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Abstract A two-dimensional model of the non-equilibrium unipolar discharge occurring

in the plasma–sheath boundary region of a transferred-arc was developed. This model was

used to study the current transfer to the nozzle (1 mm diameter) of a 30 A arc cutting torch

operated with oxygen. The energy balance and chemistry processes in the discharge were

described by using a kinetic block of 45 elementary reactions and processes with the

participation of 13 species including electronically excited particles. The nonlocal trans-

port of electrons was accounted for into the fluid model. The dependence of the ion

mobility with the electric field was also considered. Basic discharge properties were

described. It has been found that a large part (* 80%) of the total electric power

(1700 mW) delivered in the bulk of the sheath region is spent in heating the positive ions

and further dissipated through collisions with the neutral particles. The results also showed

that the electron energy loss in inelastic collisions represents only * 25% of the electron

power and that about 63% of the power spent on gas heating is produced by the ion–

molecule reaction, the electron–ion and ion–ion recombination reactions, and by the

electron attachment. The rest of the power converted into heat is contributed by dissoci-

ation by electron-impact, dissociative ionization and quenching of O(1D). Some fast gas

heating channels which are expected to play a key role in the double-arcing phenomena in

oxygen gas were also identified.
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Introduction

The problem of sheath formation at the plasma boundary is of particular importance for

nearly all technological applications where the plasma is confined (totally or partially) to a

finite volume by solid walls [1–7], as in wall-stabilized arcs [8–11]. In the case of plasma

arc cutting [e.g., 10], the case this paper is dedicated to, the wall is a nozzle with an inner

diameter of 1–3 mm and a length of 5–10 mm, where the gas is tangentially injected at a

pressure of few atmospheres. The arc current is in the order of 10–1000 A. The intense

convective cooling at the arc fringes due to the vortex flow enhances the power dissipation

per unit length of the arc column, which in turn results in high axial electric field values.

Typically, arc voltage drops inside the nozzle of about 50 V or even higher are usually

reached [12, 13].

During the cutting arc process the nozzle behaves as a floating conductor (i.e., it is not

electrically connected to any part of the torch circuit). However, since the metallic nozzle

itself is at a constant floating voltage facing a plasma with a large axial voltage variation,

the zero-current balance cannot be fulfilled locally (i.e., by an ambipolar flux to the

nozzle), but globally (along the whole collecting area of the nozzle): electrons flow to that

part of the nozzle which is close to the cathode whereas that part of the nozzle which is

close to the anode receives the ion current. The electrical connection of these currents is

through the metallic nozzle [10]. This means that a minor fraction of the arc current

recirculates through the nozzle, thus indicating the existence of some kind of high-pres-

sure, non-equilibrium discharge in the plasma–sheath boundary region adjacent to the

nozzle wall. In this kind of discharge one electrode (the nozzle) serves both as cathode and

anode, in contrast to usual discharges, a feature resembling unipolar discharges [14, 15]. A

sketch of this unipolar discharge in the plasma–sheath boundary region of a cutting arc

torch is presented in Fig. 1. The arrow in the current loop through the nozzle body indi-

cates its conventional direction. We note that the conditions studied in this work are those

corresponding to the normal operation of the torch, with most of the current circulating in

the plasma core. The small loop current (* 0.05 A for a main arc current of 30 A,

according to what is inferred from Fig. 6a in the ‘‘Numerical Results’’ section) is a feature

of this mode of operation, due to the nozzle being in contact with regions of plasma with

differing characteristics. The current loop has axial symmetry, that is, it takes place all

around the nozzle, and no double-arcing is involved.

cathode

Fig. 1 Sketch of the unipolar
discharge in the plasma–sheath
boundary region of a transferred
arc plasma torch
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With increased applied fields (as for instance, for a too large arc current [10]), various

secondary processes come into operation in the plasma–sheath boundary region, and ulti-

mately a constricted-type discharge carrying a substantial part of the arc current will flow

through the floating nozzle, likely destroying it. Such type of arc instability is called ‘double-

arcing’ [10]. Relatively little [12, 13, 16, 17] has been done to explore and understand the

double-arcing phenomenon, especially considering that it is one of the main drawbacks that

limit the capabilities of the plasma arc cutting process. The properties of the non-equilibrium

discharge in the plasma–sheath boundary region previous to the double-arcing phenomenon

are even less known [17–19]. However, a good understanding of the features of such non-

equilibrium discharge is necessary both from the point of view of the basic physics of cutting

arcs, and also for a further study of the double-arcing phenomena.

A two-dimensional (2D) fluid modeling of the plasma–sheath boundary layer in a

cutting arc torch was presented in [18]. The ion transport was described by a continuity

equation under the drift-diffusion approximation with the source term taken as zero. The

basic assumption was that no significant ionization occurred in the sheath because both the

electron density and the thickness of the sheath were small. A 2D fluid modelling with a

reduced kinetic scheme (including ionization of heavy particles by electron impact,

electron attachment, electron detachment, electron–ion recombination and ion–ion

recombination) was presented in [17]. The gas temperature was assumed to be constant

(1000 K). The ‘local field approximation’ (i.e., the electron energy gain due to the field at a

given location and time is exactly balanced by the collisional losses at the same location

and time) was used for the calculation of the transport and rate coefficients of the electrons.

In this work, an improved numerical investigation of the properties of the non-equi-

librium unipolar discharge in the plasma–sheath boundary region of a cutting arc torch

operated with oxygen is presented. This work is based on a previously reported fluid model

[17]. In order to overcome the disadvantages associated with the local field approximation,

and incorporate the nonlocal transport of electrons into the fluid model, the calculations of

the electron transport (mobility and diffusion) coefficients as well as the kinetic coeffi-

cients (electron-impact reaction rates for excitation, dissociation and ionization processes),

were performed by solving the kinetic Boltzmann equation as functions of the electron

temperature rather than as functions of the local value of the electric field (e.g., [20]). In

addition, the dependence of the ion mobility with the electric field was considered. The

spatial distribution of the electron temperature within this model was obtained from the

solution of the energy balance equation for electrons, which along with the volume pro-

cesses takes also account of the energy transfer by heat conduction. Moreover, for this

investigation the number of species and reactions was increased significantly, including

several processes with the participation of electronically excited particles describing the

gas energy balance and charged particles kinetic processes for a pure oxygen discharge.

The obtained unipolar discharge properties will be used to investigate the double-arcing

phenomena with the focus on the gas heating processes, and will be presented in a future paper.

Fluid Model

Model Domain

At high gas pressure, when both the plasma and the sheath are collisional, plasma and

sheath join smoothly, without the need of a transitional layer [3, 5]. Thus, the sheath edge
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coincides with the unperturbed (quasi-neutral) non-local thermal equilibrium (non-LTE)

arc plasma. The model geometry of the plasma–sheath boundary region (4.5 mm in length

and 8.4 lm in thickness [17]) contiguous to the floating nozzle (bore radius of 0.5 mm,

4.5 mm in length) of a low-current (30 A) oxygen-operated arc cutting torch, is given in

Fig. 2. The detailed geometry of the torch used can be found elsewhere [17]. Since the

layer remains thin as compared with the nozzle orifice radius, a planar geometry was used

(x and y being the axial and normal to the nozzle wall coordinates, respectively).

The thickness of the model geometry corresponded to an estimation of the initial radial

extent of the space-charge sheath which separates the non-LTE plasma to the nozzle wall.

For a plasma density at the arc boundary being an almost linearly decreasing function of

the axial position, varying from 1.5 9 1018 m-3 at the nozzle inlet, to 1.4 9 1020 m-3 at

the nozzle exit, and the electron temperature about 0.5 eV [17]; the sheath thickness, found

by invoking the collisional sheath model [21], resulted of the order of few Debye lengths

(* 0.4–4 9 10-6 m) depending on the local values of the plasma density and plasma–

nozzle voltage drop. According to previously published results (Fig. 2, [21]) the sheath

extension can reach only two Debye lengths for a sufficiently highly collisional sheath with

a low voltage drop across it. Thus, for the extreme case in which the initial value of the

sheath thickness at the nozzle inlet corresponds to a voltage drop of only 1 V (the arc

voltage at the nozzle inlet was assumed as - 80 V and at the initial time step the nozzle

voltage was set to - 81 V), the resulting sheath extension there was * 2 Debye lengths

since the electron temperature at the plasma side was about 0.5 eV. Hence, a quasi-neutral

plasma can be safely assumed along of the whole nozzle at a boundary located at 8.4 lm

from the nozzle wall for the highly collisional sheath considered.

Equations

All the plasma species (including electrons) were treated within the fluid-like approxi-

mation [17, 18]. The model includes time-dependent continuity equations for the charged,

ground-state atoms, and excited particles,

o

ot
nkð Þ þ r � �Ck ¼ Sk; ð1Þ

where the particle flux is expressed in the drift-diffusion approximation,

�Ck ¼ sgn qkð Þnklk �E � Dkrnk; ð2Þ

(see e.g., [22]). The density of the dominant species (i.e., the ground-state molecules) was

obtained from the constancy of the total pressure.

The electric field was obtained from the solution of the Poisson’s equation in the

electrostatic approximation,

Fig. 2 Sketch of the plasma–
sheath boundary region
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e0r � �E
X

k

qknk; �E ¼ �r/: ð3Þ

In these equations, subscript k indicates the kth species. �E and / are the electric field

and the electrostatic potential, q is the charge, e0 is the dielectric constant, l and D are the

particle mobility and diffusion coefficients, and S is the particle creation rate.

Equations (1)–(3), with particle transport coefficients and volume source terms in the

particle balance equations specified, form the traditional ‘simple fluid’ model [23]. Within

this model, mobility and diffusion coefficients as well as the particle creation rates, in

general, are defined as functions of the reduced electric field E/n (i.e., under the ‘local field

approximation’). The Einstein relation between mobility and diffusion is assumed to be

valid. Here, n denotes the gas density. In order to incorporate the nonlocal transport of

electrons into the fluid model, the electron energy equation was included into the set of

‘extended fluid model’ equations (see, e.g., [20, 22–24]),

o

ot
neð Þ þ r � �Ce ¼ �e �E � �Ce �

X

j

DEjRj; ð4Þ

where ne ¼ ne�e is the electron energy density, �e being the mean electron energy. In Eq. (4)

the electron mean energy is assumed to result mainly from random motion, so that it is

consistent to define the ‘effective’ electron temperature as kbTe � 2=3�e (e.g., [20, 23–26]),

kb being the Boltzmann’s constant. However, the Einstein relation was not used and the

rate coefficients for almost all electron-impact processes were calculated without assuming

the electron energy distribution function (EEDF) to be Maxwellian. Notice that the EEDF

may differ substantially from the Maxwellian one for the conditions considered due to the

rather low-electron density. In this model, a more accurate approach to the determination

of the rate coefficients for such electron processes (excitation, dissociation, ionization) was

used, based on finding the EEDF by means of a solution of the electron Boltzmann

equation [25]. e is the modulus of the electron charge; and the flux of the electron energy

density is,

�Ce ¼ �nele �E � Derne: ð5Þ

In the source term of Eq. (4), the first term describes the Joule heating (or cooling) of

electrons in the electric field while the second term describes the energy exchanged in

inelastic collisions. DEj and Rj are the energy loss (or gain) due to inelastic collision and

the corresponding reaction rate, respectively. The small term representing the electrons

elastic loss was neglected in Eq. (4). According to a numerical solution of the Boltzmann

equation for electrons [25], the fractional electron power transferred in elastic collisions in

oxygen is 0.4% for Te = 0.5 eV and 0.05% for 5 eV.

The mean translational energy of the neutral heavy species (gas) was described by the

equation,

o

ot
ncpTg

� �
þr � �j�rTg

� �
¼ QR þ Qion; cp �

1

n

X

k

cp;knk; ð6Þ

where cp,k is the specific heat of the (neutral) species k (= 7/2 kb for a diatomic molecule

and 5/2 kb for an atom), QR is the ‘fast’ gas heating rate term due to the electronic-to-

translational relaxation energy (e.g., [26–30]), Qion is the gas heating rate term due to

elastic collision with hot ions in the plasma–sheath boundary region, and j* is the gas

Plasma Chem Plasma Process

123



thermal conductivity. The material quantity j* was calculated by subtracting from the

equilibrium j value (taken form [11]), the contribution related to the chemical reactions

(for oxygen and other gases at atmospheric pressure, the electron contribution is negligible

small for temperatures\ 7000 K under LTE conditions [11]). In equilibrium conditions at

low temperatures (when the degree of ionization is low) the reactive contribution is mainly

due to dissociation. The corrected value of the gas thermal conductivity was then obtained

as,

j� ¼ j� edissDn

p

kbTg

o

oTg

1 � aD
1 þ aD

� �
; ð7Þ

where Dn and ediss (= 5.12 eV [28]) are the diffusion coefficient and the dissociation limit

(O(3P) ? O(3P)) of the oxygen molecule, and p and aD are the pressure and the degree of

dissociation of the gas (calculated from the dissociation constant [11] for an oxygen gas);

respectively.

In the model considered, the contribution of the fast-vibrational relaxation of oxygen

molecules into gas heating was neglected in Eq. (6). Consequently, in Eq. (4) it was

assumed that the vibrational temperature of molecules was close to the gas temperature, so

the electrons were not heated in superelastic collisions with vibrationally excited oxygen

molecules. This is true when the energy deposited into vibrational degrees of freedom is

sufficiently small. Note that in contrast with nitrogen discharges, large differences between

vibrational and gas temperatures are difficult to achieve in oxygen discharges due to both

high probabilities of vibrational–translational transitions in O2(X, v)–O collisions and

small rate coefficients for electron excitation of oxygen vibrational levels (v) [22].

Therefore, pure vibrational mechanisms are ineffective for gas heating in low-temperature

pure oxygen discharges and were neglected in the present calculations. Moreover, the

electron-impact rotational excitation of oxygen molecules (followed by the rapid rota-

tional–translational relaxation) was also neglected.

Rate Coefficients

Calculations were performed for a pure oxygen gas, and thirteen plasma species were taken

into account: electrons (e), singly charged positive ions (O?), molecular ions (O2
?), cluster

ions (O4
?), singly charged negative ions (O2

-), oxygen molecular metastable (O2(a1Dg)),

the predissociation states O2(A3Ru
?), O2(B3Ru

-) and O2
*, oxygen atomic metastable (O(1D))

and (O(1S)); ground-state molecules (O2 (X3Rg
-)) and atoms (O(3P)). The model takes into

consideration 45 elementary reactions and processes that influence gas heating, excitation

and de-excitation of electronic states of oxygen, dissociation due to electron impact,

generation and loss of the charged particles due to direct, stepwise and dissociative ion-

ization, electron attachment/detachment, volume electron–ion and ion–ion recombination;

diffusion and surface reactions. The set of reactions used is given in Table 1. It should be

noted that the uncertainty in the rate constants used for the oxygen–electron chemistry

varies between 5 and 30%, for the oxygen-neutral chemistry between 10 and 100%; and for

the ion-chemistry of the oxygen between 10 and 300% (the later for the three-body ion–ion

recombination reactions (R37) in Table 1) [42]. Thus, the uncertainty introduced into the

model from the uncertainty in the rate constants is likely to be significant.

Although the formation of O2
- due to three-body electron attachment to O2 (X3Rg

-) was

accounted for in the model [26], previous measurements carried out using the nozzle itself

as a peripheral Langmuir probe have shown that the electron attachment does not play a
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relevant role in the charge transport toward the wall under the conditions considered (see

[12], Fig. 3a).

Rate constants of ion–molecule reactions were determined by the effective temperature

(corresponding to the kinetic energy between the ion swarm and the neutral gas in the

center-of-mass frame [43]),

T
j
eff �

miTg þ mjTi

mi þ mj

; ð8Þ

where mi and mj are the masses of the ion and the neutral particle of the jth species,

respectively, and Ti is the ion temperature depending on E/n and Tg (e.g., [44]).

The rate coefficients for almost all processes are known in the literature and are widely

used for oxygen non-equilibrium discharge modelling (see, e.g. [45–50]). The rate coef-

ficients for electron-impact excitation (R1)–(R3), dissociation (R4)–(R6), and ionization

(R7) and (R11); were calculated as a function of the electron temperature by means of the

solution of the electron Boltzmann equation in the classical two-term approximation using

a Boltzmann solver [25] and fitted to analytic functions of Te. The two-term approximation

used seems to be reasonable under the conditions considered because this may introduce

only a 20–25% error into the calculated transport and reaction coefficients for electron

temperatures up to * 40 eV [51]. The rate coefficient for the electron-impact dissociative

ionization of the O2 (X3Rg
-) (reaction (R9) in Table 1) was calculated by integrating

measured cross-section (r �eð Þ) data [31] (which is in excellent agreement with earlier

measurements [52]), over an assumed Maxwellian EEDF,

k9 ¼
Z1

0

r �eð Þ 8eTe

pme

� �1=2 �e
Te

exp � �e
Te

� �
d�e
Te

; ð9Þ

in the energy range Te = 1–20 eV. Here me is the electron mass. Some overestimation of

the rate coefficient for the reaction (R9) can occur due to the assumed Maxwellian EEDF,

but only at low mean electron energy [25]. Since the higher the mean electron energy, the

larger the role of the process (R9), large errors seriously affecting the model results are not

expected. The calculated rate coefficient is given in Fig. 3. For comparative purposes, the

corresponding rate coefficient calculated by integrating cross-section data presented in [53]

over an assumed Maxwellian distribution in the range 1–7 eV [54]; is also shown in Fig. 3.

Fig. 3 Rate coefficient used for
the electron-impact dissociative
ionization of the ground-state
oxygen molecules
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However, due to the lack of measurements of the cross-sections for electron-impact dis-

sociative ionization from the metastable oxygen molecule O2(a1Dg) (reaction (R10) in

Table 1), they were assumed to be the same as for the ground state molecule but with a

reduced threshold (0.98 eV) [46]. Similarly, the cross-sections for electron-impact ion-

ization of metastable molecules (reaction (R8) in Table 1) and atoms (reactions (R12) and

(R13) in Table 1) were assumed to be the same as for the corresponding ground states but

with a reduced threshold.

Branching ratios for dissociative electron recombination with O2
? ions (reactions

(R26)–(R29) in Table 1) and with O4
? ions (reactions (R31)–(R35) in Table 1) were taken

from [34] and [32, 37], respectively. The rate of the three-body recombination for O2
?

(reaction (R30) in Table 1) was taken from recent measurements [36], indicating a rate

value larger by an order of magnitude than that reported in [32], and with a weaker

dependence on Te. The rate of three-body ion–ion recombination (reaction (R37) in

Table 1) was assumed to be dependent on the negative-ion temperature Ti.

Transport Coefficients

The electron mobility and diffusivity were calculated and stored as a function of the

electron temperature using a Boltzmann solver [25] in advance. The mobility of ions (often

assumed to be constant [17, 23]), can significantly vary with the electric field. For high-

electric field values (i.e., when the field energy is not negligible as compared with the ion

thermal energy) the velocity distribution function of the ions could be very different from

the distribution function of the neutral gas particles [22]. The velocity distribution is thus

modeled as a Maxwellian, but the ions are assigned an ion temperature Ti, that may be

much higher than Tg, the gas temperature (i.e., in the frame of the two-temperature theory

[44]). Notice that a better approximation for the ion mobility in high-electric fields can be

obtained in the framework of the two-temperature displaced-distribution theory [55], in

which the ion distribution function, being close to the Maxwell function with a temperature

that may be different from the neutral temperature, is displaced relative to the neutrals by

the ion drift velocity (i.e., characterized by a non-negligible mean velocity of the ions).

However, it is expected that the deviation of the high-field ion mobility be less or equal to

6% [55] for the dominant ion species (O2
?) under the present conditions. The ion mobility

in the gas mixture was calculated by the equation,

1

li
�
X

j

1

lj T
j
eff

� �; ð10Þ

where lj refers to the ion mobility in a pure gas j, but at the effective temperature of the

ions for collisions with the gas j in the mixture [43].

As quoted, ions (like electrons) accelerate in electric fields and their temperature may

differ significantly from the temperature of neutral species. However, the energy equation

of the ions can be in general accurately solved under the ‘local field approximation’ (e.g.

[22]). Thus, the mean translational energy of the ions in a gas mixture was described by the

equation,

3

2
kTi ¼

3

2
kTg þ

mi þ m

2
v2
ion; vion ¼ liE; ð11Þ

where
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m �
P

j xjmjP
j xj

; xj ¼
mjmij

mi þ mj

� �2
: ð12Þ

where vion is the ion drift velocity and mij is the momentum-transfer collision frequency of

the ions with the neutral species j in the mixture [43]. The ion mobility and diffusion were

related by the expression (e.g. [22]),

Di

li
¼ kTi

e
; ð13Þ

The required (momentum-transfer) collision integral data X 1;1ð Þ
i j ðT j

eff Þ for the calculation

of the ion transport coefficients were calculated using a number of methods. The collision

integrals tabulated in [56] and [57] were used directly for the O2
?–O2 (X3Rg

-) and O2
?–

O(3P) interactions, respectively. For the O4
?–O2 (X3Rg

-) and O4
?–O(3P) interactions,

collision integral data reported in [56] and the same data as for the O2
?–O(3P) interaction,

were used; respectively. Data for the charge-exchange cross-section Qex for the O?–O(3P)

interaction, inferred from the extrapolation of the high-energy experimental data presented

in [58], were used to calculate X 1;1ð Þ
i j ðT j

eff Þ;

X 1;1ð Þ
i j T

j
eff

� �
� 2Qex: ð14Þ

For the O?–O2 (X3Rg
-) interaction, a constant value of 5.0 9 10-19 m2 was used [59].

The mobility of the negative ion (O2
-) was taken equal to that of the positive O2

? ion.

Energy transport coefficients in Eq. (4) are related to particle transport coefficients via

[25],

le ¼
5

3
le; De ¼

5

3
De: ð15Þ

In order to identify the term containing the heat conductivity, the electron energy flux

term of Eq. (5) can be presented in the form [23],

�Ce ¼
5

2
kBTe �Ce þ qe; qe ¼ �kerTe: ð16Þ

where ke ¼ 5
2
kBneDe [22]. Regarding to the Fourier’s approximation used for the electron

thermal flux qe, calculations shown that the minimum characteristic length scale for gra-

dients in the electron temperature is about one order of magnitude larger than the local

electron mean-free-path, thus showing that the assumption remains reasonably well

justified.

Source Terms

Volume source terms Sk in the particle balance Eq. (1) were determined by the reactions

occurring in the discharge. This source term for the reaction jth ank þ bnl þ � � �
! a0nk þ cnm þ � � �, can be expressed using the corresponding reaction rate Rj and reaction

coefficient kj as follows,
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Sk ¼
X

j

Skj; Skj ¼ a� a0ð Þkjnaknbl . . . ¼ a� a0ð ÞRj: ð17Þ

For example, twenty-one elementary reactions ((R7)–(R13), (R26)–(R36) and (R39)–

(R41) in Table 1) contribute to the volume source term of Eq. (17) in the electron balance

equation.

Nineteen elementary electron-impact reactions ((R1)–(R13) and (R30)–(R35) in

Table 1) contribute to the inelastic electron energy loss term in Eq. (4). The term DEj for

each reaction is added in Table 1. The so-called ‘recombination heating’ [26, 36, 60],

which can be important when the loss of electrons is dominated by three-body electron–ion

recombination (reaction (R30) in Table 1) was also included in the source term
P

j DEjRj

of Eq. (4),

X36

j¼26

DEjRj ¼� Ik30n
2
enoþ2

þ kBneT
2
e

d

dTe

X29

j¼26

kj

 !
noþ

2
þ dk30

dTe
nenoþ

2
þ d

dTe

X35

j¼31

kj

 !
noþ

4
þ dk36

dTe
noþno2

 !
;

ð18Þ

where I is the ionization energy of the O2 (X3Rg
-) (12.1 eV [22]). The last term in Eq. (18)

is a correction term for energy-selective reaction rates [61] (i.e., dkj
�
dTe \ 0 implies

preferential loss of low-energy electrons, leaving the remainder with a larger mean

energy), which is more important when the loss of electrons is dominated by three-body

electron–ion recombination with the rate being a strong function of Te. Heating in the

process of electron detachment from negative ions and cooling in the process of electron

attachment to molecules were not considered in the model.

Reactions where energy release was taken into account for the gas heating term QR in

Eq. (6) are accompanied by the exothermic energy eR in the right side of the equations in

Table 1. Most of the heating mechanisms considered in the present paper for an oxygen

discharge were widely used in discharges in oxygen–nitrogen gas mixtures. The model

considered takes into account the mechanisms of energy release suggested in [27] to

describe observations at moderate values of E/n (* 100 Td; being 1 Td : 10-21 V m2) in

air discharges, as well as the channels associated with the excitation of higher excited

states of the molecules and with the formation, transformation and recombination of

charged particles. These are the processes that become important at high values of E/

n ([ 500 Td) [26]. The following processes were taken into account:

(1) Dissociation of oxygen molecules by electron-impact (reactions (R4)–(R6) in

Table 1). Oxygen molecules are dissociated through the predissociation of

electronic states of these molecules (e.g., [26–30]). Dissociation of O2 (X3Rg
-) into

O(3P) ? O(3P), O(3P) ? O(1D), and O(3P) ? O(1S); was assumed to proceed via,

respectively, the excited states O2(A3Ru
?), O2(B3Ru

-) and O2
*, with energy thresholds

eth of 6, 8.4 and 9.97 eV; respectively. The excitation of the higher excited state of

the oxygen molecule (O2
*) was not accounted for in [27] at moderate values of E/n,

but was included in [26]. The kinetic energy of the predissociation products may be

significant. In turn, ‘hot’ oxygen atoms are thermalized during several collisions; the

energy released in these collisions is expended on the rotational excitation of

molecules and gas heating. The rotational energy relaxes into the translational
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degrees of freedom during 10–30 collisions (e.g., [27]). Hence, essentially all of the

kinetic energy of the atoms fairly rapidly goes into gas heating. The kinetic energy

of the products was calculated as,

eR ¼ eth � ediss; ð19Þ

where ediss is the dissociation limit of a given state. For O2(A3Ru
?) state it was taken

that e4 = 0.8 eV, for O2(B3Ru
-) e5 = 1.26 eV; and for O2

* it was taken that

e6 = 0.6 eV [29, 30].

(2) The dissociative ionization of O2 (X3Rg
-) (reaction (R9) in Table 1) and from the

metastable state O2(a1Dg) (reaction (R10) in Table 1). It is known that, whereas

electron-impact ionization of molecules AB to form AB? produces ions with

essentially the same initial kinetic energy as the AB molecule, dissociative

ionization to form A? ? B results from a repulsive state of AB? and the products

come off with significant kinetic energy [62]. The products O? are observed

experimentally to have an average energy of e9 * e10 * 3 eV [63]. These gas

heating channels, that could become important at high values of E/n ([ 500 Td);

were not previously accounted for in high-electric field nitrogen–oxygen discharge

plasma models [26, 28–30, 64, 65].

(3) Quenching of electronically excited particles (reactions (R14)–(R22) in Table 1).

When the reaction products have a vibrational mode, e.g. when the reaction (R14)

proceeds,

O2 a1Dg

� �
þ O2 X3R�

g D
� �

! O2 X3R�
g D

� �
þ O2 X3R�

g D; v
� �

; ð20Þ

the excess heat of the reaction is distributed into the vibrational energy of O2

(X3Rg
-,v) and the exothermic energy. The distribution ratio differs depending on

each reaction [66, 67] and most of them were not studied. According to

[27, 29, 30, 68] it was assumed that 70% of the excitation energy goes into gas

heating, (while the remaining one is spent on vibrational excitation). Thus, the

reactions (R14) and (R15) were considered with an energy release into gas heating

of e14 = e15 = 0.69 eV, while the reaction (R16) with e16 = 1.38 eV. The rate

constant of the deactivation of O(1S) by O2 (X3Rg
-) is k17 ? k18 =

4.3 9 10-18 9 exp(- 850/Tg) m3 s-1 [32], and according to [32, 33] the branching

ratio for the production of O(1D) and O(3P) is the following:

O 1S
� �

þ O2 X3R�
g

� �
!O 1D

� �
þ O2 X3R�

g ; v
� �

þ 1:5 eV, 31%

O 3P
� �

þ O2 A, c, Cð Þ þ 0:0 eV: 69%
ð21Þ

Thus, the total energy converted to gas heating in reactions (R17) and (R18) is

0.48 eV (i.e., approximately 11% of the energy of the O(1S) metastable atom). It

should be noted that the gas heating channels through reactions (R16) and (R17)

were not accounted for in [26]. The quenching of O(1S) in reaction (R19) releases

2.20 eV into heat. The deactivation of the metastable molecules O2(a1Dg) and atoms

O(1D) and O(1S) on the nozzle wall (copper) in reactions (R20)–(R22) was also

taken into account through the wall loss probability cq. Although the deactivation of

O(1D) and O(1S) on surfaces are usually very fast, the metastable O2(a1Dg) has a
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relatively low destruction rate on impact with surfaces [34]. These can release a

fraction of the electronic energy value into gas heating, which depends on the

thermal accommodation coefficient bT. Due to the lack of data, a value bT = 0 was

considered in the present simulation. However, in contrast to low-pressure dis-

charges in which surface reactions can play an important role in the plasma

chemistry, for high-pressures the importance of surface reactions decreases and

volume reactions becomes the dominant loss mechanism for charged and excited

species.

(4) Ion-conversion processes (reaction (R23)–(R25) in Table 1). It was assumed that all

the energy released in the reaction (R23) and (R24) goes into heating [26]. Taking

into account the binding energy (0.42 eV [37]) of the cluster O4
?, the exothermic

energy released in those reactions is e23 = 0.56 and e24 = 0.42 eV, respectively.

Moreover, it was assumed that all the energy released in the reaction (R25),

Oþ þ O2 X3R�
g D

� �
! O 3P

� �
þ Oþ

2 vð Þ; ð22Þ

goes into gas heating; including that released due to rapid relaxation of vibrational

excitation of the produced O2
?(v) ions [69]. Taking into account the ionization

energy of the O(3P) (13.6 eV [21]) and of O2 (X3Rg
-) (12.1 eV [22]), the exothermic

energy in reaction (R25) results in e25 = 1.5 eV.

(5) Electron–ion recombination (reactions (R26)–(R29), (R31)–(R35) and (R36) in

Table 1). According to [35] the ratio between channels of the electron–ion

recombination e ? O2
?? products, is the following,

e þ Oþ
2 ! O 3P

� �
þ O 3P

� �
þ 6:95 eV, 32%

O 1D
� �

þ O 3P
� �

þ 4:99 eV, 43%

O 1D
� �

þ O 1D
� �

þ 3:02 eV, 20%

O 1D
� �

þ O 1S
� �

þ 0:80 eV: 5%

ð23Þ

Thus, the energy which goes into gas heating due to reactions (R26)–(R29) results in

5.0 eV (i.e., approximately 41% of the ionization energy of electronic ground-state

oxygen molecules). Data on the products of the reaction e þ Oþ
4 ? product are

missing. In this paper, it was assumed that the recombination of the Oþ
4 ion proceeds

with a probability P similarly to that of the O2
? ion due to the relatively low value of

its binding energy (0.42 eV) [37]. Thus, the energy converted to gas heating in

reactions (R31)–(R34) does not exceed 4.6 eV (i.e., less than 38% of the ionization

energy of the O2 (X3Rg
-) molecules). Furthermore, it was assumed that, with a

probability (1 - P), the channel of the reaction e ? O4
? ? product is [26, 32, 34],

e þ Oþ
4 ! O2 X3R�

g D
� �

þ O2 X3R�
g D

� �
; ð24Þ

and the total energy released in the reaction (R35) (which does not exceed

e35 = 11.7 eV) is converted to gas heating [26]. Moreover, it was assumed that all

the ionization energy of the O(3P) (13.6 eV [22]) goes into heating in the three-body

recombination reaction (R36).
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(6) Ion–ion recombination (reactions (R37) and (R38) in Table 1). It was assumed that

all the energy released in ion–ion recombination is spent on gas heating [26]. Taking

into account the value (0.45 eV [70]) of the electron affinity with O2 (X3Rg
-), the

exothermic energy released in reaction (R37) results e37 = 11.6 eV. Taking into

account also the binding energy value (0.42 eV [37]) of the O4
? ion, the energy

converted to gas heating in reaction (R38) results in e38 = 11.2 eV.

(7) Electron attachment and detachment (reactions (R39) and (R41) in Table 1). It was

assumed that the electron affinity energy with O2 (X3Rg
-) (0.45 eV [70]) goes into

gas heating in reaction (R39) (i.e., including those initially distributed over the

vibrational modes of the molecule). How the released energy is shared between the

products is unknown for most of the ion–molecule reactions. It was assumed that all

the released energy goes to gas heating. Thus, taking into account that the energy of

the O2(a1Dg) lies 0.98 eV above the electronic ground state, the exothermic energy

in the detachment reaction (R41) was calculated as e41 = 0.54 eV.

Besides, chemical transformations (reaction (R42) and (R43) in Table 1) were taken

into account. It was assumed that the recombination of atomic oxygen radicals through the

reaction,

O 3P
� �

þ O 3P
� �

þ O2 X3R�
g D

� �
! O2 a1Dg

� �
þ O2 X3R�

g D; v
� �

; ð25Þ

which is exothermic by about 5 eV, produces O2(a1Dg) metastable molecules. Therefore,

the exothermic energy released in reaction (R42) was taken as e42 = 2.9 eV (i.e., 70% of

the available energy) the remaining energy is spent on vibrational excitation.

In addition to the power transferred by the electrons to electronic excitation, and sub-

sequently transferred into heat, the gas heating due to elastic collision with hot ions in the

plasma–sheath boundary region was also accounted for. Due to the high mobility of the

electrons the nozzle wall potential adjusts itself to be negative with respect to the sur-

rounding plasma in the major part of its surface. As a consequence, most of the electron

population is repelled in front of the wall (thus a positive space-charge sheath is formed)

and the gas heating due to ion collision in high-fields could be significant. The gas heating

rate term Qion in Eq. (6) was calculated as,

Qion ¼
X

i

3

2
kB Ti � Tg
� �

ni
X

j

2
mij

mi þ mj

mij; ð26Þ

where mij � mi mj

�
mi þ mj is the reduced mass for the collisions between the ion of the

sort i with the neutral j in the mixture. The effect of ion thermal energy becoming gas

thermal energy once the ion is neutralized has not been taken into account because it

amounts to a negligible correction to the energy transfer in elastic collisions between ions

and neutrals, modeled by Eq. (26). The reason is that elastic cross sections between two

neutral particles, and between an ion and a neutral particle, are similar, while the density of

newly neutralized ions, estimated as the number of neutralizations per unit time and

volume multiplied by the thermalization time, is small compared to the ion density,

roughly two orders of magnitude smaller. Besides, dissociative recombination occurs

mainly close to the plasma where gas and ion temperatures are similar.
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Boundary Conditions

When the plasma is in contact with a material wall, charged particles hitting the wall are

absorbed (or neutralized) there. The flux boundary condition for an ion of species k at the

lower boundary (the nozzle wall) under the drift-diffusion approximation was taken as, (no

reflection at the wall was considered) [71]

�Ck � n̂ ¼ 2ak � 1ð Þlk �E � n̂nk �
1

2
vkh ink; ð27Þ

where the number ak is set to one if the drift velocity is directed toward the wall, and zero

otherwise; n
_

is an outward normal unit vector at the wall and vkh i is the particle thermal

velocity, given by,

vkh i �
ffiffiffiffiffiffiffiffiffiffiffi
8kbTk

pmk

r
: ð28Þ

The ion mean-free-path for momentum transfer (defined as the ratio of the directional

ion velocity to the characteristic frequency of the ion–molecule momentum exchange) is at

least one order of magnitude smaller than the minimum local length scale of variation of

parameters of the ion species (of the order of the Debye length); thus showing that the

hydrodynamic description for the ions is well justified in the sheath, and hence there is no

need for the use of Bohm criterion for the ion velocity.

The electron flux boundary condition at the nozzle wall was taken as (no reflection at

the wall was considered), [71]

�Ce � n̂ ¼ � 2ae � 1ð Þle �E � n̂ne þ
1

2
veh i nc;em � ne
� �

þ 2 1 � aeð Þ �
X

p

cp �Cp

 !
� n_; ð29Þ

where nc,em is the number density of the electrons emitted from the wall, which do not flow

(back) to the wall:

nc;em � ð1 � aeÞ

P
p

cp �Cp

le �E
; ð30Þ

where in the last approximation it was assumed that the electrons in front to the wall are

transported by drift rather than diffusion (as is typically the case in front of negatively

biased walls). According to Eq. (29) only the electrons from the bulk of the discharge

contribute to the diffusive flux toward the wall. cp is the average number of electrons

emitted per incident p ion. The ion-induced secondary electron emission, however, is not

applicable in the presence of high-electric fields (as in gaps less than about 10 lm at

atmospheric pressure; e.g. [72]). An explicit expression for the effective secondary electron

emission coefficient c that incorporates this ion-enhanced field emission can be obtained on

the basis of the Fowler–Nordheim equation [22], as following

c Eð Þ ¼ c0 þ 1:56 � 10�6 bEð Þ2

/
exp � 6:83 � 109/1:5

bE

� �
1

e
P

p Cp

; ð31Þ

where c0 is the ion-induced secondary electron emission coefficient for zero electric field,

/ is the work function (taken as 2 eV for an oxidized copper surface [22]) and b is the
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geometric enhancement factor (* 100 [15]) of the local electric field due to surface

protrusions. According to [50] a value c0 = 0.13 was taken for both O2
? and O? ions on an

oxidized metal. The same value was taken for O4
?.

For a neutral particle of species k (including metastable particles) the flux boundary

condition at the nozzle wall was taken as, [71]

�Ck � n̂ ¼ 1 � r

1 þ r
� 1

4
vkh ink �

1

2
Dkrnk � n_

� �
; ð32Þ

where r is the fraction of particles reflected by the wall (= 1 for ground-state neutral

particles).

The electrostatic potential at the nozzle wall was self-consistently calculated by using

the total current (conduction plus displacement) conservation throughout the nozzle

surface,

ZZ
	

nozzle surface

X

k

qk �Ck þ e0

o�E

ot

 !
� n̂dS ¼ 0: ð33Þ

For the electron energy equation, the electron diffusive thermal flux qe = 0 at the nozzle

wall was imposed [24]. Experimental results [73] confirm that the adiabatic boundary

condition for the electron energy equation is realistic. For the gas energy equation, a gas

temperature of 1000 K at the nozzle wall was assumed [17].

At the sheath–plasma interface, axial profiles of plasma and gas densities as well as the

electron temperature were specified as constant in time. Besides, at the upper boundary the

arc voltage axial profile was specified as constant in time, corresponding in general to the

conditions of the previous work [17] (i.e., the pressure distribution in the gas was assumed

as a linearly decreasing function of the axial position, from 3.5 atmospheres at the nozzle

inlet to 1 atmosphere at the nozzle exit; a similar axial variation was assumed for the arc

voltage, varying from - 80 V at the nozzle inlet, to - 20 V at the nozzle exit; the electron

density profile at the arc boundary was assumed as a linearly increasing function varying

from 1.5 9 1018 m-3 at the nozzle inlet, to 1.4 9 1020 m-3 at the nozzle exit; the electron

temperature at the arc boundary was assumed with an almost constant value of about

0.5 eV [12, 13]; besides, at the arc boundary the conservation of the particle flux was used

for the O2
-, O4

? and O? ions, whereas the density of the O2
? ion (the dominant ion

species under the present conditions) was obtained from the quasi-neutrality of the plasma

at the sheath–plasma interface). In addition, the gas diffusive thermal flux was set to zero at

the sheath–plasma interface. At the nozzle inlet and exit, open boundary conditions were

assumed (i.e., zero-normal derivatives of all model variables were imposed at these sur-

faces). Note that these conditions are only an approximation to the conditions that actually

hold at the sheath–plasma interface (in fact, the location of the sheath–plasma boundary is

not well defined [5]). Besides, since plasma conditions at the nozzle wall are inaccessible

to plasma diagnostics if the nozzle is in a floating condition, no experimental verification

was possible.

Initial Conditions

At the initial time step, a linearly interpolating function for the voltage distribution in the

gas was assumed (a value of - 81 V was set for the nozzle voltage). The initial distribution

of the electron density obeyed the Boltzmann distribution with the electric field, while the
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initial density distribution of the O2
? positive ion was assumed decreasing toward the

nozzle due to the ions acceleration (neglecting chemical reactions). Initially, the density of

other ions was assumed negligible everywhere in the gas and a uniform gas temperature

(with a value of 1000 K) was assumed. The specific values used for these initial conditions

did not impact on the final converged results.

Numerical Method

The fluid model equations were approximated by a finite difference discretization

scheme of first-order accuracy in space and time. This method provides a higher com-

putational speed when compared to higher-order schemes, also reducing computational

and programming effort; but may introduce numerical viscosity in the solution. However,

a comparison between the results obtained by solving convection–diffusion transport

equations with this method, and the results obtained using a higher-order scheme;

showed that, within the limits of computational errors, both results coincide [74]. The

drift-diffusion fluxes in the balance equations were spatially discretized using the

exponential difference scheme [75]. Due to the strong dependence of the rate coefficients

and the electron diffusion coefficient on the electron mean energy, the source term in the

electron energy equation was treated implicitly according to [76]. The discretized model

equations were then solved iteratively by using the strongly-implicit procedure (SIP)

[77]. A uniform rectangular grid with 10 9 20 mesh cells covered the rectangular model

geometry. The mesh size in x and y directions were 0.45 mm and 0.42 lm; respectively.

According to previously published results [78], the Scharfetter–Gummel scheme is

accurate if the potential drop between two adjacent nodes is much less than the local

electron temperature. If this condition is not satisfied, the solution obtained by this

scheme exhibits excessive diffusion smoothing; thus imposing a restriction on the grid

size. The distribution of the above-described condition has been obtained for the 10 9 20

cells grid. The results shown that the ratio of the potential drop between two adjacent

nodes to the local electron temperature remains substantially lower than unity (of the

order of 10-3 to 10-1) in the whole sheath region, thus giving us confidence on the

obtained numerical results. Furthermore, the accuracy of the results was checked by

repeating the simulation with 10 9 200 mesh cells (i.e., by reducing the radial thickness

of the cells by a factor of 10) with a large increase in the computational cost. The

maximum relative differences in the spatial distributions of the plasma quantities in the

whole computational domain were less than 17% for the electron density, 7% for the

electron temperature, 5% for the electric field, 16% for the ions densities, and 20% for

atomic and electronically excited species densities. Because of the stiffness of the

equations (there is a wide range of time scales associated with the different processes

which reduces the time step needed for accurate numerical integration) a temporal step

shorter than 5 9 10-12 s was used. The equations were integrated for times of * 10-6 s,

which was sufficient for the density of each species to converge within an error of about

10-5 to its equilibrium value. It should be noted that shorter times were needed for the

displacement current to be negligibly small as compared to the conduction current at the

nozzle wall.
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Modelling Results

The stationary number density distributions of selected gas species in the plasma–sheath

boundary layer are presented in Fig. 4. As it is observed in Fig. 4a, the electron density

shows a sharp drop near the plasma boundary except close to the nozzle inlet, where the

field pushes the electrons deep into the sheath (as the nozzle voltage is slightly higher than

that of the plasma as shown Fig. 6 (b)); with a very-low value almost everywhere inside the

sheath. The non-negligible value of the electron density (* 1016 m-3) close to the wall at

the nozzle exit is due to the ion-enhanced field emission from the wall through further

ionization of O2(X3Rg
-), mainly in reaction (R7). As at this location the (repulsive) electric

field reaches a maximum (as shown Fig. 5d), this fact is expected to play a significant role

in the current transfer to the wall under the double-arcing phenomenon. Figure 4b shows

the distribution of the positive molecular ion density. There is a slow decrease in the Oþ
2

population toward the wall, except at the nozzle inlet, where the density drops sharply due

to the repulsive electric field. The composition of positive ions is dominated by O2
? except

at the nozzle inlet, where the gas pressure is the higher. The increase in gas pressure results

in an increase in the O4
? density (not showed) associated to a decrease in the O2

? density

through the fast three-body ion-conversion in reaction (R24). A relatively high negative ion

density is observed close to the nozzle inlet (as shown Fig. 4c) due to electron attachment

in reaction (R39). However, as the electron density distribution results comparable with

that of O2
- inside the layer, the negative ion current toward the wall resulted negligible as

compared with the electron one, consistent with previous experiments (see [12], Fig. 3a).

Fig. 4 2D number density profiles of electrons (a), O2
? (b), O2

- (c) and O(1D) (d)
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Figure 4d shows the spatial profile of the metastable O(1D). The distribution of the O(1D)

is mainly constituted of the contributions from both dissociation of O2(X3Rg
-) into

O(3P) ? O(1D) in reaction (R5), as well as dissociative recombination of O4
? and O2

?

ions in reactions (R32)–(R34), and (R27)–(R29); respectively. This is manifested by an

increase in the O(1D) density at the nozzle exit where the electron-impact excitation

processes are important (as shown Fig. 7b) and also by an additional peak close to the

plasma boundary where the dissociative recombination predominates (as shown Fig. 7c).

The stationary temperature distributions of electrons, O2
? ions and neutral particles

(gas), together with the reduced electric field, are given in Fig. 5. As it is observed in

Fig. 5a, the electron temperature varies from about 0.5 eV at the plasma boundary to quite

high-values (* 8–9 eV) at the wall close to the nozzle exit, where the local values of the

electric field are very high (* 900 Td, as shown Fig. 5d). According to a numerical

solution of the Boltzmann equation for electrons, the (local field) equilibrium value of the

electron temperature is * 18 eV for E/n = 900 Td, considerably higher than that found by

solving the electron energy equation; thus, suggesting that under the conditions considered

the local field approximation does not hold for electrons. The O2
? ions temperature is

shown in Fig. 5 (b). Expectedly, their temperature (* 12,000 K) is well decoupled from

the temperature of neutral species (shown in Fig. 5c) where high-electric field occur.

However, the ion component of the gas is thermally isolated from the nozzle wall (as the

gradient of the ion temperature vanishes there) and does not pose a potential danger to the

nozzle wall surface. Besides, as is it observed in Fig. 5c, the gas temperature remains

Fig. 5 2D temperature profiles of electrons (a), O2
? (b), gas (c); and 2D profile of E/n (d)
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everywhere close to the temperature of the nozzle surface (due to the heat transfer to the

wall), with minor departures (* 2%) at the nozzle exit. This increase in the gas temper-

ature is not caused by the fast transfer of electron energy into thermal energy through the

mechanism proposed in the term QR in Eq. (6); but by the energy released into heat through

elastic collisions between hot ions and neutrals particles (as is shown in Fig. 8d). However,

it is expected that the fast gas heating plays a significant role in the development of the

double-arcing instability [13]. From Fig. 5d it is observed that the reduced electric field

considerably varies in the sheath–plasma boundary region, from low values (* 10 Td)

near to the plasma boundary to high values (* 900 Td) at the nozzle wall.

The current density axial distributions for electrons and positive ions at the nozzle wall

are presented in Fig. 6a. The potential drop accelerates the positive ion population toward

the nozzle wall and repels a considerable number of the electrons to maintain the zero-

current balance. It is observed that the electron current is concentrated mostly at the nozzle

inlet, where the radial electric field is directed toward the plasma (as shown Fig. 6b), thus

reaching a relatively high current density value of * 4 A/cm2; whereas the positive ion

current (mainly transported by O2
? ions) is dominant in the bulk of the sheath. Notice that

the ion current is collected by almost the entire nozzle inner surface in a diffuse fashion,

with a lower current density (B 1 A/cm2). This numerical result confirms that the zero-

current balance in the nozzle is fulfilled globally along the whole collecting area of the

Fig. 6 Electron and positive ion
current densities at the nozzle
wall (a); and 2D profile of the gas
voltage (b)
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nozzle (and not locally); giving rise to a non-equilibrium unipolar discharge of weak

current (of about 0.05 A) through the nozzle. A very low-electron emission from the

nozzle wall into the plasma, due to ion-enhanced field emission can be also seen toward the

nozzle exit. From Fig. 6b it is observed that the voltage drop between the metallic nozzle

and the plasma at the nozzle exit reaches a value very close to the total arc voltage drop

inside the nozzle, giving rise there to a local electric field of high magnitude (around 900

Td according to Fig. 5d). The voltage of the floating nozzle resulted around - 71 V, in

agreement with measurements (- 75 ± 6 V) [12]. Besides, it is seen in Fig. 6b that the

linearly varying potential of the quasi-neutral plasma along the axial direction is smoothly

joined at the interface by the potential in the sheath, with the radial electric field at this

interface (as shown Fig. 5d) being of the order of the local ambipolar value [e.g., 79]. Note

that no quasi-neutrality is imposed inside the sheath, so that any marked deviation from

this state near the plasma–sheath interface would show in the form of a large radial

component of the electric field at this boundary, thus no merging correctly into the

ambipolar field at the plasma side.

The profiles of some electron-impact reaction rates are shown in Fig. 7. As it is

observed in Fig. 7a, the total ionization rate (through reactions (R7)–(R13)) reaches a

maximum at a location close (but not identical) to the maximum of the mean-energy of the

electrons (as shown Fig. 5a). The main channel of production of O? ions is through the

dissociative ionization of O2(X3Rg
-) molecules in reaction (R9). However, under the

conditions considered, the concentration of the O? ions is negligible small as compared to

that of the O2
? ions. Expectedly, the electron-impact dissociation in reactions (R4)–(R6)

occurs at the same location to that of the ionization (as shown Fig. 7b). Besides, the

dissociative electron recombination rate in reactions (R26)–(R29) is presented in Fig. 7c. It

is observed that the depletion of the positive ion density in the sheath region due to the ion

flux to the nozzle wall affects the ionization balance (i.e., the ionization prevails over the

recombination toward the nozzle wall). Ions born in the sheath region diffuse to the nozzle

wall where they recombine. However, the lack of electrons at the nozzle exit hampers the

double-arcing development.

The profiles of the Joule heating of electrons and of the electron energy loss in inelastic

collisions are presented in Fig. 8a, b, respectively. The electron heating profile shows a

large positive peak value (* 1010 W/m3) in the vicinity of the nozzle inlet region (where

the electron flux is the largest, as shown Fig. 6a), with relatively low heating in the bulk of

the sheath region. Moreover, a slight negative heating (electron cooling) is also observed in

a relative large region of the bulk of the sheath. Notice that the electrons lose energy when

diffusing against the field, reducing their mean-energy and therefore reducing the mag-

nitude of the diffusivity. This occurs where the electric field is relatively low (B 100 Td).

As discussed in [80], the local field approximation fails to account for this, mistakenly

assigning a too-large value of electron diffusivity. From Fig. 8b it is seen that the electron

energy loss through inelastic collision reaches a peak near the nozzle exit, where disso-

ciation and ionization occur. Notice the strong nonlocal energy deposition regime of the

electrons. The electron heating in the three-body recombination reaction (R30) is presented

in Fig. 8c. As it is observed, the recombination heating profile shows a relatively large

peak value (* 109 W/m3) in the vicinity of the plasma boundary where the electron

recombination prevails. In addition, Fig. 8d shows the profile of the Joule heating of

positive ions (i.e., the gas heating rate through elastic collisions with hot ions under the

local field approximation). It is observed that the positive ion heating profile presents a

large peak value (* 1010–1011 W/m3) in the vicinity of the nozzle exit (where the positive
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Fig. 7 2D profiles of the total
ionization rate (a), dissociation
rate (b) and electron–ion
recombination rate (c)
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ion flux is the largest, as shown Fig. 6a), with relatively low heating in the bulk of the

sheath region.

The amount of the total power delivered in the bulk of the sheath region under the

conditions considered is * 1700 mW. A large part (* 80%) of the total power is spent on

heating the positive ions (which is further dissipated through collisions with the neutral

particles). This arises because of the zero-current balance at the nozzle wall (most of the

electron population is repelled in front of the nozzle wall as the nozzle potential is neg-

atively biased with respect to the surrounding plasma in the major part of its surface). The

remainder part of the total power is spent on heating the electrons. The electron power is

partially consumed in the production of electronically excited particles and in the disso-

ciation and ionization processes through reactions (R1)–(R13) and (R30)–(R35). The

electron energy loss in the bulk of the sheath was calculated as follows,

eloss ¼
X

j

DEj

Z

V

RjdV

0
@

1
A; ð34Þ

where V is the calculation volume. eloss represents only about 25% of the electron power,

the rest is transported by the electron enthalpy flux and heat conduction. This result also

supports the strong nonlocal energy deposition regime of the electrons. Figure 9 shows the

fraction of the total electron energy loss attributed to selected reactions in Table 1. Over

Fig. 8 2D profiles of the Joule heating (or cooling) of electrons (a), electron energy loss in inelastic
collisions (b), electron–ion recombination heating (c) and Joule heating of ions (d)

Plasma Chem Plasma Process

123



57% of the electron power is consumed by the dissociation of O2 (X3Rg
-) into

O(3P) ? O(1D) in reaction (R5), the other dissociation channels (O(3P) ? O(3P) and

O(3P) ? O(1S)), consume 9 and 0.7%, respectively. The rest of the electron power is used

in ionization processes of O2(X3Rg
-) (* 29%) and in the production of the molecular

metastable O2(a1Dg) in reaction (R1) (* 8%). Notice that the contribution of the

recombination heating in reaction (R30) is not negligible, accounting for * 4% of the total

electron power.

The profile of the gas heating rate in chemical reactions is shown in Fig. 10, while the

main contributions are presented in Fig. 11. About 63% of the power spent on gas heating

is produced by the ion–molecule reaction (R24), the electron–ion and ion–ion (through

O2
? ? O2

- ? O2(X3Rg
-) and O4

? ? O2
- ? products) recombination reactions (R31)–

(R34) and (R37) and (R38); respectively, and by the attachment reaction (R39). The rest of

the power converted into heat is contributed by dissociation in reaction (R4)–(R6), dis-

sociative ionization in reaction (R9) and quenching of O(1D) metastable in reaction (R16).

This is indicated by a peak (* 109–1010 W/m3) in the gas heating rate at the vicinities of

the plasma boundary, where the electron–ion and ion–ion recombination and also the

attachment are important; and also by an additional (and lower) peak at the same location

where the high-threshold electron-impact reactions occur. It is expected that this additional

peak in the gas heating rate (through reactions (R4)–(R6), (R9) and (R16)) plays a key role

in the triggering of the double-arcing phenomenon [13]. During the calculations, it was

assumed that the dissociation of the oxygen molecules is of high probability (P = 1) in the

electron–ion reaction e ? O4
? ? product, (R31)–(R34); according to [28]. Thus, the

energy converted into heat in this reaction results 4.6 eV (instead of 11.7 eV if the dis-

sociation of the oxygen molecules is taken to be of low-probability). As over 10% of the

power spent on gas heating is produced by this reaction (as shown Fig. 11), such an

assumption has a non-negligible effect on the contribution of the exothermic processes to

the overall balance of the gas heating in the discharge.

As discussed in [28], ion–molecule reactions, electron–ion reactions and ion–ion

recombination are major processes for heating gas in air discharges at E/n[ 400 Td.

However, under the conditions considered, such high electric field occurs only at the

vicinities of the wall surface close to the nozzle inlet (as shown Fig. 5d), but where the

ionization prevails over the recombination (as the ion flux to the nozzle wall affects the

ionization balance). Notice that the studied discharge is not a quasi-neutral plasma, so the

results regarding the dependence on E/n of the contribution of the exothermic processes to

Fig. 9 Energy loss fractions of
electrons by the electron-impact
collision processes listed in
Table 1
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the overall balance of the gas could be different to those found in discharge plasmas

[26–30, 64, 65, 68].

Conclusions

A numerical investigation of the properties of the non-equilibrium unipolar discharge in

the plasma–sheath boundary region of a cutting arc torch operated with oxygen was

presented. The nonlocal transport of electrons into the fluid model was accounted for. A

detailed mechanism of fast gas heating was discussed. The following conclusions were

drawn from this study:

1. The electron temperature varies from about 0.5 eV at the plasma boundary to quite

high-values (* 8–9 eV) deep in the sheath where the local values of the electric field

are very high (* 900 Td). The ion temperatures (* 10,000 K) are well decoupled

from the gas temperature (* 1000 K) where high-electric field arises.

2. The electron current is concentrated mostly at the nozzle inlet where the radial electric

field is directed toward the plasma, thus reaching a relatively high current density

Fig. 10 2D profile of the fast gas
heating rate in chemical reactions

Fig. 11 Distribution of energy
release in fast gas heating for the
different processes considered
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value of * 4 A/cm2, whereas the positive ion current (mainly transported by O2
?

ions) is dominant in the bulk of the sheath; giving rise to a non-equilibrium unipolar

discharge of weak current (of about 0.05 A) through the nozzle.

3. The amount of the total power delivered in the bulk of the sheath region under the

conditions considered is * 1700 mW. A large part (* 80%) of the total power is

spent on heating the positive ions (which is further dissipated through collisions with

the neutral particles).

4. The electron energy loss in inelastic collisions represents only * 25% of the electron

power; the rest is transported by the electron enthalpy flux and heat conduction. Over

57% of the electron power is consumed by the dissociation of O2 (X3Rg
-) into

O(3P) ? O(1D), the other dissociation channels consume * 10%. The rest of the

electron power is used in ionization processes of O2(X3Rg
-) (* 29%) and in the

production of the molecular metastable O2(a1Dg) by electron-impact excitation

(* 8%). The contribution of the recombination heating is not negligible, accounting

for * 4% of the total electron power.

5. About 63% of the power spent on gas heating is produced by the ion–molecule

reaction, the electron–ion and ion–ion (through O2
? ? O2

- ? O2(X3Rg
-) and

O4
? ? O2

- ? products) recombination reactions, and by the electron attachment.

The rest of the power converted into heat is contributed by dissociation by electron-

impact, dissociative ionization and quenching of O(1D). It is expected that the later

reactions play a key role in the triggering of the double-arcing phenomena in oxygen

gas.
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