), which comprises
the same geometric 1D set-up as shown before, just with slightly different parameters. The
case represents a cathode-fall glow discharge.

In their paper, the model is described as follows. Two parallel electrodes were used, both
covered by an alumina layer separated at d = bmm, with a diameter of 40mm and a reference
area of 1256mm?, a dielectric thickness of 0.6mm and a capacitance of 70pF. According to
the relation for capacitance:

_ €qc0A

C 7

(5.25)

This implies that the plates have a dielectric permittivity of 31.47. In the equation above,
A is the surface area of the dielectric plates and d is the gap spacing. An uncertainty arises
here, as alumina is known to have a dielectric permittivity of about 9. The explicit value
used in this paper is not mentioned, so the dielectric capacitance is matched by using a value
of 31.47.

The reaction rate and mobility coefficients of the He-0.5%Ar mixture presented in subsec-
tion 4.4.1 are used. Helium and argon are noble gases and their plasma consists of (positive)
atomic helium and electrons only. The secondary electron emission coefficient v = 0.05.

The validation model also has a gap spacing of 5mm, while the dielectric plates have a
thickness of 0.575mm each. With each electrode having a thickness of 0.025mm, the whole
computational domain has a height of 6.2mm. The plates have a reference area of 1.25mm?,
which means the results will be scaled to fit the dimensions of the reference data. The mesh
is uniform and consists of 200x1x1 square cells, with a cell dimension of 12.5um.

The presented data is the input voltage, output current, memory voltage and the gap voltage.
The output current shown is the spatially averaged conduction current:

1 1
Jout = — / Jconddy = 7 / e(Upnp - Uene)dy (5'26)
h Ju h Jn
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The memory voltage is the potential measured on the dielectric surface (at the anode side of
the domain), and is a measure of the charge stored by the surface charging. This potential
is directly measured by the solver. According to Massines et al. (1998), the gap voltage for a
1D geometry can then be calculated through:

V(t)gap = V(t)applied - V(t)memory- (527)

The results in the work of Massines et al. (1998) are shown in Figure 5.11 and Figure 5.13,
where the latter is a spatial distribution of the species densities and electric field values at
the time of maximum current in the first. As the discharge develops, the voltage remains
constant at first, and the decrease in resistivity leads to a proportional increase in current.
Then, the current is at its peak and starts to drop. This is due to quenching of the electric
field as positive ions charge the dielectric surface on the anode side. The voltage and current
in the gap are balanced through:

U =1IR, (5.28)

And as the resistance of the plasma R remains constant, the voltage drops along with the cur-
rent. The dielectric continues to charge, until the discharge current is completely terminated.
The process repeats every half cycle of the actuation period.

The data obtained in this work shows comparative, but different results. First of all, not one
but two peaks arise per half cycle. Even though these peaks are in the order of magnitude
of the reference data, they are not as strong. This results in the fact that the development
of the plasma is not as strong, which is supported by the results shown in Figure 5.14. The
particle densities were found to be a factor 2.5 lower than the ones presented in Figure 5.13.
The dielectric surface is not charged sufficiently, which can be observed by the lower values
of the memory voltage. Consequently, the gap voltage is too high. Another consequence is
the remaining surface potential after the first discharge, which creates a sufficient potential
difference with the still rising input voltage. This allows for a second discharge, which is
slightly weaker than the first. The input voltage decays, and the current is terminated,
thereby also keeping the memory voltage constant.

Polarization was observed, as a net charge builds up during a cycle. On average, a charge
of 512 V was built-up until 500us, which corresponds to 0.214 C/cm?. The voltage curves
have been corrected according to this value. This was also reported in the paper, although
no explicit values were given. This charge built-up can be explained by the in general higher
densities of the positive ions during the discharge peaks, which charge the dielectric surfaces.
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Figure 5.11: Simulation results as presented by Massines et al. (1998). Depicted is one period
of oscillation at 1500V amplitude at 10kHz. During discharge, at the current peak, the dielectric
surface is positively charged, increasing the potential until the electric field is quenched. The gap
voltage first drops, after which it moves along with the input voltage until the next discharge.
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Figure 5.12: Temporal distribution results obtained with the solver.
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Figure 5.13: Spatial distributions of the electric field and the species densities obtained from the
work of Massines et al. (1998). The anode is on the left, while the cathode is on the right.
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Figure 5.14: Spatial distribution results obtained with the solver.
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During validation of this model, a lot of uncertainty arose in terms of the chemical model and
parameters such as the secondary electron emission coefficient v and the dielectric permittivity
g4. This makes quantitative comparison very difficult, as can be seen from the difference in
values. On the other hand, the order of magnitudes of the result align, as well as the trend
of the distributions. It can be concluded that the model shows the appropriate behaviour.
To give full guarantee, the model should be validated against, preferably self-conducted,
experiments. This is left for future work.

5.3 Notes on the verification and validation process

In this chapter, code verification was applied to prove the correctness of the implementation of
the solver. First order accuracy was observed for the Laplacian scheme as well as the temporal
and convective scheme. With this, convergence of the solution has been demonstrated.

The physical effects of the space and surface charges, as well as those of the different boundary
conditions, have been tested, all of which showed physical behaviour, plausible at the least.
The effect of the thermal velocity, which often is neglected in reference work, was studied. The
influence of the thermal velocity at medium voltages (O(10%)) was found to be of too much
an impact, to be neglected. What hasn’t been studied, though, is whether this assumption
would actually yield physically preciser results. This has also been a major source of unclarity
during validation, as the boundary conditions are not clarified in the paper.

The capability of the solver has been demonstrated by reproducing a cathode-fall glow dis-
charge in a volumetric set-up. Quantitatively, full correspondence with a reference case could
not be achieved. As the basis of the solver, the units responsible for the electric field and
species transports, was verified, the discrepancies are sought in misinterpretation of the chem-
ical model and the physical parameters presented by Massines et al. (1998). This does not
necessarily mean the last unit has been implemented wrongly, but to give full disclosure, the
model should be validated against in-house experimental data. This was aimed for in this
work, as suitable experiments were performed at EPFL, but the data was not yet ready for
publication.

During testing, most parts of the solver, such as the predictor-corrector scheme and its con-
vergence criteria, were found to be successfully implemented. How successful, though, has
not been studied, and some doubts even arose about the necessity of such an architecture.
Implementation of a Strang splitting scheme was vital to cope with the strong species cou-
pling, but may have made global iterating superfluous. Such questions can be answered once
reliable validation data is is obtained. Accuracy studies can then be performed to investigate
reduction of errors.

Additionally, the solver was experienced to behave fairly robust. Simulations could be run
stably for a wide range of input voltages and actuation frequencies, but also different mesh
sizes. It should be added though that the CFL number, besides being already a strict time
step restriction, did not always guarantee stability. During discharge, the increase in particle
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velocity can be so sudden that the current time step was too large to cope with this increase,
and in one time step the maximum CFL number was exceeded. As a solution, the maximum
time step was limited to values of 10710, which puts a lower limit on the number of iterations
in the order of 10° for simulation times in the order of ms. This is very strict, and leads
to a high demand of computational resources (computation time and storage). The solver
architecture, and specifically its convergence behaviour, should be reassessed thoroughly to
find ways to overcome strict limits in the maximum CFL and time step values.

Finally, the implementation was designed for 2D, although the capabilities in multi-dimensions
could not be proven. Some tests were performed, but instabilities arose quickly once break-
down was reached. This left the 2D geometry and the Bolsig+ data for air presented in this
work untouched. This is an important step towards modelling of DBD utilized for active flow
control, and continuation with this step is then also firmly recommended for future work. Sim-
ilarly, the functionalities were only demonstrated for rectangular geometries and grids. Future
work should also strive for verification and validation on non-uniform and non-rectangular
meshes, which could be a step-up to investigation on cylinders and air foils.
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Chapter 6

Conclusion and outlook

In this section, the conclusion to this report is given. First, the main findings of every
section is recapitulated. Then, the research question and its sub-questions are evaluated
and answered, and the final conclusion is formulated based on the conclusions drawn before.
Finally, recommendations for future work are given.

6.1 Report recapitulation

In chapter 2, a background study was given on the processes involved in electric discharge in
gaseous media. A non-equilibrium cold plasma can be generated by applying a strong electric
field between two electrode plates. Plasma, the fourth state of matter, consists of free charge
carriers in a neutral parent gas and has improved electric properties compared to its gas
counterpart, which allows it to facilitate electric currents. Two distinct types of current used
to quantify a discharge were introduced, namely the conductive and displacement current.
The first is determined by transport of charged species, while the latter indicates the time rate
of change of the electric field strength. Furthermore, the ionization factor o, was introduced
as a quantification of the degree of ionization, where o, < 0.1% indicates a weak plasma.
Flow control methods relying on electric discharge in gas only rely on weak plasma. Another
quantification of plasma is the Debye length or shielding length, A ;, which is a characteristic
length scale depending on the plasma species density and temperature.

After the short introduction on plasma, a 1D volume discharge test case was introduced, with
which different discharge regimes were obtained theoretically. The Townsend breakdown or
electron avalanche was marked as the primary breakdown process, from which a glow, corona,
streamer or arc discharge can evolve. The arc discharge is undesired in many applications and
can be prevented by inserting a dielectric-barrier between the two electrodes. The Townsend
ionization coefficient o was introduced, depicting the spatial growth of electrons in a plasma.
A breakdown condition was formulated, which relates the secondary electron emission v and
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« to whether a discharge is sustained, which is the case if at least one electron is released
from the cathode or dielectric-barrier. This takes place at a breakdown voltage V.., which
is a function of the similarity parameter Pyqsd, called the pressure-gap-product. From this
product, the more commonly used reduced electric field similarity parameter E/N was derived,
which includes the electric potential in its scaling.

The study continues with a closer look at streamer discharges, which is a type of discharge
generated at high over-voltages and medium to high pressures strongly influenced by photo-
ionization. Three stages were distinct in the process, starting with an electron avalanche,
followed by a positive or negative streamer. Finally, when the streamer head reaches the
other electrode, the circuit is closed and a filament of plasma is formed.

In the area of active flow control, streamer as well as corona discharges can be generated
using a dielectric-barrier, which is an insulating but polarizing material shielding at least one
of the electrodes from the plasma, preventing any discharge to evolve into an arc discharge.
Characteristic time scales governing the processes of dielectric-barrier were introduced, of
which the most limiting is the dielectric relaxation time. Mainly two different input wave
forms are applied in active flow control: continuous AC wave forms and repetitive pulsed
nanosecond wave forms. The first mainly induces a body force on the neutral flow, creating
an ionic wind with some additional aeroacoustic disturbances. These disturbances are the
main product of the nanosecond pulsed actuation, during which the main driving mechanism
is rapid energy deposition, generating weak shock waves in the neutral flow.

Both actuator types have multiple applications, of which separation control, laminar-turbulent
transition, lift enhancement and drag reduction, shock wave control and combustion augmen-
tation are the most important examples.

In chapter 3, the physical model was presented which describes the model problem relevant
in numerical simulation of DBD. Two geometries were shown, one for 1D symmetric vol-
ume discharge and one for 2D asymmetric surface discharge, consisting of a gas region, two
electrodes and one or two dielectric layers. The governing equations were derived from the
Boltzmann equation and resemble a continuity equation for each species, coupled to Gauss’
law for electrostatics: a Poisson equation relating the electric potential to the space charges.
These space charges stem from the charged particles, described by the continuity equations
through which the coupling takes place. The energy equation is neglected following the LFA.
The continuity equations, also called drift-diffusion equations, often used in plasma mod-
elling. The equations have been modified though, to fit the in aerodynamics more generally
known convection-diffusion equations. It was found that the Péclet number of this problem
is Pe > 103, indicating that this is a convection dominated problem. The physical model
assumes only electrons and one type of positive and negative ion species each.

As was explained, the physical boundary conditions are mainly concerned with the fact that
charged particles instantly recombine when colliding on polarized geometric surfaces. This
introduces a charge surface density: charge is conserved as it leaves the volume as it is
stored on the surface. This surface charge influences the potential on the gas-dielectric region
interfaces, which is incorporated in the electric field compatibility condition. This condition
conserves charge continuity and is the boundary condition for Gauss’ law.
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The assumption of instant recombination leads to free flow of species out of the domain, which
is controlled by setting the species velocities on these boundaries. Two sets of conditions were
implemented for the flux boundary values, one ignoring diffusion towards the surface (Boeuf
et al. (2009), while the other does not (Hagelaar et al. (2000)). Random motion towards the
surfaces due to thermal velocity is taken into account in both sets. Also, collisions of heavy
particles onto a surface trigger secondary electron emission. The latter set of conditions makes
a distinction between secondary electrons just released from the surface and electrons already
present in the domain. The first set treats all electrons equally, which may lead to a non-
physically high effective secondary electron emission coefficient . The species gradients are
in all cases set to zero, as diffusion towards the surface is either assumed zero or incorporated
in the species flux term.

On the outer boundaries of the computational domain, far field (symmetric) conditions were
imposed for all variables ¢, U, and ng.

Photo-ionization was treated by assuming an initial neutral plasma, which was set through
the initial conditions for the species densities.

The implementation of the physical model into the OpenFoam® package was reported in
chapter 4, which started off with an introduction to finite volume discretization in OpenFoam®
. The mesh topology was described, which consist only of square cells. Variable fields can
be defined on either the centres or the faces of these cells. Outer faces are collected under
patches, which can be assigned certain boundary types, such as a symmetric or wall type.

OpenFoam® uses iterative solution methods to solve coefficient matrices, which are con-
structed from the equations to solve. Different solution methods are available, but only
the PCG and GAMG methods have been utilized in this study. Furthermore, the first order
forward Euler and second order backward Euler temporal discretization schemes were intro-
duced, where it was concluded that the forward Euler has a disadvantage over the second
order scheme as the cumulative discretization error will remain the same with varying num-
ber of time steps. On the other hand, forward Euler can be combined with sub-cycling, while
the backward Euler scheme would require special implementation. Therefore, the forward
Euler is the preferred method in this work.

To overcome strict time step limits, the governing equations were rewritten in a semi-implicit
form. For Gauss’ law, this required a first order approximation of the space charge, as the
Poisson is an elliptic PDE and requires the solution at the current time step, which should be
approximated and corrected for. This led to a predictor-corrector algorithm: using the first
order approximation, the electric field at the next time step is predicted. Then, a corrector
loop will converge the coupled electric and density fields. The continuity equations contain
heavily coupled source terms, and are solved using a Strang splitting method which required
implementation of a sub-cycling routine.

To complete the system of equations of this model problem, reaction rates and mobility
coefficients are required. These are obtained by the Boltzmann solver Bolsig+, which yield
look-up tables for the variables, which requires a linear interpolation routine to find the
values for any value of the reduced electric field. The transport coefficients are determined
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by the gas composition, pressure and temperature. The reaction rates are determined by
the chemical model, and additionally depend on the incorporated chemical reactions. Two
gases were treated, being helium and air, which is a 79%-21% nitrogen-oxygen mixture. To
helium, 0.5% argon was added to account for Penning ionization. Finally, power fraction
terms were obtained, also from the Bolsig+ software, which quantify the ratio of energizing
of translation and rotational motion, vibrational excitation or electronic excitation of the
particles. In correspondence to the LFA, the energy absorbed by the particles from the electric
field is deposited into the neutral flow again in the form of elastic and inelastic collisions and
appearing and disappearing of electrons through ionization and attachment.

As the system of equations was completed, the boundary conditions could be implemented.
The condition coupling the electric fields in the different regions was discretized and imple-
mented using the groovyBC package, which facilitates non-uniform boundary conditions using
user-set functions. The discretization was first order, which will limit the order of the Poisson
scheme to first order as well. As the regions are solved sequentially and not parallel, the
iterative routine behaves as a Gauss-Seidel method and allows for over-relaxation.

The chapter concluded with an overview of the predictor-corrector numerical procedure.
Three units were distinguished: the coupled-Poisson solver, the convection-diffusion model for
species transportation, and the source terms accounting for the reactive model. The solution
is controlled by two residuals: the electric field coupling condition residual and the relative
residual of the EHD force. The first should assure convergence of the electric field, while the
latter is a measure of change of the magnitude of the force, and therefore a measure of change
of the electric and species density fields. The CFL number is used to control the variable
time step.

The numerical mode was put to the test in chapter 5, where code verification was used to
test convergence. Coupling of the electric field in the different regions was controlled by a
tolerance €4 for the normalized residual norm rg. The coupling was proven to work, and
the tolerance sets the percentile error of the electric field, i.e. a tolerance of 10% yields
convergence at a 10% offset from the exact solution. Mesh convergence was checked, where
a first order behaviour was observed. Convergence could be sped up by a relaxation factor,
which reduced the number of iterations by a factor three at a value of o = 2.

The effect of the relative permittivity was investigated, which is a measure of the capacitance
of the dielectric material. In the limit of lim., ,~, the dielectric behaves as a capacitor
in which the electric field, and therefore electric losses, approach zero. The potential energy
between the plates must be conserved, increasing the electric field strength in the fluid domain.

Space charges were introduced through the method of manufactured solutions, with which
convergence and accuracy of the Laplacian scheme can be analysed. A sinusoidal distribution
of the space charge was assumed, from which an exact solution of the electric potential and
field can be derived by substitution into the Poisson equation. The space charge distribution
was introduced in a test case, and the solution computed by the solver was compared to the
analytical solution. From a mesh convergence study, a first order accuracy was derived. This
is not expected from a Laplacian scheme, but can be explained by the first order coupling
condition.
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Implementation of the homogeneous convection-diffusion equations was assessed in a similar
manner. Now, an exact solution for the electron density was assumed, as a quadratic sinusoidal
function in both space and time. To get the combined order of accuracy, the spatial and
temporal resolutions were refined simultaneously. First order accuracies were observed for
combinations of the MUSCL scheme with both the first order forward Euler scheme and
the second order backward Euler scheme. It was concluded that while the MUSCL scheme
formally is second order, in practice this scheme is mostly first order. The highest order term
is then the dominating term, explaining the first order observed for both scheme combinations.

Non-linear effects in the solution of the electric field as well as in the solution of the species
densities were demonstrated with an example in which species were transported in an electric
field distorted by surface and volume charges. Quenching of the electric field was observed
through charging of the dielectric surfaces. The thermal velocity was shown to be of significant
influence, although doubt was posed on

The two proposed sets of flux boundary conditions were compared against one another, al-
though only minor differences were observed. Stronger distinction is expected when the
chemical model is incorporated, although this was not tested.

Finally, the model was validated against a reference case which entailed a volumetric glow
discharge under a sinusoidal actuation signal. A cathode-fall glow discharge is then obtained,
characterised by peak densities of the species near the cathode, with two sheaths of increasing
electric field near the anode and cathode. Although quantitative validation was not achieved,
the model results showed good correspondence with the reference data, which were validated
against experimental data. Current peaks in the same order of magnitude were observed, as
well as similar species spatial distributions at those current peaks. The electric field typical
for a cathode-fall was observed as well.

This concludes the body of this report. Now, the research question can be answered.

6.2 Conclusion

In this section, the main research question will be answered. Answers to the sub-questions can
be distilled from the main answer, but will not be given individually. The research question
posed in the introduction was:

How can a robust and flexible computational framework be established for
modelling of dielectric-barrier discharge in gaseous media?

This robust and flexible computational framework could be established as follows. The physics
of the underlying problem were investigated to identify the characteristic time scales and
processes to be modelled. Physics of DBD is characterised by transport and production of
charged particles in its parent gas, described by species continuity equations. These processes
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are driven by the electric field, generated by a voltage potential between two electrodes. At
least one of these electrodes is covered by a dielectric material, which has insulating but
polarizing electric properties. This electric field is described by Gauss’ law and varies with
input voltage, but also with space and surface charges in the gas. These free charged particles
are not present in the dielectric, and so a partitioned approach was chosen, in which each
physical region (gas, dielectrics and electrodes) is solved for in a segregated manner. This
requires a condition for the electric field coupling the different regions. This condition was
formulated in a first order discretization, which made the complete Laplacian scheme first
order accurate.

Because of the nature of Gauss’ law, which is an elliptic PDE, an initial value problem is
posed when the volume and surface charges are dependent on time. Namely, these charges
determine the electric field distribution at a time step at which these values are not known
yet. This puts a severe restriction on the maximum allowable time step. To overcome this
restriction, a predictor-corrector like method was implemented. At a new time step, the
electric field was predicted using a first order approximation of the charge densities based on
the values of the former time step. With this approximation, the continuity equations can be
advanced. With the corrected species densities, the electric field can be corrected again, this
time without the first order approximation. This iterative process is then repeated until the
solution converged for this time step. This procedure allows for exceeding of the dielectric
relaxation time step.

Another numerical challenge was posed by the creation and destruction of different species.
Chemical reactions, such as ionization, attachment and recombination, involve multiple
species. Their continuity equations are then also highly coupled, which poses another se-
rious time step restriction. This was overcome by implementing a Strang splitting method,
where each continuity equation was split in a homogeneous and a reactive part. Each part was
then integrated over time in a sequence, to provide each succeeding integration with updated
information.

The reliability of the framework was verified through code verification, mainly using the
method of manufactured solutions. First order accuracies were found for the Laplacian scheme
and the MUSCL spatial scheme, both formally second order, but this discrepancy were clar-
ified and, more importantly, the solution converges, which means at least reliable results can
be produced.

The precision of the framework could not be validated quantitatively, which should be done
using experimental data. This was out of the scope of this work, and so qualitative validation
was done against data from a publication. A 1D volumetric glow discharge was simulated
successfully, with orders of magnitude of the discharge current, electric field strength and
species densities in agreement with the values presented in the reference.

All undertaken steps have yielded a computational framework sufficiently robust for the scope
of this work, although with a severe penalty on computational efficiency. To assure robustness
and an acceptable level of efficiency in more advanced applications, a number of improvements
have to be made in future work.
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6.3 Recommendations

In this section, recommendations are made for future work to improve robustness and effi-
ciency of the framework. These recommendations comprise essential steps to take towards a
framework applicable to active flow control, and reflect doubts and uncertainties experienced
during usage of the framework so far, as well as work out of scope in the current project.

Some numerical features have been implemented which have not been tested or evaluated
properly. One example is the difference in the Godunov and Strang splitting methods, which
should be investigated. Also, the impact of the convergence tolerance of the corrector loop
has not been assessed. Doing so could give insight in the minimum required tolerance, which
can then be optimized for minimum required computation time.

The motivation for creating this framework was to ultimately simulate discharges applicable
to active flow control. This consists of asymmetric (i.e. 2D) actuator configuration in air,
either driven by a continuous AC or nanosecond pulsed signal.

Firstly, the simulations run in this work have all been limited to one dimension. For verifica-
tion and validation purposes, this is very interesting. For applications to flow control, at least
2D is required to obtain any interesting results. Advancement of the framework to facilitate
2D computations would be of high interest.

Secondly, the parent gas used in this study was helium. As flow control concerns air, it would
be very interesting to extend the simulations to this medium. The transport and reaction data
were already presented in this work, and have already been implemented in the framework.
All is left is validation of the chemical model.

Thirdly, this study limited itself to relative low amplitude continuous sinusoidal actuation to
generate glow discharges. As the plasma dynamics are essentially the same and the governing
equations are valid for both types of discharge, this model can also be used to simulate
streamer discharges by applying a pulsed nanosecond actuation.

Finally, also the plasma-neutral flow interaction can be studied, using the presented but so
far unused coupling terms and power fractions. Ultimately, The output of this model can
be used as input to a neutral flow model, with which the ionic wind or weak shock waves,
generated by the discharge, can be simulated and studied. In some literature, integrated
discharge-neutral flow dynamics models were presented, which solve the discharge physics
and the flow interaction simultaneously. This is very interesting, but also very challenging.
Hopefully, the developed framework supported by this report can serve as a first step to such
a model.
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Appendix A

OpenFoame tips and tricks

This appendix is meant to summarize and, more importantly, document the discoveries made
with regard to OpenFoam® during this project. Installation of the OpenFoam® software is
well described on the website!.

For the development of the presented in this document, the following software was used. The
code was developed in OpenFoam® version 3.0.X on Ubuntu 14.04.5 LTS. The swak4Foam?
package was used for the groovyBC and funkyFields utilities.

OpenFoam® Applications

In this section, the built-in applications used in this work are briefly commented on. These
functions are sequentially executed when running the Allrun or AllSingleRun .sh files for
readers in possession of the developed framework, but can also be executed manually. The
order is fixed, though, and is presented below.

The runApplication <application> command executes the application with corresponding
flags, and writes the output to a log file called ”log.application”.

First, the mesh is created using the blockMesh functionality. This requires the blockMeshDict
in the system folder.

Listing A.1: Create the mesh.

H$ runApplication blockMesh

Second, the region topology is set using the topoSet functionality. This requires the topoSet-

"https://openfoam.org/?s=3.0
http://openfoamwiki.net /index.php/contrib/swak4Foam
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Dict in the system folder and splits the mesh into the desired regions, indicated by bounding
boxes. The mesh should be divided over the regions completely, else OpenFoam® will insert
arbitrary regions, which may lead to execution errors as e.g. on the also newly created patches
of these domains, the boundary conditions are undefined.

Listing A.2: Define the multi-region topology.

“$ runApplication topoSet

Third, the mesh is split using the splitMeshRegions functionality. This only requires the
set region topology in the step before.

Listing A.3: Split the mesh into sub-meshes.

“$ runApplication splitMeshRegions -cellZones -overwrite

Fourth, the dictionaries are adjusted, according to the changeDictionaryDict in each region
sub-folder. Here, patch types and boundary conditions can be altered. This utility is also
used to implement the groovyBC functions.

Listing A.4: Change the boundary and initial field dictionaries for every region.

$ for i in anode cathode air dielectricAnode dielectric

$ do

$ changeDictionary -region $i > log.changeDictionary.$i 2>&1
$ done

When one is interested in altering the initial field values, the setFields functionality can
be called. This functionality is only able to create uniform fields though, so for any non-
uniform field, funkySetFields is used, which is a brother of groovyBC. The function requires
specification of the time folder it should alter the field, as well as the specific region.

Listing A.5: Optionally set the initial field values using spatial functions.

H$ runApplication funkySetFields -time 0 -region air

The ‘getApplication® gets the name of the application it should execute from the control-
Dict dictionary.

Listing A.6: Execute the application on a single processor.

# Run on single processor
$ runApplication ‘getApplication

Parallel computation has not been used in this work, but it has been explored. Alternatively
to a single processor, parallel computation can be chosen. This requires the mesh to be
decomposed first. This is another decomposition than the region splitting, which concerned
the different physical regions. Mesh decomposition for parallel computing means all regions
are again decomposed and divided over the different processors. This functionality relies on
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the decomposeParDict in each region sub-folder, and therefore can also be controlled per
region. The application is then run using the same command as for a single processor, just
with the addition of the number of processors (in this case 4). Finally, the mesh is reconstruct
during which output data from each processor is collected and written to a single output folder
(per output time index).

Listing A.7: Execute the application on a multiple processors.

# Decompose
$ runApplication decomposePar -allRegions

# Run on multiple processors
$ runParallel ‘getApplication‘ 4

# Reconstruct
$ runApplication reconstructPar -allRegions

In the controlDict, the data output frequency can be controlled, resulting in a number of
sub-folders in the case folder, named and sorted according to the simulation time at which
the output was created. This data is written in OpenFoam® format but can be sampled into
other formats, such as gnuplot readable files. This is done per region. The standard output
directory if the same per region, so after sampling a region, the folder has to be renamed to
prevent being overwritten by the next.

Listing A.8: Sample the output data.

$ for i in cathode dielectric air anode dielectricAnode
$ do

$ sample -region $i > log.sample.$i 2>&1

$ nv $i

$ done

Alternatively, the data can be visualised directly in paraView. To collect the different regions,
the -builtin flag should be added.

Listing A.9: View in paraView.

# Open case 1in paraView
$ paraFoam -builtin

Pointer lists

In a multi-region set-up, OpenFoam® accesses variables in different regions sequentially. This
requires either a different name convention for the variables in each region, or listing of these
different variables under one pointer list. The latter allows for easy looping over different
regions without the need for specifying different equations for each region variable. A pointer
list is created through the command:

||PtrList<volScalarField> phiFluid(fluidRegions.size());
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It has the size of the number of regions (for example 1 for the fluid regions and 2 for the
electrode regions) and has a number of entries equal to the number of cells in the domain in
case of a volume field, and equal to the number of faces in case of a surface field.

The list is then populated by looping through the regions and adding the individual volume
fields:
forAll(fluidRegions, i)
{
phiFluid. set
(
i H
new volScalarField

(
I0object
(

runTime.timeName (),
fluidRegions [i],
I0object::MUST_READ,
I0object:: AUTO_WRITE
),
fluidRegions [i]

During the computational routine, the region variable can be summoned by calling the oper-
ation:

|| volScalarField& phi = phiFluid[il;

Patch fields

In general, patch fields of volume fields are protected, e.g. in case the patch types are specified
as fixed value; as the value is fixed, the solver does not have to update anything in these fields.
To give control over this access, two types of equality signs are available:

2 2

e =" obeys patch protection according to the type of the patch (e.g. wall, mapped,
coupled), and only the internal field will be accessed by the operation;

b

e "=="_overloads patch protection and gives the specified operation write access to both
the internal field and (all) patch fields.

Please note that the double ”==" is also used as a boolean operator, but only in certain
statements involving scalars. For field classes, the operator acts as an "equal to” statement.

For changing flux conditions on the boundaries, this ”==" statement is also required. The

following code snippets shows how this can be done. use is made of pointers by adding a ”&”
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behind the class declaration to create a reference to the original variable location, instead of
creating a new independent variable location. This allows for modification of the referred to
variable by modifying the pointer.

// Loop over all the patches available in the mesh of the current region.
forAll (mesh.boundary (), patchi)
{
// Create read-only (const) pointer (&) p to the current patch with indezx
patche.
const fvPatch& p = mesh.boundary () [patchil;

// Create read-write pointer (&) peFlux to the s(urface)PatchScalarField of
eFluzx.

fvsPatchScalarField& peFlux = eFlux.boundaryField() [patchil;

// Create read-only pointer (&) pUe to the PatchVectorField of Ue.
const fvPatchVectorField& pUe = Ue.boundaryField() [patchil;

// Check that the accessed patch %is mnot of the coupled type.

if (!peFlux.coupled())
{
// Access (==) and set the electron fluz sPatchScalarField peFluz equal to
the inner product (&) of the patch normal wvector p.Sf() and the
internal field wvector from the adjacent cell centre pUe.internalField
0.
peFlux == p.Sf()&pUe.internalField ();
}

During parallel decomposition, the mesh is broken down in a number of separate meshes,
coupled through interior patches. These patches are of the ”coupled” type, and as they are
numerical boundaries, they should not be treated as physical boundaries. Thus, they are
skipped during this operation. The operator A&B = A- B denotes the inner product between
A and B and should not be confused with the & denoting a pointer.

Writing to files

OpenFoam® | or rather C, contains a number of information stream functions which can
be used in the source code to in- or output data. The following line for example calls an
OpenFoam® function which writes some given input to the terminal:

HInfo<< << scalar << endl;

The string is put between parenthesis, while the variable scalar is evaluated and printed.
The terminal written output can also be redirected to a log file, by calling the OpenFoam®
solver as follows:

“$ corrDriftDiffusionFoam > log.corrDriftDiffusionFoam

The output printed by the Info function is then written to the log file. To gain more control
over writing, functions similar to Info can be created by the user:
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OpenFoam® tips and tricks

#include <iostream>
using namespace std;

{
fileName myDir;
if (Pstream::parRun())
{
myDir = mesh.time () .path()/ ;
}
else
{
myDir = mesh.time () .path();
}

if (Pstream::master ())

{
word tracingFileName= H
fileName myFile = myDir/tracingFileName;

strIV<< DATA1 <<
<< DATA2 <<
<< DATA.. <K<
<<endl;

Compiling the source code

To compile the source code, the following line
corrDriftDiffusionFoam application folder:

$ wclean
$ wmake > log 2>&1

The compilation failed if the following line is returned:

H $ tailf -1 log

std::ofstream strIV(myFile.c_str(),ios_base::app);

can

14

19

24

be executed from the

make: **x [Make/linux64GccDPInt320pt/corrDriftDiffusionFoam.o] Fout 1

Otherwise,

$ tailf -1 log

-lm -o /home/floris/OpenF0AM/floris-3.0.1/platforms/linux64GccDPInt320pt/

bin/corrDriftDiffusionFoam

F.G.A. van de Beek
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Appendix B

Discretization methods proposed in literature

Below, two spatial discretization schemes are explained. Alternative temporal schemes are not
included, but a highly interesting first and second order Runge-Kutta Legendre polynomial
method, which can be combined with sub-cycling, can be found in Abdollahzadeh et al.
(2016).

The momentum equation in the drift-diffusion equations poses a specifically challenging prob-
lem. The expression for the flux term consists of both a convection and a diffusion term. The
physical relation is given by:

Fk = iukﬁnk — DkVnk (B.l)

Extreme high density gradients cause severe instability problems when describing the trans-
port of species, a problem well known in numerical modelling of supersonic flows. Shocks cre-
ate similar high density gradient regions, commonly even regarded as discontinuities, which
require special attention to the discretization of the gradient term. Direction of propagation
of information becomes a very important aspect by which central differencing will not suf-
fice. Different discretization schemes have been proposed to cope with this problem, of which
two interpolation schemes are elaborated on: the Scharfetter-Gummel Scharfetter and H. K.
Gummel (1969) and the MUSCL scheme Van Leer (1976).

Scharfetter-Gummel discretization scheme

In plasma modelling, a large range of numerical values has to be dealt with. The number
densities of a species can already range from orders of O(0) to O(1e24), in a computational
domain with size in the order of O(e¢m). This yields enormous gradients, giving rise to
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instability in the approximation of the flux term Tk using standard discretization methods.
This term is given by the relation:

ﬁk = iﬂknkﬁ - DkVnk (B.2)

According to Scharfetter and H. K. Gummel (1969), these instabilities arise when the differ-
ence in voltage potential between two cells exceeds two times the electron temperature Ty,
i.e. the voltage difference is limited by (k = e, p,n):

D
Ap <2=F —oT, (B.3)
mug

where the temperature T} is in eV and Einstein’s relation has been used for the diffusion
coefficient Dy. Scharfetter and H. K. Gummel (1969) proposed to rewrite Equation B.2 into
a differential equation, solve them analytically for the number density nj; and substitute
the solution into a local approximated form of the original expression for the flux. For this
approach to work, it must be assumed that the values of I'y, mug, Dr and E is constant
between the two cells, which is done by interpolating these values to the face shared by the
two cells.

8”(3) _ MfaceEface 1 _ 1
0s Dface n(s) Dface

I‘face (B4)

Solving this equation on the interval (sp,sp+1), where p denotes the current cell indices and s
the cell center coordinates, an expression for n is obtained (Kulikovsky (1995)):

r aceh ¢ 4
n(s) = (ny — 5 [ oofagyes, (B.5)

where h, = sp41 — 5p, £ = S;Z” and

o — ,ufacehpEface
Dface

When taking s = sp41, i.e. the neighbour cell enclosing the considered face, Equation B.5
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can be solved for analytically. Then, rewriting for the flux at a certain face yields:

Dface
hylo

Fface = (np - eO‘np—kl); (B6)

with Iy = eaa_l. As can be seen, the flux term has been rewritten into a form where the
gradient term is replaced by formulating a local approximation of the number density at the
next cell, and using this approximation to find the corresponding flux which should yield this
approximated number density. This has resulted in a formulation with monotonic properties.
This relation is the original formulation of the Scharfetter-Gummel (SG) scheme.

According to Kulikovsky (1995), the SG scheme is accurate as long as the potential difference
is much less than the electron temperature (Equation B.3), which can be a very restrictive
condition. Therefore, he has provided a scheme which dramatically improved the accuracy
of the original SG scheme, even when this condition is not met. The method can be seen
as temporary grid refinement, where two virtual points are introduced symmetrically around
the corresponding face, between the two cell centres. The spacing between the two virtual
points, h,, is the original cell spacing h, multiplied by a scaling factor. Doing so, a virtual
cell stencil is produced which will always satisfy the aforementioned condition.

Now to obtain the relation for the flux term using the virtual point scheme, Equation B.5 is
taken as starting point and written in a more general form:

Tracchy & e 3
n(s) = (np_gfacep/o € g 1@ (B.7)

. . —Sv P acehvE ace - AE/U
where function f is defined as f(y) = a(y + By?), £ = o= WDTCJ and 3 = 95
Since y < 1, the exponential can be written as a power series, with the requirement that the

product |af| < 1. For this requirement, a condition can be formulated by expanding |af|:

Mfacehv’EU‘ <1 :>hv < 2Dface

af| = _ ~rjace
‘ ‘ 2Dface ,uface|AEv|

(B.8)

Given that E can be interpolated to the new cell nodes through AE, = Z—;AEP, and intro-
ducing a scaling factor € < 1 to ensure satisfaction of the condition in Equation B.8:

52Dface
ho = | 7777 oo B.9
|AUU| P ( )
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where AU, is the virtual point velocity difference, given by AU, = pifqce AE,. € is a user
defined parameter to control the accuracy of the routine, ranging from 0 to 1, toggling the
scheme from a highly accurate but dispersive one, to a less accurate and diffusive, but mono-
tonic SG routine Kulikovsky (1995). In general, the value of € is chosen between 0.01 — 0.04.

Continuing with the derivation of the flux term, the exponent of the function f(y) is power
expanded in terms of af:

efW) = V(1 + apy). (B.10)

Which is always valid following the definition of h,. The flux term can now be written as:

Dface (n
hyl

Fface = L —ea(1+a5)nR). (B.ll)

The integral I = fol e (14 afy?)dy can be analytically evaluated to:

a?+ 208 e

I= + g(a?’ﬁ + a? + 208 — 2a%B). (B.12)

a3

The variables ny, and ng hold the values of the number densities on the left and right virtual
nodes, respectively. These have to be interpolated, for which the following interpolation
scheme is used:

hp—hy
Np+1 + 1 72mp
ng = (n, +1)-2"—= -1 (B.13)
P np +1
( 4 1)np+1 +1 hz;;;’)lv 1 (B 14)
nr = (n —_— — .
P np+1

The integral expression for I is evaluated from 0 to 1, which implies that the upwind is done
from the left cell to the right, which is only valid if |Ur| > |Ug|. In case of |Ur| < |Ug|, the
interpolation is done in the opposite direction, and the relation of I t4.. becomes:

Dface 1
hpl “e*(1+ af

I toce = )nL—nR). (B.15)
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I then becomes:

a?—2af e

[==——3 6§(a3ﬁ4—a2%—2aﬂ—%2a25) (B.16)

If h, is found to be h, > hy, the utilization of the virtual points is obsolete and the original
Scharfetter-Gummel method can be used as given in Equation B.6.

MUSCL discretization scheme

A Monotonic Upstream-centered Scheme for Conservation Laws (MUSCL) discretization was
formulated by Van Leer (1976) as an alternative to the available methods to describe disconti-
nuities in physical problems. One of such methods was the polynomial approximation, which
is famous for the Gibbs phenomenon: spurious numerical oscillations in proximity of the dis-
continuity whose amplitude diverge when an actual jump in the solution value is approached.
The monotonic MUSCL scheme was intended to prevent such oscillations by considering not
just the flux of the respective face, but also the fluxes on the surrounding faces. The numerical
procedure is explained here.

First the cell stencil is considered, which has been visualized in Figure B.1.

[l
[ 2
[ Jon
[ JoW

face

he hy ha
Figure B.1: MUSCL scheme cell layout.

The method relies on correction of the density values in cells a and b, between which the flux
is calculated, and cells ¢ and d, whose fluxes influence the values in a and b. By taking this
into account, monotonicity can be assured.

Again, the original flux term consists of a drift and a diffusion part:

Ty = Upng — D Ving. (B.17)

Uy = :I:,ukE is the drift velocity. First, a drift velocity term « is defined which determines
from which cell the value of n is interpolated, according to the direction of U. If U is positive,
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the density is interpolated from cell a to cell b using a™*. If U is negative, the interpolation is
done vice versa with a~.

i UiftU >0,
a pry

0 otherwise.

. UifU <0,

0 otherwise.

The limiter coefficient 7 is based on the density gradients of the surrounding cells:

_ %ifﬂa—nc>0,
0 otherwise.

Np—Na 3 o
= ey if ng —mnp >0,
0 otherwise.

Now the actual limiter ¢ is determined according to the coefficients 71, and rgr. A MinMod
limiter function is used, but other functions can be implemented to control the solution in
different ways. The MinMod limiter function states that:

B min(hic, ) if rg >0,
0 otherwise.

5 min(hlb,’,}) if ri, > 0,
L= ¢
0 otherwise.

Now the density values in cells a and b are corrected according to the fluxes to their other
neighbour cells, i.e. a to ¢ and b to d.

1hg+ he

nR =+ 5 Or(ng — np)-
1h.+h
nL =Nt g 62 b o1 (ng — ne),
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Now the flux on the face can be calculated from the corrected values ny, and ng in its original
form as presented in Equation B.17:

np — Ng

“hahn (B.18)
2

_ o+ -
[Cface = @ np, + a” nr — Drace

Different limiter functions have been presented since the first formulation of this scheme, and
the limiter function determines the diffusivity of the solution, as is depicted in Figure B.2.

O =r (Lax-Wendroff)

oo

20

O =1 (Warming and Beam)

(b) MinMod flux-limiter (¢) Van Leer flux-limiter (d) Superbee flux-limiter

Figure B.2: Limiter functions for the second order TVD scheme
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Appendix C

Reaction models proposed in literature

C.1 Models for air

The following lookup tables were reported by Hoskinson (2009):

Recombination coeflicients

Bei=2x1071%  (C.1)
Bi=17x10"1  (C.2)

Tonization coefficients

3
471 % 10*11‘E/p T, ‘E/p’ < 1.4 % 104

Y(N2) = (C.3)
p 3.32, /‘E/p’ 12500, if ‘E/p‘ > 1.4 x 10*

3
(OQ) = 00319‘E/p‘ - 211, if 1.1 x 104 < ‘E/p‘ < 2.1x 104 (04)

o
P
6.32, /‘E/p‘ — 16300, i )E/p) > 2.1 x 104

Attachment coefficients

(C.5)

33200 <—(1n ’E/p] - 9-04)2”

~ 1.307
1% poa 1307 + /9] o 2.53
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Electron mobility coefficients

E/p E/p
p(N2) = 24.32 1 14.4 :
pep(N2) = 24.32 exp(— o5, ) +19-38e Xp(23430)+ 5 (Co)
E/p E/p E/p
11ep(02) = 173.1 exp(——— 105 ) +36.19¢ Xp(3134'4) + 31.73 exp(— 15 05) +12.49 (C.7)
Positive ion mobility coefficients
1p(N2) = 005492 exp(—2/P 4 0.07509exp(—LLP 1+ 0.0308  (C.8)
P 6858 38175
E/p E/p
2) = 0.06841 194 ex 2 :
ppp(02) = 0.068 exp(59678+009 94 ex p(12763+003 0 (C.9)

Negative ion mobility coefficient

Plasma effective coeflicients

«
eff »

Diffusion coefficients (k=e,n,p)

C.2 Models for helium

1
Heff = —
eff D

ppp(N2) =0 (C.10)
1pp(02) = 0181125 (C.11)

PN2 - N2 + PO2 - ,uoz] (C.12)

(N2) + poz %(02) (C.13)

Dy, = kpTy/myvm = ukpT),  (C.14)

For helium, several models are available Golubovskii et al. (2002a); Mangolini et al. (2004);
Jayaraman et al. (2007). These models differ most importantly in the number of species taken
into account, and their respective chemical reactions. In this work, only electrons and atomic
helium are considered. The coefficients are given by the following relations. Note that the
units of the pressure normalized electric field |E/p| is in [V cm-1 Torr-1]in these tables.

ape/pg = 44exp(—14.0/\/|E/pl|)
an,/pg = 8.8exp(—275.0/|E/p|)

4.1 x 103/\/|E/p|(1 — 27.44/\/|E/p]3) if

8.0 x 103(1 — 8.0 x 1073|E/p|) if
HpPg =

The following differences can be distinguished:

F.G.A. van de Beek

15)

C.16)

|E/p| < 25V cm-1 Torr-1, 17)
|E/p| > 25V c¢m-1 Torr-1 .
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@ /Bep
Reference [cm-1] [cm3 s-1]

Golubovskii et al. (2002a)  99.5%ar. + 0.5%an, 8.9 x 1072(T./T,)~%/?

Mangolini et al. (2004) 99.5% e + 0.5%an, 8.0 x 1072%(T, /T.)*n,
Jayaraman et al. (2007) QHe 1.09 x 10720(Tp)9/2ne

Table C.1: Reaction rate coefficients for helium from different references, where v, = 101%[s—1].
All units in this table are given in units of cm. The variables given in this table refer to the curve
fittings in Equation C.15 to Equation C.17.

He tp  De Dy
Reference [cm2 V-1 s-1] [cm2 s-1]
Golubovskii et al. (2002a) 0.86/p x 10°  p, 0 0
Mangolini et al. (2004) 0.86/p x 10 10 wu.T. 420/p
Jayaraman et al. (2007) e/(MeVen) 10 pTe 500/p

Table C.2: Mobility coefficients for helium from different references, where v,,, = 10*2[s — 1].
All units in this table are given in units of cm. The variables given in this table refer to the curve
fittings in Equation C.15 to Equation C.17.

e The models of Golubovskii and Mangolini both take Penning ionization into consider-
ation due to nitrogen impurities, whereas the model of Jayaraman & Shyy does not.
The latter model is expected to have an increased breakdown voltage, and a delayed
moment of breakdown;

e The model of Golubovskii has a recombination coefficient linearly dependent on n. and
np, which is a quadratic dependency on n. for the other two models;

e The model by Jayaraman & Shyy has a higher electron mobility (0.178 versus 0.113
for the first two models). Higher electron mobility results in higher electron veloci-
ties and higher ionization frequencies. This is expected to yield stronger breakdown
phenomenon, such as higher production of species and higher current amplitudes;

e Finally, the model of Golubovskii assumes an ion mobility variable with the electric
field |E/p| through an inverse dependency, i.e. p, decreases as |E/p| increases.
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