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Abstract

This paper is concerned with numerical studies of the anode region of a high-intensity argon arc. The anode region is

divided into three subzones: the anode boundary layer, the presheath and the sheath. The governing equations of the

dominating processes with the boundary conditions taken from the solutions of LTE plasmas are solved by applying

the Runge±Kutta procedure. One parameter h, i.e., the ratio of the heavy particle temperatures at the free-fall edge to

the anode surface temperatures, is introduced into this study. The results indicate that the parameter h is an important

factor in¯uencing the local plasma properties in the boundary layer, the boundary layer thickness and the sheath

potential. An estimate of the value for h is made. The potential drop in the boundary layer is slightly positive. Ó 1999

Elsevier Science B.V. All rights reserved.
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1. Introduction

Thermal plasmas have a number of applications
in material and chemical processing, such as
welding, cutting, spraying, chemical vapor depo-
sition, physical vapor deposition, sintering and
material melting. The primary method for pro-
ducing thermal plasmas employs a high-intensity
arc which is de®ned as a discharge operated at
current levels above 50 A and pressures above
10 kPa [1]. High-intensity arcs are characterized by
strong macroscopic ¯ows induced by the arc itself.
At the cathode, electrons are thermally emitted

from a small, hot region known as the cathode
spot. From the cathode spot the electrons diverge
radially and move axially toward the anode. The
strong divergence of the current at the cathode
gives rise to signi®cant electromagnetic forces
which drive the cathode jet, a high-speed ¯ow of
gas, toward the anode. As the cathode jet impinges
on the anode, a stagnation layer is formed in front
of the anode, resulting in the well-known bell
shape of free-burning, high-intensity arcs [2]. In
general, such an arc may be divided into a ¯ow-
a�ected region which represents the main body of
the arc (arc column), an anode region, and a
cathode region. In spite of extensive e�orts in
the arc physics and arc technology [3±7], the un-
derstanding of the arc behavior still remains
incomplete. Especially, there is still a lack of ba-
sic understanding of the arc electrode regions of
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high-intensity arcs and of the associated electrode
phenomena. The proximity of the electrode gives
rise to extremely steep gradients of the plasma
properties which render experimentation even
more di�cult in this generally hostile environment.
Achieving an e�ective utilization and exploitation
of high-intensity arcs requires a through under-
standing of the plasma properties and its physical
processes in the proximity of the anode surface.

This paper is concerned with the anode region
of high-intensity arcs, operated in Argon atmo-
sphere with plane, water-cooled Cu anode. The
anode region is generally de®ned as that part of
the arc discharge which contains the surface of
the anode, the sheath in front of the anode and the
boundary layer which makes the connection to the
arc column [8]. Although there has been some re-
search of the anode region of electric arcs over the
past years, a consistent theory is still lacking which
would, for example, predict the sign and the
magnitude of the anode fall in high-intensity arcs.
According to the analysis of [9], the electric ®eld
strength in the anode boundary layer should be
less than that in the adjacent arc column; but the
anode fall should still be positive for high-intensity
arcs. Bose [10] presented a one-dimensional anal-
ysis of the wall region for an argon plasma. The
electric current may ¯ow into or from the wall in
the normal direction (wall as anode or cathode).
He found that the anode potential is slightly neg-
ative. Dinulescu and Pfender [11] carried out an
analysis of the anode boundary layer, which pre-
dicts negative anode falls. Their results show that
the electric ®eld, starting from a small positive
value at the arc column side, turns negative inside
the boundary layer and assumes large negative
value in the vicinity of the anode. However, they
admitted in their paper that there is a major dif-
ference in the choice of the boundary condition for
solving the conservation equations for the anode
boundary layer between [9] and their own work
[11]. They selected much steeper temperature gra-
dients of the plasma species as boundary condi-
tions and assumed the heavy particle temperature
decreases from the value in the plasma to 400 K
which is the temperature of the anode surface.
Although the water-cooled anode temperature is
lower, and electron and heavy particle tempera-

tures separate in the anode boundary layer, it is
justi®ed in questioning whether or not the heavy
particle temperature is equal to that of the anode
surface because determining the temperature of
ions close to the anode is a problem that still re-
mains unsolved [12,13]. Furthermore, they did not
make a di�erence between an anode surface which
conducts electricity and a cool wall which is iso-
lated (no net current ¯ow). In their analysis, the
equation determining the potential drop across
the sheath gives a very large negative value for the
current density range of practical interest. There-
fore, greater e�orts should be made continuously
to achieve better understanding in this ®eld of
fundamental importance.

In this paper, solutions of the governing equa-
tions of the dominating processes are presented for
the anode region. The boundary conditions at
some place lying in the arc column and near the
boundary layer are taken from the solutions of the
¯ow-a�ected region. The analysis applies to free-
burning, high-intensity arcs in argon at atmo-
spheric pressure.

2. Anode boundary layer

As shown in Fig. 1, the anode region is divided
into three subzones: the anode boundary layer, the
presheath and the sheath. In the boundary layer,
the presence of the relatively cold anode is felt. The
boundary layer is characterized by steep gradients
of temperature and particle densities. The boun-

Fig. 1. Schematic sketch of the computational domain.
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dary layer thickness is in the order of 10ÿ1 mm
which is much larger than the particle mean-free-
path length. The main feature of the boundary
layer is the ionized gas in the layer may be treated
as a continuum and as a true plasma. Very close to
the anode (in the order of one electron mean-free-
path), the usual continuum approach is no longer
valid. The ionized gas in the presheath and in the
sheath may not be treated as a continuum because
the total thickness of the presheath and the sheath
is equal to one electron mean-free-path. In the
presheath, the neutrality of the plasma is main-
tained. In the Debye sheath, the neutrality is bro-
ken and sharp potential drop occurs. The sheath is
formed immediately in front of the anode accom-
modating the transition from electrical conduction
in the plasma to metallic conduction in the anode.
The thickness of the sheath is in the order of the
Debye length.

2.1. Governing equations

Due to its small thickness, the anode region
may be treated as a one-dimensional region. For
the purpose of solving the conservation equa-
tions, the plasma parameters are assumed to vary
only in the direction perpendicular to the anode
surface. In the boundary layer, the continuum
approach and the condition of charge neutrality
are valid. Since the electron temperature (Te) may
be higher than the heavy particles (atoms and ions)
temperature (Ti), electrons and heavy particles are
regarded as two separate ¯uids coexisting in the
plasma.

In a three-component system (electrons, at-
oms and ions), the electron ¯ux may be written
as [14]

~Ce � neU~e � ÿleneE~ÿ lekBTe

e
rne ÿ lekBne

e
rTe;

�1�
where ne is the electron number density, U~e the
electron drift velocity, le the electron mobility, E~
the electric ®eld strength, kB the Bolzmann con-
stant and e the elementary charge. The electron
¯ux is driven by the potential gradient �E~ � ÿr/�,
the electron density gradient and the electron
temperature gradient.

The ion ¯ux may be expressed by

~Ci � niU~ i � lineE~ÿ likBTh

e
rne ÿ likBne

e
rTh; �2�

where ni is the ion number density, U~ i the ion drift
velocity and li the ion mobility. The condition of
charge neutrality is valid in the boundary layer,
thus there is the relation ne � ni. The forces driving
the ion ¯ux are the potential gradient, the ion
density gradient and the ion temperature gradient.

In a steady state situation without macroscopic
mass ¯ow, the particle conservation equation of
the electrons becomes

r �~Ce � _ne; �3�
where _ne is the net electron production rate. Under
the same conditions the particle conservation
equation for the ions is

r �~Ci � _ne: �4�
Since electron and ion production occurs in pairs,
the net ion production rate equals that of the
electrons.

In a plasma, the net electron production rate is
the di�erence between the ionization rate by elec-
tron impact and the three-body recombination
rate. In terms of the recombination coe�cient c
and species composition, the net electron produc-
tion rate is given by

_ne � cna

n2
e

na

� �
equil

"
ÿ n2

e

na

#
; �5�

where �n2
e=na�equil is the function of Te given by

Saha equation

n2
e

na

� �
equil

� 2Zi

Z
2pmekBTe

h2

� �3=2

exp

�
ÿ ei

kBTe

�
;

�6�
where Zi is the partition function of ion, Z the
partition function of neural atom, me the mass of
electron, h the Plank's constant, na the number
density of neutral atoms and ei the ionization
potential. The number density na is related to the
pressure p by the expression

na � p
kBTh

ÿ ne 1

�
� Te

Th

�
: �7�
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The current density is given by

J~� J~e � J~i; �8�
where J~e and J~i represents the electron and the ion
contribution, respectively. According to Eqs. (1)
and (2) the current density may be expressed as

J~e � ÿe~Ce; J~i � e~Ci: �9�
Based on Eqs. (3) and (4), there is the following
relation

r � �~Ci ÿ~Ce� � 0; ~Ci ÿ~Ce � constant: �10�
Thus, in the boundary layer

J~� J~e � J~i � e�~Ci ÿ~Ce� � constant: �11�
In a steady state situation without macroscopic

mass ¯ow, the energy conservation equation of the
electrons may be expressed

r � �kerTe� � 5

2

�
� e/d

kBr

�
J
e

kBrTe � JE

� 5

2
kBTe

�
� ei

�
_ne � 3me

mi

kB�Te ÿ Th�ne~mei; �12�

where ke the electron thermal conductivity, /d the
thermal di�usion coe�cient of the electrons, r the
electrical conductivity, mi the mass of ion and ~mei

the average collision frequency between electrons
and ions. The terms on the left-hand side of
Eq. (12) contain several energy input in the se-
quence, heat transfer by the pure conduction, the
transport of enthalpy due to the random thermal
energy of electrons and the Thomson e�ect, and
the internal energy dissipation due to Joule heat-
ing. The ®rst term on the right-hand side of
Eq. (12) represents the energy used for the pro-
duction of electrons by ionization, while the sec-
ond term represents the energy losses by elastic
collisions between electrons and heavy particles.
Here only collisions between electrons and ions
have been taken into consideration since in the
anode boundary layer the collision frequency be-
tween electrons and ions is much larger than that
between electrons and atoms [11].

For heavy particles, the Joule heating term due
to the ion current may be neglected. The energy
equation of heavy particles becomes

ÿr � �khrTh� � 3me

mi

kB�Te ÿ Th�ne~mei � 0; �13�

where kh is the thermal conductivity of heavy
particles.

The main unknowns in the set of equations are
ne, Te, Th and E. With these key variables all other
quantities of interest can be computed. There are
also four main di�erential equations, i.e., Eqs. (3),
(4), (12) and (13). The other equations are auxil-
iary relations.

2.2. Boundary conditions

In order to solve the system of equations, ap-
propriate boundary conditions must be speci®ed.
Because the thickness of the anode boundary layer
La is an additional unknown, the boundary con-
ditions can not be speci®ed at the interface be-
tween the arc column and the anode boundary
layer as Dinulescu and Pfender did [11]. In this
study, the boundary conditions are speci®ed at a
place lying in the arc column and taken from the
solutions of the arc plasma region. The distance
from this place to the anode surface is a little
bigger than La. The di�erential equations are
solved starting from this place and then entering
the anode boundary layer soon.

As shown in Fig. 1, at x � xd: (1) the heavy
particle temperature and electron temperature are
identical, Te � Th � �T �xd

; (2) the temperature
gradients of heavy particle and electron are iden-
tical, dTe=dx � dTh=dx � �dT=dx�xd

; (3) the elec-
tron number density, ne � �ne�xd

; (4) the gradient
of electron number density, dne=dx � �dne=dx�xd

;
(5) the current density, J � �J�xd

; and (6) the
electric ®eld strength, E � �E�xd

. Among these six
parameters, electron number density and its
gradient are both calculated from the Saha equa-
tion at �T �xd

and from �dT=dx�xd
, while others

are determined by the model of arc plasma re-
gion [15].

Very close to the anode (in the order of one
electron mean-free-path), the usual continuum
approach is no longer valid. Thus, the calculation
about the boundary layer should be stopped at the
free-fall edge (point b in Fig. 1), because xb � ke.
An additional boundary condition at the free-fall
edge should be speci®ed since the thickness of the
anode boundary layer La is unknown. The ion
temperature in the vicinity of anode surface is still
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a problem for further study [12,13]. Thus, an
adjustable parameter is de®ned as

h � Thb

Ta

; �14�

where Thb is the heavy particle temperature at the
free-fall edge and Ta the anode surface tempera-
ture.

2.3. Solution methods

The set of conservation equations, i.e., Eqs. (3),
(4), (12) and (13), represents four second-order
di�erential equations including highly nonlinear,
nonequilibrium thermodynamic and transport
properties. By applying the Runge±Kutta proce-
dure, these di�erential equations are solved start-
ing from boundary conditions and proceeding step
by step toward the anode. The value of key vari-
ables ne, Te, Th and E are determined in the
boundary layer. For each step, the nonequilibrium
composition at that particular location is deter-
mined ®rst and then the thermodynamic and
transport properties are calculated using the
methods described in [16]. This procedure contin-
ues until the supplementary condition Th � hTa

may be recovered and the variation of the electron
number density over one electron mean-free-path
reaches the same order of magnitude as the elec-
tron number density itself. At this point, the con-
tinuum approach is no longer valid. The thickness
of the anode boundary layer is de®ned as the dis-
tance from this point to the location where the
di�erence Te ÿ Th becomes less than 10% of the
electron temperature Te. The procedure allows
the determination of the boundary layer thickness
in addition to the values of plasma properties.

3. Results and discussion

As mentioned in Section 2.2, based on the
model of ¯uid ¯ow and heat transfer in an argon
arc plasma [15], values of Te, Th, dTe/dx, dTh/dx, J
and E at a location lying in the arc column can be
determined. Value of ne and dne/dx can be calcu-
lated from the Saha equation at Te and from
dTe/dx. These values are used as the boundary

conditions. For a free-burning argon arc at 150 A
and 1 atmosphere pressure, the corresponding
boundary conditions are speci®ed as follows:

at x � xd:

Te � Th � 1:26� 104 K

dTe

dx
� dTh

dx
� 4:5� 105 K=m

ne � 8:82� 1023 1=m3

dne

dx
� 2:38� 1025 1=m4

J � 3:2� 106 A=m
2

E � 2:75� 102 V=m:

Figs. 2 and 3 show the temperature distribu-
tions for heavy particles and electrons, respec-
tively. It can be seen that the value of parameter h,
i.e., the ratio of the heavy particle temperature at
the free-fall edge to the anode surface temperature,
has a marked e�ect on the temperature distribu-
tion in the boundary layer. The lower the heavy
particle temperature at the free-fall edge, the
steeper the temperature gradients for both elec-
trons and heavy particles in the boundary layer.
Fig. 4 shows the distribution of electron number
density at di�erent values of h. It has a same trend
as the temperature distribution because of the
strong dependence of electron number density on
electron temperature.

Fig. 2. Distribution of Th in the anode boundary layer.
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Shown in Figs. 5 and 6 are the electric ®eld
strength and the electrical potential in the boun-
dary layer. The electric ®eld strength at the
free-fall edge changes from 8.42 ´ 10 V/m to
ÿ4.93 ´ 103 V/m when h varies from 9 to 1. This
fact means that steeper gradients of temperature
and electron number density cause an increase of
the electric ®eld strength resulted from di�usion in
the boundary layer. When h equals to 9, the elec-
tric ®eld keeps positive in the whole boundary
layer and the electrical potential increases toward
the free-fall edge. With decreasing of the heavy
particle temperatures at the free-fall edge, the
electric ®eld, starting from a small positive value,
turns negative at some point inside the boundary
layer and reach large negative values at the free-
fall edge. Correspondingly, the electrical potential

changes from a slight increase to a decrease as
approaching the free-fall edge.

Table 1 demonstrates the in¯uence of the pa-
rameter h on plasma scale lengths and potential
drop in the boundary layer. The boundary layer
thickness La, the electron mean-free-path ke, the
Debye length kD, and the potential drop /ke

ÿ /La

in the boundary layer are all computed from the
solution of the governing equations of the anode
boundary layer. The results indicate that the
boundary layer thickness decreases as the value of
h increases. A bigger value of h results in smaller
temperature gradients for electrons and ions,
which make the deviation between the electron
temperature and the heavy particle temperature
emerge at a point nearer the free-fall edge so
that the boundary layer thickness decreases. The

Fig. 5. Electric ®eld distribution in the anode boundary layer.

Fig. 6. Electrical potential distribution in the anode boundary

layer.

Fig. 3. Distribution of Te in the anode boundary layer.

Fig. 4. Distribution of ne in the anode boundary layer.
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computed results show that the boundary layer
thickness is two orders of magnitude larger than
the Debye length. With decreasing of the value of
h, the potential drop in the boundary layer varies
from a slightly positive to a slightly negative.

It is quite evident that the parameter h has great
in¯uences on the local plasma properties in the
boundary layer and the boundary layer thickness.
With the same boundary conditions at the arc
column side, the values of heavy particles tem-
perature at the free-fall edge play an important
role in determining the key variables in the boun-
dary layer. Up to now, the heavy particle tem-
perature very close to the anode surface is still
unclear.Some analyses are restricted to the case of
cold ions [12]. Some researchers considered the
®nite temperature of the ions [13]. But there are no
concrete and de®nite values of the ion temperature
in the vicinity of the anode. Therefore, it is nec-
essary to make an estimate of the heavy particle
temperature at the free-fall edge. The expression
for the heat ¯ux at the anode surface may be
written as:

qa � qce � qch � qe

� ke

dTe

dx

� �
b

� kh

dTh

dx

� �
b

� Ja 3:203
kB

e
Teb

�
� /w

�
;

�15�

where qa the total heat transfer to the anode, qce

the heat transfer by electron conduction, qch the
heat transfer by heavy particle conduction, qe

the heat transfer due to electron ¯ow, and /w is the
work function of the anode material. The subscript
b represents the location of the free-fall edge.
In general, conduction and convection are not
easily separated, i.e., convection modi®es the

temperatures gradient at the surface which, in
turn, determines the conduction heat transfer to
the surface. In this analysis, contributions of con-
duction and convection are considered together
because they are both sensitive to the temperature

Fig. 7. Heat ¯ux at the anode and its components.

Fig. 8. Heat ¯ux at the anode and its components.

Table 1

The in¯uence of the ratio h � Thb=Ta on plasma scale lengths and potential drop in the anode boundary layer (current: 150 A, arc gap:

10 mm, pressure: 101 kPa)

h La (mm) ke (mm) kD (mm) /ke
ÿ /La

(V)

1 0.287 0.237 ´ 10ÿ2 0.298 ´ 10ÿ4 ÿ0.134

3 0.266 0.238 ´ 10ÿ2 0.286 ´ 10ÿ4 ÿ0.068

5 0.247 0.225 ´ 10ÿ2 0.282 ´ 10ÿ4 0.004

7 0.235 0.224 ´ 10ÿ2 0.281 ´ 10ÿ4 0.038

9 0.161 0.223 ´ 10ÿ2 0.280 ´ 10ÿ4 0.056
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gradients at the free-fall edge. The contribution of
plasma radiation to the anode is small [17] and is
neglected here. For a rough estimate, the anode
fall does not appear in Eq. (15).

Figs. 7 and 8 illustrate the heat ¯ux at the an-
ode as a function of parameter h, for two levels of
arc current. In both cases, the term qe keeps almost
constant because of the dominant e�ect of arc
current on it. For terms qce and qch, with increasing
h, they ®rst go up and then fall slightly. This is
because they are determined by both the thermal
conductivity and the temperature gradient. When
h is small, the temperature gradients for the elec-
tron and the ion at the free-fall edge is big, but
their thermal conductivity at the location are very
low because their temperatures are also low in a
case of small h. When h goes up to some value, the
temperature gradients get lower, but the variation
rate of thermal conductivity does not increase so
quickly as in the case of lower h. Thus, the terms
qce and qch decrease slightly in the case of bigger h.
Due to the contributions of qce, qch and qe, the
total heat ¯ux at the anode shows the same trend
as qce and qch. In Table 2, a comparison is made
for the calculated heat ¯ux at the anode and the
measured results of [18]. It shows that if h is equal
to six, i.e., the heavy particle temperature at the
free-fall edge takes a value of 6000 K, the calcu-
lated results agree well with the experimental
measurements.

4. Conclusions

A self-consistent model is established for ana-
lyzing the physical behavior of the anode region in
a high-intensity, atmospheric pressure free-burn-
ing argon arc. The boundary conditions for mod-
eling the anode region are taken from the solutions
of the ¯ow-a�ected LTE plasma. Based on the

results of this study the following conclusions may
be drawn:
1. The ratio of the heavy particle temperature at

the free-fall edge to the anode surface tempera-
ture has a great in¯uence on the local plasma
properties in the boundary layer, the boundary
layer thickness and the sheath potential. The re-
sults show that this ratio is around six.

2. The thickness of the anode boundary layer is
found to be approximately 0.24 mm for 150 A
arcs at an arc length of 10 mm. It is two orders
of magnitude larger than the electron mean-
free-path which, in turn, is two orders of mag-
nitude large than the Debye length.

3. The potential drop in the anode boundary layer
is slightly positive.
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