
HAL Id: hal-03091100
https://hal.science/hal-03091100

Submitted on 6 Jan 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Effect of Electromagnetic Boundary Conditions on
Reliability of Plasma Torch Models

Rodion Zhukovskii, Christophe Chazelas, Armelle Vardelle, Vincent Rat,
Bernd Distler

To cite this version:
Rodion Zhukovskii, Christophe Chazelas, Armelle Vardelle, Vincent Rat, Bernd Distler. Effect of
Electromagnetic Boundary Conditions on Reliability of Plasma Torch Models. Journal of Thermal
Spray Technology, 2020, 29 (5), pp.894-907. �10.1007/s11666-020-01052-3�. �hal-03091100�

https://hal.science/hal-03091100
https://hal.archives-ouvertes.fr


PEER REVIEWED

Effect of Electromagnetic Boundary Conditions on Reliability
of Plasma Torch Models

Rodion Zhukovskii1 • Christophe Chazelas1 • Armelle Vardelle1 • Vincent Rat1 •

Bernd Distler2

Submitted: 21 August 2019 / in revised form: 24 April 2020 / Published online: 27 May 2020

� The Author(s) 2020

Abstract The cascaded-anode plasma torch makes it

possible to get a longer and more stable plasma jet with

higher specific enthalpy than conventional plasma torches.

It is now used widely, but there are still few models of the

cascaded-anode plasma torch. This study developed a 3-D

time-dependent model that couples the gas phase and

electrodes by encompassing the electromagnetic and heat

equations both in the electrodes and gas phase. The model

was applied to a commercial plasma spray gun equipped

with a single cathode, single cylindrical anode and an inter-

electrode insert to fix the average arc length. This paper

examines the effect of the boundary conditions for the

magnetic vector potential and electric current density on

the electromagnetic, velocity and temperature fields of the

plasma jet. The model predictions showed that, for such

plasma torches where the arc is close to walls, the Biot and

Savart formalism is required at the domain boundaries for

the magnetic vector potential. They also showed that

similar plasma fields could be obtained by imposing an

electric current density profile at the cathode tip or by

including the electrodes in the computational domain.

However, this profile has to be chosen according to the

specific design of the cathode, which is not obvious when

the cathode has a design different from that of conventional

plasma torches with sharp conical tip or rounded tip.

Keywords atmospheric plasma spray (APS) �
computational fluid dynamics � electric arc model � heat
transfer � modeling � torch modeling

List of Symbols

A~ Magnetic vector potential (V s m-1)

B~ Magnetic field (T)

Cp Specific heat (J kg-1 K-1)

E~ Electric field (V m-1)

fw Net flux of w
e Electron charge (c)

h Enthalpy (J kg-1)

I Arc current (A)

J~ Electric current density (A m-2)

J0 Electric current density at the cathode tip center

(A m-2)

Jelec Electric current density due to electrons (A m-2)

Jions Electric current density due to ions (A m-2)

kb Boltzmann constant (J K-1)

QJ Joule heating (J kg-1)

Qr Radiation loss (J kg-1)

Q Total heat loss to electrodes (J)

Rarc Cathode arc attachment radius (m)

t Time (s)

T Temperature (K)

u! Fluid velocity (m s-1)

U Arc voltage (V)

Ua Anode voltage drop (V)

Uc Cathode voltage drop (V)

DW Schottky reduction of the work function (eV)

k Thermal conductivity (W m-1 K-1)

q Fluid density (kg m-3)

s Shear stress tensor (Pa)

u Electric potential (V)

UW Tungsten work function (eV)

Ui Argon ionization energy (eV)

Sw Net production or depletion rate

w Conserved property
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l0 Vacuum permeability (H m-1)

Introduction

Simulation of the plasma jet generation in DC plasma

torches is a necessary tool for system design and operation

improvement if it can mimic accurately the generation and

behavior of the arc and predict the heat fluxes to the

electrodes and the plasma flow at the nozzle exit. However,

the level of predictability of the current models can be

limited by the assumptions and boundary conditions.

Recent reviews (Ref 1-3) pointed out two issues that often

receive limited attention in the modeling of plasma spray

torches:

a. the way the direct electric current is transferred to the

cathode,

b. the boundary conditions imposed on the magnetic

vector potential.

In most cases, the computational domain is limited to

the gas phase and the current density profile is imposed at

the cathode tip: It is generally assumed to be of a parabolic

or an exponential form as follows (e.g., Ref 4-6):

J rð Þ ¼ J0 � 1� r

Rarc

� �n� �
ðEq 1Þ

J rð Þ ¼ J0 � exp � r

Rarc

� �n� �
ðEq 2Þ

Both equations involve constants that are chosen by the

user and which may affect the model predictions. In

addition, this assumption omits a part of the actual geom-

etry of the torch: the gas chamber upstream of the cathode

tip, although it has been experimentally shown that the

geometry and volume of this chamber affects the behavior

of the arc (Ref 7, 8). Another possibility is to include the

electrodes in the computational domain, impose the current

on the rear of the cathode and solve the heat and electro-

magnetic equations both in the electrodes and gas phase.

With the more powerful hardware platforms and improved

simulation techniques now available, this should be the

proper approach as has been done for numerical simula-

tions of welding technology (Ref 9-11) and more recently

for thermal spraying (Ref 12, 13). The problem is then to

model the arc–electrode interfaces.

In DC spray plasma torches with self-setting arc length

or fixed average arc length, the arc attachment on the anode

wall moves and can exhibit one or several roots. In any

case, the electric arc between anode and cathode presents

some dissymmetry. Therefore, recent models of plasma

torch use a 3-D geometry and the magnetic vector potential

approach to predict the magnetic field generated by the

circulation of the arc current. However, the boundary

conditions imposed on the magnetic vector potential can

affect the accuracy of the model predictions and this point

is rarely discussed. The most often used boundary condi-

tion is a null flux imposed on the components of the

magnetic vector potential at the physical limits of the

domains or a zero value when these limits are far from the

arc. Freton et al. (Ref 14) showed that this approach can

result in wrong predicted self-magnetic and, thus, velocity

fields for free burning or constricted transferred arcs. They

proposed calculation of the exact values of the vector

potential at the domain boundaries by using the Biot and

Savart (B&S) law. They also showed that with this method

the predictions of magnetic and velocity fields were similar

to those obtained with the B&S formulation used in the

whole domain but at a shorter time of calculation.

This study used a 3-D time-dependent model of the arc

that includes the electrodes in the computational domain.

First, we examined the effect of the boundary conditions

used for the magnetic vector potential on the predicted

electromagnetic and hydrodynamics fields. Then, on the

basis of the correct boundary conditions, we calculated

these fields for different torch operating conditions and

compared the predicted arc voltage and heat losses to

electrodes with experimental data. Finally, we tried to

answer the question: Is it possible to get the same results

with a model that considers only the gas phase and, thus,

uses a current density profile imposed at the cathode tip as

boundary condition?

The model was applied to a commercial plasma torch,

the Oerlikon Metco SinplexProTM Plasma Spray Gun. This

plasma torch has a single cathode and a cascaded anode.

The latter consists of a stack of copper rings insulated from

each other and ending with an anode ring. The insulated

inter-electrode insert forces the arc to attach to this last ring

and, so, limits the pulsation of arc voltage. The point of

using this torch for calculations is that the arc attachment

process at the anode wall is limited to an oscillating

movement along a line that can be predicted easily. This

allowed us to focus our attention to the cathode–arc

interface where the arc originates.

Model Description

Physical Model

The geometry of the actual plasma torch is shown in Fig. 1

and computational domain in Fig. 2. The latter involved

the arc chamber from the rear of the cathode to the nozzle

exit (51 mm long) and an outside domain (36 mm long).

The cathode and anode were included in the computational

domain. The cathode was assumed to be made of pure
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tungsten, and the anode was lined with pure tungsten. This

tungsten liner protects the copper anode from erosion and

copper spitting. The anode-nozzle exit diameter was 9 mm.

In this study, the plasma torch was operated with argon

as plasma-forming gas. The operating conditions were

selected from the operating window recommended by the

manufacturer (Ref 15). The arc current was varied between

100 and 500 A and the gas flow rate between 60 and 120

NLPM.1

Mathematical Model

The model solved the unsteady Navier–Stokes equations

for a non-isothermal fluid coupled with the Maxwell

equations of electromagnetic fields in both the gas and

solid phases (electrodes).

The gas flow inside and outside the torch was supposed

to be weakly compressible and laminar (Ref 12). Actually,

a recent review of turbulence modeling in thermal plasma

flows (Ref 16) concluded that (1) the turbulence transition

is dominated by fluid dynamic instabilities once the plasma

jet issues from the plasma torch rather than non-uniform or

unsteady phenomena in the plasma torch, and (2) the

development of turbulence in the outside plasma flow does

not affect the flow inside the plasma torch (Ref 16). In

addition, the plasma was optically thin and local thermo-

dynamic equilibrium (LTE) prevailed in the whole gas

phase of the computational domain. The electromagnetism

phenomena were assumed to be quasi-steady, which is

admitted to be pertinent in arc plasmas (Ref 17, 18).

The fluid model equations were expressed as a balance

of accumulation, net flux by convection and diffusion and

net production according to the following equation:

ow
ot

þr~ � fw ¼ Sw ðEq 3Þ

where w is a conserved property, t the time, fw the net flux

of w, and Sw the net production or depletion rate.

The set of conservation and electromagnetism equations

describing the LTE plasma are shown in Table 1.

In Table 1, u! and h are the fluid velocity and enthalpy;

J~;B~ and E~ are the electric current density, magnetic field

and electric field, respectively; u and A~ are the electric and

magnetic potential,q, k, Cp are the fluid density, thermal

conductivity and specific heat, respectively, l0 is the per-

meability constant (4p 9 10-7 H m-1).

In the momentum conservation equation, s is the shear

stress tensor, J~^ B~ represents the electromagnetic Lorentz

force, and Cimpl is a source term that brings the velocity to

zero in the solid phase (�Cimpl ¼ �1030Þ (Ref 19). In the

energy equation, the term QJ represents the Joule heating

and Qr (W m-3) the radiation loss. It corresponds to a net

emission coefficient defined as a function of the local

temperature, which has been taken from Ref 20.

The predicted electric potential u was used to deduce

the electric field, current density and Joule heating as

follows:

E~ ¼ �r~u ðEq 4Þ

J~¼ rE~ ðEq 5Þ

QJ ¼ E~ � J~ ðEq 6Þ

The magnetic field B~ was calculated from the magnetic

vector potential A~ as:

B~¼ r~ ^ A~ ðEq 7Þ

The LTE transport coefficients and thermodynamic

properties of the argon plasma were taken from Murphy

(Ref 21).

Boundary Conditions

The set of fluid and electromagnetic equation were solved

using the boundary conditions shown in Table 2.

Fig. 1 Plasma torch schematic

Fig. 2 Computational domain: 1: inlet of plasma-forming gas; 2: rear

of the cathode; 3: electrically insulating inter-electrode; 4: anode; 5

and 6: cold wall; 7: outlet

1 NLPM units of flow Rate, practiced in Europe, define what shall be

a flow Rate of a given gas stream at Tgas, Pgas temperature and

pressure, if it changed to pressure of 1 atm (101.325 kPa) and

temperature of 20 �C (293.15 K).
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For the magnetic vector potential A~, two types of

boundary conditions were used:

1. Null flux at boundaries inside the plasma torch and null

value at the outlet boundary and outside cylindrical

wall. We will refer it as PVNF according to the

notation used in the paper of Freton et al. (Ref 14).

2. Calculated boundary conditions with the Biot&Savart

formulation after Eq 8. We will refer it as B&S (Ref

14).

A~ r~ð Þ ¼ l0
4p

ZZZ
domain

J~ r0
!� �

r~� r0
!��� ���dV ðEq 8Þ

Thermal and Electric Coupling at the Fluid–

Electrode Interfaces

The electric current density at the cathode surface consists

in an ion (Jions) contribution and an electron (Jelec)

contribution. The latter includes the charge flux of elec-

trons due to the thermionic emission and secondary emis-

sion at the cathode surface and charge flux of electrons

back-diffused from the plasma. The electron secondary

emission results from the collision of an ion that brings to

the cathode surface an energy larger than the work func-

tion. In the conditions of this study, the electron secondary

emission and back-diffusion flux were supposed to be

negligible compared to the thermionic flux (Ref 22).

Actually, the works of Cayla et al. (Ref 23) and Neumann

(Ref 24) showed that the secondary electron emission is

significant for current density below 106 A m-2 and

important rather under glow discharge conditions than arc

conditions. Furthermore, Benilov et al. (Ref 25) calculated

that when the tungsten cathode tip is around the melting

point (Tcathode & 3700 K) and the plasma temperature

Tplasma is about 15,000 K, the electrons back-diffused from

the plasma contribute only about 10% to the total electric

current density.

Table 1 Fluid and

electromagnetic equations
Quantity w Transient term Advection and diffusion of w Source terms Sw

Mass q otq div qu~ð Þ 0

Momentum u~ otq u! div qu~� u~� sþ p1
� �

J~^ B~� Cimplu~

Thermal energy h otqh div qu~h� k
Cp
r~h

� �
QJ � Qr

Electric potential u 0 div rr~ uð Þ
� �

0

Magnetic vector potential A~ 0 div r~ A~
� �� �

�l0J~

Table 2 Boundary conditions
Boundary u~ T u A

1: Inlet u~¼ u~inlet T = 300 K onu ¼ 0 PVNF condition: onAi ¼ 0

B&S condition: Eq 8

2: Cathode u~¼ 0 T = 300 K u ¼ U tð Þ(a) PVNF: onAi ¼ 0

B&S: Eq 8

3: Internal torch boundary u~¼ 0 T = 300 K onu ¼ 0 PVNF: onAi ¼ 0

B&S: Eq 8

4: Anode u~¼ 0 T = 400 K u ¼ 0 PVNF: onAi ¼ 0

B&S: Eq 8

5: Outside plain wall u~¼ 0 T = 300 K onu ¼ 0 PVNF: onAi ¼ 0

B&S: Eq 8

6: Outside cylindrical wall u~¼ 0 T = 300 K onu ¼ 0 PVNF: Ai ¼ 0

B&S: Eq 8

7: Outlet onui ¼ 0 onT ¼ 0 onu ¼ 0 PVNF: Ai ¼ 0

B&S: Eq 8

(a) The voltage imposed on the rear of the cathode was corrected at each time step with respect to the total

Joule power in order to maintain the imposed electric current through the computational domain. This

allowed to dynamically predict the arc voltage
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The thermionic flux was calculated from the Richard-

son–Dushman emission law supplemented with Schottky

correction (Ref 26):

Jem ¼ AGT
2
cathodeexp �UW � DW

kTcathode

� �
ðEq 9Þ

where AG = 6 9 105 A m-2 K-2 and Tungsten work

function UW = 4.5 eV. Both values were taken from

Reimann (Ref 27). The Schottky reduction of the work

function DW was supposed to be equal to 0.2 eV for 500 A,

0.1 eV for 200 A and 0 eV for 100 A (Ref 25).

The Richardson–Dushman law applies for thermionic

emission enhanced by the cathode surface electric field. It

is commonly used for hot cathodes at high surface tem-

perature and low surface electric field (\ 108 V m-1) (Ref

26).

The ion current density was calculated as the balance

between the calculated electric current density and electron

emission contribution:

Jions ¼ Jcalculated � Jemis ðEq 10Þ

The heat flux to electrodes was dissipated by conduction

in the bulk of electrodes. At the cathode surface, the heat

flux due to the charge flux was written as follows (Ref

23, 26):

Qcathode ¼ �Jemis:
2kb

e
Tcathode þ

UW

e

� �

þ Jions:
5kb

2e
Tplasma þ Uc þ

Ui

e

� �
ðEq 11Þ

and at the anode surface, assuming that the heat flux linked

to the ion flux was negligible (Ref 23, 26):

Qanode ¼ Jelec
5kb

2e
Telectrons þ Ua þ

UW

e

� �
ðEq 12Þ

where e is the electron charge; kb the Boltzmann constant;

Uc and Ua the cathode and anode voltage drops, respec-

tively; Ui the argon ionization energy (13.6 eV) and Telec-

trons = Tplasma (LTE assumption).

The cathode and anode voltage drops were supposed to

be uniform and equal to 10 and 4 V, respectively. The

value of the cathode voltage drop was taken from Ref 23-

25, 28 and that of the anode from Ref 24, 29. Borel (Ref

30) carried out a parametric study to evaluate the sensi-

tivity of predictions to the cathode voltage drop in a

transferred arc model. He showed that the heat transfer to

the cathode was not affected by the voltage fall when it

varied between 0 and 10 V: The surface temperature of the

tungsten cathode was the same.

The value and sign of the anode voltage drop are more

questionable than those of the cathode but difficult to

measure or calculate for an industrial plasma torch. The

choice of a positive anode voltage drop was based on the

experimental study of Yang et al. (Ref 31) that showed a

positive anode voltage drop was relevant when no intense

plasma flow was directed toward the anode surface at the

arc attachment. In the study, it was numerically observed

that the constricted anode arc attachment brought about an

anodic jet directed away from the anode surface and pre-

vented the plasma flow toward the anode.

However, uniform electrode voltage drops are also

questionable and electrode sheath models should be

implemented to get rid of this assumption. Cathode sheath

models are well documented in the literature, e.g., Ref

22, 23, 25, 26, and are considered in the development of

this model. None model has been developed yet for a

moving anode arc attachment as observed in plasma spray

torch. It could be, however, easier to implement for a

cascaded-anode torch as the movement of the arc root is

limited to the last ring of the anode and looks like a peri-

odic oscillation according to the arc voltage evolution.

At the anode, the reattachment of the arc was modeled

on the basis of the idea proposed by Nemchinsky in a two-

temperature model for an argon plasma (Ref 32, 33): In the

cold boundary layer next to the anode wall, the electron

temperature does not decrease as much as the heavy par-

ticle temperature and some residual electrical conductivity

subsist in this layer. Under the conditions of this LTE

model, an artificial electrical conductivity corresponding to

a gas temperature of 6000 K was imposed behind the

anode arc attachment to ensure the flow of electrical cur-

rent from the plasma to the anode. This electrical con-

ductivity was around 100 S m-1 as that predicted by

Nemchinsky. It made it possible to simulate a reattachment

process characterized by a sinusoidal evolution of the arc

voltage as observed for the actual voltage evolution of the

Sinplex torch. Without such an artificial electrical con-

ductivity, the electric current could not go through the cold

wall boundary layer in the LTE model, and the anode arc

attachment was blown downstream up to the outside sur-

face of the anode.

Computational Procedure

The set of magneto-hydrodynamic equations shown in

Table 1 with the boundary conditions listed in Table 2

were solved, in the whole computational domain consid-

ered as a fluid domain, with the computational fluid

dynamics software Code_Saturne 5.0. (Ref 34) that is a

free open-source software developed and released by

Electricité de France (EDF) to solve CFD applications. A

penalty method adapted from Patankar (Ref 19) was used

to ensure a fluid velocity equal to zero in the solid phase

(electrodes). This method uses a large source term in the

momentum equation (�Cimpl ¼ �1030) to suppress the
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flow in electrodes. This approach made it possible to have

the solid and gas phases in the same computational domain

and solve the same set of equations in both phases.

The mesh was made up of 1 M cells: 800 k in the gas

phase, 150 k in the cathode and 50 k in the anode. This

grid was chosen as the best compromise between rate of

convergence, solution accuracy and CPU time required.

The cells were hexahedral. The largest cell size was

600 lm, while the thickness of the first layer of cells was

25 lm at the plasma–cathode interface and 50 lm at the

plasma–anode interface. The groups of cells corresponding

to the electrodes were separated from the rest of the domain

by virtual thin walls. Custom boundary conditions were

imposed on these walls to ensure thermal balance between

the gas (argon) and solid (tungsten) phases which have

different temperature dependence of enthalpy (Ref 35, 36).

The simulation was performed with 8-12 cores Intel

Xeon� E5-2670 v3 Haswell and used 2-3 GB of RAM.

Results and Discussion

The first step of this study consists in selecting the

appropriate boundary condition imposed on the magnetic

vector potential at the computational domain limits. The

calculations were done for an arc current of 500 A and gas

flow rate of 60 NLPM. Then, the predicted arc voltage and

heat loss to the electrodes were compared with experi-

mental values measured by the torch manufacturer for a

range of operating conditions selected in the operation

window of the plasma torch.

Finally, two different electric boundary conditions for

the cathode were compared to determine whether a model

that considered the electrodes in the computational domain

and a model that considered only the gas phase could bring

similar results:

a. recomputed electric potential imposed on the rear face

of the cathode when the latter was included in the

computational domain,

b. arc current density imposed on the tip of the cathode

when only the gas phase was considered.

Effect of the Magnetic Vector Potential Boundary

Condition on the Predicted Magnetic Fields

As explained in Introduction, recent works examined the

effect of the boundary conditions for the magnetic vector

potential in the model of DC free-burning and constricted

transferred arcs (Ref 14, 37). They concluded that null flux

of magnetic vector potential, at the boundaries inside the

plasma torch and a null value at the outlet boundary (PVNF

condition), can yield wrong predictions of the magnetic

field when the null flux condition is applied on boundaries

close to the arc core. Now, commercial cascaded-anode

plasma spray torches have a channel diameter ranging

between 6 and 11 mm; the arc fills a large part of the cavity

between the cathode tip and nozzle exit and is close to

electrode insert and anode walls.

Figure 3 and 4 shows the magnetic field calculated in

the fluid with the B&S and PVNF boundary conditions

(Table 2), respectively, for the Sinplex torch with a 9-mm

nozzle diameter. Striking differences are observed between

the two figures. When the B&S boundary conditions were

used, the predicted magnetic field in the plasma column

had a profile similar to that predicted for a cylindrical

conductor with uniform current density: The radial varia-

tion had (1) a zero value at the center of the discharge, (2) a

radial increase in the arc column with a maximum on the

edges of the column and (3) a decrease from the periphery

of the arc column to the anode wall surface. Far from the

arc, the magnetic field reached zero. The maximum value,

about 0.05 T was encountered in the vicinity of the tip of

the cathode due to the Maecker effect (Ref 38, 39) and,

also, upstream of the anodic arc attachment, where the

anodic jet developed.

Figure 5 shows that the predicted magnetic field in a

cross-sectional area located at the cathode tip was in good

agreement with that calculated from the Ampere’s law and

the predicted current density:

Btheor rð Þ ¼ l0
2pr

ZZ
S

J
!

predicted � ds
! ðEq 13Þ

where J
!

predicted is the electric current density predicted by

the model and ds
!

is the vector area of an infinitesi-

mal element of surface S, enclosed by a circle of radius

r and perpendicular to the torch axis.

When a null flux was imposed on all the boundaries

inside the torch and null value on the outlet as boundary

condition (PVNF condition) for the vector potential

(Fig. 4), the projected values of the magnetic field and its

distribution were wrong, particularly at the cathode tip,

nozzle outlet and anode wall. The same observation was

Fig. 3 Azimuthal component of the magnetic field with the B&S

boundary conditions for the magnetic vector potential (500 A, 60

NLPM, predicted voltage 74 V)
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made in Ref 14 for transferred arcs and free-burning arcs.

The corner effect in the predicted magnetic field shown in

Fig. 4 brought large fluctuations of the arc and a fast

motion of the anode arc attachment.

A question could arise about the effect of the numerical

method on such results. Freton (Ref 14) and this study used

a finite volume approach to solve the Navier–Stokes

equations. In a recent study, Baeva (Ref 40) stated that with

the finite elements method (FEM) ‘‘the results obtained in

the vector potential formulation for a plasma transferred

arc with gauge fixing for null flux and null value boundary

conditions were both in perfect agreement with the ana-

lytical solution.’’ Therefore, we were wondering if the use

of the FEM approach with the PVNF (null flux) boundary

condition for the magnetic potential vector could result in

better results for the magnetic vector potential field in the

conditions of this study. Answering this question would

require a solver different from the one we are using.

However, we have tested the arc geometry (i.e., straight

transferred arc) used by Baeva, with the finite volume

approach: The magnetic fields were rather similar with the

PVNF and Biot&Savart boundary conditions. Most likely,

the differences observed in the condition of this study in

the magnetic potential vector field with the PVNF and

Biot&Savart boundary conditions were linked to the

geometry of the torch that forces the arc to be close to the

walls. This result confirms the conclusions of Freton (Ref

14).

Effect of the Magnetic Vector Potential Boundary

Condition on the Predicted Gas Velocity

and Temperature Fields

Figure 6 and 7 shows the time-average plasma velocity

field calculated with the B&S and PVNF boundary con-

ditions (Table 2), respectively. The plasma flow reached a

maximum velocity of about 1800 m s-1 on the jet axis at

38 mm downstream of the cathode tip with the B&S con-

dition, while it reaches 1000 m s-1 at 8 mm with the

PVNF condition. The flow expands much further with the

B&S condition. The same observation can be done for the

time-average plasma temperature fields shown in Fig. 8

and 9 calculated with the B&S and PVNF boundary con-

ditions, respectively.

Actually, in a DC spray plasma torch, the plasma jet

originates close to the cathode surface where the self-

magnetic field associated with the arc produces a com-

pressive force inward on the arc J~^ B~
� �

. This force is

balanced by an increase in the gas radial pressure gradient

and, therefore, the pressure increases inside the arc (Ref

38) with the highest values close to the cathode.

The pressure gradient in the arc accelerates the plasma

flow and induces the cathode jet. The plasma velocity is

thus affected by the magnetic pressure and correct pro-

jections of the plasma flow velocity field require realistic

predictions of the magnetic field, as explained by Freton

et al. (Ref 14).

Comparison of Predictions with Experimental Data

When using the B&S boundary conditions for the magnetic

potential vector, the predictions of the arc voltage and heat

loss to electrodes were in good agreement with the data

measured by the manufacturer for low plasma gas flow

Fig. 4 Azimuthal component of the magnetic field with the PVNF

boundary condition for the magnetic vector potential (500 A, 60

NLPM, predicted voltage 66 V)

Fig. 5 Comparison of the radial profile of the magnetic field

calculated from the Ampere’s law, in a plane perpendicular to the

torch axis at cathode tip, with the predicted profile when the B&S

boundary condition is used for the magnetic vector potential (500 A,

60 NLPM, predicted voltage 74 V)

Fig. 6 Predicted time-averaged velocity field when the B&S bound-

ary condition is used for the magnetic vector potential (500 A, 60

NLPM)
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rates and high arc current intensities. For instance, for an

arc current of 500 A and 60 SLPM of argon, the predicted

arc voltage and heat loss to electrodes were 74 ± 2 V and

14.9 ± 1.3 kJ, respectively, while the actual ones were

76 ± 4 V and 14.2 ± 0.8 kJ, respectively. For these

operating conditions, the time-average variation of the

predicted arc voltage was about 5 V as shown in Fig. 10.

This small variation is explained (1) by the inter-elec-

trode insert that forces the arc to attach to the last ring and

restricts its motion to the ring length and (2) the back and

forth movement of the arc on a line on the anode wall as

displayed in Fig. 11 that shows the time-average temper-

ature of electrodes. However, if the predicted voltage is in

good agreement with the actual voltage, it should be noted

that in this LTE model, it depends on the artificial electrical

conductivity imposed behind the anode arc attachment to

force the arc to go through the cold wall boundary layer. In

addition, the predicted value did not take into account the

anode and cathode voltage drop, which are partially com-

pensated by the overestimation due the LTE assumption

(Ref 35).

Figure 12 shows the variation of the predicted and

actual arc voltage with the arc current for a gas flow rate of

60 and 120 SLPM. Contrarily to the common plasma tor-

ches, under the range of operating conditions of this study,

the cascaded arc showed an ascending voltage–current

characteristics whatever the argon gas flow rate was.

Indeed, in non-cascaded arc plasma torch, the arc voltage

decreases when the current increases as the arc conduc-

tance increases because of an increase of the temperature in

the plasma core and so of the electrical conductivity, or a

decrease in the arc diameter or both (Ref 41, 42). In the

SinplexProTM torch, the insert prevents the shortening of

the arc with increasing current (Ref 42). As a result, the

total power (P = U�I) dissipated by the torch increased by

the increase of both the arc current and voltage when arc

current is increased.

Figure 12 shows also that if the predicted voltage and

actual voltage were in good agreement for low plasma gas

flow rate and high current, they began to disagree when the

gas flow rate was increased and current decreased. Actu-

ally, the LTE assumption used in this arc model is not valid

any longer in such conditions as a high gas flow rate or low

electric current results in a thicker or faster cold boundary

layer that favors the arc instability. Under such operating

conditions, the validity of the LTE approach is question-

able: The arc is too resistive and unstable; the arc voltage

fluctuations are too high and arc voltage is overestimated.

Fig. 7 Predicted time-averaged plasma velocity field when the PVNF

boundary condition is used for the magnetic vector potential (500 A,

60 NLPM)

Fig. 8 Predicted time-averaged plasma temperature field when the

B&S boundary condition is used for the magnetic vector potential

(500 A, 60 NLPM)

Fig. 9 Predicted time-averaged plasma temperature field when the

PVNF boundary condition is used for the magnetic vector potential

(500 A, 60 NLPM)

Fig. 10 Predicted time evolution of arc voltage for 500 A and 60 Ar

NLPM

Fig. 11 Predicted electrode temperature for 500 A and 60 Ar NLPM.

The increase in anode temperature caused by the arc root motion is

visible in the lower part of the anode
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It should be noted that the actual arc voltage increases

almost linearly with the gas flow rate for the range of gas

flow rates (60-120 NLPM) considered in this study.

Figure 13 shows the predicted and experimental heat

loss to electrodes as a function of the argon flow rate.

Unlike arc voltage, the heat loss data are in a good

agreement for plasma gas flow rates ranging between 60

and 120 NLPM. The calculated trends are correct that is a

very low increase with the gas flow rate and a much higher

increase with the current intensity because of the heat flux

to anode brought by the electron current density that

increases with arc current. Therefore, the plasma torch

thermal efficiency (defined as (U�I - Q)/U�I where U,

I and Q are the arc voltage, arc current and total loss to

electrodes, respectively) essentially depends on the current

intensity; it can reach 65% for an argon plasma at 500 A

and a gas flow rate of 60 SLPM, which is higher than the

thermal efficiency of conventional plasma torches (40-

60%) under the same operating conditions (Ref 43).

The specific enthalpy (h) of the plasma jet is defined as

the ratio of the total enthalpy of the gas flow (g � U � IÞ to
the gas mass flow rate ( _mÞ. It represents the energy avail-

able per unit mass of the flow and is more informative than

the torch power to compare set of operating parameters for

a given plasma gas. The plasma specific enthalpy at nozzle

exit drawn from the experimental values of the arc current

(I), voltage (U), torch thermal efficiency (g) ranged

between 1.08 MJ kg-1 at 100 A and 120 NLPM and

13.46 MJ kg-1 at 500 A and 60 NLPM. For an arc current

of 500 A and gas flow rate of 60 NLPM, the predicted mass

flow rate

ð _m ¼ r S q � u* � n* � ds ¼ 1:77� 10�3 kg/sÞ

and enthalpy flow rate

ð _h ¼ rS q � h � u* � n* � ds ¼ 23:8� 103 J/sÞ

in the anode exit plane (Fig. 14 a and b) resulted in a

plasma jet specific enthalpy h of 13.43 MJ kg-1, while the

experimental one was 13.46 MJ kg-1. It should be noted

that under the same operating conditions, the plasma

specific enthalpy for a conventional plasma torch is less

than 8 MJ kg-1 (Ref 43).

Is It Possible to Get the Same Results with a Model

that Considers Only the Gas Phase?

Answering this question requires to compare the predic-

tions of this model that solves the electromagnetic and heat

equations in the electrodes and gas phase, with a model that

considers only the gas phase. Contrarily to the former

model that predicts the current density profile at the cath-

ode tip, the latter model requires to select and impose this

profile at the cathode tip. Generally, it is expressed as a

parabolic or an exponential law (e.g., Ref 4-6), but does

such a profile that is well adapted to sharpened cathodes,

work for the Sinplex cathode shape (Fig. 1)? Therefore, the

first step was to predict the current density profile at the

Sinplex cathode with the model used in this study and the

second step to implement this profile in a model limited to

the gas phase (Ref 35).

Figure 15 shows the electric current lines in the elec-

trodes and gas phase colored by the current density for an

arc current of 500 A and gas flow rate of 60 NLPM. As

expected, the current lines were perpendicular to the sur-

face of the electrodes. The maximum current density, close

Fig. 12 Variation of time-averaged arc voltage vs. arc current

Fig. 13 Variation of cooling loss to both electrodes vs. argon gas

flow rate for arc current of 100, 200 and 500 A

Fig. 14 (a) Gas mass flow (kg m-2 s-1) and (b) enthalpy flow

(J m-2 s-1) rate of plasma jet in the nozzle exit plane (500 A, 60

NLPM) when the B&S boundary condition is used for the magnetic

vector potential
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to 5 9 107 A m-2, was encountered at the cathode end; it

then decreases in the cathode bulk to a constant value

where the section of the cathode is constant. The predicted

current density profile at the cathode tip is shown in

Fig. 16: The maximum of the current density profile was

on the edge of the cathode (truncated part) and not on its

axis. This could be explained by a peak effect related to the

specific shape of the cathode. The projected maximum

temperature (Fig. 17) reached by the tungsten cathode tip

was 3700 K, and the geometry (depth and width) of the

molten zone was found to depend more on the arc current

than plasma gas flow.

This profile is different from those generally used in

plasma torch models as boundary conditions, such as j ¼
j0 expð�ð r

Rarc
ÞnÞ where j0, Rarc and n are parameters that

make it possible to adapt the profile shape. Therefore, the

current density profile previously calculated with the

inclusion of the electrodes in the calculation domain

(Fig. 16) was imposed at the cathode tip in a model that is

limited to the gas phase. Figure 18 shows the distribution

of the magnetic field predicted by this model. This distri-

bution is similar to the distribution calculated with the

electrodes in the domain (Fig. 3) except that the magnetic

field at the cathode tip is twice lower than the magnetic

field predicted with electrodes. In the latter case, the con-

tribution related to the passage of the current in the solid

cathode was taken into account and the self-induced

magnetic field at cathode tip was higher.

It should be noted that both models used the Biot and

Savart formulation for the magnetic vector potential. With

such a boundary condition, the effect of the inclusion or not

Fig. 15 Electric current density field in cathode tip and gas phase

(500 A, 60 NLPM)

Fig. 16 Current density profile at cathode tip (500 A, 60 NLPM)

Fig. 17 Projected cathode surface temperature (500 A, 60 NLPM of

argon)

Fig. 18 Azimuthal component of the magnetic field in the case

without the electrodes (500 A, 60 NLPM, voltage 73.1 V). The BS

law was used for the boundary conditions of the magnetic vector

potential

Fig. 19 Time-averaged velocity distribution at the torch outlet: 1—

with the electrodes in the calculation domain and 2—without the

electrodes
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of the electrodes in the calculation domain on the predicted

plasma jet velocity and temperature fields at nozzle was

hardly noticeable as observed in Fig. 19 and 20 that rep-

resent the plasma time-average temperature and velocity

distributions, respectively, in the plane of the nozzle exit.

This study showed that almost similar results were

obtained when the electrodes were included in the com-

putational domain and when only the gas phase was con-

sidered and a current density profile imposed on the tip of

the cathode. However, it also showed that the latter profile

has to be the correct one. If the latter can be easily modeled

by a parabolic or exponential function for sharpened

cathodes, it is much trickier to determine for the cathode

shape of the SinplexProTM plasma torch. Actually, the only

way to have the right profile is either to ‘‘measure’’ it or

draw it from numerical simulations that include the elec-

trodes in the computational domain.

Finally, another question arises about the current density

profile (Fig. 16) at the cathode tip predicted by the model

that includes the electrodes in the computational domain: Is

it realistic?

The postmortem observation by optical microscopy of

actual cathodes (Fig. 21) revealed a ‘‘ring’’ on the edge of

the truncated end and small spheres of resolidified tungsten

droplets. At first sight, these observations seemed to con-

firm the predicted current density profile with the maxi-

mum on the edge of the cathode (Fig. 16). However, at

least two assumptions of the LTE model that can affect this

profile are questionable: the cathode material and constant

cathode voltage drop. In the actual Sinplex plasma torch,

both the cathode and anode liner are made of tungsten

doped with lanthanum oxide (1.5%). The main roles of the

dopant are to lower the work function of cathode (2-2.8 eV

for lanthanum instead of about 4.5 eV for tungsten) and

improve the arcing behavior and machinability of tungsten

(Ref 44, 45). For the same arc current, the doped cathode is

operated at a lower temperature. Figure 22 shows the

temperature of the cathode tip predicted by this model for a

pure tungsten and a lanthanum-doped cathode at 500 A and

60 NLPM: If the tungsten cathode reached the melting

temperature, the doped cathode worked at a temperature

about 900 K lower and did not melt. The dopant lowers the

cathode surface temperature; its behavior during arcing

also affects the stability of the arc. Sadek et al. (Ref 45)

have experimentally observed that the rare-earth oxide

Fig. 20 Time-averaged temperature distribution at the torch outlet:

1—with the electrodes in the calculation domain and 2—without the

electrodes

Fig. 21 Used doped tungsten cathodes of SinplexProTM Plasma

Spray Gun

Fig. 22 Predicted temperature of cathode tip for 500 A and 60 Ar NLPM. Left-hand figure: pure tungsten; right-hand figure: tungsten doped with

La2O3
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reacted with tungsten and formed tungstate and oxy-

tungstate that migrated from the lower- to the higher-

temperature zones. The distribution of the rare-earth oxide

changed and concentrated at some places determined by

the cathode temperature distribution, modifying also the

appearance of the cathode. Therefore, the definitive vali-

dation of the current density profile would require (1) to

implement a model of dopant reaction with tungsten, dif-

fusion in the cathode and evaporation and Ref 45, 46, (2) to

investigate actual cathode microstructure and composition

after operation in given conditions and (3) to implement a

cathode sheath model to calculate the voltage drop varia-

tion. This is beyond the scope of this study that aimed to

investigate the effect of the electromagnetic boundary

conditions of the model.

Conclusion

A reliable and fully predictive model of the operation of a

DC plasma spray torch is a very useful tool for testing

different geometries and operating conditions (Ref 47, 48).

Powerful hardware platforms and cloud computing make it

possible to run complex plasma torch models, but each

feature of a model must be clearly stated.

This study examined the effect of the assumed boundary

conditions for the magnetic potential vector and electric

current density on the plasma fields in the torch arc

chamber. A commercial plasma torch with a single cathode

and a cascaded anode was modeled.

First, the plasma fields predicted with the most fre-

quently used boundary condition for the magnetic vector

potential (null flux imposed at the physical limits of the

domains and zero magnetic vector potential when these

limits are far from the arc) were compared with those

obtained when the exact values of the vector potential at

the domain boundaries were calculated by using the Biot

and Savart law. The model predictions showed that when

the arc is strongly constricted by a nozzle as in the case a

plasma spray torch, the Biot and Savart formalism results

in more realistic magnetic and velocity fields.

The second part of the study compared the predictions

obtained when the electrodes were included in the com-

putational domain versus the case when the domain is

limited to the gas phase and a current density profile is

imposed at the cathode tip. The results were similar if the

correct current density profile is used. However, to model a

plasma torch with a non-common cathode geometry, e.g.,

the Sinplex torch, it is necessary to calculate the current

and heat flow in the electrodes in order to obtain the right

current density profile at the cathode tip. Also, including

the electrodes in the computational domain and solving the

heat and electromagnetic equation in the solid and gas

phases allows for determining the heat flux to the elec-

trodes and reducing their erosion.

Finally, several points required to develop a predictive

model of a plasma spray torch were not tackled in this

study (Ref 1, 2). They involve the calculation of the voltage

drop at cathode and anode by including electrode sheath

model on both electrodes. Many recent models (e.g., Ref

11, 49) include the cathode sheath model but generally

consider transferred arcs; the anode sheath for DC non-

transferred arcs requires the development of a reliable

model of the arc movement on the anode wall. It is

believed that the anode sheath model will be easier to use

for cascaded arcs (e.g., SinplexProTM plasma torch) where

the arc motion can be described by a takeover mode.

Another important point is the correct description of the

thermal disequilibrium at the fringes of the jet and close to

the walls (electrodes, etc.). This can be done by imple-

menting a two-temperature (2-T) model for the electrons

and heavy particles. Again, many technical papers deal

with 2-T model for plasma torches (e.g., Ref 50-53). This

model is now being implemented in the open-source CFD

software Code_Saturne 5.0.
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