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ABSTRACT

Arc welding still requires deeper process understanding and more accurate
prediction of the heat transferred to the base metal. This can be provided by
CFD modelling.

Most works done to model arc discharge using CFD consider the arc core
alone. Arc core simulation requires applying extrapolated experimental data as
boundary conditions on the electrodes. This limits the applicability. To become
independent of experimental input the electrodes need to be included in the arc
model. The most critical part is then the interface layer between the electrodes
and the arc core. This interface is complex and non-uniform, with specific phys-
ical phenomena.

The present work reviews the concepts of plasma and arc discharges that are
useful for this problem. The main sub-regions of the model are described, and
their dominant physical roles are discussed.

The coupled arc-electrode model is developed in different steps. First cou-
pling solid and fluid regions for a simpler problem without complex coupling
interface. This is applied to a laser welding problem using the CFD software
OpenFOAM. The second step is the modelling of the interface layer between
cathode and arc, or cathode layer. Different modelling approaches available in
the literature are studied to determine their advantages and drawbacks. One of
them developed by Cayla is used and further improved so as to satisfy the ba-
sic principles of charge and energy conservation in the different regions of the
cathode layer. A numerical procedure is presented. The model, implemented
in MATLAB, is tested for different arc core and cathode conditions. The main
characteristics calculated with the interface layer model are in good agreement
with the reference literature. The future step will be the implementation of the
interface layer model in OpenFOAM.
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secondary electron emission current density [A - m 2]
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Chapter 1

Introduction

Arc welding was introduced into the industrial world at the end of the 19th cen-
tury. At that time the large amount of electric current needed to weld with an
electric arc could indeed be provided. At the beginning the welding arc was
generated using a carbon electrode. The carbon electrode was rapidly replaced
by other electrode materials, first steel and later tungsten. Tungsten is a refrac-
tory material that allows the arc to maintain without melting the electrode. This
made it possible to weld with or without filler material. The process is called
Tungsten Inert Gas welding (TIG) [55]. This type of welding thus uses a non-
consumable electrode and protects the weld from atmospheric contamination by
an inert shielding gas. The TIG welding process is now more commonly called
Gas Tungsten Arc Welding (GTAW). Another type of welding is the Gas Metal
Arc Welding (GMAW) which employs a consumable wire electrode. It has two
subtypes: Metal Inert Gas welding (MIG) and Metal Active Gas (MAG). MIG
employs an inert gas as TIG. Argon/helium and argon/nitrogen mixtures are
common inert gases. MAG, however, uses reactive gases, e.g. argon/carbon-
dioxide or argon/oxygen mixture. Active gas is used for some materials like
non-alloyed steel, to improve the stabilization of the electric arc and the weld
penetration, as well as to increase the welding speed thanks to the larger amount
of energy provided by the active gas. These welding processes are summarized
in Table 1.1.

GTAW GMAW GMAW
(TIG) MIG) (MAG)
electrode non-consumable | consumable consumable
inert inert active
shielding gas (Ar + He) (Ar + He) (Ar + CO»)
(Ar+ N) (Ar+ N) (Ar + Oo)

Table 1.1: Summary of arc welding processes.
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Welding plays a leading role among the joining processes in manufactur-
ing industry. However, as with any other manufacturing process, it has its own
defects. Common weld defects are lack of fusion, lack of penetration, excess
penetration, porosity, undercuts, solidification cracks and spatters. These defects
can cause waste because of rejection of the welded piece (when it is possible
to notice that the defects are too severe), or an increased risk of failure due to
accelerated ageing of the welded piece. Waste saving is also an important issue
for developing sustainable production. Many research studies are focused on the
discovery and reduction of such defects. A major part of these investigations
are experimental. In addition to experimental studies, numerical modelling and
simulation methods are also employed to help investigating the effect of process
parameters with the aim of improving quality and productivity.

Modelling and simulation of welding include a variety of activities cover-
ing the behaviour of the thermal arc heat source, the behaviour of the weld pool,
changes in the materials microstructure and properties during welding, and resid-
ual stress and temperature evolution of welds. It started in the 1970s with the
simulation of residual stress and temperature evolution of welds. Such inves-
tigations require assuming an initial temperature distribution resulting from the
heat input into the base metal during the welding process. A particular prob-
lem is the accuracy of the input data used in the simulation models, such as the
material model and the initial temperature distribution. This field is still under
development.

Simulation of changes in material micro-structure and properties during weld-
ing began in the 1980s. This type of modelling also requires assuming the heat
input into the base metal during the welding process. Simulation of microstruc-
ture of the material in the welded joint is important to predict the risk of various
types of cracks or deterioration of mechanical properties. This field is still under
development to investigate new alloys for instance, and further improve the input
data in the models. Changes in the material microstructure and properties dur-
ing welding depend not only on the material composition but also on the cooling
rate. The cooling rates are determined experimentally. Very recent works include
the effect of cooling and solidification of weld pools, using flow simulations.

The behaviour of the weld pool was started to be simulated during the same
decade. Simulations of the weld pool are based on solving the fluid flow equa-
tions in the presence of electromagnetic forces. The flow equations are supple-
mented with an energy equation including phase change (melting/solidification)
for temperatures ranging from room temperature to a few thousand Kelvin. Again,
the heat input into the base metal during the welding process is needed as input
data. In most cases this heat input is specified by imposing a semi-empirical pro-
file involving parameters that are adjusted to closely reproduce the experimental
weld geometries.



A Gaussian distribution is taken into account in many computational models
through the application of a boundary condition for the heat flux. For example
Zhang et al. [57] developed a Gaussian distribution boundary condition of heat
flux according to

IVn

1= 2mr?

2
b (_7’_2) (T = Ty) — 0e(T* = T (L.1)
27

where [ is the arc current, r is the radial coordinate and V' is the arc voltage.
The problem with this approach is that there are four parameters that should be
estimated. (1) The arc efficiency, 1, (2) the convective heat transfer coefficient,
he, (3) the arc temperature adjacent to the work-piece, 7T, and (4) the heat dis-
tribution parameter, r,. The arc efficiency has a direct effect on the magnitude
of the heat flux. Vast number of welding parameters like arc current, shielding
gas composition, arc length, welding speed and electrode tip angle influence the
arc efficiency. This makes it difficult to achieve an accurate estimation of the arc
efficiency. For example, for the GMAW process an arc efficiency between 0.22
and 0.8 can be found in different reports [S1]. The last three parameters also
depend on many other parameters which can change for each particular case. An
advantage of this model is its simplicity. A drawback is the need of experimental
data to set the unknown parameters case by case. An alternative would be to use
the heat input data provided by an arc heat source simulation model. The link
with research work for modelling the heat source is still in its infancy.

The most recent area is the simulation of the welding arc heat source, i.e.
the thermal plasma. This thermal plasma is basically modelled by coupling ther-
mal fluid mechanics (governing mass, momentum and energy or enthalpy) with
electromagnetics (governing the electric field, the magnetic field, and the current
density) for temperature ranging from room condition to about 30000 K.

The first simulation model coupling thermal fluid mechanics and electro-
magnetics to simulate the entire plasma core of an axi-symmetric high-intensity
electric arc was developed by Hsu et al. in 1983 [30]. The arc investigated in this
pioneering study was rather far from the welding arcs used in production. Since
the late 1990’s many developments have been done to further improve the mod-
elling of the arc heat source in the particular context of welding. A review can
be found in the thesis by Sass-Tisovskaya [48]. The arc heat source simulation
can improve the understanding of the process in the arc, and thereby increase the
opportunities to control the process better. It can also provide the heat input data
needed by the other, above-mentioned, welding research domains.

The aim of this work is to take one step further towards the coupling of
the plasma arc heat source and the metal (both electrode and base metal, with
melting). The step investigated here is the arc-electrode coupling. A few authors
have worked on this topic for welding arcs, but none of them are using the same
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model. Further investigations are thus needed to clarify this situation. To do so
we first recall some general plasma properties useful for specifying the context
of this work.

1.1 Plasma

Plasma is a globally electrically neutral gas, in which a certain portion of the
particles are ionized. Just as a standard gas, plasma does not have an exact
shape except when surrounded by a container. However, plasma may adopt a
specific shape under the influence of a magnetic field. A plasma is a distinct
phase, separated from the gas phase, mainly due to its collective behaviour. The
charged particles are neither bounded nor free. As they do interact via long-range
interactions, i.e. Coulomb interaction, they respond strongly to electromagnetic
fields. The moving charged particles induce an electric current and a magnetic
field, by which they influence each other. This collective behaviour, specific
to plasma, can be observed if the distance among the charged particles is short
enough so that the particles interact at some distance, rather than just with the
closest ones. This criteria, called plasma approximation, is valid when the
number of charged particles within a sphere of radius equal to the Debye length
is larger than unity [18, 29]. In an argon plasma for instance, the Debye length
(Ap) is the distance at which the electrons do screen a positively charged argon
ions. Assuming that electron and ion temperature can be defined, the Debye
length is given by [21]

Ap = i
PN e@(ne /T, + ni/T;)

where ¢ is the electric permittivity in vacuum, e is the electron charge and n., n;
are the number densities of electrons and ions respectively and 7, and 7; are their
temperatures. The number densities n. and n; also allow defining the degree of
ionization of a plasma. It represents the proportion of atoms or neutral particles
that have lost (or gained) electrons. The degree of ionization can be described as

a=mn;/(n;+ng)

where n; is the total number density of ions and n, number density of neutral
atoms. Plasma is usually classified as hot when fully ionized, e.g. a super-
nova, or as cold when partially ionized (even small fraction. i.e. 1%), e.g. a
lightning or an aurora. Most man-made cold plasmas are in the range of 10°
to 10%electron/cm? for the electron density and between 0.1 to 20eV for the
electron energy. It should be noted that, despite the name, the electron tempera-
ture in a cold plasma can reach several thousand degree Kelvin. With regard to
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this definition most of the plasma tools in manufacturing technology, including
electric arc welding, are cold plasma. Cold plasma is further classified as ther-
mal and non-thermal. Thermal plasma refers to a plasma in which electrons and
heavy particles temperature are of the same order. Non-thermal plasma on the
other hand have heavy particles at low temperature (almost room temperature)
while the electron temperature can be several order higher. A thermal plasma can
be formed using a magnetic field, which is called magnetically induced plasma
[24]. In welding application it is more common to form thermal plasma heating
and ionizing a gas by driving an electric current through it. It then belongs to the
family of electric discharges.

1.2 Electric discharges
To form an electric discharge a voltage V' can be applied between two separate
electrodes.

Voltage-Current Characteristic of the DC Low Pressure
VoL Electrical Discharge Tube

DARK DISCHARGE | GLOW DISCHARGE ARC

CORONA_'E
<—BREAKDOWN VOLTAGE

]

| TOWNSEND REGIME _l 1

| 1 |

|

\im :
|

GLOW-TO-ARC

1
I
|
|
I
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| \/TRANSlTION
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|
|
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CURRENT I, AMPS

Figure 1.1: Example of characteristic curve of the electric discharge (non speci-
fied gas) [47]

Figure 1.1 shows the three types of discharges that can be developed, depend-
ing on voltage, V, and current, /, through the plasma. Each type of discharge
can be further divided into subtypes, as shown below, where the characteristic
data given in brackets corresponds to an argon plasma at atmospheric pressure
[10].

1. Dark discharge: This type of discharge is invisible to the eye, except for
Corona regime.



CHAPTER 1. INTRODUCTION

(a) Background ionization regime: (10710 < I < 107%A)
(b) Saturation regime: (I = 107%A)
(c) Townsend regime: (107° < I < 107°A)

(d) Corona discharge: visible radiation start being emitted.

2. Glow discharge: This type of discharge is visible and cold (7" is of the
order of room temperature).

(a) Normal glow regime: (107° < I < 1072A4)
(b) Abnormal glow regime: (1072 < I < 1A4)

3. Arc discharge: This type of discharge is visible and can be thermal or
non-thermal. In the thermal case, the largest temperature observed was
about 50000K. It was measured in a lightning. In GTAW and GMAW the
largest temperature does not use to exceed about 25000 K.

(a) Non-thermal regime: (0.1 < I < 10A)
(b) Thermal regime: (I > 10A)

The arc discharge in the thermal regime is the operating principle of electric
switchers. It is also involved in material processing based on energy transfer
such as plasma cutting, thermal plasma spray and welding. According to this
description, it can be argued that electric arc welding is in the frame of cold
plasma and the discharge type is the thermal arc discharge.

1.3 Outline of this work

The present work is a continuation of the work by Sass-Tisovskaya [48], on the
modelling, implementation, and simulation of GTAW arc considering only the
arc core. The equations solved in the arc core model are mass conservation,
momentum conservation accounting for the Lorenz force, enthalpy conserva-
tion with a Joule heating source term and Maxwell equations [48]. The model
was applied to the simulation of a reference GTAW test case using two different
magnetic field models: a three-dimensional model and the two-dimensional axi-
symmetric model called "electric potential model" which is commonly used in
welding arc simulation. According to the literature [43] these two models should
have provided the same simulation results when applied to an axi-symmetric arc.
But the comparison done by Sass-Tisovskaya [48] revealed a clear deviation in
the results. At that time, the exact nature of this problem was not fully under-
stood.

10



1.3. OUTLINE OF THIS WORK

Going back to the complete system of Maxwell equations, deriving the elec-
tromagnetic model in the particular frame of a welding arc, it was observed that
the so-called electric potential model is based on an assumption that was "forgot-
ten" by most of the community. The model assumes that the radial component
of the current density is negligible. Simulations show that this assumption is not
valid within the frame of the arcs used in welding. These results are presented in
Publications I [33] and II [11]. Publication I is useful for the motivation of the
present study, and is attached in Appendix A.

CATHODE ! I I I I
0 N
RZIITIRNARR
Z (mm) 247/ \ \ \\
it // \ \\ .
2018 / 1
16 /
ANODE | |
0 1 2

RADIUS (mm)

Figure 1.2: Temperature measurements of [26] courtesy of A.J.D. Farmer. Solid
lines show results of a GTAW torch burning to a water cooled anode, dashed
lines show results of a free-burning arc in an enclosed chamber.

The aim of the present work is to go one step further, including the anode and
cathode into the simulation model. The arc models which are just considering
the plasma core require some boundary conditions set on the cathode and anode
surfaces. These boundary conditions are very difficult to measure experimen-
tally. Only few documented cases are available. An example is shown in Figure
1.2. It was obtained by Haddad and Farmer [26] doing spectroscopic measure-
ments in a steady gas tungsten argon arc on a water cooled copper base metal.
The measurements cannot be done in the vicinity of the anode and cathode sur-
faces since there the control volume available for observation is too small. As a
result, the data need to be extrapolated up to the cathode and anode surface to be
able to infer the boundary conditions. Such extrapolations are obviously highly
inaccurate. The influence of different boundary conditions set in the literature
for this test case can be seen in Publication I, Appendix A, (Figures 15-17, cases
a and b).

Thus, a comprehensive model including the anode and cathode in the arc
model should be established. Comprehensive model refers to a model based on
fundamental physics and independent of parameters imported from experiments.

11



CHAPTER 1. INTRODUCTION

electrode
(cathode)

cathode layer

plasma core

anode layer

work piece (anode)

Figure 1.3: Schematic sketch of sub-regions in GTAW

Including the anode and cathode also implies including the anode and cathode
layers ensuring the coupling with the plasma core, see Figure 1.3.

The interface layers between the electrode and the thermal plasma core are
complex to model. One source of complexity is due to their non-uniformity. For
this reason the plasma arc discharge is commonly divided into sub-regions, each
sub-region is characterized by specific leading physical phenomena. These sub-
regions and some of their properties important for the model are presented in
chapter 2.

The development of this comprehensive arc model including the anode and
cathode is done in several steps: first a thermal solid-fluid model with a stan-
dard coupling is tested. Second the coupling model specific to thermal arc is
prepared and tested. For the first step, the OpenFOAM open source solver, cht-
MultiRegionFoam, is employed to make the thermal coupling between a solid
and a flowing fluid. This solver is first applied to a simple application of laser
welding, with shielding gas but neglecting metal melting [33]. The main reason
for choosing laser welding is that it does not require any advanced model for
coupling the shielding gas to the solid, contrary to arc welding. The results are
reported in Publication I, Appendix A, and summerized in chapter 3.

The second step concerns the modelling of the interface layer coupling the
arc core and the solid acting as electron emitter or collector that is the cathode
and anode respectively. This part will focus more specifically on the cathode
layer of a refractory cathode, as used in GTAW. It should be noted that plasma
core-anode coupling obeys a similar concept as plasma core-cathode coupling
[6, 27, 36]. Therefore, the plasma core-anode coupling can be modelled as a

12



1.3. OUTLINE OF THIS WORK

plasma core-cathode with some modifications. The extension of the interface
layer (or cathode layer) model to the non-refractory electrodes used in GTAW
would imply changing the law defining the current density emitted by the cathode
and accounting for melting and vaporization of both anode and cathode. The
problem raised by cathode layer modelling and the main existing models are
presented in Chapter 4. The model and the numerical method used in this study
are presented in Chapter 5. The calculation results obtained based on the cathode
layer model are presented in chapter 6. The conclusion are given in chapter 7,
together with suggestions on future work.

13
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Chapter 2

Physics of electric arcs applied to
welding

Electric arc discharge is complex to model. A source of complexity is due to its
non-uniformity. The dominant physical phenomena are not the same throughout
the arc. For this reason the plasma arc discharge is commonly divided into sub-
regions characterized by specific leading physical phenomena, as sketched in
Figure 1.3. The main subregions are:

e The solid region (that may be partially melted). It includes the work piece
and the electrode. In GTAW welding the electrode is usually the cathode
and the work piece is the anode. In GMAW it is usually the opposite.

e The plasma core.
e The interface between cathode and plasma which is called cathode layer.
e The interface between anode and plasma or anode layer.

The ionization degree is an important parameter used in kinetic theory [14, 10]
to determine the leading order collisional phenomena taking place in the plasma.
Figure 2.1 shows the densities of the different species present in an argon plasma
in local thermal equilibrium and at atmospheric pressure. Figure 2.2 shows the
corresponding ionization degree. The calculation was done assuming that the
ionization energy is provided by the free electron alone, using the Saha law pro-
posed by Van de Sanden [54], as further detailed in section 5.2.1. Although a
thermal plasma is partially ionized, it may however be locally highly ionized in
the hottest regions, as illustrated in Figure 2.2. When increasing the electron tem-
perature from 5000K up to 30000/, the argon atom number density decreases
by almost five orders of magnitude down to 10*®atom.s/m~3. The ionization de-
gree is then large, but argon atoms are still present. Besides charged and neutral
particles, the plasma species can be classified into light species (electrons) and

15
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heavy species (neutral and ionized atoms/molecules). Due to the significant mass
difference, electron-heavy particle collisions are less efficient at transferring mo-
mentum and energy than electron-electron or heavy-heavy particle collisions. In
regions with high degree of ionisation (o« > 107! and 7, > 10000K in Figure
2.2), the collision frequency between light and heavy species is large enough to
balance the poor efficiency of the momentum and energy transfer. Local thermal
equilibrium (LTE) between all the species can then be reached. This property
is commonly accepted in thermal arc modelling, and it is supported by model
derivations done using kinetic theory [13] and by experimental observation [52].
When going to temperatures below 10000/, and an ionization degree of the
order of 107! — 1073, the reduction in the number of electrons present in the
plasma leads to a too low collision frequency to maintain local thermal equilib-
rium between heavy and light particles. When encountered in the colder regions
of the plasma core and in the pre-sheath, the frequency of electron-electron and
heavy-heavy particle collisions is still large enough to allow the light species
reaching a local thermal equilibrium and the heavy species another one. This
situation called non-LTE or partial-LTE depending on the authors, results in a
two-temperature model, as derived in [13] using the kinetic theory and assum-
ing that the ionisation energy is provided by free electrons. It is however known
[22] that the excited electronic states of the ionized particle also contribute to the
ionization energy. This contribution is important in the colder regions of the arc
with low electron density. However, there is not yet a satisfying generalization
of the Saha law accounting for this contribution.

In practice the plasma core of welding arcs is in most cases modelled using a
one-temperature model (LTE). This modelling could be questioned in the colder
plasma edges, but as above mentioned there is not yet a satisfying generalization
of the Saha law for the colder regions. As a result the calculation of the plasma
composition, needed for deriving the thermodynamic and transport coefficients
of the two-temperature fluid model is still an open problem.

2.1 LTE Plasma core

The plasma core represents the main body of the plasma. In welding applications
it is of the order of 10~2m [12]. This region is in the present work assumed to be
in local thermodynamic equilibrium (LTE). The plasma core model applies to a
Newtonian fluid, assuming:

e a one-fluid model,
e in local thermal equilibrium,

e thermally expansible and mechanically incompressible,
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e alaminar flow.

In this framework the continuity equation is written as

XV lou =0, @1
where p denotes the fluid density, and u the fluid velocity. The operator V- de-
notes the divergence operator. The density p = p(7") depends on the temperature
T, as illustrated for an argon plasma at 1atm in Figure 2.3. Pressure dependency
can generally be omitted in standard welding applications. However, this simpli-
fication is not valid for some other thermal arc applications, such as high power

electric arc switchers.
p [kg/m?]
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Figure 2.3: Argon plasma density as a function of temperature, plotted based on
data derived by Rat et al. [44].

The momentum conservation equation is expressed as

%+v- [pu@u] = V- [u(Va+ (Vu)) — 2 4 (V-u) I]
=—-VP+JxB,

(2.2)

where p = p(7) is the temperature dependent viscosity, / the identity tensor, P
the pressure, J the current density and B the magnetic flux density (simply called
magnetic field). V- denotes the gradient operator, and & the tensorial product.
The last term on the right hand side of (2.2) is the Lorentz force. The enthalpy
conservation equation is given by

dph K B B ‘ 5kp
G TV ] =V [ VI = VP T E - Qi+ V [260th},
2.3)
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where £ is the specific enthalpy, & = a(T') the temperature dependent thermal
diffusivity, Q,qq = Qrea(T’) the radiation heat loss, kg the Boltzmann constant,
e the elementary charge, E the electric field and C}, = C,(7") the temperature
dependent specific heat at constant pressure (see Figure 2.4). The third term on
the right hand side of equation (2.3) is the Joule heating, and the last term the
transport of electron enthalpy. The temperature, 7, is derived from the specific
enthalpy via the definition of the specific heat,

Cp J/(kg K]

12000 ¢

8000 ¢

4000 |

0 10000 20000 30000 T[K]

Figure 2.4: Specific heat as a function of temperature for argon plasma, plotted
based on data derived by Rat et al. [44].

The electromagnetic model is derived from the set of Maxwell equations,
supplemented by the equation governing charge conservation, as further detailed
by Sass-Tisovskaya et al. [48]. When considering the core of a thermal arc as
used in welding, while ignoring the anode and the cathode sheaths, it can be
assumed that

e The Debye length \p is much smaller than the characteristic length of the
welding arc, so that local electro-neutrality is verified, ¢;,; = 0, and the
diffusion and thermodiffusion currents due to electrons are small compared
to the drift current.

e The characteristic time and length of the welding arc allow neglecting the
displacement current 1o0E /0t compared to the current density J in Am-

pere’s law, resulting in quasi-steady electromagnetic phenomena, OE /0t =
0, and OB/0t = 0.
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e The Larmor frequency is much smaller than the average collision fre-
quency of electrons, implying a negligible Hall current compared to the
drift current.

e The magnetic Reynolds number is much smaller than unity, leading to a
negligible induction current compared to the drift current.

Based on these assumptions, it is known that there exist a scalar electric potential
V' and a vector magnetic potential A defined up to a constant [11]. The electro-
magnetic system of equations can then be reduced to the Poisson scalar equation
governing the electric potential V'

V- oeVV]=0, (2.5)
and the vector Poisson equation governing the magnetic potential, A
NA =p, 0 VV (2.6)

where A denotes the Laplace operator. o is the electric conductivity and p, is the
permeability of vacuum. A is assumed to satisfy Lorentz gauge, AA = 0. The
current density J, electric field E and magnetic field B are then simply derived
from the electric and magnetic potential via

J=0E. 2.7
E=-VV, (2.8)

and
B=VxA. (2.9)

where V x denotes the curl operator. For high-intensity arcs the electric conduc-
tivity o is temperature dependent, as illustrated in Figure 2.5 for an argon plasma
using data derived by Rat et al. [44]. The two other extended regions are the an-
ode and the cathode. The cathode layer is further divided into a space charge
layer or sheath, and an ionization layer or pre-sheath, as shown in Figure 2.6.
The cathode region and its interaction with the plasma core through the cathode
layer are now described.

2.2 Cathode

This electron emitter is mostly solid in GTAW, and it is usually partly liquid
in GMAW. It should be noted that in this study, the melting of the cathode is
not taken into account. In this region the governing equations concern the elec-
tric potential, V', the magnetic potential A and the thermal energy. When phase
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Figure 2.5: Argon plasma electric conductivity as a function of temperature,
plotted based on data derived by Rat et al. [44].
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change is not included, the thermal energy equation is usually expressed as a
temperature equation. When phase change (solidification/melting) is included
into the model, an enthalpy formulation is more suited for ensuring energy con-
servation. The system of equations to be solved in the cathode bulk (assuming
no phase change) is thus

V:lo.VV]=0, (2.10)
AA = p, 0. VV | (2.11)

and also 9ol

P Ke
e . —Vv.[=¢ . 2.12
5 TV [puh] =V [CCVh]JrJ E (2.12)
where

J=0c.E. (2.13)
=-VV, (2.14)
B=V xA. (2.15)

The cathode is thus characterized by three main bulk quantities: its thermal con-
ductivity k., its electric conductivity o, and its specific heat C..

Additional surface material properties are also needed for modelling the cath-
ode ability to emit electrons:

e The work function ¢.
e The emitted electron current density Je,,.

The work function of a metal can be defined as the minimum energy that must
be given to a valance electron moving freely inside the metal to be liberated
from the metal surface. With this minimum energy the electron has no kinetic
energy for moving further away from the surface. Also, in this definition of
the work function, the valence electron occupies the highest energy level (when
the system is in its ground state), which is the Fermi level of energy E;. An
electron escaping with a minimum energy causes a negative charge just outside
the metal surface. In return, a positive charge just inside the metal surface is
formed. This causes a sheet of dipoles at the metal surface, implying a repulsive
force acting upon the electrons as they try to escape from the metal surface. This
repulsion force forms a surface potential barrier of energy F,..(s), called the
energy vacuum level, close to the surface. The minimum energy for valence
electrons to escape the metal and overcome the surface potential barrier is thus

¢ = Eyec(s) — Ey. (2.16)

This energy is called the work function. It is usually expressed in eV and for
metal it uses to be between about 1.5 and 6 eV/. If a layer of positive ions builds
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up outside the metal surface on the top of the dipole layer, as in the sheath or
space charge layer of a cathode layer (see section 2.3) it facilitates the electron
emission by lowering the surface potential barrier.

Research on electron emission from cathode surfaces started in 1901 with
Richardson. It was long believed that all thermal arcs emit electrons by ther-
moionic emission, i.e. from a large thermal energy input. However, thermoionic
emission is not sufficient to explain the large current densities observed exper-
imentally. Other emission processes were then discovered [25]. Among them,
two are of importance in arc welding: thermal-field emission, and field emission.
The leading emission process type is related to the cathode material properties
[53].

The cathodes used in GTAW are made of refractory material. A typical exam-
ple of refractory cathode is a tungsten cathode; its melting point is 7;,, = 3410°C,
and its boiling point 7, = 5660°C. Refractory materials can sustain high temper-
ature without strong melting or vaporization. Vaporization is thus assumed to be
negligible. For refractory material, thermo-field emission is the dominant emis-
sion process. Thermo-field emission is thermoionic emission enhanced by the
lowering of the surface potential barrier due to the presence of a space charge
layer. However, most of the studies ignore the field-enhancement and assume
thermoionic emission. The electron emission current density for thermoionic
emission is modelled by the Richardson-Dushman equation (5.2). Its field en-
hancement is accounted for with a correction for the so called Schottky effect,
see equation (5.3).

For the non-refractory cathodes, as used in GMAW, a different emission pro-
cess is dominant: field emission. A typical example of non-refractory cathode
is a copper cathode (melting point 7;,, = 1083°C, boiling point 7;, = 2567°C).
Non-refractory materials cannot sustain very high temperature. As the cathode
surface temperature is lower for non-refractory materials than for refractory, the
thermoionic emission is also less efficient. The field emission is then the emis-
sion process allowing to maintain a reasonable level of electron emission. In
that case the cathode layer (more specifically the space charge layer) is more
important. It further lowers the surface potential barrier and also make it thicker,
allowing electron tunnelling. Field emission current density is modelled by the
Fowler-Nordheim equation [19]. As non-refractory cathodes significantly melt
and vaporize, their cooling by vaporization cannot be neglected, while it is usu-
ally negligible for refractory cathode.

To calculate the emitted electron current density, we need to know (i) the
cathode surface temperature, 7, which requires knowing the net heat flux trans-
ferred to the cathode surface, ¢;; and (ii) the potential drop across the space
charge layer, Us.
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2.3 Space charge layer (cathode sheath)

The negative charge forming the surface potential barrier on the cathode surface
attracts positive ions, leading to the formation of a positive space charge region
shielding the neutral plasma core from the negative cathode wall, see Figure 2.6.
This thin region is called space charge layer, or sheath, and its thickness is of the
order of the Debye length (almost 10~%m) [8]. The sheath plays an important
role in the cathode layer function [56]:

e It forms a potential barrier that enhances electron emission by lowering the
surface potential barrier.

e [t accelerates the emitted electrons, pushing them further away from the
cathode surface (towards the pre-sheath or ionization layer) and provides
them with sufficient kinetic energy to allow promoting impact ionization
as they reach the pre-sheath, and thus sustain the discharge.

e It accelerates the ions generated in the ionization layer towards the cath-
ode. These ions heat the cathode up to thermoionic emission temperature
by transferring their kinetic energy to the cathode surface during cathode
wall collisions. Among these ions, the most highly energetic may also
promote secondary emission.

e It forms a potential barrier that reduces the back diffusion of the electrons
towards the cathode.

The charge fluxes taking place in the sheath are thus: the flux of electrons emitted
from the cathode surface by thermal-field emission and by secondary emission,
and also the flux of ions and back diffused electrons towards the cathode. In the
sheath the number of collisions is insignificant and thus neglected. Therefore,
there is no local thermodynamic equilibrium, no ionization and no recombina-
tion. The heat transferred to the cathode surface because of these charge fluxes
includes

e the heat lost by thermal-field emission, by secondary emission, and radia-
tive cooling.

e the heat gain by the ions and back diffusion electrons crossing the sheath
and reaching the cathode surface.

These quantities depend on the cathode surface temperature, the electron and
ion temperature at the sheath/pre-sheath interface, the plasma composition at the
sheath/pre-sheath interface and the potential drop across the sheath.
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2.4 Ionization zone (cathode pre-sheath)

The ionization zone is the region where charged species are produced by ion-
ization. As sketched in Figure 2.6, the ionization can occur when an electron
emitted from the cathode surface and accelerated in the sheath, collides with gas
atoms or ions. The ionization can then take place if the kinetic energy of the elec-
tron is large enough so that an electron bound to the atom or ion overcomes the
ionization threshold, resulting into two free electrons and a positively charged
ion. The thickness of this layer is of the order of 10~°m [56] which is less than
the recombination length and much larger than the mean free path. The ioniza-
tion layer is thus in partial local thermal equilibrium [12]. It means that electrons
are in local thermal equilibrium and so are the heavy particles, but the electron
temperature is much higher than the heavy particles temperature. The ionization
layer is also quasi-neutral as the Debye length is less than the ionization mean
free path. To summarize, the cathode layer presents three types of deviations
from LTE [2]:

e Deviation from thermal equilibrium in the pre-sheath (see T(x) in Figure
2.7). This is the relative deviation of electron temperatures 7, from the
heavy particle temperatures 7},.

e Deviation from ionization equilibrium in the pre-sheath, leading to a net
production of charged particles that sustain the discharge (n. # 0).

e Deviation from quasi-neutrality in the sheath (see n(x) in Figure 2.7). This
is due to the relative deviation of electron and ion densities, n. and n;.

The last deviation induces a significant potential drop (see V(x) in Figure 2.7)
allowing the sheath to play its role for enhancing thermoionic emission.

thermal equilibrium ionization equilibrium quasi neutrality
sheath not defined no ionization Ne £ Ny
pre-sheath T, # 1Ty Ne 7 0 Ne = Ny
plasma core T ~ 1T ne =0 Ne =Ny

Table 2.1: Violation from L.T.E for plasma sub-regions.

Table (2.1) shows the summary of the plasma structure regarding the violation
from LTE.

The anode layer is also divided into sheath and pre-sheath sub-regions. The

distribution of the charged particles in the anode layer is different to the one in
the cathode layer. However, plasma core-anode coupling obeys a similar concept
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as plasma core-cathode coupling [6, 27, 36]. Therefore, the plasma core-anode
coupling can be modelled as a plasma core-cathode with some modifications.
This region is not further detailed here.

The cathode layer modelling can be applied if it is possible to do an energy
coupling between the cathode and the plasma arc. Thus, before going into more
details about the cathode layer modelling, a thermal coupling of solid-fluid is
implemented in OpenFOAM. More details of this study can be found in [33].
The results obtained with this solid-fluid coupling are described in chapter 3.
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Figure 2.7: Schematic representation of the voltage V, particle number density
n and temperature distribution T in the cathode region of a thermal arc emitting
cathode [16].
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Chapter 3

Solid-fluid coupling - summary of
Paper A

A thermal solid-fluid model with a standard coupling is applied to a laser weld-
ing problem with shielding gas neglecting metal melting. The main reason for
choosing a laser welding application is that it does not require any advanced
model for coupling the shielding gas to the solid, contrary to arc welding. This
application was also motivated by problems met in a manufacturing context: the
smoke produced during welding could flow through the observation area of the
optical system used to track the weld path, and thereby affect the accuracy of the
path tracking. A better knowledge of the shielding gas flow was thus needed.

In this application a first argon shielding gas is brought by a pipe above the
base metal around the focal point of the laser heat source. A second argon shield-
ing gas is used to form an additional screen large enough to cover the part of the
weld already solidified but not yet cooled. This second shielding gas is injected
through a porous plate fixed on the back side of the pipe (see Figure 3.1).

Shielding gas injection

Figure 3.1: Schematic sketch of the shielding plate for case 4
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The open source software OpenFOAM-1.6.x is employed to run the numer-
ical calculations. The CFD tool OpenFOAM is a general library of C++ classes
for numerical simulation of continuum mechanic problems, and it is mainly used
in CFD. The solver so called chtMultiRegionFoam combining heat conduction
in a solid region (the workpiece) and thermal flow in a fluid region (the shielding
gas) is used. The domain plotted in Figure 3.2, is divided into two different parts:
the solid part, and the fluid part. The solid domain is made of Ti6Al4V alloy and
the fluid part contains pure argon gas. The fluid part contains the shielding pipe
and in one case the shielding plate too.

Figure 3.2: Schematic sketch of a section of the model

The model combines heat conduction in the solid region (the work piece)
and thermal flow in the fluid region (occupied by the shielding gas). These two
regions are coupled through their energy equations so as to allow heat transfer
between solid and fluid region. The laser is modelled as a heat source acting
locally on the surface of the work piece.

3.1 Governing equations

The simulations include both a fluid part and a solid part, where different gov-
erning equations are solved.
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3.1.1 Governing equations in the fluid part

The system of equations governing the flow is the set of steady laminar Navier-
Stokes equations for an incompressible and thermal fluid. This set is expressed
in cartesian coordinates (x,y, z). In the sequel, = denotes the location along the
welding direction, 2z along the direction through the solid and y is the location
perpendicular to the two former (see Figure 3.2).

In this application the mass, momentum and enthalpy conservation equation
are simplified versions of the LTE-plasma core equations: there is no Lorentz
force, no Joule heating, no radiation cooling and no transport of electron en-
thalpy. The heat is generated in the solid part and transferred to the fluid through
diffusion.

3.1.2 Governing equation in the solid part

A thermal energy equation is solved in the solid region. The governing heat
conduction equation accounting for laser heating differs from the cathode equa-
tion: Joule heating is replaced by the heat source generated by the laser, and the
equation in chtMultiRegionFoam solver is function of temperature rather than
the enthalpy. It can be written as

0, . o .oT

) = Qus (3.1

where U/ is the i component of the relative velocity of the work piece with
respect to the laser heat source. p® is the solid density, ¢, the specific heat at
constant pressure, K ° the thermal conductivity of the solid material, and @,
the laser heat source. A guassian laser energy distribution is commonly used to
model the laser heat source. In this study the volumetric laser heat source ()5 is
modelled according to Chuan et al. [15], i.e.

2nPL —r?
le($7y7z) - 7_(_74621—_]—63:1)( T(% )7
) (3.2)
Te —Ti)%
ro =T+ —( I7i ) ;

where 1) is the thermal efficiency, P” the laser power and 7. and 7; are the half
width of the weld at the top and bottom surface, respectively. In this study, which
is concerned with full penetration laser welding, the welding penetration H is the
thickness of the work piece, see Figure 3.3.

31



CHAPTER 3. SOLID-FLUID COUPLING - SUMMARY OF PAPER A

Figure 3.3: Heat source power density distribution [15]

3.2 Test cases and numerical settings

The parameters needed to set the test cases were taken from a manufacturing
application. The thickness of the work piece is 7mm, its length is 200 mm and
its half-width is 50 mm. A pipe with 20 mm diameter is included in the model
to inject argon with the flow rate of 45 [/min. The pipe makes a 60° angle with

the horizontal line, see Figure 3.4.
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Figure 3.4: Partial cross section of the model [mm)]

The velocity of the moving heat source is 800 mm/min. The heat source
models a T"EMO00 laser with a power of 2500 1. A thermal efficiency of 100%
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is considered and the width of the weld at top and bottom of the fusion zone are
7mm and 3 mm respectively. The density, viscosity and thermal conductivity of
the argon shielding gas are

pf =0.686 kg m=3,
pw=0432 x 107* kgm="' s71,
k¥ =0.0338 W m~t KL,

The density, specific heat and thermal conductivity of the titanium alloy work
piece are

pf = 4309 kg m~3
Cs=T14J kg~ K1,
Ks=178W m™ K7L

To study the shielding gas behaviour over the work piece, four different cases
have been tested. Three cases aim at investigating the effect of the shielding
pipe outlet shape on the gas flow without shielding plate, see Figure 3.5. These
cases are done for pipes that are not equipped with a plate. The fourth case is
inspecting the influence of the shielding plate on the gas flow, see Figure 3.1.

Case 1 includes the left pipe of Figure 3.5 and no shielding plate. This first
pipe has an end opening normal to the pipe axis but no lateral opening. This
configuration cannot be used in practice, as it would not allow the laser beam to
reach the work piece. This test case was however studied since it gives infor-
mation on the influence of the lateral opening of the pipe on the shielding gas
flow.

As can be seen in Figure 3.5 the shielding pipe of case 2 is based on case 1
but with the presence of an additional opening on the wall of the pipe to let the
laser beam reach the base metal (see Figure 3.5, centre). The dimension of the
opening is 13 mm x 20 mm.

Case 3 differs from case 2 by the shape of the outlet of the pipe (see Figure
3.5, right). The angle between the pipe end opening and the pipe section is equal
to 30° in the third case while it was equal to 0° in the former cases.

The model in case 4 is implemented with the same features as case 3, sup-
plemented with a shielding plate. The shielding plate has an injection screen
through which the gas flows at a rate of 45 [/min to cover the welded part, see
Figure 3.1. The injection screen of the shielding plate has a length of 70 mm and
an half-width of 20 mm. The geometry of the model is illustrated by the cross-
section in Figure 3.4. The meshes of cases 1 to 3 have about 3.3 million cells.
Case 4 has only about 1.4 million cells since the region located over the shield-
ing plate and behind the pipe does not need to be included into the computational
domain.
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case 1 case 2 case3 &4

Figure 3.5: Shielding pipe for different cases

3.3 Boundary conditions

Boundary conditions are applied for the fluid part, the solid part, and the interface
between them.

Fluid part

A parabolic velocity distribution is specified at the inlet of the shielding pipe. To
achieve the flow rate of 45 [/min, a maximum velocity of 4.77 m/s is employed.
In case 4, where the shielding plate is included, an inlet boundary with uniform
velocity of 1.9m/s is also set at the injection screen to form a shielding screen
with a flow rate of 45 [/min. At the surrounding boundaries of the fluid part (on
top and sides), a zero gradient condition is used for the velocity and the pressure
is set to the atmospheric pressure. The inlet temperature of the shielding gas is at
room condition, that is 300 /. The same temperature condition is applied to the
fluid boundaries (on top and sides) of the computational domain. It was checked
(running calculations with a larger computational domain) that the size of the
computational domain is large enough to allow using such boundary conditions.

Solid part

In the manufacturing application, cooling water was flowing into a duct mounted
under the work piece. The water inlet temperature was 6° C. The details of the
cooling system were not included in the simulation model. The cooling effect
was accounted for in a simplified way in the simulation test, assuming a fixed
temperature condition 7" = 300 K at the bottom solid boundary. This value was
calculated using standard analytic models for heat transfer in pipe flow. A zero
gradient boundary condition is employed for the temperature at the sides of the
solid part.
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Interface between solid and fluid

At the interface between the solid and fluid regions, a common no-slip bound-
ary condition is set for the fluid velocity. Solid and fluid are coupled through
their energy equations so as to allow heat transfer between solid and fluid re-
gion. The energy equation in the solid region governs the solid temperature,
while the energy equation in the fluid region governs the fluid enthalpy. So their
coupling is not direct: the direction of the heat flux is first determined. Then,
the thermal coupling is done setting automatically the fixed value or the fixed
gradient depending on the direction of the heat flux. This boundary condition,
called a conjugation boundary for heat flux and temperature, is implemented by
the solver chtMultiRegionFoam.

3.4 Temperature distribution

Figure 3.6 represents the temperature distribution over the base metal and through
the work piece in case 4. As the model does not yet account for phase change,
the maximum temperature raises up to 2100 K which is higher than the melting
point of titanium alloy Ti6Al4V which is about 1900 K. The temperature distri-
bution over the work piece along the x-axis is plotted for case 3 and case 4 in
Figure 3.7. The x-axis is located at the intersection of the symmetry plane and
the top surface of the solid region. It can be observed in Figure 3.7 that the weld
temperature decreases strongly, by about 1300 /&, over a short distance from the
laser heat source (40 < z < 90 mm). In this region, the cooling rates of case 3
and 4 are almost the same. The extension of the heat affected zone is less than
1/10% of shielding screen area. So the volume flow rate of argon flowing effec-
tively above the heat affected zone in case 4 is less than 4.5 [/min. A plot of
the the velocity field in a cross-section under the shielding plate in x = 50 mm
shows that above the weld (on the left hand side of Figure 3.8) the velocity of
the shielding gas is very small. The shielding gas has thus in this region a poor
ability to cool down by convective heat transfer. As a result, the presence of the
shielding screen in this area does not improve the cooling.

Further away from the laser heat source (in 0 < x < 40 mm) the velocity of
the shielding gas above the weld is slightly larger, see Figure 3.9 on the left. The
cooling by convective heat transfer is thus slightly larger. Accordingly, in this
region the solid surface temperature is almost 20K lower in case 4 than in case
3.

To conclude this part, the shielding plate does not provide any significant ad-
ditional cooling of the weld. The shielding plate was indeed designed to protect
the weld from the surrounding air, and not to further increase the cooling rate.
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Figure 3.6: Temperature [K] distribution in the solid plate - case 4
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Figure 3.7: Temperature at the solid surface at the symmetry plane
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Figure 3.8: Velocity [m/s] in the cross section x = 50 mm of the shielding plate,
case 4. The left hand side is at the symmetry plane. The right hand side is at the
edge of the shielding plate.
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3.5 Velocity distribution

To compare the results obtained with the different test cases, the magnitude of
the velocity is plotted in the symmetry plane.

Comparing Figures 3.10 top and bottom reveals that the velocity profile and
magnitude in case 1 and case 2 have almost the same patterns and values. The
argon gas injected in the pipe is not pressurized. Pressure gradients along the
radial direction from pipe axis to the surroundings are thus negligible at some
distance above the work piece. Closer to the work piece the argon pipe jet is
deflected because of the presence of the base material surface. As the pipe end
opening and the work piece make an angle of 30°, the open space is large enough
for the argon jet to be deflected without disturbing significantly the flow inside
the pipe and thus in the lateral pipe opening. So, with the configuration of case
2, the opening on the pipe wall does not affect significantly the shielding gas
distribution compared to case 1. Increasing enough the volume flow rate of the
shielding gas, or reducing enough the angle between the pipe end opening and
the work piece, would change this result.

The magnitude of the velocity obtained with the test case 3 is plotted in Fig-
ure 3.11. Figure 3.11 shows that when reducing the angle between the pipe end
opening and the work piece down to 0°, the shielding gas flow behaves differently
and a higher velocity is achieved over the base metal. So this pipe configuration
is less favourable than the configuration of case 2, since a higher shielding gas
velocity towards the front of the weld will most probably entrain more smoke in
the observation area of the optical system intended to track the welding path.

The velocity fields of case 4, plotted in Figure 3.8 and Figure 3.9, confirm
that the protection against the oxidizing surrounding atmosphere is achieved by
the shielding screen since the shielding gas prevents the atmosphere from flowing
towards the weld.

Figure 3.12 is a zoom at the junction between pipe and shielding plate, show-
ing the velocity vectors of the shielding gas in the symmetry plane. It indicates
that part of the shielding screen (from the plate) flows towards the pipe, joins the
pipe flow and thus increases the amount of gas flowing towards the front of the
weld. This flow can entrain even more smokes and fumes towards the front of
the weld and the observation area of the optical system.

3.6 Conclusions

The flow of the laser welding shielding gas over the base metal with both shield-
ing pipe and shielding plate has been studied. The present results confirm that
the shielding plate provides a good protection of the cooling weld against the
surrounding atmosphere. The shielding screen produced by the plate has a neg-
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Figure 3.9: Velocity [m/s] at the symmetry plane case 4.
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Figure 3.10: Velocity [m/s] at the symmetry plane. Top: case 1, bottom: case 2
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Figure 3.11: Velocity [m/s] at the symmetry plane case 3
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Figure 3.12: Zoom of case 4 showing the velocity vectors in the symmetry plane,
at the junction between pipe and shielding plate.

ligible influence on the cooling rate of the weld. However, the design of the
shielding pipe and plate (case 4, the case used in practice) is in conflict with the
requirements of the optical system for tracking the welding path. A larger angle
between end pipe opening and work piece, as in case 2, leads to lower shielding
gas velocity towards the front of the weld compared to case 3 (and 4), but this
is not sufficient to protect the observation area from the possible entrainment of
fumes by the shielding gas. Based on case 2, more extended lateral openings
on the pipe wall are not expected to provide any significant improvement. The
design of the pipe and plate should thus be modified to deflect differently the
shielding gas flow, away from the observation area, while maintaining a proper
shielding. A solution could be to force a lateral flow of the shielding gas by
introducing pressure gradients. Checking with CFD that a new design is suited
will require a more detailed modelling of the flow, accounting for turbulence, as
the pipe flow is known to be transient (see section 2), and turbulence may also
disturb the observation area of the optical system for tracking the welding path.

The extension of the OpenFOAM solver chtMultiRegionFoam to a welding
arc model coupling the plasma arc heat source with the electrode and base metal
requires first implementing a coupled electromagnetic model for the solid and
fluid region. This technical part is not detailed here and can be found in the report
[32]. The second step concerns the modelling of the interface layer coupling the
arc core and the solid acting as electron emitter. This model is presented in the
next chapter.
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Chapter 4

Cathode layer

4.1 Problem description

The problem raised by cathode layer modelling is the following: two regions
(see Figures 2.6 and 2.7)

1. plasma core and pre-sheath,
2. cathode bulk

can be modelled at the macroscopic scale. These regions are separated by a third
region the sheath, in which the macroscopic approach is not valid. However,
because of the physics taking place in the sheath, the heat g,/ transferred from
the pre-sheath region is not equal to the heat ¢, transferred to the cathode bulk
(see Figure 4.1).

With a multi-species (electrons, ions, atoms) and multi-temperature (7, 7})
fluid model for thermal arc with ionization non-equilibrium, it would be possible
to model the plasma core and the pre-sheath together (see Figure 4.1). The heat
qps/s transferred from the pre-sheath towards the sheath could then be known
based on the fluid model. Then the cathode layer model would reduce to a sheath
model for finding the potential drop across the sheath, and the heat transferred
from the sheath to the cathode surface q.qsp.

Several multi-fluid and two-temperature models do exist in the literature for
modelling a thermal arc. They were recently compared by Freton et al. [20].
These models differ in the way the energy source terms for heavy and light par-
ticles are handled. A problem is that most of these models do not account for
the ionization non-equilibrium needed for the pre-sheath. Multi-temperature and
non-equilibrium ionization model involve a large number of PDE to be solved
throughout the arc, thus high computational cost.

As most of the thermal arc core is in LTE, it could be more interesting to
opt for a one fluid LTE model describing the arc core alone. The heat g/,
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plasma core | pre-sheath : sheath cathode
| !
| | Aps/s Qcath
| |
multi-fluid, two-témperature collisionless | macroscopic
macroscopic model I model model

Figure 4.1: Scheme of sub-regions of an arc discharge with multi-fluid, two-
temperature fluid model.

transferred from the plasma to the pre-sheath (see Figure 4.2) can be known
based on the LTE-fluid model. Then cathode layer model must include both
the pre-sheath and the sheath for finding the conditions at the pre-sheath/sheath
interface so as to determine the potential drop across the sheath, and the heat
transferred from the sheath to the cathode surface q.., (see Figure 4.2). As a
counterpart, additional closure relations are needed for finding electron and ion
temperature as well as plasma composition at the pre-sheath/sheath interface.
This is the approach retained in this study.

plasma core : pre-sheath : sheath cathode
| |
| Ap/ps | Aps/s Qcath
I I
one-fluid multi-fluid
one-temperature | two-temperature one-temperature
macroscopic model Imacroscopic modelI collisionless model [macroscopic model

Figure 4.2: Scheme of sub-regions of an arc discharge with one-fluid, one-
temperature fluid model.

4.2 Existing models

The literature addressing this problem can be divided into two different groups.
The first group focuses on the physics of the cathode layer without considering
a fluid model (the arc is modelled setting LTE boundary conditions). Lowke
[38], Hsu and Pfender [31], Zhou and Heberlein [58, 59], Schmitz and Rieman
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[49, 50] and Benilov and Marotta [5] did successively contribute to cathode layer
modelling. Some main characteristic of their models are now summarized.

Lowke’s theory [38] treats the pre-sheath as a one-temperature region and
does not take into account the sheath. In this way, the electron density close to the
cathode is larger than the electron density of a LTE plasma. This thus promotes
the current flow from the cathode to the plasma. This phenomenon of electron
enrichment is equivalent to considering a chemical non-equilibrium within the
ionization layer. Thanks to the calculation of the electron density distribution in
the cathode vicinity, the electric conductivity can be calculated. As a result the
current flow between the cathode and the plasma is ensured in a self-consistent
way. The main drawback of this model is to ignore the space charge layer and to
present inconsistencies in the determination of current densities.

Zhou and Heberlein [58, 59] do not take into account the physical concepts
of the ionization layer. However, they calculate the plasma composition at the
sheath/pre-sheath interface thanks to a two-temperature composition model. Two
other important features of this model are to include the back diffusion electron
current and to consider a heavy particle temperature at the sheath/pre-sheath in-
terface equal to the cathode surface temperature. The main drawback of this
model is that it requires setting several parameters like cathode voltage drop,
cathode spot radius and electron temperature.

Hsu and Pfender [31] consider the sheath as a collisionless domain and solve
a Poisson equation which satisfies charge conservation. The ionization layer
in their model is described using a two-temperature model. They consider two
conservation equations for the charge and two conservation equations for the en-
ergy. They use the current density at the cathode surface as input parameter for
the cathode layer model. This aspect is important when planing coupling this
cathode layer model with the cathode bulk and plasma core. The main draw-
back of this model is that the two-temperature model involves an invalid Saha
equation.

Schmitz and Rieman [49, 50] divide the pre-sheath layer into two sub-regions:
(1) the transition zone where the ionization takes place. Within this sub-region
the charge densities are calculated. (2) The Knudsen zone in which collisions can
take place without ionization. The Knudsen zone can be described by the Boltz-
mann equation. The problem with this model is that the detailed description of
the ionization layer makes it difficult to be used for other gases. Nandelstidt et
al. [40] showed that the results of this model are close to the results by Benilov
while the the Benilov’s model is not as complex as the Schmitz model.

The work by Benilov and Marotta [5] is the most fundamental of the models
within the frame of this approach. In their model the energy balance equations
at the cathode/sheath interface and also in the pre-sheath are considered. Theses
energy balances are implemented by introducing electron emission heat flux,
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electron back diffusion heat flux and ion heat flux. The calculation of these heat
fluxes gives the current density in the space charge layer and the energy flux
towards the cathode. In the ionization layer the electrons, ions and neutral atoms
are considered as different fluids while treated with a two-temperature model.
The ion density at the sheath edge is calculated based on the ion density of a LTE-
plasma core. The surface electric field is used to calculate the Schottky correction
in the Richardson emission formula to account for the field enhancement of the
thermoionic emission from the cathode surface. A drawback of this model is that
it does not consider secondary emission, and the current and energy conservation
at the sheath/pre-sheath interface are not strictly verified. The main novelty and
drawbacks of each study are summarized in Table 4.1.

The second group of modelling studies is more recent, and contrary to the
former group, often related to electric arc welding applications. In this group
the arc plasma described by magnetohydrodynamic equations is part the model.
The aim of this group of models is indeed to supplement the arc plasma model
with the electrodes. Studies in the frame of this group can be classified into two
different approaches.

In the first approach, the thermal arc is described with a multi-species (elec-
trons, ions, atoms), two-temperature (7, 7) and chemical non-equilibrium fluid
model. So the fluid model for the arc is also valid for the ionization layer. There
is thus no need to model the pre-sheath and the cathode layer model reduces to a
sheath model. Consequently, the thermal-field emission electron flow, secondary
emission electron flow, the ion flow, and the back diffusion electron flow taking
place in the sheath need to be taken into account to calculate the voltage drop in
the sheath (U;) and the heat (q..p,) transferred to the cathode surface. A problem
is that different models do exist in the literature for modelling a thermal arc in the
frame of this approach (e.g. Haidar [28] and Tashiro [52]). As underlined earlier,
they differ in the way the energy source terms for heavy and light particles are
handled and are based on a phase composition models that are not satisfying yet.
In addition, Haidar [28] and Tashiro [52] do not account for the enhancement of
thermoionic emission by the sheath electric field, nor the back diffusion electrons
and the secondary emission. Also, Haidar [28] and Tashiro [52] do not take into
account the charge particle acceleration in the sheath because they do not cal-
culate the voltage drop in this region. In the studies by Haidar [28] and Tashiro
[52], the emitted electrons and ions flowing backwards to the cathode are the
only current densities considered, besides the current density is not conserved in
their model.

In the second approach the thermal arc is modelled as a LTE fluid considering
a one-fluid, one-temperature model and chemical equilibrium. In this approach,
the fluid model is not valid for the ionization layer. This last region thus need
to be included in the cathode layer mode. The models of this approach are built
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Novelty

Drawbacks

Lowke

e The electric conductivity in
the cathode vicinity accounts
for physical properties of the
cathode layer.

e The current density at the
cathode surface is used as in-
put parameter for the cathode
layer model.

e Inconsistencies in the cur-
rent density expressions in
the cathode layer.

e Does not describe the space
charge layer.

Zhou and
Heberlein

e Considers electron back
diffusion density.

e Considers the heavy parti-
cle temperature equal to the
cathode surface temperature.

e Several parameters should
be set.

Hsu and
Pfender

o Considers two temperature
model to describe the sheath
e The current density at the
cathode surface is used as in-
put parameter for the cathode
layer model.

e The back-diffusion electron
flux is taken into account.

e The transport coefficients
are calculated using an in-
valid equation [42].

e Tested only for a high value
of the current density (larger
than 108A.m~2).

Schmitz
and
Rieman

e Introduces the Knudsen
layer at the sheath/pre-sheath
interface.

o Difficult to extend to other
gases.

e The results are close to re-
sults of simpler model by Be-
nilov [40]. Thus, the com-
plexity seems to be useless.

Benilov
and
Marotta

e Easy to extend to other
gases.

e Experimentally validated
[40].

e Takes into account back
diffusion electron density.

e Does not consider sec-
ondary emission.

Table 4.1: Novelty and drawbacks of the models in the frame of level-1 (based on [9]).
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on the studies done in group-1 based on the physics of the cathode layer alone.
Cayla [8, 9] did developments starting from Benilovs studies [1, 2, 3,4, 5]. Some
of the main improvements proposed by Cayla et al. are as follows:

The pre-exponential factor of the equation for electron emission current
density is modified to be generalized independently from the material prop-
erties, (see equation (5.2)).

The charge density at the sheath/pre-sheath interface is determined using
the Saha equations consistent with thermodynamic and kinetic law, devel-
oped by Van de Sanden et al. [54], (see equation (5.20)).

The second electron emission is taken into account (see equation (5.16))
and shown to be significant for low cathode surface temperature (7' <
2700K). This is important in GTAW applications as the cathode surface
temperature is less than the material melting temperature, and the melting
temperature of tungsten is about 3700 K.

The heat conduction towards the cathode bulk (calculated solving a con-
duction equation in the solid cathode) is added to the energy balance equa-
tion at the cathode/sheath interface, (see equations (5.25), and (5.26)).

A drawback of this model is that the current and energy conservation at the
sheath/pre-sheath interface are not strictly verified.

The aim of the present work is to further improve the model developed by
Cayla, and prepare a numerical model of cathode layer which can be applied to
welding applications. The cathode layer model is described in the next chapter.
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Cathode layer - model

This chapter focuses on the modelling of the cathode layer assuming that the
plasma core can be described by a one-fluid model at LTE. It then requires mod-
elling both the cathode sheath and the pre-sheath in order to determine

e the net heat flux towards the cathode surface, g..,, and
e the net charge flux from the cathode surface, J.q.

These two quantities do allow coupling energy and charge (or current) conserva-
tion equations between plasma core and cathode.

To be able to do such a calculation, the analysis of the current densities from
and to the cathode surface is needed. This is described in section 5.1. To cal-
culate the current densities coming from the pre-sheath, the electron and heavy
particle densities 7., nih (j = 0,...,3) and the temperatures 7, T}, are needed
at the sheath/pre-sheath interface. As they cannot be provided by the one fluid
model at LTE, they are calculated from closure relations inferred from physical
concepts. The first step consist in calculating the plasma composition. This is
done solving the Saha equations (function of 1), closed with the Dalton equa-
tion for pressure and the charge neutrality equation. The electron temperature is
obtained from the energy conservation in the sheath. All these elements needed
for calculating 7, 7},, n. and nfqr (7 =0,...,3) at the sheath/pre-sheath interface
are described in section 5.2 and 5.3.

Finally the cathode surface temperature 7, as well as the sheath voltage drop
are also needed to calculate the flux of electrons emitted by the cathode surface
(and the charged particle acceleration across the sheath). The physical concepts
allowing establishing the needed closure relations are energy and charge conser-
vation at the sheath/cathode interface. These relations are described in sections
5.3.1 and 5.3.3. The calculation and numerical procedure allowing solving this
large system of coupled equations are presented in sections 5.4 and 5.5.
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5.1 Current densities in the cathode layer

Developing the current densities is essential for calculating the heat fluxes and
the energy balance equations at both the cathode/sheath boundary and the sheath/pre-
sheath interface. As discussed in chapter 2, there are four main charge fluxes at

cathode

Figure 5.1: Current densities at the cathode layer

the cathode surface (see Figure 5.1) which make the total current density, or
cathode current density

Jtot = ZJi+Jem+Jsem_ de7 (51)

where J; denotes the positive ion current towards the cathode, ./, the thermal-
field electron emission from the cathode, J.,, the secondary emission current
density from the cathode and J,, is the electron back diffusion current density
towards the cathode. These current densities are now presented in more details.

1. Thermal-field emission current density

Conducting metals use to have one or two valence electrons per atom that
are free to move between atoms. The minimum energy that must be given
to a metal surface to liberate an electron is the work function (see section
2.2). By absorption of sufficient thermal energy, a metal surface can emit
electrons by thermoionic emission. The thermal energy is provided by the
ions colliding with the surface. The thermoionic electron emission current
density is calculated by Richardson emission formula [17]

Jom = AR T? exp (—iéf ) , (5.2)
where k is the Boltzman constant, 7, the cathode surface temperature and
Ag = 47k*m./h? = 1.2 x 106 A.m~2. K2 is the Richardson constant.
®cyy 1s the effective work function. For pure thermoionic emission ¢y is
the work function ¢. When the thermoionic emission is enhanced by the
potential drop in the space charge layer, ¢.; also accounts for Schottky
correction which basically express the influence of surface electric field on
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electron emission. It indicates that surface electric fields induce a lowering
of the work function, allowing easier thermoionic emission of electrons

e E,

dme,’

Gepr = ¢ — (5.3)
where ¢ is the electric permittivity in vacuum, e is the electron charge and
E.. is the surface electric field.

The electric field in the sheath derives from the electrostatic potential
@ produced by the sheath space charge. It can be derived from a one-
dimensional and steady state approach if the plasma parameters across the
sheath vary much faster than in the transverse direction. This simplifica-
tion is justified for usual welding arcs as their sheath thickness uses to be
much smaller than the characteristic conducting cathode length (or cathode
spot diameter). ¢ can thus be obtained solving locally the 1-dimensional
Poisson equation,
d*p
S rry
dy?
where y is the direction normal to the cathode wall surface oriented from
the wall towards the plasma (see Figure 2.6), and n. and n; are the elec-
tron and ion number densities in the space charge layer. It can be noticed
that the electrostatic potential ¢ is equal to zero at the sheath/pre-sheath
interface because of local electro-neutrality in the pre-sheath.

=e(n. — Zny), (5.4)

To solve the Poisson equation (5.4) the electron and ion charge density in
the space charge layer n. and n; need first to be determined. The sheath
is collisionless for both ions and electrons as its thickness is less than the
ion and electron mean free path. The ion and electron distribution func-
tions are thus governed by collisionless Boltzmann equations. For charged
particles accelerated by an electric field along the y-direction, the steady
and collisionless Boltzmann equation governing the distribution function
f = f(y,v,) (with f = f, forions and f = f, for electrons) writes

Vym— ———=— =10 (5.5)

where v, is the particle velocity along y, ¢ the particle charge (¢ = ¢ for
electrons and eZ for ions), and m the particle mass (m = m, for electrons
and m; for ions). When the solution f = f. (resp. f = f;) of equation
(5.5) is known, the electron (resp. ion) charge density along y is

Be(d)
n = neu(y) = / fe(iydvy (5.6)

o0
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The upper limit of integration B, for electrons and B; for ions is set below.

The ions present in the space charge layer come from the ionization layer
while the electrons include both the back-diffusion electrons coming from
the ionization layer and the emitted electrons coming from the cathode
surface. However, as proposed by Benilov [5], this last contribution can
be neglected since it is of the order \/m,./m; lower. The ion and elec-
tron distribution functions within the pre-sheath are Maxwellians at tem-
perature 7; and 7., respectively. The sheath electric field decelerates the
back-diffusion electrons as they move toward the cathode, while it ac-
celerates the positively charged ions. As a result, a large fraction of the
back-diffusion electrons are reflected by the sheath potential barrier before
reaching the cathode wall (and return to the pre-sheath) while the ions are
accelerated up to collision with the cathode wall. It implies that the elec-
tron distribution function in the sheath can be assumed nearly isotropic in
velocity, and approximated by a Maxwellian. It also implies that for elec-
trons the upper limit of integration in equation (5.5) is B, = +o0o. The
ions reach the cathode surface and are all assumed to recombine. As they
do not travel back towards the pre-sheath (neutral atoms do instead), their
sheath distribution function is highly non-isotropic in velocity and cannot
be assumed Maxwellian [39]. It also implies that for ions the upper limit
of integration in equation (5.6) is B; = 0.

In the space charge layer, the electron distribution function f, is assumed to
be Maxwellian. The electron density in this region can then be calculated
from the first moment of the Boltzmann equation (5.5).

ey

) (5.7)

Ne = ne(y) = Nes eXP(

where n. is the electron number density at the sheath edge. The ion den-
sity is more difficult to calculate as the ion distribution function f; in the
sheath is not known. The Boltzmann equation then needs to be solved.
This requires knowing the boundary condition at the sheath/pre-sheath in-
terface, f;(oo, vy).

Riemann [46] showed that smooth matching of the pre-sheath and sheath
solution f; requires an additional transition layer called the Knudsen re-
gion. The Knudsen region is a thin sub-region of the pre-sheath next to
the sheath and dominated by ion-ion collisions with no ionization [5]. The
role of this sub-layer is to transform the ion distribution function from a
Maxwellian function on the pre-sheath side to a distribution of forward-
going particles on the sheath side. According to our knowledge, there is
no known solution of the Knudsen layer model when ion-ion collisions
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are dominant. The following expression suggested by Benilov [5] is thus
used:

Nis .
Foorn) = 4 2 if = (vs—u) > vy > —(vs + uy) 5.8)
3 y — 3 .
0 otherwise

where n;s is the ion number density at the sheath edge, vs the absolute
value of the mean velocity of the ions at the sheath edge, u; the thermal
velocity of the ions at the sheath edge,

KT;

m;

(5.9)

U; =

k is Boltzmann constant, and 7; the ion temperature at the sheath edge.

It should be noticed that Zn;; = n., since the pre-sheath satisfies local
electro-neutrality. The above expression for f;(oo, v,) reproduces the ef-
fect of the Knudsen layer in the sense that the velocity distribution of the
ions leaving the ionization layer through the ion Knudsen layer and enter-
ing the space charge layer describes forward-going ions. The lower and
upper velocity bound v; — u; and v + u; result from Bohm’s criterion.
As explained by Riemann [46], "Bohm’s criterion expresses a necessary
condition for the formation of a stationary sheath in front of a negative
absorbing wall". v, is specified later on. The change of variable v, to
1/ Qmivj + Zeyp allows obtaining the following ion distribution function
fi(y,v,) solution of equation (5.5) [5]

Nis

I O A EA T
i\Y, Uy) = 7 .
0 otherwise

where the maximal and minimal velocity at a given location in the space
charge layer v, and v_ are

57
vy = \/(vs + ) 4 220 (5.11)

m;

as when considering mechanical energy conservation for particles falling
freely into an electric field. The ion density in the space charge layer can
then be calculated from equation (5.6), leading to
Mg = Mgt — 0= (5.12)
2u,;
After substitution of n, and n; using the relations (5.7) and (5.11) in the
1-dimensional Poisson equation (5.4) and integration, the electric field in
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the sheath is now obtained

2n; Ui -3 5 u? —ep 2
E = { - [mi ( o — V5 — ?) — ZkT, (1 — exp( T ))}}
(5.13)
The absolute value of the mean velocity of the ions at the sheath edge v,
can now be expressed from equation (5.13) at the sheath/pre-sheath edge
where local electro-neutrality must be satisfied. It implies that when ¢

tends to zero in equation (5.13), the velocity v, is equal to the Bohm ve-
locity [46]

k(T.+ ZT.
vy = ¢ P+ 21 (5.14)
m;
The Bohm velocity represents the minimum ion velocity allowing forming
the sheath (Bohm’s criteria).

Finally, the electric field at the cathode surface E. allows calculating the
Schottky correction in equation (5.3). It can be expressed setting ¢ to the
fall voltage U, in the space charge layer, so that £, = E(—Us)

1

2n, v: — 3 u? —el, 2
E.= S | —— =0 = 2 - ZKET. (1 — °

(2 e (2 o 5) - i)

(5.15)

. Secondary emission current density

When an ion colliding with the surface, brings to the surface an energy
larger than the work function, it can directly induce the emission of an
electron. This is called secondary emission (the primary emission is here
the thermal-field emission).

In the study by Lichtenberg et al. [37] the secondary emission current den-
Sity Jgem 1S proportional to J; (Jge,, = vJ;) while in the work by Cayla et
al. [9] for the argon plasma it is simplified to Jsp,, = YN a,+vs. According
to our investigation the value of J.,, calculated by those two approaches
are the same for argon plasma. However, this may not be valid for other
types of plasma. Therefore, in this study secondary emission current den-
sity is calculated according to equation (5.16) [37],

Jsem = ’YJz = YN Vs, (516)

where 7y is the coefficient of secondary emission which depends on the
plasma and electrode parameters. This coefficient is estimated to be equal
to 0.1 for argon plasma and tungsten cathode [41]. J; is the the ion current
density.
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In most of the studies [5, 56, 58] the secondary emission is not considered
or assumed negligible. However, Cayla et al. [8] showed that J,, can-
not be neglected especially for the total current density commonly used in
welding applications which is lower than 5 x 105A.m~2. The total heat
flux to the cathode with and without secondary emission are compared in
Figure (5.2), by Cayla et al. [9]. The value v = 0O represents the case
where the secondary emission is not considered.

Secondary emission causes the reduction of the heat flux to the cathode at
low current density. The cathode surface temperature is then also signifi-
cantly different as shown in Figure (5.3).

j(A.m™)

Figure 5.2: Total heat flux to the cathode versus total current density, done by
Cayla et al. [9]

3. Ion current density:
The ions resulting from ionization in the ionization layer (pre-sheath) pro-
duce the ion current density towards the cathode. To calculate this current
density equation (5.17) is used.

J; = Vs, (517)
where n; is the ion number density and vs Bohm velocity. The Bohm

velocity refers to the minimum velocity allowing ion to enter the sheath
region.
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Figure 5.3: Cathode surface temperature versus total current density, done by
Cayla et al. [9]
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4. Back diffusion current density:

The back diffusion current density is caused by electrons from the ion-
ization layer moving in the sheath towards the cathode. As discussed in
the previous sub-section on "Thermal-field emission current density", the
distribution function of these electrons inside the sheath is Maxwellian, so

3/2 2, .2, .2
Me —me(v; + v, +v7)
fe(yavxa Uya 'Uz) = Neg (27T]{}Te) exp ( 2]{;Tey ) (518)

where the y-direction is normal to the cathode surface, and oriented to-
wards the surface and n. is the sheath electron density. For back diffusion
electrons, the sheath potential is repulsive. Only fast plasma electrons
(v, < —+/2eUs/m,) can overcome this barrier. As the back diffusion
electrons are involved in ion recombination at the cathode surface the flux
of electrons to the cathode surface is thus

Joa = fvz:+oo fvyzj aeefme fviz::oJroo Uy fe(Y, Vo, vy, v2)dvgdvydv,

Vp=—00 JUy=—00

— MNesUe eUs
= Var P kT, )’
(5.19)
. . kT,
with the electron thermal velocity u, = T
Me



5.2. NUMBER DENSITIES AT THE SHEATH/PRE-SHEATH INTERFACE

The calculation of the electron density 7., ion density n; and argon ions
densities at the sheath/pre-sheath interface are described in section (5.2).

5.2 Number densities at the sheath/pre-sheath in-
terface

Two ionization processes can take place in thermal plasma: impact ionization
and radiative ionization. The former, dominant at atmospheric pressure, is the
ionization process retained for modelling atmospheric welding arc [45]. In an
argon plasma with temperature ranging from 300 to 30000 K, the following im-
pact ionization reactions can take place:

Ar 4= Art +e +x
Art + 2= Ar*t + e +x
Artt + o= Ar*t + e + 1

where x denotes the particle providing energy needed to promote ionization.
The particle = is in most cases an electron accelerated by the electric field. The
electrons entering the pre-sheath from the sheath indeed use to have energy sig-
nificantly larger than the heavy particles. This ionization process is described by
Saha equation. Different generalizations of the Saha equation do exist for two-
temperature plasma or pre-sheath. A review was done by Rat et al. [45]. Some
cathode layer models [30], [56] are based on the Saha generalization developed
by Potapov [42] to calculate the plasma composition. Nowadays this formula-
tion is no longer used since it was shown to be incorrect from a thermodynamic
point of view [54] as well as from a kinetic point of view [13]. Zhou et al. [58],
Coulombe and Meunier [16], and Cayla et al. [9, 8] use instead a formulation
consistent with thermodynamic and kinetic law: the formulation proposed by
Van de Sanden et al. [54] based on the electron temperature. Van de Sanden
formulation is also used in this study to calculate the number density of five
particles of argon plasma: Ar, Ar™, Ar?t, Ar3* e~. To get these five unknown
parameters, five equations are needed. The Dalton’s law and electrical neutrality
are also needed to close the system.

5.2.1 Saha equations based on the electron temperature

When the above impact ionization reactions are caused by an electron, the cor-
responding Saha equations generalized by Van de Sanden et al. [54] are
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NN Ar+ QAT+ (Te) 2T me k Te % Ei,Ar — AE
=2 exp | —————
nar QA’I’ (Te h;; k Te
3

N Ap2+ _ Q ar2+ (Te) 2rme kT, \ 2 exp [~ Ei,Ar+ — AFE (5.20)

N Ar+ QATJr (Te) hg k? Te
nenase o (Qasr(T)Y (27 m kT, : oo (i = AE

N Ar2+ N Q a2+ (Te) hg P kT,

where h,, is the Planck constant, m, the electron mass, F; the ionization energy
of the considered argon particle, AF the lowering of the ionization energy and
Q(T.) the internal partition function of the considered particle.

The lowering of the ionization energy (sometimes also called continuum low-
ering) results from the Coulomb field applied by ions and electrons on each ion
present in the plasma [35]. It is given by Gleizes et al. [22]

1 e?

4dreg E

AE(l) = (l + 1) (5.21)

where [ is the charge number, A the Debye length and ¢, the electric permittivity
in vacuum. The internal partition function of an atom or atomic ion is defined as

P
Q= Zgje:cp <—]§—JT> (5.22)
j=1

where P is the number of discrete energy levels, ¢; the energy of the discrete level
J and g; its degeneracy. The online toolbox of National Institute of Standard and
Technology [34] is employed to retrieve the P, g; and €; data for argon atom and
ions. The resultant partition functions are plotted in Figure 5.4 for a pressure of
one atmosphere.

5.2.2 Dalton’s law

According to Boulos et al. [7] real gas effects can be neglected in thermal arc at
atmospheric conditions. The pressure in the pre-sheath is then equal to the sum
of the partial pressures of the individual gases, as stated by Dalton’s law with
partial pressures verifying the ideal gas law:

P= nATk:Th + Nap+ k’Th + TZAT2+]{JTh + Noap3+ k?Th + TLek‘Te (523)

where T}, = T; is the temperature of heavy particles.
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Figure 5.4: Argon partition functions at atmospheric pressure

5.2.3 Electric neutrality

As the pre-sheath satisfies local electro-neutrality, the electron density in the
pre-sheath and at the sheath/pre-sheath interface is equal to the sum of all the ion
densities weighted by their ion charge.

Ne = 1N+ + 2N g2+ + 3N g3+ (5.24)

5.3 Temperatures and sheath voltage drop

To determine the electron temperature 7, at the sheath/pre-sheath interface, the
cathode surface temperature 7, and the sheath voltage drop U, a system of three
equations needs to be solved. This system is built based on

1. the energy balance at the sheath/cathode interface,
2. the energy balance in the pre-sheath,
3. the current conservation at the cathode surface.

To be able to evaluate these equations some assumptions are made:
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e The electron temperature in the sheath is almost equal to the one in the pre-
sheath layer in the direction to the cathode surface [5]. Thus, one electron
temperature is considered in the cathode layer.

e The LTE plasma is described through a one-temperature model [36].

5.3.1 Energy balance at the sheath/cathode interface

The total energy flux entering the cathode surface can be balanced with the heat
flux transported towards the cathode bulk by thermal conduction [9]. The con-
duction flux in the cathode is

Gong = —FeVT. (5.25)
The energy balance at the sheath/cathode interface is thus as follows:
Geath = Yend- (5.20)

To establish the energy balance equation at the cathode surface it is essential to
identify the energy fluxes to and from the cathode surface. The energy fluxes at
the sheath/cathode interface are illustrated in Figure (5.5). The energy brought
to the cathode by neutrals coming from the plasma is neglected.

cathode

Aend

V N ¢

Figure 5.5: Fluxes at the cathode/sheath interface, ¢;: ion flux, g.,,: thermal-
field emission flux, ¢.,q: conduction flux, gs.,: secondary emission flux, gp4:
back diffusion flux and ¢,: recombined ion flux

sheath

1. Ion heating
The energy flux brought to the cathode surface by ions is defined based on
the following assumptions:

e The ions produced in the ionization layer have a velocity larger than
the Bohm velocity when they enter the sheath [46].
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e The ion current inside the sheath does not change with the distance
to the cathode surface, since there is no ionization or recombination
processes in this layer [50].

e The ions do not collide with any other particle in the sheath. The
temperature of the ions in the sheath is thus equal to the temperature
at the sheath/pre-sheath interface (7; = T;,). The temperature of the
heavy particles is continuous from the gas phase to the solid cathode
[58],s0 T =T..

o All the kinetic energy of the ions is transferred to the cathode surface
to be spent on electron emission.

e All the ions reaching the cathode surface do recombine.

The energy flux of ions towards the cathode ¢; includes the kinetic energy
brought to the cathode surface by the ions (¢xr);, and the energy released
to the surface by ion neutralization (g;,y, ); . The kinetic energy flux of ions
moving towards the cathode (so along ¥) is by definition

Vp=-400 vy=0 V=400
(el = [ /
. Vg =—00 Vy=—00 J Vz=—00 (527)

Emi(vi + Us + 02, fi(Y, Ve, vy, v, )dvydo,do,

As partial LTE can be assumed in the pre-sheath, and according to the as-
sumptions above listed, the velocity distribution of ions entering the sheath
obey a Maxwellian distribution at the temperature 7; = 7.. Only ions with
kinetic energy large enough can cross the space charge layer and reach
the cathode surface. Therefore, the ion velocity distribution along the y-
direction needs to be truncated to retain only ions with a large enough
velocity u,. Thus the motion of the ions in y-direction is not chaotic and
the distribution in this direction cannot be Maxwellian. The ion distri-
bution function f;(y, v,,vy,v,) is equal to fi(y,v,) far(vs) far(v,) where
fi(y,v,) is defined equation 5.10 and f), denotes a standard Maxwellian
distribution function. Then

s 2402 .
f(y Vg, Uy, U )— { 421;? eXp(_UIQUfUZ) Zf —V_ > Uy > —Uy
K3 y Uy Uy, Uz ) —

0 otherwise

(5.28)

where u; = \/kT;/m, is the ion thermal velocity. The maximal and mini-
mal velocity v; and v_ are

ve = vs(y) = \/(vs +u;)? — 2Z¢ (5.29)

(2
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where v, denoted Bohm velocity, and ¢ the electrostatic potential in the
sheath. After integration, equations 5.27 and 5.28 lead to

(qrE)i = Nisvs(mau + %mivg + %mlu? + Zey) (5.30)
The first term on the right hand side n;sv; is the ion current density J;. The
first term in bracket represents the average ion kinetic energy along the
x- and z-direction, as expected for a Maxwellian distribution. The three
last terms in bracket do represent the average ion kinetic energy along the
y-direction. It differs very significantly from the kinetic energy 1/2kT;
a Maxwellian distribution would provide. The reasons are the following.
The ion velocities along the y-direction are mono-directional, so restricted
to v, < 0. Their distribution is truncated to satisfy Bohm criteria. Finally
the ion velocities are also accelerated by the electrostatic potential ¢. The
energy released to the surface by ion neutralization is

(Qion)i = Ji(Eion - Z¢€ff) (531)

where Z is the average ion charge (Z = n.s/n;s), ¢.rs the effective work
function, and F;,, the ionization/recombination energy of the ions recom-
bined at the cathode surface.

B (El‘7AT+)nAT+ + (Ez‘,Ar2+)nAr2+ + (Ez‘,Ar3+)nAr3+

(5.32)
Nar+ + Nar2+ + NAp3+

It means that the cathode gains some energy when ions recombine (first
term in the bracket). The ions recombine with electrons extracted form the
cathode. Electron extraction consumes energy equal to the work function
of the cathode (second term in the bracket). On the cathode surface the
electrostatic potential is the sheath potential drop ¢ = U,. The total ion
energy flux to the cathode ¢; = (qxr)i + (¢ion)i» is thus

kinetic energy
~ ké‘T ~ ton neutralization
N
¢ = J; | 2kTs + ——+ ZeU, + Eign — Zoess | - (5.33)
I ITI 117 v 14

In the text book Plasma Physics and engineering [21] the last three terms
(II1,1V,V) are mentioned. The same equation as (5.33) is employed for
ion heating by Benilov [5] and Wendelstorf [56]. Cayla et al. [9] do not use
the term (/) which is apparently cancelled by back flow recombined ions
(see equation (5.37)). Zhou and Heberlein [58] add up the terms (7, /1)
since they develop a one-temperature model. Tashiro et al.[52] employed
only the term (/V) in their calculation.
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2. Electron emission cooling
The electrons emitted, either by thermal-field emission or by secondary
emission, transfer their energy from the cathode surface to the sheath, ac-
cording to

qgm = _Jem (¢eff + QkTC) y (534)

qgem = _Jsem ((beff + Qch) ) (535)

where J.,, is the thermal-field emission current density of equation (5.2)
and Jg.,, 1s the secondary emission current density of equation (5.16). The
first contribution to the energy transferred from the cathode by electrons is
the effective work function. The second contribution is the kinetic energy
of electrons. It is obtained assuming that the electrons are heated with the
cathode surface (7, = T.) and their distribution function is a Maxwellian
reduced to half the velocity space concerning the y-direction.

Cayla et al.[9] used the same expresion for q.,, and gs.,,. Benilov [5] did
not take into account the secondary emission. In the work by Wendelstorf
[56] and Tashiro et al. [52], the secondary emission and the thermal energy
of the electrons are both ignored. Zhou and Heberlein [58] neglected the
secondary emission and used 2.5k7;. for the thermal energy.

3. Back diffusion electron heating
The electrons coming from the ionization layer with enough energy (v, <
— %) can pass the sheath voltage drop, and reach the cathode surface.
This produces a flux of energy to the cathode

qu = de (¢eff + 2]€T6> . (536)
The last term or flux of kinetic energy, involves again a factor 2 since the
electron velocities along the y-direction are restricted to v, < 0.
The same equation is employed in most of the reports [5, 56, 9]. However,

Zhou and Heberlein [58] used 2.5kT. for the kinetic energy part.

4. Recombined ions cooling
The ions reaching the cathode surface recombine and may go back towards
the plasma. This forms a cooling heat flux by recombined atoms, ¢;. Based
on the assumption that all of the ions are neutralized at the cathode surface,
this cooling heat flux is equal to

qq = —J; (2kT) . (5.37)
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Benilov [5] and Wendelstorf [56] used the same equation. Cayla et al. [9]
do not mention the energy flux of recombined ions, but they do not either
consider the term (I) of ion flux in equation (5.33).

5. Thermal radiation cooling

Lichtenberg et al. [37] showed that for cathode surface temperature less
than 2500 K the radiation is negligible and Lago et al. [36] indicated that
for cathode surface temperature more than 2500/ the radiation from the
cathode surface is cancelled by the radiation from the bulk plasma to the
cathode surface. Therefore, the radiation is not considered in this study.
Thermal radiation is neglected in the works by Benilov [5], Zhou et al.
[58], and Cayla et al. [9].

Now the total energy flux to the cathode surface due to ion heating, emission
cooling, electron back diffusion heating and recombined ion back flow cooling
can be estimated according to

kZT,

qgath:—i_Ji( +Z€U3+Eion_Z¢eff)

— (Jem + Jsem) (s + 2KT,) (5.38)
+ Jod (Gess + 2KT,)

5.3.2 Energy balance in the pre-sheath

To establish the energy balance equation in the ionization layer the energy fluxes
at its boundaries need to be identified. All the possible heat fluxes are showed
in Figure (5.6). It can be seen that the energy balance in the pre-sheath can be
described as follows:

&+, W =qn+ "+ (5.39)

1. Ionization cooling
Ionization cooling includes two components. The first is within the pre-
sheath and corresponds to ionization energy sink. As all the ions produced
by impact ionization in the pre-sheath move towards the cathode with the
current density J;, the ionization energy sink is J; E;,, with F;,, defined
equation (5.32). The second component is the energy transported away by
the ions as they move towards the sheath. It is the energy term (qxg); of
equation (5.30) at the sheath/pre-sheath interface with ¢ = 0 because of

kZT,
local electro-neutrality so that (¢xg); = J;(2kT; + T) As aresult the

total cooling in the pre-sheath because of ionization is

kZT.,

szs - _Ji <2kﬂ + + Eion) (540)
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sheath

pre-sheath

plasma

Figure 5.6: Fluxes in the ionization layer, g;: ion flux, g.,,: thermal-field emis-
sion flux, Wg: work of electric field, gs.,,: secondary emission flux, ¢,4: back
diffusion flux and ¢.: electron flux to the plasma

Equation (5.40) is thus built to satisfy energy conservation at the sheath/pre-
sheath interface. In the work done by Benilov [5], Wendelstorf [56] and
Cayla et al. [9] the first two terms which represent the kinetic energy are
not considered. Zhou and Heberlein [58] used 2.5k7. since they consider
a one-temperature model 7, = T..

2. Emitted electrons heating
The emitted electrons accelerated in the sheath by the sheath voltage drop
U, transport their energy to the ionization layer. Considering thermal-field
and secondary emission current density (equations (5.2), (5.16)), the heat
flux to the ionization layer can de described with the two equations

a2 = +Jem (2KT,. + eUs) (5.41)

& = +Jsem (2kT. + eUs) (5.42)

The first term in bracket is the thermal energy of the electrons moving
from the cathode. The second term refers to the work done on the elec-
trons by the sheath voltage drop U,. The secondary emission Js, 1s only
considered by Cayla et al. [9].

3. Back diffusion electron cooling
Electrons having enough energy can leave the ionization layer, pass the
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potential barrier of the sheath layer and reach the cathode. The flux of
energy carried away by these electrons is described by

qhy = —Joa (2KT, + eUs) (5.43)

The first term in the bracket is the thermal energy of the electrons (see
explanations in part 2 section 5.3.1) and the second term refers to the fact
that the electrons with the kinetic energy eU, are able to go through the
sheath potential barrier towards the cathode.

. Electrons cooling

According to Benilov and Marotta [5] the flux of the energy carried away
by the electrons leaving the ionization layer to the bulk plasma is equal to

qgs = _3-2Jtotk'Te (544)

where J;,; represents the total current density, equation (5.1). The coeffi-
cient 3.2 includes two contributions. A factor 2.5 accounting for enthalpy
transport resulting from the electric current. The rest is a thermal-diffusion
coefficient calculated for a strongly ionized plasma [5].

. The work of the electric field

Emitted electrons enter the pre-sheath (from the sheath) with the current
density Je,, + Jsem — Jpg and move away from the pre-sheath towards the
plasma with the current density .J,,,. The average current density across
the pre-sheath is thus 3(Jem + Jsem — Joa + Jiot). These electrons move
in an electric field produced by the ionization layer voltage drop U;. They
thus produce an average work defined by

(Jsem+Jem - de) + Jtot
2

where J;,; 1s the total current density, equation (5.1). The voltage drop in
the ionization layer can be described as follows [5]:

KT
€ I e (5.46)

(& Nes

W = 4 U (5.45)

U =

where n.o, represents the number of electron density at the plasma edge
and n., is the number of electron density at the sheath edge. The expres-
sion 5.46 was obtained by Benilov and Marotta [5] using an estimation of
the ion number density at the sheath/pre-sheath interface. This estimation
can be used when the ionization degree of the ionization layer is between
about 0.6 to 1. Referring to the Figure 2.2, it means that 7, > 15000K.
According to Benilov and Marotta [5], at lower ionization degree the pre-
sheath cannot remain in static equilibrium. However, this non-equilibrium
effect is not taken into account when o < 0.6, and equation (5.46) is used
for any ionization degree.



5.4. CALCULATION PROCEDURE

Combining the results, the energy balance in the ionization layer reads

(Jom + Tsom) {Qk:Tc +el, + kT, <1n fless 3.2)}

nes

= Jy {GUS ey (m fleco _ 1.2)} (5.47)

nes

s [sz,- + B, + ZKT, (3.7 _05In "‘”)} .

nes

Equation (5.47) is based on Benilov’s study [5] supplemented by the work of
Cayla et al. [8] with the additional contribution of secondary emission, Jg,.
The difference between equation (5.47) and the study by Cayla et al. comes
from the ionization sink energy (5.40) which has additional terms regarding the
kinetic energy. It changes the last term in equation (5.47) which has an additional
factor of 2k7T;; and coefficient of 3.7 instead of 3.2. These additional terms allows
satisfying energy conservation at the sheath/pre-sheath interface.

5.3.3 Current conservation

The conservation of the current density at the cathode surface writes
Jcath = e(ZJz + Jem + Jsem - de)' (548)

Jearn 18 the total current at the cathode surface. It is made up of the contribution of
the positive ion current density J;, the negative back diffusion current density Jpq
going into the cathode surface, as well as the negative emission current densities
Jem and Jg,, leaving the cathode surface. Comparing equation (5.48) with (5.1)
we can see that J.,;, = Ji:. The total current at the cathode surface J.,, 18
the input parameter in our model (see Figure 5.7). Assuming an homogeneous
distribution of the current density in the electrode of cross sectional area A,
and a total electric current intensity 7, J.q, 1S

1
Acath ‘

Jcath = (549)

5.4 Calculation procedure

The flowchart of the calculation algorithm is showed in Figure (5.7). The aim of
the model is to calculate the total heat flux from the cathode layer to the cathode
surface, q.qn. The input value is the current density at the cathode J,,;,. For a
given electric current I and cross sectional area of the cathode A, the cath-
ode current density ..., is calculated from equation (5.49). Initial guesses of
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the electron temperature 7, at the sheath/pre-sheath interface, the cathode sur-
face temperature 7., and the sheath voltage drop U, are used in the set of Saha
equations (5.20), Dalton’s law (5.23) and the electric neutrality equation (5.24)
to calculate the number density of electron n., and Ar™ ions n4,+. It should
be noted that the number density of electrons in the plasma core (n...) is calcu-
lated with the same set of equations setting 7, = 7. since the plasma core is in
LTE. The equations (5.2-5.19) are then employed to calculate the current densi-
ties of the particles J;, Join, Jsem, Joq- Finally by resolving the set of non-linear
equations for energy and current density conservation (5.26), (5.47), (5.48) with
the given J..,, new values for the electron temperature, cathode temperature
and sheath voltage drop are obtained. These new values are compared with the
previous values, and iteration is continued until convergence.

5.5 Numerical procedure

To follow the calculation procedure mentioned in the previous section, two sets
of non-linear equations should be solved (see Figure 5.7). In this study both
systems of non-linear equations are solved using the Newton-Raphson algorithm,
namely x, 11 = ¥, — J '.f(x,). There z denotes the root of the function f and
J 1s the numerical Jacobian matrix. However, due to numerical problems caused
by high non-linearity and manipulation of very large numbers (greater than the
order of 10%°) the convergence of the algorithm is not easy to achieve.

Both sets of equations deal with very small or very large quantities and num-
bers. For instance, the Planck constant (of the order of 10~3%), the Boltzman
constant (of the order of 10723), the electron mass (of the order of 1073!) and the
number densities (of the order of 10724). This can cause problems to approach
the convergence criterion of the solution, and can also produce some inaccuracy
by reaching precision of the computer or the solver. To avoid such problems, the
molar concentrations are used instead of number densities. The molar concen-
tration is the number density divided by Avogadro number, N 4.

For resolving the first system of non-linear equations (set-1 in Figure 5.7) the
methodology used by Godin [23] is employed. This method is based on the con-
cept of the chemical basis. A chemical basis is a subset of species from which all
other species may be formed by means of chemical reaction [23]. In our model
the species constituting the basis would be argon atoms and electrons of densities
n 4, and n., respectively. The ionization reactions (by impact ionization) write

Ar+e = Art + 2e~
Art + e = Ar*t 4 2e”
Ar?t 467 = Ard3t +2¢7.
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Figure 5.7: The calculation algorithm flowchart

Thus, the set of Saha equations based on the basic species can be rewritten as

nare = (20) ey

e

Nager = (”A> (K1) (K2) (5.50)
67
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where K1, K2 and K3 are the right hand side of the corresponding Saha equa-
tions (5.20). Now by replacing 7 4,+, 1 a2+, n 4,3+ 1n equations (5.20), (5.23),
(5.24) with their equivalent from equation (5.50) we end up with two equations
and two variables (n.,n4,) which can be resolved using the Newton-Raphson
method. The calculated plasma compositions is illustrated in Figure 6.1 for an
LTE plasma (7; = T.).

The second set of non-linear equations (set-2 in Figure (5.7)) includes two
energy balance equations in addition of a current conservation equation. For the
second set, the methodology by Godin does not apply. The system is highly non-
linear and produces a complex Jacobian matrix which is problematic regarding
the numerical iteration. Therefore, the system of non-linear equation is solved
with the Secant method which is basically the Newton-Raphson algorithm, but
approximating the Jacobian matrix through finite differences.
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Cathode layer - results

In this section a parametric study of the most important parameters of the cathode
region is done. These parameters are the current density, the heat fluxes to the
cathode, the cathode voltage drop, and the cathode surface temperature. Since
the cathode layer model is developed based on the work by Cayla et al [9], the
results obtained here are compared with the results of Cayla. As mentioned in
section (5.3.2), Cayla et al [9] do not consider some kinetic energy terms (of the
ionization heat flux) in the energy balance of the ionization layer. Thus the last
term in the right hand side of equation (5.47) changes to

iy [En + ZKT, (3.2 ~0.5In ”m)} ,

nes

in Cayla’s model.

The calculations are performed using an argon gas at atmospheric pressure
with a 1em high tungsten cathode. The following assumption have been made:

e The cathode is water cooled to 1000K.

e The cathode does not evaporate. This assumption seems reasonable as
tungsten has a boiling temperature larger than 5933K and a melting of
3683 K.

To be able to compare the results with those of Cayla, a range of 1 x 10* —
5 x 10 A.m? is chosen for the cathode current density (the input parameter). The
calculation model was implemented in MATLAB 7.11.0.

The first step in our modelling procedure (see Figure 5.7) is the calculation
of the plasma composition. Figure 6.1 shows the plasma composition against the
temperature for a LTE plasma (1. = 1;), so at the plasma/pre-sheath interface.
Figure 6.2 (resp. 6.3) shows a comparison of the argon atom (resp. electron)
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density at two different locations: the LTE plasma/pre-sheath interface and the
non-LTE pre-sheath/sheath interface. These figures clearly show the decrease in
number of neutral atoms and the increase in number of electrons when the cath-
ode current density increases. They also show the difference in plasma composi-
tion at the LTE plasma/pre-sheath interface and at the non-LTE pre-sheath/sheath
interface, as expected for an ionization layer.
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Figure 6.1: plasma composition in LTE at atmospheric pressure

Figure 6.4 illustrates the current densities in the sheath plotted versus the cathode
current density /... It can be seen that the ion current density .J; increases
almost linearly with J.,;,. It is also the dominant current density in the cathode
layer. Figure 6.5 shows the cathode temperature 7. Figure 6.7 and 6.6 show the
voltage drop U in the sheath and U; in the pre-sheath. It can be seen on these
figures that the potential voltages U, and U; are largest at low current density,
when the temperature 7, of the cathode surface is low. In these conditions the
cathode surface is too cold to promote any significant thermoionic emission:
Jem 18 also low. The dominant emission process is then secondary emission. The
secondary emission current density .J,.,,, has indeed a larger value compared to
the thermal field emission J.,,, when the cathode current density is less than
3 x 10°A.m~2. The back diffusion current density J,, is almost negligible for
cathode current density smaller than 5 x 10°A.m 2.

The cathode surface temperature increases significantly for the range of cur-
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Figure 6.2: Argon number density in LTE and non-LTE at atmospheric pressure

rent density 10* — 10°A.m~2. Similarly, the emission current density increases
significantly from zero to 10°A.m~2 for this same range of current density .J .
These temperature and thermal-field emission current changes are associated
with dramatic changes in the sheath voltage drop U, and the pre-sheath voltage
drop U;. These changes correspond to the transition area between glow regime
(10° A.m~?) and the thermionic regime.

The thermionic regime is established for current densities where the sheath
voltage drop remains almost constant [58]. It can be seen in Figure 6.7 that
the thermionic regime is established for current densities above 107 A.m =2 from
which Uj stays at a value of 10V.

Figure 6.8 shows the total heat flux to the cathode and its components. It can
be seen that the ion heat flux is always the leading heating process. It can also
be seen that up to 10°A.m~2 of current density, the total heat flux to the cathode
is almost equal to the ion heat flux to the cathode. It can be observed that the
contribution of the secondary emission heat flux ¢, to the total heat flux is
significant for a cathode current density less than 5 x 105A.m =2, thus a cathode
surface temperature of 2700/ or less. For a cathode current density higher than
2 x 105A.m 2 one can see that despite increasing the current density, the total
heat flux remains constant at about 2 x 107W.m 2. This constant heat flux to the
cathode, see Figure 6.5, causes a linear increase in cathode temperature for the
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Figure 6.3: Electron number density in LTE and non-LTE at atmospheric pres-
sure

cathode current density higher than 2 x 105A.m~2. It is worth reminding that

melting is not considered in this study which makes it possible in our model for
the cathode surface to reach 5300 K while the tungsten melting point is 3682 /.

Figure 6.9 shows that as the cathode current density increases the electron
temperature rises and can reach up to maximum 14400K for a 5 x 103A.m ™2
cathode current density.

The results of the present study are compared to the work by Cayla et al [9]. The
electron temperature against the cathode current density is plotted in Figure 6.10.
It can be seen that there is a small difference (almost 400K’) between the results
of this study and the results of Cayla. To be able to see the effect of terms added
in the energy balance equation (5.47), the calculations are also done negelecting
these terms and plotted with the legend "Cayla equations”. Figure 6.10 shows
that the added terms have almost no effect on the electron temperature. Figures
6.12 and 6.11 which represent the cathode temperature and the sheath voltage
drop respectively show a good agreement with Cayla’s study.

To conclude, the main characteristics calculated with the interface layer model
are in good agreement with the reference literature. The electron temperature,
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however, has a small deviation from the reference study. It has been showed that
the changes in the energy balance equation done in this study do not have effect
on this deviation. This small deviation could be due to the different data used for
calculating the partition functions used in the model (see section 5.2.1).
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Figure 6.5: Cathode temperature against cathode current density.
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Figure 6.8: Heat flux against cathode current density.
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Chapter 7

Conclusion and perspective

The aim of the present work was to go one step further in the development of
a predictive arc simulation model. A predictive tool would indeed allow im-
proving the understanding of the welding arc process, and thereby increase the
opportunities to better control it. It would also allow providing the heat input data
needed for investigating numerically the behaviour of the weld pool, changes in
the materials microstructure and properties during welding, and residual stress
and temperature evolution of welds. To be predictive, the arc model should be
free of boundary conditions on the anode and cathode surfaces, as these con-
ditions are difficult to measure and inaccurate while they they do have a very
significant influence on the arc. To overcome this constraint, the arc needs to be
supplemented with the anode and cathode into the simulation model.

To go one step further towards the coupled model, the concepts of plasma and
arc discharges useful for this problem has been reviewed. The main sub-regions
of the model and their dominant physical roles has been discussed.

The coupled arc-electrode model has been developed in different steps. First
coupling solid and fluid regions for a simpler problem without complex coupling
interface. This has been applied to a laser welding problem using the solver
chtMultiRegionFoam of the CFD software OpenFOAM. The flow of the laser
welding shielding gas over the base metal with both shielding pipe and shielding
plate has been studied. The results confirmed that the shielding plate provides
a good protection of the cooling weld against the surrounding atmosphere. The
shielding screen produced by the plate has a negligible influence on the cooling
rate of the weld. However, the design of the shielding pipe and plate is in conflict
with the requirements of the optical system for tracking the welding path. It has
been concluded that the design of the pipe and plate should be modified to deflect
differently the shielding gas flow.

The extension of the OpenFOAM solver chtMultiRegionFoam to a welding arc
model coupling the plasma arc heat source with the electrode and base metal
has then been undertaken implementing a coupled electromagnetic model for
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the solid and fluid region. This technical part was not detailed here and can be
found in the report [32].

Then, the modelling of the cathode layer has been addressed. Different mod-
elling approaches available in the literature have been studied to determine their
advantages and drawbacks. One of them developed by Cayla has been used and
further improved so as to satisfy the basic principles of charge and energy con-
servation in the different regions of the cathode layer. A numerical procedure
has been presented and implemented in MATLAB. It has been tested for differ-
ent arc core and cathode conditions. The main characteristics calculated with the
interface layer model are in good agreement with the reference literature. The
electron temperature, however, has a small deviation from the reference study.
It has been shown that the changes in the energy balance equation done in this
study do not have effect on this deviation. This small deviation could be due to
the different data used for calculating the partition functions used in the model
(see section 5.2.1).

The future development will be the implementation of the interface layer
model in OpenFOAM, and its validation by comparison with experimental data.
Next, the calculations will be done for tilted electrode. The tilt angle is an im-
portant parameter influencing the temperature distribution. However, there is no
experimental measurement available for setting the boundary conditions on the
cathode (and anode) surface for tilted electrode. An arc produced by a tilted
electrode is thus a typical application requiring a coupled arc-cathode model to
be calculated.

80



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

M.S. Benilov. Theory and modelling of arc cathodes. Plasma Sources
Science and Technology, 11(3A):A49, 2002.

M.S. Benilov. Understanding and modelling plasma—electrode interaction
in high-pressure arc discharges: a review. Journal of Physics D: Applied
Physics, 41(14):144001, 2008.

M.S. Benilov, M. Carpaij, and M.D. Cunha. 3D modelling of heating of
thermionic cathodes by high-pressure arc plasmas. Journal of Physics D:
Applied Physics, 39(10):2124, 2006.

M.S. Benilov, M.D. Cunha, and G.V. Naidis. Modelling interaction of mul-
tispecies plasmas with thermionic cathodes. Plasma Sources Science and
Technology, 14(3):517, 2005.

M.S. Benilov and A. Marotta. A model of the cathode region of atmo-
spheric pressure arcs. Journal of Physics D: Applied Physics, 28(9):1869,
1995.

R. Bini, M. Monno, and M.I. Boulos. Numerical and experimental study
of transferred arcs in argon. Journal of Physics D: Applied Physics,
39(15):3253, 2006.

M.I. Boulos, P. Fauchais, and E. Pfender. Thermal plasmas, volume 1.
Plenum Publishing Corporation, 1994.

F. Cayla. Modélisation de l’interaction entre un arc électrique et une cath-
ode. PhD thesis, Université de Toulouse, Université Toulouse III-Paul
Sabatier, 2008.

F. Cayla, P. Freton, and J.J. Gonzalez. Arc/cathode interaction model.
Plasma Science, IEEE Transactions on, 36(4):1944-1954, 2008.

I. Choquet, P. Degond, B. Lucquin-Desreux, et al. A hierarchy of diffusion
models for partially ionized plasmas. 2007.

81



REFERENCES

[11]

[13]

[14]

[15]

[16]

[20]

[21]

[22]

82

I. Choquet, A. Javidi, and H. Nilsson. On the choice of electromagnetic
model for short high-intensity arcs, applied to welding. Journal of Physics
D: Applied Physics, 45(20):205203, 2012.

I. Choquet and B. Lucquin-Desreux. Hydrodynamic limit for an arc dis-
charge at atmospheric pressure. Journal of statistical physics, 119(1):197—
239, 2005.

I. Choquet and B. Lucquin-Desreux. Non equilibrium ionization in mag-
netized two-temperature thermal plasma. 2010.

I. Choquet and B. Lucquin-Desreux. Non equilibrium ionization in mag-
netized two-temperature thermal plasma. Kinetic and Related Models,
4(3):669-700, 2011.

L. Chuan, Z. Jianxun, and N. Jing. Numerical and experimental analysis
of residual stresses in full-penetration laser beam welding of ti6al4v alloy.
Rare metal materials and Engineering, 38(8):1317-1320, 2009.

S. Coulombe and J.L.. Meunier. Arc-cold cathode interactions: parametric
dependence on local pressure. Plasma Sources Science and Technology,

6(4):508, 1997.

S. Coulombe and J.L.. Meunier. Themo-field emission : a comparative
study. J. Phys. D: Appl. Phys, 30:776-780, 1997.

R.O. Dendy. Plasma Dynamics. Oxford Science Publications. Clarendon
Press, 1990.

R.H. Fowler and L.W. Nordheim. Electron emission in intense elec-
tric fields.  Proceedings of the Royal Society of London. Series A,
119(781):173-181, 1928.

P. Freton, J.J. Gonzalez, Z. Ranarijaona, and J. Mougenot. Energy equation
formulations for two-temperature modelling of thermal plasmas. Journal
of Physics D: Applied Physics, 45(46):465206, 2012.

A.A. Fridman and L.A. Kennedy. Plasma Physics and Engineering. Taylor
& Francis, 2004.

A. Gleizes, B. Chervy, and J.J Gonzalez. Calculation of a two-temperature
plasma composition: bases and application to sf6. Journal of Physics D:
Applied Physics, 32(16):2060, 1999.



REFERENCES

[23] D. Godin and J.Y Trépanier. A robust and efficient method for the compu-
tation of equilibrium composition in gaseous mixtures. Plasma chemistry
and plasma processing, 24(3):447-473, 2004.

[24] R. J. Goldston and P.H. Rutherford. [Introduction to Plasma Physics.
Plasma Physics Series. Institute of Physics Pub., 1995.

[25] A.E. Guile. Arc-electrode phenomena. Electrical Engineers, Proceedings
of the Institution of, 118(9):1131-1154, 1971.

[26] G.N. Haddad and A.J.D. Farmer. Temperature measurements in gas tung-
sten arcs. Welding Journal, 64(12):339-342, 1985.

[27] J. Haidar. A theoretical model for gas metal arc welding and gas tungsten
arc welding. i. Journal of applied physics, 84(7):3518-3529, 1998.

[28] J. Haidar. Non-equilibrium modelling of transferred arcs. Journal of
Physics D: Applied Physics, 32(3):263, 1999.

[29] D. Hastings and H. Garrett. Spacecraft-Environment Interactions. Cam-
bridge Atmospheric and Space Science Series. Cambridge University
Press, 2004.

[30] K.C. Hsu, K. Etemadi, and E. Pfender. Study of the free-burning high-
intensity argon arc. Journal of Applied Physics, 54(3):1293—-1301, 1983.

[31] K.C. Hsu and E. Pfender. Analysis of the cathode region of a free-burning
high intensity argon arc. Journal of Applied Physics, 54(7):3818-3824,
1983.

[32] A.Javidi. Implementing chtmultiregionfoam solver for electric welding in
openfoam 1.6.x, 2010. http://www.tfd.chalmers.se/~hani/
kurser/0OS_CFD_2010/alirezaJavidi/alirezaReport.
pdf, 2013. [Online; accessed 19-May-2013].

[33] A.Javidi, I. Choquet, and H. Nilsson. Numerical modelling of shielding gas
flow and heat transfer in laser welding process. In Proceedings of The Sth

International Swedish Production Symposium, Linkoping, Sweden, pages
269-276, 2012.

[34] A. Kramida, Yu. Ralchenko, Reader J., and NIST ASD Team. NIST
Atomic Spectra Database (ver. 5.0). http://physics.nist.gov/
asd, 2013. [Online; accessed 14-January-2013].

[35] H.J. Kunze. Introduction to Plasma Spectroscopy (Springer Series on
Atomic, Optical, and Plasma Physics). Springer, 2009.

83



REFERENCES

[36]

[37]

[38]

[39]

[40]

[41]

[44]

[45]

[46]

[47]

84

F. Lago, J.J Gonzalez, P. Freton, and A. Gleizes. A numerical mod-
elling of an electric arc and its interaction with the anode: Part i. the two-
dimensional model. Journal of Physics D: Applied Physics, 37(6):883,
2004.

S. Lichtenberg, L. Dabringhausen, O. Langenscheidt, and J. Mentel. The
plasma boundary layer of hid-cathodes: modelling and numerical results.
Journal of Physics D: Applied Physics, 38(17):3112, 2005.

J.J. Lowke, P. Kovitya, and H.P. Schmidt. Theory of free-burning arc
columns including the influence of the cathode. Journal of Physics D:
Applied Physics, 25(11):1600, 1992.

M. Mitchner and H. Kruger. Partially Ionized Gases (Wiley series in plasma

physics). John Wiley & Sons Inc, 1973.

D. Nandelstadt, M. Redwitz, L. Dabringhausen, J. Luhmann, S Lichten-
berg, and J Mentel. Determination of hid electrode falls in a model lamp

iii: Results and comparison with theory. Journal of Physics D: Applied
Physics, 35(14):1639, 2002.

A.V. Phelps and Z.L. Petrovic. Cold-cathode discharges and breakdown in
argon: surface and gas phase production of secondary electrons. Plasma
Sources Science and Technology, 8(3):R21, 1999.

A.V. Potapov. Chemical equilibrium of multitemperature systems. High
Temp., 8:48-51, 1966.

M.A. Ramirez, G. Trapaga, and J. McKelliget. A comparison between two
different numerical formulations of welding arc simulation. Modelling and
Simulation in Materials Science and Engineering, 11(4):675, 2003.

V. Rat, P. André, J. Aubreton, M.F. Elchinger, P. Fauchais, and A. Lefort.
Transport properties in a two-temperature plasma: Theory and application.
Physical Review E, 64(2):026409, 2001.

V. Rat, A.B. Murphy, J. Aubreton, M.F. Elchinger, and P. Fauchais. Treat-
ment of non-equilibrium phenomena in thermal plasma flows. Journal of
Physics D: Applied Physics, 41(18):183001, 2008.

K.U. Riemann. The Bohm criterion and sheath formation. Journal of
Physics D: Applied Physics, 24(4):493, 2000.

J.R. Roth. Industrial Plasma Engineering: Volume 1: Principles. Industrial
Plasma Engineering: Principles. Taylor & Francis, 2002.



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

REFERENCES

M. Sass-Tisovskaya. Plasma arc welding simulation with OpenFOAM.
Chalmers University of Technology, 2009.

H. Schmitz and K.U. Riemann. Consistent analysis of the boundary layer
of a saha plasma. Journal of Physics D: Applied Physics, 34(8):1193, 2001.

H. Schmitz and K.U. Riemann. Analysis of the cathodic region of at-
mospheric pressure discharges. Journal of Physics D: Applied Physics,
35(14):1727, 2002.

N. Stenbacka, I. Choquet, and K. Hurtig. Review of arc efficiency values
for gas tungsten arc welding. 2012.

S. Tashiro, M. Tanaka, and A.B. Murphy. Numerical analysis of non-
equilibrium plasma property in anode boundary layer of argon gas tungsten
arc. Surface and Coatings Technology, 205:S115-S119, 2010.

S. Vacquié, M. Aubes, and EDF Club. L’arc électrique. Eyrolles Paris,
2000.

M.C.M. Van de Sanden, P. Schram, A.G. Peeters, JAM. Van der Mullen,
and GMW. Kroesen. Thermodynamic generalization of the saha equation
for a two-temperature plasma. Physical Review A, 40:5273-5276, 1989.

K. Weman. Welding Processes Handbook. Woodhead Pub., 2003.

J. Wendelstorf. Ab initio modelling of thermal plasma gas discharges (elec-
tric arcs). 2000.

W. Zhang, C-H. Kim, and T. DebRoy. Heat and fluid flow in complex
joints during gas metal arc welding-part i numerical model of fillet welding.
Journal of applied physics, 95(9):5210-5219, 2004.

X. Zhou and J. Heberlein. Analysis of the arc-cathode interaction of free-
burning arcs. Plasma Sources Science and Technology, 3(4):564, 1999.

X. Zhou, J. Heberlein, and E. Pfender. Theoretical study of factors influ-
encing arc erosion of cathode. Components, Packaging, and Manufacturing
Technology, Part A, IEEE Transactions on, 17(1):107-112, 1994.

85



86



