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Chapter 1

Introduction

1.1 Motivation

The continuously growing amount of information reporting issues, faults or problems in the
aeronautical industry underscores the need to maintain the maximum level of safety. Accessi-
bility to this information is often limited, however. The context of this work is directly related
to aeronautical safety as it aims at supporting engineering development with basic research
in physics. The study is devoted to the investigation of arc fault phenomena in the electrical
network of aircraft.

Arc fault detection poses a strong challenge to the monitoring processes that collect all kinds
of data from various sensors placed in the aircraft, a situation that may lead to a safety failure
of the whole system. While the detection of arc faults is being continuously improved, the
ignition of a fault arc remains a realistic hypothesis. Additional safety measures must therefore
be developed to prevent its propagation and to switch it off as rapidly as possible. First, as it
is important to define the place where the arc occurs in the aircraft, a brief description of the
architecture of the power distribution systems in the aircraft is given below.

Generally, the power distribution system of an aircraft plays an essential role and is needed
to distribute the electricity from the generators to all kinds of electrical equipment and to the

commands to control the plane. There are two types of distribution systems in aircraft:
e busbar systems,
e wire and cables.

In most types of aircraft, the output of the generators is connected to one or more conductors
before supplying additional equipment linked to the system. These main conductor lines are
called busbars or busses and act as a distribution centre for the electric power. The electrical
power distribution system is based on one or more busses. Their number varies as a function of
the size and the complexity of the aircraft. Each power source can supply one or several busbar
systems. A variety of electrical items (devices) are connected up to a bus with cables depending

on its function. The buses are interconnected via circuit protection devices which are called
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Chapter 1 Introduction

bus ties. Bus ties are switches or relays used to connect or disconnect buses from one another.
They serve to isolate failed buses from the working ones and/or supply the electrical power to
buses that have lost their original power source. Each engine-driven generator normally drives
its own generator bus and high-current driven items are connected to these buses. Items such
as fixed fire extinguishers and emergency lights are excluded from this system and are usually
powered by a battery bus. In that way, they are powered for use even when no generator power
is available.

In general, the busbar systems are robust and thoroughly designed to prevent any internal bus
crossing. However, with time, the vibrations which take place during flight can cause an arc
fault to be initiated between busses. Another source of arc faults is so-called foreign object de-
bris (FOD). A FOD may appear in the distribution network for different reasons, for instance
a screw falling because of vibrations, fluid droplets due to a leakage. .. Figure 1.1 depicts the
bus bar system after arcing.

Wires and cables conduct electrical power in its various forms and quantities to and between
equipment. Various types of wire are used in the aircraft electrical system and often consist of
a conductor made of copper or aluminium with specific fireproof isolation. Different wires are
used depending on the load, their location within the aircraft and many other factors which
are strictly specified and regulated by international normalization standards.

The average age of an aircraft in today’s fleets is increasing. There are numerous issues per-
taining to ageing aircraft, one of them being the condition of the wiring. Aircraft wiring can
be subjected to moisture, vibration, or chafing and undergoes a broad range of temperature
changes. While other parts of the aircraft are routinely inspected or rebuilt, the wiring tends

to remain untouched, creating favourable conditions for electrical arc faults to take place. On

Figure 1.1: (a) The busbars [Zodiac AE 17]; (b)-(c) the wires after arcing in the distribution
system of the aircraft [Team 04].

figure 1.1 one can see the danger of arcing in the cable system.
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1.2 General characteristics of electric arcs

In both cases, busbars or wires, the appearance of an arc fault can be crucial and may de-
grade the aircraft safety. The existing electronics systems which are implemented in aircraft
enable arcs to be detected, and protect the distribution system from the arc. Currently these
devices called arc fault circuit breakers (AFCB) mainly rely on electronic components. They
continuously analyse the current waveform in the network. In the event of a fault, the current
in the circuit changes the typical behavior. The function of the AFCB is to identify this arc
fault and then take action, such as disconnecting the part of the circuit where the arc occurs.
Isolating the defective element in this way should provide stable conditions until the end of the
aircraft operations. However, this system can be improved to achieve a shorter time reaction
or to lower the level of damage. This will be particularly necessary in the near future with
the next generation of aircraft relying more and more on electrical energy and thus more and
more electronics. In such a context, the use of AFCBs based on electronic arc detection will be
questionable. To achieve such improvements, it is necessary to investigate the physics of electric
arcs in the conditions which are found in aircraft distribution networks. A better understanding
of arc behavior in different operating conditions could help to detect, or better, to predict arc
ignition. The present study investigates the new idea of arc detection and arc cut in response
to this issue.

An electric arc is a combination of complex phenomena which involve many fundamental phys-
ical processes. In order to give a clearer picture of the arc physics applied in an aeronautical

environment, we first review basic knowledge and state-of-the-art.

1.2 General characteristics of electric arcs

An electric arc, or arc discharge, is an electrical breakdown of a gas that produces an electrical
discharge. The current usually passes through non-conductive media and creates a plasma
which sustains the discharge. An arc discharge may be formed either during the separation
of two electrical contacts with different electric potentials or in a spark breakdown of the gap
between the two contacts. Initiation can also arise from the glow discharge when the current
intensity is increased. This transition is characterized by a sharp drop in the electric potential
at the cathode, resulting simultaneously in an increase in the current intensity. In comparison
with other kinds of electrical discharges, electrical arcs are characterized by a relatively small
cathode fall. For instance, the cathode voltage drop in a glow discharge is approximately in
the order of 100V or more while in short arc discharges (in the order of cm), it is only 10V
to 15V. Such a small cathode voltage fall is the consequence of different cathode emission
mechanisms. Emission of electrons from the cathode in a glow discharge takes place as a result
of bombardment of the cathode with the ions accelerated in a strong near-cathode electric

field. Additionally, a large quantity of electrons is produced by photo-emission at the cathode
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surface exposed to energetic radiations coming from the ionized gas. In the case of electric
arc discharges, the emission of electrons from the cathode is mainly due to the mechanism of
auto-electronic (at a low cathode temperature) or thermoionic (at a high cathode temperature)
emission or to both mechanisms. The arc discharges are driven with high current (from a couple
of A to several kA), consequently, the typical current density is also high, usually in the order of
~10* A/cm? to 107 A/cm?. The arc behaves as a conductive medium with, by definition, a low
impedance and thus a relatively low arc voltage. In the case of short arcs, the voltage usually
remains in a range below 100V being in some cases a couple of V. The cathode temperature is
an important point in the physics of arc discharges. It reaches several hundreds or thousands
K with sometimes the formation of hot spots. Therefore, erosion and evaporation phenomena
are important mechanisms taking place on the cathode surface, which motivates the use of
refractory materials such as bulk cathodes for some industrial applications.

Depending on the processes taking place on the cathode and the gas pressure, it is possible to
distinguish several types of arc discharges which are properly described in [Raizer 87]. More
generally, arc discharges can be divided into high-pressure and low-pressure arc discharges. In
reality, the elementary processes taking place in the plasma in high-pressure and low-pressure
arcs are different. The plasma state of the electric arcs is discussed in greater detail below. A

scheme of an arc discharge is shown on figure 1.2 (a). In the arc discharge, similar to the glow

(a)

N1

anode

arc column S,

(b)

z (mm)

c o, 6, a

Figure 1.2: (a) Schematic of the electric arc. (b) Typical distribution of the electrostatic
potential along the arc axis.

discharge, one can distinguish near-electrode zones (cathode . and anode 4, on figure 1.2) and
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1.2 General characteristics of electric arcs

the arc column itself. The arc column occupies most of the space between the electrodes, while
the near-electrode regions are narrow. The arc column is filamentary and homogeneous in the
axial direction. Arc constriction is usually observed near the cathode and on the anode the
attachment can be either confined or spread over the surface. The near-electrode jets, formed
as a result of the axial gradient of magnetic pressure in the arc, play a significant role in forming
the arc column itself.

The distribution of the potential along the arc column is uniform (figure 1.2 (b)), i.e. the
strength of the electrical field is approximately constant. Normally, the extension of the arc
length will linearly increase the total arc voltage. However, the effect of the external conditions
(the gas flow, the magnetic field, the channel walls) may result in a large change along the length
of the column. In the near-electrode regions with the length d. and d,, the potential rapidly
changes as a result of the energy transfer between the arc column and the electrodes. There
are potential falls: the negative cathode fall U, and the anode one U,, which can have different
signs, either negative or positive. The near-electrode zones are very narrow and, according to
reasonable estimations, has the order of several path lengths of the particles of ~0.1 mm at
atmospheric pressure. This means that the strength of the electrical field in the near-electrode
region is very high. The strength of the electrical field in the arc column depends strongly on
the diameter of the discharge channel, the current intensity, the type of gas, the flow regime and
many other conditions. For instance, at atmospheric pressure, the channel diameter is about
10 mm and the current intensity 100 A. Typical ranges of the strength of the electric field for

different gases are reported in table 1.1. The most important electrical characteristic of the

gas ‘ Ar He Hy Ny
electric field (V/cm) ‘ 5-8 15-20 30-50 10-15

Table 1.1: Typical electric field strength at atmospheric pressure arcs [Zhukov 07].

arc is the volt—-ampere characteristic (VAC). The arc voltage is the sum of the cathode and
anode falls and the arc column voltage. The shape of this characteristic curve determines the
selection of the parameters of the power source for the arc and the electrical efficiency for its
industrial applications. The VAC of free-burning electric arcs are usually falling. This means
that with an increase in arc current, the arc voltage decreases [Finkelburg 61]. It occurs due to
a decrease in the arc resistance with an increase in the current, resulting from an increase in
the arc radius (the conductive radius). Consequently, the arc temperature will also rise. These
factors lead to the increase in the arc conductance. The VAC of electric arcs with high currents

can also grow and form a so-called U-shape VAC.
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1.3 Fields of electric arc application

Depending on the discharge power, discharge pressure, or electrode geometry, there are several
distinct applications of electric arcs. In some industrial devices the electric arc is the key-
object. For example, electric arcs are used for plasma cutting and welding, plasma spraying,
material processing, and arc furnaces. When current interruption occurs in a switching device,
this will ignite an electric arc. An example of the electric arc in nature is lightning. On the
diagram 1.3 are shown the most common applications of electric arcs according to their power.

For many years, high intensity high pressure discharge lamps were one of the main applications

107 = — —
Arc
o g | furnaces
= 10° + .
= Circuit
— 5 breakers
g 10° .
8_ T:'lermal
4| plasma ]
@ 10 material
o) :
= processing,
% - Deposition, Cutting arcs 7
» Waste Welding arcs
O 102 | treatment |
1 01 High intensity discharge lamps
Pl i { ool { f A |

0.1 1 10
Discharge pressure (MPa)

Figure 1.3: Classification of thermal plasmas for various applications depending on the power.
Graph adapted from [Wendelstorf 00].

of electric arcs. Scientific research therefore focused on this area of investigation. However
with the widespread availability of LED lamps on the market, this research topic shrank and
has now almost vanished, and research interest shifted to other applications. As a result the
experimental and theoretical research of the welding and cutting processes using electric arcs
are well-developed nowadays. With the improvement in the interrupting capability of switching
devices, research on the core of the electric arc is needed and research is therefore continuously
growing in this direction. With the increasing interest in the use of nanoparticles for applica-
tions, it has been found that arc discharges can be used for their synthesis. Paradoxically, as
electric arcs are the core of plasma torches they are of great interest to support current and

future environmental challenges in the context of waste treatment.
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1.4 Thermal plasmas

1.4 Thermal plasmas

It is well-known that plasmas occur over a wide range of working conditions, so it is common to
classify them in terms of electron temperatures and electron densities (figure 1.4) [Boulos 94].

This classification concerns some natural and man-made plasmas. The plasma produced by

10—
—_—
4
% 10 Thermonuclear
b Fusion plasmas
O Ln3
5 T -
E 10 N
© olar corona
o 10°
£
1
'9 101 Glow discharges N
8 Fluorescent lamps
+ 100 RF discharges High pressure arcs. |
b RF discharges.
@
W ., A-
107" 4 lonosphere flames MHD generators .
Room temperature
102 : .

10® 10" 10" 10" 10%° 10%® 10%
Electron density (m™)

Figure 1.4: Classifications of plasmas adapted from [Boulos 94].

electric arcs belongs to the category of thermal plasmas. These plasmas have temperatures
around 10* K with an electron density ranging from 102! 1/m? to 10%61/m3. In comparison,
the well-known glow discharges are typically operated in a pressure range from 1 x 10~%kPa
to 1kPa and have an electron temperature in the order of 1 x 10K, while heavy particle
temperatures remain unchanged. In order to establish a distinction between thermal and non-
thermal plasmas, the definition of thermal equilibrium needs to be introduced. A full definition
is given in chapter 2 but a short version will be formulated in the present section. Thermal
equilibrium means the existence of kinetic, chemical and radiation equilibrium. The kinetic
equilibrium can be realized by frequent collisions between all the particles. In this case the
Maxwellian distribution function is realized. Within thermodynamic equilibrium the energy of
each type of species distributed among all species according to the Boltzmann distribution and
Saha equilibrium is established. Moreover, the radiation transport needs to be in equilibrium
as well. Thermal equilibrium in such a description is idealized and never satisfied in reality.

Hence, it is highly desirable to use laws of thermal equilibrium; at this point, the assumption
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of local thermal equilibrium (LTE) can be introduced. In LTE the equilibrium is realized in all
aspects except for radiation transport. In the plasma of high-pressure electric arcs, when the
plasma is dense and hot enough to generate frequent collisions, the LTE assumption is justified.
Therefore, the plasma is characterized by the temperature T of all the species. However,
applying the LTE assumption in all the plasma regions of the electric arc is not justified. It can
be achieved only in the arc column. In the near-electrode regions d. and d, (figure 1.2) thermal
equilibrium is disturbed; moreover there is no quasi-neutrality. On the arc fringes, where the
plasma temperature is low, the LTE is also disturbed. In low-pressure arcs, the existence of

thermal equilibrium is questionable.

1.4.1 Theoretical approaches to thermal plasmas

A large number of applications of arc discharges are associated with the use of the arc column
in which most of the thermal and radiant energy is generated. At atmospheric and higher
pressures, the physical processes taking place in the arc column are important as well as the
processes near the electrodes. Advanced knowledge has been achieved in understanding the
physical processes taking place in the arc column plasma, and mathematical methods to describe
electric arcs have been established and applied for many decades [Zhukov 07]. The two main
directions of the theoretical description of electric arc plasmas are presented in this section.
The differences between the two approaches are mostly in the degree of refinement with which

the processes are described, the methods of examination, and the accuracy of the results.

First theoretical approach

The first approach is based on analytical methods. These models make rational simplifications
of the problem so as to obtain explicit and adequate relationships between the main parameters
of the discharge. Although this approach cannot be applied efficiently to describe individual
details of the processes in electric discharges, the results are important both for determining the
physical pattern of the plasma flows and for direct and immediate application and understanding
arc behavior.

Two kinds of analytical models are currently used to investigate electric arcs. One is the so-
called block model of electric arcs [Habedank 93, Thomas 15, Markovié¢ 13]. In the block model,
the arc is described by a simple mathematical equation where the obtained relation refers to the
arc conductance, which can be determined experimentally, for instance by measuring specific
parameters such as the voltage and current of the arc. A black box model is very reliable
for simulating occurrences in electric arc circuits in studies of electric networks. Although it
is based on the model of physical conditions, it is just a mathematical model. The classical

black box models are the Cassie model [Cassie 39] and the Mayr model. These models are
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1.4 Thermal plasmas

usually used to simulate switching devices. However, they do not describe the arc itself, but
the electrical circuit where the arc occurs.

Another type of model is based on solving the Elenbaas-Heller equation [Heller 35, Fridman 07],
which defines the radial temperature distribution in the arc column. These models are usually
applied for stationary cylindrically symmetrical long arcs, i.e. the arc column is characterized by
the formation of an axially homogeneous cylindrically symmetric arc column whose properties
are not influenced by the electrodes. Using some simplifications, the analytical solution can be
found. These models are used for wall-stabilized cascaded arcs with a superimposed laminar
flow [Shaw 06, Kuiken 91, Liao 16].

Second theoretical approach

However, these approaches cannot be applied efficiently to describe individual details of the
processes taking place in electric arcs. With the increase in computational power, it became
more and more interesting to look for numerical solutions to the detailed description of electric
arcs. Along these lines, a mathematical model has been established based in a general case for
an arc column on a complicated non-linear system of equations of radiation magnetic gas dy-
namics with the appropriate boundary-value conditions. In a general case, it is described by a
system of magneto-hydrodynamic equations (MHD), including the laws of conservation of mass,
momentum and energy, and the equations of electrodynamics and radiation transfer. Some-
times such models are called fluid models of plasma. A general principles of the hydrodynamics
models of the electric arc, the state of the art on present day is reported below. Fluid models
describe the evolution of the moments of the Boltzmann equation for each species in the plasma,
and provide direct measures of macroscopic flow properties, such as temperature and pressure.
The simplest MHD models are a combination of one fluid with the assumption of LTE in the arc
column [Hsu 83c, Gleizes 05]. Fluid models need to be supplied with thermodynamic properties
and transport coefficients. The existence of thermal equilibrium in a thermal plasma means
that the plasma composition and the transport coefficients can be calculated. Thorough refer-
ence studies have been published in this field [Murphy 14, Cressault 13b, Boulos 94, Devoto 66].
The energy balance in a thermal plasma is established by Joule heating of the gas by the cur-
rent flowing through and by the radiation emitted by the plasma. It is therefore crucial for
MHD models to take arc radiation into account. The radiative spectra of thermal plasmas are
extremely wide. The highest spectral densities are mainly in the ultraviolet, the visible and the
near infrared regions. To solve the radiation transport equation, several approaches have been
developed. Commonly, the radiative transfer is taken as the difference between the total emis-
sion and the total absorption at any point and isotropically in the plasma. The most common
method is the so-called Net Emission Coefficient (NEC) [Lowke 74, Nordborg 08, Cressault 15].
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Models based on the MHD approach with the assumption of LTE are a powerful tool to in-
vestigate electrical arcs. This model can be adopted for different applications, where different
geometries with the corresponding external conditions such as arc current, working gas, pres-
sure. . .can be used. Below, the main numerical simulation results of electric arcs for different
applications are shown.

Historically, the first numerical realization of the MHD approach was computed for so-called

free-burning, or transferred, arcs by Hsu et al. [Hsu 83a]. Free-burning arcs have been inves-
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Figure 1.5: Examples of numerical simulations of free-burning electric arcs. DC current con-
ditions, working gas is Ar. (a) Temperature isolines in the arc column experiment
(left) and simulations (right), I = 200 A [Hsu 83a]; (b) Evaporation rate of the
iron anode material (left) and temperature distribution in the arc and the elec-
trodes (right), I = 150 A, 20s after ignition [Tanaka 10]; (c¢) Temperature isolines
in the arc and copper anode I = 200 A [Bini 06]; (d) Temperature isolines in the
arc column, simulations are computed in 3D, where the inflow from the side has
a velocity 20m/s is introduced in order to disturb the arc symmetry [Lago 06].

tigated by many groups over the past decades. Several examples are depicted in figure 1.5.

The geometry contains a refractory rod cathode placed in front of plane anode, usually made of

copper or iron. The electrodes are surrounded with the gas, usually argon, which is free to move
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1.4 Thermal plasmas

due to electro-magnetic forces. Additional inlets are sometimes used from the top of the com-
putational domain. The focus of these studies is on the arc column itself and the temperature
distribution in the plasma. For the arc of 200 A, the temperature is about 21000 K near the
cathode tip and from 15000 K up to 17000 K within the arc column. The temperature then falls
near the anode down to 13000 K. The temperature isolines form the shape called bell-shape.
The same cathode geometry is implemented in models [Hsu 83a, Bini 06, Lago 06, Gonzalez 02],
while the current transfer from latter to the plasma is realized by applying the current density
distribution on the surface just near by cathode. The latter was obtained from the experi-
ment also reported in [Hsu 83a]. The distribution of the arc temperature in the column has
led to research into determining the anode temperature. Therefore, some attempts to imple-
ment plasma-anode interaction in LTE models have been undertaken. This is accomplished
by correcting the energy flux from the arc column to the anode or by introducing a non-
equilibrium electron density near the electrodes in order to calculate non-equilibrium electrical
conductivity [Morrow 93, Lowke 06]. Depending on the external conditions of the arc and
on the anode, the anode can be heated and evaporated. The evaporation of anode material
has been implemented in hydrodynamic models [Lago 04, Tanaka 10, Gonzalez 93]. As an
example, on figure 1.5 (b) shows the rate of the iron evaporated from the anode surface af-
ter 20s of arc - anode interaction with the current of 150 A. The processes taking place in
the melting pool of the anode were investigated and movements of the melting anode mate-
rial were reported in [Mougenot 13, Murphy 11]. Most of the simulations are usually done
using an approximation of axial symmetry. However, the mathematical description is eas-
ily extended to complete 3D simulations restricted only by the computational capacity and
time [Gonzalez 02, Franceries 05, Murphy 11, Tanaka 06]. Similar geometrical configurations
presented for free burning arcs are commonly used to simulate welding arcs. Advanced research
has been carried out on this topic in the last decade in studies of the arc behavior, weld-pool
and droplets using numerical simulations [Haidar 96, Yongbing 02, Wang 03, Murphy 11]. The
MHD models described above give a good estimation of the arc temperature and the arc column
behavior, making it possible to estimate the processes taking place on the anode. However, ef-
forts have been made to improve the physical description of the arc column especially in order
to resolve near-electrode non-equilibrium layers. Improvements of LTE models are usually done
with the aim of taking non-equilibrium effects into account. Thermal non-equilibrium can be
taken into account by solving separately the electron and heavy particle temperatures, T, and
T}, respectively. Comparison between these studies and LTE results shows a relatively good
agreement [Baeva 12, Baeva 16, Hsu 83c, Benilov 12, Li 07, Jenista 97].

Fluid models can be also used to describe plasma torches, which are used for many industrial
applications, such as plasma spraying and particle and chemical synthesis. The plasma torch

is a device that generates a directed flow of plasma from a stream of working fluid. Hydrody-

31



Chapter 1 Introduction

namic plasma models under the assumption of thermal equilibrium are reported in [Bauchire 97,
Bauchire 99, Moreau 06, Baudry 05, Trelles 07, Colombo 08, Park 04]. These models give a
good estimation of the arc temperature and the gas speed [Freton 03]. However, it is more
difficult to predict the anode attachment behaviour, which moves on the anode surface during
arcing. One of the complications which arises in these models is the time-dependent arc behav-
ior which needs to be included. Moreover, to implement plasma-anode interaction correctly,
one should consider non-equilibrium effects near the anode, which requires additional equa-
tions. Extending the system of equations to the non-equilibrium case significantly increases
the calculation time. More recent models of plasma torches deal with so-called 2T plasma
description [Trelles 08b, Trelles 08a, Trelles 13b], in which a specific approach to the electron
and heavy particle energy conservation is proposed.

Plasma flows, particularly for industrially relevant applications, are complex phenomena and
in some conditions the flow can produce shock waves or in most cases the flow velocity reaches
its limit and becomes turbulent. Turbulence phenomena have also been investigated for plasma
torch applications [Bauchire 97, Lincun 08, Trelles 14]. The implementation of different turbu-
lence models can slightly change the flow behavior, but in most cases, it influences the energy
transport. In sum, when in the Reynolds number range where turbulent flow is present, turbu-
lent energy dissipation should be implemented in the arc model.

One of the phenomena which has attracted attention in many industries is electric arcs in low
voltage circuit breakers (LVCB) [McBride 01, Brice 96, Guillot 01]. LVCB, like all CB, are
made to interrupt the current flow after a fault has been detected. However, this class of de-
vices operates in atmospheric pressure conditions. Electric arcs occur in the CB during contact

switching. Several characteristic processes take place during interruption in a CB:
1. Separation of the electrodes (opening), ignition and elongation of the electric arc;
2. Electric arc propagation along the rail electrodes;
3. Disruption of the electric arc by the splitter plates.

Figure 1.6 illustrates the sequence of the arc occurring within a CB. The arc displacement
between the electrodes is determined mainly by the Lorentz force acting on the arc in the axial
direction. The Lorentz force caused by the superposition of the magnetic field of the rail elec-
trodes and the magnetic field of the arc and current which passes through the arc.

Usually, studies concerning arc propagation in low voltage CBs focus on electrical aspects
of the arc and do not propose a fine description of the arc plasma [McBride 01, Brice 96,
Guillot 01]. However, numerical models of the arc itself are of great interest to predict its
behavior in order to estimate the lifetime of the device and improve its capability. The num-

ber of studies on this topic is limited, however. The main trend over the last decade has
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Figure 1.6: Schematic of the main steps of arc propagation in a low voltage CB.

been to use hydrodynamic models to describe arcing in CB applications. Starting with 2D
hydrodynamic models of the electric arc [Domejean 97, Fiévet 97] and further extended to
3D [Lindmayer 02, Qiang 08, Wu 08b], numerical models have become more and more ad-
vanced [Swierczynski 04, Rondot 09a, Rondot 14, Quéméneur 15, Quéméneur 16]. Some exam-
ples of temperature distributions are shown in figure 1.7. In these models the mobile electrode
opens and the arc initiates and propagates further along the electrodes. Unfortunately, most
studies were conducted in different external conditions, making comparison difficult. In general,
the mapping of the temperature distribution in the arc is similar from one work to another, i.e.
there are cathode and anode jets one in front of the other, with the time they take to propagate
along the rails. The plasma temperature is very similar to that of a free burning arc and re-
mains in the range of 15000 K to 20000 K. The calculation results shown in figure 1.7 adopted
a similar hydrodynamic approach for the arc column. However, a different concept of plasma
electrode interaction is used. It is difficult to say which one is more correct, since there is no
consensus on this topic. Last but not least, in such complex models, it is important to address
the calculation of the magnetic field. Since the computational 3D domain of the gas should
be large enough to resolve the magnetic field from the electrodes, in some studies [Freton 09]
this field was calculated independently and applied as a condition. This literature review shows
that a hydrodynamic description of the plasma is commonly used to describe electric arcs for
different applications. The advantage of the hydrodynamic description is that it can be im-
plemented with the mathematical description in commercial software such as ANSYS Fluent,
Comsol Multiphysics and other software programmes. Thanks to the specifically optimized
solvers used, simulations of these models can be run in a reasonable time. An added advantage

is their flexibility, allowing different geometries and external conditions to be implemented, not

33



Chapter 1 Introduction

Temperature
27000 (a )
25000

23000
21000
19000
= 17000
= 15000
13000
] 11000
— 9000
L 7000
3000 Iemperature
3000
3.000e+004
2.800e+004
2.600e+004
16000 Temperature (K) g gg g:: g g:
- 2.000e+004
1.800e+004
e 1.600e+004
1.400e+004
1.200e+004
1.000e+004
. 8.000e+003
- 6.000e+003
- 4.000e+003
10000 2.000e+003
0.000e+000
I=700A a— [K]
8000 Aimantation (M)

[ — |
1e+008 2e+005 3e+005 4e+005 5e+005

Figure 1.7: Three-dimensional temperature evolution of the arc plasma in air during the open-
ing of the moving contact. (a) I = 1.5kA, t = 1.55ms [Wu 08b]; (b) I = 700 A,
t = 200 ps, for two mobile contact orientations [Quéméneur 17]; the arc temper-
ature and the magnetization in the ferromagnetic plate, I,,q, = 4.5kA, 50 Hz,
t = 200 ps [Rondot 14].
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1.4 Thermal plasmas

only symmetrical configurations.
However, the calculation results always need to be checked and validated. Otherwise, the dis-
tributions obtained using hydrodynamic plasma descriptions can be nothing more than CFD

(color full display) pictures.

1.4.2 Experimental methods applied to thermal plasmas

Plasmas can be investigated by a wide variety of experimental methods [Lochte-Holtgreven 68],
but only a few of them are applicable for thermal plasmas. For instance, using electrical probes
can be problematic due to the high plasma temperature of the electric arcs. On the other
hand, for thermal plasmas, when the assumption of LTE is valid, optical emission spectroscopy
methods are highly attractive for plasma specification. In general, due to the intense radiation of
thermal plasmas, the most commonly used methods of investigation are based on light collection,
spectroscopy, video-spectroscopy, and high-speed video-imaging. We will briefly describe the

capabilities and applicabilities of experimental methods for electric arc investigations.

Emission spectroscopy

This is a well-established technique which enables the plasma temperature to be determined
from the intensity of the spectral lines, under the assumption of LTE. Particle densities can
also be obtained by assuming Saha equilibrium. This method has been extensively applied to
obtain the plasma temperature experimentally, particularly in the case of free burning or weld-
ing arcs [Hsu 83a, Haddad 84, Hiraoka 97, Valensi 10, Valensi 11]. More generally, without the
assumption of thermal equilibrium, the temperature obtained with this method is the excitation
temperature of the probed state. On the arc fringes and the electrodes, it has been shown that
the excitation, rotational and electron temperatures are slightly different [Fauchais 97|, proving
the deviation from thermal equilibrium. In order to deduce the plasma temperature, the ratio
of two spectral lines can also be used [Lochte-Holtgreven 68]. This method can be extended
to video spectroscopy by using very narrow band optical filters to obtain a simultaneous 2D
diagnostic of the arc temperature [Bachmann 13]. Based on the temperature distribution and
assumption of Saha equilibrium, densities of species can be calculated, for example evapora-
tion from the material during welding processes [Kozakov 13, Wilhelm 12]. This method can
be adapted to measure both the composition and the plasma temperature for plasmas which
contain more than one atomic element [Murphy 94]. Another possibility is to measure the elec-
tron temperature and electron density by analysing the line broadening [Griem 05]. One strong
advantage is that this approach does not necessarily require the assumption of LTE. It can be
done with commonly used hydrogen lines broadening or atomic lines [Brugeat 04], for example

in [Valensi 10, Valensi 11] the Stark broadening of the iron line at 538.3 nm and the argon line at
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696.5 nm. The electron density can also be obtained by spectroscopic measurements of the con-
tinuous background intensity [Bastiaans 85] which is a convenient method because it does not

require a LTE state of the plasma. It has been used in an Ar plasma [Bott 66, Schnehage 82].

Absorption spectroscopy

The method of absorption spectroscopy is very sensitive due to its selectivity and is widely used
to perform trace analysis [Kirkbright 82]. In the context of electrical arcs, it is used to measure
chemical densities, in particular to quantify the material vaporised from the electrodes when
the emission of the material is not intense [Veklich 13]. The advantage of this method is its high
sensitivity to determine densities even in low amounts of material. However, the method is more
complex than emission spectroscopy and requires close attention to the estimation of the plasma
optical thickness. The application of absorption spectroscopy to low voltage circuit breakers in

order to determine the density of copper vapor was reported in [Hong 02a, Hong 02b].

Laser scattering

Thomson scattering is a well-established diagnostic for the simultaneous measurement of the
electron density and temperature. Thomson scattering has been used for thermal plasmas [Mendys 11,
Dzierzega 06, Kithn-Kauffeldt 14, Snyder 93]. The advantage of the method is the high time
resolution, which allows a temporal study of the discharge parameters to be performed. Addi-
tionally, Rayleigh scattering has been used for temperature measurements [Murphy 92]. The
technique of laser induced fluorescence (LIF) is used infrequently in thermal plasmas, most
likely due to the complexity of the method and the need to couple the two mechanisms of
absorption and emission spectroscopy. However, it is a well-established technique to determine
the densities, energies and kinetics of atoms and ions in plasmas. LIF diagnostics allow spa-
tially and temporally resolved measurements of tungsten impurities eroded from the cathode

of a free-burning argon arc as reported in [Kithn 02].

Probe

When applied to thermal plasma, this method concerns only the warm region in the fringes or
the jet exiting a torch but not very close to the nozzle exit. Langmuir probes are a powerful
tool to specify plasma properties in low temperature high pressure plasmas. However, for ther-
mal plasmas this method can be problematic due to the high temperatures in the plasma core
and the probe material needs to be highly heat-resistant. Moreover, the interpretation of the
measured results is different to low temperature plasmas, where the ionization degree is low
and ion current is negligible. Consequently only a few studies have attempted to characterize

arc plasmas using Langmuir probes [Sanders 84, Fanara 01, Fanara 04].
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Enthalpy probes are considered as a robust tool in thermal plasma diagnostics. The main ad-
vantages of this technique are its capability for direct and simultaneous measurement of temper-
ature, velocity, and species concentration fields and temperatures measurements [Rahmane 95,
Brossa 88]. The enthalpy probe technique is slightly less accurate than emission spectroscopic
methods, but gives a good estimation of the plasma temperature. Plasma flow velocities have
been determined using stagnation pressure measurements with enthalpy probes for plasma
jets [Chen 94, Fincke 93].

Various Techniques

Nowadays, with the development of new technologies and the improvement in camera time
resolution, a commonly used method to investigate electric arcs is high speed video imaging.
This method is usually applied in addition to other methods to gather more information about
the discharge simultaneously. It can, however, often be difficult to interpret the high speed
imaging used to understand arc behaviour, or to interpret and quantify the signal. Some
research is done with video spectroscopy, in which band filters are used to collect the light on
the chosen wavelength [Rouffet 10]. The arc instabilities in plasma torches have been observed
using high speed video cameras [Duan 02] and the near anode region [Yang 06], where the
different positions of the anode attachment can be seen. The transition from a laminar to
a turbulent plasma flow can also be investigated using video imaging [Huang 08]. High speed
videos are often applied to low voltage circuit breakers to measure the arc displacement velocity.
The cathode and anode attachments and the time evolution of their position can be obtained
from the images and their speed evaluated [Zeller 01, Quéméneur 17, McBride 02].
Shadowgraphy or the Schlieren method can also be used to investigate electrical arcs in order
to obtain information about the temperature, the turbulence of the fluid and the electron
density [Pfender 91, Prevosto 10, Nagulin 15].

Electrical measurements

Electrical measurements, such as arc current and arc voltage, are often measured together
with other techniques. These traditional methods are relatively simple to carry out. It is worth
recalling, however, that these are the most stable and powerful methods to predict arc behavior.
This overview of the most commonly used methods for the experimental study of electric arcs
shows that there is a high potential to obtain plasma and flow properties, flow behavior, and
electric characteristics of the arc. The above-mentioned methods are not an exhaustive list,
and there are also some more exotic ones, but in most cases it is not necessary to conduct more

sophisticated research.
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1.5 Electrical arcs in the aeronautical context. Research issues
of the work.

Despite the many applications of electric arcs, and the great number of methods for their in-
vestigation, not all the answers are available, leading perpetually to new questions. It has been
already pointed out that the electric arc may occur inside the distribution network of the air-
craft and it is of great interest to conduct research in this context, as the lack of accessible data
makes the work more valuable. The literature review on the topic of electric arcs and thermal
plasmas briefly presented above is considered as a starting point to approach the topic.

The arcs between busbars and in the wiring systems belong to the same phenomenon, that of
electric arcs. However, their nature and properties are different, which means that detailed
investigations require different methods to perform their characterization. This implies that
different arc-protection mechanisms are needed. In this work, the problem of electric arc phe-
nomena in the busbar system is addressed. The geometrical configuration of busbars is simple:
they have a length of hundreds of mm and a thickness of several mm and are placed one in front
of the other with a spacing of 5mm to 10 mm. The power conditions of these distribution sys-
tems are three-phase configurations with a load of 115V or 230 V with frequencies from about
400 Hz to 800 Hz (depending on the alternator rotation speed) or direct current with voltages of
24V and 48 V. The busbars are arranged in such a way that under normal conditions, electric
arcs do not occur. The electric arc appears when a fault occurs between busbars. Usually (it
has not been observed otherwise) the electric fault is initiated by the presence of a FOD in the

distribution system. Figure 1.8 shows the occurrence of an arc between the busbars. Then the
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Figure 1.8: Schematic of the arc between busbars, due to electric fault.

electric fault takes place and the electric arc appears. However, the problem becomes more and
more dangerous due to arc propagation along the electrodes caused by the Lorentz force. The
Lorentz force is the result of the superposition of the magnetic fields induced by the current in

the busbars and the arc induced magnetic field and the current passing through the arc. As arc
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propagation can be problematic for the entire electrical network, it needs to be detected and
disrupted in order to accomplish successful flight.

The difficulty in investigating electric arc propagation between the busbars is the variety of
parameters which can be changed during the process. Depending on the moment when the
electric arc takes place, the pressure can be different (depending on the altitude of the flight),
as can the hydrometry, or the alternative current. The abundance of parameters which can
change while the arc is taking place means that theoretical investigation and numerical simu-
lations are preferable to experimental approaches. Numerical simulations are widely used to
investigate electric arcs and the commonly adopted MHD approach provides an adequate de-
scription of the arc. Moreover, commercial software is capable of performing such simulations
in a convenient manner. It therefore appeared reasonable to build a hydrodynamic model of
the electric arc between busbar electrodes. In the present research, the commercial software
COMSOL Multiphysics was chosen as a tool for the numerical exploration of the arc problem
in order to solve the system of hydrodynamic equations.

An experimental study of the arc between busbars was conducted in this work. As arc prop-
agation along the rails is similar to the simulation in low voltage circuit breakers, similar ex-
perimental techniques were adopted in this work. The experimental data were used to validate

the theoretical model and to better understand the arc displacement.

1.6 Outline of the work

This work is structured in five chapters. This first chapter has introduced electric arc phe-
nomena and given a brief state-of-the-art as a background to the experimental and theoretical
investigations. The problem of electrical arcs in aeronautical applications is explicitly detailed.
The need for theoretical and experimental research to solve the problem of electric arcs in air-
craft and predict its behavior for different external conditions are the main motivations of this
work.

The theoretical approach to describing electric arc plasmas is introduced in the second chapter.
To establish the arc column model, the hydrodynamic approach under the assumption that the
arc plasma is in LTE was chosen. Plasma-electrode interaction is one of the weak points in
hydrodynamic models, since the equilibrium is disturbed near the electrodes. This problem is
discussed in application to the cathode and anode. The novel approaches developed to match
the arc column under the LTE assumption with the cathode and the anode are presented. The
matching conditions are delivered with the law of energy conservation in the non-equilibrium
near-electrode layers. The calculation results are validated with existing comprehensive nu-
merical models which involve non-equilibrium effects and experimental data and show excellent

agreement.
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The experimental study of the electric arc between rail electrodes is presented in the chapter 3.
Two geometrical configurations were used for different current conditions - pulsed and alternat-
ing current with frequencies used in aeronautical applications. High-speed video imaging was
performed with a high temporal resolution in order to understand the possible mechanisms of
arc displacement near the electrodes. The video imaging is supported with electrical measure-
ments.

Using the theoretical model established and described in chapter 2, the full three-dimensional
configuration of the arc model is performed. The latter is reviewed in chapter 4. The geomet-
rical configurations of the electrodes correspond to the conditions of the experiment in order to
validate the model. An attempt was made to analyze the arc displacement mechanisms and is
discussed in detail.

Finally, in chapter 5 the general conclusions of this work are reported. Possibilities for improv-
ing the research and the model are proposed and discussed. The work is completed with a list
of references and appendices containing additional data from the numerical particularities of
the model.
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Chapter 2

Arc simulations

Different approaches are used to describe plasmas theoretically and phenomenologically. The
gas state can be characterized as a number of particles and their motion investigated using
classical or quantum mechanics formalisms. On the other hand, kinetic theory can be used to
describe the gas by introducing the concept of distribution function. With several assumptions,
the plasma can be described as an ideal gas and its behaviour can be defined by a system of
MHD equations. This approach is commonly used for modeling electric arcs and is favorable
for numerical simulations. The remaining questions are: under which conditions can such an
approach be used? Could kinetic theory be an alternative to hydrodynamic theory? In this
chapter, the reader will find some information to answer these questions.

The system of hydrodynamic equations is described with the assumption of LTE in the arc
column. In the vicinity of the electrodes, however, the LTE assumption is no longer valid.
Moreover, the processes taking place on and near the electrodes are extremely important to
establish the arc. In this chapter, significant efforts are made to describe plasma-electrode
interaction. In order to avoid a complicated non-equilibrium formalism of the near-electrode
plasma, the matching conditions between the electrodes and LTE plasma are defined. This is
achieved by means of current and energy conservation in the non-equilibrium layers (both anode
and cathode). This approach allows us to correctly implement physical phenomena in the layer
and at the same time to avoid a cumbersome non-equilibrium plasma models in this region.
Additionally, the numerical realization of the approach proposed in this chapter is relatively
simple, and the calculation time is significantly reduced.

The numerical solution of the theoretical model of the arc column and its interaction with the
electrodes was tested on the most common example, i.e. a refractory rod cathode and a flat
copper anode in a wide range of arc currents. The simulation results were compared with other

existing models and experimental data available in the literature.
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Chapter 2 Arc simulations

2.1 Transport equations

The plasma state can be described with the distribution function f,(t,r,v) for every species in
the gas. The quantity f,(¢,r,v)drdv describes the average density of the particles a at time
moment ¢ in the volume dr having a speed in the interval dv, or in other words the probability
of finding particle a with speed v near the point r at time ¢. The behavior of the plasma is
defined by the Boltzmann equation which describes the evolution of the distribution function

over time [Braginskii 65]:
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where the summation is over the subscript b. The force F, acting on the component a at
position r with the velocity v; m, is the mass of the single particle a. For the charged particles

in an electric field E and a magnetic field B, the resulting force is given by:
Z
F.=Ze E+ 25 (vxB), (2.2)
c

where Z is the charge sign, Z = —1 corresponds to electrons, Z = 1 corresponds to single
charged ions, Z = 2 is double charged ions, ... The term C, on the right hand side of equa-
tion 2.2 accounts for the changes in the distribution function due to collisions with other plasma
components.

The distribution function gives the comprehensive behavior of each element of the plasma.
However, it is more useful to deliver macroscopic parameters, such as particle density, average
velocity and kinetic energy or temperature. Hence, for a particle of type a the following features

are defined:

o the density,
na(t,r) = / Fult, T, v)dv (2.3)

the average velocity,

1
V.(t,r) = —/vfa(t,r,v)dv (2.4)
Ngq
o the average kinetic energy,
2
By = Tt (2.5)
2
e the temperature,
2
Ta = ma<v > (26)
3
1 a
T.(t,r) = — % (v — Vo) fu (t,r,v) dv. (2.7)
Ng
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2.2 Thermal equilibrium in arc plasma

In the case of a non-equilibrium plasma n,, V, and T, are different for every sort of parti-
cles, making it cumbersome and complex to describe the plasma. However, in some cases the

description can be simplified, as discussed below.

2.2 Thermal equilibrium in arc plasma

The distribution function contains information about the equilibrium state or the departure
from equilibrium. Macroscopic phenomena are grouped on the left hand side of equation 2.1,
while the elementary processes are considered on the right hand side. The most important
elementary process is self-collision. For those species in which the frequency between like

particles is high, a Maxwellian distribution will be established:

Ng

. o (g
(2rkpTy/ma)>? 2kpT,

(v=Va)?) (2.8)

In the non-equilibrium case the Maxwellian distribution function exists for all the plasma com-
ponents: electrons, ions, atoms, molecules,etc. For thermal plasma the momentum and energy
exchange between heavy particles is very effective. Thus one may assume that ions and atoms
have the same translation distribution function, i.e. with the same temperature 7} and elec-
trons characterized with 7.

The maxwellization of the electrons is more complex and is discussed in [van der Mullen 90].
Inelastic collisions may disturb the maxwellization of the electron gas. The departure of the
electron distribution function from equilibrium is described in detail in [van der Mullen 90]
for an atomic plasma dominated by electron kinetics. To sum up, the maxwellization of the
electron gas with the temperature T, is assumed when e-e collisions are dominant, i.e. the
characteristic relaxation time to establish the Maxwell distribution function is small enough.
For thermal atmospheric plasmas, this time 7. is about 1071%s [Mitchner 73]. The existence
of maxwellization of the plasma species means that a hydrodynamic description of the plasma
can be applied.

A state of thermal equilibrium is in fact very rare in plasma as the plasma must be uni-
form, the emission processes must be in equilibrium and the plasma thickness must be high
enough [Lochte-Holtgreven 68]. In plasma physics a plasma state close to thermal equilibrium
called the local thermal equilibrium (LTE) is often introduced. In this case plasma species
are described with the Maxwell distribution function and T = T, = T} and the Boltzmann
distribution for excited states of heavy particles is valid with the temperature 7. However,
there is no radiation equilibrium: emission is not in equilibrium with absorption. LTE can
usually be observed in plasmas where the particle density is high enough and elastic collisions

are dominant.
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Chapter 2 Arc simulations

The applicability of local thermal equilibrium in experimental spectroscopy is valid accord-
ing to the criterion where the electron density [Griem 63] for an optically thin plasma should
correspond to:

ne > 101 T2 (B, — E;)? [1/em?), (2.9)

where T, and Ey — F; are in eV and Ej — E; corresponds to the biggest energy gap and, for
most gases, corresponds to Fy — E7, where E; is a ground state and FEj is the first excited state.
For example, in the case of an argon plasma Fs — E; = 11.5eV, T, = 1€V, the electron density
should be n, > 107 /em?3. Critical electron densities necessary for establishing LTE can also be

found in [Numano 90] and give similar values.

2.3 Mathematical description of the arc bulk plasma

The conservation equations of macroscopic parameters for each plasma component can be ob-
tained from 2.1 by multiplying it by the factors: mg, m, Vg4, mav?/2 and integrating over the

velocity space, giving a mass, momentum and energy conservation respectively for each plasma

component.
0
apta +V - (paVa) =0, (2.10)
where p, = nym, is the mass density of species a.
0pV . Z 1
pgt © 4V (paVa ® Vo) + Vpg + V- 7g + TZ”“ (E + -V x B) — R,. (2.11)
a

The pressure and viscous tensor p, and 7, are defined in [Braginskii 65]. The fourth term on
the left hand side of equation 2.11 describes the electro-magnetic force acting on the particles
with a charge Z. The term on the right hand side is the friction momentum which gives the

momentum exchange between different plasma components.

Opa(v?)/2 palv’Va)
o TV 3

where (), is a term which considers the energy exchange between the particles. The equa-

+ Zeng (E-V,) = Qoq, (2.12)

tions 2.11 - 2.12) are written in a conservative form, where on the left hand side there is
conservation of the fluxes: mass, momentum, energy and on the right hand side are the source

terms.

2.3.1 The continuity equation

The continuity equation of the whole plasma can be obtained from the species mass conservation
equation. Summing the species equations over all the species gives the global mass balance in
the plasma,

dp

s . = 2.1
8t+v pV =0 (2.13)
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2.3 Mathematical description of the arc bulk plasma

where p = Y ngm, is the plasma mass density and V = %ZmanaVa is the average plasma
velocity. The sum is taken over all the plasma components (electrons, atom, ions, molecules).
The mass of the electrons is negligible in comparison with the mass of heavy particles, therefore
it is valid to assume that p is the density of heavy particles and V = V. On the right hand
side of equation 2.13 is zero due to the absence of net mass creation/destruction in chemical

reactions.

2.3.2 The momentum equation

By summing the momentum equations for every species of the system 2.11 over all components
assuming quasi neutrality of the plasma (n. = > Zn;, where the sum is taken over all the ions

with their charges Z), one obtains the Navier-Stokes equation for the whole gas:

opV ~ .

%—FV'pV@V:—Vp—V'W—i-,]XB (2.14)
where p is the total plasma pressure and p = )", po = > nq.kpTy; the viscous tensor 7 expressed
as: mij = —l {(8@;,; + 86;/;) — %V : Véi]}, where p is plasma viscosity. The global momentum

balance is solved together with the mass balance in order to calculate the velocity field and the
pressure. This approach is called a fluid plasma description and is commonly implemented in

the case of thermal plasmas.

2.3.3 The energy equation

The energy equation of the plasma in the thermal equilibrium case is obtained as a sum of the

energy conservation equations (2.12) for every species [Braginskii 65]:

8(”—\2/2—#6)

V2

2

On the right hand side of equation 2.15 are the loss and gain energy terms due to particle
interaction such as Joule heating Q) ;g = j - E and radiation losses @qq. The first term on the
left hand side of equation 2.15 is the energy of the system (kinetic and internal); the second
term corresponds to the changes in energy flux: pV (VTQ + H ) is the energy which describes
the mass translation in space, where H is the heat function or in other words, the enthalpy of
the system; term V : 7 gives the proportion of energy flux due to internal fluid friction and
characterizes the energy dissipation due to viscous effects. Usually this term is negligible for
plasmas and in further discussions is dropped. The other mechanisms of energy transfer which

can be observed in plasma are considered in ¢, which can more generally be presented as:

a=> pa(v’Va)/2, (2.16)
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Chapter 2 Arc simulations

where the sum is taken over all the plasma components.

The energy conservation equation of the plasma 2.15 can commonly be written in terms of
entropy s [Landau 69]. This involves taking heat functions into consideration: de = T'ds—pdV =
Tds — /%dp and dH = Tds + %p taking into account 2.14:

15)
oT (G + V- Vs) ==V a-+ Qur = Quus (2.17)

If the term on the right hand side of equation 2.17 is zero, the latter is the entropy conser-

vation of the ideal gas. The equation 2.17 can be simplified if the gas velocity is lower than

the speed of sound. Then the derivative of the pressure is negligible and depending on the

thermodynamic properties can be disregarded as a function of pressure. However, the gas is

still considered as compressible and the gas properties are a function of temperature. Indeed,
Jds Jds oT

for a constant pressure, while the density is a function of the temperature: 5 = (aT) or and
P

Vs = <g—§l) VT'. The value C), =T (g—;) is a specific heat function with a constant pressure.
D p
Equation 2.17 is transformed as:

oT
00y (G5 +VVT) ==Y a+ Qi — Quus (2.18)

The last term which has to be defined is the expression for the heat flux. Under the thermal

equilibrium assumption the heat flux in the plasma can be described as:

5 kT
q=-\VT — (2 + k:T> ’%j (2.19)

where the heat flux includes the thermal conduction processes with thermal conductivity A of
the whole plasma; the effects of thermal diffusion due to arc current with kp is the thermal

diffusion ratio, j is the current density, which is defined below and the enthalpy of the electrons.

2.3.4 Current continuity equation

The total electric current of the plasma is:
j=>_Zen,V, (2.20)
a

where the sum is taken over all the plasma components a. In order to obtain the current density
as a function of other plasma parameters, we multiply equation 2.11 by the factor Ze/m, and

find the sum over all the components a [Benoy 93] assuming that m, << m;:

me 0] r . 1 1
— —E x B) — \Y% —R.=0. 2.21
n€€2 ot * Ne€ (J ) Ne€ Pe + Ne€ N ( )

Equation 2.21 is known as the generalized Ohm’s law. The term R, is a friction force which in

most cases takes the interaction between electrons and heavy particles into account [Golant 77]:
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2.3 Mathematical description of the arc bulk plasma

R, = eneg% — BnekpVT,

where o, is the electron electrical conductivity, 5 is the numerical factor taking thermal diffusion
into account. The most general case of Ohm’s law is cumbersome and can be simplified for most
cases. Only conduction due to electric field and thermal effects give the highest contribution to

the whole current, therefore arc current is [Devoto 65]:

T
eD,

PR
1=9 +meT

VT, (2.22)

where D! is the thermal diffusion coefficient [Devoto 65], o is the plasma electrical conductivity

2 . . s .

and can be defined as ¢ = % and D, is the ordinary diffusion coefficient of electron-

electron interaction. It is common to introduce a so-called thermal diffusion ratio k7, which is
_ _1 Df

kT T mene Dee”

The charge density p. = e(Zn; — n.) from equation 2.10 for the electron and ions, and the
charge conservation is:

Ope
ot

+V-j=0 (2.23)

Assuming quasi-neutrality of the plasma, then the current continuity equation is:

V.j=0 (2.24)

2.3.5 Maxwell’s equations

The magnetic field calculation can be established by introducing Maxwell’s equations without

introducing eddy currents:

V x B = ] (2.25)

where displacement currents are neglected.

VxE=0 (2.26)

V-B=0 (2.27)

Quite often the system of Maxwell equations is solved in terms of vector potential, which is
defined as:

VxA=B (2.28)

while Coulomb Gauge calibration is introduced for the vector potential.
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Chapter 2 Arc simulations

2.3.6 Summary of the equations for the arc column description

As a summary, once again the system of the magneto-hydrodynamic equations in the case LTE
is assumed, which is commonly used to describe thermal plasmas and which will be solved in

this work, is:

Ip

5 TV V=0, (2.29)

0pV T 2 )
S tVovev= ~Vp+V-u(VV+ VT ~ 3V (V- V) +jxB, (2.30)

T kpT

pC, (%t +V. VT) +V- (—WT - (2 + kT> i3> =i E— Qraa, (2.31)
V.j=0, (2.32)
j=o (E + kaeBVT) , (2.33)
V x B = ugj, (2.34)
V x A =B. (2.35)

The equations of fluid motion are determined for the case of laminar flow and are valid when
Re = % is smaller than 1000, where L is the characteristic size of the discharge and Re,q.
does not exceed 100 in the case of a typical welding arc configuration. However, recent research
in the simulation of plasma torches has shown that turbulence effects occur in thermal plasmas
[Shigeta 16, ModirKhazeni 15].

This physical model can be applied for the largest part of the arc discharge. The model requires
the additional computation of plasma composition, the functions of thermodynamic properties,

and the transport coefficients.

2.3.7 Plasma properties and transport coefficients

Plasma composition, thermodynamic properties and transport coefficients of thermal plasmas
vary strongly with temperature and are usually calculated for the case when LTE is established.
In order to calculate the plasma composition, Saha-Eggert equations can be used for each plasma

component [Lochte-Holtgreven 68]:

NeNy _ QQZ ex (_Ez—5Ez>
nz—1 QZ—I kBT ’

(2.36)

describing the ratio of the densities of the different ionization states by the Boltzmann term
with the plasma temperature 7. The function @)z is the partition function of each plasma com-

ponent, E is the ionization energy of ion Z and dE; = is the lowering of the ionization

Ze2
4megA D
function [Griem 63]. The calculation of particle densities requires knowledge of partial func-

tions, which establish the link between the coordinates of microscopic systems and macroscopic
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2.3 Mathematical description of the arc bulk plasma

thermodynamic properties [Boulos 94]. Partition functions can be obtained from the electronic
energy levels. While various studies can be drawn upon to define the right number of elec-
tronic levels, the difference between these various methods does not exceed 2 % [Murphy 14].
The Saha-Eggert system of equations needs to be completed with the Dalton law for the total
plasma pressure: p = Y ,nzkpT + n.kpT and the plasma quasi-neutrality condition. The
mass density results directly from the plasma composition by the relation p = °, mgn,. The
enthalpy per unit of mass of the system can be calculated according to [Cressault 04]:

_ kgT dIn( Qa
H== Z (1) Znaea, (2.37)

where the sum is taken over all the species considered in the plasma; €, is a reference en-

ergy [Cressault 04]. The specific heat using the enthalpy is:

= (g’;)p (2.38)

The temperature dependence of C), reflects the different ionization and dissociation processes
within the plasma.

The transport coefficients (viscosity, thermal conductivity and electrical conductivity) were cal-
culated using the Chapman-Enskog [Hirschfelder 64, Ferziger 73] method, applying the method
of separation of electrons and heavy species derived by Devoto [Devoto 67]. The transport coef-
ficients were approximated using Sonine polynomials. For this the interaction between particles
within the plasma needs to be defined. The basic particle interactions (collisions) in the plasma
are described by the particle number and collision integrals, which depend on the interaction
potential. Usually only neutral-neutral interactions, ion-neutral interactions, neutral-ion inter-
actions, and ion-ion interactions are taken into account [Murphy 14]. Electron-heavy particle
interactions have little effect on the distribution function of the heavy particles and are there-
fore neglected in calculating the transport coefficients. Based on the definition of the collision

integrals, transport parameters can be defined:

o the thermal conductivity of the whole plasma is A = A, + A\, and was computed according

to the second-order approximation of the Chapman—Enskog method,

¢ eclectrical conductivity is mainly defined by electron mobility and the electron density
and was calculated according to the third order approximation of the Chapman—Enskog
method [Devoto 65, Devoto 67, Devoto 66],

o viscosity is independent of electron properties (u = pp) and was computed according to

the first-order approximation of the Chapman—Enskog method [Cressault 04].

The thermodynamic functions and transport parameters have been calculated for many different

plasmas and are widely accessible.
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Chapter 2 Arc simulations

2.3.8 Radiation model

Because an arc plasma is highly luminous, radiation transport must be considered. Radiation
losses generally have to be calculated as a function of wavelength, frequently extending into the
far ultraviolet region of the spectrum. It is highly desirable to account for radiation losses in an
approximate way in order to avoid the complexity of doing exact calculations of arc properties.
To determine the transport of radiant energy the fundamental differential equation [Lowke 74,
Modest 13] of the radiation needs to be solved for every wavelength. It needs to take into
account absorption and emission, which in the case of LTE is connected with the Kirchhoff
law. All the mechanisms of radiation emission and absorption must be considered: continuum
radiation, line intensities and profiles, molecular bands.

The computation of the total radiation transfer is a complex task, since the radiation intensity
diverges with the frequency. Therefore some assumptions need to be made in order to calculate
radiation energy. In the case of a thermal plasma, the emission is usually calculated according
to the net emission coefficient e which consists in calculating the net radiation ('net’ meaning
the difference between emission and absorption, i.e. the divergence of the radiation intensity).
The plasma is often considered as an isothermal sphere with the radius R, (R, = 0 where no
absorption occurs within the plasma, i.e. the plasma is optically thin) with a uniform radiation
intensity. According to [Gleizes 05], the radiation transfer equation can be simplified and the

expression for the net emission coeflicient is:
inf
eEN = / B,K, exp (—K,R,) dv, (2.39)
0

where B, is black body radiation, K, is the absorption coefficient which considers spontaneous
processes and the value of ey is obtained on the center of the cylinder. It was shown [Lowke 74]
that this method of emission evaluation via net emission works well for plasmas with 7" > 3500 K
in atomic gases. The results of all the calculations [Cressault 13a] show that strong absorption
occurs in the first millimeter of the plasma due to resonance line absorption. Recommendations
concerning the choice of R, are given in [Gleizes 92].

In order to determine the value of the radiation losses in the plasma in 2.31, the net emission

coefficient is assumed used:
Qrad = 4men (2.40)

The drawback with using the NEC is its limited applicability, as this method can reliably
predict radiation losses only in the hottest regions of the plasma. It does not describe the
radiation re-absorption in the colder regions and thus cannot evaluate the amount of radiation
escaping from the plasma. In this work, this method was chosen as appropriate to describe the
arc column. However, there are other methods: for example, the partial characteristics (PC)

method, mean absorption coefficient method, and discrete ordinates method (DOM). Unlike
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2.4 Plasma-electrode interaction. Deviation from equilibrium in the arc.

NEC, the PC method includes the calculation of radiation transfer in the absorbing parts and
is able to predict the radiation escaping from the plasma. However, it requires a large database
and in complex to implement, while the NEC is a widspread method that has been tabulated

for most common plasmas.

2.4 Plasma-electrode interaction. Deviation from equilibrium
in the arc.

As shown above, the method to describe the plasma behaviour of the electric arc is applicable if
the plasma is in a state of LTE. Experimental research has shown that most of the arc plasma,
is dense, characterized by a high temperature, which establishes thermal equilibrium within the
arc bulk. However, there are regions where the equilibrium is disturbed: the region near the
electrodes and on the arc fringes.

Zones near the electrodes play an essential role, since they define current and energy transfer
between metal and plasma, i.e. the plasma-electrode interaction. The term plasma-electrode
interaction covers all the reactions taking place on the electrodes themselves and in their vicin-
ity. The zones where the high gradients of plasma parameters occur and the plasma is no longer
in LTE will be called the near-cathode and near-anode zones.

Different kinds of perturbations from the LTE plasma occur in the near-electrode layers. This
allows one to divide the near-electrode perturbation region into a number of sub-regions with
different physics [Benilov 08, Benilov 95b]. Figure 2.1 schematically depicts the sub-layer struc-
ture of the near-electrode zone. Each sub-layer is charcterized by its length, which in the case
of the cathode and anode can be different.

In the LTE arc column Joule heating and radiative energy losses dominate over all the other
(convective energy transport, enthalpy transport by diffusion fluxes of species and heat conduc-
tion) mechanisms of energy transport. In the layer just adjacent to the LTE arc column, this
no longer holds and diffusion fluxes play an important role. Other contributions of energy dis-
sipation therefore need to be considered. This layer, where the plasma is still in LTE, is called
the thermal perturbation layer (TP). After the thermal perturbation layer, the near-electrode
plasma is no longer in LTE. Three kinds of deviations from LTE occur near the electrode. The

most important ones are pictured in figure 2.1:

« violation of thermal equilibrium, i.e. a divergence between T, and T}. This layer is called

the thermal non-equilibrium layer (TN);

o violation of the ionization equilibrium, i.e. a deviation of the electron density n. from the
electron density n.g,,, predicted by the Saha equation for violation of quasi-neutrality.

This layer is called the thermal ionization layer (IL);
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Figure 2.1: Sub-layer structure of the near-electrode zone.

o violation of quasi-neutrality. This layer is called the space-charge layer or sheath layer
(SH).

Plasma-electrode interaction cannot be described in the same way near the cathode and the an-
ode due to the different processes occurring on and near the electrodes [Benilov 08]. Therefore,
it is reasonable to separate the description of plasma-cathode and plasma-anode interactions. In
this chapter, the processes occurring near and on both electrodes are described and discussed;
the current state of the art for both regions is also presented.

In spite of the complications which appear due to non-equilibrium effects near the electrodes,
the main intention in this work to find a simple and at the same time reasonable description of
these zones and match it with the theory of the LTE arc column. It is also of great interest to

define the electrode temperatures.

2.5 Plasma-anode interaction

Recent reviews have reported on the processes occurring on the anode and in the near-anode
plasma [Heberlein 09, Shkol'nik 11]. In these studies, the main principles operating in plasma-
anode interaction, from the experimental point of view, are presented and a brief summary of
theoretical research on the topic is also given. The theoretical description of the near anode
region is well synthesized in [Almeida 09, Benilov 08]

The investigations by [Bron OB 75, Hartmann 01b, Hartmann 0la, Yang 06, Yang 07] show
that there are different possibilities for the discharge in the near anode area. Usually the
term anode “attachment” is used. There are two types of anode attachment: diffuse and con-
stricted. In the case of diffuse attachment, the plasma propagates all along the anode surface,
whereas for contracted attachment the plasma collapses near the anode and forms a single or
several spots [Yang 06, Trelles 13a], called anode spots. The reason for this distinction be-
tween the two modes is the elementary processes which take place on the anode and in the

near-anode region. In the case of diffuse attachment the main processes on the anode surface
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2.5 Plasma-anode interaction

are absorption-desorption and neutralization of the ions; evaporation of the anode material
is negligible. Constricted attachment is considered as a more complicated case. In fact, the
attachment can be single or multiple, i.e. when the current passes from one or several spots
on the anode surface. Contraction of the arc near the anode leads to the formation of a new
plasma jet which is directed from the anode surface to the plasma. In most cases constricted
attachment is accompanied by strong anode evaporation and anode material sputtering.

The sub-layer structure was described above; for the anode it is explicitly given in [Shkol’nik 11,
Dinulescu 80, Almeida 09]. The characteristic length of these layers depends on internal condi-
tions: gas pressure, current density, working gas and etc. The following estimation is valid for
atmospheric pressure and high-current density arcs: the sheath layer length is on the order of
the Debye length Lo ~ 10~% mm, while /., /; on the order of 1072 mm are the mean free path of
electrons and ions; the ionization equilibrium length is L; < 0.1 mm; the temperatures equalize
within the distance L, ~ 1 mm.

The near-anode zone is characterized by the voltage drop. Uncertainties exist due to the
definition of the “anode fall”: different authors use a different meaning and therefore obtain
different values. However it is reasonable to define the anode fall as the difference between
the anode potential and the potential of the arc column [Shkol'nik 11], denoted U,. This
is a complete value of the anode fall which is the sum of drops in the space charge layer
and the ionization and thermal non-equilibrium layers, i.e. U, = ¢qa0 + A¢. Usually for
the description of different anode attachment types, close attention is paid to the value of
the anode fall [Amakawa 98, Jenista 97, Yang 07, Khrabry 17]. In order to obtain diffuse
attachment a negative anode fall has to occur [Heberlein 09]. This is true for high current
discharges but for low current discharges the physics of plasma-anode interaction is different.
A positive anode fall is likely present in the diffuse attachment mode for low current dis-
charges [Raizer 87, Khrabry 17]. In the well-known case of a welding arc with a flat and quite
large anode, the anode fall is negative or close to zero.

It is important to recall that in the zone near the anode the temperature and particle density
gradients are higher than in the column. When the temperature and particle density gradients
increase, the charged particles start to move due to the diffusion mechanism (thermal diffusion,
for example). At some distance from the anode, the diffusion mechanism exceeds the electric
field influence and the ions move back in the direction of the anode, reducing the electron flow
to the anode. In the space-charge layer, a positive space charge appears and a potential drop
occurs ¢q0, which restricts the electron flow to the anode surface, and only electrons with a
velocity greater than \/% can reach the anode surface. Therefore the drop in the space
charge layer restricts the arc current. It may be claimed that the anode drop controls the arc
current.

The discussion above does not take the hydrodynamic behavior of the plasma near the anode
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into consideration. Hydrodynamic effects are also important, however, and have to be consid-
ered as shown in [Hartmann 01b]. If the direction normal to the anode flow is considered, a
reduction in the plasma flow towards the anode, for example by increasing the length of the arc
and reducing any parallel flow (if it is imposed), will reduce the convective transport towards
to the anode. Temperature gradients and as a result constriction and a positive anode fall will
occur [Hartmann 0Ola, Jenista 97]. The dependence of the anode attachment on the plasma gas
flow is well described in [Hartmann 01b], where a different inflow of the Ar gas for a transferred
arc is imposed in order to obtain different attachment modes.

The situation changes when the plasma flow is not perpendicular to the anode, for example
in the case of plasma torches, where the flow is parallel to the anode. A set of experiments
with a rod anode and two parallel plates as an anode is presented in [Eckert 67] showing that
constricted attachment will more likely appear. Moreover, if the superimposed flow rate reaches
a critical value, the anode attachment becomes unstable and starts to move along the anode
downstream. Once the voltage drop along the anode layer achieves a certain value, an up-
stream breakdown (restrike) takes place. Therefore, there are significant differences in anode

attachment behavior depending on the hydrodynamic flow.

2.5.1 Modelling of the near-anode layer

As already mentioned, the structure of the near electrode layer is complex. Experimental in-
vestigations are complicated with such small distances, and experiments are mainly designed to
predict the anode temperature, not the structure of the plasma layer nearby. Thus it is common
to find only a theoretical description of this region. A limited number of studies give a theoret-
ical description of the anode sub-layer structure [Almeida 09, Nazarenko 89, Nemchinskii 77],
and these models are one dimensional and stationary. Convection effects are excluded from
the observations as are evaporation and sputtering of the anode material. Such models are
usually called unified models of the near-electrode layer and include non-equilibrium effects for
the complete layer length. Thermal non-equilibrium effects, deviation from quasi-neutrality
and ionization equilibrium have to be considered in the model. Therefore, for a unified layer

modeling, the system of equations should contain:
o Temperatures of the electrons and heavy particles;
e Electron and ion densities;
e Current conservation of electrons and ions;
o Gas-kinetic pressure of the plasma;

e Description of the ionization-recombination processes;
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o Poisson’s equation for the space charge zone.

These calculations have been made in Ar [Yang 07, Dinulescu 80, Nazarenko 89, Nazarenko I 00]
and He [Nemchinskii 77] in atmospheric pressure conditions and for higher pressures in Hg and
Xe [Almeida 09]. With the exception of [Almeida 09], these studies adopt a two-layer approach
to the anode layer description. The equations are solved separately in the sheath layer with
deviation from quasi-neutrality and the rest of the plasma layer. A simplified picture of such
an approach is presented on figure 2.2: the space-charge layer (I) adjacent to the anode, where
quasi-neutrality is disturbed, and the rest where no thermal or ionization equilibrium exists
(IT). At the end of layer (II), the temperature T, = T}, and is equal to the LTE plasma tem-
perature T', which is defined in the arc column. The solution has been matched according to
Langmuir probe theory [Langmuir 29] between the sheath and the rest of the near-anode layer.
The additional conditions for a potential drop in the sheath layer were defined in [Dinulescu 80]:

Da0 = —% In (%) , where ne, is the electron density at the interface between layers, C,

is the average thermal speed of the electrons C, = \/% and j is the current density in
the layer which is constant in the model, and %enmC’e is a random current. The sign of the
potential drop is defined by the relation between the actual current density j and a random
current density and is negative when the random current is higher than the actual current.
Each of the above-mentioned studies gives slightly different values of the potential drop. For ex-
ample, in [Nemchinskii 77] for Ar and He plasma current densities of 325 A /cm? and 550 A /cm?,
the value of the potential drop is positive. For gase He the authors attribute the positive
value of ¢, to the dissociation processes in He. In [Dinulescu 80] for current densities ranging
from 600 A/cm? to 3kA/cm? in Ar, the potential drop was found to be in the range —2.7V
to —1.8 V. More detailed analysis of the processes in the near-electrode layer is presented
in [Nazarenko 89, Nazarenko I 00]. On figure 2.3, at some distance from the anode ion current,
the sign of the ion current changes, therefore the ions start to move towards the anode surface.
The potential in layer (IT) grows in the anode direction until reaching its maximum and then
begins to fall in the anode direction, finally becoming negative. In the arc column plasma the
electrons move due to the electric field. At some distance from the anode, the diffusion mech-
anism has a significant impact on the current transfer within the near-anode layer. For this
reason, the electric field may change sign. The sign of the electric field changes, which prevents
the electrons from moving towards the anode, while the ions start to move to the anode, thus
the electric potential starts to decrease.

Temperature non-equilibrium effects in the layer are also important. An example can be seen on
figure 2.3 where the temperature of the heavy particles drops down to the anode temperature,
while the electron temperature does not fall so fast.

In [Nemchinsky 94| the case of the near-anode plasma layer for a spherical anode was simulated
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Figure 2.2: Schematic structure of the near-anode layer for high pressure electric arcs.

(Ar, I = 200A). Interesting results were obtained: for a small anode radius R = 0.57 mm
the highest electron temperature occurred adjacent to the anode in comparison to the results
obtained with an anode R = 1.20mm with the same current intensity. In the case of the small
anode, the potential fall in the anode layer became positive. However on increasing the anode
radius, the anode fall became negative.

The models discussed above allow us to understand the processes within the near-anode layer.
These models are complex in that the sheath and the rest of the sub-layer structure are con-
sidered separately. Important changes were made in [Almeida 09] where the near-cathode layer
description [Almeida 08] was adapted to describe the anode region in higher pressure arcs.
The entire near-electrode region was considered, i.e. it was not divided into sub-layers. The
structure of the near-anode layer, which was discussed according to figure 2.1 was resolved. Un-
fortunately, the calculations were done only for high pressure arc discharges, which are beyond
the scope of this work.

For most industrial applications, the focus is on establishing the complete model of electrodes,
near-electrode layers and plasma column concurrently, in order to predict the plasma behav-
ior and electrode heating simultaneously. Such models usually simplify the plasma description
near the electrodes and often the significant contributions from these non-equilibrium zones
are excluded. The first attempts to develop a model including the LTE arc description to-
gether with the cathode were by [Zhu 92, Morrow 93, Zhu 95], implementing both cathode
and anode regions. These models were used to perform two dimensional simulations of the
arc column, while the non-equilibrium layer was taken into account using a one dimensional
description and included corrections of the equilibrium parameters with ambipolar diffusion

effects. Thus, the non-equilibrium electron density estimated the electrical conductivity near
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Figure 2.3: Left — Plasma potential and ion current density distribution in the anode layer.
Right — Electron and heavy particle temperatures. z = Omm is the boundary
between the LTE plasma and the near-anode layer. Ar, p = 1atm, 900 A /cm?.

the electrode [Sansonnens 00], which in the case of an LTE arc near the electrode is small.
Further development of this approach with slightly modified boundary conditions was used to
define the anode temperature [Tanaka 06].

The first model of the arc bulk plasma and near-anode layer in the 2D axi-symmetrical case was
proposed in [Jenista 97, Amakawa 98]. The near-anode layer was solved continuously up to the
anode surface: the two-temperature MHD equations were solved in the arc plasma and in the
electrode layer simultaneously. The ionization and recombination processes were included to
resolve non-equilibrium effects. The deviation from thermal equilibrium was shown as well as
the impact of diffusive currents. A positive value of the potential drop in the layer was obtained
for currents 50 A, 100 A and 200 A. However, the space-charge layer was disregarded in these
models, which can impact the value of the potential drop.

Complex one dimensional anode-layer models make the models very cumbersome and increase
the calculation time drastically. Moreover they are difficult to extend to 2D and 3D cases.
Over the last decade the aim has been to simplify the description of plasma-electrode inter-
action by disregarding non-equilibrium effects. The interaction between the LTE plasma and
the anode is considered by means of energy and current transfer between the LTE plasma and
the anode. With this approach, the anode temperature and the current transfer can be esti-
mated [Bini 06, Masquere 07, Tanaka 03]. Using plasma-anode coupling, numerical simulations
can be performed: for example, the material evaporation from the anode surface in 2D cases
was estimated in [Gonzalez 93, Gonzalez 97, Murphy 09, Lago 04, Mougenot 13]. The limita-
tions of these models come from the LTE arc column description which is expanded up to the
anode surface, without additional processing.

This kind of numerical coupling requires paying particular attention to the heat transfer at the
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Chapter 2 Arc simulations

arc-anode interface due to the low temperature adjacent to the anode. This low temperature
near the anode gives a low electrical conductivity if thermal non-equilibrium is not taken into
account. This can be overcome by taking into account electron diffusion in this region, which
requires a separate continuity equation for electrons [Sansonnens 00]. A simpler approach is the
LTE diffusion approximation [Lowke 06], in which the mesh size adjacent to the anode is cho-
sen as approximately equal to the electron diffusion distance, an approach used in [Murphy 09].
In [Lago 04], the authors chose the near anode element size and imposed metal conductivity

along this element.

2.5.2 Matching conditions of the LTE arc bulk and the anode

In this work, the attempt to establish a relation between the LTE arc column and the anode was
done in a simple manner. The LTE arc description does not extend to the anode surface and the
bulk plasma and the anode were solved separately. On the interface between them, matching
conditions were applied according to the energy and current conservation. A schematic presen-

tation of the anode-interface-LTE arc is shown on figure 2.4. The zero-dimensional interface
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Figure 2.4: Schematic representation of the plasma-anode interface.

includes the non-LTE layer: the space-charge layer, the ionization and thermal non-equilibrium
layers and ensures energy and current transfer between the anode and LTE arc column. In
order to define the correct boundary conditions on the interface, a step by step reasoning was
followed.

First, the energy transport was determined, using the system of equations for the near-cathode
zone presented in [Almeida 08]. The model considers thermal and ionization equilibrium, while
the plasma consists of electrons, atoms and ions. The energy conservation for the whole plasma
near the anode, when thermal and ionization equilibrium are not satisfied, is expressed in
equation (13) in [Almeida 08]:

SkpTh . 5kpT, 5kpT.
v-( ot thﬁ( 5

+Ai) Je+qe+qh) =j - E—wpq, (2'41)
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where J,,J;,J. are the particle fluxes and (J; — J.) = j/e. A; is the ionization energy of the
atoms (in €V); wyqq is the radiation losses in the non-equilibrium near-electrode layer. The
energy fluxes of the electrons q, and heavy particles q; take into account conductivity and
thermal diffusion. Multiplying the current continuity equation V - (J; —J.) =0 by (4; — Ay),
where Ay is the work function of the electrode (in eV), adding this result to 2.41 and considering

V- (J;+J,) =0, the energy conservation of the whole plasma is:
5kpT,

V'(Ar—AﬂJr+( +V%>Je+qe+q4::jja_wmd (2.42)

Equation 2.42 is the energy conservation of all the species in the whole electrode layer. The
energy flux is represented by the vector in the brackets on the left hand side of equation 2.42.
Therefore, the energy flux from the plasma to the anode surface, taking into account the

geometry of figure 2.2, is:

S5kpT,
Qa — — {( g +Af> Je+qe—|—(Ai—Af) Ji—f-Qh . (2.43)

The index w shows that the heat flux is calculated on the anode boundary. The heat flux is
determined by the electron and ion fluxes, respectively g, and g,.

Previously it was mentioned that ion current plays an important role in the near-anode layer.
However, its value is still much smaller than the electron current J, >> J;. Let’s assume that
the arc current in the near anode layer is defined by the electron current, then equation 2.42

can be rewritten as:

5kpT,
v|:< g 6+Af>Je+qe+qh]:j'E_wrad- (244)
Rewriting 2.44 in a one dimensional approximation according to the geometry on figure 2.4, we
obtain: p S .
B .
% {( 9 £ +Af) i_Qe_Qh} = JjE, — Wrqq, (2'45)
where j = j, to shorten the expression. Then, the heat flux to the anode is:
i (BkBT
o (T4 g -a] 216
e 2 w

where the values of all the variables should be taken on the anode surface w. The current
density j is the current density in the anode layer 2.4 and corresponds to j,.

Let’s proceed with the energy balance of the plasma in the anode layer assuming that the
current density j = j, = const in the layer. Integrating equation 2.45 along the anode layer,
i.e. from z = §,; the boundary with the LTE arc column to the anode surface boundary z = w

(figure 2.4) gives:

5kBT@ j } |:(5kBTe )J }
Ar) 2 —q — — Ar) 2 —qo—
[( 5 =+ f) ol . 5 + Ay ol

=—J (¢w - ¢6pl) _/Ew Wraqd?
" (247)

Opl
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The first term on the left hand side in parentheses is just the flux to the anode defined by 2.46.
The second term in the parentheses is the energy delivered from the LTE plasma to the non-
equilibrium layer qéLTE). The first term on the right hand side in the parentheses is a voltage
drop within the near-anode layer U,. The term W,,q = [, g;’ l Wrqqdz is the power lost by the
electrons inside the layer through radiation.

A simple expression for the heat fluxes considers a thermal conductivity and q, = —A.VT, and
for heavy particles q;, = —A,VT}. On the boundary 6, the temperatures are equal T, = T},

and the gradients dTe ~, dTh ~ ), Therefore, from equations 2.47 and 2.45 the flux to the anode

dz dz
1S:

)
a — -k e
q (2 BT

The expression 2.48 gives an estimation of the energy flux delivered to the anode from the non-

T Af) % iUy — Wyag. (2.48)

5pl

equilibrium anode layer. The value of the electron temperature 7 l is taken on the external
p

boundary of the thermal non-equilibrium layer. This expression of the energy flux to the anode

can be used to calculate the anode heating and can be applied as a boundary condition on the

anode surface excluding radiation losses from the surface.

The boundary conditions on the LTE-plasma - anode interface

The anode non-equilibrium layer is disregarded and the LTE column directly matched with the
solid anode by means of a zero-dimensional interface. In this formulation, the temperature has
a discontinuity; the electrostatic potential also has a discontinuity with a pre-defined value U,.
Since the energy and current conservation equations are elliptical, four kinds of conditions need

to be introduced on each side of the interface, i.e. on w and on 6y (figure 2.4):

e On the LTE column side (d,;). The normal component of the conductive heat flux equals
zero, i.e. —/\% = 0. Current continuity is established, i.e. j, = jn, where j, is a normal

component of the arc current from the LTE solution.

e On the anode side (w). The heating of the anode by the plasma is taken into account
according to 2.48, where the value of T, 51 is taken on the LTE plasma side. The radiation
losses from the material according to the expression eaggTs are considered, where ogp =
5.67- 1078 W - m~2 . K—* is the Stefan-Boltzmann constant, € is the emanation coefficient
and T, is the anode temperature. Current continuity is established, i.e. j, = j,, where

Jn is the current density normal to the electrode surface.

This approach makes it possible to calculate the anode heating without implementing the sub-
layer model and plasma non-equilibrium. One of the advantages of using this method is that
it avoids temperature gradients between the arc column and the anode. Therefore no dramatic

changes occur in the electrical conductivity near the relatively cold anode, as has been observed
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2.6 Plasma-cathode interaction

in the models [Lago 04, Bini 06]. Last but not least, the value of the near-anode voltage drop
U, is unknown. It has been estimated from complicated models [Almeida 09, Khrabry 17] for
high pressure arcs in Hg and Xe and was found to range from -1 to +1 V for different arc
current densities. However, experimentally it is difficult to measure the value of the anode fall.
According to the existing data, the anode fall can be either positive or negative and does not
exceed several volts(1 — 2V'). Therefore, in the present work, a value of 0V was chosen for the
anode voltage drop. This assumption has no impact on the plasma side but has an influence
on the anode heating. However, in comparison with the first and second terms on the left hand
side of equation 2.48 which make the main contribution to anode heating, the impact of the
anode voltage drop is small. The radiation losses in the layer can be estimated according to
formula (11) in [Almeida 09]. The evaporation of the anode material is not considered in the
present work.

Recent results [Almeida 17] using the unified anode model showed the important relation be-
tween anode heating voltage and arc current density. Hence, the anode heating voltage accord-
ing to [Almeida 09] is:

Uy = (;kBTe 4 Af) % 4 Uy — AUy, (2.49)
where AU,qq = Wyaa/lj| and T¢ is taken on the anode surface. In [Almeida 17] it was shown
that for a wide range of parameters (gas nature, gas pressure) the anode heating voltage is
constant and U, = 6.1 V. Knowing the value of Uj one can estimate the value of g, on the
anode surface with the simple expression g, = Upj.

This method was applied in the present work. The calculations were done using two methods

according to 2.48 and with respect to 2.49 and will be shown below.

2.6 Plasma-cathode interaction

Plasma-cathode interaction has been extensively investigated for many years in the HID lamp
industry, where the high pressure low current[Benilov 02a, Neumann 87, Lister 04, Benilov 08]
discharge and its interaction with the cathode is a key point. Since the replacement of these
lamps with other light sources, work on plasma-cathode interaction has mainly focused on weld-
ing and cutting processes.

It is important to describe plasma-cathode processes correctly, since they define current trans-
fer from the electrode to the arc. Experimental investigation of the near-cathode layer is a
challenging task, however, due to its small size [Dabringhausen 02, Luhmann 02, Redwitz 05].
Theoretical models are therefore of great interest. Many efforts have been made to understand
the processes taking place on the cathode and in the layer. Theoretically and experimentally,

the existence of two modes of arc attachment on the cathode has been predicted: diffuse and
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spot (or multispot) attachment [Dabringhausen 05a, Dabringhausen 05b]. In the spot mode
the diameter of the arc attachment is much smaller than the cathode diameter. The diffuse
mode is characterized by a much larger attachment area whose diameter is of the same order
of magnitude as the cathode diameter. This type of attachment can exist in stationary and
dynamic modes [Botticher 01, Benilov 03]. Theoretically the spot structure has been obtained
first by introducing so called non-linear surface heating of the cathode by [Bade 63] and con-
tinued by [Benilov 95a] and [Botticher 00, Botticher 01]. In these works, the plasma boundary
layer model is used as a boundary condition for the cathode heat conduction problem, thus
allowing the decoupling from the bulk plasma. For higher current arc discharges, a similar
structure on the cathode was observed in [Mitrofanov 07]. It was found that the transition
between the modes takes place due to instabilities and can be explained with bifurcation the-
ory [Benilov 06, Benilov 03], which makes it different from the anode where the attachment
type is defined by the processes near the anode. The diffuse mode exists at all currents and
its current voltage characteristic (CVC) has two branches, one falling and the other rising,
separated by a point of minimum. There are values of the current when any mode (central
spot, edge spots and etc.) appears on the cathode surface. This transition between modes on
the cathode is well known in nonlinear theory and can be described using bifurcation theory.

In order to illustrate the complexity of experimental investigation, we introduce the character-
istic lengths of each non-equilibrium layer in the case of the cathode. A detailed description of
these lengths is presented in [Benilov 95a] in the case of a high pressure discharge. The devi-
ations can be characterized by the following length scales, respectively: the length of electron
energy relaxation for the thermal non-equilibrium layer; the ionization length for the ionization
layer; the Debye length for the space-charge layer figure 2.1. Estimations [Benilov 95a] of these
scales can be obtained from numerical simulation, for example in the case of a pressure of latm,
on figure 5 for argon and on figure 3 for mercury [Almeida 08]. Therefore the electron energy
relaxation is L, ~ 0.1 mm, the ionization length is L; ~ 1072 mm and the Debye length is
Lo ~ 10~* mm. From the previously estimated characteristic lengths of the sub-layers for the

anode, one can conclude that the near-cathode layer is narrower.

2.6.1 Modelling of the near-cathode layer

In comparison to the anode where emitting mechanisms from the anode surface are negligible,
thermionic emission amplified by the Schottky effect is a key mechanism of electron emission
on the cathode for electric arcs [Benilov 02b]. The electron emission produces a cooling effect
on the cathode. In order to maintain a sufficient cathode temperature for emission, the cathode
needs to be heated by another mechanism. This mechanism is the heating of the cathode by

ions coming from the plasma and accelerated in the space-charge sheath. Therefore ion current
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is no longer negligible [Benilov 95b]. A considerable electrical power must be deposited in the
space-charge sheath in order to sustain current on a cathode. Thus, the space-charge sheath
plays an extremely active role at the cathode, in contrast to what happens on the anode. In
conclusion, the ion current is not negligible near the cathode, and energy deposition in the
space charge and ionization layers plays a significant role. In other words, the voltage drop
near the cathode should be high enough to sustain the processes near the electrode.

In order to introduce plasma-cathode interaction, as for the anode, the full system of non-
equilibrium equations needs to be considered, which can deviate from ionization equilibrium
and quasi-neutrality. The most advanced model is that of [Almeida 08]. It takes into account
three plasma components (electrons, atoms, ions) without dividing it into sub-layers, and solves
the hydrodynamic equations in the layer. Calculations were done in the current range 106 — 10%
A/m? and high pressures (up to 100 bars) in atomic gases. For molecular gases and low currents
a similar 1D approach was used in [Benilov 95a).

The theory developed in [Morrow 93, Sansonnens 00, Zhu 92, Zhu 95, Lowke 97| provides a de-
scription of the arc column and its matching with the electrodes. The cathode and arc column
are treated together. However, in the near cathode region, non-equilibrium effects were taken
into account to improve the electrical conductivity of the plasma. By implementing ambipo-
lar diffusion near the electrodes the authors achieved higher electrical conductivities in this
region. Moreover additional conditions for the numerical mesh size were imposed near the elec-
trodes. Boundary conditions for the current density distribution on the cathode are specified
in [Lowke 97] which takes only emission current and ion current into account.

A two-dimensional modeling of high-pressure arc plasmas without the assumptions of thermal
or ionization equilibrium was performed in [Amakawa 98, Haidar 99]. However, the assumption
of quasi-neutrality is more difficult to relax since this amounts to solving the Poisson equation
in the whole near cathode region, including its outer part where the density of the charged
particles and the degree of quasi-neutrality are quite high. As already mentioned, most of the
energy near the cathode is deposited in the space-charge and ionization layers. Therefore a
model of a near-cathode layer in a high-pressure arc discharge must include descriptions of the
ionization layer and the near-cathode space-charge sheath, with some procedure for matching
the solutions describing these two zones, while the temperature deviation in the layer has no
strong impact [Benilov 08]. Numerical studies of the ionization layer accounting for the vari-
ability of heavy-particle and electron temperatures were carried out in [Hsu 83b, Rethfeld 96].
The attempt to match a diffusion solution for the ionization layer with a collisionless solution
for the sheath, where the ions were assumed to leave the ionization layer and enter the sheath
with a mean thermal velocity \/3kgT},/2m; in [Hsu 83b] and the Bohm velocity \/kgTe./m;, is
unjustified.

There are a huge number of studies in which the cathode layer is described by means of energy
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and current conservation, separately from the arc plasma. Among these models, three consider a
collisionless space-charge sheath: the model formulated by Benilov in [Benilov 95b] and modified
in [Benilov 02b, Benilov 05], the models [Schmitz 02, Schmitz 01] and the model [Lichtenberg 05].
The model [Benilov 95b, Benilov 02b] is based on the multifluid solution for the ionization
layer [Benilov 98], which accounts for inertia and the momentum exchange due to volume
reactions. The model [Schmitz 02, Schmitz 01] assumes that the ionization length is much
bigger than the ion mean free path, and consequently employs a diffusion solution, there-
fore no inertia and no momentum exchange are considered. The model [Lichtenberg 05] was
formulated with similar criteria for the ionization length. There, an attempt was made to ex-
pand the range of applicability of the solution for the ionization layer by taking into account
the momentum exchange due to volume reactions, although inertia was not included. In the
model [Benilov 95b, Benilov 02b] no restrictions were imposed on the value of the ionization
length. Thus, the matching of solutions for the ionization layer and for the space-charge sheath
in the models proposed by [Benilov 98] and [Schmitz 02, Lichtenberg 05] occurs through the
intermediate Knudsen layer; however, descriptions of the Knudsen layer differ. In spite of
several differences in the description, the results of these three models are quantitatively simi-
lar, and the numerical differences are not great, especially at not too high near-cathode voltages.
The recent study [Benilov 16] showed that a unified model of the non-equilibrium layer [Almeida 08]
and the model where the near-cathode layer is modeled by means of ionization and space-charge
[Benilov 95b, Benilov 02b] together with a complete arc simulation [Baeva 16] which considers
all the non-equilibrium in the arc and near the electrodes, are generally in agreement, and in
some cases the agreement is even surprisingly good. It follows that the predicted integral char-
acteristics of the plasma—cathode interaction are not strongly affected by details of the model
provided that in the simpler models [Benilov 95b, Benilov 02b] an accurate physical description

is given.

emitted electron
electrons current
[—) )
ions and
plasma electrons
(mm——
cathode SH IL TN

Figure 2.5: Schematic structure of the near-cathode layer for high pressure electric arcs.

Let’s briefly describe the model of the near-cathode layer [Benilov 95b, Benilov 02b]. The most
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important regions of the near-cathode layer are the ionization layer, in which the ion flux to
the cathode surface is formed, and the space-charge sheath, in which ions going to the cathode
and electrons emitted from the cathode are accelerated. A schematic description is presented
on figure 2.5. Current transfer along the sheath and ionization layers is locally one dimensional
and defined by the cathode temperature T, and voltage U, applied in the ionization and sheath
layers. The voltage drop in the thermal non-equilibrium layer is on the order of tenths of a
volt and can be neglected. Input parameters for the model are gas species, the pressure p of
the plasma, work function of the cathode material, T;, and U.. Output data are all the local
parameters of the near-cathode layer: electron temperature T, ion current j;, current of plasma
electrons j., emission current je,, total current from the plasma to the cathode j and heat flux

from the plasma to the cathode gq.

2.6.2 Matching conditions of the LTE arc bulk and the cathode

The formulation of these boundary conditions depends on the description of the bulk plasma
used; see discussion in [Benilov 16] and references therein. If the bulk plasma is described
by means of a fully non-equilibrium (NLTE) model, i.e. takes into account deviations from
ionization equilibrium and equilibrium between electron and heavy-particle temperatures while
assuming quasi-neutrality, then the boundary conditions must describe the near-electrode space-
charge sheath. Such work has been done recently, but requires extensive computational re-
sources [Baeva 16]. If the bulk plasma is described by means of a 2T model and takes into ac-
count the temperature non-equilibrium, but assumes ionization equilibrium and quasi-neutrality,
then the boundary conditions must describe the space-charge sheath and the adjacent layer of
quasi-neutral plasma where deviations from ionization equilibrium are located (the so-called
ionization layer). This matching was done in [Benilov 12, Li 07].

The aim in the present work is to find the correct boundary conditions to match the LTE
arc column with the cathode in a similar way as has been done for the non-equilibrium
model [Baeva 16]. The importance of this subject has long been recognized and many attempts
have been made; e.g. [Cayla 08, Gonzalez 09, Zhu 92, Lowke 06, Morrow 93, Sansonnens 00,
Alaya 15, Shirvan 16]. However, there is still no universally accepted approach. The uncer-
tainty of these studies is that many researchers do not consider the physics of plasma-electrode
interaction and employ the LTE equations right up to the electrode surfaces. Omne of the
problems of this approach is an unrealistically high resistance of the near-electrode plasma,
which requires additional treatment, for example, numerical cut-off, as was done and discussed
in [Benilov 12].

A joint self-consistent numerical modelling of the LTE bulk plasma and the cathode was

achieved on the basis of the energy balance in the near-cathode non-equilibrium plasma layer [Lisnyak 17],
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using a numerical model of the space-charge sheath and the ionization layer.
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Figure 2.6: Schematic representation of the plasma-cathode interface.

The bulk LTE plasma is separated from each of the electrodes by a near-electrode plasma layer
where deviations from LTE are localized figure 2.6. Similar to the plasma-anode interaction
described above, no non-equilibrium layers are assumed in the model and the relevant physics of
plasma-cathode interaction is taken into account through boundary conditions on the interfaces
between the bulk LTE plasma and the electrodes.

Distributions of the temperature and electrostatic potential in the LTE bulk and in the elec-
trodes are governed by elliptic differential equations, hence, two electric and two thermal bound-
ary conditions are required at each interface. The electrostatic potential is discontinuous at the
interface:

o) — pITE) =T, (2.50)

where the superscripts LT E and s denote values on the LTE plasma side of the interface and on
the electrode side respectively, and U, is the near-electrode voltage drop, which in the general
case varies along the electrode surface.

The appropriate boundary condition is the energy balance equation in the near-electrode layer:

. A
0" — g™ = jule — ju=t (2.51)
(LTE) (nl)
Here gy and gy ’ are the normal component of the energy fluxes from the LTE bulk plasma

to the near-electrode layer and from the near-electrode layer to the electrode surface, respec-
tively, and Ay is the work function of the electrode material. The first term on the right-hand
side of equation 2.51 represents the electric power per unit area of the near-electrode layer
deposited by the arc power supply. The second term accounts for the energy necessary for
extracting the electrons from metal. Contributions of radiation emission and absorption in the
near-electrode layer to the energy balance of the layer are neglected.

The energy flux qq(unl) does not coincide with q&}g ) the normal component of the energy flux re-

moved from the electrode surface by thermal conduction in the solid. In fact, qfvnl) = qu,s ) +q(rad)
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where ¢("%9) is the density of net energy flux removed from the electrode surface by radiation
in the plasma.

The current transfer across the near-cathode layer is locally one dimensional and governed by
local values of the cathode surface temperature T, and near-cathode voltage drop U,. (In prin-
ciple, j,, may be considered as a control parameter instead of U., however this would be less
convenient.) After the 1D current transfer across the near-cathode layer has been computed,
one obtains the densities of energy flux and electric current, directed from the near-cathode layer
to the cathode surface, as functions of T, and U,.. Let us designate these functions fi (T, U.)

and fo(Ty, U.), respectively. Then one can formulate the two lacking boundary conditions as:

(L(unl) = fl(Twa UC)’jw = f2(Tw> UC) (2-52)

A model of 1D current transfer across the near-cathode layer needs to be used in order to
evaluate the functions fi(7Ty,U.) and fo(Ty,U.). In this work, the functions f;(Ty,U.) and
f2(Thy, Ue) are computed by means of the model [Benilov 02b]. Note that the recent comparison
by [Benilov 16] has shown that the results given by this model agree in a wide arc current range

with results given by the more complex model [Baeva 16].

The boundary conditions on the LTE-plasma - cathode interface

The temperature and the electrostatic potential have discontinuity along the interface. Since
the energy and current conservation equations are elliptical, four kinds of conditions needs to

be introduced on each side of the interface, i.e. on w and on dr7g (figure 2.6):

e On the LTE arc column side (dz7g). The normal component of the energy flux is delivered
according to 2.51, where the functions fi(T,,,U.) and fo(T},, U.) are known with respect
to U.. Continuity of the current is established, i.e. j, = fo(Ty, Ue).

o On the cathode side (w). The heating of the cathode by the plasma is taken into account

according to q&f ), Current continuity is established, i.e. j, = fo(Tw, Ue).

It should be remembered that in this work it is the diffuse mode of cathode attachment that
is considered. New results obtained for both attachment types are reported in [Chen 16b,
Chen 16a].

2.7 The electrodes

The processes taking place in the electrodes during arc ignition are also important and have
been investigated experimentally and theoretically. The main interest of these investigations is

to determine the electrode temperature in order to estimate electrode wear.
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Chapter 2 Arc simulations

In this work, only current transfer and heating of the electrodes were considered. The effect of
melting, the Maragoni effect and other effects are neglected. The heat conduction and current

continuity equations are solved in the electrodes:

e or

psa - v : )\SvT = USEQ') <253)

V-j=0. (2.54)

Here o, and \g are the electrical and thermal conductivities of the electrode material. The

current density j in the metal electrodes is j = o E.

2.8 Numerical simulation of the electric arc

A self-consistent mathematical model of the complete arc which includes its interaction with
the electrodes was developed. Here, the numerical solution of this model is shown for the
simple (in terms of geometry and computation time) discharge configuration, which is similar
to the well-known welding arc configuration, i.e. a tungsten rod cathode and a flat water-cooled
copper anode. This discharge geometry can be considered axially symmetric. A schematic view
of the computation domain is shown on figure 2.7. The arc discharge is powered with direct
current and ignites in argon at atmospheric pressure. Argon was chosen for the simulations for

several reasons:

e The numerical realization is simpler, since thermodynamic functions and transport coef-
ficients are smooth functions in comparison with molecular gases including air. Hence,
the system of MHD equations can be solved more rapidly and the numerical stability is

enhanced.

o In order to compare computation results with other work and experimental data, which

are mainly in argon, due to its industrial use in applications such as welding.

The necessary plasma properties and transport coefficients are taken from [Devoto 73, Cressault 13b].
The radiation losses are from [Cressault 13a] for the arc radius R, = 5mm. Data on thermal
conductivity of tungsten and copper are taken from [Touloukian 70] and the electrical con-
ductivity is evaluated in terms of thermal conductivity with the use of the Wiedemann-Franz

law. The emissivity terms of tungsten and copper are taken from [Yih 79] and [Window 81],
respectively.

The commercial software COMSOL Multiphysics (version 5.2) was used for the numerical cal-
culations. The so-called “Heat transfer in solids” and “Electrical currents” modules were used

to solve the equations in the electrode domains. The “Equilibrium DC Discharge” module

was used to compute the bulk LTE plasma. The stationary fully coupled solver with direct
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2.8 Numerical simulation of the electric arc

computation based on MUMPS (MUItifrontal Massively Parallel Sparse solver) was used. The
relative tolerance was set at 1 x 1073. The number of degrees of freedom solved for was rela-
tively small (around 1 x 10* including the bulk plasma domain and the electrodes). With this

set of parameters, the code is considered optimized and fast.

cathode
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Figure 2.7: Details of the computational domain.

2.8.1 Computation domain and boundary conditions

Two slightly different axially symmetric geometries were considered in this work. Geometry 1,
which corresponds to the conditions of the experiment in [Mitrofanov 07], is shown on figure 2.7.
The cathode is a tungsten rod with a length of 12 mm with a hemispherical tip of 1 mm radius
and a flat copper anode with a radius of 15 mm. A schematic view of the calculation domain is
depicted on figure 2.7.

Geometry 2 corresponds to the conditions of the experiment reported in [Hsu 83a]: the cathode
is a rod made of thoriated tungsten with a radius of 1.6 mm and a conical tip with an angle of
60 °. Different cathode lengths in the range from 10 mm to 20 mm were investigated. In both
geometries, the anode is flat, made of copper, and has a diameter of 60 mm. The gap between
the cathode and the anode is 10 mm.

In the case of the arc with direct current, the problem can be simplified and stationary solutions
of the MHD system 2.29 and 2.35 need to be obtained in the computational domain ACDEH.
This system can be solved numerically by putting the time derivatives to 0, i.e. /0t = 0. The
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Chapter 2 Arc simulations

same approach was used to obtain the stationary solution within the electrodes, in the compu-
tational domains ABC and HEFG for the cathode and for the anode respectively, according to
equations 2.53 and 2.54.

Boundary conditions

e The matching conditions formulated on the cathode and on the anode side as well as for
the no-slip conditions for the mean mass velocity are applied on the boundaries AC and
EH.

o The temperature on the external boundaries of the calculation domain (plasma with the
electrodes) is set at 300 K.

e The normal component of the current density vanishes on CDE.

e The electrostatic potential is null on EFG. An arbitrary constant value of the potential
may be assumed at the cathode base BC. In principle, this value may be considered as a
prescribed control parameter (the arc voltage with the opposite sign). However, we will
consider the arc current I as a control parameter and the value of the potential at the

cathode base as a parameter to be computed.
e On CD, the no-slip condition is applied. On DE, the normal stress vanishes.

o Magnetic isolation n x A is applied on the plasma domain boundaries, where n is normal

to the boundary vector directed externally.

2.8.2 The work-flow

Extensive numerical work has shown that the voltage drop in the near-cathode layer is approx-
imately the same at all points of the cathode surface inside the arc attachment [Benilov 05].
This may be exploited in order to simplify the work-flow: if U, is assumed constant, then the
problem in the cathode is decoupled from the rest of the equations and may be solved indepen-
dently.

The numerical simulation procedure comprises several steps. In the first step, the functions
f1(Ty, U.) and fo(T,, Ue) are evaluated by means of the model introduced in [Benilov 02b]. In
the second step, equations 2.53 and 2.54 are solved in the cathode with the above-described
boundary conditions for the current chosen accordingly. The additional condition, which gov-
erns the near-cathode voltage U,, is the arc current, evaluated as the integral of the function
fo over the cathode surface and takes the prescribed value I. Once solved for a given value of
I, one obtains the temperature distributions and (to the accuracy of an additive constant) the

electrostatic potential in the cathode. In particular, one will know the distributions of qq(uS ) and
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2.8 Numerical simulation of the electric arc

jw over the cathode surface for I. The above-described calculation procedure of the cathodic
part of the arc coincides with the so-called model of non-linear surface heating [Benilov 08] and
references therein.

Thus, at this stage, one knows j,, on the plasma-cathode interface AC as a function of position,
and qi(ULTE) may be evaluated from equation 2.51. In the third step, the system of MHD equa-
tions is solved within the bulk plasma together with equations 2.53 and 2.54 in the anode. The
latter is performed using a known distribution of quLTE) and j,, on the plasma-cathode interface
AC as boundary conditions for equations 2.31 and 2.32. On the anode side, the condition 2.48
is applied and the current continuity on the interface is realized.

The solution is complete for the arc current I being considered. Note that equation 2.50 is
satisfied only at one point of the cathode surface (on the axis of symmetry). This is a com-
promise to simplify the procedure, assuming U, constant. However, the modeling results show
that ¢(ETE) does not vary significantly on the cathode surface inside the arc attachment; the
voltage drop inside the cathode is small, meaning that ¢(*) varies slightly as well. Hence, the
residual in equation 2.50 is within the tolerance limits. On the anode side, the condition 2.48
or 2.49 is applied with corresponding boundary conditions. The default condition is 2.48 if not

mentioned otherwise.

2.8.3 Calculation results

The system of equations with boundary conditions and matching expressions on the cathode
and anode interfaces was solved numerically for a wide range of currents for a stationary case.
Examples of computation results are shown on figures 2.8 and 2.9, where the arc column and
electrode temperatures are plotted in the whole computation domain for currents of 100 A and
200 A. The first difference with conventional LTE models [Bini 06, Li 07, Lago 04] is that the
temperatures between the LTE arc column and the electrodes are discontinuous: the plasma
temperature does not drop down to the electrode temperatures on the electrode surfaces. This
is a distinctive and important feature of this model which is due to the accurate matching
conditions between the LTE arc column and the electrodes.

The temperature distribution in the arc column is typical: the maximum is near the cathode tip,
then the temperature drops in the direction of the anode. The temperature iso-lines form a so-
called bell-shape structure [Hsu 83a, Gleizes 05]. The cathode reaches its melting temperature
at the tip although the anode heating is not strong due to its external cooling.

Ending this very brief description of the calculation results, let’s proceed with a thorough

description of each domain: LTE bulk plasma and the electrodes: the cathode and the anode.
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Figure 2.8: Temperature distributions in the LTE arc and the electrodes (in K); I = 100 A,
latm argon, tungsten cathode, copper anode.
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Figure 2.9: Temperature distributions in the LTE arc and the electrodes (in K); I = 200 A,
1atm argon, tungsten cathode, copper anode.
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2.8 Numerical simulation of the electric arc

2.8.4 Results within the LTE arc column

Figures 2.8 and 2.9 show the arc dimensions and temperature. Detailed discussions about the
arc column behavior and comparisons of the calculation results with other studies will also be

given below.

The impact of the thermal diffusion current in the arc column

According to the expressions 2.19 and 2.33 for the energy flux and arc current density respec-
tively, the effect of thermal diffusion is taken into account with the term k7, the thermal diffusion
ratio. The effect of thermal diffusion is usually discussed in models of the near-electrode layers
and is neglected in the arc column. Here, in contrast, this effect is discussed with respect to
the arc column.

In the usual case, when thermal diffusion is not considered, the energy flux and the arc current

density are expressed as:

q=-A\VT — - —2—j (2.55)
j=o0E (2.56)

The current density distributions along the arc axis are shown on figure 2.10(a) for arc current
values of 100 A and 200 A. Plotted with different line styles, each contribution to the arc current

density from equation 2.33 is shown:
o the induced currents, oE (first term),
o the thermal diffusion currents, O‘k?T%BVT (second term),
o the total current according to equation 2.33.

The calculation results for the case without thermal diffusion, i.e. according to equations 2.55
and 2.56, are shown in figure 2.10 with solid lines. One can see that the thermal diffusion cur-
rents are low and appear mainly near the cathode (z = 0 mm) and near the anode (z = 10 mm).
Thus, the main contribution comes from the induced currents.

In the case without thermal diffusion, the electrical conductivity is higher (figure 2.10 (b))
for both current conditions, 100 A and 200 A. However, the plasma temperature still remains
higher for the case when thermal diffusion is not included, as shown in figure 2.11. The reason
for this is the existence of thermal diffusion in the expression for heat flux (equation 2.19),
which makes the arc radius wider (figure 2.11 (b)). The impact of thermal diffusion has no
significant impact in the arc column. However, it is included in this work for a more accurate
description. Further results and discussions on this chapter are based on the model which takes

thermal diffusion into account.
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Figure 2.10: Distributions along the arc axis: (a) axial component of current density; (b)
electrical conductivity. I = 100 A and I = 200 A.

Analysis of the gas behavior within the arc column

In general, the gas behavior within the arc is poorly analyzed compared to the temperature
field. As a matter of fact, there are no experimental investigations which give an estimation of
the gas speed within the arc while only qualitative pictures of the gas flow can be found in the
literature. In order to better understand the gas behavior in the arc bulk, two geometries are

considered:
o the geometry with a hemispherical tip (geometry 1),
e the geometry with a sharp tip (geometry 2, with a cathode length of 16 mm).

The analysis of the forces distributed along a streamline can help understand the mechanisms of
gas flow in arcs. According to the definition, streamlines are the curves that are instantaneously
tangent to the velocity vector of the flow. Since the velocity at any point in the flow has a single
value (the flow cannot go in more than one direction at the same time), streamlines cannot
cross, except at points where the magnitude of the velocity is null.

The momentum balance in the stationary case can be written as:

pV -VV = -Vp+Fus +Fr, (257)
where F;s = —V -7 is the viscous force and F7, is the Lorentz force. Let’s multiply this equation
by the unit vector along the streamline n; = % and take into account that,

d (V?
(V- VV)=— | — 2.
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Figure 2.11: Temperature distributions in the arc column: (a) axial; (b) radial on z = 5mm
for I = 100 A and 200 A.

V2

where % is the directional derivative along the streamline. The value 5

is the kinetic energy

per unit of the mass. Considering n; - Vp = —fl’l’ , the equation is written:
d (V? 1/ dp
——=]=-(-= - (Fpis + F . 2.59
dl<2> ,0< dl+nl ( vis T L)> ( )

In this way equation 2.59 shows the projection of the momentum conservation equation on
the streamline, making it easier to interpret the phenomena. Hence, the left hand side of
equation 2.59 describes the changes in the kinetic energy along the streamline of a unit of mass.
The right hand side accounts for the work done on a unit of mass on a unit of length. The latter
consists of the potential energy due to the pressure difference (further called pressure force),
the work of the acting force (in the present case the Lorentz force) and the viscous forces.

Further, two geometries are considered. For each of them the streamline passing near the
cathode tip and close to the arc axis is chosen as shown in figure 2.12. Particular portions of

the streamline were identified according to the behavior of the fluid and numbered from 1 to 4:
e 1 — 2 is the acceleration distance,
e 2 — 3 is the distance of deceleration,
e 3 — 4 is the outflow.

Before describing the distribution of forces along the streamline, it is interesting to show the
plasma temperature and velocity (|V]) distributions along the streamlines (figure 2.13). On
the first part of the streamline 1 — 2, the gas passing near the electrode tip is heated by Joule

heating and accelerates due to the acting forces. On the next interval, 2 — 3, in the arc column,
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I =200A.

78
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the velocity and the temperature slowly decrease. As a matter of fact, the gas velocity changes
significantly near the anode surface. On the interval 3 — 4, the temperature continues to de-
crease and the velocity changes its direction: this is the so-called outflow region.

In case of geometry 2 with the sharp cathode tip, the gas velocity is higher in the arc. This
acceleration can be attributed to two factors: the current density is “focused” on the sharp
cathode tip instead of on the rounded cathode tip. The second reason is that the sharp cathode
has a geometry profile which matches better with the flow than the rounded one. In order to
better understand this effect, the distribution of the forces along the streamline is analyzed and
discussed below.

The distribution of the forces projection on the streamline was obtained according to the rela-

tion 2.59 for two streamlines from figure 2.12 The results are presented on figure 2.14. All the
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Figure 2.14: Forces and gas acceleration for the unit of mass distributions along streamline;
I =200A.

components of equation 2.59 are shown with respect to the unit of mass:
e gas acceleration,
e the pressure force,
o the Lorentz force,
e the viscous forces.

There is a similar behavior of the acting forces in both geometries. Generalizing the results from

figure 2.14 (a) and (b), on the interval 1 — 2 the Lorentz force is the main "driving" force which
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accelerates the gas. In the arc column (region 2 — 3), the gas decelerates, i.e. the acceleration
becomes negative. In the last interval 3 — 4, the gas flows without any significant acceleration,
and the pressure forces are slightly higher than the viscous ones.

The main difference between the distribution of the forces in the two geometries is in the region
1 — 2. In the geometry with the hemispherical cathode, the Lorentz force acts over a longer
distance than in the case of the sharp geometry. This is due to the cathode distribution on the
cathode side. However, in the interval 1 — 2 the hydrodynamic forces (pressure gradient and
viscous forces) act against the gas acceleration, as shown in figure 2.14 (a)). In figure 2.14 (b),
it can be seen that on 1 — 2 the gas accelerates mainly due to the Lorentz force while the
friction is negligible. Consequently, two parameters were identified as playing a significant role
in the arc behavior: the current density distribution along the cathode and a better streamlined
geometry.

In the arc column (region 2 — 3) the gas is accelerated by the pressure gradient while the viscous
effects decelerates the gas faster. Near the anode region the pressure gradient and the viscous

forces are compensated due to the non-slip conditions inducing a low deceleration of the gas.

4_
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Figure 2.15: Work on the unit of mass (J/kg) on different portions of the streamlines depend-
ing on the force. (a) geometry 1, (b) geometry 2; I = 200 A.

By integrating the forces along the streamline (in fact, parts of the streamline), one can obtain
the effective work produced on the chosen path. In the present case, the integration is made
over the intervals 1 — 2, 2 — 3 and 3 — 4. The calculations were done for two streamlines
and the outcomes are presented on figure 2.15, where the work is considered on the unit of
mass, i.e. (J/kg). The interval where the work is positive, i.e. portion 1 — 2, corresponds to
the acceleration zone. The main contribution is made by the Lorentz force near the cathode
tip and by the pressure gradient below the cathode tip. Along the intervals 2 — 3 and 3 — 4,

viscous energy dissipation plays a significant role and decelerates the gas which then leaves the
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calculation domain. Relatively speaking, the results on figures 2.15 (a) and (b) have a similar
trend, except the region 1 — 2 for the pressure forces. The negative impact of the pressure forces
for the cathode with a hemispherical tip is due to poor streamlining and forming of the region in
front of the tip where the gas stagnates. This analysis allows one to understand more accurately

the gas behavior due to the contribution of each force on different parts of the streamline.

Arc properties: comparison of the results with other studies and experimental
data

The aim of this part is to give insight into the arc bulk and at the same time compare the
results given by this model with others found in the literature involving different approaches,
for instance a so-called two temperature (2T) model [Li 07] and a non-LTE model [Baeva 16]
(NLTE). The comparison will be extended to experimental data when possible. As mentioned
above, in the framework of this work (as well as the approach [Li 07]) the cathodic part of the
arc is described by a model of nonlinear surface heating and these results are presented below.
Distributions along the arc axis of the plasma temperature T' computed in this work and of the
heavy-particle and electron temperatures T} and T¢, given by the 2T and the NLTE models,
are presented in figure 2.16 for currents of 20 A, 100 A and 200 A. Details of the distributions in
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Figure 2.16: Temperature distributions given by different models along the arc axis for dif-
ferent currents.

the vicinity of the cathode are shown in figure 2.17. A reasonable agreement is found in the arc
bulk for 7 = 100 A and I = 200 A. Some differences are noticed for the case of I = 20 A, where

the deviations from LTE in the bulk become significant. On the other hand, there are indicative
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Figure 2.17: Details of temperature distributions given by different models on the arc axis in
the vicinity of the cathode for different currents.

deviations between T" and T}, near the electrodes. This is the key point of the proposed approach:
the fast decrease of the heavy-particle temperature in the near-electrode regions is described
not by a solution of the LTE bulk equations but rather through the boundary conditions on the
interfaces between the LTE plasma and the electrodes. Temperature distributions in the radial
direction at 0.2mm from the cathode tip and in the midplane (5mm) of the arc are shown
in figure 2.18 for the arc current of 200 A. Again, the agreement is reasonably good. More
radial distributions for different currents near the cathode and on the midplane are presented
in figure 2.19. In the model developed in this work, the total arc voltage is obtained by adding
up the voltage drop inside the electrodes, the voltage drop in the LTE arc bulk, and the near-
cathode voltage drop U.. The current-voltage characteristic (CVC) of the arc, evaluated in this
way for a wide current range, is shown in figure 2.20. Note that the voltage drop inside the
electrodes is negligible in these conditions. Also shown are data from the NLTE and 2T models,
as well as the data from the experiment by [Mitrofanov 07] referring to the diffuse cathode arc
attachment. The CVCs given by the NLTE and 2T models and the model proposed in this
work agree with each other and with the experiment reasonably well in the whole range of arc
currents from 20 A to 175 A.

Also shown in figure 2.20 is the CVC evaluated in the framework of the conventional LTE model,
i.e. without accounting for the near-electrode layers. This CVC differs from the ones given by all
the other theoretical models and the experimental one: the arc voltage monotonically increases

for all currents. Comparing with the model used here, one can conclude that this difference
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Figure 2.18: Radial temperature distributions in the arc column at different distances from

the cathode tip. I = 200 A.
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Figure 2.19: Radial temperature distributions in the arc column at different distances from
the cathode tip. I = 20 A, 100 A and 200 A.
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Figure 2.20: Arc voltage evaluated by means of different models and experimental data.

stems from the neglect of the near-electrode layers in the conventional LTE model, rather than
from the mere fact that deviations from LTE become more pronounced as the current decreases.
Another difference between the model proposed in this work and the conventional LTE model is
that the former does not require any cut-off in evaluation of the resistance of the near-electrode

plasma and therefore poses no limitations on the step of the numerical mesh near the electrodes.

2.8.5 Results on the electrodes: cathode and anode

The cathode

As previously described, the cathode heating was calculated according to [Benilov 02b] and the
diffuse mode of cathode attachment was chosen. The cathode temperature and current density
distribution along the cathode are shown on figure 2.21. Here, s is the distance measured
along the generatrix of the cathode surface from the center of the tip (i.e. from point A in
figure 2.7). The vertical dashed line designates the end of the spherical tip. Maxima of the
cathode temperature for the total arc currents are near the axis on the cathode tip. The vertical
line at s = 1.5 mm shows the end of the rounded part of the cathode tip. It can be seen that
the main current is focused on this rounded cathode zone.

The distribution of the electrostatic potential in the LTE arc column evaluated at the plasma-
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Figure 2.21: Distributions of the current density normal component (a) and the surface tem-
perature (b) along the cathode surface given by different anode approaches.

cathode interface is shown in figure 2.22. The variation of the potential #(X7F)(s) in the region
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Figure 2.22: Distribution of electrostatic potential in the LTE arc column evaluated at the
plasma-cathode interface.

s < 4mm, where the arc is attached to the cathode, is not large. Consequently, the voltage
drop in the near-cathode layer does not change much from one point of the arc attachment to
the other. This supports the corresponding assumption made in order to simplify the work-flow

and to avoid more complex computations such as [Baeva 16, Chen 16b].
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The anode

One of the critical parts of the calculation is to define the anode temperature. It is important
for several reasons. Firstly, the overheating zones must be identified. Secondly, in this section
two approaches for the plasma-anode interaction are considered and compared with computed
results of the comprehensive models. It has already been shown that there is a temperature
difference between the plasma temperature near the anode and the anode temperature. This
temperature discontinuity is defined by matching conditions on the interface. Consequently,

two approaches are considered:

e The energy flux from the LTE plasma to the anode corresponds to the expression 2.48

and on the plasma side the condition g—g = 0 is valid.

e The energy flux from the LTE plasma to the anode is ¢, = Upjn, where Up, is the anode
heating voltage 6.1V according to [Almeida 17].

The plasma temperature near the anode for these two approaches is shown on figure 2.23.

The deviation between temperatures for both approaches takes place 1mm from the anode
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Figure 2.23: Distributions of the plasma temperature near the anode along the arc axis for
two different approaches taking plasma-anode interaction into account.

surface. Moreover, the temperature difference is less than 1000 K, therefore the values of the
current densities on the anode surface plotted on graph 2.24 are very similar. Additionally,
these conditions have no influence on the arc column voltage. Distributions along the anode
surface of the axial current density and the anode surface temperature computed in this work
are compared with those given by the NLTE model in figure 2.24 for arc currents I = 20 A,
100 A and 200 A. The temperature of the anode surface does not exceed 360 K, even for an arc

current of 200 A, due to intensive external cooling. To conclude, the agreement between the
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Figure 2.24: Distributions of the current density (a) and the surface temperature (b) along
the anode surface for by different implementation of the anode.

two models is good. The difference in the calculation results between the two methods and the

comparison with the comprehensive model validate the arc-anode description.

2.8.6 Other aspects. Thoriated-tungsten cathode with a conical tip

It has been shown that the model works well for the geometry with hemispherical cathode tip.
On the one hand, it gives a good agreement with more comprehensive non-equilibrium models
and, on the other hand, a good agreement with experimental investigations found in the liter-
ature. It is of great interest to perform simulations with geometry 2 (previously introduced)
which is commonly used for the investigation of welding processes [Hsu 83a, Lowke 97] and
where many experimental studies have been reported. Here the cathode is conical. However,
the drawback in this case is the cathode geometry which is not precisely described. For instance,
the dimensions of the cathode assembly are not documented. However, in order to establish
plasma-cathode interaction correctly, one needs to know the complete cathode geometry. The
model of nonlinear surface heating requires knowledge of the cathode dimensions and geometry
to define the current density and the energy flux.

Since the exact cathode geometry was not detailed in [Hsu 83a], calculations for the experimen-
tal conditions in the latter reference were performed for several variants of shapes with the arc
current values of I = 100 A and I = 200 A. Several geometrical modifications were considered

and are depicted in figure 2.25.
e The cathode tip is sharp, the length of the cathode changes ranging from 10 mm to 20 mm.

e The cathode has a fixed length, although the cathode tip is not sharp, while the gap stays
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Figure 2.25: Schematics of different cathode geometries. (a) with a sharp tip, (b) with a
plateau on the tip.

fixed to 10 mm. This situation usually occurs during the experiment after operating the

arc for a certain time.

The calculation results for I = 200 A and two lengths 10 mm and 15 mm are shown in figure 2.26,
where the temperatures of the arc and the electrodes are plotted on the same scale. The
overheating of the plasma with the short cathode can be observed. The more intensive arc
heating, especially near the cathode in the case of the short (10 mm) electrode, is due to the
current density distribution on the tip (figure 2.27 (a)). Moreover, the arc is more constricted
on the cathode tip for the shortest cathode.

The vertical line on figure 2.27 corresponds to the end of the conical part of the cathode. One
can see that the main part of the current passes through a very narrow region on the cathode.
The cathode surface temperature is presented on figure 2.27 (b) showing that the heating of the
tip is more intense for a short cathode.

Regarding the current density, it was found to drop faster within the cathode gap of L = 10 mm,
as shown on figure 2.28 (a). In this configuration, near the anode, the current density is also
lower than in the other case. The arc radius is wider in this case (figure 2.28 (b)). This may
be due to a hydrodynamic effect of the better cathode cooling for the longest cathode. In
order to evaluate the impact of the hydrodynamic forces, the distribution of the forces along
the streamlines are shown on figure 2.29. For both the selected cases, the streamlines pass in
the vicinity of the cathode and on the arc axis, as shown in figure 2.12 (b). For clarity, on

figure 2.29 for its better understanding, the results are shifted along the abscissa axis. It can
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Figure 2.26: Temperature distributions in the LTE arc and the electrodes (in K); (a)
L =10mm; (b) L = 15mm. I = 200A, 1atm argon, thoriated-tungsten cath-
ode, copper anode.
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Figure 2.27: Distributions of the of the current density normal component (a) and the sur-
face temperature (b) along the cathode surface for different cathode lengths;
I =200A.
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Figure 2.28: Axial component of the current density along the axis (a) and the radius with
z=>5mm (b); I =200 A.
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Figure 2.29: Forces and gas acceleration for the unit of mass distributions along streamlines
for different cathode lengths; I = 200 A.
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2.8 Numerical simulation of the electric arc

be seen that on the first 5mm of the streamline, the gas accelerates in the same manner due
to the Lorentz force. The ratio of the Lorentz force and pressure force is similar for both cases.
Therefore, the effect of the geometry on the arc hydrodynamics is negligible.

Such drastic changes in the arc behavior due to different cathode geometries occur due to the
complexity of the arc nature. The cathode geometry also has an impact on the anode heating.
The anode temperature calculated using the proper anode heating voltage is presented on

figure 2.30 together with the current density on the anode surface. As a result, it is important
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1.6 15
J 15
[ 13 360 13
1.2 1
1 340
0.8 ]
L=10 mm ] L =10 mm
0.4 3201
o+ — + — ———— 3004 . 00O OO
0 5 10 r(mm) 15 0 5 10 r(mm) 15

Figure 2.30: Distributions of the current density normal component (a) and the surface tem-
perature (b) on the anode surface for different cathode lengths; I = 200 A.

to consider the conditions applied on the cathode side as well as the effect of arc column and
the anode heating.

The temperature distributions on the arc axis are shown in figure 2.31 for cathode lengths
L ranging from 10mm to 20mm. One can see that an increase in L causes an appreciable
decrease in the plasma temperature near the cathode tip. Again, the higher thermal resistance
of the cathode is favorable for wider attachments of the arc to the cathode, an effect that is
well known to designers of arc lamps. Hence, an increase in L causes a decrease in the current
density at the cathode tip and, consequently, lower plasma temperatures near the tip.

Results of computations for a cathode with a flat front, i.e. a plateau at the conical tip of the
cathode, are shown in figure 2.32. Here r¢ is the radius of the plateau; note that rp = O mm
corresponds to the sharp conical tip which figure 2.31 refers to. The cathode length was 15 mm
in these calculations. An increase in rg causes a decrease in the plasma temperature near the
tip, which is again a consequence of a decrease in the current density at the cathode surface.
Last but not least, it is interesting to observe the arc voltage for the case of the different cathode

length and tip shapes. In figure 2.33 the arc voltages are presented for all the calculated cases.
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Figure 2.31: Computed temperature distributions along the arc axis for cathodes of different
lengths (lines). Currents 100 and 200 A. Experimental data from [Hsu] (Dia-
monds).
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Figure 2.32: Computed distributions of temperature along the arc axis for cathodes with

different plateau radii (lines). Current 100 and 200 A, L = 15 mm. Experimental
data from [Hsu] (Diamonds).
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Figure 2.33: Comparison of computed arc voltages for different cathode lengths (a) and radius
(b) in cases of I = 100 A and I = 200 A.

It can be seen that changing the arc length does not have a drastic influence on the arc voltage.
The same conclusion can be drawn for the case of the cathode with different plateau sizes.
Consequently, the arc voltage variation is not sensitive to the morphological changes of the arc.
Thus, the modeling has revealed a significant impact produced by the shape of the cathode
geometry over the distribution of the current density along the cathode surface and therefore
over the plasma temperature, while the arc voltage is not sensitive to changes in the cathode
shape. Therefore, the experimental studies usually conducted to measure only the arc voltage
will give no information about arc behavior. This highlights an interesting and potentially

important effect that deserves further detailed experimental investigations.

2.9 Conclusions

This chapter has given an overview of the problem faced in the theoretical description of an
electric arc and its numerical realization. A theoretical justification of the applicability of the
MHD equations has been given as a particular case of the Boltzmann equations. The existence
of thermal equilibrium in plasmas has been discussed, and the limitations of its applicability
defined; in the case of an arc column plasma it can be concluded that the assumption of de-
scribing the plasma in LTE is valid.

The deviation from equilibrium (thermal, ionization and quasi-neutrality) occurs near the cath-
ode and anode and on the arc fringes. The near-electrode zones and plasma interaction with
them are very important to establish the arc correctly. Close attention must therefore be paid
to the accurate description of these zones. Models of the near-electrode layers are complex and
require more data; moreover, their numerical realization is computationally expensive. It is

therefore interesting to avoid complex non-equilibrium models of plasma-electrode interaction,
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while at the same time accounting for it correctly. One needs to find a valid approach to match
the LTE model of the bulk plasma with the electrodes that reasonably accurately reflects the
physics of plasma-electrode interaction. In this work, this matching was achieved by using
energy balance equations in the non-equilibrium near-electrode layers that separate the LTE
bulk plasma and the electrodes.

As an example, a numerical simulation of a free-burning arc in atmospheric pressure argon
plasma has been reported in the current range from 20 A to 200 A. The simulation results have
been compared with those given by the (more sophisticated) 2T and NLTE models and with
the experimental data available in the literature. The agreement in the arc bulk is reason-
ably good for arc currents of 100 A or higher and starts to deviate for lower currents, where
deviations from LTE in the bulk become significant. On the other hand, there are significant
deviations between the plasma temperature given by the model proposed in this work and the
heavy-particle temperature given by the 2T and NLTE models near the electrodes. This is the
central point of the proposed approach: the fast decrease in the heavy-particle temperature in
the near-electrode regions is described not by a solution of the LTE bulk equations but rather
via the boundary conditions on the interfaces between the LTE plasma and the electrodes.
The arc voltage, given by the model developed in this PhD research, agrees reasonably well with
the values obtained with the 2T and NLTE models and with the experiment in the whole range
of arc currents from 20 A to 175 A, in contrast to the arc voltage given by the conventional
LTE model (the one that disregards the near-electrode layers). Another difference between
the model proposed here and the conventional LTE model is that the present model does not
require a cut-off in the evaluation of the resistance of the near-electrode plasma and therefore
poses no limitations on the step of numerical mesh near the electrodes.

The approach proposed in this work allows one to develop models that are physically justified
and therefore applicable to a wide range of conditions, and that are also fast and robust. In
particular, the simple 2D model reported in this work has predicted a strong effect produced by
details of the cathode geometry over the distribution of the current density along the cathode
surface and therefore over the plasma temperature. This is a result which seems to be interest-
ing and potentially important and therefore should be verified in further numerical modeling

and experimental investigations.
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Chapter 3

Experimental study of electric arc
displacement between rail electrodes

Experimental work involving electric arcs is probably the most intuitive approach to investigate
arc properties. Nowadays, well-established methods exist to define different intrinsic properties
of electric arcs and, in some cases, predict their behavior. In the particular case of arc propa-
gation along or between rail electrodes, experimental investigations have often been conducted
in the framework of low voltage circuit breakers. This is most likely the main reason for the
scarcity of information available in the literature on the topic. Another reason is related to
industrial purposes since private research has been actively conducted by the main actors on
the market. This lack of open knowledge about arc displacement along electrodes means that
dedicated experimental investigations need to be carried out.

Although this work focuses on the development of mathematical models describing the electric
arc in aeronautical contexts, experimental investigations of arc displacement are mandatory in
order to validate the simulation results. The need to run dedicated experimental investigations
is twofold: - to reduce the number of assumptions by using the same geometrical and electrical
conditions as those implemented in the model. - to understand the arc ignition phenomena,
its propagation between the bars and the impact of internal conditions such as arc current,

inter-electrode distance. .. The experiments were performed on two distinct platforms:

e In the GREMI laboratory where the electrode design is based on low voltage circuit
breakers. The arc is initiated between the two electrodes and powered with an imposed

current pulse of different amplitudes I,,4, ranging from 700 A to 2kA.

o The experiments carried out under aeronautical conditions were performed on the plat-
form located in the Zodiac Aero Electrics facility. Meant to be as close as possible to the
real operating conditions in aircrafts, the setup includes bus-bar electrodes powered with
alternating current maximum amplitudes I,,,, ranging from 500 A to 2kA at 420Hz or
760 Hz.

The purpose of this study is to investigate the typical behavior of the arc first in rather clas-

sical conditions and then the influence of the context-related conditions on the arc behavior.
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The experimental protocol involves known methods and techniques to determine several arc
parameters, which can be either set to the model or used to compare with simulation results,
for instance the arc velocity, the arc voltage. .. The experimental results used to compare with
the numerical simulation outcomes are mainly reported in the present chapter. Explicit com-

parisons with the simulation will be presented, analyzed and discussed in chapter 4.

3.1 State of the art

The detailed description of the physics of arc displacement is proposed in the next chapter,
where the main mechanisms are given and discussed. In this section, the main achievements in
the field of the experimental study of arc displacement between rail electrodes are reviewed.
Magnetically driven arcs are encountered in a variety of engineering applications including
chemical reactors, arc flow control devices, plasma armature rail-guns and circuit breakers.
Studying the structure and the motion of magnetically driven arcs is a complex task. The arc
itself includes many phenomena. In this case, the arc is displaced along the electrodes, which
makes its study even more challenging.

Arc displacement phenomena are mostly investigated by means of high-speed imaging. It is
generally accepted that the arc can be identified and tracked as a high luminosity object (bright
object) on high-speed camera images. The cathode and the anode attachments are the bright
regions near the electrodes, where the arc column connects to the electrodes. Several hypothe-
ses have been put forward with respect to high-speed imaging observations. Experimentally,
the existence of a “single arc mode” with a single coherent arc column is observed by opposition
with the transition to a “distributed arc mode” occurring at high currents. In the latter case,
multiple arc columns exist simultaneously [Gray 15]. As well, the so-called re-striking of the arc
is one of the typical features where hot gas and ablation of the material in the vicinity of the pri-
mary moving column provide conditions to produce additional breakdown [Ray 89, Koyama 93].
Generally, the main focus of such work is the arc motion, while other studies focus more on
the arc column displacement or on the electrode attachments. Arc motion can be characterized
either with a smooth and continuous movement of the arc roots over the electrode surface or
with distinct jumps with “anchored” pauses as documented in [Velleaud 89, Velleaud 95].

One can find in the literature several opinions about arc displacement between electrodes. In-
tuitively, it is often reported that arc motion is driven by the arc column and that cathode
attachment follows the arc column. Another point of view is that the arc follows the cathode
attachment [Guile 57, Winsor 56, Secker 59]. Studies have been performed to investigate the
tracks on the electrode surface after arcing. The authors report that the tracks were continuous
in 90 % of cases and the rest were discontinuous under their experimental conditions. Different

electrode materials (copper, aluminum, carbon, brass) with a different state of electrode surface
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roughness (polished or unpolished) and different magnetic flux densities have been investigated.
It has been found that for polished electrode surfaces the root displacement is likely discon-
tinuous. Most of the experimental data are summarized in [Secker 59] where a description of
the root behavior is given depending on the arc current, the electrode material, the electrode
surface preparation, the inter-gap and the nature of the electrical circuit.

Another opinion reported in [Bobashev 10b, Bobashev 16] is that the arc is driven by the arc
column and the roots “follow” the arc column displacement. The latter means where the hot
conductive channel of the electric arc can be considered similar to the armature in a rail-gun
and displaced continuously, while the arc attachments have their own behavior and have no
impact on the arc displacement velocity. In these studies, experiments are performed in high
current conditions and, as a result, the arc speeds have values around 100 m/s. Estimations of
the arc propagation speed are given as well, where in comparison with a rail-gun with armature,
the arc propagation velocity is limited by the drag forces [Zhukov 07].

In contrast to the specific attention paid to cathode attachment, anode attachment has been
poorly investigated. The impact of the arc shape on its displacement is discussed in [Zeller 01]
in great detail while the arc shape may be influenced by the specific gas flow conditions. Fig-
ure 3.1 presents a short summary of the results with different possible shapes of the arc column
and near electrode zones. The investigations were carried out in different conditions for an
arc in pulsed current conditions with a duration of 1.6 ms. The external magnetic field was

included in the experiment. Interestingly, the so-called “arc nose” is proposed as a phenomenal

(a)
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Figure 3.1: Images from high-speed video camera (33000 frame 1/s) and arc schematic
[Zeller 01]. (a) h = 5mm, I = 2kA, blast field 40mT; (b) h = 15mm, I = 2kA,
blast field 40mT.

description for a specific, but reproducible, shape ahead of the arc [Zeller 01]. The authors,
who first introduced this term, used it to refer to a specific feature observed randomly either
near the cathode (figure 3.1 (a) or the anode 3.1 (b). According to [Zeller 01] and references
therein, a good reproducibility was observed. The formation of several cathode spots (figure 3.1

(b)) is observed and a “forward jump” from the old spot position to the new one over time. If
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the “nose” appears near the anode, several spots are observed near the cathode and vice-versa.
In the study, it was shown that the cathode and anode roots can displace continuously or with
jumps without a clear correlation. In another study [Teste 95], it was shown that the cathode
attachment moves continuously, while the anode one experiences significant jumps.

To sum up, in spite of the number of studies on arc displacement, there is currently no com-
monly accepted opinion about the mechanism of arc motion. Either the velocity of the arc
is dominated by the balance of electromagnetic and aerodynamic forces on the arc column or
governed by the behavior of the arc roots. In addition, the role of anode attachment has not
been clearly elucidated yet and its contribution may not be negligible as hinted in most of the
studies cited.

The techniques used to investigate arcs in most studies involve high-speed imaging, measure-
ment of the arc voltage together with monitoring of the arc current. The same protocol was
used to conduct the present experimental investigation. The arc voltage consists of the sum of
the cathode and the anode voltage drops with the arc column voltage. Increasing the distance
between the electrodes will increase the arc voltage however, since the arc column is longer.
During the arc displacement it was observed that when one of the attachments (cathode or
anode) is further than another, the arc looks tilted [Zeller 01] and, therefore, the arc becomes
longer. Elongation of the arc column will increase the arc voltage. It is reported that, if arc
stretching is observed, shortly afterwards one of the attachments will make a "jump"'. This
"jump" leads to the stabilization of the arc voltage [McBride 02]. Thus, a correlation must exist
between the arc voltage and the arc displacement.

A review of experimental studies dealing with electric arcs in LVCB was published in [McBride 01].
General mechanisms are reported such as the appearance of the electric arc. In spite of
widespread interest in arc investigations, there is no generally accepted description of the arc
behavior between rails, leaving room for more experiments, investigations and discussions. This

is one of the main motivations of the present study.

3.2 Experimental setups

In this work two experimental setups were used to study the arc propagation along rail elec-
trodes. They have several principal differences in order to satisfy several requirements. The
experiments performed in the GREMI laboratory were conducted in order to understand general
arc behaviors during propagation and to establish the method of choice for the investigation. In
this setup, a pair of copper electrodes are mounted with a sufficient gap to distinguish the arc
column distance between the electrodes. The arc is initiated after the separation of a mobile
contact which opens synchronously with the current pulse. The second set of experiments was

performed using the facilities of Zodiac Aero Electric, located in Niort, France. The experi-
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mental conditions were chosen so as to be as close as possible to the real situation of a default
arc occurring in the electrical network of an aircraft. The arc is initiated due to a FOD and
propagates between the busbars. The complete power supply of an aircraft is coupled to the
experimental bench. In this case, powering is achieved by imposing the voltage, while the arc
current is defined by the intrinsic capability of the system.

These two setups made it possible to investigate the arc, predict its behavior and extend cur-
rent knowledge to conditions not considered in other studies. Additionally, the aim of this
experimental study is to compare with the results obtained from numerical simulations. It
is important to note that for both experimental setups, the arc is ignited in ambient air at

atmospheric pressure (1atm).

3.2.1 GREMI’s experimental setup

Two copper rail electrodes with a circular cross section of 6.0 mm diameter and 250 mm long
are placed one in front of the other with a 20 mm gap. The power supply delivers an arbitrary
positive half-period of a 50 Hz sine waveform current. The description of the experimental
setup is given in [Hong 02a, Hong 05]. The electrical parameters and the high-speed imaging

are recorded simultaneously:
e The current of the arc is imposed and measured using a Rogovski coil;

e The arc voltage is measured at the same time with a differential voltage probe Langlois
DP25;

o The high-speed video camera Photron SA5 is used to record the arc dynamics. The images

are used in order to define the arc displacement and its velocity.

e All the devices are synchronized with respect to the trigger signal of the rising edge of

the current pulse.

3.2.2 Zodiac experimental setup

A three-phase electrode system, in which each electrode has a rectangular cross section of 3.0 mm
x 8.0mm and a length of 20 mm made of aluminum is used for the experiment. The electric arc
is initiated between two phases. The electrode gap varies from 5mm to 8 mm. The electrical
parameters are recorded for a whole system, which contains the bus-bar electrodes, the generator
(the same as that used in aircraft), about 35 m of cables and a command /synchronization table.

The electrical parameters and the high-speed imaging are recorded simultaneously:

o Electrical measurements were performed using the Zodiac Aerospace facilities (Rogovski

coil, differential voltage probe);
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e The same high-speed video camera Photron SA5 was used to record the arc dynamics;
e The electric arc is initiated by imposing a metallic wire between the two phases;

e All the devices are synchronized with respect to the opening of the mobile contact.

3.3 Results

For the complete analysis of the electric measurements the current and the voltage waveforms
were used. In order to evaluate the arc displacement velocity, each frame from the high speed
video was post-processed with a specifically developed program. The position of the cathode
and anode attachments were defined according to the maximum of the luminance in the vicinity
of the electrode. Then, at each time step point, the position of both attachments was identified,

allowing the experimental determination of the arc root velocities.

3.3.1 Experimental study with pulsed arc — GREMI laboratory

The experiments were carried out for different values of the peak current. Here, a few examples

of the experimental results are shown, analyzed and discussed. In figure 3.2 two examples of the
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Figure 3.2: Temporal evolution of the arc current and arc voltage for two experimental con-
ditions, (a) Lnaee = 950 A and (b) I e = 1.5kA at 1atm.

arc current and voltage waveforms are reported. On both waveforms the maximum value of the
current is reached 2 ms after the pulse ignition. Then, the current slowly decreases. During the
entire period of the current pulse, a sequence of several phases occurs consecutively as depicted

in figure 3.3: The typical sequence of events is:

i The mobile electrode is closed, the current flows though the mobile contact and one of

the rails (in the present experiments, the anode).
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Figure 3.3: Schematic of the sequential arc initiation and propagation between the rail elec-
trodes. (I) closed contacts; (II) opening of the contacts triggering the electric arc
ignition and elongation; (III) arc propagation along the bus-bars.

ii Motion of the mobile contact triggering the arc ignition and elongation of the arc with

its subsequent "jump" to the rails.

iii Existence of the arc between the rail electrodes, propagation along the electrodes, accel-

eration and speed stabilization.
iv Final burning of the arc at the edge of the electrode.

At time 0.5 ms after triggering, the mobile contact starts to open; the opening duration is about
1.5ms (phase II). During opening, the electric arc is attached to the mobile contact and one
rail, therefore the arc column elongates causing an increase in the arc voltage, as evidenced
in figure 3.2. When the arc is long enough, a “jump” occurs onto the second rail electrode
around 2.3ms. Then, the displacement of the arc along the rail starts (phase III). The arc
propagation along the electrodes was recorded with a high-speed video camera and a sequence
of frames is shown for two different current conditions in figure 3.4 and figure 3.5. During arc
propagation, the cathode and the anode attachments are observed (marked with (%) and

accordingly). Each of them forms the cathode and anode jets respectively. Each jet usually
corresponds to the maximum luminance observed near the electrodes. To record the high-speed
video, the frame rate was set at 9000 fps in order to track the continuous root displacement
along each electrode. The cathode and the anode attachments move simultaneously in the
same direction and no significant “jump” was observed. The re-striking of the arc during the
experiment was never observed either. During the propagation phase, the arc voltage waveform
is rather smooth with only small perturbations (phase III in figure 3.2). Once the arc has
reached the end of the electrodes, it burns until the current returns to zero. During this time,

instabilities arise on the arc voltage waveform (phase IV in figure 3.2 (b)).

103



Chapter 3 Experimental study of electric arc displacement between rail electrodes

cathode

Figure 3.4: Sequence of images recorded by means of a high-speed video camera for a cur-
rent pulse of [0, = 800A. On each frame, the blue (%) denotes the cathode
attachment while the indicates the anode attachment.
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Figure 3.5: Sequence of images recorded by means of a high-speed video camera for a cur-
rent pulse of Ip4; = 1.5kA. On each frame, the blue (%) denotes the cathode
attachment while the indicates the anode attachment.
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Chapter 3 Experimental study of electric arc displacement between rail electrodes

The time evolutions of the position of each arc root along the electrodes are shown in fig-
ure 3.6 (a) for two current conditions (Inq: = 800A and I4; = 1.5kA). The temporal

1601x (mm) (a) 70\ Velocity (m/s)  (b) cathode att
] cathode att anode att
] anode att
120+
80 st

40

% t (ms) 0 ",
25 30 35 40 45 50 55 25 30 35 40 45 t(ms) 55
Figure 3.6: Time evolutions of the arc roots for two different current conditions I,,,q; = 800 A

and Ipe; = 1.5kA at latm. (a) Position of the cathode and anode roots along
the electrode axis. (b) Velocity of each root along the electrode.

evolutions of the root velocities are also presented in figure 3.6 (b) with respect to the root
position. It can be seen that the arc with the higher current has a higher propagation speed.
A number of experiments for different maximum peak current values were performed and an-
alyzed. The results of this study are summarized in figure 3.7 and 3.8. The arc speeds for
different current values are marked with the symbols in figure 3.7. The dependence between
the arc speed and the arc current can be interpolated with a linear function vy, = 0.041 +6.1.
In the investigated current range from 200 A to 2kA this linear function can be used to de-
fine approximately the arc velocity. However, it is questionable whether it can be extended
to a wider current range. The velocities of arcs operated with high current (2kA) are below
100m/s. This fact evidences that the arc speed matches the criterion Ma < 0.3 and that com-
pressible effects can reasonably be neglected. Note that no sign of shock waves was observed
ahead of the arc. Nevertheless, extrapolating the linear trend for a higher current range is
doubtful due to the possible appearance of shock waves. Similar observations were reported in
[Bobashev 10b, Bobashev 10a).

From the experimental data sets, the typical current—voltage characteristic was analyzed and is
presented in figure 3.8. The current—voltage characteristic is linear for currents below 1kA. For
higher currents, the amplitude variation of the arc voltage for the same current value becomes
higher and higher. This variation may be due to the arc displacement itself which induces some
instabilities. Typically, this can happen when the cathode and the anode root displacements are

not synchronized and the arc elongates. Amplitude variations of the arc voltage during prop-
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Figure 3.7: Arc displacement velocity versus the arc current. The linear regression obeys the
formula vgre = 0.04- I +6.1.
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Figure 3.8: Current—voltage characteristic of the moving arc compiled from the experimental
data set.
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Chapter 3 Experimental study of electric arc displacement between rail electrodes

agation of the arc along the electrodes may be caused by a discontinuous displacement of one
of the two roots. In this experimental investigation, the “jumping mode” of the anode and/or
the cathode roots was not observed. To confirm this observation, experiments recorded with
high-speed imaging at a frame rate up to 50000 fps was performed and showed a continuous
displacement of the arc. Although other experimental studies report on a continuous displace-
ment of the cathode attachment while regular jumps of the anode root occur, the authors used
a different electrode geometry [Teste 95]. Discussions based on the images from a high-speed
video camera give information only in the propagation direction. In reality the electric arc
mainly moves in the longitudinal direction, but there are small fluctuations in the transverse
direction. These fluctuations may be the reason for the noisy voltage signal recorded for higher

currents. However, this interpretation requires further investigations.

3.3.2 Experimental study with AC arc — Zodiac Aero Electric

Since the main interest of this work was to investigate the arc behavior in conditions close to
those in the typical electrical distribution system of an aircraft, the aim of this section is to
give a sufficiently comprehensive overview of arc behavior in such a situation. Depending on
the position of the distribution system in the network, a variety of powering conditions exist,
for instance 115V, 230V at different frequencies. In this work, just a few sets of operating

parameters are considered:

e The inter-electrode distances were fixed at 5mm or 8 mm between the aluminium elec-

trodes.
e An alternating current waveform at a locked frequency of 420 Hz or 760 Hz was used.

e The whole system was powered with a voltage of 115V or 230 V. Consequently, the short-
circuit arc current is defined with respect to the impedance of the whole system delivering

a maximum current ranging from 400 A to 2kA.

The arc fault was initiated by a FOD placed between the electrodes. Additional details about
the whole electrical system typically used in aircraft is beyond the scope of this work and will
not be documented. Only the experimental results concerning the electrical arc are reported
below. Experimental data of several parameter sets are presented in detail, particularly those
that highlight the originality of the study. To the best of our knowledge, arc propagations along
rail electrodes with respect to alternating current conditions have not been clearly reported in
the literature. Starting from this point, the rest of this section is organized in four sets as

follows:
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Voltage Frequency Gap

5mm
Set1 230V 420 Hz

8 mm

5mm
Set 2 230V 760 Hz

8 mm

5mm
Set 3 115V 420 Hz

8 mm

5mm
Set4 115V 760 Hz

8 mm

To ensure repeatability of the results, each condition was measured at least three times. For

the sake of readability, the following systematic structure was adopted to present the results:
o Electrical waveforms of the arc.
o Time evolution of the position of the cathode and anode roots.
e Sequence of frames from the high-speed imaging recording.
e Time evolution of the cathode and anode root velocity.

Set 1: arc in aeronautical conditions, 230V, 420 Hz

The arc current and arc voltage waveforms are presented in figure 3.9 (a). As mentioned earlier,
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Figure 3.9: Parameter set 1, 230V at 420 Hz with A = 5mm and h = 8 mm electrode gap.
(a) Waveforms of the arc current and arc voltage; (b) Time evolution of the
cathode and anode attachments position.

at any time the current value is imposed by the load itself, i.e. the bus-bars construction, the

internal circuit of the power supply unit as well as wires and coupling devices between the
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Chapter 3 Experimental study of electric arc displacement between rail electrodes

source and the busbars. The maximum current value is 1350 A for the shorter arc and 700 A for
the 8 mm arc. The arc voltage has overshoots when the arc current crosses zero and remains
approximately constant during the half period.

The dynamic of the arc root displacement is shown in figure 3.9 (b). The root positions are
defined with the same method as in the previous experiments: the maximum of the arc in-
tensity near the cathode and anode are considered as the attachment positions. The vertical
dashed lines on the graph (figure 3.9 (b)) correspond to the time point when the arc current
crosses zero. For h = 5mm, the arc propagates in the same direction and both roots move
simultaneously. This is well identified in the sequence of images shown in figure 3.10. For the
longer arc (h = 8 mm), re-striking of the arc takes place when, after one current period, the arc
moves back to its initial position. This can be observed on the images of figure 3.11. However,
on the arc voltage there are no significant fluctuations which could indicate re-striking.

For both distances, the cathode and the anode attachments are observed. At the time point
where the arc current approaches zero, the cathode and the anode jets are very clearly distin-
guished. When the current is higher than 50 A, the arc has the shape of a uniform column
and in some cases the so-called “nose” occurs. Similar to the work published in [Zeller 01],
the formation of this specific arc shape with an elongation near the electrode is observed ran-
domly. This is evidenced near the cathode at ¢t = 4.25 ms and ¢ = 4.45 ms and for the anode at
t=1.75ms and ¢ = 1.95ms in figure 3.10.

The arc is initiated by inserting a FOD between the electrodes (here an piece of thin aluminum
wire). It was found that re-striking of the arc most probably takes place when the rest of the
FOD is soldered to the electrodes and continues to evaporate. This triggers the creation of a
localized volume of higher electron and ion density while burning increases the probability of
breakdown when the arc current crosses zero.

The arc root propagation velocities are displayed on figure 3.12 with error intervals resulting
from numerical differentiation artifacts. A value of zero was assigned to the arc propagation
velocity when re-striking takes place (figure 3.12 (b)). The vertical dashed lines on the graphs
are associated with the time point when the arc current crosses the zero value. With a good
correlation, the maximum arc speed is achieved when the arc current value is around its max-
imum. One can see that both the acceleration and deceleration of the arc are well correlated

with the arc current frequency.

Set 2: arc in aeronautical conditions, 230V, 760 Hz

The arc current and arc voltage waveforms are presented in figure 3.13 (a). The maximum value
of the current was 400 A for a gap h = 5mm and 700 A for a gap of h = 8 mm. The arc root

displacements are shown in figure 3.13 (b). In this case, re-striking was not observed in any
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time =1.15ms

Figure 3.10: Parameter set 1, 230V at 420 Hz with A = 5 mm. Sequence of frames from high-
speed video imaging of the propagating arc. On each frame, the blue (%) denotes
the cathode attachment while the indicates the anode attachment.
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Chapter 3 Experimental study of electric arc displacement between rail electrodes

time = 0.55ms

Figure 3.11: Parameter set 1, 230V at 420 Hz with h = 8 mm. Sequence of frames from high-
112 speed video imaging of the propagating arc. On each frame, the blue (%) denotes
the cathode attachment while the indicates the anode attachment.
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Figure 3.12: Parameter set 1, 230V at 420 Hz. Temporal evolution of the cathode and anode
root velocities for (a) h = 5mm and (b) h = 8 mm electrode gaps.
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Figure 3.13: Parameter set 2, 230V at 760 Hz with A = 5mm and A = 8 mm electrode gap.
(a) Waveforms of the arc current and arc voltage; (b) Time evolution of the
cathode and anode attachments position.
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Chapter 3 Experimental study of electric arc displacement between rail electrodes

measurements. The arc column is in most cases a vertical shape in comparison to the previous
experimental set; however, with the smaller arc elongation the arc “nose” is not observed for all
the conditions. The arc root displacement velocity is presented in figure 3.16. The minimum
arc speed occurs when the arc current crosses zero and vice-versa. The arc acceleration and
deceleration dynamic correlates with the discharge frequency. However, in this case, it can be
seen that for some current values, the arc speed reaches a limiting propagation speed of about
40m/s (figure 3.16 (a)) and 50m/s (figure 3.16 (b)) for currents of 400 A and 700 A respectively.

Set 3: arc in aeronautical conditions, 115V, 420 Hz

The arc current and arc voltage waveforms are presented in figure 3.17 (a). The maximum
value of the current was 2.2 kA for a gap h = 5mm and 1.8kA for a gap of h = 8 mm. The arc
root displacements are shown in figure 3.17 (b). In this case, restriking is observed for the arc
with the biggest gap. On the images from the high-speed video camera shown in figure 3.19,
this phenomenon is easily identified at t = 1.25ms. The arc current in this set of experimental
data is significantly higher than in set 1 and set 2. Therefore the strong cathode or anode jets
together form the arc column and the existence of a “nose” is more likely to be observed. Again,
the formation of this feature near the cathode and near the anode occurs rather randomly. This
experiment also showed significant arc jumps and even the existence of several attachments to

a single electrode at the same time.

Set 4: arc in aeronautical conditions, 115V, 760 Hz

The arc current and arc voltage waveforms are presented in figure 3.21 (a). The maximum
value of the current was 1.4kA for a gap h = 5mm and 900 A for a gap of h = 8mm. The
arc root displacements are shown on figure 3.21 (a). For the distance of 8 mm re-striking is
more likely. During the arc propagation, the existence of several attachments was observed,
for example at ¢t = 0.6 ms (figure 3.22) and ¢t = 2.2ms (figure 3.23). It can be seen that the
arc “jumps” alternately between several attachments to the electrodes. When the previous
attachment disappears, the newest one continues to move in the propagation direction. The
arc propagation velocities are shown in figure 3.24. One can see a good correlation between
moments when the arc current and the arc velocity are maximum. However, as in the previous
cases, the arc speed during the current zero period has values which are different from zero. It
is only in the case of re-striking that the arc velocity is considered to be zero.

The various experimental conditions investigated in the Zodiac facility give a good overview of
the electric arc phenomena taking place in AC conditions. A typical arc behavior observed in
all these cases is the following: the arc moves in the same direction regardless of the electrode

polarity. This particularity will be described in detail in the next chapter. A good correlation
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time =0.48ms

time 28ms

time =3.48ms

Figure 3.14: Parameter set 2, 230V at 760 Hz with A = 5 mm. Sequence of frames from high-
speed video imaging of the propagating arc. On each frame, the blue (%) denotes
the cathode attachment while the indicates the anode attachment.
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Figure 3.15: Parameter set 2, 230V at 760 Hz with h = 8 mm. Sequence of frames from high-
speed video imaging of the propagating arc. On each frame, the blue (%) denotes
the cathode attachment while the indicates the anode attachment.
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115V at 420 Hz with A = 5mm and h = 8 mm electrode gap.
) Time evolution of the

(a) Waveforms of the arc current and arc voltage; (b

cathode and anode attachments position.

Figure 3.17: Parameter set 3,
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time =3.3ms

Figure 3.18: Parameter set 3, 115V at 420 Hz with A = 5 mm. Sequence of frames from high-
speed video imaging of the propagating arc. On each frame, the blue (%) denotes
the cathode attachment while the indicates the anode attachment.
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time =0.85ms

time =1.25ms

time =1.35ms

Figure 3.19: Parameter set 3, 115V at 420 Hz with h = 8 mm. Sequence of frames from high-
speed video imaging of the propagating arc. On each frame, the blue (%) denotes
the cathode attachment while the indicates the anode attachmentng
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Figure 3.20: Parameter set 3, 115V at 420 Hz. Temporal evolution of the cathode and anode
root velocity for (a) h = 5mm and (b) h = 8 mm electrode gaps.
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Figure 3.21: Parameter set 4, 115V at 760 Hz with h = 5mm and h = 8 mm electrode gap.
(a) Waveforms of the arc current and arc voltage; (b) Time evolution of the
cathode and anode attachments position.
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time =0.45ms

time =1.65ms

time =2.45ms

Figure 3.22: Parameter set 4, 115V at 760 Hz with h = 5mm. Sequence of frames from high-
speed video imaging of the propagating arc. On each frame, the blue (%) dendt2$
the cathode attachment while the indicates the anode attachment.
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time =0.82ms

Figure 3.23: Parameter set 4, 115V at 760 Hz with A = 8 mm. Sequence of frames from high-
speed video imaging of the propagating arc. On each frame, the blue (%) denotes
the cathode attachment while the indicates the anode attachment.
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Figure 3.24: Parameter set 4, 115V at 760 Hz. Temporal evolution of the cathode and anode
root velocity for (a) h = 5mm and (b) h = 8 mm electrode gaps.

between the arc current frequency and the acceleration and deceleration of the electric arc was
found. The most critical time point is when the arc current crosses zero and the arc voltage is
high. However, even at the time moment when the arc current is null, the experiments show
that the cathode and anode attachments continue to move. This is most likely due to inertia
or some hydrodynamic effects of the arc column. More specific investigations are necessary to

gain better insight into this reproducible phenomenon.

3.4 Conclusions

The experimental investigations of an electric arc reported in this chapter enable a thorough
comparison with the numerical simulation outcomes. For the record, the latter is the essence
of the present PhD thesis. The valuable data gathered throughout the experiments are of
significant interest to confirm, refine, tune and then validate the mathematical description of the
moving arc model. From this point, predictions of the model will also be checked experimentally.
Although the experimental data have been reported rather briefly in this chapter, the main
features of an electric arc displaced between bus-bars have been evidenced.

The luminance of the arc on the high-speed video images enables the immediate identification
of the arc and its geometrical shape. The existence of the cathode and anode attachments
in so-called spot mode, i.e. the constriction of the arc near the electrodes, were observed for
all the excitation regimes. For some conditions, the existence of several simultaneous cathode
attachments was observed. Near the cathode and the anode attachment, jets are formed: the
cathode and the anode one. Both jets result from the action of the self-induced magnetic field of

the arc near the cathode and the anode spots. In the case of several attachments, respectively
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Chapter 3 Experimental study of electric arc displacement between rail electrodes

several simultaneous jets are formed. These jets —head to tail- form the arc column.

During the propagation of the whole electric arc (the roots together with the column) away from
the power source, experimental data show a displacement always in the same direction regardless
of the electrode polarity imposed by the AC excitation. The displacement of the whole arc seems
homogeneous, i.e. the cathode and the anode attachments move at approximately the same
speed as the arc column.

Regarding the experiment performed in the GREMI laboratory (AC pulse current 50 Hz), the
shape of the arc clearly resembles two jets head-to-tail forming the arc column. In the conditions
at Zodiac (AC current), the presence of the jets is not clear. However, the so-called arc “nose”
was observed in most cases. The existence of this phenomenon was identified on both the
cathode and the anode side. With an increase in the arc current, this arc shape becomes more
pronounced. It can be due to the formation of one jet that is more intense than the other
and potentially hits the opposite electrode. The strength of the jet is determined by the size
of the cathode or the anode spot radius and is self-induced by the arc magnetic field. Due to
imperfections on the electrode surface and the existence of roughness, it is possible to obtain
different cathode/anode spot radii even for the same current conditions. This phenomenon is
coupled with the material properties of the electrode and requires further detailed investigations.
Concerning the GREMI experimental sets with a pulsed current in the range from 700 A to
a maximum of 2kA, a continuous displacement of the arc and its roots is observed. It is
important to stress that no significant “jumps” of the arc are reported. The cathode and
anode attachments are displaced with almost the same speed as for the arc column. On the
contrary, experiments performed in AC current conditions evidence the existence of “jumping”
attachments. A rapid “jump” of one of the roots will induce the elongation of the arc, giving
rise to an expected prompt motion of the other root. The elongation of the arc is more prone
to develop for shorter inter-electrode gaps (5 mm and 8 mm) while in cases with h = 20 mm,
arc elongation was rarely observed. Another favorable situation for “jumps” to appear is when
there are several simultaneous cathode attachments. In such conditions, the arc roots may tend
to “jump” in the direction of newer attachments, i.e. from old to new in the direction of the
arc propagation.

The re-striking phenomenon was observed only in cases of AC excitation, when the distance
between h > 5mm. The reason for this re-striking depends on the geometry and can be different
in this case compared to the conditions in plasma torches. In this case, it was observed that re-
striking occurs due to the arc initiation conditions. The sequential mechanism is the following;:
the arc is initiated with the presence of a FOD between the electrodes. Due to the high
energy, the latter melts and evaporates within the first ms leading to the initiation of the arc
which starts to displace. However, when the arc current crosses the zero value, the arc voltage

experiences an overshoot, leading to another breakdown within a volume of hot gas containing
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an unusually high concentration of the electrons and ions resulting from the evaporation of
material from the FOD.

Except for the arc voltage overshoot, the recorded voltage waveform remains smooth during the
arc displacement. However, it is important to point out that during the transient arc elongation
and “jumps”, random instabilities are visible on the voltage signal. However, the re-striking
phenomenon could not be identified clearly on the voltage waveform, which is a very important
point to consider in the conception of an arc detection procedure in aeronautic circuits.

To conclude on the results from the experiments carried out in the GREMI laboratory, these
experiments provide fundamental and quantified values of the arc velocity versus the arc current.
The relation between the arc velocity and the arc current is well described by a linear dependence
for current below 2kA. This linear correlation is measured for an electrode gap of 20 mm.
It will likely be reproducible for shorter gaps, but with a different slope. This hypothesis
requires further investigation and, in this work, it will be done numerically. A similar but
rather difficult to validate trend is reported concerning the AC arc, as the speed deviation and
the different excitation frequencies make the analysis more challenging. However, the main
tendency has been identified: with an increase in the arc current, the electric arc accelerates
up to its maximum speed correlated in time with the maximum of the arc current. Then a
decrease in the arc current induces a slower deceleration which does not reach zero value (in
the present work, zero speed is associated with the re-striking phenomenon).

This work provides new insights into the problem of arc propagation along rail electrodes in a
wide variation of conditions. Moreover, understanding of the arc behavior helps to establish a

numerical model and will support its validation.
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Chapter 4

Numerical simulations of electric arc for
aeronautical applications

With the continuous growth in computational power, numerical simulations of the different
physical processes that take place in any industrial application have become increasingly feasi-
ble and worthwhile. Moreover, the availability of commercial software based on finite elements
or finite volumes methods helps to solve even complex non-linear problems in a reasonable time.
It is therefore highly interesting to investigate numerically the problem of the appearance and
propagation of electric arcs in busbar distribution systems. In spite of the relevance of this
topic to aircraft safety, there are currently no existing models of electric arcs in aeronautical
applications. To the best of the author’s knowledge, this research is the first study to offer
a comprehensive model of electric arcs between busbar electrodes. The model developed has
been validated with the results of the experimental investigations.

In this work, the electric arc is described in terms of a fluid model. The system of MHD equa-
tions with the assumption of LTE — which showed good agreement with the experiment in the
case of a free burning arc — has been adapted to the requirements of aeronautical applications.
The mathematical description of the arc is the same as in chapter 2. Some adjustments have
been implemented depending on the task, such as the geometrical configuration, the boundary
conditions and the plasma properties which are essential for the busbar model.

The lack of information and hypotheses concerning arc displacement within the magnetic field
makes the research more complicated. The numerical simulation results shown in this chapter

help to understand the arc displacement mechanisms in addition to the experimental results.

4.1 Arc displacement along the electrodes

The power of magnetic forces named Lorentz forces, where the superposition of the magnetic
field and flowing current induces a mechanical force which can move the object, has been
known for a long time and is frequently used in various applications. For example, this concept
is implemented in the propulsion apparatus called a rail-gun. This device is a weapon that

uses electro-magnetic forces to launch a missile. The construction is simple: the rail-gun uses a
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pair of parallel conductors, or rails, along which a sliding ferromagnetic object is accelerated by
the electromagnetic effect. While conventional explosive-powered military guns cannot readily
achieve a velocity of more than about 2km/s, rail-guns can launch a projectile with a velocity
exceeding 3km/s. In order to achieve such high bullet speeds, high energies in the range of
5MJ to 50 MJ are needed, which is equivalent to a current pulse of 5 MA for a few milliseconds.

Schematically, the concept of the rail-gun is presented in figure 4.1. The electric current which

Figure 4.1: Schematic of the electromagnetically driven object system.

flows in the electrodes and armature induces a magnetic field around them. An enhancement
of the overall magnetic field on the one side of the armature is generated due to the parallel
arrangement of the rail electrodes involving superposition of each element. This magnetic field
in the gap between the rail electrodes and the current passing through the object(armature)
induces the Lorentz force which acts in the direction shown in figure 4.1. More importantly, a
switch in the powered current polarity will not induce any change in the acting direction of the
Lorentz force. The object will always move away from the power source. The optimization of
rail-guns has been investigated by many researchers worldwide [Marshall 97, Rosenwasser 91,
McNab 01]. Estimations of the speed of the projectile for different conditions have been reported
in [Siaenen 11, Nosov 13, Nosov G V 13]. Theoretical research has also been carried out to
estimate the object speed. Thus, the contribution of each force acting on the object can be

decomposed as,

o the Lorentz force, F, = Lol (t)?/2, where Lg is the effective inductance per unit length,
which coincides with the running inductance of electrodes at a negligibly thin current

layer. It has been documented in [Nosov 13];

e the aerodynamic force F., = —CV? which is due to the resistance of air, C' is the drag

coefficient and V' is the object speed;
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4.1 Arc displacement along the electrodes

e the erosive force Fepp = —mer V', caused by the material of mass me, eroded from the

electrodes at the unit of time.

In the ideal case, when the drag forces are negligible, the main impact is the Lorentz force and
the armature is continuously accelerated with the time. Then, with known rail-gun parameters
(I(t), Lo) and the mass of the armature, the velocity can be determined by integration of the
accelerating force V = % [ LoI(t)%dt. A continuous acceleration of the armature has been

observed experimentally [Siaenen 11, Hundertmark 13] as well.

4.1.1 State of the art. Numerical models of the arc between rail electrodes

If, instead of the object(armature) between the rails, an electric arc occurs, the drag forces are
no longer negligible while the accelerating force acting on the arcs is a Lorentz force. Electric
arcs between rail electrodes were investigated in [Bobashev 10a, Bobashev 10b, Bobashev 16].
The experimental conditions used were a current pulse I,,4, in the range of ~10kA to 60 kA,
achieving an arc displacement velocity up to several km/h. The experiments were conducted
in different conditions, using various gases such as argon and helium with different electrode
materials (copper and graphite). In such conditions shock waves appear and propagate together
with the arc. Therefore, an additional drag force, which results from the pressure difference
before and after the shock wave front, acts, Fy, = psA, where po is the pressure behind the
shock wave and A is the channel cross section. The existence of so-called maximum velocity
or saturation velocity has been shown and its value estimated. This saturation is achieved due
to drag forces, therefore it is very important in the case of electric arc propagation to consider
the drag forces.

Models of electric arcs between rail electrodes exist mainly due to its interest in LVCB, where
similar phenomena take place. In the simplest models [Meunier 84], the evolution of the main
electrical and physical parameters during the current interruption of an electric arc is com-
puted. The arc is represented as a wire, which conducts the current and creates a magnetic
field together with the rail electrodes [Meunier 83]. The movement of an arc in a gas is similar
to the behavior of a solid bar for the computation of aerodynamic force.

Subsequently, the model was improved and a hydrodynamic description of the electric arc was
applied while the arc plasma is assumed to be in LTE. This approach is widely accepted by the
electric arc community, although there are several imperfections in such models. The arc col-
umn model is well-established for free burning arcs and can be adapted for the rail construction
of the electrodes. However, the plasma-electrode interaction results from complex phenomena
even for stationary free-burning arcs. In the case of an arc which displaces along the electrodes,
the phenomena are different and up to now have not been well described. Another difficulty is

the numerical approach for the magnetic field calculation. In order to obtain the exact value
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of the Lorentz force, it is highly important to resolve the magnetic field of the arc and the rail
electrodes. Necessarily, the large volume of gas around the electrodes must be considered, which
can dramatically increase the computation time. A review of hydrodynamic models of electric
arcs between rail electrodes is given below. The interest of this research is to understand the
arc root displacement along the electrodes including the complete resolution of the magnetic
field.

The propagation of an electric arc along the rails was investigated numerically in a 2D configura-
tion and the compressible Navier-Stokes equations with the assumption of local thermodynamic
equilibrium were solved for a current of 5kA at 50 Hz in [Domejean 97, Fiévet 97] and 2.41 kA
at 60Hz in [Rachard 99]. These studies used experimental data of electrical measurements,
gas temperature and pressure. The displacement of the arc was discussed in [Rachard 99] who
stressed the importance of pressure forces during arc propagation as well as the limitation of the
arc velocity along the rails. A significant improvement of the model was made in [Karetta 98]
where a 3D hydrodynamic model of the electric arc between rail electrodes was established.
The solution showed that the arc moves continuously. Cathode and anode attachments which
are displaced with the same velocity as the arc centre were observed. The complications en-
countered during the description of arc-electrode interaction are pointed out in this work, and
a method to introduce the arc root displacement along the electrodes was proposed. In order
to establish plasma-electrode interaction, Neumann conditions were applied for the energy con-
servation, i.e. an energy flux ¢ = —AVT was applied in the direction from the plasma to the
electrode. Dirichlet conditions with a specified current density are introduced on the cathode
side. The current density was determined according to the total current and the thermal emis-
sion was calculated with the Richardson formula and an additional coefficient, which considers
the electrical conductivity in the vicinity of the cathode. Calculations were done with a constant
current of 1kA. It was found that the arc root displacement velocity and the velocity of the arc
centre were in agreement with the predictions of the model. It was also found that the arc speed
reached its maximum of 90 m/s after 0.45 ms, after which its speed decreased due to an increase
in the pressure. At the same time, an experiment was performed [Lindmayer 96] to investigate
the influence of pressure on the arc propagation. The formation of an overpressure ahead of
the arc in its propagation direction was reported. Improvements of the model were presented
in [Lindmayer 96]. The effect of ferromagnetic material in the arc chamber was investigated
in [Lindmayer 02]. The hydrodynamic model of the arc, its displacement and splitting with the
blade were studied and documented in [Lindmayer 06].

Several studies adopted a similar mathematical description of the electric arc in LVCB [Yi 05,
Rong 08, Rong 05, Rong 10]. The system of MHD equations — while the plasma is assumed to
be in LTE — was used to simulate the arc column. For the computation of the magnetic field,

the Maxwell equations for vector potential were solved in the whole calculation domain. The
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4.1 Arc displacement along the electrodes

detailed description of plasma-electrode interaction and the corresponding boundary conditions
are not specified in these studies, but are assumed to be similar to the conditions on the anode
and the cathode side used in [Lindmayer 96]. The same model was used further, but a mobile
contact was implemented as in CB [Wu 06, Wu 08a, Wu 07]. The contact separation and the
arc rise were studied using the numerical model. Additionally, the influence of chamber wall
ablation on the arc displacement was investigated in several studies [Ma 09].

The method of arc displacement along the electrodes developed in [Swierczynski 04] differs from
other approaches. Here, two roots were defined: the cathode and the anode attachment. The
position of each was defined by minimization of the electric potential in the vicinity of each
electrode. For the energy conservation equation, the temperature of the cathode and anode
attachments was fixed at 3500 K. Calculations were performed with a constant arc current of
100 A. The anode and cathode attachment speeds ranged from 10m/s to 20m/s. “Jumps” of
the roots were clearly identified, i.e. the roots did not displace continuously along the elec-
trodes. Recently, the same approach for different conditions compared to experimental results
was published in [Quéméneur 16]. The model showed sufficiently good agreement.
Commercial software based on finite volume methods is commonly used for such simulations.
However, there is considerable uncertainty and debate about the computation of the magnetic
field [Freton 11]. In the usual formalism, the Maxwell equations cannot be resolved with finite
volume methods which may lead to calculation errors. Additionally, issues concerning magnetic
field calculations may arise due to the big computational volume, which includes the calcula-
tion of long electrodes and their surroundings. Different approaches for the resolution of the
magnetic field are used. Resorting to the Biot-Savart law [Baudoin 05] enables the magnetic
field in the arc and around the rails to be calculated at a lower numerical cost than the reso-
lution of the vector potential in the whole calculation domain, which requires including more
gas around the long electrodes. Such an approach can therefore reduce the computation time.
The approach based on the calculation of the magnetic field according to the Biot-Savart law in
every point between the rail electrodes was reported in [Swierczynski 04] and lately successfully
applied in [Quéméneur 15, Quéméneur 16]. A successful magnetic field computation using an
adaptation of the Maxwell equations to resolve them with a finite volume method was precisely
described in [Rondot 09a, Rondot 09b].

Current models of electric arcs displacing between rail electrodes in LVCB are capable of pre-
dicting realistic results. However, comparison with experimental data is necessary in order to

validate these models.
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4.2 Adaptation of the model of a free-burning arc

The literature overview on numerical simulations of arc propagation along rail electrodes shows

reasonable calculation results, which are similar to the experimental observations. Therefore, it

is highly interesting to apply a hydrodynamic model to describe these phenomena and resolve

them numerically. Previously (chapter 2) a successful application of an MHD description for free

burning arcs was described, which showed good agreement with existing work and experimental

results. It therefore seemed worth adapting this model to the resolution of the problem of an

arc between bus bar electrodes. Unfortunately, for various reasons, the model cannot be used

in its complete form developed for a free burning arc. These reasons are as follows:

e The geometrical configuration of the arc and the electrodes needs to be extended to a 3D

model. While the system of equations 2.29 - 2.35 can be applied, using the commercial
software COMSOL Multiphysicse, the number of boundary conditions also needs to be

extended. Specific attention must be paid to the correct resolution of the magnetic field.

The use of metals with a low melting point such as copper or aluminium as the electrode
material. The model of a free burning arc was developed under the assumption of a
refractory cathode and the theory of [Benilov 95a, Benilov 02b] is valid in this case. For
materials with a low melting point this theory needs to be adapted to take into account
melting, evaporation of the electrode material and other processes. This is obviously
not a simple task. Moreover, the processes taking place on the cathode while the arc
moves along its surface can be dramatically different and the thermo-field emission is not
sufficient in high currents. Therefore, the description of plasma-cathode interaction given

in the original model needs to be modified.

The model of a free-burning arc was resolved in argon at atmospheric pressure. In aero-
nautical conditions, however, electric arcs occur in air with atmospheric to low (0.1 bar)

pressure conditions. Therefore, the gas properties need to be considered.

Constant current conditions were used in the model of a free-burning arc. The generator
of the aircraft power distribution systems (busbars) delivers AC 115 VAC and 230 VAC at
frequencies ranging from 360 Hz to 900 Hz depending on the system. Hence, AC conditions

must be considered in the model.

e Arc displacement mechanisms, especially near the electrodes.

Each of these problems has been solved in the present research, and their implementation is

described below.
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4.2 Adaptation of the model of a free-burning arc

4.2.1 Geometrical adaptation of the model

The first priority issue to resolve is to consider the proper geometry which corresponds to
the requirements of an aeronautical distribution system and the experiments carried out in
GREMI laboratory. Slightly different geometrical configurations of the electrodes were taken
into consideration. The one applied for the experiment in GREMI laboratory is shown in

figure 4.2. The electrodes with a rounded cross section diameter of d = 6 mm and 200 mm
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Figure 4.2: Schematic of the rail electrode assembly used for the experiment in GREMI lab-
oratory.

long are placed side by side with a gap of h = 20mm. The inductance per unit of length
can be estimated from Lo = 52 (111 % - i) = 0.37pH/m. The electrodes are surrounded with
air at atmospheric pressure. In figure 4.2 the current flow direction is indicated: during the
experiment only one current pulse is applied, therefore the cathode and anode are well identified.
While this is a simplified case in comparison with the context of aircraft, it nevertheless makes
it possible to tune the model and to compare its outcome with the experimental observations.
Additionally, the initial temperature distribution is defined: initially a hot conductive channel
is imposed between the electrodes in order to start the calculation. This initially hot channel is
needed to provide initial conductance between the electrodes. In this respect, it is very similar
to the experiments with FOD, which were also initially imposed between the electrodes.

The system of bus-bars applied for aeronautical conditions is similar to the one previously
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reported. The cross section is rectangular 3mm x 8 mm with a length of 20 mm. The electrode

gap is Hmm or 8 mm.

4.2.2 Magnetic field, eddy currents

The complexity of the magnetic field calculation has already been mentioned. This is partic-
ularly true for geometries where a large computational domain is required in order to resolve
the magnetic field around the electrodes.

Previously, in chapter 2, it was specified that in this work the calculation of the magnetic field
is based on the resolution of the vector potential A. The latter is defined as V x B = pgj
and V x A = B. The solution must be valid for the whole calculation domain, i.e. in the
rail electrodes and the gas/plasma around them. The volume of the gas (calculation domain)
should be large enough to avoid edge effects. In order to confirm the precision of the numerical
solution, the magnetic field induced by the rail electrodes with a constant current of 200 A

was compared with the values obtained analytically. The magnetic field in the gap between

the electrodes with a round cross section can be defined analytically as a superposition of the
fields from the two conductors with a radius of d/2 as B, = “2%{ <Z+1d/2 + h—(z1+d/2))' The
comparison was done for the y-component of the magnetic field B in the gap between the rail
electrodes, when the magnetic field of the arc is not considered. One can see in figure 4.3 that
the analytically estimated value Bypalytic and the computed value using cOMSOL Multiphysicse,

Bcowmsor, are in good agreement. In this work, in the formulation of the Maxwell equations,
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Figure 4.3: y-component of the magnetic field B normal to the longitudinal dimension of the
electrodes.

eddy currents currents are not taken into account.
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4.2.3 Plasma-electrode interaction

The description of plasma-electrode interaction becomes more complicated due to the use of
electrodes with a low melting point such as copper or aluminium. The non-equilibrium processes
included near the electrodes were already described in chapter 2. Here, melting and evaporation
of the electrode material become important and influence the arc-electrode attachment. It is
expected that these processes take place mainly in non-equilibrium conditions at the cathode
and the anode layers. However, in this work the non-equilibrium effects in the layer are taken
into account via current and energy transfer and the hydrodynamic model is realized only for
a LTE arc column. At the same time, the arc column displacement needs to be determined;
therefore, conditions on the electrodes are important. The description of the LTE arc column

with each electrode is given below.

The conditions on the anode side

The description between the LTE arc column and anode established in chapter 2 can be adopted
in this work. Numerically, the condition presented in 2.48 easier to apply in commercial software
and was therefore used to calculate the arc between busbars. The current continuity between

the LTE arc column and the anode was also verified.

The conditions on the cathode side

The description reported in chapter 2 for the LTE arc column matching with the cathode was
developed for refractory material. This means that the ion current to the cathode depends only
on the gas properties. The discharge current is mainly defined by thermo-ionic field emission.
In the case of electrode material with significant evaporation, the ion current is high. As the
ionization potential of copper and aluminium is quite low and comparable to the gas ionization
potential, the ion current will be higher. This estimation requires additional knowledge and is
beyond the scope of the present research.

Therefore, as the first step in the description of the LTE column and cathode, a simplified version
of the matching conditions was adopted. It was observed that during the arc propagation along
the electrodes, the attachment on the cathode is constricted, i.e. a cathode spot is observed.
The size of the cathode attachment was defined with the arc current and using some conditions
calculated in [Bade 63]. Therefore, in the model, the existence of a cathode spot is assumed,
i.e. a conductive region on the cathode surface with a fixed radius. An estimation of the
cathode spot radius for some materials was reported in [Bade 63, Benilov 95a], but for refractory
cathodes. For the present simulations, the attachment spot radius used ranged from 1 mm to
3 mm for a wide current range from 0.2 kA to 2kA. The temperature inside this cathode spot is

assumed to be equal to the melting temperature 75, = 1085°C and T}, ,, = 660°C'. Obviously,
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such conditions will create high temperature gradients near the cathode. This induces a gradient
of plasma parameters as well which is crucial for the electrical conductivity of the plasma that

is close to zero for plasma temperatures below 6000 K (figure 4.4). In such a form, current
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Figure 4.4: Electrical conductivity of LTE plasmas as a function of the temperature.

continuity between the cathode and the LTE column is not fulfilled. In order to establish

current continuity in this region, where the temperature gradient takes place, the electrical
conductivity was reasonably increased. The electrical conductivity increases significantly from
6000 K to 10000 K and then remains nearly constant as shown in figure 4.4). Therefore, it is
assumed that in the region near the cathode spot, the minimum electrical conductivity of the

plasma is bounded at an equivalent value of 10000 K. This is a necessary criterion in order to

ensure both current continuity and numerical stability.

4.2.4 Arc displacement

Arc displacement along the electrodes is one of the most interesting aspects, but also an am-
biguous phenomenon. The velocity of the arc is one of the parameters which can be defined
from experiments using high-speed video-imaging.

The system of hydrodynamic equations is applied in the volume between the electrodes, where
the arc is established. The Lorentz force, viscose forces and pressure gradient are taken into
account in the Navier-Stokes equation. The arc column motion within the gap should be pre-
dicted according to the equation introduced in the model. The anode attachment is formed
due to the conditions for energy and current conservation. Due to the conditions imposed on
the cathode side, the position of the cathode spot needs to be defined manually. Therefore, in

order to displace the cathode attachment, additional conditions need to be implemented. Two
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methods to define the cathode spot position during the arc displacement were developed:

In the first method the approach similar to the one calculated in the arc column was used, i.e.
the application of the momentum conservation equation with respect to all the forces acting on
the near-cathode LTE plasma. The detailed description is given below.

In the second method, qualitative inputs from experiments were used based on the observations
of the arc displacement. Indeed, in the conditions investigated here, the cathode and anode at-
tachments were found to have the same propagation velocity. It can therefore be assumed that
the two electrode attachments together with the arc column can be defined self-consistently.
Both approaches defining the cathode attachment velocity and its position were implemented
numerically together with a hydrodynamic model of the arc. A comparison of the results

obtained with each method is reported below.

The conditions for the cathode attachment displacement in the first method

Since the processes take place on the cathode surface and in the non-equilibrium layer which
are not described in this model, here the displacement of the cathode spot means the position
of the LTE column with respect to the electrode. Therefore, the approach similar to the one
calculated in the arc column can be used, i.e. application of the momentum conservation
equation with respect to all the forces acting on the near-cathode plasma. Consequently, a slice
of 1 mm thickness was defined in the vicinity of the cathode in order to find the average values
of the plasma mass and the resulting forces acting on it. The average values of the forces acting

on the arc with the mass mar. = [[J;, p(2,y, 2)dV were defined with,

e the Lorentz force:

Fr, = J] Jy(@,y, 2)B.(x,y, 2) — j.(x,y, 2)By(z,y, 2)dV, (4.1)
1%

e the pressure force:

F, = gf —ap(“g’j""’)dv (4.2)

It is assumed that the cathode attachment moves only along the x-axis (figure 4.2). The velocity

of the attachment was defined according to:

d
marcd—z — F,+ Fp, + Cv™. (4.3)

Viscous force was introduced in equation 4.3 as a typical aerodynamic drag force, which is
proportional to the square of the velocity and with the coefficient C' to be defined. For the arc

displacement in air, this coefficient was estimated as C' = 0.85 x 1075 kg/m.
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4.2.5 Powering of the busbar system

As the model was developed without the whole distribution system, the effects which may
be induced by the external circuit were not taken into account. The current conditions were
applied on the cathode and the anode was assumed to be at ground potential. Several sets of

calculations are presented in this work:

e The calculation of the arc displacement with the assumption of a constant value of the
current (DC). This calculation was done in order to adjust the mode and to optimize
some numerical features such as the size of the calculation domain, the element size, the
discretization and the stabilization methods and to estimate a reasonable computation

time.

e The current pulse with a duration of 5ms and an maximum current value ranging from

0.7kA to 2kA.

o Alternating current voltage (AC) which corresponds to realistic aircraft electrical systems
of 115V and 230 V operating at 420 Hz and 760 Hz.

In this chapter, the simulation results are presented in order with respect to the latter conditions.

4.2.6 Calculation domain. Boundary conditions

It can be assumed that the arc propagates only in the longitudinal direction along the electrodes.
Therefore, plane symmetry with respect to the XzZ—plane can be assumed for all variables, except
the magnetic field calculation, where the conditions n x B = 0. This assumption is the most
beneficial for the computation of the numerical solution since only half of the model is resolved,
which reduces the number of finite elements and consequently the calculation time.

The calculation domain for the geometry of the experiments conducted in GREMI laboratory
is illustrated in figure 4.5. The pair of electrodes 200 mm long is located in a gas volume of 30 x
60 x 210 mm. To perform simulations with longer electrodes, the volume of the computational
domain requires an extension in the X—axis only. The electrodes have a 5.0 mm square cross
section and the inter-electrode gap is 20 mm. The edges of the electrodes are rounded as in the
experimental setup.

In the busbar configuration the size of the calculation domain is 30 x 40 x 160, and the size of
each electrode is 3.0mm x 8.0mm x 15mm. Different values of the inter-electrode gap were
considered for these experiments. In spite of the slightly different geometrical configurations of
the electrodes, the boundary conditions in the calculation domain were the same and are listed

below:

e The plane DCHK is the plane of symmetry: symmetry conditions are applied.
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Figure 4.5: Electrical conductivity of LTE plasmas as a function of the temperature.

e On the boundary ABCD, a small inflow with a speed of 0.1 m/s is imposed. The internal
temperature is set at 300 K.

e The temperature is initially set at 300 K on the boundaries ADKF, BCHG, ABGF and

normal stress is set at zero, i.e. the gas can enter or exit the calculation domain.

o The temperature on the boundaries ADKF, BCHG, ABGF is 300 K and outlet conditions

are imposed.

o The electrical n-j = 0 and magnetic n x A = 0 insulations are imposed on all the external

boundaries of the calculation domain.

The boundary conditions applied at the interfaces between the LTE column and the electrodes
are discussed above. A no-slip condition is applied on the electrode surface. The temperature
at the outer electrode boundaries is set at 300 K.

At each boundary, labeled F; and F» in figure 4.5, a Dirichlet or Neumann condition is applied
alternately, depending on the polarity of the power system. In the case of a cathode electrode,
the current density is applied with respect to the total current. For the anode, the condition

of zero electric potential is valid.
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4.2.7 Numerical aspects

The numerical realization of the model was done using commercial software namely COMSOL
Multiphysicse. The advantage of this software is the flexibility with which the model of the
LTE arc column, the electrodes and their interactions can be implemented. It is also more
convenient to apply simple changes to the electrode geometry. No additional subroutine was
implemented.

The model of the LTE arc column, described in chapter 2 was adopted for the arc between

busbars, although several modifications were necessary:
¢ the model was extended to 3D,
e the geometry of the computational domain corresponds to the experimental conditions,
¢ the electric arc occurs in air with 1atm between copper or aluminium electrodes.

The mesh was specified depending on the position within the computational volume. Near the
electrodes, the size of the mesh ranged from 100 pm to 500 pm, while within the electrode gap,
the mesh was set at 1 mm. For the volume of gas around the electrodes, a coarse mesh with a
size of 2mm was used. An element size of 0.1 mm was imposed near the electrodes. For the
discretization of the finite elements, linear basic functions were chosen.

The model was resolved using a segregated solver. Segregation was done according to the

physical quantities, i.e.
e the electric potential, ¢,
e the vector potential, A,
o the gas pressure, p,
e the gas velocity, V,
e the plasma temperature, T,
e the cathode root displacement velocity, v4,c, according to equation 4.3.

Each segregated step was solved using a direct method of matrix resolution; in this problem
the MUMPs method was used. Convergence towards the solution was achieved when a relative

tolerance smaller than 0.001 was reached.
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4.3 Results — DC current. General analysis

In this section the results of the simulations are reported first in constant current conditions
(DC) with an amplitude of 200 A. This numerical experiment makes it possible to visualize the
main effect of the magnetic field induced by the rail electrodes and to compare the two methods
used to displace the cathode attachment. After the clarification of these primary difficulties, the

model was modified to obtain results in the same conditions as in the experimental investigation.

4.3.1 Impact of the magnetic field from the rail electrodes

The electric arc powered with a constant current of 200 A and an electrode gap of 20 mm at
atmospheric pressure in air was used in order to assess the strength of the magnetic field in-
duced by the electrodes. For these simulations, the cathode attachment with » = 1.5 mm was
fixed at one point, while no additional conditions or restriction were applied on the anode. The
action of the magnetic field on the plasma can be observed on the time evolution of the tem-
perature distribution in the arc column. The isolines of the plasma temperature are presented

in figure 4.6. One can distinguish the cathode jet where the maximum temperature near the

Temperature (K) _xllg‘

15
14

13

- 0.8

Figure 4.6: Time evolution of the temperature distribution in the arc column with DC current
I =200A at 1atm.

cathode is reached. On the opposite side of the column, the anode jet is identified with a local

maximum of plasma temperature near the anode. Near the anode, self organized attachment

is formed due to the boundary conditions adopted from chapter 2. No additional numerical re-
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striction was used. The arc column and the anode attachment are displaced in the longitudinal
direction under the action of the Lorentz force. This fact is noticeable in figure 4.6. After 1 ms
the arc column is “blown” away from its initial position. The temperature distribution at the
mid-plane longitudinal cut (z = 10mm) and near the anode longitudinal cut (z = 19.5 mm)

is illustrated in figure 4.7. The maximum temperature, which corresponds to the maximum
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] 0.01ms 0.5ms 1 ms
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Figure 4.7: (a) Time evolution of the temperature distribution along the mid-plane longitudi-
nal (dashed line) and near the anode (solid line) cuts. (b) Position of the temper-
ature maximum in the mid-plane (z = 10 mm) and near the anode (z = 19.5 mm)
with interpolation lines. DC current I = 200 A at 1 atm.

electrical conductivity, is displaced toward the longitudinal x-direction. The displacement of
the temperature maximum for the arc mid-plane cut and near the anode is presented in fig-
ure 4.7 (b). The displacement of the maximum is continuous and well interpolated with a linear
function in both cases. The displacement velocity of the arc center and the anode attachment
were found to be 10.4m/s and 15.2m/s respectively.

These experiments with a fixed position of the cathode attachment allow one to see the forma-
tion and the displacement of the anode attachment and the arc column motion and deformation
taking place in the cathode vicinity. The arc column displaces continuously with an almost con-

stant velocity of ~10m/s to 15m/s.

4.3.2 Displacement of the electric arc — Main features

The typical behavior of the arc column displacement between rail electrodes is described and
discussed below. The time dependent solution of the model was obtained for the condition
involving a constant current of 200 A with an electrode gap of 20 mm. The time evolution of
the temperature distribution in the arc column according to its position between the electrodes

is documented in figure 4.8. The cathode and the anode attachments form two head-to-tail jets
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Figure 4.8: Plasma temperature isolines in the arc column at different time steps for DC
current 1 = 200 A at 1atm.
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and move in the same direction. The maximum plasma temperature was always observed in
the vicinity of the cathode while a slightly lower plasma temperature was found near the anode.
The time evolution of the temperature distribution at midplane cut is presented in figure 4.9
where it can be seen that the maximum arc temperature is around 13000 K and is displaced

along the electrodes with the velocity. While the arc column moves, the gas temperature behind

14000 4 Temperature (K)

12000 4 2 3 4 5 6 ms
10000 -
8000 -
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4000 /
I

2000
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oO———F—7———7T T T "
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Figure 4.9: Arc column temperature at mid-plane longitudinal cut (z = 10 mm). DC current
I =200A at 1atm.

remains rather high and cools down just due to mainly thermal conduction mechanisms. The
magnitude of the velocity of the gas in the arc column does not exceed 100m/s (figure 4.10),
therefore the assumption of a laminar flow is valid. Hence, the compressible effects of the gas
can be safely disregarded.

The distribution of the Lorentz and pressure —% forces along the mid-plane longitudinal cut
is presented in figure 4.11 (a). In fact, the contribution of the Lorentz force is higher than that
of the pressure forces. However, it was observed that the arc achieves a constant speed from
which it can be inferred that the drag force is in the same order of magnitude as the Lorentz

one.

4.3.3 Comparison of the two methods describing the cathode attachment
displacement

Since the anode attachment moves by the action of the Lorentz force without additional con-
ditions, the conditions imposed on the cathode require defining the size of the cathode spot
and also its position. In subsection 4.2.4 on page 136, two methods to approach the cathode

attachment displacement were proposed. The first method, which is based on momentum con-
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cathode

Figure 4.10: Time evolution of the velocity (in m/s) magnitude and velocity vector field. DC
current [ = 200 A at 1atm.
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Figure 4.11: Forces (per unit of volume) acting on the plasma at (a) mid-plane longitudinal
cut (z = 10mm); (b) near the anode. DC current I = 200 A at 1atm.
(z = 19.5mm)

servation in the near-cathode plasma, requires knowledge of the drag coefficient, which can be
estimated or taken from the experimental work. The advantage of the second method is that it
provides a self-consistent solution of the model. To compare the two methods, the same geom-
etry and power parameters were used as in the previous example. The position of the cathode
attachment and the anode attachment together with the position of the center of the arc were
investigated according to the temperature maximum on the cathode surface, the anode surface
and the mid-plane (z = 10mm). The analysis of the two methods is reported in figure 4.12.
These graphs show that the velocity of the arc and of both attachments is constant around
14.5m/s. Consequently, both methods lead to rather consistent results with regard to the arc
propagation behavior. A reasonable explanation for this result concerns the aerodynamic drag
force proportional to ~ v? which acts as the main force against the Lorentz force. The arc
column voltage drop computed with the two approaches is shown in figure 4.13. The local
minimum of the voltage drop occurs 0.7 ms after arc ignition due to the initial temperature
distribution imposed between the electrodes. Afterward, the initial temperature distribution
no longer has any effect on the arc (¢ > 1ms). The arc voltage decreases slightly with time in
the case of the first method. This is a consequence of the drag force on the cathode root which
causes elongation of the arc. With the second method, the column voltage has a constant value
around 30V during the arc displacement. However, within a precision of a few volts, both
methods show reasonable results and can be reliably applied. In conclusion, from now on and

for further simulations, the second approach was used to describe arc column displacement.
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Figure 4.12: Time evolution of the position of the cathode attachment, the arc center and
the anode attachments. (a) Method 1, (b) Method 2 as previously introduced
in subsection 4.2.4 (page 136). DC current I = 200 A at 1 atm.
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Figure 4.13: Time evolution of the temperature distribution in the arc column. DC current
I =200A at 1atm.
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4.4 Pulsed arc — Simulations related to experiments from
GREMI laboratory

Experiments were carried out in GREMI laboratory and are described in Chapter 3. Unlike
the experimental protocol, where the electric arc is initiated after opening a mobile contact, in
the model, the electric arc is initiated by the initial conditions of the arc temperature, i.e., by
artificially enhancing the electrical conductivity locally in the electrode gap in order to provide
initial conductivity between the electrodes and establish the arc column. The arc model was
applied to the electrode geometry depicted in figure 4.2 on page 133. The cathode attachment

displacement was implemented according to the second method introduced on page 136.

4.4.1 Outcomes of numerical simulations

To report on the results obtained by simulation, a detailed analysis is developed below for
conditions with maximum currents of I, = 800A and I,.. = 1.5kA. The temperature
distribution in the arc column at different time points is shown in figure 4.14 and 4.15. Similar to
the previous results, the cathode jet and the anode jet are formed with a maximum temperature
found in the vicinity of the cathode and of the anode. In the arc center, where the latter
constricts, the temperature achieves values of 16 000 K and 25000 K depending on the current
conditions. Interestingly, the intriguing arc constriction in the middle is observed for both
current conditions.

The arc current and arc column voltage are presented in figure 4.16. The displacement velocity
of the arc center (z = 10mm) and of the anode attachment are shown in figure 4.17. The
acceleration of the arc predicted within the first 0.5ms is due to the Lorentz force. The arc
velocity is then limited by the action of the drag force. In both cases, the anode attachment
and the centre of the arc column move simultaneously at the same speed. One can assume a

steady-state arc displacement starting around 0.5 ms after the arc initiation.

4.4.2 Comparison of numerical simulations with the experimental data

By comparing the temperature distribution in the arc with the high-speed recording images,
qualitative parameters describing the arc behavior can be estimated. Two attachments are
observed: the cathode jet and the anode jet. Both of them move in the same direction with
almost the same speed. This was observed both in the experiment and in the model for a
wide current range. In order to perform qualitative comparisons, the arc column voltage from
the numerical model was compared with the total arc voltage from the experiment. In such a
comparison, one should keep in mind that the numerical model does not include the cathode
fall which is not a linear function of the arc current [Benilov 95b]. The compared results

are summarized in figure 4.18 for arc currents below and above 1.0kA. Surprisingly good
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Figure 4.14: 2D temperature distribution in the arc column at multiple time points.
Inaz = 800 A at 1atm.
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Figure 4.15: 2D temperature distribution in the arc column at different time moments.
Lz = 1.5kA at 1atm.
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Figure 4.16: Arc current and voltage at 1atm for, (a) I e = 800 A and (b) Ly = 1.5KA.
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Figure 4.17: Arc displacement velocity for two current conditions, I, = 800A and

(b) Inaz = 1.5kA at 1atm.
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Figure 4.18: Comparison of the arc voltage recorded from the experiments with the simulated
arc column voltage. (a) Imae < 1.OKA, (b) I > 1.0kA, at 1atm.

quantitative agreements were found in the case of higher current. For the conditions with arc
currents below 1kA, a reasonable discrepancy was observed with a voltage difference which
does not exceed 20 V. Agreement between the experiment and the simulation results for lower
arc current conditions can therefore be considered satisfactory. This discrepancy is justified by
the absence of a refined theoretical description of the cathode and the anode falls which are
known to play a significant role at lower currents [Lisnyak 17].

Prior results of the numerical model were analyzed and very similar values of the arc velocity
were found for the arc centre and the electrode attachments. For the subsequent analysis, the
arc center and anode attachment velocities are evaluated from the model and will be compared
with the experimental ones. The arc positions for current conditions of I, = 800A and
Imae = 1.5kA at atmospheric pressure are plotted in figure 4.19. In the case of lower arc current
conditions, simulation results agree fairly well with the measurements obtained experimentally.
The comparison for higher current conditions tends to show some tolerable discrepancies which
will be discussed below. The comparison of the arc and electrode attachment velocities is based
on the results presented in figures 4.20 and 4.21. The arc current decreases with time, therefore
the arc speed slowly decreases from its maximum value, occurring within microseconds. The
slightly "noisy" structure of the curves can be attributed to numerical effects on the calculated
arc velocity. In reality, the arc displacement is smooth without significant jumps. Excellent
agreement between simulation results and experimental measurements was found for current
conditions below ~1kA (figure 4.20). While the agreement for higher arc current conditions was
acceptable, the model tended to overestimate the arc velocity with values higher than 100m/s
for the most extreme conditions. In an attempt to understand these discrepancies between the

model outcome and the experimental measurements, several hypotheses were formulated:
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Figure 4.19: Displacement of the cathode and anode attachments (experiment) and the arc
center (simulations) for (a) Imee < 1.0kA, (b) Ies > 1.0kA, at 1atm.
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Figure 4.20: Arc cathode and anode attachments velocity (experiment) and arc center velocity
(simulations) (a) Lnae = 720 A and (b) Ie, = 800 A at 1atm.
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Figure 4.21: Arc cathode and anode attachment velocity (experiment) and arc center velocity
(simulations) (&) ez = 1.5kA and (b) Lnee = 1.7kA at latm.

o A simplified (or extended) implementation to describe the cathode attachment —accounting
for the near-cathode non-equilibrium layer and plasma-cathode interaction— will help to
compute more realistic values of the arc voltage. This improvement to the model will pro-
vide a more precise description of the cathode attachment behavior, although it should
not change the arc column velocity. Therefore, additional efforts are necessary to prevent

the overestimation of the arc speed for current conditions Z1kA.

e The MHD model of the arc column was established under the assumption of a weakly
compressible fluid, i.e. Ma < 0.3. When the arc velocity exceeds 100 m/s, this assumption
may no longer hold. Additionally, the compressibility of the fluid can change the arc

behavior and the arc velocity.

e The model of the arc column adopted for the calculations does not take into account the
evaporation of the electrode material. The occurrence of metal evaporation ( for instance

Cu, Al) can potentially have an effect on the arc behavior.

Regarding the latter hypothesis, a numerical computation was done in order to estimate the
impact of metal vapor. The calculation was done with a gas composed of 99% air and 1%
of evaporated copper. No effect was found on the thermodynamic properties, the thermal
conductivity or the viscosity. However, the electrical conductivity (o) and the net emission
coefficient (epet) did vary for temperatures up to 9000 K, as shown in figure 4.22)[Cressault 17].
Implementing the latter properties in the model has a quantitative impact on the simulation
outcome. The plasma temperature in the arc column is lower compared to simulation performed
in pure air, hence, the conductive channel is wider as reported in figure 4.23. As a result, the

arc column voltage is always lower in the presence of metal vapour (figure 4.24(a)). This does
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ture for a gas composition of 99 % air and 1% vaporized copper.

(b)

13, (10° AIm?)
25__ z 0.7
] 0.5
100% air
secese 990 air, 1% Cu

100% air
eeseee 9904 air, 1% Cu
20 1
15
0.9 ms i
] 0.1
10 I
x (mm) 1 o, Fel X (mm)
T T T . o
- " 0 80

(| S
20
Figure 4.23: (a) Arc temperature in mid-plane longitudinal cut (z = 10 mm); (b) Current
density axial component in mid-plane longitudinal cut (z = 10 mm). For pure

air in 1 atm and 99% air with 1% of copper. Iq: = 800 A.
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not seem to be related with the current with regards to the investigated current range. In spite
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Figure 4.24: (a) Arc column voltage (b), Displacement of the arc center. For pure air in 1
atm and 99% air with 1% of copper. . = 800 A and 1500 A.

of a significant impact of metal vapour on the plasma temperature, no correlation was found
with the arc displacement as shown is figure 4.24(b).
The main comparison considering a large set of experimental measurements is documented in

figure 4.25. In this figure, both graphs present experimental measurements and simulation
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Figure 4.25: Comparison with the experiments: (a) arc cathode and anode attachments ve-
locity (experiment) and arc center velocity (simulations); (b) the arc voltage
recorded from the experiments with the simulated arc column voltage.

results of propagation velocity and arc voltage for a wide current range. A direct comparison
between measurements and computed values is possible for the case of a 20mm electrode

gap. Simulation results for a 10 mm gap are also reported in order to give an idea of the arc
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column behavior. A linear dependence between the arc current and the arc velocity is clearly
observed experimentally and theoretically. While the slopes seems to differ slightly, leading to
a reasonable overestimation of the velocity by the model —particularly for higher currents— a
fairly good agreement is found. The arc voltage is also in rather good agreement between the
experiment and the model. However, one needs to keep in mind that the computed values of
the arc voltage column do not include the cathode and anode falls which require the additional

implementation of non-linear description layers, as previously discussed.

4.5 AC arc — Simulations related to the experiments at Zodiac
Aero Electric

Convincing agreements between the numerical model and the experiments were reported in the
previous section, giving a credible motivation to extend the model description with additional
conditions closer to the aeronautical context. To achieve this, several modifications had to be

implemented in the model concerning:
e the geometrical configuration of the electrodes,

e the proper conditions applied on the cathode and anode in order to consider an alternating
current (AC),

e the plasma properties, in particular the pressure which ranges from 0.1 atm to 1atm at

typical aircraft cruising altitudes.

The main difficulty concerns the numerical realization of the alternating boundary conditions
at the electrodes in order to simulate an AC excitation, in particular the conditions for the
current density which should be alternated with an imposed electrostatic potential, and the
heat flux which should be alternated with the temperature, whether it is the cathode or anode
temperature. To accomplish this, so-called Robin Conditions were applied on both electrodes.
This is not straightforward in coMsoL Multiphysicse. By selecting appropriate values of stiff-
ness matrix, one can however morph Robin conditions into acting as approximate Dirichlet or
Neumann conditions. This is especially important for cases where one wants to switch between
the two boundary condition types during a simulation. To create a Dirichlet condition from
the coMsoL Multiphysicse predefined Neumann type, a high value of the “stiffness” needs to
be assigned, for instance, a heat transfer coefficient for the energy conservation equation. In
mathematical terms, this is actually a penalty implementation of the Dirichlet condition. The
higher the stiffness is, the greater the accuracy of the prescribed value. Very high stiffness will

harm the numerical conditioning of the stiffness matrix. For the heat transfer, issues with the
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stiffness matrix can be,

A
=102 4.4
«Q 0 % (4.4)

where X is the thermal conductivity and A is the finite element size. A factor 10% is high enough
to achieve the needed value of the variable and at the same time to give numerically stable
solutions. The computation and convergence of such a model is more complex and may be
time-consuming. In this case, the arc temperature as boundary condition needs to be imposed

with Dirichlet at T. Consequently, the Neumann condition is applied as
—n-(=AVT)=ao(Tp - T), (4.5)

where n is a normal vector directed from the surface where the condition is applied. Numerical
outcomes of this approach give acceptable values of Tj.

In a similar way, the condition for the current density (Neumann) was transformed to Dirichlet
conditions. This modification of the conditions is necessary to compute the numerical model
of an AC arc with the current boundary conditions on the cathode and with an electrostatic
potential at the anode set at 0 V. However, due to the complexity of the numerical calculation,
particularly with the boundary conditions, the computation time is drastically increased. All

other aspects of the model were kept as in the previous calculations with a pulsed arc.

4.5.1 Numerical simulation results

Before comparing the experimental results and the corresponding numerical simulations, the
main particularities of the arc between the rail electrodes in AC conditions are discussed. The
arc with a length of 8 mm, powered with a maximum current of I,,,, = 600 A at frequencies
of either 420 Hz or 760 Hz was considered as a case study. The governing principles of electric
arcs in alternating current conditions are poorly reported in the literature. Here, with several
examples, a thorough analysis will unveil the impact of the intrinsic parameters on the arc
displacement.

The arc current waveform is shown in figure 4.26 together with the voltage of the arc column.
As shown, at each time point when the arc current passes at 0 A the arc column voltage ex-
hibits a clear overshoot. The latter is due to a decrease in the electrical conductivity in the
channel at this precise moment. Indeed, during each moment when (I = 0 A), the temperature
of the center of the column is stabilized around 7000 K as shown in figure 4.27. A sequence of
temperature profiles of the arc column on the longitudinal mid-plane cut is shown with a time
delay of 0.1 ms. The two different colors on the graphs are related to the positive and negative
amplitude of the arc current waveform. Interestingly, the temperature of the arc does not drop
below 7000 K even for a current value of zero. According to figure 4.23 on page 155, at this

temperature the electrical conductivity of the arc is still significantly high in the residual arc
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Figure 4.27: Time sequences of the arc temperature profile on the longitudinal mid-plane.

= 600A and h = 8mm for an oscillation frequency of, (a) 420Hz and
(b) 760 Hz. The time interval between two successive curves is 0.1 ms.
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Chapter 4 Numerical simulations of electric arc for aeronautical applications

column. In other words, with a current around 0 A, the arc does not sustain, leading to the
voltage overshoots. The magnitude of the voltage overshoot is still limited because of the rather
low resistivity of the medium. Consequently, the next current cycle will systematically ignite
a new arc within the gas channel where the conductivity is the highest , i.e. at the position of
the previous arc column.

To support this argumentation, a time sequence of the arc development is depicted in figure 4.28
for the same conditions as in figure 4.27 (b) (Ijaz = 600A). At ¢ = 0.4ms, the arc current
crosses the zero value, triggering the extinction of the arc. At t = 0.5ms, the growth of the
current amplitude leads to the re-ignition of the arc column at exactly the same location as the
previous arc column. Furthermore, as evidenced in figure 4.28, the arc column is constricted
and has a cylindrical shape. In comparison with the longer arcs investigated in the previous
section (figure 4.14 on page 149), the maximum temperatures are located at different places.
While in previous cases, the hottest regions were found near the cathode and near the anode, in
the present case the maximum temperature of the arc is found in the center. The simulations
predict a hot uniform and cylindrical shape of the highest temperature. This fact is a key factor
to be considered in the case of electrodes with a low evaporation temperature and should be
experimentally investigated for the same conditions.

The position of the cathode root displacement, introduced in the second method (see subsec-
tion 4.2.4 on page 136), is defined according to the location of the anode attachment. Thus, it
is interesting to take a closer look at the time evolutions of the anode attachment and at the
arc center position, plotted in figure 4.29 (a) and in figure 4.30 (a) respectively. The arc attach-
ments and the column move in the same direction simultaneously. When the arc current equals
zero, the displacement is also null. The respective arc displacement velocities are also reported
for an excitation of 420 Hz in figure 4.29 (b) and for 760 Hz in figure 4.30 (b). The velocities
of the anode attachment and of the arc center are displayed with error intervals resulting from
numerical differentiation artifacts. The arc velocity behavior coincides with the arc current
frequency: when the arc current increases, the arc accelerates and wvice-versa. For the current
of 600 A, the arc reaches a velocity around 45m/s to 50m/s for both frequencies 420 Hz and
760 Hz. As the result, the excitation frequency does not seem to have a significant impact on
the arc displacement mechanism. Simulations with the same geometrical configuration were
carried out for the DC arc regime with I = 600 A giving values of the arc speed in the range of
50m/s to 52m/s. In fact, the maximum arc speed for an AC excitation arc coincides with the
arc speed predicted in DC conditions for the same current value.

While predictive simulations for a given current in different excitation regimes do not seem
to have a significant impact on the arc velocity, other imposed parameters were considered
and their influence investigated. In the context of this work, the arc velocity as a function

of the electrode distance and the arc current magnitude is a key point to study. Therefore,
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Figure 4.28: Sequence of computed 2D temperature distributions in the arc column at differ-
ent time points for I, = 600 A at 760 Hz,h = 8 mm arc length.
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Figure 4.29: Simulation results of (a) the arc displacement and (b) the arc velocity for the
conditions I, = 600 A at 420 Hz, h = 8 mm arc length.
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Figure 4.30: Simulation results of (a) the arc displacement and (b) the arc velocity for the
conditions I, = 600 A at 760 Hz, h = 8 mm arc length.
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a parametric study was performed and is presented below. Several typical distances between
electrodes are used in aeronautics. In this work, two distances were considered. Simulations for
conditions with I = 600 A and 760 Hz were performed for distances of 5mm and 8 mm. As in
the previous cases, the anode attachment and the arc center displacement with their respective

velocities are grouped together in figure 4.31 for two inter-electrode gaps. As expected, the

1209, (mm) 80velocity (mis) (b)
100+ - ]
Lo 60 -
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80 s
60 40%
40
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arc center
20
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0 t (ms) arc center  t (ms)
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Figure 4.31: Simulation results of (a) the arc displacement and (b) the arc velocity for the
conditions I, = 600 A at 760 Hz for h = 5mm and A = 8 mm.

fastest arc displacement is predicted for the shortest electrode gap. This is obviously explained
by an increase in the Lorentz force with a decrease in the gap.

Simulations with the counter conditions, i.e. for a given excitation frequency and electrode gap,
were computed for two different current magnitudes. The results are shown in figure 4.32 (a) for
the arc displacement and in figure 4.32 (b) for the respective velocities. These results confirm
that an increase in the arc current induces a clear rise in the arc column voltage (figure 4.32 (a)).
Intuitively, the arc displacement velocity follows the same trend and also increases, as evidenced
in figure 4.32 (b). Consequently, the arc current magnitude value has the most significant im-
pact on the arc displacement behavior, in particular the arc velocity.

The key point of this work was to investigate the impact of low pressure on the arc displacement.
Numerical simulations were performed for pressure values of 0.1and 1.0 atm. For comparison,
several parameters of the arc operated at p = 0.1atm and p = 1.0 atm are shown in figure 4.33.
Electrical properties of the arc are compared in figure 4.33 (a). With the current imposed, the
arc column voltage decreases with the decrease in pressure. The arc temperature on the mid-
plane cut is shown in figure 4.33 (b) for an arc pressure of p = 0.1atm. Comparing the latter
temperature profiles with those computed for p = 1.0atm (see figure 4.27 (b) on page 159)

evidences a higher temperature of the arc column with a lower pressure. Keeping the same
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Figure 4.32: Simulation results of (a) the arc displacement and (b) the arc velocity for the
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Figure 4.33: Comparison of electrical and thermal properties of the arc operated at

(a) Arc current and arc column voltage

600 A at 760 Hz for h = 8 mm.
waveforms for two different pressure conditions: p = 0.1atm and p = 1.0 atm.

Imam =

(b) Time sequence of arc column temperature distribution on the mid-plane cut

with 0.1 ms step for p = 0.1 atm.
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4.5 AC arc — Simulations related to the experiments at Zodiac Aero Electric

current (I,q, = 600 A at 760 Hz) the maximum temperature reaches 20000 K. The reason for
this temperature dependence of the pressure is not clearly identified and may result from the
plasma composition properties.

For the latter set of conditions, the arc root and the center position are shown in figure 4.34 (a).

The arc root and the arc center reach the end of the electrode simultaneously and much faster

160 200
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Figure 4.34: Simulation results of (a) the arc displacement and (b) the arc velocity for the
conditions I,,q,; = 600 A at 760Hz for h = 8 mm and h = 8mm at p = 0.1 atm
and p = 1.0 atm.

for p = 0.1atm than for p = 1.0atm. As a result, the arc displacement velocity is higher for
lower pressure (figure 4.34 (b)). Interestingly, the dynamic of the arc displacement is much more
pronounced at lower pressure. Such a significant difference in the arc speed can be explained by
the lower air density at low pressure, while the other transport parameters and thermodynamic
properties do not vary significantly with the conditions around 1 atm. Consequently, for a given
arc current and electrode gap, the arc velocity is mainly governed by the air density and the
viscosity force. From an applications point of veiw, it can be mentioned that at lower pressure
the arc displacement will be more difficult to control than at atmospheric pressure.

The model developed with the proper implementation of boundary conditions to describe al-
ternating current conditions allows one to successfully investigate the electric arc propagation
along the electrodes in a wide range of conditions such as arc current, inter-electrode distance,

operating gas. ..

4.5.2 Comparison of numerical simulations with experimental data

It is of great interest to compare the model outcomes and the experimental measurements for arc

displacement velocity and arc voltage. However, as mentioned before, the model provides a value
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of the voltage drop only in the arc column. The comparison was done to obtain an estimation
of the possible voltage drop in the near electrode regions, and involves several experimental
sets of parameters with current values <1.5kA. The results for two gaps and two excitation

frequencies are grouped in figures 4.35, 4.36, 4.37 and 4.38. The data presented in the figures
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Figure 4.35: Comparison of simulation results with experimental measurements for
Inaz = 400 A at 760 Hz for h = 5mm. (a) Arc current and arc column voltage
waveforms. (b) Time evolution velocities of the anode attachment and the arc
column.

are organized in such a way that current and voltage waveforms are shown on sub-figures(a)
and arc velocity on sub-figures (b). The phase shift on the experimental data was rescaled for
the sake of the comparison.

As expected, the arc column voltage calculated with the model is lower than in the experiments.
For the cases with I,;,4; = 600 A (figure 4.35 (a)) the measured arc column voltage was 10V
in the experimental setup while 40V was found in the simulation results. Recall that the
model does not describe the near electrode layers, which contribute to the whole arc voltage.
Nevertheless, a similar trend of the arc voltage waveform can be seen, i.e. overshoots when
I = 0A. Tt should be emphasized that the time duration of these overshoots predicted by the
simulations is the same as that measured in the experiments, i.e. about 1 ms. A stabilization
period of the voltage follows the overshoot at a constant value. The slight decrease in the
voltage magnitude when the current is about to pass zero should be pointed out. The latter
feature is seen on both the experimental data and the simulation results. A small deviation of
the arc current can be observed. For the arc with a current of I, = 600 A (figure 4.36 (a))
the calculated voltage is 17V and the experimental is 50 V. For the arc with A = 8 mm and
current I, = 700 A (figure 4.37 (a)), the calculated value of the arc voltage is 14V and
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Figure 4.36: Comparison of simulation results with experimental measurements for
Imaz = 600 A at 760 Hz for h = 8 mm. (a) Arc current and arc column voltage
waveforms. (b) Time evolution velocities of the anode attachment and the arc
column.
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Figure 4.37: Comparison of simulation results with experimental measurements for
Inaz = 700 A at 420Hz for h = 5mm. (a) Arc current and arc column voltage
waveforms. (b) Time evolution velocities of the anode attachment and the arc
column.
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Figure 4.38: Comparison of simulation results with experimental measurements for

Iaz = 1.5KkA at 420 Hz for h = 8mm. (a) Arc current and arc column voltage
waveforms. (b) Time evolution velocities of the anode attachment and the arc
column.

the experimental one is reduced to 44 V. For the arc current I, = 1.5kA (figure 4.38 (a))
the computed arc column voltage is 25V while the measured total arc voltage is 65 V. The
difference between the calculated values of the arc column voltage and the measured arc voltages
are between 30V to 40V in all the cases. This discrepancy is fully attributed to the lack in
the model of a proper description of the electrode layers (particularly the cathode). However,
it can be noted that this deviation of the simulation results with respect to the experimental
data concerns the magnitude of the voltage, while the time evolution of the voltage waveforms
is well predicted by the model.

Regarding the arc behavior, the comparison will focus on the arc velocity of the arc center
and of the cathode attachment. Both computed and measured velocities of the arc are plotted
together. The curves corresponding to the experimental data are displayed in gray within the
error interval. For all regimes with an excitation frequency of 420Hz (figures 4.37 (b) and
4.38 (b)) and 760 Hz (figures 4.35 (b) and 4.36 (b), electrode gaps of 5 mm (figures 4.35 (b) and
4.37 (b)) and 8 mm (figures 4.36 (b) and 4.38 (b)) excellent agreement between the numerical
simulations and the experiment was found. The arc displacement computed by the model,
as in the experiments, accelerates when the current magnitude rises and decelerates when
the arc decreases. In addition, the arc speed, even for a current value of zero in both cases,
remains positive (15m/s to 20m/s). An exception is the re-strikes, which are observed in the
experiment but not found in the simulation results. In the experiment, re-striking is identified

at zero velocity as evidenced in figure 4.38 (b).
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4.6 Conclusions

The excellent agreement on the arc velocities between the experiments and the numerical model
validate the possibility of extending the model to a wide range of current regimes and of
seriously considering the results of the simulations for lower pressures. Last but not least,
the remarkable consistency of the simulation outcomes with the experimental measurements
validates and supports the role of the present model as a predictive tool of arc behavior with

respect to its limitations based on the model assumptions.

4.6 Conclusions

The aim of this work was to investigate the arc displacement between busbars for aeronautical
applications by means of numerical simulations. To fulfill this goal, a thorough preparation
was undertaken. The theoretical model of the electric arc was established and is described in
Chapter 2 (page 43) based on a system of MHD equations. The commercial software COMSOL
Multiphysicse using FEM was chosen as a tool to resolve the numerical model. A comprehen-
sive review of the literature on the topic was also carried out. Additionally, the experimental
study of the electric arc between busbars for a wide variation of conditions was performed, pro-
cessed and analyzed. A compilation of this knowledge is presented in this chapter. The MHD
model of the electric arc from Chapter 2 was adapted for the arc geometry between busbars in
aeronautical conditions. The experimental investigations performed were compared with the
simulation results.

At first glance, the phenomenon of arc displacement between rail electrodes is very similar to
the so-called railgun. In the latter the arc object is replaced by the armature between the elec-
trodes. The principle of the object displacement is similar: the armature and the arc column
are displaced due to the Lorentz force, which appears due to the superposition of magnetic fields
induced by the rails and the magnetic field from the arc/armature. Whereas the armature in
the railgun accelerates continuously,in the case of an electric arc, the latter is displaced between
the electrodes, drag forces becomes more important and limit the arc velocity, preventing a con-
tinuous acceleration. The value of this velocity depends on many factors, the most important
being the arc current, the gap and the surrounding gas. The numerical simulation results re-
ported in this chapter demonstrate this fact. It has been evidenced that there is no continuous
acceleration of the arc for the fixed (DC) current value. For a defined couple of values of the
arc current and gap, there is rather a precise limit value of the arc column velocity.

In order to obtain the arc displacement along the electrodes several requirements are satisfied
in the model. For example, the magnetic field has been resolved in the arc column itself, in
the electrodes and a rather large volume of gas around the electrodes in order to accurately
compute the Lorentz force at each point of the gap. The MHD description of the arc column

implemented allows one to calculate the arc displacement self-consistently, taking the Lorentz

169



Chapter 4 Numerical simulations of electric arc for aeronautical applications

and drag(viscosity) forces into account. No additional data are needed. The model is able to
predict the arc displacement between the electrodes self-consistently.

The model predicts the existence of two attachments, the cathode and anode roots. Each
attachment forms a jet which cross in the middle of the gap, forming the arc column. The
attachments move continuously in the same direction as the arc column irrespective of the elec-
trode polarity. The calculation results have been compared with the experimental investigations
in a wide variety of conditions: pulsed DC arc and AC high frequency arc. However, different
experimental facilities have been used with slightly different geometrical configurations with
copper and aluminium electrodes correspondingly. It is of great interest to compare the arc
displacement velocity with the experimental values for a wide range of experimental conditions.
In both cases, i.e. for pulsed and AC arcs, sufficiently good agreement between simulation
and experimental results was obtained. Moreover, the same tendency between the model and

experiment was observed:

e With a decrease in the gap, the arc velocity increases, which was observed on the experi-

mental measurements;

o A linear dependence between the arc velocity and the arc current was found for the pulsed

DC arc regime.

However, for a pulsed DC arc with currents >1kA, there is a noticeable difference between the
model and the experiment in the arc velocity, which is less pronounced for currents <1kA.
The model of electric arc with different frequencies at a fixed arc current and electrode gap
predicts the same value of maximum and minimum velocities. It was found that for the arc
with L. = 600 A at 420 Hz and 760 Hz, V... is about 50 m/s. During the propagation time
of 3ms, for both frequencies the arc was found to be in the same position. Moreover, the same
value was found as for the arc powered with a DC current of 600 A.

Numerical experiments for different external conditions show that the arc displacement velocity
for a fixed arc current and inter-electrode distance is defined by the plasma density and viscosity.
In spite of the fact that the density and viscosity are a function of the temperature, in the
temperature range 6000 K to 20000 K, this dependence does not induce significant changes.
Therefore, for high current arcs and low current arcs the arc density and the viscosity are
rather similar. This fact can explain the linear correlation between the arc current and the
arc velocity for the given gas pressure. It was found that for lower pressures, the arc velocity
is dramatically enhanced for the same arc current and inter-electrode gap. The latter finding
is one of the main achievements of the present study and one of the key points for aeronautic
applications. This dramatic increase in the arc speed for lower pressures can be attributed to

the finding that the arc displacement velocity is defined by the arc density and viscosity.
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The arc voltage from the experiment and the arc column voltage from the numerical model
were also compared. Unsurprisingly, without the implementation of the electrode layers in the
model, the computed arc voltage values differ from the experimental measurements. Thus, the
voltage magnitude was not considered in the comparison. However, for other features of the
arc voltage waveform more promising results were obtained. The decrease and increase in the
voltage with the arc current are consistent in the model. The overshoots of the arc voltage
when the arc current is zero are found in the simulation results and in the measurements, and,
importantly, the time duration of these overshoots predicted by the simulations is the same as
that measured in the experiments, i.e. about 1ms. Interpretation of the difference between
experimental and model voltages can be associated with the sum of cathode and anode voltage
falls. This sum is lower for the copper electrodes, i.e. about 20V for currents <1kA and 10V
for Cu >1kA. For aluminium electrodes this sum ranges from 30 V to 40 V for the whole current
range up to 1.5 kA. These values are in the expected range of the known values of cathode falls
for the currents used.

The model of the arc column and its interaction with the electrodes does not take the impact
of electrode evaporation into account. However, during the experiment, efficient evaporation
was observed, especially in the case of aluminium electrodes. In this work, the effect of the
presence of the evaporated metal in the arc column was studied. The model solutions with a
gas composition of 99 % air with 1% Cu admixture were investigated, and a significant impact
on the arc temperature and consequently on the arc column voltage was found. However
there was no impact on the arc displacement. It can therefore be reasonably hypothesized
that the evaporation of the electrode material may affect the arc displacement velocity. In the
experimental conditions used here, however, a higher evaporation rate of the electrode material
can be expected. With a higher evaporation rate the impact on the gas density and gas viscosity
near the electrodes and the arc center may affect the arc velocity. Moreover, the results are
expected to be different for Al and Cu.

The re-striking effect observed in the experiment always occurred when the arc current crossed
zero. At this moment, it is very important to consider the evaporation from the cathode and
anode attachments, and the residual ionization from the previous arc, as a re-strike is highly
expected when higher evaporation takes place. Since the model does not take evaporation into
account, the re-striking effect could not be numerically predicted.

The main goal of this work was to study the electric arc between busbar electrodes by means of
numerical simulations. The model that has been developed enables the arc parameters to be self-
consistently estimated and its behavior between the electrodes to be predicted. One of the main
parameters required for arc detection is the arc propagation velocity. The model provides a value
of the arc velocity, and excellent agreement between the model and experimental observations

was found on this point. The model was designed as a tool in which the internal parameters
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- arc current, the gap, the gas pressure - can be easily changed. This flexibility will allow
industrial partners to use the model as a tool to investigate arc behavior in a wider range of
conditions.

There is room for improvement in the model so as to give a more precise plasma prediction.
For example, the compressibility of the gas, turbulence effects, eddy currents etc. could be
included. However, in the author’s opinion, the most significant step is the implementation
of plasma-cathode interaction for a low-melting point cathode material. Not only will this
specify the cathode voltage fall, it will also shed light on the fundamental mechanism of arc
displacement and answer the question of whether the cathode root displacement is continuous

or discontinuous. . .
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Chapter 5

General conclusions and outlook

Investigations into electric arcs produced by different sources have been continuously reported
in the literature over the last century. To accomplish the present research, the extensive bib-
liography dealing with electric arcs has been reviewed in order to understand arc phenomena
and develop the model which reflects physically important aspects of the electric arcs.
Developing the theoretical description of electric arcs and working on its numerical resolution
provide a better understanding of the arc physics and properties. To validate the model, exper-
imental studies are essential to observe facts and to draw conclusions which support the claims
made by the author and the possible further improvement of the theoretical description of the
phenomena observed.

In this last chapter, the general findings and highlights of this work are summarized and several

perspectives of the research are proposed.

5.1 Conclusions

Although electric arcs have been the subject of many studies over the last 100 years, some
underlying mechanisms have not been fully elucidated, leaving room for further investigations.
The reason for this sustained interest is the wide range of applications involving this type of
discharge, particularly in industrial processes. In comparison to cold plasmas also used in in-
dustry, the electric arc plasma is significantly different. It is characterized by high temperatures
(more than several tens of thousands kelvin) and high electron densities. Due to such intrinsic
properties, thermal plasmas are used in different ways. A significant amount of experimental
and theoretical work has been devoted to describing electric arc plasmas, providing us with a
rather general picture of this phenomenon. However, every new successful investigation trig-
gers several new ones. The aim of this work was to significantly contribute to describing the
arc phenomena resulting from an electrical fault in an aeronautical framework. It is of great
interest to develop work on the combined theoretical, numerical and experimental aspects of
such phenomena.

The high plasma temperature and high electron densities in the electric arc validate Saha equi-
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librium, and the existence of a local thermal equilibrium (LTE) of the ionized medium can
therefore be safely assumed. However, this is valid only in the arc column, where the ionization
and recombination processes are in equilibrium and the Boltzmann distribution is valid for all
sorts of particles. On the contrary, near the electrodes and the arc fringes, equilibrium is not
satisfied. Moreover the quasi-neutrality is disturbed in a very thin layer near the electrodes.
The existence of LTE in the arc column means that magneto-hydrodynamic (MHD) equations
can be used to describe the main processes in the plasma. In this approach, the plasma is
presented as a gas where the electromagnetic force is the main acting force. Non-linear plasma
properties and transport coefficients of the LTE arc are calculated according to the equilib-
rium. The MHD description involves the conservation of mass, momentum and energy in order
to establish the gas flow, the current conservation and Maxwell equations governing the elec-
tromagnetic interactions. This approach has been successfully used to model thermal plasmas
in recent decades, producing reasonably good results and predictions. Moreover, this approach
can be implemented by using recent commercial software based on finite element or finite vol-
ume formalisms. In this work, an MHD description of the plasma was adopted to establish the
arc column model. As the implementation of thermal diffusion effects in the model is important
for electric arcs, this has been accomplished in the current work, unlike in other studies. The
resolution of the system of MHD equations was achieved numerically using the commercial
software COMSOL Multiphysicse based on the finite element method.

To describe plasma-electrode interaction, it is esential to take deviation from thermal equilib-
rium near the electrodes into account in the complete arc model. Particular attention must be
paid to the accurate description of these zones. However, models of near electrode layers are
complex and require the inclusion of more data. Moreover, their numerical realization is com-
putationally expensive. Although the model must be physically correct, it is important to avoid
complex non-equilibrium models of plasma-electrode interaction. It is known that the model of
non-linear surface heating of the cathode by the plasma gives reasonable results for refractory
materials. This finding was used here in order to provide the correct matching conditions for
the case with a refractory cathode. In comparison to the cathode, non-equilibrium effects take
place in the anode layer which were taken into account with the same method of energy and
current conservation, at an anode heating voltage of 6 V. In this work, the first theoretical
and numerical approach to matching the LTE model of the bulk plasma with the electrodes
has been successfully developed. The model reflects reasonably and fairly the physics of the
plasma-electrode interaction. The accurate matching is centered around the balance equations
of the energy in the non-equilibrium near-electrode layers which separate the LTE bulk plasma
and the electrodes.

The model, which contains the description of the plasma, the electrodes and the plasma-

electrode interaction was developed for a geometrical configuration of a refractory rod cathode
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and a flat copper anode. The matching conditions were numerically implemented in the model
of the arc column and successfully computed. For instance, numerical simulation of a free-
burning arc in atmospheric-pressure argon plasma is reported for a current ranging from 20 A
to 200 A. The simulation results were compared with those obtained with —more sophisticated—
2T and NLTE models and with experimental data found in the literature. Good agreement
between the plasma temperature in the arc column was found for current values of 100 A and
higher. For lower current, for example 20 A, the deviation with NLTE models is significant.
This was expected since for a current of 20 A, the assumption of thermal equilibrium in the
column is questionable. The arc voltage was also compared. The arc voltage values computed
by the model developed in this work agree fairly well with the values obtained by the 2T and
NLTE models and with the experimental data in the entire range of arc currents from 20 A
to 175 A. It is important to highlight that numerical simulations based on the conventional
LTE model (i.e. disregarding the near-electrode layers) will compute arc voltages far from the
physical values.

The model developed in this work, including the complete description of the plasma and its
interaction with the electrodes, is a significant achievement in the field of arc simulations and

provides valuable input to extend numerical models. The main advantages of this model are:

e The MHD description of the arc column assumed to be in LTE, which is simpler to
establish than in 2T or NLTE;

e The matching conditions are achieved by means of boundary conditions with the LTE

column;
e The mesh size near the electrodes does not have any additional requirements;
e The computation time is a couple of minutes with a single computer.

The successful realization of the model of a free burning arc meant that a similar approach
could be used to establish the model of the electric arc between the rail electrodes employed
in aeronautics. In this case the geometrical configuration of the electrodes comprised two rail
electrodes with an inter-electrode gap of 5mm to 10 mm made of copper or aluminum. This
electrode configuration involves non-stationary arc propagation along the electrodes.

The appearance and the displacement of the electric arc between rail electrodes is a topic which
is usually investigated in the context of LVCBs. Both experimental and numerical investiga-
tions have been reported in the literature. Recent models use an MHD description of the arc
column in LTE and particular attention is paid to the characterization of the magnetic field
between the electrodes. The plasma-electrode interaction is realized using different approaches,

but no consensus has been reached yet on this aspect.
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In this work, efforts were made to develop the numerical model of the arc displacement be-
tween rail electrodes in the context of aeronautical applications. This required modifying the
well-established model of a free burning arc. The geometrical configuration of the electrodes
and the properties of air at 1 atm and lower pressures (0.1 atm) were used. The time-dependent
solution of the problem was obtained for a wide range of external parameters.

In aeronautical applications the electrodes are made of material such as copper or aluminum;
hence, the processes taking place on the cathode differ from those with refractory cathodes.
Thus, the model of non-linear surface heating which was used previously does not correspond
to the present case. The description of the plasma-cathode interaction was therefore modified.
With this modification, the position and the radius of the cathode attachment were specified.
In order to realize the displacement of the cathode attachment, additional conditions are re-
quired. Two methods to achieve this were used in this work and showed similar results. Finally,
the numerical model is able to predict the arc column and electrode attachment displacement
self-consistently according to the MHD column description and the correct matching conditions
on the electrodes.

The calculation results show that the arc column and the cathode and anode attachments dis-
place mainly due to the action of the Lorentz force and drag forces. The numerical calculations
were done in a wide range of current conditions: DC, pulsed arc (pulse duration of 5 ms) and
AC arc between the electrodes with gaps of 5, 8 and 20 mm. The temperature distribution at
different time moments obtained from the model showed the existence of the two attachments,
the cathode and anode one, which form the cathode and anode jets that cross in the gap and
form the arc column. In a wide current range it was shown that the arc and the root displace-
ments occur in one direction with nearly the same speed. The model is capable of determining
the attachment velocities and the arc center velocity. It is shown that for a DC arc, in the first
couple of ps the arc accelerates and moves further away with a constant speed of 10m/s for a
current of 200 A. This effect of speed “saturation” results from the action of the drag(viscosity)
force.

High-speed video imaging of the electric arc obtained from the experiment made it possible
to measure the arc speed as well as simultaneously observe the arc column shape. Similar to
the model, two constricted attachments near the cathode and the anode were observed. Both
attachments are more pronounced for the gap of 20 mm. The short arc (5mm) has a cylindri-
cal shape with an elongation, the so-called arc “nose”, in front of one of the electrodes. This
elongation occurs randomly near the cathode or the anode and is more noticeable for higher
currents.

Extensive experimental and numerical investigations of a pulsed arc with current ranging from
700 A to 2kA showed a linear correlation of the arc displacement velocity versus the arc cur-

rent. When the electrode gap decreases, the arc speed increases slightly for the same current.
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Comparisons of these results with experimental data obtained for the same conditions give good
agreement with a tendency to overestimate the arc velocity.

The calculation results obtained for an AC electric arc between rail electrodes showed that the
arc displacement is always in the same direction, whatever the polarity. For the frequencies
considered in this work, at the time moment when the arc current is zero, the arc temperature
in the gap remains high enough (7000 K) to provide sufficient electrical conductivity. Therefore,
re-ignition of the arc after the current reaches zero is possible due to the leftover plasma in the
gap, and hence a non-zero electrical conductivity. The acceleration of the arc during the rise
time of the current and its deceleration during the fall time of the current are well predicted by
the model. This dynamic is in excellent agreement with the experimental data recorded in the
same conditions, although the model gives more stable and reproducible values of arc velocity
during each period than the experiment. The re-striking of the arc was not observed in the
model, in comparison with the experiment.

Since the near-cathode non-equilibrium layer is not taken into account, the model provides only
the voltage of the arc column, without accounting for the falls near the electrodes. Therefore,
direct comparison with the experimental data of the full arc voltage is not meaningful but is
nonetheless documented. As expected, the model finds underestimated values of the arc voltage.
However, the general arc voltage waveform is well reproduced as in the experiments, with the
voltage overshoots at the time point when the arc current crosses zero and an almost constant
voltage during the arc period.

The model predicts the arc behavior in a wide range of external parameters. The aim of the
industrial partners, i.e. to investigate the impact of the different frequencies, inter-electrode
gaps and lower gas pressures, is satisfied. For example, lowering the gas pressure will increase
the arc propagation speed. In another case, in the considered frequency range, the arc velocity
will be mainly defined by the arc current. In spite of the complexity of the arc object, it has
been shown that the arc speed is mainly defined by the arc current, the inter-electrode gap,
the gas density and viscosity. This work therefore enables a generalisation of our knowledge
and can be a basis on which to establish a simpler analytical model in order to predict the arc
position at any time moment.

The MHD model of the electric arc assumed to be in LTE developed in this work is capable of
representing the arc displacement along the rail electrodes. The same conclusion can be drawn
regarding the estimation of the arc displacement velocity, which gives realistic and sufficiently
precise values for the arc voltage. The overestimated arc velocity obtained from the numerical
simulations may result from several factors. The model assumes a weakly compressible flow
with Ma < 0.3 which may not be valid when the arc displacement speed is around 100m/s or
above. It has been observed numerically that for currents >1kA, a model of compressible flow

should be used. Another reason for the overestimation of the arc velocity could be that turbu-
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lence effects and the dissipation energy due to turbulence are neglected. Taking into account
the evaporation of the electrode material for a high evaporation rate can also have a significant
effect on the arc displacement.

Last but not least, to theoretically refine the arc voltage prediction and the mechanism of cath-
ode root displacement, the near-cathode non-equilibrium layer needs to be taken into account.
For this, significant efforts must be made to describe the elementary processes near the cath-
ode. The possible implementation of such phenomena in the model is important and several

perspectives are suggested in the next section.

5.2 Outlook

Beyond the significant number of experimental and theoretical studies on electric arcs reported
in the literature, questions regarding the fundamental mechanisms of arc displacement along
electrodes remain open. Experimental observations by various authors have often led to different
conclusions rather than a unified opinion on this topic. For instance the underlying mechanism
of continuous versus discontinuous cathode root displacement is regularly discussed. While it is
generally agreed that the arc motion is governed by the Lorentz force, more essential questions
about how the arc moves on the electrodes and whether the motion is due to the displacement
of the attachments or whether it is the attachments which follow the arc column, are still
unclear. As an outlook of this work, in this section, the author would like to express her opinion
concerning a hypothetical arc displacement mechanism. The idea of this hypothesis comes —
partly— from previous experiments by the author in the domain of vacuum arcs with the support
of more recent studies focusing on the theoretical description of cathode spot [Kaufmann 17].
In atmospheric pressures in the case of cathodes made of refractory materials, the evaporation
of matter is negligible and the plasma-cathode interaction can be described as in Chapter 2,

where the following processes take place on the cathode surface:

e Thermal-field emission, which is the main source of electrons from the electrode to the
plasma. Usually the current density is inferred from the Richardson law for a given elec-
trode material and temperature. The correction for the Schottky effect or field enhanced

thermionic emission needs to be included.
e Back-scattered electrons, which come from the near electrode layer to the electrode.
e The ions which travel from the plasma in the vicinity of the electrode into the electrode.

e Cathode attachment can exist in diffuse (as in the case treated in Chapter 2) or spot

mode; however, no significant deformation of the cathode surface has been considered.
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The theoretical description of most of the latter processes has already been developed. How-
ever, for cathodes made of copper and aluminium, adjustments will be required and additional
parameter estimations are necessary to establish a numerical model. The computation requires

knowledge about:

e The electron and ion fluxes, which are produced by ionization of the vaporized material

in the electrode vicinity.

e The existence of the cathode attachment in a spot mode. Experimental study confirms
this statement and shows the existence of craters on the cathode surface. This signature
from the arc attachment is formed due to intensive melting of the electrode material in
the cathode spot together with the existence of the Lorentz force and the plasma pressure,

which is mainly caused by evaporation of the material.

Recently, a substantial model of a single cathode spot generated in a vacuum arc showed the
importance of all these phenomena. Moreover, the model was capable of predicting several
stages of the spot formation: melting of the cathode surface, evaporation, deformation with
the presence of the crater and extinction of the spot. The existence of sputtering material was
observed. It was suggested that the new spot is created by leftover plasma from the old spot,
vaporized material from the new one and evaporation from the droplets. In the case of vacuum
arcs, the plasma is made of electrons, neutrals and ions coming from evaporation of the elec-
trode. In the case of arcs ignited in gas, the plasma composition is different and together with
the evaporation material, atoms and ions some come from the surrounding gas. However, it is
hypothesized that similar mechanism may be the essence in the atmospheric pressure arc, which
can cause the arc root displacement onto the cathode surface. An interesting perspective of the
present research will therefore be developed to a more complete model including a thorough

description of the latter mechanisms.
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Appendix

The thermodynamic properties, transport coefficient and net emission coefficient used in this re-
search are taken from the already tabulated data from [Cressault 13a, Cressault 13b, Cressault 17]
. These data are shown below to give the reader a rapid access to the details. The data are

presented for argon at 1atm and air at 0.1 atm, 0.5atm and 1 atm.
e Thermodynamic parameters are presented on figure 5.1;
e Transport coefficients are presented on figures 5.2 and 5.3;

o Net emission coefficients are presented on figure 5.4
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Figure 5.1: (a) Density, (b) Specific heat.
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Figure 5.2: (a) Thermal conductivity, (b) Dynamic viscosity.
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Figure 5.3: (a) Electrical conductivity, (b) Thermal diffusion ratio.
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Figure 5.4: (a) Net emission coefficient.












Marina LISNYAK
Etude théorique, numérique et expérimentale d’arcs
électrique continu et alternatif

L'apparition accidentelle d'un arc électrique dans le systéme de distribution électrique d'un aéronef
peut compromettre la sécurité du vol. Il existe peu de travaux liés a cette problématique.

Le but de ce travail est donc d'étudier le comportement d'un arc électrique, en conditions aéro-
nautiques, par des approches théorique, numérique, et expérimentale. Dans ce travail, un modele
MHD de la colonne d’arc a I'ETL a été utilisé, et résolu a I'aide du logiciel commercial cCOMSOL
Multiphysicse. Afin de décrire I'interaction plasma-électrodes, le modéle a dii étendu pour inclure les
écarts a I'équilibre prés des électrodes. Ces zones ont été prises en compte en considérant la conser-
vation du courant et de I'énergie dans la zone hors-équilibre. L'approche choisie et le développement
du modele ont été détaillés. La validation du modele dans le cas d'un arc libre a montré un excellent
accord avec les résultats numériques et expérimentaux de la littérature.

Ce modele d'arc libre a été étendu au cas de |'arc se propageant entre des électrodes en configuration
rails et en géométrie 3D. Une description auto-cohérente du déplacement de I'arc entre les électrodes
a été réalisée. La simulation numérique a été faite pour des arcs en régimes DC, pulsé et AC a des
pressions atmosphériques et inférieures. Les principales caractéristiques de I'arc ont été analysées et
discutées. Les résultats obtenus ont été comparés avec les résultats expérimentaux et ont montré un
bon accord.

Ce modele d'arc électrique est capable de prédire le comportement d'un arc de défaut dans des condi-
tions aéronautiques. Des améliorations du modele sont discutées comme perspectives de ce travail.

Mots clés : plasma thermique, arc électrique, ETL, conditions hors-ETL, simulation numérique, COM-
SOL Multiphysicse, diagnostic des arcs.

Theoretical, numerical and experimental study of DC and AC electric arcs

The ignition of an electric arc in the electric distribution system of an aircraft can be a serious
problem for flight safety. The amount of information on this topic is limited, however. Therefore,
the aim of this work is to investigate the electric arc behavior by means of experiment and numerical
simulations.

The MHD model of the LTE arc column was used and resolved numerically using the commercial
software COMSOL Multiphysicsg. In order to describe plasma-electride interaction, the model had
to be extended to include non-equilibrium effects near the electrodes. These zones were taken into
account by means of current and energy conservation in the non-equilibrium layer. The correct
matching conditions were developed and are described in the work. Validation of the model in
the case of a free burning arc showed excellent agreement between comprehensive models and the
experiment.

This model was then extended to the case of the electric arc between rail electrodes in a 3D geometry.
Due to electromagnetic forces the electric arc displaces along the electrodes. A self-consistent
description of this phenomenon was established. The calculation was performed for DC, pulsed and
AC current conditions at atmospheric and lower pressures. The main characteristics of the arc were
analyzed and discussed. The results obtained were compared with the experimental measurements
and showed good agreement.

The model of electric arcs between busbar electrodes is able to predict the behavior of a fault arc
in aeronautical conditions. Further improvements of the model are discussed as an outlook of the
research.

Keywords : thermal plasma, electric arc, LTE description, non-LTE matching, numerical simulations,
COMSOL Multiphysicse, arc diagnostic.
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