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General Introduction

This PhD thesis covers the numerical modelling aspect for the search of alternatives to SF6 in medium voltage electro-technical applications being done in the Grenoble Electrical Engineering Lab (G2ELab).

With various environmentally friendly substitutes being studied experimentally as a result of climate regulations, there is a heightened interest in pre-breakdown and breakdown phenomena in these gases. This is because these studies, complemented with numerical models can accurately predict the dielectric behaviour of the gases within operational pressure values. Breakdown characterization as advanced as it is experimentally can be a daunting task numerically. A widely accepted convention is to use the time it takes a streamer to cross a gap as a defining criterion. This makes streamer studies at various voltage levels and pressures important. These discharges initiate in locations with an electric field enhancement when conductors are exposed to sufficiently high voltages.

Such models exist already but are mostly homemade codes because of the complexity of modelling gaseous discharge phenomena but owing to the industrial interest in this topic, a commercial software approach has been adopted for most of the present work. Computer models present analytical, predictive and a comparative tool for the discharge mechanism in different gases. In current work, streamer discharges in air, CO2, SF6 and N2 have been the focus. The selection of the gases has been carefully chosen to represent various levels of electronegativity. Because of the electro-technical emphasis of the present work, pressure studies and experimental validation have been accentuated, thus discussions are centred around the streamer velocity and diameter especially when scaled with pressure. The two main objectives of the thesis are:

1. Implementation of a streamer model in a commercial software for industrial use.

2.

The assessment of possible alternatives to SF6 for usage in the Gas Insulated Switchgear (GIS).

These present a unique challenge on comparison metrics, domain length and timescales of discharges, influence of external parameters etc. and have been well addressed in the current work.

In chapter 1, the use of SF6 gas in electrical equipment, the need to replace and possible alternatives are This evolution has compelled component manufacturers to design and implement optimized products where the same rated parameters (e.g. Voltage, Amperage) are produced with reduced component geometric dimensions. A way of achieving this objective is to reduce insulation distances, leading to an increase in the electric fields which should be withstood by the gas used for insulation. The selection of the insulation gas here is key and in high and medium voltage applications, Sulphur hexafluoride (SF6) is used.

Chapter 1 State of the art on streamer discharges in electrical high voltage equipment

Sulphur Hexafluoride, SF6

Sulphur hexafluoride, SF6 is synthesized industrially by allowing fluorine (obtained by electrolysis) to react with sulphur according to the exothermic reaction:

𝑆 + 3𝐹 2 → 𝑆𝐹 6 + 262 𝑘𝑐𝑎𝑙.
SF6 remains one of the heaviest known gases with its density at 25°C and 0.1 MPa known to be 6.139 kg/m 3 and a molecular mass of 146.06. It is a colourless and odourless gas and only exists in a liquid state under pressure. SF6 is a widely used gas with many applications including electric power equipment, semiconductors manufacturing (etching gas for wafers), in tandem particle accelerators such as Van der Graf accelerators, electron microscopes and for the electrical insulation of medical equipment (e.g. X-Ray). Other uses include acoustic insulation in double glazed windows, high atmosphere ventilation systems (e.g. in the mines), tracer leak detection in pressurised systems and metallurgical processing. For most of these applications, it is mostly used for insulation due to its high dielectric strength (≈ 9 kV/mm at atmospheric pressure and room temperature), unique arc quenching ability, excellent thermal stability and good thermal conductivity (0.0136 Wm -1 .K -1 ) [START_REF] Koch | SF6 properties, and use in MV and HV switchgear, Schneider Electric[END_REF].

In electrical power equipment, SF6 together with atmospheric air are the two most preferred gases for not only electrical insulation but also for arc quenching and current interruption equipment used in the transmission and distribution of electrical energy. Currently about 80% of the SF6 gas produced worldwide is used in HV circuit breakers and GIS [2] [3]. Although the specific usage may vary, its uses in electrical power systems include: Gas Insulated Switchgear for medium and high voltage applications, Circuit Breakers (CB), Load Break Switch (LBS), Ring Main Units (RMU), Transformers, Gas Insulated Lines (GIL), Gas Insulated Busbars (GIB) and Capacitors. For example, it is used for arc quenching in the CB, breaking in the LBS but for insulation in the GIS and Capacitors and therefore, the pertinent properties of the gas depend predominantly on the specified application.

The world market share of SF6 in electrical power equipment for medium and high voltage applications is summarised in Table 1 below [START_REF] Koch | SF6 properties, and use in MV and HV switchgear, Schneider Electric[END_REF]: 

+++

Although most of the outstanding electrical, physical and chemical properties of SF6 for each application in the power system have been described above, they are also compared to air hereafter [START_REF] Christophorou | Gases for electrical insulation and arc interruption: possible present and future alternatives to pure SF6[END_REF]:

1. It insulates around 3 times better than air (dielectric strength for a given electrode spacing).

2. It has over 100 times better arc quenching capability than air resulting in a high thermal heat capacity that can absorb the energy of the arc without much temperature rise.

3. It possesses better heat dissipation than air. The heat transfer coefficient (volumetric specific heat) of the gas is 3.7 times greater than air and its cooling characteristics by convection is about 1.6 times that of air.

4. The gas can be recycled and has a high life expectancy.

5. It has a low boiling point of -63.9 °C, compared to -195.8 °C and -194.35 °C for nitrogen and air respectively at atmospheric pressure, ensuring that the gas maintains its gaseous form even under high pressure.

Also of interest is the fact that most gaseous insulation in electrical systems, including SF6 are done under pressure and a better insight into this can be derived from the Paschen curve. According to this curve (depicted in Figure 1), it can be seen that, the breakdown voltage between two uniform electrodes is dependent on the distance between them, as well as the gas pressure 𝑉 𝑏 = 𝑓(𝑃𝑑). Above a threshold point called the minimum of the Paschen curve 𝑃𝑑 𝑚𝑖𝑛 , the higher the gas pressure, the higher the breakdown voltage. Conversely before 𝑃𝑑 𝑚𝑖𝑛 for gases like air and N2 (left side of Paschen curve), the smaller the gap distance or the lower the pressure, the higher the breakdown voltage. This curve is generally explained by mechanisms described in section 2. The advantage of SF6 over nitrogen gas and air can be clearly seen on Figure 1. For the same pressure and distance, the breakdown voltage in SF6 is significantly higher than the other gases which is particularly important for insulation purposes. 

The need for the replacement of SF6 in electrical equipment

Greenhouse gases (GHG) are a group of compounds that trap heat in the atmosphere resulting in a warmer earth surface and its gradual increase is the fundamental cause of global warming. These gases including Carbon Dioxide (CO2), Methane (CH4), Nitrous Oxide (N2O) and the Fluorinated gases (F-Gas).

These F-Gases have no natural source and are introduced into the environment purely through human activities. A comparative index using the Global Warning Potential (GWP) of an F-gas like SF6 against CO2 yields a 23,900 kg of CO2 equivalents per kg. The GWP is the measure of how much energy the emissions of 1 ton of a gas will absorb over a given period relative to the emission of 1 ton of CO2.

In 1997, the Kyoto Protocol (Global Warming Treaty) listed SF6 as one of the six greenhouse gases that needed to be controlled by reducing emission or eliminating its use. This prompted the ban of the gas in certain applications however, that was not possible in the electrical equipment industry as no practical and competitive substitute was available. From then, a gradual reduction in the annual SF6 emissions in the European Union has been realised (see Figure 2). However, the global trend estimates an increase of 0.28 ppt per year in SF6 emissions in the atmosphere as can be seen on Figure 3. With 80% of the gas produced used in electrical equipment manufacturing worldwide, regulations on its usage were obligated. Even with all the aforementioned benefits presented by SF6, it being a greenhouse gas cannot be overlooked and thus the call for its replacement amplifies.

Today more than ever, the effect of greenhouse gases is being felt. Between preindustrial times and now, the average temperature of the earth has increased by 1.0 °C with approximately 2/3 of this increment happening in the last few decades. According to the Intergovernmental Panel on Climate Change (IPCC), the trailing 5 years were the hottest globally in recorded history and should current trends continue, the estimated global warming will reach 1.5 °C above preindustrial levels between 2030 and 2052.

Additionally, SF6 in its pure form is non-toxic but forms highly toxic and corrosive compounds when subjected to electrical discharges (e.g. Disulphur decafluoride (S2F10), Thionyl fluoride (SOF2)). Also, when SF6 is exposed to non-polar contaminants (e.g. air, Carbon tetrafluoride (CF4)), the non-polar contaminants are not easily removed from it. Furthermore, the breakdown voltage of SF6 is sensitive to water vapour, conducting particles (impurities) and conductor surface roughness, and the gas exhibits non-ideal gas behaviour at lower environmental temperatures [START_REF] Christophorou | Gases for electrical insulation and arc interruption: possible present and future alternatives to pure SF6[END_REF].

Lastly, life cycle management costs associated with its usage, especially with the decommissioning of aging substations mandate the need to find a more environmentally friendly alternative.

Technical Solutions for SF6 replacement

Over the years, considerable effort have been made by research groups to find suitable alternatives for SF6 for electrical applications ( [6], [START_REF] Niemeyer | A systematic search for insulation gases and their environmental evaluation[END_REF]) but finding one ecological solution that fulfils all the required properties at an acceptable cost has proven to be a daunting task. This is mainly due to the many technical, economic and ecological requirements that a gas must satisfy. To put this into context, a gas ideal for such applications must have a high dielectric strength requiring it to be electronegative but highly electronegative gases e.g. halogens are toxic and its decomposition highly corrosive. On the other hand, non-electronegative gases have lower dielectric strengths in comparison to SF6. To address this concurrency, the search for replacements need to be shifted from finding gases with "better" gaseous dielectrics than SF6 to finding gases or gas mixtures which are environmentally acceptable, economically competitive and comparable in dielectric properties to SF6. With that in mind, some of the current alternatives found in literature include fluoroketone based gas mixture (C5F10O) [START_REF] Hyrenbach | Alternative gas insulation in medium-voltage switchgear[END_REF],

perfluoronitriles (C4F7N) [START_REF] Kieffel | Alternative gas to SF6 for use in high voltage switchgears: g3[END_REF], natural gases (Nitrogen, Oxygen and CO2) [START_REF] Beroual | Recent Advances in the Quest for a New Insulation Gas with a Low Impact on the Environment to Replace Sulfur Hexafluoride (SF6) Gas in High-Voltage Power Network Applications[END_REF], Vacuum [START_REF] Sato | New technology for medium voltage solid insulated switchgear, Transmission and Distribution Conference and Exhibition[END_REF],

hydrofluorocarbons (HFC) and perfluorocarbons (PFC) e.g. Trifluoroiodomethane (CF3I) [START_REF] Christophorou | Gases for electrical insulation and arc interruption: possible present and future alternatives to pure SF6[END_REF], [START_REF] Kieffel | Green gas to replace SF6 in electrical grids[END_REF] and fluoro oxiranes [START_REF] Kieffel | Green gas to replace SF6 in electrical grids[END_REF]. Other possible alternatives are mixtures of gases e.g. SF6-N2, liquid insulation e.g. mineral oil (transformer oil), and hybrid insulation e.g. solid-liquid or solid-gas combinations.

In the case of CF3I, the gas possesses a high dielectric strength and current interruption capability coupled with a low GWP (below 10 in relation to CO2). However, it is considered mutagenic and thus not suitable for applications in equipment that are in contact with the people [START_REF] Kieffel | Alternative gas to SF6 for use in high voltage switchgears: g3[END_REF].

Although mineral oil is readily available, economical, possesses good dielectric characteristics for insulation and low viscosity for cooling, it is prone to oxidation and flammability, and the presence of moisture and impurities affects its insulation properties.

Elaborating on natural gases, air, nitrogen, CO2 or mixtures of those gases with others provide the merit of low global warming potential (GWP) or ozone depletion potential (ODP) but contrariwise, a lower dielectric strength (~40% or less in comparison with SF6). To put this into practical context, the use of these above-mentioned gases as an insulating or current interrupting medium would require modifications to the product design by either dimension changes of the equipment or the pressure filling by a factor of at least 2.5 (see Figure 1). In comparison, air provides an ~10% more insulation than N2 and CO2 because of the effects of O2 gas [START_REF] Rokunohe | Fundamental insulation characteristics of air; N2, CO2, N2/O2, and SF6/N2 mixed gases[END_REF]. This means that by varying the rate of O2 gas in synthetically produced air like N2/O2 gas mixtures, better gaseous insulation performances can be achieved. This coupled with increased gas pressures augments the dielectric performance of the gases however safety requirements ought to be adhered to. The increase of the pressure directly impacts the enclosure design and safety and an uncontrolled increase in the size poses the problem of expensive and cumbersome products, making them unsuitable replacements in existing substations. Also, it is important to know that above a certain pressure level, the absolute breakdown field in these gases saturate or only increases weakly with further increase in pressure [START_REF] Seeger | Breakdown fields in synthetic air, CO2, a CO2/O2 mixture, and CF4 in the pressure range 0.5-10 MPa[END_REF]. Owing to this important limitation, it is unlikely that new setups will have pressures exceeding what is currently in used for SF6 which is 6 bar. For non-greenhouse, non-toxic or corrosive gases, these natural gases, air and CO2, present the highest dielectric strength for insulation purposes in comparison with other SF6 alternatives and the possibility of gas mixtures for example, Air-CO2 mixture and pressurized usage allows to improve the dielectric performances especially for medium voltage applications. Table 2 shows a technical comparison of some of the well-known substitutes for SF6. 

Streamer discharge: Physical mechanisms and modelling

Non-thermal gaseous discharges have been studied since the 1930s and are of special interest for various applications and particularly for MV and HV insulation design. At atmospheric pressure and above, these non-thermal electrical discharges in gases appear in the form of filamentary plasma channels knows as streamers. In this section, the physical mechanisms behind initiation and propagation of this type of electrical discharge are described as well as their modelling.

Streamer theory

Basic physics of streamer discharge

The inception of non-thermal plasmas is based on the development of electron avalanches. The first free electrons are provided by cosmic rays, radioactivity or remaining charges from a previous discharge.

The main ionization mechanism in most gases is direct electron impact ionization by free electrons accelerated in the applied electric field. In particular, at low pressure the positive ions created in the ionization process drift to the cathode and lead to secondary emission of electrons. This subsequent delivery of free electrons seeds new avalanches and this is the main aspect of the Townsend breakdown mechanism that leads to the generation of a self-sustained gas discharge. The process can be thought of as successive avalanches crossing the discharge gap without the build-up of space charge [START_REF] Bruggeman | Foundations of atmospheric pressure nonequilibrium plasmas[END_REF]. The voltage at which a self-sustained discharge is obtained is described by the Paschen law (see Figure 4). In a practical sense however the breakdown in gases depends on multiple factors including the gas pressure, gap distance, electrode type etc. and not only the current growth resulting from the production and loss of electrons. At higher pressure and resultantly higher gas density, the number of ionizing collisions per unit volume increases and the breakdown mechanism changes significantly. In particular, when electron avalanches create a space charge that locally enhances the applied electric field, secondary electron avalanches are triggered in the gas phase. The ionized region and its perturbation of the electric field grows rapidly and finally a distinct plasma channel, streamer discharge, is formed.

Streamer theory was developed by Raether [START_REF] Raether | Die entwicklung der elektronenlawine in den funkenkanal[END_REF], Loeb and Meek [START_REF] Loeb | The mechanism of spark discharge in air at atmospheric pressure[END_REF] (independently) as an alternative to Townsend theory to explain their experimental observations, specifically, spark discharges. Raether observed that as electron concentration in air reached a critical value 𝑁 𝑐𝑟 = 10 8 , the rate of electron avalanches increased exponentially and the space charge field at the head of the avalanches were sufficient enough to distort the electric field and sustain the self-propagation of these avalanches. These self-propagating avalanches then lead to the formation of plasma channels i.e. streamer discharges that eventually bridge the gap and may result in breakdown or not. The avalanche to streamer transition occurs when the gap distance 𝑑 is larger than the critical length 𝑥 𝑐 of the avalanche path in the field direction and can be characterized by the criterion proposed by Meek in [START_REF] Meek | Electrical breakdown of gases[END_REF]:

∫ 𝛼 ̅𝑑𝑥 = 𝑙𝑛𝑁 𝑐𝑟 . 𝑑≥𝑥 𝑐 0 (1) 
The critical length is determined by the effective ionization 𝛼 ̅ and the total number of electrons needed for streamer inception 𝑁 𝑐𝑟 . If 𝑥 𝑐 is larger than the gap distance between the two electrodes, streamer initiation is unlikely. For the avalanche to reach its critical size, the field enhancement caused by the space charge should be equal to 𝑁 𝑐𝑟 resulting in intense ionization and excitation of the charge species in the avalanche head [START_REF] Kuffel | High voltage engineering fundamentals[END_REF].

𝑛 0 𝑒 𝛼 ̅𝑥 𝑐 ≈ 10 8 or 𝛼 ̅𝑥 𝑐 ≈ 18 -20.

(

) 2 
The expansion of the ionization in the avalanche results in shielding charges and streamer formation [START_REF] Li | Numerical Simulation of Rod-Plate Gap Streamer Discharge in SF6/N2 Gas Mixtures Based on ETG-FCT Method[END_REF]. Streamers are formed by a small region of high electron concentration (streamer head) which travel towards an electrode leaving in its wake a channel of ions that form the actual plasma channel at high gas pressures and sufficiently high voltages [START_REF] Quast | Streamer propagation in a point-to-plane geometry[END_REF]. The ionization process, the streamer generation and propagation are controlled by the local space charge and will propagate until there is no remaining field enhancement at the streamer tip. Streamers can be classified according to the direction of propagation i.e. cathode directed (positive) or anode directed (negative) [START_REF] Singh | Computational framework for studying charge transport in high-voltage gas-insulated systems[END_REF]. Recent studies mostly concentrate on positive streamers in gases for industrial applications. This is because positive streamers are easily initiated from needle and wire electrodes at lower voltages in comparison to negative streamers.

According to the existing physical conception, the propagation of a positive streamer is maintained at the tip by photoionization. This will be elaborated on more in the next section. The background electric field needed for positive streamer is in the range of 4 -6 kV/cm whereas for negative streamers is in the range of 10 -12 kV/cm [START_REF] Singh | Computational framework for studying charge transport in high-voltage gas-insulated systems[END_REF].

On physical appearance, streamers are filamentary plasma which are driven by a highly non-linear space charge and it has been established in literature to appear frequently in trees or bundles, that either attract or repel each other depending on variations in gas composition and pressure [START_REF] Luque | Interaction of streamer discharges in air and other oxygen-nitrogen mixtures[END_REF]. Because of their ionizing nature, they tend to leave a thin ionized channel in cold, neutral gas and thus are often considered as cold discharges [START_REF] Bujotzek | Experimental investigation of streamer radius and length in SF6[END_REF]. Streamer discharges are known to be the precursor for leaders (transient) and electric arc/spark (stationary) [START_REF] Teunissen | Simulating streamer discharges in 3D with the parallel adaptive Afivo framework[END_REF] and together with leaders are predominant in the breakdown process of compressed gases. One can find additional information on leaders in [START_REF] Niemeyer | Leader breakdown in compressed SF6: recent concepts and understanding[END_REF] [28]

[29]. Figure 5 below shows the filamentary nature of streamers. 

Mechanisms behind streamer initiation and propagation

To get a better understanding of streamer inception and propagation, it is important to know the physical and kinetic processes that occur when charged species in a gaseous medium are exposed to an electric field. The processes that occur are a consequence of the energy provided by the electric field to the charge carriers. These mechanisms are usually classified as particle production or loss processes depending on the charge species. Hence, collisions between charged and neutral particles in a gas may result in [23] [31]:

 Excitation : 𝑒 -+ 𝐴 2 → 𝐴 2 * + 𝑒 -
Excitation occurs when an electron (𝑒 -) with sufficient energy collides with a gas molecule (𝐴 2 ) in an inelastic way resulting in the transition of the gas molecule to an excited state (𝐴 2 * ) where it stays for a certain time.

 Electron Impact Ionization: 𝑒 -+ 𝐴 → 𝐴 + + 2𝑒 - This is the main process of electron generation in gas discharges. In air, at normal temperature and pressure, approximately 10 3 free electrons are available in 1 cm 3 due to cosmic radiation and natural radioactivity. If an external electric field is applied to a gas, the electrons in the gas will move in the direction of the field. An increase in the field strength results in an increase in the velocity of the electrons thus allowing the charge particles to accumulate higher energies (kinetic energy) on their free path. At high enough levels, these electrons cause ionization of neutral atoms or molecules (𝐴) upon impact resulting in the generation of a new electron and a positive ion (𝐴 + ).

 Photoionization: 𝐴 + ℎ𝑣 → 𝐴 + + 𝑒 -

In the case where the excited atom/molecule recovers from the excited state, it radiates energy in the form of a photon ℎ𝑣 (where ℎ is Planck's constant and 𝑣 is the radiation frequency). This happens within a time range of 10 -7 and 10 -10 s. If the radiated photon strikes a particle with a low ionization energy, ionization occurs. This is known as photoionization and is typical for air where oxygen molecules can be ionized by photons released by excited nitrogen molecules.

 Recombination: 𝐴𝐵 + + 𝑒 -→ 𝐴 + 𝐵 + ℎ𝑣 / 𝐴 + + 𝐵 -→ 𝐴𝐵+ ℎ𝑣

A process that leads to the loss of charged carriers in an ionized gas is recombination. This process occurs mainly in gases with large populations of ionized particles, such as plasmas under atmospheric pressure. It can be described as the merging of an electron with a positive molecular ion (𝐴𝐵 + ), hence leaving two neutral particles (𝐴 + 𝐵) and a photon. This is termed as electron-ion recombination.

On the other hand, recombination can occur between positive and negative ions (𝐴 + + 𝐵 -) to yield a new molecule (𝐴𝐵).

 Electron Attachment: 𝑒 -+ 𝐴 → 𝐴 -+ ℎ𝑣

Gases with high electron affinity can accommodate electrons in their outermost electronic shell. Mostly, these are called electronegative gases. In these gases, there are natural processes where free electrons get attached to ions, atoms or molecules. Attachment can occur in electronegative gases through radiative attachment which is the opposite of photoionization. Here, free electrons in the gas can be captured by an atom or molecule to form a negative ion (𝐴 -).

 Electron Detachment: 𝐴 -+ 𝐵 → 𝐴𝐵 + 𝑒 - If there is the presence of negative ions in the gas, detachment may occur. This is the process where negative ions interact with an atom or molecule (𝐵) to produce a new molecule and an electron.

These processes take place in any type of electrical discharge that is caused by the application of a sufficiently high voltage to an electrode immersed in a gas. This leads to the generation of a significant amount of free charge species if the applied voltage exceeds the gas ionization threshold. Depending on the sign of the charged carrier, it moves in the direction of or opposite to the electric field. To elaborate more, assuming a positive dc voltage is applied to the anode, the cations move towards the cathode whereas the electrons and anions propagate towards the anode. When the streamer forms, the electrons propagate towards the cathode in the direction of the electric field leaving behind a positively charged plasma field. This propagation is due to the photoionization. The magnitude of the applied voltage determines whether the charged species are able to cross the gap between the anode and the cathode.

The timescale for this propagation is in nanoseconds for distance length scale of millimetres. Figure 6a summarises the positive streamer where propagation is from the anode to the cathode whereas Figure 6b summarises the propagation of the streamer from the anode to the cathode as seen in a negative streamer. In both cases, there is a variation in the electric field due to the streamer head (high ion concentration at the tip of the streamer). Recalling, streamers were identified as cold discharges. This means that the heating effect of the background gas can be neglected as the thermal energy produced from the streamer is not high enough to cause an increase in the initial gas temperature and hence enhance the processes described above. In general, streamers conform to the conservation principle and the various generation and loss mechanisms for all the charge species ensure that the total charge is conserved. This is seen more clearly in the section 2.4.

Experimental Studies of Streamers

Experiments allow the visualization of streamers; its multiscale nature with branches, light emission etc.

The study of streamer discharge especially in air is of interest for many different reasons but paramount amongst it is the study of sprites and other naturally occurring discharges. Duplicating the gap distances and the situations that cause the occurrence of such a mechanism in the mesosphere is challenging and as such streamer discharges are mostly studied in the labs and the similarity law applied as and when applicable. The two most important conditions to be met for streamer initiation experimentally are a sufficiently high electric field and the presence of free electrons in the area of the field enhancement [START_REF] Nijdam | The physics of streamer discharge phenomena[END_REF]. The lack or abundance of one of the conditions outlined contribute to the lag time between the voltage application and the initiation of the discharge. For visualization and characterization, the light emission from streamer experiments can be resolved using an ICCD or other cameras. This mostly show the well illuminated and actively growing parts of the discharge i.e. regions with high electric field and high electron energies. For short exposure times, only dots of the streamer discharge are seen. By increasing the gate exposure times of the camera, the visibility of the images of the discharges improve.

Figure 7 taken from [START_REF] Nijdam | The physics of streamer discharge phenomena[END_REF] show images for different ICCD images for positive streamer discharges in air at 200 mbar using different gate exposure times. For characterization of streamer discharges, the velocity and diameter are mostly used. This also provides the yardstick to compare streamers in different gases both experimentally and numerically.

Streamer discharges in air have been extensively studied in literature. In [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF], Briels et al presented experimentally diameters and velocities for both positive and negative streamers in a 40 mm gap using different power sources ranging between 5 to 96 kV. Under 40 kV, only positive streamers formed but there was a cloud formation with the application of negative polarity. An empirical fit equation for the relation between streamer diameter and the velocity is attained as:

𝑣 = 0.5𝑑 2 [𝑚𝑚/𝑛𝑠], (3) 
where 𝑣 is the propagation velocity and 𝑑 is the streamer diameter (in mm).

The empirical fit together with the results obtained experimentally for the velocity and diameter for mostly positive but also negative streamers are plotted on Figure 8. A linear correlation can be established between the increase in applied voltage and the increase in velocity and also diameter but the factor differs depending on the level of overvoltage. In all, at atmospheric pressure, the average velocity of streamer discharges is estimated to be in the range between 0.1 and 10 mm/ns as proposed in [START_REF] Morrow | Properties of streamers and streamer channels in SF6[END_REF] and thereafter confirmed by other experimental work with it often falling at 1 mm/ns. In the case where the pressure is varied which is typical for electro-technical applications, an empirical equation can be established between pressure and the streamer radius. The radius of the streamer is controlled by the diffusivity of electrons. For constant temperature, as electron diffusivity depends on the gas pressure and subsequently on the gas density, the streamer radius 𝑟 is inversely proportional to the gas density as in equation ( 4) [START_REF] Bujotzek | Experimental investigation of streamer radius and length in SF6[END_REF] [36]:

𝑟 = 𝐶 + 𝑃 , ( 4 
)
where 𝑃 is the pressure and 𝐶 + is a constant. The proportionality factor 𝐶 + can be determined under low pressure since the radial extension reduces with increasing pressure using Schlieren technique [START_REF] Settles | Schlieren and shadowgraph techniques: Visualizing phenomena in transport media[END_REF] [38].

When the diameter is scaled with pressure and in conformity with similarity laws, it is expected that the reduced minimal diameter is constant across increasing pressure [START_REF] Briels | Positive streamers in air and nitrogen of varying density: experiments on similarity laws[END_REF]. This has been experimented for positive streamers in air and N2 for gaps varying between 1 and 16 cm and a pressure ranging between 0.013 and 1 bar. The wide range of gap distance is to accommodate for lower pressures where streamers only form in long enough gaps. 

Progression of streamer modelling and notable works

Experiments give a macro understanding and physical picture of the mechanism. To better understand the underling physics that cause the initiation and propagation of such discharges, numerical and analytical models are used. Because of the complexity of streamer dynamics, there has been a gradual development in the analytical models that describe the mechanism numerically. The predominant constituents of streamer discharges can be summarised as:

1. The generation and loss of electrons and ions in regions of high electric field.

2. Drift and diffusion of the electrons in the local field.

3. The modification of the externally applied field by the generated space charges.

These form the basis of the different streamer model types. Streamer model types can be grouped under three main categories; a particulate model, a hydrodynamic model and a hybrid implementation.

Streamer model types

Particulate Models

Modelling individual free electrons can be important in the simulation of streamer discharges as it shows how the stochastic fluctuations in the electron density accelerate the propagation and branching of streamers. In Particle in Cell models (PIC) (or commonly known as the kinetic models), the electron distribution function evolves in time using cross-sections as input data. PIC model is generally computationally expensive because the velocity distribution of any plasma species is determined by solving the equations of motion for the particles. Normally, the Monte Carlo Collision (MCC) method is used to track energy and density fluctuations accurately, track free electrons as they move and randomly collide with neutral elements. By the introduction of a random numerical noise, these type of models emulate the real particle density fluctuations [START_REF] Dubinova | Modeling of streamer discharges near dielectrics[END_REF]. This however provides a constraint on computer memory when the number of particles increase and are better suited for simulations where the particle density is limited and density variation is important like the initiation of a streamer. To overcome this constraint, the concept of super particles is used to accelerate computation but this can sometimes introduce unphysical fluctuations.

Charion and Neubert [START_REF] Chanrion | A PIC-MCC code for simulation of streamer propagation in air[END_REF] (2008) provide a starting point for PIC-MCC codes for streamer simulations, 2D axisymmetric implementation allowing quasi 3D simulations during the initial stages of the streamer formation. Collisional processes between electrons and air molecules were done using the Monte Carlo technique, according to cross-sectional probabilities. This was used to study streamer development at 70 km altitude in the mesosphere i.e. sprites. Of note also is the work by Li et al [START_REF] Li | Spatially hybrid computations for streamer discharges: II. Fully 3D simulations[END_REF] in 2012 which improved an extended fluid model by introducing a consistent density approximation method via a particulate implementation and the construction and motion of the interface between particle and fluid region in full three dimensions. This allowed to calculate how the dynamics of single electrons in the high field region influences the streamer motion, and how the high field region in turn is generated by the growing streamer body. In the 2011 paper by Rose et al [START_REF] Rose | Towards a fully kinetic 3D electromagnetic particle-in-cell model of streamer formation and dynamics in high-pressure electronegative gases[END_REF], a new implicit particle-in-cell simulation model of gas breakdown leading to streamer formation in electronegative gases was presented. The model included Monte Carlo treatment for all particle interactions and also factored into account discrete photo-generation, transport, and absorption of ultraviolet and X-ray radiation. Other later works like Jiang et al [START_REF] Jiang | 3D PIC-MCC simulations of positive streamers in air gaps[END_REF] (2017), Levko et al [START_REF] Levko | Particle-in-cell modeling of streamer branching in CO2 gas[END_REF] (2017) and Abbas et al [START_REF] Abbas | 3D Particle-in-Cell Simulation of Positive Needle-to-Plane Streamer Discharge in SF6 with Field Ionization[END_REF] (2019) all use the MCC-PIC model implementation to study particular behavioural properties in different gases and electrode configuration.

Fluid Models

The fluid model (or commonly known as the hydrodynamic model) makes use of the drift-diffusion equations where the reaction and transport coefficients for electron density depend on the local electric field. In this model, particle densities evolve in time using pre-calculated transport coefficients as input data. This is however seen as an oversimplification of the streamer problem and misses some important physics. For example, in strong electric fields, the ionization rate cannot be computed accurately from just the local electric field and the local electron density.

For fluid models, a starting point is the 2D implementation by Dhali and Williams [START_REF] Dhali | Numerical simulation of streamer propagation in nitrogen at atmospheric pressure[END_REF] [48] in the mid-1980s which uses drift-diffusion equations for charged species coupled with the Poisson's equation.

This was the first full 2D model using the flux corrected transport (FCT) approach and clarified several aspects of both negative and positive streamers. This model has been widely adopted in simulations of streamer propagation in different configurations. Subsequent works by Kunhardt and Wu [START_REF] Kunhardt | Towards a more accurate flux corrected transport algorithm[END_REF] (1987)

and Steinle and Morrow [START_REF] Steinle | An implicit flux-corrected transport algorithm[END_REF] (1989) further improved the algorithm in terms of numerical selfconsistency for the formation and propagation of streamers and an implicit version that improved the overall speed of the simulation by 3 times whilst maintaining the accuracy of the model. The implicit model was however not widely adopted in the scientific community. Another notable work that employed the approach by Dhali and Williams is the work by Vitello et al [START_REF] Vitello | Simulation of negative streamer dynamics in nitrogen[END_REF] who in 1994 performed the first simulations for streamer propagation in non-uniform gaps (point to plane). More systematic work on non-uniform gaps followed suite by Babaeva and Naidis [START_REF] Babaeva | Two-dimensional modelling of positive streamer dynamics in non-uniform electric fields in air[END_REF] [53] in 1996, Kulikovsky [START_REF] Kulikovsky | The role of photoionization in positive streamer dynamics[END_REF] in 2000, Pancheshnyi et al [START_REF] Pancheshnyi | Role of photoionization processes in propagation of cathode-directed streamer[END_REF] in 2001 and Arrayas et al [START_REF] Arrayas | Spontaneous branching of anodedirected streamers between planar electrodes[END_REF] in 2002. In the early 2000s, a new approach to gas-discharge modelling was presented by Georghiou et al [START_REF] Georghiou | A two-dimensional finite element flux corrected transport algorithm for the solution of gas discharge problems[END_REF] and Min et al [58] [59], in which a finite element method implementation was used to solve hydrodynamic models for uniform and nonuniform geometry. This meant the simulations were able to handle steep gradients and also allow the use of unstructured grids, since fine resolutions were only used when necessary. The latter was also a pioneer in the usage of Adaptive Mesh Refinement (AMR). Other works worth mentioning are the works of Chanrion and Neubert [START_REF] Charion | A pic-mcc code for simulation of streamer propagation in air[END_REF] in 2008 which validated the fluid model of Dhali and Williams by resolving the Boltzmann equation using particle techniques to obtain the coefficients for the fluid approach to streamer simulations, Bourdon et al [START_REF] Bourdon | Efficient models for photoionization produced by non-thermal gas discharges in air based on radiative transfer and the Helmholtz equations[END_REF] (2007) who proposed the Helmholtz equation implementation for photoionization, Serdyuk et al [START_REF] Serdyuk | Propagation of cathode-directed streamer discharges in air[END_REF] (2013) who performed accurate streamer studies in a commercial finite element software and Singh [START_REF] Singh | Computational framework for studying charge transport in high-voltage gas-insulated systems[END_REF] (2017) who introduced the weak form implementation of drift diffusion equations for accurate streamer studies.

Higher order fluid models also exist. Generally, these models tend to be more accurate as the complete momentum and energy conservation equations are included.

The work by Bayle and Cornebois [START_REF] Bayle | Propagation of ionizing electron shock waves in electrical breakdown[END_REF] presents a 1.5D classical drift diffusion approximation simulation using the electron conservation equations for local energy approximation with assumptions made on the distribution function in the energy balance equation using a Maxwellian approach. In the 2D simulations done by Guo and Wu in [START_REF] Guo | Two-dimensional nonequilibrium fluid models for streamers[END_REF], the drift diffusion approximation used in the previous work was replaced by a Langevin theory approach in order to simplify the solution of the collision source term with a priori knowledge of the electron energy and momentum relaxation times. A more consistent second order drift diffusion approximation approach was done by Kanzari et al [START_REF] Kanzari | Modeling and basic data for streamer dynamics in N 2 and O 2 discharges[END_REF] 

Hybrid Models

For better resolution and accuracy, all coefficients used in the fluid model can be derived from the PIC model. This is termed as a hybrid model. Hybrid models generally make use of the efficiency of fluid models and the accuracy of the particulate model. High field and low electron density regions are treated with a kinetic approach whilst low field and high density regions are treated with a fluid approach.

Li et al in 2012 [START_REF] Li | A comparison of 3D particle, fluid and hybrid simulations for negative streamers[END_REF] provided a comparison of 3D particle, fluid and hybrid simulations for negative streamers. Their comparison showed that the hybrid model offers a fast and accurate method to model streamers in cases when rare events are significant, like electron run-away or ionization avalanches created by single electrons. Simulations with the hybrid model run faster in comparison with particle model, with computing times approaching those of the fluid models.

While these implementations form the basis for most of the numerical modelling, models in the same group generally tend to vary from one another in the following ways [START_REF] Ebert | The multiscale nature of streamers[END_REF]:

1. The number of species and reactions included in a model.

2. The choice of "fluid models": continuous particle densities versus models that trace single particle or super particles.

Local versus non-local modelling of drift and ionization rates (by electron impact and photoionization).

4. Assumptions about background ionization from natural radioactivity or from previous streamer events in pulsed mode.

5. Choices of electrode configuration, plasma-electrode interaction, initial ionization seed and external circuits.

6. Assumptions about radial properties.

Additionally, the results from these numerical computations also vary and can depend on spatial grid spacing and time stepping, computational scheme, meshing etc. Adding too many species with not well known reaction rates may either cause convergence issues or force the computation to use a lower spatial resolution resulting in worse results than a reduced model. This goes to show the criticality of model reduction techniques as applied to complex and non-linear time dependent computations like streamers.

Lastly, it must be stated that the choice of model employed is also dependent on the physical question being addressed and not just the numerical implementation.

In Annex A, a simplified review of the modelling approaches and some notable works for both long and short streamers have been provided. A column is also included for behavioural models, which are a specific use case for simulating branching and other phenomenon.

Notable recent streamer modelling

Simulations for streamer discharges are computationally and numerically challenging due to its nonlinear nature. As has been seen, most streamer models are of the fluid type where the transport and reaction coefficients are used as input data. One has the choice between the two discretization techniques although these are practically selected on the basis of the stability of the model. An important development has been the adoption of Adaptive Mesh Refinement (AMR) where a finer mesh is only placed where required and the rest of the computational domain can have a coarse feel however selection of the mesh refinement technique is critical.

With all these advancements, the simulation process still remains daunting for a number of reasons [START_REF] Teunissen | Simulating streamer discharges in 3D with the parallel adaptive Afivo framework[END_REF]:

1. Problems such as streamer branching or the interaction between streamers require a threedimension description.

2. A fine grid spacing is required to accurately resolve the thin charge layers around streamer heads that create the local field enhancement.

3. Time dependent simulations are required.

4. Small time steps are to be employed and at each time step, Poisson's equation has to be solved to obtain the electrostatic potential and field.

Because of the practical applications of streamer modelling, there remain certain prominent research teams still working to address these challenges and some of the leading ones and their approach have been summarised below. It is worth noting that, these teams have been selected for the diverse implementation methods using finite element and finite volume approaches, and do not entirely represent all research teams working on said topic.

Centrum Wiskum and Informatica of Amsterdam (CWI), Netherlands

The streamer model is called the AfivoStreamer [START_REF] Teunissen | Simulating streamer discharges in 3D with the parallel adaptive Afivo framework[END_REF], which is an open source code for the plasma fluid simulation of streamer discharges. Both 2D, axisymmetric and 3D simulations are supported. The code employs adaptive mesh refinement (AMR), multigrid methods for Poisson's equation and OpenMP.

Here, the finite volume method with second order accuracy in time and space is used.

TU Eindhoven (TUE), Netherlands

For this model, the drift diffusion module of the plasma simulation software PLASIMO was used [START_REF] Van Dijk | The plasma modelling toolkit Plasimo[END_REF].

This utilizes the finite volume method for the discretization of the quantities of interest. The code uses implicit time stepping and an automatically adjusted time step.

Leibniz Institute for Plasma Science and Technology (INP), Germany

At INP, a MATLAB -COMSOL™ toolbox (MCPlas) has been developed which uses the MATLAB's interface to COMSOL™ for the automated implementation of the fluid models of gas discharge plasma in the metal electrode and dielectric barrier discharge configurations [71] [72]. The implementation eliminates the restrictions of the COMSOL™ plasma module, particularly it allows the implementation of plasma models in 1D and 2D geometries using extensive reaction kinetics in COMSOL™ with minimal effort. The Backward Differentiation Formula (BDF) solver is utilized in this model with maximum BDF order being 5 and minimum being 1. The time discretization is automatically adapted between these values depending on the smoothness of the numerical simulation.

College of Electrical and Information Engineering (CN), China

The streamer model here is implemented in COMSOL™ Multiphysics using the Plasma Module [START_REF] Bagheri | Comparison of six simulation codes for positive streamers in air[END_REF].

The implementation of the drift-diffusion equations is done using a logarithmic representation in order to avoid negative charge densities. With most COMSOL™ implementations, a source stabilization term is introduced for the stabilization of the electron density. This prevents the electron density from approaching zero but becomes negligible at high values of electron density. A lot of time is required to optimize the model's numerical parameters through a parametric study. The BDF solver is utilized here with maximum BDF order being 2 and minimum being 1.

Laplace Laboratory of Toulouse University (Laplace), France

This is also a code-based implementation [START_REF] Eichwald | Effects of numerical and physical anisotropic diffusion on branching phenomena of negative-streamer dynamics[END_REF]. Here, it is a finite volume code with second order accuracy in time and space. For this model, the elliptic equations for potential and photoionization are solved using a direct method (non-iterative) based on Fast Fourier Transform (FFT) method along the axial direction and a cyclic reduction technique along the radial direction.

Instituto de Astrofisica de Andalucia (IAA), Spain

An open source code ARCoS [START_REF] Luque | Density models for streamer discharges: beyond cylindrical symmetry and homogeneous media[END_REF] is used for the simulation of streamer discharges based on the plasma fluid model. Like AfivoStreamer, this code also uses AMR but the Poisson's equation is solved based on the FISHPACK library.

Chalmers University of Technology (Chalmers), Sweden

The implementation of a streamer initiation and propagation model was done in COMSOL™ Multiphysics using a customized finite element formulation and adaptive mesh refinement. The implementation of the hydrodynamic model in the software was done in a logarithmic form using the mathematics module [START_REF] Singh | Computational framework for studying charge transport in high-voltage gas-insulated systems[END_REF]. The mesh refinement was used to properly resolve sharp gradients in the density profiles of charge carriers, which were extremely strong especially at propagating discharge fronts. For the solver configuration, a parallel solver and BDF with the maximum order being 5 and the minimum being 1 were used.

A tabulated comparison of the model implementation from the various teams is presented in Table 3 below. It is evident that most of the homemade codes make use of FVM which has a structured grid and the commercial software make use of FEM. 

   Implicit Time Discretization     Mesh Refinement        Adaptive Refinement    Parallel Solver      Tabulated Transport Coefficients   

Hydrodynamic approach to streamer modelling.

Mostly, a hydrodynamic (drift-diffusion) approach is used for the formulation of streamer propagation model within which variations of densities of electrons, positive ions (cations) and negative ions (anions) in space and time are considered ( [START_REF] Quast | Streamer propagation in a point-to-plane geometry[END_REF], [START_REF] Serdyuk | Propagation of cathode-directed streamer discharges in air[END_REF]). The model describes the generation, losses and the motion of the three charged species, and the formulation results in partial differential equations (PDEs) that account for the rates of the physical processes aforementioned. This can be represented by equations ( 5) to ( 7) below [START_REF] Serdyuk | Propagation of cathode-directed streamer discharges in air[END_REF] [76]:

𝜕𝑛 𝑒 𝜕𝑡 + ∇ • (-𝐷 𝑒 ∇𝑛 𝑒 -µ 𝑒 𝑛 𝑒 𝐸) = 𝑅 𝑒 , (5) 
𝜕𝑛 𝑝 𝜕𝑡 + ∇ • (-𝐷 𝑝 ∇𝑛 𝑝 + µ 𝑝 𝑛 𝑝 𝐸) = 𝑅 𝑝 , (6) 
𝜕𝑛 𝑛 𝜕𝑡 + ∇ • (-𝐷 𝑛 ∇𝑛 𝑛 -µ 𝑛 𝑛 𝑛 𝐸) = 𝑅 𝑛 . (7) 
The subscripts 𝑒, 𝑝 and 𝑛 denote electrons, cations and anions respectively; 𝑛 is the density, 𝑐𝑚 -3 ; µ is the mobility of the charged species, 𝑐𝑚 2 /𝑉𝑠; 𝐷 is the diffusion coefficient, 𝑐𝑚 2 /𝑠; 𝑅 is the net rate of the generation and loss processes; 𝑐𝑚 -3 𝑠 -1 ; 𝐸 is the electric field, 𝑉/𝑐𝑚; and 𝑡 is for time. Generally, the mobility of positive and negative ions are two orders of magnitude lower than the mobility of electrons and thus for short streamers (streamers over relatively small gap distances less than 5 mm), the drift of ions can be neglected. This is because the time scale of the streamer process is in nanoseconds. One must also note that there are variations to these equations where the logarithmic values of the charged species are solved for. It ensures that the concentration of the species always remain positive without the need for an artificial source or density capping thereby resulting in more stabilized simulations. It also provides the advantage of aiding convergence when the gradients of the charge species are strong especially in areas where the number density varies by a high order of magnitude over a few mesh.

An in-depth analysis into the generation and loss processes presented earlier is also required. The main processes usually taken into account in equations ( 5) to [START_REF] Niemeyer | A systematic search for insulation gases and their environmental evaluation[END_REF] are the rate of generation of electrons due to photoionization 𝑆 𝑝ℎ ; the rate of generation of electrons due to impact ionization, 𝑆 𝑖 = 𝛼 𝑛 𝑒 µ 𝑒 𝐸; the rate of attachment of electrons to electronegative molecules, 𝑆 𝑎𝑡𝑡 = 𝜂 𝑛 𝑒 µ 𝑒 𝐸; detachment of electrons from negative ions, 𝑆 𝑑𝑒𝑡 = 𝑘 𝑑𝑒𝑡 𝑛 𝑒 µ 𝑒 𝐸; electron and positive ion recombination rate, 𝐿 𝑒𝑝 = 𝛽 𝑒𝑝 𝑛 𝑒 𝑛 𝑝 ; positive and negative ion recombination rate, 𝐿 𝑝𝑛 = 𝛽 𝑝𝑛 𝑛 𝑝 𝑛 𝑛 ; and 𝑆 𝑏 is the natural background ionization. In the preceding expressions, 𝛼 is the Townsend's ionization coefficient, 𝑐𝑚 -1 ;

𝜂 is the attachment coefficient, 𝑐𝑚 -1 ; 𝑘 𝑑𝑒𝑡 is the detachment coefficient, 𝑐𝑚 3 /𝑠; 𝛽 is the respective recombination coefficient, 𝑐𝑚 3 /𝑠; and thus the net rates for the different charged species are given below in equations ( 8) to (10) [START_REF] Quast | Streamer propagation in a point-to-plane geometry[END_REF] [62]:

𝑅 𝑒 = 𝑆 𝑝ℎ + 𝑆 𝑖 + 𝑆 𝑑𝑒𝑡 + 𝑆 𝑏 -𝑆 𝑎𝑡𝑡 -𝐿 𝑒𝑝 , (8) 
𝑅 𝑝 = 𝑆 𝑝ℎ + 𝑆 𝑖 + 𝑆 𝑏 -𝐿 𝑝𝑛 -𝐿 𝑒𝑝 , (9) 
𝑅 𝑛 = 𝑆 𝑎𝑡𝑡 -𝑆 𝑑𝑒𝑡 -𝐿 𝑝𝑛 . ( 10 
)
It is worth noting that the algebraic sum of all the physical rates should be equal to zero; i.e.

𝑅 𝑝 -𝑅 𝑒 -𝑅 𝑛 = 0.

The electric field is determined using Poisson's equation for electric potential 𝜙. The solution provides electric field distributions affected by the space charge which is used to compute the kinetic coefficients and the rates of individual processes [START_REF] Serdyuk | Propagation of cathode-directed streamer discharges in air[END_REF]:

∇(𝜖 0 𝜖 𝑟 ∇𝜙) = -e(𝑛 𝑝 -𝑛 𝑒 -𝑛 𝑛 ), (12) 
𝐸 = -∇𝜙.

Here, 𝑒 is the elementary charge of an electron, 𝜖 0 represents the permittivity of vacuum and 𝜖 𝑟 is the dielectric constant of the gas.

The partial differential equations together with the Poisson's equation for electric potential with proper initial values and boundary conditions as well as a defined kinetic and rate processes form a selfconsistent model. This latter needs to be evaluated numerically because of its non-linear nature due to the coupling between the space charges and the electric field.

Unlike the other kinetic rates, mathematical implementation of photoionization is a bit complicated.

Recent advancement in the development of models based on radiative transfer and Helmholtz equations have created the possibility for efficient computation of photoionization for charge transport problems.

Bourdon et al. in [START_REF] Bourdon | Efficient models for photoionization produced by non-thermal gas discharges in air based on radiative transfer and the Helmholtz equations[END_REF] analysed several models of photoionization [START_REF] Zhelezniak | Photoionization of nitrogen and oxygen mixtures by radiation from a gas discharge[END_REF] [54] [START_REF] Penney | Photoionization measurements in air, oxygen, and nitrogen[END_REF] produced by nonthermal gas discharges in air. The integral model proposed by Zheleznyak [START_REF] Zhelezniak | Photoionization of nitrogen and oxygen mixtures by radiation from a gas discharge[END_REF] and two differential equation approaches were discussed and how the Helmholtz equation model efficiently replaces the integral model was expounded. Bourdon [START_REF] Bourdon | Efficient models for photoionization produced by non-thermal gas discharges in air based on radiative transfer and the Helmholtz equations[END_REF] then went on to develop an improved 3 exponential fit Helmholtz model for the purpose of streamer modelling, which will be used in this study.

The general form of the Helmholtz equation is given as:

∇ 2 𝑅 𝑝ℎ 𝑛 (𝑟 ⃗) -(𝜆 𝑛 𝑝𝑜 2 ) 2 𝑅 𝑝ℎ 𝑛 (𝑟 ⃗) = -𝐴 𝑛 𝑝𝑜 2 2 𝐼(𝑟 ⃗). (14) 
The 3 terms approximation provides a better fit to the integral model than the 2 terms approximation as shown in Figure 10 and thus the equations become:

∇ 2 𝑅 𝑝ℎ 1 -(𝜆 1 𝑝𝑜 2 ) 2 𝑅 𝑝ℎ 1 = -𝐴 1 𝑝𝑜 2 2 𝐼, (15) 
∇ 2 𝑅 𝑝ℎ 2 -(𝜆 2 𝑝𝑜 2 ) 2 𝑅 𝑝ℎ 2 = -𝐴 2 𝑝𝑜 2 2 𝐼, (16) 
∇ 2 𝑅 𝑝ℎ 3 -(𝜆 3 𝑝𝑜 2 ) 2 𝑅 𝑝ℎ 3 = -𝐴 3 𝑝𝑜 2 2 𝐼. (17) 
Here, 𝐴 𝑛 and 𝜆 𝑛 are fitting parameters found in Table 4, 𝑝𝑜 2 is the partial pressure of oxygen in air (150 Torr) and 𝐼(𝑟 ⃗) is the photon generation intensity.

The production of photons is assumed to be proportional to the rate of generation of electrons due to impact ionization, 𝑆 𝑖 (𝑟 ⃗) and thus 𝐼(𝑟 ⃗) is given by [START_REF] Bourdon | Efficient models for photoionization produced by non-thermal gas discharges in air based on radiative transfer and the Helmholtz equations[END_REF]:

𝐼(𝑟 ⃗) = 𝑝 𝑞 𝑝+ 𝑝 𝑞 𝜉 𝑣 𝑢 𝑣 𝑖 𝑆 𝑖 (𝑟 ⃗), ( 18 
)
where 𝜉 is the photoionization efficiency and the term

𝑝 𝑞 𝑝+ 𝑝 𝑞
is the quenching factor. 𝑝 𝑞 is the quenching pressure of oxygen (30 Torr) and 𝑝 is the pressure of the gas. The term 𝜉 𝑣 𝑢 𝑣 𝑖 is approximated as 0.06 in [START_REF] Bourdon | Efficient models for photoionization produced by non-thermal gas discharges in air based on radiative transfer and the Helmholtz equations[END_REF] and as 0.1 in [START_REF] Luque | Interaction of streamer discharges in air and other oxygen-nitrogen mixtures[END_REF]. Photoionization 𝑆 𝑝ℎ is then:

𝑆 𝑝ℎ = 𝑅 𝑝ℎ 1 + 𝑅 𝑝ℎ 2 + 𝑅 𝑝ℎ 3 . ( 19 
)
Figure 10: Relation between the 2 fit exponential, 3 fit exponential and the integral model [START_REF] Bourdon | Efficient models for photoionization produced by non-thermal gas discharges in air based on radiative transfer and the Helmholtz equations[END_REF] Table 4: Fitting parameters for 3 exponential fit Helmholtz model for Photoionization [START_REF] Bourdon | Efficient models for photoionization produced by non-thermal gas discharges in air based on radiative transfer and the Helmholtz equations[END_REF] N 𝐴 𝑛 (𝑐𝑚 -2 𝑇𝑜𝑟𝑟 -2 ) 𝜆 𝑛 (𝑐𝑚 -1 𝑇𝑜𝑟𝑟 - For streamer simulations, the space domain discretization method employed is critical. Two discretization techniques mostly employed are the Finite Element (FEM) and the Finite Volume Methods (FVM). Both methods are integral schemes. In the finite element method, the computational domain is divided into smaller domains (finite elements) and the local solutions that satisfy the differential equation within the boundary is found. The sets of element solutions are subsequently recombined from which an approximate global solution can be found. The continuity of dependent variables from element to element must be ensured. Finite volume (or control volume) methods employ the subdivision of the domain into a finite number of small control volumes. The integration of the PDEs are done over these control volumes. By construction, these methods guarantee the conservation of the transported physical quantity. For streamer simulations, this property is essential because it is particularly important to conserve the charge during the whole streamer simulation.

In [START_REF] Ducasse | Critical analysis on twodimensional point-to-plane streamer simulations using the finite element and finite volume methods[END_REF], a comparison between the two methods have been made for streamer studies. It was observed that both methods gave similar results and accurately described the streamer propagation and discharge channel morphology, however the computational cost was much higher for FEM, the FVM being twice as fast. This can be explained by the memory requirement for FEM although FVM uses four times the number of discretization points. The unstructured nature of the FEM grid however makes it very efficient in describing non-uniform geometries.

Dimensional analysis

To study the influence of the various terms of the fluid equations given in section 2.4, a dimensional analysis has been done. Expanding equation ( 5) for the electrons and ignoring detachment since it plays a marginal role, one obtains:

𝜕𝑛 𝑒 𝜕𝑡 + ∇ • (-𝐷 𝑒 ∇𝑛 𝑒 -µ 𝑒 𝑛 𝑒 𝐸) = 𝑆 𝑝ℎ + 𝑆 𝑏 + (𝛼 -𝜂)𝑛 𝑒 µ 𝑒 𝐸 -𝛽 𝑒𝑝 𝑛 𝑒 𝑛 𝑝 , (20) 
𝜕𝑛 𝑒 𝜕𝑡 + ∇ • (-𝐷 𝑒 ∇𝑛 𝑒 -µ 𝑒 𝑛 𝑒 𝐸) = 𝑆 𝑝ℎ + 𝑆 𝑏 + 𝛼 𝑒𝑓𝑓 𝑛 𝑒 µ 𝑒 𝐸 -𝛽 𝑒𝑝 𝑛 𝑒 𝑛 𝑝 .

(

) 21 
For positive and negative ions (subscripts p and n), further simplifications can be done. That is because for the timescales considered the charge species are considered immobile and thus the drift and diffusion of these charges can be ignored as streamers in short gaps evolve on the time scale of electrons that are much more mobile as a result of a lower mass.

𝜕𝑛 𝑝 𝜕𝑡 = 𝑆 𝑝ℎ + 𝑆 𝑏 + 𝛼 𝑛 𝑒 µ 𝑒 𝐸 -𝛽 𝑒𝑝 𝑛 𝑒 𝑛 𝑝 -𝛽 𝑝𝑛 𝑛 𝑝 𝑛 𝑛 , ( 22 
)
𝜕𝑛 𝑛 𝜕𝑡 = 𝜂 𝑛 𝑒 µ 𝑒 𝐸 -𝛽 𝑝𝑛 𝑛 𝑝 𝑛 𝑛 . ( 23 
)
Equation ( 12) for electric field can also be expressed as:

(∇ 2 𝜙) = e 𝜖 0 𝜖 𝑟 (𝑛 𝑒 + 𝑛 𝑛 -𝑛 𝑝 ). ( 24 
)
For this setup of dimensional analysis, references can be made to earlier papers [START_REF] Ebert | The multiscale nature of streamers[END_REF] [80] and as such only the dimensional parameters used are quoted and not its derivation.

𝑅 = 𝑟 𝛼 0 (25) 𝑡 = 𝛼 0 µ 𝑒 𝐸 0 𝜏 (26) ℰ = E ⃗ ⃗⃗ 𝐸 0 (27) 𝐷 = 𝐷 𝑒 𝛼 0 µ 𝑒 𝐸 0 (28) 𝜎 = 𝑒 𝜖 0 𝛼 0 𝐸 0 (29) 𝜌 = 𝑒(𝑛 𝑝 -𝑛 𝑛 ) 𝜖 0 𝛼 0 𝐸 0 (30) 
𝑣 𝑎 = 𝜂 𝛼 0 µ 𝑒 𝐸 0 (31) 𝑤 𝑒 = µ 𝑒 𝐸 0 (32) 𝑓(|ℰ|, 𝑣) = |E ⃗ ⃗⃗ | 𝛼(|E ⃗ ⃗⃗ |𝐸 0 ) 𝛼 0 -𝑣 𝑎 ( 33 
)
𝑛 𝑒 = 𝑛 𝑒𝑐 . 𝜎 (34) 𝑛 𝑒𝑐 = 𝜖 0 𝛼 0 𝐸 0 𝑒 (35) 
The parameters 𝛼 0 and 𝐸 0 characterize the impact ionization reaction for a given gas type and density, 𝐷 𝑒 and µ 𝑒 represent electron diffusion coefficient and mobility respectively, 𝑓(|ℰ|, 𝑣) is the dimensionless effective ionization rate and 𝑣 𝑎 is the dimensionless parameter arising from the electron attachment.

Using the dimensionless parameters, equations ( 21), ( 22), ( 23) and ( 24) can thus have the dimensionless forms:

𝜕𝜎 𝜕𝑡 = 𝐷∇ 2 𝜎 + ∇(𝜎ℰ) + 𝑓(|ℰ|, 𝑣)𝜎, (36) 
𝜕𝜌 𝜕𝑡 = 𝑓(|ℰ|, 𝑣)𝜎, (37) 
∇ 2 (𝜙) = -∇ • E ⃗ ⃗⃗ = 𝜎 -𝜌. ( 38 
)
It is important to note that the density of the positive and negative ions (𝑛 𝑝 and 𝑛 𝑛 ) enter the equations in the form of a single dimensionless field meaning when there are multiple charge species, the computations can be reduced to only two density fields , one for electrons 𝜎 and one for the space charge of all immobile ions 𝜌. This is evident for the Poisson's equation but also holds true for the generation term proportional to the dimensional parameter 𝑓(|ℰ|, 𝑣). This coefficient accounts for the production and loss of charge species through ionization and attachment. The scaling of the PDEs for the driftdiffusion equations have been done around the drift so as to have a coefficient of 1 for the drift. Further simplifications have also been done and recombination, photoionization and background ionization have been ignored for this analysis.

For a simple gas like N2, with a critical field 𝐸 0 of about 200 𝑘𝑉/𝑐𝑚, computing the dimensionless parameters provides an idea on the intrinsic nature of the streamer. For example, the streamer velocity and the drift velocity will have the same order of magnitude and can thus be computed simply by µ 𝑒 𝐸 0 yielding 7.54𝑒5 𝑚/𝑠. The dimensionless parameter for diffusion, D can also be computed and its smaller value of ~ 0.1 as compared to the drift which has a coefficient of 1 goes to show that the propagation of the streamer in nitrogen is predominantly influenced by the drift. Also, 𝑛 𝑒𝑐 which is the ionization levels in the streamer head can be computed as 𝑛 𝑒𝑐 = 𝜖 0 𝛼 0 ℰ 0 𝑒 yielding 2.35𝑒20 𝑚 -3 , an order of magnitude of 10 20 𝑚 -3 which is typical of the electron charge density in the streamer head.

So far the dimensionless analysis has failed to take into consideration the role of photoionization/ background ionization term in the propagation of the streamer. For that, the term 𝑆 𝑏 is reintroduced which is representative of the background ionization term in computations and the PDEs are scaled in an attempt to have the coefficient of the background ionization term as 1.

Equation ( 36) then becomes:

𝜕𝜎 𝜕𝑡 = 𝐷 𝑒 𝑇 𝐶 𝐿 𝐶 2 ∇ 2 𝜎 + µ 𝑒 ℰ 0 𝑇 𝐶 𝐿 𝐶 ∇(𝜎E ⃗ ⃗⃗ ) + f(|E ⃗ ⃗⃗ |, 𝑣)𝜎 + 𝑇 𝐶 𝑆 𝑏𝑐 𝑛 𝑒𝑐 𝑆 𝑏 , (39) 
where 𝐿 𝐶 = 𝛼 0 -1 and 𝑇 𝐶 = 𝑛 𝑒𝑐 𝑆 𝑏𝑐 .

Computing the dimensionless coefficient for the drift term

µ 𝑒 ℰ 0 𝑇 𝐶 𝐿 𝐶
for N2 with critical field of 200 𝑘𝑉/𝑐𝑚 and 𝑆 𝑏𝑐 = 1𝑒23 𝑚 -3 𝑠 -1 , one obtains an order of magnitude of 10 8 m/s for the drift in comparison to ~10 6 m/s when there was no background ionization term. As highlighted earlier, SF6 gas is the most used dielectric insulator in electrical insulation and fast switching applications and thus in this section notable works on electrical discharges in SF6 are recapped here with the emphasis on simulations.

In [START_REF] Morrow | Theory of electrical corona in SF6[END_REF], Morrow reviewed the dominant physical processes that affect streamer formation in SF6, and highlighted the very high value of the electron attachment coefficient leading to a fast formation of negative ions in SF6 at atmospheric conditions. Since corona discharge formation is a time dependent process, the effect of the high values of the attachment coefficient leading to the creation of negative ions was taken into account by evaluating the characteristic attachment time and subsequently the rate of change of electron density due to attachment.

In this calculation, one dimensional continuity equations for electrons, cations and anions including ionization, photoionization, attachment, recombination and electron diffusion terms were used with the continuity equation for electrons being of the 2 nd order and that of the ions, 1 st order. The considered cases were for 1) a uniform electric field with both negative and positive streamers propagating in a 5 mm gap and 2) a non-uniform configuration with a 5 mm diameter needle electrode, 65 mm away from the grounded electrode. In the latter, a constant voltage of +50 kV was applied and the discharge evolution studied for 3 ns before it stalled. The influence of a positive high voltage impulse was also studied as the applied voltage of 200 kV with a linear rise time of 15 ns enabled a longer propagation in the gap. To illustrate the re-illumination of the streamer channel and possibly stepped leaders, the current in the external circuit due to the movement of electrons and ions was computed using a modified version (inclusion of negative ions and electron diffusion) of the Sato equation [START_REF] Sato | Discharge current induced by the motion of charged particles[END_REF] (See Figure 11). The computed current fell as the streamer propagated and after a certain time period, started to pulse regularly. This was however inconclusive as the model did not take into account background heating of the gas or the streamer channel.

2D representation for streamers in SF6 at atmospheric pressure for a uniform field configuration have been studied in [START_REF] Dhali | Numerical simulation of streamers in SF6[END_REF]. Likewise, the continuity equations have been used in [START_REF] Dhali | Numerical simulation of streamers in SF6[END_REF] but no photoionization was included. Instead, a background ionization of 10 10 -10 14 m -3 uniformly distributed throughout the gap was used in this model providing the benefit of understanding the dependence of the streamer propagation on the ionization density in front of it. Here a Flux Corrected Transport (FCT) technique coupled with a finite difference method for discretization was used in the solving of the higher order equations. The Poisson's equation which was used for obtaining the electric field was solved using a fast Fourier transform in the z-direction and a cubic spline interpolation in the r-direction.

A neutral ionization density was introduced in the gap and an applied voltage of 50 kV used. Both cathode and anode streamers were observed and the maximum field enhancement was observed at the front of the streamers. More qualitative occurrences like the increase in the velocity as the streamer approached an electrode and the increase of negative ions as electrons attached rapidly due to a lower electric field in the bulk of SF6 were also observed.

The model developed in [START_REF] Babaeva | Simulation of stepped propagation of positive streamers in SF6[END_REF], the constant streamer radius model, accounts for the heating and radial expansion of the gas in the channel and describes the stepped pattern of positive streamer propagation at 200 kPa in a sphere to plane configuration. In this work also, the continuity equations were used with an extra reaction term to describe the generation of precursor electrons ahead of the streamer front due to ionization of gas molecules by streamer radiation. An examination of the discharge current showed a series of short pulses with each pulse resulting in an increase in gas temperature in the channel with the most intense heating taking place at the anode. The gas heating resulted in a radial expansion and decrease in the gas density but this was limited by the initial streamer radius that was specified, resulting in the constant streamer radius model. With the reduction in the gas density, an increase in the reduced electric field and subsequently in the ionization integral is attained. When the ionization integral reached a specific value, the second streamer formed and propagated through the gas with lower density. The second streamer thus propagated further than the preceding one.

The studies done in [START_REF] Fuliang | Study of Formation and Propagation of Streamers in SF6 and Its Gas Mixtures with Low Content of SF6 Using a One-Dimensional Fluid Model[END_REF], [START_REF] Wang | Numerical simulations of the SF6-N2 mixed gas streamer discharge development process[END_REF] and [START_REF] Luo | Simulation of the positive streamer propagation in SF6/N2 mixtures with different content of SF6[END_REF] report on modelling of 1D and 2D streamers in SF6 mixtures with air at 0.1 kPa, N2 at 100 kPa and N2 at 200 kPa. For the 1D implementation, the swarm parameters of SF6 and the gas mixture were computed by the Monte Carlo Simulation (MCS) method where only the collisions between electrons and neutral particles were considered. The implementation of the continuity equations however duplicates the work done in [START_REF] Bruggeman | Foundations of atmospheric pressure nonequilibrium plasmas[END_REF]. The 2D admixture approach developed in [START_REF] Wang | Numerical simulations of the SF6-N2 mixed gas streamer discharge development process[END_REF] for negative streamers was implemented in COMSOL™ Multiphysics for a non-uniform gap.

The convection-diffusion equations were coupled with the Poisson's equation and the influence of photoionization was omitted in this work in order to simplify the model presented [START_REF] Wang | Numerical simulations of the SF6-N2 mixed gas streamer discharge development process[END_REF]. Further information on the evolution of the negative streamer, the effect of the mixed gas ratio and effect of electrode shape have been provided. In [START_REF] Luo | Simulation of the positive streamer propagation in SF6/N2 mixtures with different content of SF6[END_REF], the fluid model was coupled with 47 chemical reactions and the reason for streamer decay in SF6/N2 mixtures with high and low SF6 content assessed.

Motivation and outline of the thesis

In this chapter, a comprehensive review on SF6, its use in electrical equipment and the need for the replacement of the gas especially in medium voltage applications have been provided. On the assessment of possible replacement, different alternatives exist including fluoro gases, gas mixtures, hybrid insulation etc. but no one alternative measures up in terms of dielectric reliability and arc quenching performance. Gases currently under consideration for the replacement of SF6 in medium voltage electro-technical applications include compressed air and Air/CO2 mixtures, and generally have lower GWP and ODP but are coupled with constraints at the same pressure and system architecture conditions. This is because they have lower dielectric breakdown voltages arising from both thermal and non-thermal discharges. The initiation of these discharges are dependent on the electrode shape and roughness, gas density, gas type and applied voltage with the likelihood of a discharge initiating strongly correlated to a high electric field component that causes the production of electrons to exceed the critical value.

The work of the G2ELab and its industrial partners have been focused on accessing pre-breakdown phenomena and electrical discharges in medium and high voltage equipment; specifically, streamer discharges in SF6 and its possible alternatives experimentally until now [START_REF] Zavattoni | Conduction phenomena through gas and insulating solids in HVDC Gas Insulated Substations, and consequences on electric field distribution[END_REF] [89] [START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF]. Although, many homemade codes exist, the suitability of such models for industrial use have been limited because of the code-based implementation of such models, its user friendliness and its quick adaptability for specific use cases (geometrical shapes). In order to efficiently analyse the many experimental works done in the laboratory and also for the convenience of information sharing and knowledge exchange with its industrial partner, a decision has been made to develop the first in house simulation model for streamer discharges, adopting the plasma fluid model approach using a commercial software. This will facilitate the easy analyses of various alternatives of SF6 in different configuration modes without the need for costly experimental setups. For this particular study, focus is placed on streamer discharges in air and CO2 as validation and testing of the current model in COMSOL™ Multiphysics is done (SF6 and N2 also presented). As a control and to analyse the limitation of the commercial software approach, some of the simulations are also done using AfivoStreamer, an open source streamer discharge code. In chapter 3, numerical results for streamers in air, N2, CO2 and SF6 in COMSOL™ will be presented.

These simulations are presented for a short gap (5mm). The influence of gas density and its effect on streamer behaviour are presented. In addition, comparison between streamers in the various gases are done and an understanding on the effect of the electronegativity of the gases extrapolated. As the physical mechanisms behind the evolution of streamers are quite complex, numerical simulations provide a more advantageous position than experiments especially in repetitive tests requiring different gases and parametric studies. This is because experiments combine all the mechanisms and thus the determination of the influence of a single mechanism is difficult to attain experimentally but manageable numerically (a microscopic outlook). However, numerical modelling of streamer discharges is a tedious process that requires the understanding of the underlying physics, a host of swarm parameters and an in-depth understanding of finite element/volume methods, boundary conditions and meshing techniques.

Chapter 2 Model Implementation in COMSOL™ Multiphysics and Introduction of AfivoStreamer

In this chapter, the challenges of streamer modelling in terms of the non-linearity and the multiscale nature of the equations are discussed. Then, the choice and the implementation of the model in COMSOL™ Multiphysics, a commercial finite element software, is presented. The advantages, limitations and improvement of the current implementation approach are discussed. The validation of the model for further studies in our selected gases is also provided and analysed. Finally, AfivoStreamer, an established code-based on the approach of plasma fluid model is introduced. This is used so as to overcome the computational challenges faced in COMSOL™ in terms of gap distance so as to accurately compare numerical results to experimental ones.

1 Challenges of streamer modelling and selection of simulation software.

Recapping from the first chapter, the non-linearity of streamer simulations, the need for highly refined meshes, additional equations for and the lack of information of photoionization in gases etc. (Refer to Chapter 1 Section 2.42) makes numerical modelling of such a phenomenon a daunting task. Streamers, inherently 3 dimensional, are usually modelled in a 2D or 2D axisymmetric manner because of the computational requirements. At high plasma density and to accurately resolve the Poisson's equation in the discharge head, meshing elements in the range of 10 to 25 microns are needed. As the computational domain increases, the number of meshing elements required also increase. Likewise, if a full 3D simulation is required, the number of meshing elements needed scale as the cube of the number of meshing elements in one dimension. Because of the number of meshing elements that may be required for higher dimensions, the use of smart meshing techniques, optimized and faster solvers, minimal models in terms of physics and also the geometry (dimensional space) and lastly a super hardware architecture to support such simulations are required. As such, most of the simulating tools currently available are code-based and used mostly for academic research. For industrial acceptance and for electro-technical purposes, there ought to be a trade of between complexity, computational time and ease of use. Hence, the commercial finite element software approach has been selected for this thesis.

Various finite element software exists including COMSOL™ Multiphysics, ANSYS, Autodesk CFD/FEA, SimScale and OpenFOAM. The different software has parts of what is required to model streamer discharges especially if a computational fluid approach coupled with electrostatics or electromagnetism is used but only COMSOL™ provided the addition of using a plasma implementation approach. Additionally, COMSOL™ provides the advantage of connectivity with other software like MATLAB, Excel and Autodesk services through Livelink providing extra support from complex geometry and data management. Lastly, there is the possibility to create applications from the designed model for easy use in commercial activities as a standalone tool.

AfivoStreamer has been selected as a control tool for the simulations in COMSOL™. This is an established plasma fluid model for streamer computations in the scientific community. Owing to some unique grid refinement techniques and a multigrid solver, it can support larger gap distances between the anode and the cathode without the need for excessive computational power and thus is optimal for experimental comparison.

COMSOL™ Implementation

COMSOL™ Multiphysics is a commercial finite element software product that aids the modelling, prediction and analysis of physics based processes. The software supports a wide range of physics and the coupling between them for multiphysics including heat transport, computation fluid dynamics, mathematical modelling, plasma modelling, electromagnetism etc. For most of the work presented in this thesis, the plasma module was used.

The numerical simulations in COMSOL™ Multiphysics were performed on a workstation running a

Windows Server 2016 Standard with 2 processors of Intel® Xeon® CPU E5-2698 v4 @ 2.20 GHz and 256 Gb of RAM, x64 system architecture build.

Physics and Multiphysics in COMSOL™

For the simulations presented in this thesis, the super integrated plasma module is used. Documentation on the plasma module can be found in [START_REF] Comsol | COMSOL multiphysics user's guide[END_REF] [92] but the implementation to suit our specific case is described later in this section. This module allows the modelling of plasma related physics by providing Modelling of streamers using the plasma approach require not only a large number of physical processes but also the amount of data required for the proper functioning of such a model. The main difficulty is finding and completing all the chemical processes of interest for streamers. This can be a handful of reactions and species (e.g. Nitrogen) or in the case of molecular electronegative gases, a huge number of reactions and species. For well-known gases like air, the chemical mechanisms can be obtained from literature search [93]. The data required may include electron impact reactions, surface reactions, charge species but to mention a few. It is also interesting at this point to refer to the sensitivity of the plasma module meaning very refined meshes are required which can be computationally expensive and the lack thereof causes convergence issues.

Geometry of Model

Because of the non-linearity of the problem, it becomes computationally expensive when higher dimensional spaces (3D) are used. To reduce the computational cost, simplifications of the model like the use of symmetry is employed. By doing this, a 3D model can be reduced to a 2D axisymmetric model. This resolves the model in cylindrical coordinates and the initial conditions are mostly chosen in a way that the streamer develops along the symmetry axis. This approach reduces the demand for computational resources but places the limitation of modelling only a single streamer. More complex physics like streamer branching etc. can therefore not be studied.

Although other electrode geometries are also presented later on in this study, the primary configuration for most of the work done is a point to plane geometry using a needle for the anode and a grounded metal plate for the cathode. This has been selected so that at least one of the electrodes form a region with a strong electrostatic field (For example in a 1 mm gap and a 0. To avoid the long formation stages of streamers and therefore initiating a streamer discharge directly, a seeding charge spot containing a high concentration of charge carriers can be introduced a few mm away from the needle tip such as in [62] [79]. The initial Gaussian spot is introduced using the equation:

𝑁 𝑖 = 𝑁 0 exp (- (𝑟-𝑟 0 ) 2 +(𝑧-𝑧 0 ) 2 𝜎 2 ), (40) 
where 𝑁 0 = 10 14 m -3 is the initial seed density, 𝑟 0 and 𝑧 0 are the coordinates of the seed and 𝜎 is the standard deviation of the seed. The location of the high concentration area is critical because it determines the way the streamer channel develops along the symmetry axis (for symmetrical streamers).

For example if the seeding charge is placed at the tip of the electrode, an axial streamer can be achieved especially in the case of a plane-plane configuration as this high charge seed creates a region of high electric concentration from which the discharge initiates [START_REF] Bagheri | Comparison of six simulation codes for positive streamers in air[END_REF]. Also, the effect of streamer branching can be induced by introducing multiple seeds as seen in the work by Plewa et al in [START_REF] Plewa | 3D streamers simulation in a pin to plane configuration using massively parallel computing[END_REF]. The exact initial seed density and position is case specific for the various results presented in the next section and thus as and when required, a recall of these parameters are done in the results section.

Boundary Conditions

Recalling from Chapter 1, section 2.4, streamer simulations are non-linear. For highly non-linear simulations, the boundary condition criteria are key as they contribute to the convergence of the model.

Because of the coupling between fluid mechanics and electrostatics, specifying boundaries for electrical potential, ground, charge specie outflow etc. are essential. Figure 13 provides a summary of all the boundary conditions utilised in the model for positive streamers. A positive voltage is applied to the needle electrode with the plane electrode grounded. In this case, the needle will serve as an outflow for the electrons and negative ions and the plane the outflow for positive ions. Open (zero flux) boundaries are applied to the outside planes of the computational domain. These conditions are a mix of Dirichlet and Neumann boundary conditions. 

Mesh Refinement

Simulations of propagating streamers require an extremely fine computational mesh to accurately resolve the charged layers in the vicinity of the electrodes, and in areas with high gradients of concentration of charged carriers. To do so, one can employ two approaches; a static mesh or dynamic mesh. The static mesh requires a very fine mesh size due to the microscopic nature of the propagation.

This leads to an increase in the size of the problem and thus longer computational times. In highly nonlinear problems, larger inter electrode distances and higher spatial dimensions, this may result in nonconvergence of the problem. A dynamic mesh is thus ideal and this can be implemented using an Adaptive Mesh Refinement (AMR) [START_REF] Berger | Adaptive mesh refinement for hyperbolic partial differential equations[END_REF] in the regions of strong variations in charge carrier densities.

This allows the implementation of a coarse mesh in the whole computational domain, which reduces the computational time. Normally, the error in gradient of a specified primary variable is used for the mesh refinement and the mesh adapted accordingly [59] [96]. Quantities such as the gradient of the positive ions, electrons, electric potential etc. can be used as the error indicator. However, for our case, the error indicator criteria for the mesh refinement was selected as the reaction rate variable (Re). This is because the high reaction between electrons and positive ions mostly occurs at the head of the streamer leading to a sharp gradient of the field appearing at the tip of the streamer. Elsewhere in the domain, the reaction rate has relatively low strength thus the adaptive mesh refinement is only active at the tip and follows the propagating streamer. An example of the mesh refinement is presented in Figure 14 where the new mesh after the refinement is mapped onto the previous mesh and this is used to calculate the solution of the dependent variables for the next time step. One can note that the adaptive mesh refines the elements where the gradient of the error indicator is high and this is observed along the boundary of the propagating streamer. A free triangular mesh is used in this case. To be able to run simulations for larger gap spaces and computational domains, partitions have been employed in the computational domain so as to enable the utilisation of different mesh sizes depending on activity levels. In a domain of 1 -1.5 mm in the r direction (where the streamer propagates) depending on the size of the computational domain, a fixed cell grid of 8 m is used and beyond this region, the grid expands according to geometric progression. It is also worth noting that an adaptive mesh refinement of 2 m is used to follow the propagation of the streamer.

Solver Configuration

To render a solution for the implemented problem, the solver settings are defined using the study-node.

Our study is a time dependent one and as such, the time dependent solver must be configured. It is of utmost importance to determine the correct study settings for time dependent problems. If the time steps taken between solutions are too big (dt > 10 -9 ), there might be a lack of resolution which will result in an inaccurate solution or convergence issues. On the other hand, if the time steps are too small (dt < 10 - 15 ), this will require too much computational time and power. The steps taken by the solver is automatically adapted within these bounds at each iteration to find a suitable solution.

Under the time dependent solver, the method for solving chosen is the robust Direct method. In specifying the solver type, one has the choice of MUMPS (parallel direct solver that supports cluster computing and stores solution out of core (hard disk)), PARDISO (parallel direct solver that stores solution in processors) and SPOOLES (sparse linear solver that uses a symmetric structure to solve linear problems). These solvers differ primarily in their relative speed and how they take advantage of all the processor cores of a computer. Because of the computational power available to us, PARDISO was found to outperform the other two solvers and hence used. Additionally, a fully coupled node for charged specie concentration and electrostatics (.plas) is used here. In the future, with the implementation of a photoionization model, this will be changed to two segregated solvers; one for the electric field and concentration computations and the other for the computation of photoionization terms.

This way, the link between how one physics affects the other can be setup. Under the fully coupled solver, the model is specified as non-linear (Automatic Newton). This implies that, the problem is solved linearly with the Direct solver but the solution vector is updated in an iterative manner. A full summary of the solver configurations is provided in appendix E.

Limitations of the COMSOL™ model

Although the current model implemented in COMSOL™ functions sufficiently for electro-technical and pulse power applications, there are still limitations on its usability. The principal one is the computational requirements because of the fine mesh dependability. Because of this, smart meshing techniques like AMR and domain partitioning have been used. Regardless, the computational requirements for these simulations are so high the length of the gap distance is limited to a few millimetres (10 mm at most). This is for a basic model with no additive physics like photoionization and with most peripheral parameters treated as constants. As such the current model also do not have a photoionization profile included.

AfivoStreamer

AfivoStreamer is a simulation tool developed in Centrum Wiskunde & Informatica (CWI), that supports the simulation of streamer discharges in 2D and 3D using plasma fluid models. The streamer modelling tool is built on top of Afivo (Adaptive Finite Volume Octree) which enables parallel simulations on adaptively refined grids. The Afivo framework [START_REF] Teunissen | Afivo: A framework for quadtree/octree AMR with shared-memory parallelization and geometric multigrid methods[END_REF] provides quadtree/octree adaptive mesh refinement, a geometric multigrid solver, shared memory parallelism and routines for writing outputs. This script based platform makes use of finite volume discretization and does not provide support for unstructured grids. The main features of the code include adaptive mesh refinement, multigrid field solvers, photoionization using either Helmholtz or Monte Carlo approaches and support for user defined chemistry and transport data by use of tabulated inputs. For more information on the model, one can refer to the earlier published paper [START_REF] Teunissen | Simulating streamer discharges in 3D with the parallel adaptive Afivo framework[END_REF] or the documentation page on the website of the developer [98].

The source code is available online under an open source (GPLv3) license.

Simulations in AfivoStreamer were performed on a Dell Inspiron 5520 computer running a Linux kernel specifically Ubuntu 20.04.3 LTS with a processor Intel® Core™ i7 -3632QM CPU @ 2.20 GHz, x86_64 system architecture build.

Physics, Geometry and Boundary Conditions

The fluid model used in AfivoStreamer is of the drift-diffusion-reaction type with the local field approximation. The diffusion, drift and ionization terms are functions of the local electric field strength and these can be computed with a Boltzmann solver [99]. To efficiently utilise transport coefficients, a lookup table is employed. This table stores the coefficients at regularly spaced electric field strengths, linearly interpolating the input data. To look up values for a given field strength, the corresponding index in the table is computed, after which linear interpolation is employed.

Since this is a plasma fluid model implementation, there is the need for chemical reactions of the various rate processes. The cross-sectional species for popular gases can be found on Lxcat [93] and included in the transport data file. The format of these reactions are then expressed as {reaction, rate type, value}.

The rate type signifies whether the parameters for this particular reaction is from an interpolation table {field_table} or a constant value {constant}. If an interpolation table, the reference for a field dependent transport data is expressed as the value instead of a constant term.

For discharges in air, photoionization is an important generation process. Afivo includes the Helmholtz approximation of photoionization modelling proposed in [START_REF] Bourdon | Efficient models for photoionization produced by non-thermal gas discharges in air based on radiative transfer and the Helmholtz equations[END_REF] based on Zheleznyak's integral model [START_REF] Zhelezniak | Photoionization of nitrogen and oxygen mixtures by radiation from a gas discharge[END_REF] (See Figure 10). The finite volume implementation has spatial discretization that are second order accurate. More information on the spatial discretization can be found in [START_REF] Teunissen | Simulating streamer discharges in 3D with the parallel adaptive Afivo framework[END_REF].

Mesh Refinement

Adaptive mesh refinement makes it possible to have extremely fine grid spacing usually required near the streamer head. Without it, the size of the computational domain is severely limited and there is the need for more computational power. For 2D simulations in Afivo, a quadtree grid is used as opposed to an octree grid in 3D simulations. The mesh refinement is based on the growth of positive streamers which is dominated by electron impact ionization. The main advantage of AfivoStreamer over the commercial finite element approach provided earlier has to do with the computational time. Owing to the very fine mesh that is required for streamer simulations especially around the tip of the needle electrode and also the head of the streamer, optimization of the meshing technique used provides the ability to simulate longer gap distances. Figure 15 shows the adaptive mesh refinement in AfivoStreamer for a 2D configuration. The minimum mesh size here is 2 µm. Also, no domain partitioning has been employed here differing from what was presented for COMSOL™ in section 2.4.
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Figure 15: Mesh Refinement and De-refinement in Afivo for 2D.

Comparing this to Figure 14 of section 2.4 for the mesh refinement in COMSOL™, it can be observed that, AfivoStreamer intelligently de-refines the mesh in the bulk of the streamer as nothing noteworthy is observed there when the streamer is propagating. This is not done in COMSOL™ and thus slows the overall computational time as the region using the minimum mesh size increases.

Geometric Multigrid Solver and Parallelization

One of the main challenges of streamer simulations is the resolution of the Poisson's equation. This equation has to be solved at every time step with high spatial resolution within the streamer head. The Multigrid solver approach used in Afivo and presented in [START_REF] Brandt | Multigrid Techniques: 1984 Guide with Applications to Fluid Dynamics[END_REF] [101] [START_REF] Briggs | A multigrid tutorial[END_REF] are among the fastest methods for solving elliptical equations.

Multigrid methods are iterative solvers which cycle over a hierarchy of grids. Afivo supports a V-cycle and a FMG (full multigrid) cycle. Both cycles are implemented using the full approximation scheme meaning the computed solution is available at all grid levels (in some multigrid methods, this is not the case for coarse grids and only the correction to the solution are computed on them). For its functionality, the FMG cycle is used to compute the initial electric potential and subsequent updates of the potential is done by the V-cycle using the previous solution as an initial guess on the premise that there are only small changes in potential between time steps [START_REF] Teunissen | Afivo: A framework for quadtree/octree AMR with shared-memory parallelization and geometric multigrid methods[END_REF].

OpenMP is used for shared memory parallelization. This means that the software could use from one up to a number of processor cores depending on the available hardware. Since the grid is already divided into blocks, the parallelization is performed over these blocks.

Output

As stated earlier, AfivoStreamer is a script based implementation developed in G-Fortran with no user interface for visualization and thus there ought to be a framework for writing and visualizing output.

AfivoStreamer supports the production of output as VTK or silo files which can then be visualized with third party software such as VisIt [START_REF] Childs | VisIt: An end-user tool for visualizing and analyzing very large data[END_REF].

Comparison between model in COMSOL™ and AfivoStreamer

Although both models used the plasma fluid model approach to streamer simulations notwithstanding many simplifications in the COMSOL™ model for improved computational time, Table 3 provides a concise view of the two approaches. 

Swarm Parameters

As alluded to, certain parameters like electron drift velocity, electron diffusivity, ionization, attachment etc. play a principal role in the initiation and propagation of streamer discharges leading to breakdown.

The continuity equations ( 5) -( 8) make use of these parameters for the evolution of the various charged species. These parameters however vary from gas to gas and even for the same gas, there are variations depending on the source of the particular swarm parameters. In this thesis, streamers in air, CO2, N2 and SF6 have been presented and thus a comparison of the pertinent swarm parameters have been done in an attempt to better understand the variations in the streamer dynamics later presented in these works.

Effective Ionization 𝛼 𝑒𝑓𝑓 = 𝛼 -𝜂

Ionization is the main process of electron generation in gases. When a sufficient electric field is applied to a gas, there is an increase in the velocity of electrons resulting in the charged particles accumulating higher energies on their free path. At high enough levels, these electrons cause ionization of neutral atoms or molecules upon impact resulting in the generation of new electrons. However, in gases with high electron affinity (electronegative gases), there is the possibility to accommodate electrons in their outermost shell. This is known as attachment. The net rate between the coefficients for ionization and attachment yields the effective ionization rate. Figure 16 shows the reduced effective ionization (𝛼 𝑒𝑓𝑓 =

𝛼-𝜂 𝑁

) against the reduced electric field, 𝐸/𝑁 for air, N2, CO2 and SF6. Since N2 is an electro-positive gas, the attachment coefficient 𝜂 is taken as zero. From the figure above the critical reduced electric field can be deduced. For air, this is ~120 Td. The critical field for N2 according to our data ranges between 60 and 100 Td and for CO2, this is ~84 Td. In SF6, this is ~362 Td. This highlights the high attachment rate in the highly electronegative gases.

Mobility µ 𝑒 and Diffusion 𝐷 𝑒

Two processes, drift and diffusion mostly dominate the migration of charge carriers under the influence of an electric field. When an electric field is applied to a gas, the charged carriers will move at a velocity that is proportional to the magnitude of the field. This velocity is the drift velocity 𝑤 𝑒 = µ 𝑒 𝐸 ⃗⃗ . The mobility or reduced electron mobility (µ 𝑒 𝑁) can be expressed as a function of the reduced electric field 𝐸/𝑁 and this is shown in Figure 17 for the selected gases. Diffusion on the other hand is the movement of charged particles in response to a concentration gradient within a medium. This results from collisions between particles sending the particles off in random directions. The rate of diffusion is the diffusivity or reduced electron diffusivity (𝐷 𝑒 𝑁) and can be expressed as a function of the reduced electric field 𝐸/𝑁 as shown in Figure 18 for the selected gases. The presented swarm parameters are limited to a reduced electric field of less than 1000 Td as the simulation range tend to be lower than that but for high field simulations, the swarm parameters were adjusted accordingly.

Verification of model in COMSOL™ Multiphysics

General Hypotheses

1. The chosen initial temperature, 𝑇 and pressure, 𝑃 for the simulation are 293 K and 760 Torr (1 bar) respectively and thus the density 𝑁, can be computed using the equation:

𝑁 = 𝑃 𝑘𝑇 , ( 41 
)
where k is the Boltzmann's Constant.

In later parts of this thesis, the influence of the density on streamer behaviour is presented.

2. No photoionization model is used. This also holds true for all the work done in COMSOL™ presented in this thesis. A constant term 𝑆 𝑏 (𝑚 -3 𝑠 -1 ) is adopted and as and when used, the exact value is stated.

3. Electron attachment: At low pressures, the attachment process in most electronegative gases are dominated by two body attachment (about 3 orders of magnitude higher than three body attachment in air). With the growth of the electron density, the influence of three body attachment on the loss of free electrons to electronegative ions play a key role in streamer dynamics. It is estimated that the influence of three body attachment in our pressure range is negligible and a clear distinction between two and three body attachment have not been made in the present work.

4. On continuing, certain qualitative parameters are of interest and ought to be defined for better understanding of the electro-dynamics of streamers. For this write-up, the streamers are going to be characterized in terms of streamer channel length 𝑙, velocity 𝑣 = 𝑑𝑙 𝑑𝑡 , maximal field enhancement in the streamer head 𝐸 𝑚𝑎𝑥 , streamer radius 𝑟 which is obtained by measuring the radial extension of the electric field or the electron reaction rate in the head of the streamer, diameter 𝑑 = 2𝑟 and the electron density in the streamer head. The reduced diameter is then the diameter multiplied by the pressure (p•d). The streamer head is defined as the circumference on the propagation axis where the absolute value of all charge densities is highest. The length 𝑙 is defined as the separation between the needle electrode and the streamer head. This can also be expressed in terms of the axial position of the streamer.

Verification

With positive streamers initiating more easily at relatively lower voltages, this makes it more critical to electrical systems design and thus the evolution of the positive streamer is studied here. To validate the use of the COMSOL™ plasma module for streamer simulations, a comparison of the results obtained using our implementation has been done with the plasma simulating code of the PRHE team of the Laplace Laboratory [START_REF] Eichwald | Effects of numerical and physical anisotropic diffusion on branching phenomena of negative-streamer dynamics[END_REF] for a streamer in air under similar conditions. For streamers in air, negative ions have been taken into consideration and with it attachment and ionion recombination in addition to ionization, electronion recombination, background ionization etc. For simplification purposes the ionion recombination rate is the same as the electronion recombination rate = ~10 -13 m 3 /s. The cross specie reactions and swarm parameters for charge transport for air used are provided in appendix A. For the configuration, a point to plane geometry with computational domain boundaries of 2 x 2 mm and needle to plane electrode spacing of 1 mm is used. A voltage of +3 kV is applied to the needle with radius of curvature of 0.1 mm and the plane is grounded. To account for photoionization, a constant source term 𝑆𝑏 = 3 ⋅ 10 25 1 (𝑚 3 . 𝑠) ⁄ is used in the paper. Same configuration is duplicated in COMSOL™ for our implementation. A direct comparison between the two works is provided in Table 6. 22 show the electron density profile (2D) and its variation along the streamer axis whereas Figure 21 and Figure 23 show the electric field distribution and its variation along the streamer axis for the streamer at time t = 3 ns. Figure 19 shows the initial Laplacian fields (2D) for both models. Generally, the two models are within an acceptable range of each other with variations noticed in the axial displacement of the streamer in both works.

Further verification of the COMSOL™ model is provided in Annex C.

Influence of different needle electrode shape in air

As highlighted earlier, the impact of the formulation of the needle electrode has been studied. Two cases have been studied; a hyperboloid formation (Figure 12a, Chapter 2, section 2.2) and a rectangle with a fileted edge (Figure 12b, Chapter 2, section 2.2). For both simulations, a needle of length 1 mm and radius of curvature of 0.1 mm is used. The cathode is placed 1 mm away from the tip of the needle in a 2 mm computational domain. An initial Gaussian charge of 10 14 m -3 is placed 0.05 mm from the tip of the needle and a background ionization 𝑆𝑏 = 10 23 1 (𝑚 3 . 𝑠) ⁄ is used.

With the two configurations, a +3 kV voltage is applied to the needle electrode and this yielded a maximum Laplacian electric field of 168 kV/cm in the hyperboloid configuration and 240 kV/cm in the fileted configuration. This difference in the initial electric field is significant enough as it impacts the propagation times with the streamer from the hyperboloid configuration crossing the 1 mm gap in ~ 12 ns whereas the streamer from the fileted configuration crosses in ~ 9 ns. Figure 24 shows the contour of the electron density for the displacement of the streamer at 0.7 mm away from the needle for the two configurations (after 11.3 ns for hyperboloid and 8.3 ns for fileted rectangle). One must note that the shape of the two streamers vary depending on the electrode shape. Electron density ranges between 2e19 and 2e20 m -3 .

Influence of initial Gaussian seed

For most of streamer modelling work in literature bar [START_REF] Singh | Computational framework for studying charge transport in high-voltage gas-insulated systems[END_REF], an initial Gaussian seed is used for the initiation of the streamer. The formation of the initial seed, the localisation of the seed to the electrode and the appropriate concentration of the seed are interesting research topics but a particulate approach is required to sufficiently study its influence on the whole streamer initiation. This is beyond the scope of this work however the criticality of the seed as introduced using a Gaussian equation has been studied in present work and has been found that for same initial and boundary conditions, the seed plays a marginal role in streamer simulations (insignificant in the present model) as the streamer initiates from the background ionization. This effect was also observed in [START_REF] Luque | Positive and negative streamers in air: modelling evolution and velocities[END_REF] where several initial seeds were studied. Also of interest is that, the velocities of the streamer are independent of the initial seed. For clarification purposes, this effect is limited to inhomogeneous fields and can be attributed to the fact that in the high field regions near the needle electrode, ionization occurs very rapidly counteracting the presence or lack thereof of a seed.

Presented in Figure 25 

Conclusion

In this chapter, the selection of finite element software for the streamer simulations have been presented.

The implementation of the model in COMSOL™, specific boundary conditions and techniques to overcome non-convergence and also improve the computational time for the simulations have been highlighted. A general introduction into the different features of AfivoStreamer, a widely adapted scientific tool for streamer discharges have been given. On the work flow between the two approaches, certain advantages and disadvantages present themselves and thus it is of interest to highlight them:

1. COMSOL™ presents a graphic user interphase (GUI) making simulations in it more user friendly as opposed to the script based approach provided by AfivoStreamer. One should also have some familiarity with a Linux based operating system. Additionally, a third party application like Paraview or VisIt is required for visualizing the silo files compiled.

2. Because COMSOL™ is a widely adopted finite element tool, the user has the flexibility of designing different electrode configurations; point to plane, plane to plane etc. with the added advantage of specifying the electrode type (hyperboloid, fileted etc.). Complex geometry can also be designed in third party applications like AutoCAD and imported. This is however not the case in AfivoStreamer as one is limited to a plane to plane configuration or a point to plane configuration but with a fileted electrode only.

3. The computational requirements of COMSOL™ limits the gap distance, complexity and computational size of simulations whereas AfivoStreamer provides the advantage of adding more physics and simulating longer gaps without a significant increase in the computational requirements. This directly translates into longer computational times in COMSOL™ as opposed to a shorter time in Afivo even on a lesser computational platform (2 processors of Intel® Xeon® CPU E5-2698 v4 @ 2.20 GHz and 256 Gb of RAM, x64 system architecture build for COMSOL™ vs a processor of Intel® Core™ i7 -3632QM CPU @ 2.20 GHz, x86_64 system architecture build for Afivo). This advantage is critical especially when comparing to practical and experimental setups.

Also in this chapter, the verification of the streamer model implementation in COMSOL™ is presented.

This was done by comparing the results in the same conditions with that of the PRHE team of the Laplace laboratory for a 2 mm gap distance. Considerable agreement on the electric field in the head of the streamer and the electron density is attained however the streamer propagates faster in the COMSOL™ model. Further on, the use of different types of electrode formulation have been analysed with the field Laplacian field distribution at the tip of the anode for a fileted electrode implementation higher than the hyperboloid implementation and thus faster streamer initiation and propagation times. Lastly, confirmation on the influence of an initial seed was tested and was found to have an insignificant effect on the streamer initiation and propagation times in inhomogeneous fields as have been reported in [START_REF] Luque | Positive and negative streamers in air: modelling evolution and velocities[END_REF].

In the succeeding chapters, the use of the models for streamers in different gases and comparison with experimental expectations are presented.

Chapter 3 Positive Streamers in Air, N 2 , CO 2 and SF 6 . SF6 gas is widely used in electro-technical applications because of its excellent dielectric characteristics.

The gas is widely used under pressure (not exceeding 6 bar). To find an alternative for the gas especially in MV equipment, these alternatives ought to be analysed. In this chapter, positive streamer discharges in SF6 and its characteristics because of the high electronegativity will be analysed and some inferences drawn. The model presented in COMSOL™ Multiphysics and subsequently validated in the previous chapter is used for a 5 mm gap distance. Subsequently, streamer discharges in selected gases specifically, air, CO2 and N2 are presented. The influence of pressure and applied voltage on some characterization parameters like the velocity and the diameter will also be presented. Lastly, multiple discharges in one computational domain owing to configuration selections are also presented.

Positive streamers at bar

Upon verification, positive streamer simulations in air, CO2 and N2 have been done for a relatively larger gap spacing of 5 mm than used for validation purposes. For all the simulations presented in this section, an instantaneous voltage of 15 kV unless otherwise stated is applied to the needle electrode. A hyperboloid needle electrode of radius of curvature 0.1 mm is used and the grounded metal plate is 5 mm from the needle tip. As specified in the assumed hypothesis in section 5.1 of chapter 2, no photoionization term has been included in the model but a constant background ionization value of 𝑆 𝑏 = 10 23 𝑚 -3 . 𝑠 -1 is used. This is partly because of computational simplifications and also due to the limited literature on the photoionization process in gases such as CO2. The constant term therefore provides a more accurate comparison between different gases at atmospheric pressure.

Air

Implementation of a streamer propagation model in COMSOL ™ has been attempted earlier in a more comprehensive mathematical approach in [62] [START_REF] Singh | Computational framework for studying charge transport in high-voltage gas-insulated systems[END_REF]. Although it would have been interesting for comparative purposes to repeat the same simulations, all conditions used in these simulations are not readily available plus the fact that these simulations include a photoionization model omitted in current work. Regardless a similar gap distance has been attempted using the present model.

The surface plots for the electron density concentration and electric field distribution are presented in Figure 26 and Figure 27 below. It can be observed that two main stages are evident for the streamer initiation and propagation mechanism; the initiation and radial expansion phase and the propagation phase. Also, from the electric field diagrams, one can observe the enhanced field at the tip of the streamer in comparison to the drastically reduced field strength in the channel. The streamer eventually crosses the 5 mm gap in 4.1 ns thus the estimated average front velocity is ~1.2 x 10 6 𝑚/𝑠 which is in agreement with the aforementioned works [62] [96] and falls between 10 5 𝑎𝑛𝑑 10 7 𝑚/𝑠 propagating velocity consistent in literature for short streamers [START_REF] Naidis | Positive and negative streamers in air: velocity-diameter relation[END_REF]. The channel radius at stable propagation computed from the electron reaction rate is also in agreement with earlier works falling between 400 and 600 µm. It also emphasizes the increase in the magnitude of the electric field as the streamer approaches the cathode. This reflects the interaction of the streamer channel with the grounded plane. 

N2

On simulating a positive streamer in N2, the cross-sectional data and swarm parameters in N2 are required and this can be recapped in appendix B. Of note here is that, in contrast to air which is an electronegative gas, there are no negative ions and thus the attachment coefficient is equal to zero. The simulations have been done for similar conditions as before and the surface plot for the electron density profile and the electric field distribution of the streamer at times 1.0, 2.5 and 3.9 ns are shown in Figure 30 and Figure 31. The corresponding line diagrams along the axial line are represented in Figure 32 and Figure 33 respectively. After the initiation and with propagation commencing, there is an increase in the electric field as captured by time t = 0.5 ns. Thereafter, there is a gradual decrease in the electric field at the tip of the streamer as the electrostatic coupling between the needle and the streamer head weakens providing values of between 120 and 160 kV/cm, typical for positive streamers. As the streamer reaches the cathode, there is again the increase of the electric field as can be seen at time t = 4 ns and this can be attributed to the interaction of the streamer head with the grounded electrode.

Here also, the estimated streamer velocity is 1.2 mm/ns with a channel radius of ~0.5 mm. Although similar streamer velocity is realised as in air, it is worth noting the higher electric field in the streamer head at steady state propagation mode ranging between 120 and 160 kV/cm. 

CO2

Following the trend from before, same simulation conditions have also been done for CO2. The crosssectional data and swarm parameters are provided in appendix C. Compared to air, relatively higher (about one order of magnitude) recombination values are used in the simulations. The chemistry mechanism employed is a simplification of those found on Lxcat [93] meaning only pertinent processes were taken into account; ionization, recombination and attachment since the dominant population mechanism in streamer discharges is electron impact reactions. Only addition to those reactions were those for boundary conditions of the cathode and anode. For electronion recombination and ionion recombination rates, the values used were 7𝑒 -5 𝑐𝑚 -3 𝑠 -1 and 5𝑒 -6 𝑐𝑚 -3 𝑠 -1 respectively as can be found in [START_REF] Armstrong | The electron-ion recombination coefficient in CO2 and NH3. Deviations from a linear density dependence at elevated pressures[END_REF], [START_REF] Ponduri | Fluid modelling of CO2 dissociation in a dielectric barrier discharge[END_REF].

Figure 34 and Figure 35 show the surface plots of the electron density profile and the electric field distribution at times 0.8, 2.0 and 2.9 ns respectively. At stable propagation, the maximum electron density of the streamer is ~10 20 m -3 which corresponds well to what is in literature in general for positive streamers. The electric field distribution highlights the strong electrostatic coupling between the anode and the streamer head at the earlier time steps. As the streamer propagates further away from the anode, the electrostatic coupling weakens and thus explains the reduction in the electric field in the head of the streamer. As the streamer approaches the cathode, there is an increase in the electric field which may or may not lead to breakdown. The electric field in the streamer heads for air, N2 and CO2 goes to show how easily streamers propagate in CO2 as opposed to air and N2. This can be attributed to the lower critical electric field (see Figure 16).

It should be noted that a photoionization model tends to produced relatively smaller radii in comparison with the background ionization field used in present work. This is explored further in the next chapter using a different simulation tool.

Table 7 below summarises some pertinent information about the streamer discharges in the various gases presented. 

Influence of Applied Voltage

In general, streamer velocity and diameter increases as the voltage increases. This is because most of the swarm parameters used in streamer computations are reduced electric field dependent and since the electric field is dependent on the applied voltage (Poisson's Equation), it is of interest to study the influence of the voltage. Four additional voltage levels; 11 kV, 13.5 kV, 17.5 kV and 20 kV in addition to the 15 kV in the preceding section are studied for a point to plane geometry separated by a 5 mm channel gap for air, N2 and CO2. For all the simulation results presented here, no photoionization has been used for simplification sake and a background ionization of 𝑆 𝑏 = 10 23 𝑚 -3 𝑠 -1 is adopted.

Preliminary studies have been done in just air as can be seen in Figure 38 and this illustrates the evolution of the streamer diameter and velocity in comparison with the quantitative experimental formula for streamer velocity characterization in air 𝑣 = 0.5𝑑 2 ( 𝑚𝑚 𝑛𝑠

) where d is the diameter of the streamer [34] [104]. The diameters were taken at axial position 2 mm, meaning when the streamer had traversed 60% of the 5 mm gap.

As can be seen from the figure, there is conformity between the numerical and empirical results barring a margin of error of about 10 to 15%. For example, using this expression, the streamer velocity for the 20 kV applied voltage with a radius of 1 mm should have a velocity of 2 𝑚𝑚/𝑛𝑠 and so our computed maximum velocity of 2.27 𝑚𝑚/𝑛𝑠 is in good agreement with experimental expectation. The variation can be partially attributed to simulations measuring the geometrical radius of the space charge or the electric field while experiments measure the radiative or visible radius. Subsequently, the influence of the electric field in the other gases have been studied. Since all the initial parameters for the various gases are the same, the influence of the background ionization term can be ignored in our analysis. For a given reduced electric field, the initiation of the streamer and subsequent propagation is dependent on the ionization and the drift velocity. This approximation is derived from the dimensionless analysis presented in Chapter 1 section 2.5 and supported by similar approximations in [69] [80].

From Figure 16 and Figure 17 for the Townsend ionization coefficient and electron mobility for the various gases respectively, the marginally higher mobility of CO2 in lower fields (< 250 Td) than air and N2 can be seen. This coupled with the lower critical field results in streamers propagating faster in the gas. Comparing air and N2 and as seen on Figure 39, the streamer velocity in N2 becomes equal and subsequently greater than air at increasing fields. This can be explained by the reduced ionization in air at higher electric fields according to our parameter set. 

Gas Density Effects on Streamer Discharges

Swarm parameters and reaction rates in gases are expressed as a function of the reduced electric field An attempt has been made to study the influence of the pressure on streamer discharges when a positive voltage is applied. Recalling the simulation conditions, the gap distance between the anode and cathode is 5 mm and a background ionization of 𝑆𝑏 = 10 23 𝑚 -3 𝑠 -1 is used in lieu of a photoionization model.

No Gaussian seed is used for the initiation of the streamer. The swarm parameters are consistent with what has been presented thus far for the different gases. For the pressure, it was varied by 0.5 from 0.5 bar to 3 bar for all three gases. Two applied voltages were used; 15 kV and 20kV.

An artificial diverging effect (tip splitting/streamer branching) was observed for pressures above and inclusive of 2 bar for 15 kV and a similar occurrence for pressures above 2.5 bar for 20 kV in air (see Figure 47). For N2, this diverging effect was noticed at 1.5 bar for 15 kV and 2 bar for 20 kV. Lastly for CO2, the diverging effect was observed at 2.5 bar for 15 kV and 3 bar for 20 kV. This is further discussed in the next section.

Presented below are the 2D electron density profile and electric field distribution for a streamer in air with an applied voltage of 20 kV and pressures of 1, 2 and 3 bar, two approaches have been employed; for the same time step, 2 ns and also the same axial position, 3 mm away from the anode (needle electrode). For a pressure of 3 bar, the diverging effect was experienced and as at 12 ns, the limiting time for the simulation, it had not gotten to that axial position. Moreover, the propagation after the branching has no physical basis and as such it is of no interest in our analysis and therefore the results presented is just before the branching occurs. Figure 40 and Figure 41 show the surface plots of the electron density for the three pressure values using the preamble above and Figure 42 shows the 2D surface plot of the electric field distribution for the three pressure values at the same axial position, 3 mm away from the needle electrode. In conformity with literature, the streamer becomes thicker with decreasing pressure and smaller with increasing pressure. This confirms the experimental results in [START_REF] Seeger | Streamer parameters and breakdown in CO2[END_REF] where the radius exhibits inverse proportionality to the pressure; 𝑟 ∝ 1 𝑃 . At 1 bar and with an applied voltage of 20 kV in air, the streamer radius was ~1 mm whereas by increasing the pressure to 2 bar, the radius was almost half that at ~0.6 mm (see Figure 43). Additionally, the velocity of the streamer greatly reduces as the pressure is increased with the velocity being 2.27 mm/ns for 1 bar, 0.833 mm/ns for 2 bar and 0.55 mm/ns for 3 bar (Figure 44). For pressure values where branching occurred, the quantitative parameters provided are that before the diverging effect. Also of interest is the influence of pressure on the electric field in the streamer head for the various gases. It was observed that as the pressure increases, the electric field in the head of the streamer also increases. This can be explained by the higher breakdown electric field at higher pressures and since the gap voltage was maintained at a constant value, a higher electric field in the head is required for streamer propagation to occur. This also explains the decrease in radius and velocity as the pressure increases.

Table 8 and Table 9 summarises the velocity, diameter and electric field for streamers in Air and CO2 when voltages of 15 kV and 20 kV are applied. The electric fields presented are for when the streamer is in stable propagation mode or pre-divergence at pressures where it occurs. This is to minimize the effect of the electric field around the anode on the electric field in the streamer head as much as possible. In summary, the velocity and radius of streamers in the different gases exhibit inverse proportionality to pressure. This is a direct confirmation of experimental findings as presented in equation ( 4),

𝑟 ∝ 1 𝑃
. The linearity of such a relation for increasing pressure however has not been determined as artificial diverging effects (branching) are observed when the pressure increases and the streamer radius grows thinner. This is expanded on in the next section.

Artificial Divergence

In past papers, such effects have been identified in [START_REF] Kulikovsky | The role of photoionization in positive streamer dynamics[END_REF] and [START_REF] Arrayas | Spontaneous branching of anode directed streamers between planar electrodes[END_REF] but have typically been discarded as numerical inconsistencies, meshing or Laplacian instability. However, it has been established by Ebert et al in [START_REF] Ebert | The multiscale nature of streamers[END_REF] that this branching is arbitrary and mostly occurs when the width of the space charge (curved ionization front) is smaller than the radius of curvature which normally happens as the pressure increases. The dynamic instability of the thin screening layer can make a streamer branch. The branching probability is of interest however that is outside the scope of our deterministic plasma fluid model.

Following the evolution of the space charge and electric field in our case, the streamer continues to propagate along the axial line as long as there is a significant potential difference between the curved front, specifically the streamer tip, and distant electrode and this forms a considerable amount of quasiuniform charge content in the streamer head. As the streamer moves further from the needle electrode and the electrostatic coupling weakens resulting in a reduction of the electric field in the streamer head, the charge concentration in the head becomes less uniform and accumulation is noticed around different parts, specifically, along the axial line (streamer tip) and around the radius of curvature of the streamer head. Note that streamer head numerically has a convex like presentation. Depending on whether or not the charge on the radius of curvature supersedes the charge at the tip, the branching occurs. On the onset of the branching, there is a gradual transition from a convex to concave like streamer head. This flattening of the streamer head and the decrease of the head thickness was also observed in [START_REF] Levko | Particle-in-cell modeling of streamer branching in CO2 gas[END_REF] and can be seen in Figure 47 below which shows the log of the space charge density of a propagating cathode directed streamer in air at times 2 ns, 4 ns, 6 ns and 7 ns. The assertion here is that; the diverging effect is arbitrary with the only commonality being the very thin radius of streamers (< 0.3 mm) before the branching occurs and the potential difference between the streamer head and the cathode should be high enough to avoid this effect.

This was further tested with a 30 kV, 3 bar voltage and pressure configuration and it was observed that, although the branches were formed, because of the higher potential difference between the tip of the streamer and the grounded electrode in comparison with the new branches, the new branches failed to propagate with the axial streamer propagating to the cathode. Hence one way to prevent branching is to increase the reduced electric field by increasing the applied voltage as the density increases.

Another way of preventing the streamer from branching include guiding the propagation of the streamer.

This can be done by defining a seed along the propagation path of the streamer that has a length equal to the length of the domain. This creates a channel where there is a higher electron density compared to the rest of the domain and is especially effective when comparing to guided experimental results.

Streamers in SF 6

Experimentally, SF6 differs from air, N2 and CO2 by being more highly electronegative; thus, streamer studies in a gas like that is essential to fully understand the effect of the electronegativity on the streamer initiation and propagation process. The computational domain still remains a point to plane geometry with needle radius of 0.1 mm and gap distance of 5 mm. Very little information is known of the photoionization process in SF6 and thus a background ionization term of 1𝑒23 𝑚 -3 𝑠 -1 has been used.

Two pressure values were studied; atmospheric pressure, 1 bar and sub atmospheric pressure, 0.1 bar.

Atmospheric Pressure

Figure 48, Figure 49 and Figure 50 show the 2D surface plot of the electron density profile, electric field distribution and the ion density profiles of a streamer propagating in a 5 mm SF6 gap at 1 bar.

At the early time steps when the discharge initiates, the electric field is strengthened by the applied voltage and consequently, the rate of ionization far exceeds the attachment rate. As the streamer propagates, the electrostatic coupling between the streamer head and the needle reduces due to the space charge. This causes a strong affinity for attachment resulting in a high concentration of negative ions in the bulk of the streamer (Figure 50). From the electron density profile diagram shown in Figure 48, a discontinuity can be observed between the head and the tail of the streamer resulting from the high levels of attachment in the electronegative gas. In the streamer head however, due to high electric field and high ionization rate, the electron density is profound and has almost the same order of magnitude as the positive ion density. The corresponding electric field plots in Figure 49 show the enhancement of the electric field in the streamer head. A thinner streamer head with the electric field concentrated in the tip is observed as the attachment dominates in the bulk of the streamer.

Figure 50 highlights the ion distributions in the streamer, and owing to the low drift velocities of ions and the high electron attachment rate, almost the same profile is observed for both the positive and negative ions except at the tip.

The streamer stops propagating at about 1 mm from the needle electrode. This can be due to the limitations of the model as experimentally in SF6 at 1 bar and 1 cm, there is leader formation and thus the continuity equations used here cannot accurately quantify the whole process. In the case of leaders, the heating of the streamer channel should also be taken into account. Leaders occur due to heating of the streamer channel and this results in the formation of a high temperature channel (T > 2000 K) that is very conductive. In [START_REF] Morrow | Electrical Breakdown in Air and in SF6[END_REF] where Morrow and Lowke compared the streamer discharge in air/flue gas and SF6, the halting of the streamer in SF6 was also observed even for a higher applied voltage than in air (50 kV in SF6 and 20 kV in air). It was inferred that to maintain the propagation of the streamer in SF6, the streamer has to maintain the electric field in the channel close to the field at which ionization equals attachment 𝐸 𝑐 which is ~ 90 kV/cm at 1 bar in order to keep the gas conducting as the streamer propagates. On examining the electric field diagram presented in Figure 51, the electric field in the streamer channel is ~50 kV/cm and significantly falls below the threshold required and thus the halting of the propagating streamer. After the halt, an increase in the electric field in the head is observed. Unlike in SF6 where this relation is strict, electric field values of 4 -8 kV/cm are typically observed in the streamer channel in air which falls below the 𝐸 𝑐 value of 30 kV/cm and yet the full propagation of the streamer in the gap is observed. This is because the attachment rate times in air is far less than the ionization rates as observed in [START_REF] Morrow | Electrical Breakdown in Air and in SF6[END_REF].

The electron density profile also in Figure 51 shows the reduction of the electron density and subsequently the conduction channel with increasing time step. The ion density profiles in Figure 52 highlights the lockstep of the positive and negative ion densities (of equal magnitude) as the streamer propagates before the halt owing to the high attachment rate in the electronegative gas. Concluding on simulating the streamer discharge in SF6 at atmospheric pressure, the high rate of attachment in the streamer channel causes the streamer to propagate over a very short distance (~1.5 mm) in the 5 mm gap. In the channel, a gradual reduction in the electron density is observed till a total loss of the conduction channel. The electric field in the channel as the streamer propagates is ~50 kV/cm which is lower than the rate at which ionization and attachment rates cancel each other and thus at these values of field, the attachment rate is higher than ionization rate leading to the loss of electrons and the production of negative ions.

Sub atmospheric Pressure

At lower pressures, streamers that behave similarly to those in air were attained in the 5 mm gap when the applied voltage was 5 kV. The 1D line diagrams for the electron distribution and the electric field are shown in Figure 53. In Figure 54, the corresponding ion densities are presented.

Focusing on the electron density profile of the streamer, the peaks represent the streamer head and the troughs represents the reduced electron density in the streamer body. As the streamer head approaches the cathode, there is a gradual increase in the electron density, a consequence of the field difference between the head and the cathode causing an increase in electron ionization. This is different from the electron density for a streamer in air which has a pseudo flat profile apart from when it interacts with the cathode. Similar profile has also been identified in CO2 at 1 bar owing to the high loss process from recombination (See Figure 36).

The average electric field in the streamer head at steady state propagation mode is ~27 kV/cm. The computed streamer velocity and radius are 0.96 mm/ns and 0.8 mm respectively.

The ion densities in Figure 54 show a flat profile for the positive ion density representing the constant nature and low drift of positive ions in the streamer body as the streamer propagates towards the cathode.

Similar to the electron density, there is an increase in the positive ion density close to the cathode due to increased ionization rate. The number density of negative ions on the other hand increases in the streamer body with each passing time step due to the high electron attachment rate. Both ion densities are of the same order of magnitude unlike in air where the positive ion density has a higher magnitude than the negative ion density. What is important to note is that for lower pressures (> 0.3 bar) full streamer propagation in SF6 can be attained without the stepped leader transition. Although the high electronegativity of the gas and subsequently the attachment rate leads to a reduction in the streamer channel as it propagates, the electric field in the channel is high enough to support electron ionization and thus the conduction channel remains. The ion densities are approximately of the same order of magnitude most especially in the streamer channel and as the negative ion density in the channel increases with propagation time, a reduction in the electron density profile in the streamer bulk is observed. This is highlighted in Figure 55 when all three densities are plotted for a streamer propagating in a 5 mm SF6 gap at 3 ns. 

Influence of Applied Voltage

The influence of a positive applied voltage has been studied at a pressure of 0.1 bar. 5 kV and 10 kV voltages have been used to stress the needle electrode in the 5 mm gap. As expected, the streamer forms and travels faster with increased applied field demonstrating a streamer velocity of 4.17 mm/ns for an applied voltage of 10 kV as opposed to 0.96 mm/ns seen in the preceding section for 5 kV. This is because the reduced electric field in Td, on which most of the parameters used in the simulations depend, changes fundamentally as the voltage increases but the density remains the same. Also, it is interesting to discuss the electron density in the streamer body. As the voltage increases resulting in an increase in the electric field, the rate of ionization far exceeds the rate of attachment, thus higher electron densities are realized in the streamer channel. The shape of the electron density profile resembles the flat profile characteristic of streamers in air [START_REF] Boakye-Mensah | Implementation of a cathode directed streamer model in Air under different voltage stresses[END_REF]. This is shown in Figure 56 where the line diagrams of the positive ion (blue dash-point lines) and electrons (solid gray lines) are plotted on the same figure for 5 kV (left) and 10 kV (right) instantaneous voltages. The streamer head in this case is thicker at lower voltages than at higher ones. Comparing the electric field in the streamer heads, for a voltage of 5 kV, the average electric field in the head at stable propagation was 27 kV/cm as opposed to 54 kV/cm for the applied voltage of 10 kV.

The streamer radius and diameter are directly proportional to the applied voltage and increases with an increase in voltage, which is a typical dependency for streamers in other gases. This, as stated earlier is a consequence of the particle number density staying constant while the electric field increases.

Next, the effects of the same reduced electric fields were studied. The applied voltage at 0.1 bar was selected in order to have the same reduced electric field as in 1 bar in section 3.1. The propagation of the "streamer discharge" halted at 20 kV and as the electron density and subsequently conduction in the streamer channel reduced. The 1D plot of the log of the electron density at 0.1 bar and for an applied voltage of 2 kV in Figure 57 highlights this effect as the electron density in the streamer channel reduces substantially time and eventually the propagation halts. Although the scaling effects on streamers haven't been studied extensively in this section, the influence of different reduced electric fields have been accessed. The following inferences can be drawn:

The streamer behaviour in terms of electron density in the channel is highly dependent on the reduced electric field and as such a sufficient applied voltage with the gas density constant will determine if the channel stays conducting or not. For the three voltages, similar occurrence in atmospheric pressure is observed at 0.1 bar when the same reduced electric field is applied (2 kV applied). As the reduced electric field increases and the ionization rate starts to exceed the attachment rate, the evolution of the streamer channel can be observed as could be seen when a voltage of 5 kV was applied. Although the high attachment rate in the channel is visible, it does not completely overwhelm the ionization process and thus the streamer stays conducting. When the applied field is further increased (10 kV), the conduction channel becomes near constant.

Streamer Radius in SF6

A widely accepted convention for streamer characterization is the streamer radius which is also commonly used together with the velocity when there is the need to compare numerical results to experimental ones. The radius of the streamer is controlled by the diffusivity of the electrons. For constant temperature, as electron diffusivity depends on the gas pressure, the streamer radius 𝑟 is inversely proportional to the gas density as in equation ( 4) [START_REF] Bujotzek | Experimental investigation of streamer radius and length in SF6[END_REF] [36] and recalled below:

𝑟 = 𝐶 + 𝑃 ,
where 𝑃 is the pressure and 𝐶 + is a constant. The proportionality factor 𝐶 + is determined under low pressure since the radial extension reduces with increasing pressure. Different values determined using the Schlieren technique are reported from previous studies. In [START_REF] Niemeyer | The mechanism of leader breakdown in electronegative gases[END_REF], 𝐶 + was estimated as 5 m⋅Pa and in the more recent work [START_REF] Seeger | Leader propagation in uniform background fields in SF6[END_REF], a proportionality factor of 2 m⋅Pa was used in the modelling of leader propagation in uniform background field. In [START_REF] Bujotzek | Experimental investigation of streamer radius and length in SF6[END_REF], a confirmation for the value is provided for both strong and weak non-uniform fields at 0.5 bar and 1 bar. For strong non-uniform electric fields, the radius of the streamer is in the range between 41  6 µm and 53  6 µm at 0.5 bar, and 17 3 µm and 22  3 µm at 1 bar. In weak non-uniform electric fields, the radius of the streamer varies between 48  7 µm and 59  5 µm at 0.5 bar, and 21  6 µm and 28  5 µm at 1 bar. Using equation ( 4) and 𝐶 + = 2 (𝑚 ⋅ 𝑃𝑎),

the expected radius at 0.5 bar will be 40 µm and 20 µm at 1 bar. Taking only the average maximum values, the percentage error in strong non-uniform fields is 32.5% at 0.5 bar and 10% at 1 bar. For weak non-uniform fields, the percentage error is 47% at 0.5 bar and 40% at 1 bar for the average maximum radii. This is summarised in a tabular form in Table 10. kV stress) obtained in the current simulation yielding a 30% and 60% deviation depending on the proportionality factor. Even the experimental results demonstrate an increase in the deviation as the pressure decreases which could be a possible explanation for the difference. Another possible reason for this discrepancy could be the background ionization term used instead of a photoionization model.

However, this investigation is beyond the scope of the present work as very limited information is available on the photoionization mechanisms in SF6. For more comparable values, the applied voltage can be varied. This is however a trade-off between the streamer velocity and its radius.

Other Configurations

In this section, simulations of streamer discharges in air at atmospheric pressure within different electrode configurations are presented. This is just to highlight the flexibility of the commercial finite element approach for different electrode shapes. Two electrode configurations have been considered; a point to point geometry and a parallel disc geometry. The point to point geometry still sticks to the theme of simulating axial streamers but in this case, negative streamer emanation is also seen. The rectangular disc geometry presents result not bound to the axial line.

Point to Point Geometry

An experimental study by Pai et al [START_REF] Pai | Images of nanosecond repetitively pulsed plasmas in preheated air at atmospheric pressure[END_REF] of nanosecond repetitively pulsed (NRP) plasmas in preheated air at atmospheric pressure between two point electrodes 4.5 mm apart, detailed the evolution of the streamer at 1000 K temperature using a pulsed voltage. In [START_REF] Célestin | Study of the dynamics of streamers in air at atmospheric pressure[END_REF], Célestin attempted to model the results obtained using the fluid approach to streamer studies with some simplifications being done in terms of electrode gap distance and applied voltage. Since temperature T = 1000 K had been extensively studied, it served as the reference point. Subsequently, the discharges at T = 300 K were also simulated since these are interesting for electrical applications. For both cases, the dynamics of the streamers give interesting information on the discharge structure. These simulations have also been duplicated using our COMSOL ™ plasma model approach and in conformity with all the work presented in the thesis thus far, a background ionization term is used instead of the photoionization model in the original work for computational purposes.

The needle electrodes are assumed to be hyperboloids with radius of curvature of 0.1 mm as in the preceding sections separated by a 5 mm gap (See Figure 58). For simplification, a constant voltage of 10 kV is applied to the anode and the other needle electrode grounded as opposed to the voltage pulses at high repetitive rates used in the experimental work. Consistent with the results found in the preceding sections, no seed electrons/ions are introduced and a background ionization 𝑆 𝑏 = 10 23 m -3 . s -1 is used. Simulations have been done for a temperature T = 293 K as it is the more practical temperature for industrial applications. For voltages below 6 kV, no positive streamers have been observed. For a 10 kV applied voltage, the 2D surface plots of the electron density profile and electric field distribution at times 6.0, 12.9, 18.3 and 21 ns have been presented in Figure 59 and Figure 60.

Two discharge phases are identified. During the first discharge phase, discharges are initiated at both electrode tips where the Laplacian electric field is highest and propagate in the gap. A positive streamer is seen propagating from the anode to the cathode. The electron density in the streamer channel is about 10 19 m -3 (see Figure 61) and the maximum electric field on the streamer axis is ~100 kV/cm (see Figure 62) at stable propagation. It is interesting to note these values are less than those obtained for positive streamers in point to plane geometry (Chapter 3, section 1.1). On the grounded electrode, an expansion of a discharge towards the needle electrode is observed. The discharge head has electron density of order 10 17 m -3 (see Figure 61). This can be quantified as a weak negative streamer. Both the positive and negative streamers are seen propagating and eventually make contact at 2.7 mm from the anode after 18 ns with the positive streamer then propagating much easier in the pre-ionized channel of the negative streamer and reaching the cathode after 21.9 ns. The interaction of the negative and positive streamers culminates in an increase in the electric field as can be observed on the 1D diagram of the electric field profile in Figure 62. The electric field diagrams are also of interest here as only the evolution of the positive streamer is evident. Similar results have been observed in [START_REF] Célestin | Study of the dynamics of streamers in air at atmospheric pressure[END_REF]. On increasing the applied voltage from 10 kV to 13 kV, the positive streamer enters the ionized zone created by the negative streamer at 8.4 ns and reaches the cathode at 9.6 ns, a few nanoseconds after the two streamers touch each other. The discharge head for the negative streamer has electron density of order 10 18 m -3 (see Figure 63). The electric field strength of the negative streamer is more profound here ranging between 40 kV/cm and 60 kV/cm as can be seen on Figure 64 and hence its evolution along the axial symmetry line can be observed in contrast to the 10 kV applied voltage. It is therefore evident that a small increase in the voltage results in a significant impact on the streamer propagation time scales. On concluding, in situations where similar electrodes are used in streamer studies, both positive and negative streamers can be observed. Positive streamers have a streamlined appearance whereas the negative streamers have a wider or broad appearance with positive streamers having a higher electron density in the streamer. When the two streamers come into contact, the pre-ionized zone of the negative streamers ease the propagation of the positive streamer and thus the velocity of the positive streamer in the unionized gas is far lesser than the velocity of the positive streamer when propagating in the channel left by the negative streamer. The rate of propagation in the ionized channel is dependent on the level of electron density in the channel.

Non-Axial Streamers

The case of a non-axial streamer discharge between two parallel rectangular discs is considered. Two rectangular shaped electrodes with height 1 mm, width 2 mm and filleted edges of 0.25 mm are separated by a gap distance of 5 mm in dry air as shown in Figure 65. Although the streamer discharge is nonaxial, the problem is geometrically symmetric and thus the computational domain can be reduced by modelling around the axial line using 2D representation thus only representing one half. 

Conclusion

Gases used for electro-technical applications are mostly used under pressure. In this chapter, the streamer initiation and propagation mechanisms, which may or may not lead to breakdown in some of these gases have been presented. The influence of pressure up to 3 bar for air, CO2 and N2 in point to plane configuration have been presented and analysed. At 1 bar, a comparison of streamers in the gases have been done and an equal velocity was realized for air and N2 with the streamer in CO2 propagating at 33% faster. This is further affirmed by the relatively lower electric field in the head of the streamer as it propagates in CO2. As the pressure increases, a reduction of both the streamer velocity and diameter is observed, and the electric field in the streamer front increases to facilitate propagation. This is for the case where the applied voltage is constant and the reduced electric field is decreasing because the pressure increases. A diverging effect is seen at certain pressure levels even when different applied voltages levels were studied for the three gases. The streamer in N2 branches fairly easily in comparison to air and CO2 and typically occurred for thin streamers (radius less or equal to 0.3 mm). This has been observed experimentally in [START_REF] Briels | Positive streamers in air and nitrogen of varying density: experiments on similarity laws[END_REF] where positive streamers in air and N2 were studied for pressures ranging between 0.013 and 1 bar.

As all these gases are possible alternatives for SF6, a highly electro-negative gas in medium voltage applications, the streamer discharge mechanism in this gas have been studied at 0.1 bar with a parametric sweep on the influence of the voltage to see how it affects the discharge channel. The results show that the electronegativity of SF6 is particularly important for the cathode directed streamer discharges as it affects the electron density in the streamer channel with both increasing and decreasing gas densities.

Unlike in air where there is a two order of magnitude difference between the cation and anion densities in the streamer, the densities of ions in the streamer channel in SF6 are approximately equivalent with a deviation occurring in the streamer head as shown in the spatial diagrams. For the same simulation conditions, the streamers in SF6 had smaller radii in comparison to air (about half the size) however the streamer velocities are comparable; ~1 mm/ns for an applied voltage of 5 kV at 0.1 bar in air and SF6.

Lastly, results have been shown for point to point streamer discharges and non-axial streamer discharges.

In each of the cases, there was the initiation of both the positive and negative streamers. After interaction of the two channels, the positive streamers continue to propagate towards the cathode however because of the pre-ionized regions by the negative streamer, the propagation speed in these regions increase drastically. The interaction of the two streamers and also the interaction of the streamer with the cathode causes an increase in the electric field in the streamer head.

Chapter 4 Experimental comparison of streamers in air, CO 2 and SF 6 using COMSOL™ Multiphysics and AfivoStreamer Until now, the streamer initiation and propagation process have been described in 4 gases namely air, CO2, N2 and SF6 and the influence of parameters such as the gas pressure and the applied voltage studied.

The similarities and differences between the gases have been highlighted in the preceding chapter especially as the search for environmentally friendly alternatives is still on. As such this chapter is focused on two natural gases dubbed to replace SF6 in medium voltage applications either by increasing the pressure beyond what is currently in use for SF6 and maintain the current geometric dimensions of electrical equipment or through a mixture of the gases e.g. Air-CO2 mixture. For this chapter, focus is placed on comparing experimental findings mostly based on the streamer velocity and radius/diameter to numerical results obtained in COMSOL™ Multiphysics and AfivoStreamer. This is done in air and CO2 for varying needle radii of curvature and gap distances within the pressure range of 0.5 bar to 3 bar.

Experimental comparison of pre-breakdown discharges in SF6 are also presented for 0.1 and 1 bar.

As characterization is based on the velocity and streamer radius/diameter, it is important to recall how these parameters are measured. The velocity is defined as the streamer length (axial position of the streamer) divided by the time it takes to reach that axial position 𝑣 = 𝑑𝑙 𝑑𝑡 . Where there is the diverging effect, the velocities presented are taken just before the divergence happened. The radius is obtained by measuring the radial extension of the electric field in the head of the streamer. Also, where divergence occurred, the radius is taken before the formation of the concave shaped streamer head.

Experimental confirmation of numerical results

for streamers in air using COMSOL™ Multiphysics.

In the preceding chapter, streamers in air were presented for a 5 mm gap for voltages ranging between 11 and 20 kV and pressure studies for 0.5 bar to 3 bar for 15 and 20 kV using a point to plane configuration with needle electrode radius of curvature of 100 µm and a gap distance of 5 mm. For scaling reasons (because of the mismatch in gap distances), it is important to compare the streamer velocity vs diameter as it has been proven experimentally in [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] and confirmed by modelling in [START_REF] Luque | Positive and negative streamers in air: modelling evolution and velocities[END_REF] that the streamer velocity vs diameter plot follows the empirical equation 0.5𝑑 2 ( 𝑚𝑚 𝑛𝑠

) where d is the diameter of the streamer.

The experimental points from two publications, Briels et al [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] and Soulié [START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF] have been extracted

and fitted with the empirical equation as reference and the simulation points from the current work for streamers initiating from applied voltages between 11 kV and 20 kV instantaneous have been plotted.

It should be noted that, the results extracted from [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] were obtained using pulsed voltages ranging Figure 68 shows the plot of streamer velocity vs diameter for the experimental results at atmospheric pressure with the empirical equation guide and the simulation results for air at 1 bar with increasing voltage (11 kV to 20 kV). As can be seen, the numerical results are consistent with the results obtained in [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] and are both consistent with the empirical equation. There is however a large deviation between the rest of the results and the one obtained in [START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF] especially for the diameters. This can however be explained by the difficulty to measure experimental radii given the very thin size of streamers (micrometric to millimetric). [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF], experimental results from [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] and [START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF].

Figure 69 and Figure 70 show an ICCD image of a streamer propagating in a 50 mm point to plane air gap [START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF] and a photograph of a streamer propagating in an 80 mm air gap [START_REF] Briels | Circuit dependence of the diameter of pulsed positive streamers in air[END_REF]. Both highlight the filamentary nature of streamers in experiments. As can be inferred, depending on which branch the streamer diameter is measured from, the diameter varies from a few micrometres to some millimetres.

A practical approach will be to measure the minimal diameter which can be obtained from the very last filamentary branch before the streamer stops propagating. However, this is quite tedious to duplicate in numerical simulations as there is just one streamer propagating from the enhanced electrode and to get the minimal streamer diameter, one would have to do a parametric sweep of applied voltages to find the minimum voltage at which there is streamer initiation and propagation for a specified gap distance. In addition, the measurement of the minimal diameter experimentally can be affected by instrumentation effects and cause the diameter to appear bigger as has been documented in [START_REF] Briels | Circuit dependence of the diameter of pulsed positive streamers in air[END_REF].

Another possible cause of this discrepancy between the diameters could be from the applied voltage waveform as one of the experimental works had a very fast rise time and it has been shown in [START_REF] Tardiveau | Diffuse mode and diffuse-tofilamentary transition in a high pressure nanosecond scale corona discharge under high voltage[END_REF] that the rise time has an effect on the streamer diameter. This is explored further in a later section. on the velocity vs diameter plots for streamers in air at 1, 2 and 3 bar. Here also, there is a concentration of the experimental points due to the relatively small diameters. Nonetheless, for both the experimental and simulation results, an inverse proportionality is observed between the velocity/diameter and the pressure. A way to evaluate the streamer diameter will be to plot the reduced diameter vs the pressure. From [START_REF] Briels | Positive streamers in air and nitrogen of varying density: experiments on similarity laws[END_REF],

it has been established that the reduced diameter scales with pressure as has been experimented at lower pressure. Between 0.025 bar and 0.2 bar, the 𝑝 • 𝑑 curve against the pressure is constant and above that, the reduced diameter increased against the expectation of it remaining constant or decreasing [START_REF] Ebert | Review of recent results on streamer discharges and discussion of their relevance for sprites and lightning[END_REF]. In As have been established that the simulation points fit well with the empirical equation and the points from [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] at 1 bar, it is necessary to defer to arguments presented earlier regarding the location where the streamer radius is measured and the rise time of the applied voltage to explain the difference in numerical and experimental points. 2 AfivoStreamer as a tool for simulating streamer discharges.

Until now, all the results presented have been done in COMSOL™ Multiphysics for a gap distance of 5 mm in point to plane geometry. Henceforth, the results will be presented from simulations done in AfivoStreamer. This is because the simulation tool allows us to make longer gap simulations that are more comparable to experimental setups. This way, one can focus more on the individual characterization parameters in the same setup for comparison and not only on the streamer diameter vs velocity plots. The focus will be on streamers in air and CO2 as these are possible replacement gases for SF6 in medium voltage electro-technical applications.

For simulations done in air, a photoionization model is included using the Helmholtz equation implementation introduced in Chapter 1. Conversely because very little is known about the photoionization mechanism in CO2 a density term is used to aid the propagation of the streamer.

The comparison between AfivoStreamer and COMSOL™ as a simulating tool and the influence of the photoionization model is provided in Annex D for a very short gap distance of 2 mm.

Streamers in Air for Long Gaps

Streamers in air are a good starting point for introducing simulations in AfivoStreamer as they have been extensively studied in literature both in experiments and numerically, with some of the results presented earlier in this thesis using COMSOL™ Multiphysics. Simulations are presented at atmospheric pressure for a 5 mm gap as have been done earlier and for a 10 mm gap also. In the presented simulations, the radius of curvature of the needle electrode is 200 µm and the Helmholtz equation implementation of photoionization is included also. To generate a discharge, a field application is required. The field amplitude is chosen in a way to generate the same Laplacian electric field at the tip of the needle electrode in both gap distances. At time step 0 ns, the Laplacian electric field at the tip of the needle electrode in the 5 mm gap is 157.9 kV and for the 10 mm gap is 157.8 kV. Presented in Figure 73 are two simulations highlighting the electric field in the head of the streamer after 60% propagation in the 5 mm and 10 mm gaps. For the 5 mm gap distance, the electric field in the head of the streamer after traversing 60% of the computational domain was 172. for the cut and plotted using a plotting software and hence the smoothness of the curves are not indicative of the mesh size used in the actual simulations. This was done to trace the electric field graphs at different time steps. As these curves have been discussed in the previous chapter, no additional remarks will be added aside the fact that, a streamer discharge (the bulk) is a conduction channel. When a conductor is at electrostatic equilibrium, the electric field inside is constrained to zero. This is also true for the streamer channel and can be evidenced on the 1D diagrams where a peak in the streamer head and a fall in the electric field in the channel can be observed. The electric field in the channel depends on the gas type and has been estimated 4 -5 kV/cm in experimental literature for air. In current work, using COMSOL™ Multiphysics, a value of 4 -8 kV/cm is measured whereas in AfivoStreamer, values of 5 Figure 77 shows the diameter as function of the streamer displacement. The radius continually increases as the streamer propagates and hence goes to show that depending on when and where the diameter of the streamer is taken, there will be a variability in the results as have been seen in experiments prior also. In summation, the high electric field in the 5 mm gap could be attributed to the effect of the electrostatic coupling between the streamer head and the needle electrode. In long gaps, this electrostatic effect is minimized. Also, the cathodic effects in a short gap is more pronounced and as such a marginally higher velocity of the streamer is observed as the streamer approaches the cathode. Lastly, in overstressed regimes, streamer diameter in simulations continually increase as the streamer propagates.

Experimental Comparison of Streamers in Air for Long Gaps

In section 1, the streamer velocity vs diameter plots for both experiments (50 mm gap) and numerical simulations (5 mm) gap were analysed. The simulations are repeated in this section but for the same 50 mm gap distance and applied voltages used in [START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF]. The pressure ranges between 1 and 3 bar for a point to plane configuration with needle radius of curvature of 0.2 mm as adopted in the experimental work.

As presented earlier and recalling, the voltage range for the experiments was between 37 and 67 kV (lightning pulse). For the simulations, the applied voltage ranges between 40 and 67 kV (instantaneous) and this is applied as the field amplitude, 𝐸 𝑚𝑒𝑎𝑛 = 𝑉 𝑑 where 𝑉 is the applied voltage and 𝑑 is the gap distance. The disparity of about 3 kV in the inception voltage for experiments and simulations is because of the error range of the experimental applied voltages resulting in no streamer discharges forming at the lower bound of the range in simulations (37 kV).

Presented on Figure 78 is the streamer velocity vs pressure plot and Figure 79 shows the corresponding reduced diameter (𝑝 • 𝑑) vs pressure plot for varying voltages in both simulations and experiments [START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF].

From the plot for velocities, it can be observed that the velocity is ~1 mm/ns in both simulations and experiments which is typical of streamers in air at atmospheric pressure and decreases to ~0.1 m/s as the pressure increases. The disparity in streamer diameter as seen on Figure 80 has been discussed in section 1. On recalling, the type of applied voltage where the simulations use an instantaneous voltage and the experiments use a pulse voltage with a slow rise time (800 ns). It is also worth noting that at higher pressures, the artificial diverging effect occurs here also and the diameters and velocities presented on the plots are pre-branching values. A more insightful comparison of numerical streamer diameters to experimental ones will be the work in [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] with Figure 80 showing this plot at atmospheric pressure. The experimental diameters are obtained for voltages ranging between 5 and 96 kV in a 40 mm gap under point to plane configuration with needle electrode radius of curvature of 15 µm. Different voltage supplies with varying rise times were used.

The results have been summarised as follows, very fast rise time ranging between 15 to 30 ns and slow rise time of 150 ns. The simulation points have been generated using an instantaneous voltage. The diameters from [START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF] where the rise time was 800 ns have also been plotted. As can be seen, the numerical diameters have a similar trend to the experimental points in [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] when a very fast rise time is applied.

The diameters observed experimentally for voltages applied with slow rise times in both [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] and [START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF] tend to be lower than when a fast rise time is applied. In the case of the simulation work, the instantaneous voltage represents the case of a super-fast rise time and thus comparable diameters with fast rise time voltage application in experiments. Figure 81 further supports this point when two positive streamers propagating in a 40 mm air gap are generated using the same voltage saturation but different rise times of the supply (150 ns and 30 ns in a and b respectively). Considerable difference between the diameters can be observed as well as the maximal length of the streamers. Further investigations ought to be done on using streamer diameters as a characterization parameter and as a comparative term between numerical and experimental works as the diameter may be affected by so many external factors. Concluding on this section, simulation works have been extensively compared to experimental ones for a 50 mm gap distance on the bases of the streamer velocity and the diameter. Generally, streamers at atmospheric pressure have a velocity of 1 mm/ns and as the pressure increases, the velocity decreases.

The streamer diameter on the other hand is highly dependent on the waveform of the applied voltage and typically, fast rise time applications have shown convergence with the instantaneous application used in simulations for current work.

Streamers in CO2 for Long Gaps

Streamers in CO2 in longer gaps are also presented. As seen in the previous chapter, the recombination rate in CO2 tends to be an order of magnitude higher than in air. Additionally, the photoionization mechanism in CO2 is not well established in published literature as have been done for air as the photons in the relevant energy range are easily absorbed. However, positive streamers need an electron source ahead of the ionization front to propagate hence a background ionization density term is used to provide these free electrons. In present work a term of 10 15 m -3 is used. This is not time dependent as have been seen in the previous chapter in the COMSOL™ simulations. The gap distance for the simulation is 50 mm for a point to plane geometry with a needle electrode radius of curvature of 0.5 mm. The initiation of the streamer is done using a field amplitude of 10.5 kV/cm. On Figure 82 Electric field in the head of the streamer 80 kV/cm; Gap distance = 50 mm. Simulation done in AfivoStreamer.

Experimental Comparison of Streamers in CO2 for Long Gaps

In the line diagrams of the electron density of a streamer propagating in CO2, the peak and trough scheme highlighting the relatively high loss processes in the gas with respect to a streamer discharge in air due to recombination was observed (See Chapter 3, Figure 36). This effect was also noticed in SF6 at a magnified state leading to the loss of the conduction channel and the halting of the streamer propagation at atmospheric pressure (see Chapter 3, Figure 57). For that, a possible conclusion of the transition to leader discharges was reached and since no physics on gas heating was included in the model, the fluid equations coupled with the Poisson's equation was unable to characterized such a phenomenon accurately. Since such an electron density profile was realised in CO2 also even though the streamer propagation continued and eventually bridged the 5 mm gap then, it is interesting to assess the effect of this phenomenon.

For these simulations, the gap distance is the same as used before of 50 mm in a point to plane configuration with a needle radius of curvature of 0.5 mm. As stated earlier, no photoionization model is included and thus a background ionization density of 10 14 m -3 is used. The relatively lower background density used here as opposed to the previous section was to minimize the effect of this term. The simulations are done at a gas pressure of 2 bar so as to have a heightened effect of the density effects as seen at atmospheric pressure. To compare to experimental results, the applied voltage ranges between 75 kV and 90 kV instantaneous. 

Experimental Comparison of Streamers in SF6 for Long Gaps

In chapter 3, section 3, streamers in SF6 for a 5 mm gap have been extensively detailed for 1 bar and 0.1 bar. This is section won't duplicate that work but just confirm some of the observations as well as compare with the experimental results in [START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF].

A point to plane geometry with needle radius of curvature of 0.2 mm is simulated. The gap distance between the anode and the cathode is 50 mm and a background ionization density of 10 14 m -3 is used to provide free electrons ahead of the ionization front. In the experimental work, a voltage of 107 kV and 37 kV were used for streamer initiation at 1 bar and 0.1 bar respectively and similar voltages have been used in the simulations. Table 11 provides a summary of the pre-breakdown discharge behaviour at the different pressures in experiments and also simulations. Here the general appearances of the discharges and behaviour are being compared. 

Conclusion

Streamer modelling is a multi-parametric problem and as such your output is mostly based on the accuracy of the input data. Owing to this relation, verification validation of the numerical results with available experimental data is very pertinent especially for precise applications like electrotechnical design where the risk of breakdown in the insulating medium must be avoided. In verifying the model for streamer simulations in COMSOL™ Multiphysics in air using experimental data, the simulation points for the velocity vs diameter plots have been superimposed by some experimental plots [34] [90]. In general, these points correspond well and deviations seen in the streamer diameter can be explained by the type of applied voltage (voltage rise time), how and where the streamer discharges are measured due to its filamentary nature. Measuring close to the needle electrode or the last branch will give different diameters and the gain of the camera and the light intensity also affects how the streamer is observed. Numerically, the streamer diameter just like the velocity continually increases as the streamer propagates till it bridges the gap for overstressed gaps. On increasing the pressure, the diameter decreases because of the increased electric field needed to sustain the propagation. Nonetheless, the reduced diameter 𝑝 • 𝑑 remains almost constant as have been see in simulation and experiments.

Longer gap simulations (50 mm) have been used to affirm some of the phenomena observed in simulation for shorter gaps and also in experiments. In general, one can conclude that, irrespective of the gap distance and gas composition, streamer discharges tend to have a velocity of ~1 mm/ns at atmospheric pressure as have been confirmed for both air and CO2. The discharges in CO2 attain relatively higher propagation speeds than in air. With an increase in the pressure, velocities tend to decrease as the mean free path decreases because of the increased density. However, certain electron density behaviour was also noticed which may suggest that other discharge regimes may occur in CO2 at 2 bar and above. Experimentally, a leader transition is experienced however this is not translated in the numerical results and as such further studies are of interest.

Pre-breakdown discharge phenomena in SF6 have also been presented. At 1 bar, leader discharges are obtained. That is beyond the scope of the present work however by using the drift-diffusion equations for characterization, the streamer diameter reduces drastically with the propagation abrogated thereafter and a consistent increase in the electric field in the streamer head observed. In low pressure specifically 0.1 bar where streamer discharge is attained, the streamer both in experiments and simulations have a diffusive nature. In experiments, this is seen as one bulk streamer and in simulation, the solitary streamer generally tends to have a large radius.

Chapter 5 Discussion, Concluding Remarks and Perspectives.

The context of this work have been to characterize streamer discharges in SF6 and its alternatives numerically and provide some experimental validation for the numerical results. In this final chapter, some of the major points of the thesis are discussed, concluded on and perspectives for future continuation of the project given.

Discussion

In the present work, the diameter has been used as a characterization criterion for streamer discharges.

It has been observed in simulation and by the numerous comparison with experimental findings that, the radius of the streamer changes as the streamer propagates. In axial symmetry simulations, where just a single streamer is modelled, an increase in the streamer diameter is observed as the streamer propagates.

Thus depending on which axial displacement from the needle electrode the streamer diameter is taken, the correlation of the diameter with the empirical equation 𝑣 = 0.5𝑑 2 (𝑚𝑚/𝑛𝑠) may shift to the right or left. Nonetheless, the variation is minimal for the considered gap distances. In experiments on the other hand, the variation in measured diameter may vary significantly as have been seen. Large differences have been observed in the work in [START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] and the work in [START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF]. In [START_REF] Briels | Circuit dependence of the diameter of pulsed positive streamers in air[END_REF], Briels et al observed three types of streamers using a Csupply electric circuit supplying a voltage of 60 kV in an 80 mm gap; a primary streamer with radius of ~2.5 mm which branches after 20 -30 mm with several streamer discharges emerging with radius of ~1.2 mm. These thinner branches also branched into even thinner streamers of ~0.2 mm (Refer to Figure 70). The branching and the thinning of the streamers in experiments can be explained by the fact that at the initial stage, the diameter is wide because of the high local electric field around the needle electrode. As the streamers propagate and are no longer under the electrostatic effect of the needle electrode, thinner streamers are observed. This leads to the attainment of the minimal diameter after which the diameter of the streamer stays constant. This goes to show that using the diameter as a characterization parameter is tricky as a different effect is seen in simulation where the streamer continually increases in size as it propagates.

Next, it is also interesting to discuss the density effects. As expected, for the same applied voltage, the increase in the gas pressure results in streamers with lower velocities and streamer diameters as the electric field needed to sustain the propagation increases. This is a resulting effect from the mean free path decreasing as the gas density increases. Depending on the gas and considering the same voltage, diverging effects (artificial branching) occur at different pressures. As this is a 2D axisymmetric model, this effect was not expected and it is difficult to pinpoint the exact causality of the divergence at higher pressure. Generally, this diverging effect occurs when the measured streamer radii are too thin (0.2 mm to 0.3 mm in a 5 mm gap). This has been observed in both the FEM and FVM implementations. To overcome the divergence, one can either vary the reduced electric field by increasing the applied voltage or by defining a region of high electron concentration serving as a guide for the streamer. The region of high concentration however increases the velocity of the streamer because propagation in the pre-ionized channel is easier or serves as a natural constraint for the expansion of the diameter of the streamer if the channel is too thin. In both cases, it makes comparison with experimental results challenging.

Concluding Remarks

Currently, 80% of the SF6 created is used in the electrical manufacturing industry and there needs to be an active shift from this gas especially in medium voltage to meet climate mitigation requirements. On the alternatives, different gases exist but the underlining quality is that they trail in comparison to SF6 and using the actual equipment dimensioning criteria, these devices wouldn't be optimally designed and will be prone to breakdown in the insulating medium. Breakdown in the gases used for insulation ought to be avoided and as such predictive modelling for some of the discharges that lead to breakdown is necessary. Non-thermal discharges, specifically streamer discharges have been studied in this thesis in different gases using a 2D plasma fluid model both in FEM, COMSOL™ Multiphysics for short gaps and FVM, AfivoStreamer for longer gaps.

At 1 bar, a comparison of streamers in the gases have been done and equal velocities were identified for air and N2, however the streamer in CO2 propagated 33% faster. This is further affirmed by the relatively lower electric field in the head of the streamer as it propagates in CO2. The speed of propagation of the streamer and the diameter are directly proportional to the applied voltage. As the pressure increases, a reduction of both the streamer velocity and diameter is observed, and the electric field in the streamer front increases to facilitate propagation. A diverging effect is seen at certain pressure levels for the three gases. N2 branches fairly easily in comparison to air and CO2. Further studies of this effect is necessary especially using a 3D model as this does not seem physical. It nonetheless occurs when there is an accumulation of charges at the radius of curvature of the streamer head as opposed to the tip which is especially true for thin streamers (radius less or equal to 0.3 mm).

The effect of electronegativity on streamer discharges have also been studied using SF6 as the gaseous medium. At 1 bar, a transition from streamer to leader through the stepped approach is expected and as such the hydrodynamic model is not enough to quantify this phenomenon. Additional physics on gas heating of the streamer channel is required. At low pressures, the streamer discharge can be characterized using the continuity equations. Results at 0.1 bar show that the electronegativity of SF6 is particularly important for cathode directed streamer discharges as it affects the electron density in the streamer channel with both increasing and decreasing gas densities. The number densities of ions in the streamer channel are approximately equivalent with a deviation occurring in the streamer head. On comparing with streamers in air at the same pressure, streamers in SF6 have smaller radii. In present work, the observed diameter in air was twice that obtained in SF6 at the same pressure. Conversely, the velocities of streamer propagation in both air and SF6 are comparable with each other; ~1 mm/ns for a 5 kV applied voltage.

To compare numerical simulations to experimental results, two primary challenges occur, a statistical lag time between the initiation of the streamer experimentally and the initiation in simulations. This can be solved by using streamers arising from significantly overvoltage test systems. The second hindrance comes from the characterization parameters selected for the comparison. In current work, the streamer velocity and diameters are used. Generally, the experimental velocities and numerical velocities corroborate with streamers velocities at atmospheric pressure coming in at 1 mm/ns. This is because the statistical lag effect has been overcome by over biasing the high voltage electrode. When the applied voltages are low, there is generally no streamer initiation in the simulations under the time limit conditions of the simulations. The second characterizing parameter which is the diameter is where major challenges arise. In experiments, owing to the filamentary nature of streamer discharges, different diameters can be obtained. As seen in the discussion section, large streamers are normally seen close to the high voltage electrodes and as the streamer branches, the diameter reduces until the minimal streamer is attained. Thus depending on where the diameter is measured, different sizes can be obtained. In 2D simulations, one axial streamer is modelled and it has been observed that this diameter continually increases as the streamer propagates though marginally. Thus comparing streamer diameters between simulations and experiments and even between different experimental works remain subjective and highly dependent on when and how the streamer diameter was measured.

The scope of this thesis has covered the modelling of streamer discharges, evaluation of SF6 and its possible alternatives for medium voltage applications numerically and the influence of pressure relating to the real cases used in industry. This is a necessary step to having a complete predictive model for breakdown in medium voltage insulation and as such further work is required of which some are presented in the next section.

Perspectives

Streamer discharges in different gases have been studied using a plasma fluid model approach in a commercial finite element software COMSOL™ Multiphysics for short gaps and a finite volume code AfivoStreamer for longer gaps. During the completion of the current work, certain challenges and perspectives for future work have been reached and it would be beneficial to address these questions in the future.

1. On the implementation in COMSOL™ Multiphysics:

a. The improvement of the adaptive mesh refinement algorithm in the commercial software to de-refine the mesh in regions of less interest like the streamer channel so as to reduce the computational requirements and facilitate modelling longer gaps as used in practice.

b. The inclusion of a photoionization model for different gases as more information of the mechanism in various gases are known. Because this thesis was more of a comparative approach for discharges in the different gases, the photoionization model even in air has been omitted to gain computational time.

2. On the initiation and propagation of positive discharges with increasing pressure:

a. The influence of three body attachment on streamer propagation at higher densities (3 to 6 bar) should be studied.

b. The influence of voltage pulses on streamer discharges as pressure increases.

c. More studies on the diverging effect and the probability of the divergence even in a 2D model as the pressure increases ought to be assessed. A 3D approach will help in evaluating this.

3. On streamer discharges in SF6:

a. The possibility of using the fluid approach to quantify the streamer to leader transition (at 1 bar and above) and propagation of leaders in SF6 gas should be explored by adding additional physics on gas heating:

𝑑𝑁𝑘𝑇 𝑑𝑡 = (𝛾 -1). 𝑗 ⃗𝐸, ⃗⃗⃗⃗ (42) 
Where is 𝑗 ⃗ the current density and 𝛾 is the specific heat ratio of the gas.

b. Other electronegative gases like HFO can also be characterized in the streamer region.

There is the need to obtain the swarm parameters from experimental work. 5. On the replacement of SF6 in electro-technical applications, simulations on the discharge mechanisms for gas mixtures e.g. Air -CO2 mixture.

6. Simulations of positive streamer behaviour with the introduction of a dielectric barrier both on the cathode and also when the dielectric is perpendicular to the anode. Additional physics interactions with solids need to be included.

7. Lastly, transition of streamer discharge to electric arc could be addressed. In current simulations, the simulation ends when the streamer crosses the gap. The streamer to arc transition will be interesting to study. A finite volume approach will be better in this case as a balance of fluxes across the boundaries of the individual volumes will be required while solving just the pertinent equations and physics. Conservation of mass will also be very important and this may be challenging for a commercial finite element software. Equations for gas heating, plasma channel conduction and voltage control to achieve a stable streamer propagation will be required.

Papageorgiou et al [START_REF] Papageorgiou | Three-dimensional numerical modelling of gas discharges at atmospheric pressure incorporating photoionization phenomena[END_REF] 2011 Three dimensional modelling of gas discharges at atmospheric pressure incorporating photoionization.

Photoionization taken into account using the Helmholtz equations.

Singh [START_REF] Singh | Computational framework for studying charge transport in high-voltage gas-insulated systems[END_REF] 2017 Commercial Finite Element Method Software, COMSOL™ using the weak form implementation to avoid negative values of charge species.

Photoionization factored into the simulation using the improved Eddington approximation.

Fluid Model with Finite Volume Method

Pancheshnyi et al [START_REF] Pancheshnyi | Role of electronegative gas admixtures in streamer start, propagation and branching phenomena[END_REF] High field and low electron density regions are treated with a kinetic approach whilst low field and high density regions are treated with a fluid approach. The hybrid model describes the dynamics of a streamer channel in a very concise, accurate and efficient way while being able to follow the movement of each electron in the most active region of the streamers head.

Annex C: Further verification of COMSOL™ model without the influence of the background ionization term.

In order to alleviate the influence of the artificial terms on the initiation and propagation of the streamer and to further verify the simulation model, the propagation of a streamer in a 1 mm gap has been done and compared to simulation of a similar condition by the PRHE team in Laplace Laboratory. For these simulations, the conditions were an applied voltage of 3.5 kV (higher background electric field), needle electrode radius of curvature of 0.1 mm, background ionization 𝑆 𝑏 = 0 𝑚 -3 𝑠 -1 and an initial electron density of 10 15 m -3 .

Two test conditions are presented in the results below. The first being without adaptive mesh with the results for the electron density and electric field presented in Figure 87 and the second being with the inclusion of the adaptive mesh seen in the thesis prior. Generally, the two streamer codes are consistent with each other however the COMSOL™ implementation shows a relatively lower adherence to the conservation of charge which is even more accentuated when the adaptive mesh refinement is used. For 𝐸 𝑁 ≤ 500 Td [START_REF] Morrow | A survey of the electron and ion transport properties of SF6[END_REF] 
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  assessed. The formulation of the physical model of streamers is also covered and the motivation for the current work is explained. Chapter 2 specifies the simulation software, the swarm parameters, the implementation of the streamer model and its validation. In chapter 3, streamers in different gases for short gaps (d ≤ 5 mm) are assessed. Pressure studies related to what is used for electro-technical applications are also done. Chapter 4 focuses on comparison of numerical results with experimental ones; and the similarities and discrepancies assessed and the 5 th chapter caps of the work done with a discussion, concluding remarks and possible developmental avenues for future studies.
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 2831 .........................................................................24 2.5 Dimensional analysis ...................................................................................................................Review of numerical simulation of streamers in SF6. ..........................................................................Motivation and outline of the thesis.....................................................................................................33 Sulphur Hexafluoride (SF6) with a global warming potential (GWP) of ~23,900 kg of CO2 equivalents per kg is one of the most potent greenhouse gas known. Its continual use in switching and insulating equipment produces toxic by-products. The European Union F-Gas Regulation No. 517/2014, article 21/4 mandates research into cost effective, technically viable and reliable alternatives especially in electrical medium voltage applications. This chapter specifically focuses on a contextual background into SF6, its uses in electrical systems, the need for replacement and current technical alternatives. From a broader perspective, a type of electrical discharge, streamers, that occur in SF6 and its possible alternatives leading to dielectric breakdown is elaborated on. Modelling approaches, gaps in literature and parametric requirements for modelling are also provided in this chapter. 1 Context: SF 6 in electrical equipment and its environmental constraints. Electrical High Voltage (HV) and Medium Voltage (MV) systems require good gaseous insulation to avoid arcing and breakdown which create challenges when designing such components. Nowadays, the functional requirements of the power grid continue to evolve due to distributed energy resources, growing energy demands, urbanisation and climate change regulations. The same applies to advanced and optimised insulation techniques in terms of functionality and cost. Two technical constraints have arisen from this shift from the gaseous insulation standpoint, namely the development of more compact electrical system and the adoption of eco-friendly gases for insulation.
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 1 Figure 1: Paschen curve: Evolution of breakdown voltage with the product of gas pressure and electrode gap distance for N2, air and SF6[START_REF] Burges | Concept for SF6free transmission and distribution of electrical energy: Final report[END_REF] 

Figure 2 :

 2 Figure2: Annual SF6 emissions in the European Union[START_REF] Burges | Concept for SF6free transmission and distribution of electrical energy: Final report[END_REF] 

Figure 3 :

 3 Figure 3: Global mean SF6 in earth's atmosphere from 1995 to 2021 [5].

Figure 4 :

 4 Figure 4: Paschen curve: Illustration of different discharge regimes in gases [16].

Figure 5 :

 5 Figure5: Photographs of positive streamer in air at standard pressure and temperature for non-uniform gap[START_REF] Ebert | Review of recent results on streamer discharges and discussion of their relevance for sprites and lightning[END_REF] 

Figure 6 :

 6 Figure 6: Streamer mechanism: (a) Positive Streamer, (b) Negative Streamer[START_REF] Douat | Etude d'un micro-jet de plasma à pression atmosphérique[END_REF] 

Figure 7 :

 7 Figure 7: ICCD images with different gate exposure times for a positive streamer in air at 200 mbar for an applied voltage of 24.5 kV[START_REF] Nijdam | The physics of streamer discharge phenomena[END_REF] 

Figure 8 :

 8 Figure 8: Streamer velocity plotted as function of diameter with empirical equation 𝑣 = 0.5𝑑 2 as reference[START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] 

Figure 9 :

 9 Figure9: Reduced minimal streamer diameter as a function of pressure[START_REF] Briels | Positive streamers in air and nitrogen of varying density: experiments on similarity laws[END_REF] 

  in 1.5D by avoiding previous collision assumptions and estimating the energy collision source terms from the solution of a steady state Boltzmann equation. In the work by Eichwald et al [66], the complete electron momentum conservation equation was used. A fluid model including the energy flux equation truncated at the moment equation with the third power of velocity was solved in 1.5D. Dujko et al [67] using momentum transfer theory for collision transfer terms solved fluid equations as velocity moments of the Boltzmann equation closed in the local mean energy approximation and coupled with the Poisson's equation for the space charge generated electric field. The high order tensors in energy flux balance equation was approximated by the product of two lower order moments to close the system.
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 3 Review of numerical simulation of streamers in SF 6 .

Figure 11 :

 11 Figure 11: Schematic of the direction of the electric fields and the velocities of the charged particles in relation to the electrodes[START_REF] Sato | Discharge current induced by the motion of charged particles[END_REF] 

  Chapter 2 follows the modelling approaches used for this particular work; namely COMSOL™ Multiphysics (main focus of the thesis) and AfivoStreamer. Information on the model formulation, boundary conditions, computational settings etc. and the advantages and disadvantages the different simulation tools provide will be focused on. The general hypotheses used in the present work are presented and the model done in COMSOL™ Multiphysics is validated by comparing the results to a prior work in literature where the electric field diagrams and the electron density are used as the basis of comparison for a streamer in air. Parametric studies on electrode shape and the influence of an initial seed for streamer initiation are assessed.
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  user interfaces that are used to define the physics, boundary conditions and material properties. The plasma module makes use of a pair of drift-diffusion equations for computing electron density and electron energy, the Maxwell-Stefan equations for the motion of other charged species and the Poisson's equation for the computation of plasma potential. Other heating mechanisms can be included as and when required. The plasma chemistry is defined by specifying a set of collision cross sections from a file or by adding species and reactions to the model builder in COMSOL™. Regardless of the approach employed, the resulting situation is a multiphysics problem involving complicated coupling of different physics including reaction engineering, statistical physics, physical kinetics, fluid mechanics, heat and mass transfer etc.

  1 mm radius of curvature as seen in section 5.2, an applied voltage of 3 kV yields a 600 Td reduced electric field at the tip of the needle electrode). For the needle electrode, two geometries are employed for comparison purposes; the first being a hyperboloid and the second being a rectangle with a fileted edge. The axisymmetric model of the point to plane geometry for both configurations are presented in Figure12. For most of the proceeding work in COMSOL™, the hyperboloid needle approach is used. The model makes use of the axial symmetry line so only the positive axis half of the model has to be represented.

Figure 12 :

 12 Figure 12: Electrode configuration: Hyperboloid Approach (a), Fileted Rectangular Approach (b)

Figure 13 :

 13 Figure 13: Boundary Conditions for Positive Streamer in Point to Plane Configuration in COMSOL™. Gap distance varies between 1 mm and 5 mm.

Figure 14 :

 14 Figure 14: Mesh Sizes and Refinement

Figure 16 :

 16 Figure 16: Reduced Effective Ionization as a function of Reduced Electric Field (E/N) in air, N2, CO2 and SF6.

Figure 17 :

 17 Figure 17: Reduced Electron Mobility as a function of Reduced Electric Field (E/N)

Figure 18 :

 18 Figure 18: Reduced Electron Diffusivity as a function of Reduced Electric Field (E/N)

Figure 20 and Figure

  Figure 20 and Figure22show the electron density profile (2D) and its variation along the streamer axis

Figure 19 :

 19 Figure 19: Absolute 2D reduced Laplacian electric field (in Td) around the anode point from our model (left) and reference work by PRHE team, Laplace lab [74] at time t =3.0 ns.

Figure 20 :

 20 Figure 20: 2D surface plot of electron density for our model (left) and reference work by PRHE team, Laplace lab [74] at time t =3.0 ns.

Figure 21 :

 21 Figure 21: 2D surface plot of reduced electric field (in Td) for our model (left) ) and reference work by PRHE team, Laplace lab [74] at time t =3.0 ns.

Figure 22 :

 22 Figure 22: Electron density variation on streamer axis at times t = 1, 2 and 3 ns for our model (solid line) and reference work by PRHE team, Laplace lab [74] (dotted line).

Figure 23 :

 23 Figure 23: Reduced electric field (Td) variation on the streamer axis corresponding to Figure 22.

Figure 24 :

 24 Figure 24: Axial displacement at 0.7 mm of a positive streamer in a 1 mm gap with a hyperboloid needle (a) and a fileted rectangular needle (b). Streamer takes 11.3 ns in hyperboloid configuration and 8.3 ns in fileted rectangle configuration.

Figure 25 :

 25 Figure 25: Axial displacement at 0.1, 0.5 and 0.7 mm of a positive streamer in a 1 mm gap with an initial Gaussian seed (a) and with no seed (b). Electron density ranges between 2e19 and 2e20 m -3
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Figure 26 :

 26 Figure 26: 2D surface plots of electron density profiles of a streamer propagating in a 5 mm air gap at times t = 1.0, 2.5 and 3.9 ns. Gap distance of 5 mm between anode and cathode. 𝑆 𝑏 = 10 23 𝑚 -3 . 𝑠 -1 . Electron density ranges between 1e19 and 2e19 m -3 .

Figure 27 :

 27 Figure 27: 2D surface plots of electric field distributions (kV/cm) of a streamer propagating in a 5 mm air gap corresponding to electron densities in Figure 26. From the line diagram for the electron concentration in Figure 28, the absolute concentrations in logarithmic scale presented corresponds to the range between 10 19 𝑎𝑛𝑑 10 21 𝑚 -3 which are typical for most streamer simulations. The line diagram of the electric field distribution in Figure 29 also highlights the electric fields corresponding to the electron density profiles in Figure 28. It can be observed that at steady state propagation mode, the electric field in the streamer ranges between 120 and 150 kV/cm.

Figure 28 :

 28 Figure 28: Line graph of the log of the electron density distribution along the symmetry axis for different time steps (ns) in air.

Figure 29 :

 29 Figure 29: Line graph of electric field distribution (kV/cm) along the symmetry axis corresponding to Figure 28.

Figure 30 :

 30 Figure 30: 2D surface plots of electron density profiles of a streamer propagating in a 5 mm N2 gap at times t = 1.0, 2.5 and 3.9 ns. Gap distance of 5 mm. 𝑆 𝑏 = 10 23 𝑚 -3 𝑠 -1 . Electron density ranges between 1e19 and 2e19 m -3 .

Figure 31 :

 31 Figure 31: 2D surface plots of electric field distributions (kV/cm) of a streamer propagating in a 5 mm N2 gap corresponding to electron densities in Figure 30.

Figure 32 :

 32 Figure 32: Line diagram along the symmetry axis of the log of the Electron Density profile for a streamer propagating in a 5 mm N2 gap for different time steps (ns).

Figure 33 :

 33 Figure 33: Line diagram along the symmetry axis of the electric field distribution (kV/cm) for a streamer propagating in a 5 mm N2 gap.

Figure 34 :

 34 Figure 34: 2D surface plots of electron density profiles of a streamer propagating in a 5 mm CO2 gap at times t = 0.8, 2.0 and 2.9 ns. Gap distance of 5 mm. 𝑆 𝑏 = 10 23 𝑚 -3 𝑠 -1 . Electron density ranges between 1e18 and 3e18 m -3 .

Figure 35 :

 35 Figure 35: 2D surface plots of electric field distributions (kV/cm) of a streamer propagating in a 5 mm CO2 gap corresponding to electron densities in Figure 34.

Figure 36 :

 36 Figure 36: Line diagram along the symmetry axis of the log of the electron density profile for a streamer propagating in a 5 mm CO2 gap for different time steps (ns).

Figure 37 :

 37 Figure 37: Line diagram along the symmetry axis of the electric field distribution (kV/cm) for a streamer propagating in a 5 mm CO2 gap.

Figure 38 :

 38 Figure 38: Plot of streamer velocity (mm/ns) versus diameter (mm) for varying voltages against empirical fit[START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] in air. Gap distance 5 mm.

Figure 39 :

 39 Figure 39: Plot of streamer velocity (mm/ns) versus diameter (mm) as voltage increases for air (black squares), N2 (red circles) and CO2 (blue triangles) at atmospheric pressure for voltages ranging between 11kV to 20 kV. Gap distance 5 mm.

  𝐸 𝑁or the relation between the electric field and the pressure 𝐸 𝑃 . Recalling equation (41) (Chapter 2, section 5.1), the pressure 𝑃 differs from the density 𝑁 by a proportionality factor 𝑥 where 𝑥 = 1 𝑘𝑇 with 𝑘 being the Boltzmann factor and 𝑇 the temperature. Assuming standard temperature conditions, it can be concluded that as the pressure increases, so does the density and vice versa.

Figure 40 :

 40 Figure 40:Surface plot of electron density at 2 ns for pressures of 1 bar, 2 bar and 3 bar with an applied voltage of 20 kV in air. 𝑆 𝑏 = 10 23 𝑚 -3 𝑠 -1 . Electron density ranges between 1e19 and 2e19 m -3 .

Figure 41 :

 41 Figure 41: Surface plot of electron density at axial position 2 mm for pressures 1 bar (1.7 ns), 2 bar (4 ns) and 3 bar (3 ns) with an applied voltage of 20 kV in air. 𝑆 𝑏 = 10 23 𝑚 -3 𝑠 -1 . Electron density ranges between 1e19 and 2e19 m -3 .

Figure 42 :

 42 Figure 42: Surface plot of electric field (kV/cm) at axial position 2 mm for pressures 1 bar (1.7 ns), 2 bar (4 ns) and 3 bar (3 ns) with an applied voltage of 20 kV in air. 𝑆 𝑏 = 10 23 𝑚 -3 . 𝑠 -1

Figure 43 :

 43 Figure 43: Diameter (mm) vs pressure (bar) plot for applied voltages of 15 kV and 20 kV for air, N2 and CO2.

Figure 44 :

 44 Figure 44: Velocity (mm/ns) vs pressure (bar) plot for applied voltages of 15 kV and 20 kV.

Figure 45 and

 45 Figure 45 and Figure 46 further show a comparison between the streamer velocity and diameter for air, N2 and CO2 for voltage levels 15 kV and 20 kV and pressure values ranging from 0.5 bar to 3 bar via a 0.5 step.

Figure 45 :

 45 Figure 45: Influence of pressure on streamer velocity (mm/ns) and diameter (mm) in air, N2 and CO2 for an applied voltage of 15 kV. Points at diameter of 2 mm represent pressure value of 0.5 bar and the diameter decreases as the pressure increases.

Figure 46 :

 46 Figure 46: Influence of pressure on streamer velocity (mm/ns) and diameter (mm) in air, N2 and CO2 for an applied voltage of 20 kV. Highest diameter points represent a pressure of 0.5 bar and the diameter decreases as the pressure increases.

Figure 47 :

 47 Figure 47: 2D surface plot of space charge density at times 2 ns, 4 ns, 6 ns and 7 ns highlighting branching effect.

Figure 48 : 1 Figure 49 :

 48149 Figure 48:2D surface plot of electron density profile at times 0.5, 1 and 2 ns in SF6 at atmospheric pressure. Gap distance 5 mm. 𝑆 𝑏 = 10 23 𝑚 -3 . 𝑠 -1

Figure 50 :

 50 Figure 50: Surface plot of positive ion density profile (left) and negative ion density profile (right) at time 2 ns in SF6 at atmospheric pressure.

Figure 51 :

 51 Figure 51: Line diagrams along the symmetry axis of the log of the electron density profile (left) and its corresponding electric field distribution (kV/cm) (right) for a streamer propagating in a 5 mm SF6 gap at a pressure of 1 bar.

Figure 52 :

 52 Figure 52: Line diagrams along the symmetry axis of the log of the positive ion density profile (left) and the negative ion density profile for a streamer propagating in a 5 mm SF6 gap at a pressure of 1 bar.

Figure 53 :

 53 Figure 53: Line diagrams along the symmetry axis of the log of the electron density profile (left) and its corresponding electric field distribution (kV/cm) (right) for a streamer propagating in a 5 mm SF6 gap at a pressure of 0.1 bar.

Figure 54 :

 54 Figure 54: Line diagrams along the symmetry axis of the log of the positive ion density profile (left) and the negative ion profile for a streamer propagating in a 5 mm SF6 gap at a pressure of 0.1 bar.

Figure 55 :

 55 Figure 55: Line diagrams along the symmetry axis of the log of the electron density profile, the positive ion profile and the negative ion profile at 3 ns for a streamer propagating in a 5 mm SF6 gap at a pressure of 0.1 bar.

Figure 56

 56 Figure 56 Line diagram of the positive ion density (blue dash-point lines) and electron density (solid gray lines) in SF6 at 0.1 bar when a voltage of 5 kV (left) and 10 kV (right) is applied. Gap Distance 5 mm.

Figure 57 :

 57 Figure 57: Line diagram along the symmetry axis of the log of the electron density profile for an applied voltage of 2 kV at pressure 0.1 bar. Gap Distance 5 mm.

21 

 21 6 µm  28  5 µm 20 µm Based on the numerical simulation of streamers in SF6 at 0.1 bar, a similar error analysis has been conducted. For proportionality factor 𝐶 + = 2 (𝑚 ⋅ 𝑃𝑎), the expected streamer radius should be 0.2 mm and if 𝐶 + = 5 (𝑚 ⋅ 𝑃𝑎), a radius of 0.5 mm is estimated. Both values are less than the 0.8 mm (for 5

Figure 58 :

 58 Figure 58: Electrode Configuration, Point to Point Geometry

Figure 59 : 1 Figure 60 : 1 Figure 61 :

 59160161 Figure 59: 2D logarithmic surface plot of the Electron Density Profile at times t = 6.0, 12.9, 18.3 and 21.0 ns for an applied voltage of 10 kV in air. 𝑆 𝑏 = 10 23 𝑚 -3 . 𝑠 -1

Figure 62 :

 62 Figure 62: Variation of the electric field distribution (kV/cm) along the axi-symmetry line for an applied voltage of 10 kV.

Figure 63 :

 63 Figure 63: Variation of the electron density concentration along the axi-symmetry line for an applied voltage of 13 kV.

Figure 64 :

 64 Figure 64: Variation of the electric field distribution (kV/cm) along the axi-symmetry line for an applied voltage of 13 kV.

Figure 65 :

 65 Figure 65: Electrode configuration for non-axial streamer

Figure 66 : 1 Figure 67 :

 66167 Figure 66: 2D logarithmic surface plot of electron density profiles of a streamer propagating in a 5 mm air gap at times t = 1.5, 5.0 and 8.6 ns. 𝑆 𝑏 = 10 23 𝑚 -3 . 𝑠 -1

between 5 -

 5 [START_REF] Singh | Computational framework for studying charge transport in high-voltage gas-insulated systems[END_REF] kV with rise times of 15 -150 ns in a point to plane geometry with needle radius of 15 µm and gap distance of 40 mm whilst the results in[START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF] were generated using a pulsed voltage ranging between 37 -67 kV with rise time of 800 ns in a point to plane geometry with needle radius of 200 mm and a gap distance of 50 mm. The letters C, TLT and PM represent the type of power supply and signify C-Supply, Transmission Line Transformer and a Power Modulator supply.

Figure 68 :

 68 Figure 68: Plot of streamer velocity (mm/ns) versus diameter(mm) for varying voltages against empirical fit [34],experimental results from[START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF] and[START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF].

Figure 69 :Figure 70 :

 6970 Figure69: ICCD image of a streamer propagating in a 50 mm air gap.[START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF] 

Figure 71 further

 71 Figure71further expands the density effects seen prior by superimposing experimental points from[START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF] 

Figure 71 :

 71 Figure 71: Plot of streamer velocity (mm/ns) versus diameter (mm) for increasing pressure against empirical fit and experimental results [90]. Highest diameter points for 15 kV and 20 kV represent a pressure of 0.5 bar.

Figure 72 ,

 72 Figure 72, the reduced diameters from[START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF] and the numerical simulation results at 1, 2 and 3 bar are plotted against the pressure, albeit at different voltage levels. In general, the range of deviation between the 𝑝 • 𝑑 at the different pressures and voltage levels are marginal. The experimental points provide a pseudo constant profile whereas the simulation results especially at 20 kV showed a peak in 𝑝 • 𝑑 and declined to similar levels as seen in 1 bar. It is also worth noting the numerical result for 15 kV and experimental result for 87 kV for 2 bar and 3 bar. The field utilization factor 𝜂 = 𝐸 𝑚𝑎𝑥 𝐸 𝑚𝑒𝑎𝑛 , for the experimental results, η = 72 whereas the simulation has η =18 and yet a near perfect correlation is seen between the two results. 𝐸 𝑚𝑒𝑎𝑛 is the Laplacian electric field at the tip of the needle electrode and 𝐸 𝑚𝑒𝑎𝑛 = 𝑉 𝑑 where 𝑉 is the applied voltage and 𝑑 is the gap distance.

Figure 72 :

 72 Figure 72: 𝑝 • 𝑑 (bar•mm) against pressure (bar) plot for simulation and experimental results [90] at 1, 2 and 3 bar. The reduced diameter should be approximately the same or reduce with increasing pressure.

Figure 73 :

 73 Figure 73: 2D surface plot of electric field distribution (kV/cm) for a streamer propagating in a: 5 mm air gap (3.8 ns) and b: 10 mm air gap with the same Laplacian electric field. Photoionization model present. The electric field in the head of the streamers are 172.7 kV/cm and 144.4 kV/cm for the 5 mm and 10 mm gaps respectively. Simulations done in AfivoStreamer

Figure 74 :

 74 Figure 74: 1D line diagram of the electric field distribution (kV/cm) of a streamer propagating in a 5 mm air gap. Photoionization model present. Laplacian Electric Field of 157.9 kV/cm.

Figure 75 :

 75 Figure 75: 1D line diagram of the electric field distribution (kV/cm) of a streamer propagating in a 10 mm air gap with the same Laplacian electric field as Figure 74. Photoionization model present. Laplacian Electric Field of 157.8 kV/cm.

Figure 76 :

 76 Figure 76: Plot of streamer velocity (mm/ns) vs streamer displacement (mm) for a 5 mm gap (black square) and a 10 mm gap with same Laplacian electric field (red circle).

Figure 77 :

 77 Figure 77: Plot of streamer diameter (mm) vs streamer displacement for a 5 mm gap (black square) and a 10 mm gap with same Laplacian electric field (red circle).

Figure 78 :

 78 Figure 78: Plot of streamer velocity (mm) versus pressure (bar) for varying voltages in simulation (AfivoStreamer) and experiments; Gap distance of 50 mm, Photoionization present. Applied voltage ranges between 37 and 67 kV. At atmospheric pressure, streamer velocity in both simulations and experiments is ~1 mm/ns and reduces to 0.1 mm/ns as the pressure increases.

Figure 79 :

 79 Figure 79: Plot of streamer diameter scaled with pressure (bar•mm) versus pressure (bar) for varying voltages in simulation (AfivoStreamer) and experiments; Gap distance of 50 mm, Photoionization present. Applied voltage ranges between 37 and 67 kV.

Figure 80 :

 80 Figure 80: Plot of streamer diameter (mm) vs applied voltage (kV) at atmospheric pressure for experimental points of Briels(15 -150 ns rise time)[START_REF] Briels | Positive and negative streamers in ambient air: measuring diameter, velocity and dissipated energy[END_REF], Soulié (800 ns rise time)[START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF] and numerical results (instantaneous voltage). Photoionization used in simulations.

Figure 81 :

 81 Figure 81: Photos of positive streamer propagating in a 40 mm air gap when voltages of a. 41 kV with a rise time of 150 ns and b. 40 kV with a rise time of 30 ns is applied. Figure highlights the influence of the voltage rise time on streamer diameter experimentally [34].

  , the 2D surface plot of the electric field distribution for the streamer at axial position 20 mm (27.25 ns) is shown. The electric field in the head of the streamer is ~80 kV/cm which is lower than obtained in air and confirming the results in COMSOL™ where the electric field in the head of a streamer propagating in CO2 at steady state propagation mode was between 100 and 110 kV/cm for the 5 mm gap distance.The computed streamer velocity is 1.40 mm/ns. For comparative studies, a simulation in the same configuration in air with photoionization included had a computed streamer velocity of 1.13 mm/ns further indicating the relatively easy propagation of streamers in CO2 as compared to air further confirming the results obtained in Chapter 3 section 1.3.

Figure 82 :

 82 Figure 82: 2D surface plot of electric field distribution (kV/cm) of a streamer in CO2 at axial position 20 mm (27.5 ns).

Figure 83 below

 83 Figure83below shows a plot of the velocity vs the applied voltage for both the simulations and experiments. From the plot, numerical simulation velocities are of the order 1 mm/ns whereas the experimental results are an order of magnitude lower. A possible explanation could be the transition to leader discharges in the experimental work. Leader velocities in electronegative gases have been estimated in the range of 0.01 and 0.1 mm/ns[START_REF] Seeger | Leader propagation in uniform background fields in SF6[END_REF] [START_REF] Rodrigo | A study of the critical pressure in SF6/N2 mixtures for positive point plane systems with impulse voltages[END_REF] and in[START_REF] Seeger | Streamer parameters and breakdown in CO2[END_REF], leader transition is reported for CO2 at 2 bar. The 0.1 mm/ns experimental velocities obtained fall within the range for leader velocities however a full propagation of the streamer is obtained in the simulations. The line diagram of the electron density presented in Figure84for axial position of 20 mm (35.75 ns) for the propagating streamer in CO2 when a voltage of 75 kV is applied highlights the high recombination in the streamer channel but not enough to cause a total loss of the conduction channel as was observed for SF6. Here, a reduction in the electron density in the streamer channel is observed and hence a less conductive streamer channel. Further studies both experimentally and numerically are necessary on this to accurately comment on whether streamer to leader transition occurs in CO2 at 2 bar as current results seem inconclusive.

Figure 83 :

 83 Figure 83: Plot of streamer velocity (mm/ns) versus applied voltage (kV) in CO2 for pressure 2 bar in simulation (AfivoStreamer) and experiments. Gap distance 50 mm, no photoionization present.

Figure 84 :

 84 Figure 84: Surface plot and line diagram of the electron density of a streamer propagating in CO2 at 2 bar. Applied voltage = 75 kV. No photoionization present. Simulation done in AfivoStreamer. A reduction in the electron density in the streamer channel is observed.

4 .

 4 Streamer discharges for negative polarity in point to plane geometry. As have been observed in the pointpoint and non-axial configurations, a cloud of positive ions form around the negative electrode causing a microscopic gap (cathode sheath) between the electrode and the streamer channel. In a point to plane geometry, this positive ion cloud causes an electrostatic peak and should be addressed.

Figure 85 :

 85 Figure 85: 1D line diagram of the electric field distributions of a negative streamer propagating in a 1 mm air at different time steps. Applied voltage of -5 kV. Accumulation of positive electrons and subsequently electric field peak at needle electrode (1 mm on z-axis).

  [START_REF] Pancheshnyi | Development of a cathode-directed streamer discharge in air at different pressures: experiment and comparison with direct numerical simulation[END_REF] [START_REF] Pancheshnyi | Numerical simulation of filamentary discharges with parallel adaptive mesh refinement[END_REF] 2005, 2008 Adaptive Mesh Refinement (AMR) to follow the evolution of the streamer and to increase the spatial resolution in the streamer head.[125] [42] 2009, 2012 

Figure 87 :

 87 Figure 87: Electron density variation (left) and electric field distribution (right) on streamer axis at times t = 1, 2 and 3 ns for COMSOL ™ model (solid line) and reference work by PRHE team, Laplace lab [74] (dotted line). No background ionization and no adaptive mesh used in COMSOL™ model.

Figure 88 :

 88 Figure 88: Electron density variation (left) and electric field distribution (right) on streamer axis at times t = 1, 2 and 3 ns for COMSOL™ model (solid line) and reference work by PRHE team, Laplace lab [74] (dotted line). No background ionization used. Adaptive mesh used in COMSOL™ model.

Figure 92 :

 92 Figure 92: 2D surface plot and 1D line diagram of the log of the positive ion density.
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Table 1 :

 1 SF6 usage in Switchgear | +Low ++Medium +++High[START_REF] Koch | SF6 properties, and use in MV and HV switchgear, Schneider Electric[END_REF] 

	Purpose	Switchgear	MV (≤ 52 kV)	HV (> 52 kV)
	Insulation	GIS	+++	+++
		RMU	+++	N/A
	Breaking	CB	++	+++
		LBS	++	

Table 2 :

 2 Comparison between SF6 and its technical replacements in electrical equipment[3] [14] 

			SF6	CO2	N2	Air	CF3I	HFO-
								1234ze
	Density (kg/m 3 )	5.9	1.8	1.25	1.29	2.361	-
	Molecular Mass	146.06	44.01	28.01	28.8	195.91	114.04
	Dielectric		1	0.32-0.37	0.34-0.43	0.37-0.40	1.2	0.85
	Strength	with						
	respect to SF6						
	Global Warming	23900	1	0	0	<5	6
	Potential (100						
	year period)							
	Lifetime	in	3200	30 -95	N/A	N/A	0.005	0.04
	atmosphere							
	(years)							
	Boiling Point (at	-63.9 °C	-78 °C	-198 °C	-141 °C	-22 °C	-19.4 °C
	1 atm)							
	Limiting Field	360 Td	108 Td	130 Td	108 Td	437 Td	-
	Strength,	E/N						
	(Td = 10 -21 Vm 2 )						

Table 3 :

 3 Comparison between Streamer Models of Various Research Groups

			CWI TUE Laplace	IAA	INP	CN	Chalmers
	Mode	of	Open			COMSOL® COMSOL®
	Implementation	source			
	Finite Volume/	FVM FVM FVM	FVM	FEM	FEM	FEM
	Element					
	Unstructured					
	Grid					

  As a tool for industrial usage, the flexibility of the model is assessed by studying streamer discharges in different configurations.

Chapter 4 caps the work done by comparing the simulation results to experimental findings both from literature and in G2Elab. This focus predominantly on streamers in air and CO2 with increasing and decreasing pressures for both COMSOL™ and AfivoStreamer. Here, longer gap distances of 50 mm are considered. Extensive focus is placed on the streamer velocity and diameter as comparative parameters between numerical and experimental work. The influence of voltage rise time on streamer discharges experimentally are analysed and parallels drawn with what is observed in simulations. Lastly, predischarge phenomena in SF6 for both experiments and simulations are compared.
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Table 5 :

 5 Comparison between Implemented streamer model in COMSOL ™ and AfivoStreamer

	Mode of Implementation	COMSOL™ Multiphysics	AfivoStreamer
	Discretization	Finite Element Method	Finite Volume Method
	Grid	Unstructured -Triangular	Structured -Quadrilateral
	Meshing	Adaptive Mesh Refinement	Adaptive Mesh Refinement
			(De-refines non-interest areas)

Table 6 :

 6 Comparison between current work and reference work in the PRHE team of the Laplace Laboratory[START_REF] Eichwald | Effects of numerical and physical anisotropic diffusion on branching phenomena of negative-streamer dynamics[END_REF].

		Current work	PRHE team, Laplace [74]
	Implementation	Plasma fluid model + Poisson's	Classical fluid model +
		Equation	Poisson's Equation
	Meshing Technique	Partitioned domain + AMR	Partitioned domain dz = 2.5 µm,
		min 2 µm, max 8 µm for r < 1 mm above which larger grid	dr = 2 µm over 200 µm above which larger grid size.
		size.	
	Initial Seed	No initial seed	No initial seed
	𝑆 𝑏 [1 (𝑚 3 . 𝑠)] ⁄	3 × 10 25	3 × 10 25
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Table 7 :

 7 Summary of streamer characterization parameters in air, N2 and CO2

	Gas			Air		N2		CO2	
	Streamer Velocity		1.2 mm/ns		1.2 mm/ns		1.6 mm/ns
	Streamer Radius		0.6 mm		0.5 mm		0.6 mm	
	Electric	field	in	120 -150 kV/cm	120 -160 kV/cm	100 -110 kV/cm
	streamer head at						
	stable propagation							
	Electron	Density	10 19 -10 21 m -3	10 19 -10 20 m -3	10 18 -10 20 m -3
	Range								
	Electron	Density	Flat	(Constant	Flat	(Constant	Peak	and	trough
	Profile			conduction in channel)	conduction in channel)	(Reduced conduction
								in channel)

Table 8 :

 8 Summary of streamer characterization parameters velocity, diameter and electric field in air and CO2 when a voltage of 15 kV is applied.

	For 15 kV		Air			CO2	
	Pressure	Velocity	Diameter	Electric Field	Velocity	Diameter	Electric Field
	(bar)	(mm/ns)	(mm)	(kV/cm)	(mm/ns)	(mm)	(kV/cm)
	1	1.2	1.2	140	1.61	1.1	105
	2	0.35	0.8	181	0.38	0.8	140
	3	0.2	0.5	268	0.162	0.4	

Table 9 :

 9 Summary of streamer characterization parameters velocity, diameter and electric field in air and CO2 when a voltage of 20 kV is applied.

	For 20 kV		Air			CO2	
	Pressure	Velocity	Diameter	Electric Field	Velocity	Diameter	Electric Field
	(bar)	(mm/ns)	(mm)	(kV/cm)	(mm/ns)	(mm)	(kV/cm)
	1	2.27	1.8	160	3.125	1.4	133
	2	0.833	1.2	225	0.833	0.9	156
	3	0.55	0.6	273	0.35	0.7	187

Table 10 :

 10 Summary of experimental radii corresponding to different proportionality factors in SF6 at 0.5 bar and 1 bar.

	𝐶 +	Electric Field Strength Pressure	Radius Experimental	Radius	Reference
				Computed	
	5 m⋅Pa	1 bar		50 µm	[36]
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Table 11 :

 11 Photo (experiments)[START_REF] Soulié | Study of the dielectric properties of HFO gas, and its application to reduce the environmental impact of medium-voltage systems[END_REF] and 2D electric field distribution (simulations) of pre-breakdown phenomena in SF6 at 1 bar and 0.1 bar in point to plane configuration. Needle radius of curvature = 0.2 mm, gap distance = 50 mm.In 1 bar and a further confirmation for the results presented earlier, a leader transition is observed in the experiments. In the simulation, the streamer propagation was halted after a 12 mm. This was preceded by the thinning of the streamer head and a gradual increase in the electric field in the head as was reported earlier in the simulations done in COMSOL™ Multiphysics. At 0.1 bar, streamer propagation with velocity of ~1 mm/ns is attained in experiments. The simulation produces streamer velocity of ~2 mm/ns. What is also interesting to note is the form of the streamer. A bulk streamer is observed experimentally and it is quite challenging to differentiate one filamentary head of the streamer from another. This effect cannot be duplicated numerically because just one axial streamer is simulated however the streamer obtained is very diffusive in the early time steps and attains a large radius (~5 mm).

	Pressure Voltage	Experiment [90]	Simulation
	1 bar	107 kV	

Cross-sectional Species and Swarm Parameters of SF6 used in COMSOL™ Simulations Cross-sectional Reactions Reaction Type Cross-sectional Species

  

	Appendix D -Electron Impact Ionization			e -+ SF 6 → SF 6 + + 2e -
	Electron Attachment			e -+ SF 6 → SF 6 -
	Electron -Ion Recombination			e -+ SF 6 + → SF 6	[79]
	Ion -Ion Recombination			SF 6 -+ SF 6 + → SF 6 + SF 6
	Swarm Parameters		
	Parameter		Equation	Reference
	Reduced		Electron	(3.553 ⋅ 10 -2 (|𝐸]/𝑁) 0.2424 ) × 𝑁	[129], [130]
	Diffusivity, (1/m⋅s)	𝐷 𝑒 𝑁	for	𝐸 𝑁	< 650 Td
	Reduced Mobility,	Electron 𝜇 𝑒 𝑁	(1.027 ⋅ 10 19 (|𝐸]/𝑁) 0.7424 ) ×	𝑁 𝐸
	(1/(m⋅V⋅s))		for 10 <	𝐸 𝑁 < 2000 Td
				⁄		-18 (-|𝐸| 𝑁/6.05148 ⁄ ) 2
				for 1 Td ≤	𝐸 𝑁	< 23 Td
	Electron -Ion			2e -13	[126]
	Recombination		
	rate , 𝛽 𝑒𝑝 (m 3 /s)		
	Ion	-	Ion			2e -13	[126]
	Recombination		
	rate , 𝛽 𝑝𝑛 (m 3 /s)		
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Annexes

Annex A: Review of modelling approaches and some notable works for both long and short

Behavioural Models

Long streamers (long time scales µs and larger streamer gaps cm) Akyuz et al [START_REF] Akyuz | 3D simulations of streamer branching in air[END_REF] 2003 ANSYS Perfect conductive cylindrical filament ending in a sphere Difficulty in defining the mesh around the sphere.

Luque Ebert [START_REF] Luque | Growing discharge trees with self-consistent charge transport: the collective dynamics of streamers[END_REF] 2014

The filaments are not perfect conductors

Particulate Model

Individual monitoring of each particle or a collection of particles called a super particle using particle in cell (PIC) or Monte Carlo collision (MCC) methods. These methods follow each charge specie individually and stochastically compute the collisional processes using differential cross sections. The number of electrons that must be followed due to the multiplication of electrons due to electron avalanche at atmospheric pressure serves as a constraint to this particular model as more computational power and time is required. Hence at atmospheric pressure, the particulate model is only used for the initial phase of the streamer. To follow the streamer in the latter phases, super particles are generally used where each super particle has the mass and charge of a collective number of actual charge species.

Fluid Models

Hydrodynamic equations for fluid mechanics coupled with Maxwell equation for electric field computations. The evolution of each charge species is modelled as a continuous fluid equation with its own properties (density, velocity, energy) et its reaction with other charge species through reaction kinetics including ionization, attachment, recombination, detachment etc. In the fluid model, the swarm parameters including mobility, diffusion and reaction rates must be computed beforehand as a function of the electric field or according to the mean energy of the charge species.

Fluid Model with Finite Element Method

Georghiou et al [START_REF] Georghiou | Numerical modelling of atmospheric pressure gas discharges leading to plasma production[END_REF] 2005

Annex B: Effect of background ionization term on streamer discharges.

For most of the thesis, a background ionization of 𝑆 𝑏 = 10 23 𝑚 -3 𝑠 -1 was used. In the case of air specifically, 𝑆 𝑏 replaces the photoionization mechanism that allows streamers to effectively propagate in the medium against the electron drift direction. In this section, a comparison between background ionization levels of 10 15 𝑚 -3 𝑠 -1 and 10 23 𝑚 -3 𝑠 -1 at atmospheric pressure have been made. Figure 86 shows the 2D surface plot of the electric field profile at axial position 2 mm for both 𝑆 𝑏 values.

For the streamer to reach an axial position of 2 mm from the point electrode, the lower background ionization level required a time of 3.6 ns as opposed to 3.2 ns for the high background ionization level.

Comparing the electric field in the head of the streamers, the background ionization level of 10 15 𝑚 -3 𝑠 -1 produces a maximum electric field of 154 kV/cm and the background ionization level of 10 23 𝑚 -3 𝑠 -1 produces a maximum electric field of 129 kV/cm. The ease of propagation in the higher background ionization is further highlighted by the average velocity of the streamer, 1.2 mm/ns as compared to 1.11 mm/ns for the lower background ionization. The radius however is ~ 0.02 mm smaller with the lower background ionization. With an 8 order of magnitude difference between the background ionization levels, the effect of this term is marginal. 

Annex D: Comparison between streamer simulations in COMSOL™ Multiphysics (plasma module) and AfivoStreamer for short gaps.

As the validations for the streamer model in COMSOL™ were done for very short gaps because of computational limits, similar have been done for the comparison between the plasma module implementation in COMSOL™ Multiphysics and AfivoStreamer. The simulations are done in a point to plane configuration with a fileted electrode, rectangle with a quadrant (see Chapter 2 Figure 12), as AfivoStreamer does not support hyperbolic electrode configurations. The selected needle radius of curvature is 0.1 mm for the implementation in both plasma approaches with a needle length of 2 mm.

The gap between the point and plane simulation is limited to just 2 mm. To compare both models, the applied voltage in COMSOL™ and the field amplitude in AfivoStreamer were selected in a way to achieve the same Laplacian electric field of 377 (+10) kV/cm at the tip of the needle electrode. The background density at the start of the simulation in both implementations is 10 15 m -3 .

Three simulations are presented here; one done in COMSOL™ and two in AfivoStreamer. The two simulations from AfivoStreamer vary in the use of the photoionization term. In the first, the photoionization model is excluded as opposed to it been included in the latter. Table 12 below summarizes some quantitative parameters for streamer characterization. Further studies are required to accurately explain the disparity between COMSOL™ and AfivoStreamer especially in relation to velocity but it should be highlighted that, relatively higher electric fields are obtained in the streamer head in Afivo and could be related to the increased velocity since this is dependent on the drift (µeE). It has also been observed that as the gap distance increases, the high electric field that is characteristic of short gap simulations in AfivoStreamer reduces and electric fields in the head of the streamer that are equivalent to what is presented in literature and also obtained in current work using COMSOL™ Multiphysics are obtained. On concluding, the computational requirements of COMSOL™ limits the gap distance, complexity and computational size of simulations whereas AfivoStreamer provides the advantage of adding more physics and simulating longer gaps without a significant increase in the computational requirements.

This directly translates into longer computational times in COMSOL™ Multiphysics as opposed to shorter times in AfivoStreamer.

Annex E: Modelling of streamer discharges in COMSOL™ Multiphysics using transport of diluted species and electrostatic modules.

In this section, information on how to use the transport of diluted species (tds) module coupled with the electrostatic module to model streamer discharges is provided. The electrostatic module computes the electric field strength using the Poisson's equation. Just like in the plasma implementation, the anode and cathode electrodes require Dirichlet boundary conditions for the high voltage electrode and the ground. Since space charges appear in ionized gases and are crucial for the evolution of the electric field as the streamer propagates, this also ought to be specified. This can be done manually or by using the inbuilt software Multiphysics of Space Charge Density Coupling (scdc) when coupling with an inbuilt physics like tds.

The physics node transport of diluted species, found in the chemical species transport module, implements the PDEs for drift diffusion for dilute solutes in solvents. To fit it to our case i.e. for gases, the Faraday constant and the Avogadro's constant were used where applicable to get the appropriate units. Depending on the formulation of the problem, one can either select convection or migration in electric field for transport mechanism. The number of dependent variables must be specified. Here, one has two options, specifying all three species on the same physics node or to make the implementation of the boundary conditions more lucid, implementing one physics node per charged carrier.

Like electrostatics, under tds, there are various sub nodes that helps to define the problem at hand. The sub node transport properties allow you to specify the temperature of the system, the diffusion coefficient of the charged specie(s) and depending on the selected transport mechanism, the drift velocity in the case of convection or the mobility of the charged specie(s) in the case of migration in electric field. Also, the electric potential is required and since all the equations are coupled, the electric potential is taken directly from electrostatics. A substitute to this is implementing the inbuilt multiphysics, Potential Coupling (pc). The rate of generation and loss of charge species are implemented through the sub node reactions, the concentration of charged carriers are specified through the sub node initial values and the outflow sub node is used as a boundary condition for the amount of charged species that go out through the various metallic surfaces (anode and cathode).

Most of the parameters used in the plasma implementation appear here also however the cross-sectional reactions are not needed for this implementation thereby making this implementation less computationally expensive. The variables here are dependent on the COMSOL ® inbuilt variable 
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Appendix Simulation parameters used for COMSOL™ Multiphysics

Appendix A -Cross-sectional Species and Swarm Parameters of Air used in COMSOL™

Simulations.

Cross-sectional Reactions

Reaction Type Cross-sectional Species

Electron Impact Ionization e -+ A → A + + 2e - 

Swarm Parameters

Parameter Equation Reference

Diffusion (m 2 /s) Siglo Database (Lxcat) [99] Electron Mobility (m 2 /(V.s)) Siglo Database (Lxcat) [99] Ion Mobility m 2 /(V.s)) 2e -4 [START_REF] Davies | The motion of slow positive ions in gases-Mobilities of potassium and nitrogen ions in nitrogen[END_REF] Reduced Electron Impact Ionization (m 2 )

Siglo Database (Lxcat) [99] Electron -Ion Recombination rate (m 3 /s) 2e -13 [START_REF] Douglas-Hamilton | Recombination rate in nitrogen[END_REF] Appendix C -Cross-sectional Species and Swarm Parameters of CO2 used in COMSOL™ Simulations.

Cross-sectional Reactions

Reaction Type Cross-sectional Species

Total Ionization e -+ CO 2 → CO