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The Main Issues to Address in
Modeling Plasma Spray Torch Operation

C. Chazelas1, J. P. Trelles2, A. Vardelle1

Abstract The modeling of plasma torch operation has

advanced greatly in the last 15 years due to a better

understanding of the underlying physics, development of

commercial, open-source computational fluid dynamics

softwares, and access to high performance and cloud

computing. However, the operation mode of the electric arc

in plasma torches is controlled by dynamic, thermal,

electromagnetic, acoustic and chemical phenomena that

take place at different scales and whose interactions are not

completely understood yet. Even though no single model of

plasma torch operation fully addresses these phenomena,

most of these models are useful tools for parametric stud-

ies, if their use is reinforced by knowledge of torch oper-

ation and the model predictions are validated against

experimental data. To increase the level of predictability of

the current models, several further steps are needed. This

study examines the issues remaining to be addressed in the

modeling of plasma spray torch operation and the current

critical aspects of these.

Keywords electric arc model � non-equilibrium model �

plasma torch � torch modeling

Introduction

Plasma spray is one of the most versatile techniques

available for the application of protective and functional

coatings. The processing medium is characterized by a high

energy density (106-107 Jm-3) and high heat flux (107-

109 Wm-2) that make it well adapted to ceramics deposi-

tion. A recent thermal spray coating market analysis by

Grand View Research Inc., San Francisco predicts that

ceramics coatings will be the fastest growing segment in

terms of revenue at a rate of 7% for the next 7 years (Ref

1). Therefore, the use of plasma spray should expand fur-

ther in particular for high temperature and extreme wear

and corrosion applications.

Although plasma torches are now well-established tools

in industry, they suffer from two inherent challenges during

their operation: arc instability and electrode erosion. These

effects limit process control and equipment lifetime, and

hence adversively affect overall viability of plasma torch

operation. Recent torch designs involve cascaded anode

and multi-electrodes to limit the movement of the arc

attachment at the anode and decrease the thermal load to

electrodes. However, electrode effects still affect the pro-

cess stability and economics (Ref 2). A better control of

these effects requires improved understanding of the arc

behavior and its effects on the plasma jet. As measure-

ments inside plasma torches are limited to the time varia-

tion of arc voltage, inner pressure, torch thermal efficiency

and acoustic emission, mathematical modeling is essential

for further improvement of plasma torches.

A large body of literature deals with the modeling of

plasma torch (Ref 3). Its operation is controlled by

dynamic, thermal, electromagnetic, acoustic and chemical

phenomena that are not fully addressed yet by the current

models and several further steps are needed to achieve
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calculations with a high level of predictability so that

everyone, and not only those who use the models, believe

them.

This paper discusses some important issues in the

modeling of plasma torch operation, divided among arc-

cathode interactions, arc column and arc-anode interac-

tions. Only models that are 3D and time dependent are

considered, given that they are required for the capture of

the stochastic behavior of the arc. However, reduced

models [e.g., steady-state (Ref 4, 5)]; dimensionality and

geometry reduction; simple model of arc generation using a

source term in the heat conservation equation (e.g., Ref 6)

are well appropriate for plasma spray parameters

optimization.

Some Remarks About Predictive Models

The plasma spray torch models have been developed and

improved since the 80s (Ref 3). The first models were

developed with many assumptions dealing with the torch

geometry, time independency, electric current continuity

between electrodes and arc, arc operation mode, thermal

and chemical equilibrium, etc. If their predictions generally

gave the expected trends, the more recent models that take

advantage from a better knowledge in plasma torch oper-

ation and easier access to higher-performance computing

resources give more accurate and detailed results: e.g.,

transient behavior of the arc, prediction of the electron and

heavy species temperature distribution. They also make it

possible to model 3-D geometry and transient mode and so,

in a next future to take into account the coupling between

the arc root oscillations and gas pressure variation in the

cathode cavity (Ref 7). However, the challenge is now to

get rid of the assumptions and imposed values that preclude

to further the advances in the predictive power of plasma

torch model. These main assumptions deal with simplified

or incomplete torch inner geometry, imposed current den-

sity and temperature profiles at cathode tip, imposed values

of cathodic and anodic voltage fall, anode attachment mode

and overlasting electrodes with smooth surfaces. The use of

the 3-D actual inner geometry of the plasma torch and

implementation of the electrodes in the computational

domain combined with electrode sheaths are believed

necessary for developing NLTE (and better NCTE as dis-

cussed below) plasma torch operation models with a high

predictive capability.

The ideal plasma torch model should involve the elec-

trodes, cathode and anode regions, and arc column. The

latter takes up a large part of the gas computational domain

and can be considered in local thermodynamic equilibrium

(LTE). Most of the current models are based on this

assumption and, therefore, require some artificial treatment

of the electrode-arc regions to allow the passage of the

electric current. However, this assumption decreases the

level of reliability and predictability of the model. A more

realistic approach should take into account the departure

from thermal equilibrium in the regions where the cold gas

and plasma interact, as well as close to the electrodes. Such

approach requires at least a two-temperature (2T) model,

i.e., with the electron temperature (Te) and heavy species

temperature (Th), accounting for different Maxwellian

speed probability distributions for electrons and heavy

species, respectively. The departure from thermal equilib-

rium is, then, characterized by the ratio h = Te/Th. which

can be higher than 10, as shown by the calculations of

Trelles et al (Ref 8) (Fig. 1).

Near electrodes, the departure from ionization equilib-

rium and quasi-neutrality can be modeled by using sheath

models that also make it possible to get rid of artificial

boundary conditions at electrode walls. If 2T models

coupling arc and electrodes using electrode sheath models

have been reported for transferred arc plasma torch, e.g.

(Ref 9), their application to non-transferred arc plasma

Fig. 1 Thermodynamic non-equilibrium parameter h within an arc torch. (Conditions: gas: Ar; total current: 400 A). (Reproduced with

permission from (Ref 8), copyright 2007 IOP Publishing)
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spray torch is significantly more challenging due to the

stochastic movement of the arc attachment at the anode

wall (see ‘‘Arc-anode interactions’’ section). In this paper,

the electrode sheath models are not presented [see for

example (Ref 10, 11)], even if they are believed to be a

necessary step for a fully predictive model.

Also, molecular gases (essentially N2 and H2) and gas

mixtures are often used in plasma spraying to achieve

plasma jets with higher enthalpy and/or velocity and ensure

a better treatment of the particles injected in the plasma

flow. Non-Local Chemical Equilibrium (NLCE) models

should then be adopted for a better description of plasma

torch operation. They require taking into account the spe-

cies (including ions and electrons) of the system, possible

forward and reverse chemical reactions between these

species and determining the kinetic coefficients of these

reactions. No plasma spray torch model so far has used

NLCE models while they have already been proposed for

transferred arcs (e.g., Ref 12) plasma torch operated in the

transferred arc mode (Ref 13) and RF plasmas (e.g., Ref

14). They, however, generally used simplified models as

stationary kinetic calculations neglecting diffusion and

convection or pseudo-equilibrium approximations to limit

the compute-intensive calculations.

Arc-Cathode Interactions

A large part of the current plasma spray torch numerical

models consider only the gas domain with the electrodes

included as boundary conditions. They impose a current

density profile and a temperature on the cathode tip. The

current profile has generally a Gaussian-like form:

J ¼ J0 exp �
r

R

� �� �n

ðEq 1Þ

where J is the current density over the cathode surface,

r the radial coordinate measured from the torch axis and

R the radius of the area on which the current density is

imposed. The adjustable parameters J0, R and n of Eq 1

control the shape of the profile. However, under the oper-

ating conditions of plasma spray torch the arc radius and

central temperature are largely dominated by the flow

driven by the pinch pressure of the self-magnetic field of

the arc. The latter is determined by the current density at

the cathode which in turn is controlled by the geometry of

the cathode and arc current. Therefore, the arc properties

are largely determined by the boundary conditions that are

assumed at the cathode surface as already discussed in the

early 90s for stationary 2-D models of transferred arcs (Ref

15).

A way to calculate the arc behavior without imposing

current density and temperature at the cathode is to include

the cathode in the calculation domain; impose the arc

current (j = I/S where I is the arc current and S the cathode

rear cross-sectional section) and temperature at the rear

face of the cathode; then calculate the heat and current

density distribution in the cathode region; and include a

cathode sheath model that predicts the electron and ion

density and temperature at the outer boundary of the sheath

as well as the cathode voltage drop.

A first step as proposed in (Ref 16) for a LTE model is

to solve the electromagnetic and energy equation in the

cathode region to predict the current distribution at the

cathode tip and calculate the heat flux between the cathode

and the arc using the following equation:

�kc
oTc

oz
¼ �kp

oTp

oz
þ Qrad þ Qe ðEq 2Þ

where z is the coordinate perpendicular to the cathode

surface, the first term on the right side represents the heat

transferred by conduction by the gas, the second the net

radiative flux between the plasma and the cathode; and the

last term the heat flux due to the thermionic cathode

operation. If the cathode does not evaporate, the last term

can be calculated from:

Qe ¼ �Jem
2kB

e
Tc þ Uc

� �

þ Ji
2kB

e
Tc þ Uc þ Ui � Uc

� �

ðEq 3Þ

where the first term corresponds to the heat flux carried

away by the thermionic electrons and the second the heat

flux brought by the ions formed in the ionization zone that

follows the cathode sheath, assuming that the heat flux

brought by the back-diffusion electrons and carried away

by the secondary emission electrons is negligible.

In Eq 3, Tc is the cathode surface temperature, Uc the

cathode material work function, Uc the cathode voltage

drop, Ui the first ionization energy, kB the Boltzmann

constant and e the electronic charge. The electron current

density Jem can be calculated from the Richardson-Dush-

man law (Ref 17).

Figure 2 shows the current streamlines when a current

density profile is imposed on the tip of the cathode (top)

and when cathode is coupled with the arc (bottom). The

predicted profile of current density at the cathode tip is

close to that imposed at this location when the cathode is

not coupled with the arc. However, this profile results from

calculations, the only input data, in that case, being the

current value.

The magnetic coupling of the cathode and arc allows

projecting the magnetic field both in the cathode and arc

with, as expected from the Biot-Savart law, a better

description of the magnetic field close to the cathode tip

that directly affects the Lorentz (J 9 B, where B is the
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gas. Some corrections (i.e., virial, Debye-Huckel) to the

ideal gas law are generally taken into account.

The transport coefficients are calculated by using the

Chapman-Enskog method. It should be noted that inelastic

collisions are taken into account for the gas thermal con-

ductivity (ktot = kh ? kint ? kr ? ke) expressed as the sum

of four terms corresponding to the contribution of heavy

particle translation (kh), electron translation (ke), internal

thermal conductivity kint and reaction thermal conductivity

(ionization and dissociation) (kr) (Ref 18).

Finally, the diffusion coefficients are now classically

calculated with the method proposed by Murphy that uses

combined diffusion coefficients (Ref 19). It should also be

noted that the metallic vapor issued from the electrodes can

significantly modify the gas properties but taking them into

account requires predicting the electrode phase changes

(melting, vaporization) caused by the electric arc heat load.

Also the vapor can recondensate and so make the gas

properties calculation difficult (Ref 20).

LTE gas properties are available for practically all gases

used in plasma spraying (Ar, H2, N2, H2O, He, CH4) and

their binary and ternary mixtures (Ar–H2, Ar–He, Ar–O2,

Ar–N2, air–N2, air–Ar, air–O2, air–CH4, Ar–H2–He, Ar–

H2–Cu) (Ref 21-26). However, the values of the interaction

potentials and collision integrals that are the basis of cal-

culations are not always well known and may lead to

uncertainties in transport coefficients. Also the data must

be known up to at least 30,000 K as such temperatures may

appear in the calculation iterative process until the con-

verged solution is reached.

Contrary to LTE plasmas, the 2T plasma composition

and properties are still discussed in the plasma community

(Ref 20). 2T plasma compositions are calculated by dif-

ferent models and use different relations to describe the

ionization and dissociation reactions. These models include

the Potapov’s method, Van de Sanden et al.’s method,

Gibbs free energy minimization method and kinetics

model. Annaloro recently showed that the Van de Sanden’s

method is the best adapted to 2T plasma composition cal-

culation (Ref 27). If there is now a generally agreed

opinion on the methods of calculation of the 2T thermo-

dynamic functions, there is still some discrepancy about the

specific heat which is either calculated as a unique coeffi-

cient or divided in two coefficients for the electron and

heavy particle contributions, respectively.

The 2T transport properties are calculated using essen-

tially two approaches: the Devoto’s theory (Ref 28) that

does not consider the coupling between the electrons and

heavy particles in the Boltzmann equation and the method

by Rat that considers it (Ref 29). The Devoto’s approach

cannot satisfy mass conservation and the simplified

expressions predict transport properties that can be quite

different (especially the reactive thermal conductivity)

Fig. 2 Current density distribution (vector color scale) close to the 
cathode tip and isotherms (black lines). Operating conditions: gas: Ar-
H2; total current: 600 A; flow rate: 60 slpm; Top: with imposed 
current density profile at the cathode surface (predicted arc voltage: 
61 V). Bottom: with arc-cathode coupling. (predicted arc voltage 
72 V) (Reproduced with permission from (Ref 16), copyright 2015 
Springer)

magnetic field) force and, thus, the arc velocity and finally 
the arc voltage.

Arc Column

The description of both the arc column and plasma jet is 
based on the coupling of fluid and electromagnetic equa-
tions and requires the thermodynamic (i.e., density, 
enthalpy and specific heat) and transport properties (vis-
cosity, thermal and electrical conductivities and diffusion 
coefficients) of the gas mixture as well as its radiative 
properties.

Thermodynamic and Transport Properties

The calculation methods of thermodynamic and transport 
properties of LTE plasmas are now well established. The 
former require the equilibrium composition of the gas 
mixture, the internal partition functions and enthalpies of 
formation of the different species that make up the plasma
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from those obtained with the Rat’s approach. Meher (Ref

30) and Colombo (Ref 31) compared the two theories and

concluded that Devoto’s approach is yet adequate to

determine the properties of non-equilibrium plasma. At

present, the transport properties of NLTE plasmas calcu-

lated with the Devoto’s model are available for some pure

gases (Ar, O2, N2, H2) and their mixtures (Ar–H2, Ar–O2,

Ar–N2, N2–O2) with electron temperature up to 45,000 K

and h[ 15 for some gas mixtures (Ref 31-34) while those

calculated with the Rat’s approach are available for Ar,

Ar–He, Ar–Cu and Ar–H2–He plasmas but generally for

h\ 3. (Ref 35-37).

Recently, Wang et al. (Ref 32) showed, for a nitrogen

plasma, that the ionization potential reduction due to the

Coulomb interaction of charged species cannot be ignored

for h C 3 as it affects the partition functions and, thus, the

plasma composition and, thermodynamic and transport

properties, as illustrated in Fig. 3 for the thermal conduc-

tivity of electrons.

Most of the current works agree on the methods of

calculation of viscosity, electrical conductivity and internal

and translational thermal conductivities for 2T plasmas.

However, a still challenging question concerns the calcu-

lation of one or two reactional thermal conductivities, i.e.,

one for electrons kre = kioni, and one for heavy specie

krh = kdisso and, consequently, the existence of a unique

total thermal conductivity.

Modeling

The models limited to the gas domain solve the fluid

conservation equations coupled with the Maxwell’s

equations, while the models that include the electrodes in

the computational domain solve also the energy and elec-

tromagnetic equations in electrodes. The equations are

expressed in conservative form as a balance between

accumulation, net flux and production as follows:

oqu

ot
þ div qu~ � uð Þ ¼ div Cgraduð Þ þ S/ ðEq 4Þ

with u the conservation variable, q mass density, t

velocity, C diffusion coefficient and S/ source term.

Table 1 exemplifies the energy conservation equation.

The first row shows the energy equation under LTE

approximation; it corresponds to a fluid in chemical equi-

librium with an internal energy characterized by a single

temperature T. The second and third rows show the

equivalent energy equations for a 2T model.

The LTE and NLTE equations have to be consistent;

that is, the NLTE model should get reduced to the LTE

model if thermal and chemical equilibrium is imposed (i.e.,

Th = Te.). Therefore, the summation of the two last rows of

Table 1 must lead to the LTE equation given in the first

row. In the NLTE model, the electron and heavy particle

energy equations involve well-known terms, but the

expressions of these terms rise some questions: What is the

proportion of radiation due to electrons and heavy particles

for a given temperature range? What is the role of the

electrons on the reactional thermal conductivity? What is

the role of the heavy particles in dissociation processes?

These questions lead to different formulations of energy

equations (Ref 39) that differ in the distribution of reactive

thermal conductivity and ionization term in the two equa-

tions. The right formulation should result in departure from

thermal equilibrium with h C 1, and Te should be higher

than T, the predicted LTE temperature, while Th should be

lower than T.

An example of the arc shape predicted by a 2T model

together with the distribution of electric potential is given

in Fig. 4 (Ref 40). The use of a NLTE model allows a

better description of plasma flow, especially closed to the

electrodes and in the arc column fringes, where steep

gradients of temperature take place. This approach results

in a better evaluation of the electrical conductivity near the

electrodes, leading to a decrease in the arc electrical

resistivity and thus in the predicted arc voltage.

The solution of the set of conservation equations

requires appropriate boundary conditions, some of which

are not straightforward to be chosen, e.g., as the tempera-

ture of the electrons Te at the torch inlet in a 2T model or

the value of the magnetic vector potential A when the

potential vector formulation is used to compute the elec-

tromagnetic field (Ref 41). Also, if the computational

domain is limited to the torch itself, special care is needed

at the nozzle exit to ensure the uninterrupted progress of

Fig. 3 Temperature dependence of the reactive thermal conductivity

of nitrogen plasmas under different degrees of non-equilibrium (solid

line and symbols: Debye length including only electrons; dashed line

and symbols: Debye length including electrons and ions) (Reproduced

with permission from (Ref 32), copyright 2011 AIP, Physics of

Plasmas)
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Arc-Anode Interactions

The modeling of the interaction of the plasma inside the

torch with the surrounding anode has to address three main

aspects: (1) the displacement of the arc-anode attachment,

(2) the arc reattachment process, and (3) the phenomena at

the plasma-anode interface.

Displacement of the Arc-Anode Attachment

The dynamics of the arc inside the torch can be discerned

through two main features: the movement of the arc-anode

attachment and the process of formation of a new arc-

anode attachment, that what is called the arc reattachment

process (Ref 3, 42, 43). The dynamic nature of the arc is

evidenced by the temporal variation of the voltage drop

between the electrodes, as well as by fluctuations in the

temperature, pressure and velocity at the torch exit.

Representative simulation results of the voltage drop

signal (D/) together with snapshots of the temperature

distribution inside a typical DC arc plasma torch are shown

in Fig. 5. The simulations were based on a thermodynamic

non-equilibrium (NLTE) plasma flow model. Details about

the model, its numerical implementation, and validation,

including its comparison against a thermodynamic equi-

librium (LTE) model, are found in (Ref 8, 38).

The results in Fig. 5 depict the displacement of arc-

anode attachment and arc reattachment process. The dis-

placement of the anode attachment is a direct consequence

of the imbalance between the drag force due to the inter-

action of the working gas flow on the plasma and the

electromagnetic (Lorentz) force caused by the local cur-

vature of the arc. The dominance of the drag force causes

the displacement of the arc-anode attachment along the

direction of the flow, linearly in the case of straight

injection or following a corkscrew trajectory for swirl

injection. The displacement of the arc-anode attachment is

depicted in Fig. 5 (top) by the variation in D/ between the

points a and b, as well as in the temperature distribution

snapshots in Fig. 5 (bottom) by comparing the locations of

Table 1 Plasma energy

conservation equations in LTE

and non-LTE conditions

Conservation Accumulation Net flux Net production

Conservation equation of energy for a local thermal equilibrium plasma (LTE)

Int, energy oqh
ot

r � uqhþq0ð Þ Dp

Dt
� s : ru þ Jq � Eþ u� Bð Þ � _Qr

Conservation equation of energy for a non-local thermal equilibrium plasma (NLTE)

Int, energy electrons oqhh
ot

r � uqhhþq0h
� �

Dph
Dt

� s : ru þ _Qeh

Int, energy heavy species oqhe
ot

r � uqheþq0e
� �

Dpe
Dt

þ Jq � Eþ u� Bð Þ � _Qr � _Qeh

q0 Represent total diffusive fluxes; Qr is the net emission coefficient and Qeh the energy exchange term

between electrons and heavy particles (Ref 3, 8, 38) and the indices e and h denote heavy species and

electrons, respectively

Fig. 4 Snapshot of voltage distribution over heavy species temper-

ature slices and iso-surface 8, 12 and 16 kK approximately predicted 
with a 2T model for argon plasma at 400 A. The arc voltage is around 
30 V compared to 50 V for LTE predictions under the same plasma 
conditions. (Reproduced with permission from (Ref 40), copyright 
2014 Elsevier Publishing.)

the flow characteristics out of the computational domain. A 
recommended method is the use of absorbing layers or 
sponge zones to attenuate the outgoing waves and decay 
any reflected wave as it travels through the absorbing layer 
(Ref 3).

Finally, an issue that has still to be addressed is the 
coupling between the gas pressure variation in the plasma 
torch and the voltage variation. Rat et al have shown (Ref 
7) that some compressibility effects of the plasma-forming 
gas in the cathode cavity can bring about acoustic reso-
nance phenomena because of a reciprocal dependence of 
arc voltage and pressure inside the cavity that contains the 
cold plasma-forming gas. When the position of the anode 
arc attachment varies, the plasma-forming gas pressure and 
flow rate change, and thus the plasma flow. To predict the 
effect of acoustic waves on the torch operation mode, the 
numerical model should take into account the actual inner 
geometry of the torch, compressibility of the gas and 
couple the fluid and acoustic equations. To the best of our 
knowledge, this effect has not been numerically studied 
yet, despite the use of compressible plasma models.
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the anode attachment (indicated by the arrows) in frame

a with respect to that in frame b.

The description of the displacement of the anode

attachment requires the accurate and concurrent solution of

the equations of the fluid dynamic model (incompressible

or compressible flow, in chemical and thermodynamic

equilibrium or non-equilibrium) together with those

describing the evolution of the (self-induced) electromag-

netic field (Maxwell’s equations) in a time-dependent and

three-dimensional domain, despite the constancy and

axisymmetry of operating conditions and torch geometry.

Arc Reattachment and Electrical Breakdown

A major challenge for the modeling of plasma spray torch

operation is the capture of reattachment events. These

events consist of the formation of a new electrical con-

nection between the arc and the anode and are manifested

externally by a relatively sudden decrease in voltage drop,

as observed in Fig. 5. Although the exact mechanisms

driving the reattachment process are not completely

understood, the relatively high electric fields, together with

the abundance of excited species around the arc (by UV

excitation), and the short-time scale of the process, suggest

that the arc reattachment can be initiated by a streamer-like

breakdown or some small portion of the current flowing

behind the main arc attachment (Ref 44). This streamer

connects the arc with the anode in a region somewhere

upstream of the existing arc attachment, creating a con-

ducting channel that allows the establishment of a new arc

attachment. The detailed modeling of a streamer-like

reattachment event involves a wide range of spatial and

temporal scales (i.e., high spatial and temporal resolution

in order to capture the streamer initiation and propagation)

and requires an increase in the complexity of the physical

model (i.e., chemical non-equilibrium due to the rapid

temporal variations, photon-driven ionization, and poten-

tially without the assumption of charge neutrality).

Although the high spatial resolution and detailed physical

model to describe a streamer are mainly needed in the

breakdown region, such region is not known beforehand;

and the use of such high-resolution and detailed model

throughout the plasma torch domain is practically unfea-

sible with actual computational methods and computer

power, especially within a realistic simulation of plasma

spray torch operation. Therefore, approximate models have

been used to describe it; they mimic the relatively spon-

taneous formation of the new conducting channel, e.g. (Ref

45, 46).

Alternative to breakdown-like events, a new anode

attachment can form whenever a section of the arc column

gets in close proximity to the anode surface. In such situ-

ation, the high temperatures, and hence high electrical

conductivity, characteristic of the regions near the arc

promote the establishment of new electrically conducting

path. Such events have also been captured by plasma torch

simulations; i.e., by the use of an artificially high electri-

cally conductivity all along the anode surface in the case of

LTE models, or by relying on the more diffusive nature of

the electron temperature field in NLTE models (Ref 8).

Plasma-Anode Interface

An accurate description of the plasma-anode interface is

very involved and encompasses complex thermal, electro-

magnetic, and material transport phenomena (i.e., heat

transfer, current transfer and potential material transport in

the case of anode erosion (Ref 40), respectively).

For example, the heat transfer to the anode Qa can be

given by:

Qa ¼ �kh
oTh

oz
� ke

oTe

oz
+ Qe + JqeWa + Jqi(Ei

�Wa) + Qrad ðEq 5Þ

where z is in the direction normal to the anode, kh and ke
are the heavy species (atoms, ions) and electron thermal

conductivity, respectively; Th and Te the heavy species and

electron temperatures; Jqe and Jqi are the electron and ion

Fig. 5 Arc dynamics and arc reattachment events. (Top) Time

evolution of the voltage difference (D/) across the torch depicting the

occurrence of three arc reattachments events. (Bottom) temperature

field snapshots at representative instants: (a)—single established

anode attachment; (b)—dragging of the attachment along the flow

direction; (c)—formation of a new attachment, which is more

thermodynamically favorable due to its proximity to the cathode;

and (d)—predominance of the new attachment and extinguishment of

the old one. (Conditions: gas: Ar; total current: 400 A; flow rate:

60 slpm; diameter at torch exit: 8 mm) (Ref 38)
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other and ending with an anode ring on which the arc

attaches. This geometry restricts the movement of the arc

to the anode ring, and the arc could be modeled as a

transferred arc with an imposed attachment point in order

to get rid of the problem of the implementation of the

anode in the computational domain and anode sheath with

a model of arc reattachment events.

At the end, such models could predict the phase change

in electrodes and time erosion. Finally, the coupling of the

arc dynamics with the propagation of the acoustic waves

generated by the compressibility effect of the plasma-

forming gas in the cathode cavity should allow for better

control of the arc instabilities. This coupling could be

investigated first with the current compressible plasma

models limited to the gas domain.
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