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Abstract

The high-intensity free-burning arc is modeled using a computational domain including the arc itself and the arc
cathode and anode. It is shown that the energy equation with the temperature, instead of the specific enthalpy, as the
dependent variable has to be used in order to obtain physically reasonable heat fluxes from the plasma to the electrodes
if a SIMPLE-like algorithm is employed in the modeling. New difficulty encountered in the numerical solution of the
energy equation is discussed in some detail and has been overcome successfully by use of a ‘pseudo-density’ method and
a deferred-correction discretization scheme. A more realistic boundary condition is adopted at the rear face of the
anode plate for the solution of the potential equation in order to reveal the effect of electrical collection at the anode on
the current density and temperature distributions within the anode plate. Special treatments at the plasma—electrode
interfaces are also discussed and adopted in the modeling. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The high-intensity free-burning arc is an idealized
representative of the DC arcs encountered in many ap-
plications (e.g., in gas-tungsten welding, in transferred
arc furnaces, in DC plasma torches, etc.). It can be
studied experimentally under well-controlled conditions
(e.g., the gas composition, gas pressure and electrode
cooling can be well controlled), and its axi-symmetry can
also facilitate the modeling work and the comparison of
the predicted arc characteristics with corresponding ex-
perimental data. Numerous papers have been published
in the last two decades to model the free-burning arc
along with experimental investigations.

Modeling of the high-intensity free-burning arc in-
volves complicated interactions between the electro-
magnetic field and the arc self-induced fluid flow and
heat transfer, and thus represents a rather difficult task.
Hsu et al. [1] first overcame successfully the difficulty in
computing the unknown electromagnetic fields and the
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plasma flow induced by the arc itself, and gave detailed
modeling results concerning the fluid flow and heat
transfer within the high-intensity free-burning arc. Two-
dimensional (axi-symmetrical) continuity, momentum
and energy conservation equations and electrical po-
tential (or current continuity) equation were simul-
taneously solved using the finite-difference method and
the SIMPLE algorithm described by Patankar [2]. Pre-
dicted isotherms were shown to be in reasonable agree-
ment with corresponding experimental data. In order to
avoid the difficulty related to the complex physical
phenomena in the plasma sheaths close to the electrode
surfaces, the computational domain used in their mod-
eling for the solution of electrical potential equation did
not include the arc cathode and anode. Instead, an ex-
ponential distribution of the axial component of current
density was assumed on the plane perpendicular to the
arc axis and across the cathode tip. And a measured
temperature profile (the temperatures are high enough
to ensure the arc current passage) was employed along
the outer edge of the boundary layer on the anode sur-
face. Their modeling approach was followed in many
subsequent studies (e.g., [3-5]) and was also used in the
modeling of the transferred arc (e.g., [6]) or the DC arc
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Nomenclature

By circumferential component of the
self-induced magnetic induction
intensity

Co specific heat at constant pressure

e elementary charge

E; ionization potential of the gas

h specific enthalpy

H distance between two cirques

1 arc current

j local current density

JesJi electron current density, ion cur-
rent density

JrJx radial and axial components of the
current density vector

JR thermionic current density

Jo a uniform current density at the
upstream end of the cathode

k thermal conductivity of the gas

kg Boltzmann constant

m; ion mass

n; number density of ions

)4 pressure of the gas

e additional energy flux at the
cathode surface

Gra local radiation heat flux from the
bulk plasma to anode surface

Gre local radiation heat flux from the
bulk plasma to cathode surface

qs heat flux across the plasma—anode
interface

r,oX radial and axial coordinates

7e radius of the cathode rod

R; (i=1,2,3,4) radius of the ith cirque

Se source term

SR radiation power per unit volume of
the gas

T temperature

Tw wall temperature

u,v axial and radial velocity compo-
nents

U velocity vector

VoVe anode potential drop, cathode
potential drop

7 mean thermal speed of ions

W, work function of material

Xis angle factor

Greek symbols

P any scalar variable to be solved

r diffusion coefficient

o Stefan—Boltzmann constant

€a.Ec anode emissivity, cathode
emissivity

¢ electrical potential

A blending factor

I gas viscosity

o mass density

o electrical conductivity

Subscripts

a anode

c cathode

e electrons

g gas

i ions

r radiation

] interface

w western interface of the control
volume or wall

Superscripts

u upwind discretization scheme

c central-difference discretization

scheme

plasma torch (e.g., [7]). Refs. [7,8] used a uniform cur-
rent density profile across the electron-emitting region at
a flat cathode surface instead of the exponential profile
employed by Hsu et al. [1]. It is obvious that using an
assumed current density distribution at the cathode tip
plane and using a measured temperature profile outside
the anode boundary layer make those modeling ap-
proaches being somewhat empirical.

As an important improvement, subsequent studies
include the cathode and/or the anode in the computa-
tional domain. This approach is more reasonable be-
cause some of empirical treatments used in the previous
studies (e.g., the choice of the radius of the electron-
emitting region or the parameter in the current density

profile) can be removed. The thin plasma sheaths close
to the electrodes are often ignored, but some additional
treatments at the plasma—electrode interfaces are usually
required. The cathode was included in the computa-
tional domain by the authors of Refs. [9-14]. In their
studies, the uniform current density was assumed at the
upstream end of the cathode (equal to the input arc
current divided by the cross-sectional area of the cath-
ode rod). If some physical processes at the arc anode
(e.g., melting and evaporation of anode material) were
important, it would be better to include the anode plate
in the computational domain [6,15,16]. Both the arc
cathode and anode plate have thus been included in the
computational domain in the studies of Refs. [17-19].
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However, available studies are not quite satisfactory
even if the approach including both the arc cathode and
anode in the computational domain is employed in the
modeling. For example, so far almost all the researchers
used the energy equation with the specific enthalpy as
the dependent variable and solved it in coupling with the
continuity, momentum and potential equations using a
SIMPLE-like (SIMPLE, SIMPLER or SIMPLEC) al-
gorithm [2,20]. As we see later on, such an approach
cannot give physically reasonable heat fluxes from the
plasma to the electrodes. In addition, zero potential
condition was always employed at the rear face of the
anode in all those studies for the solution of the elec-
trical potential equation. This boundary condition is
often not represent the realistic case of the electrical
collection at the anode. Usually the rear face of arc
anode used in an experiment is centrally water-cooled,
and thus the arc current flows only through part of the
rear face of the anode plate. The condition of the elec-
trical collection at the anode surface may affect ap-
preciably the current density distribution and thus affect
the temperature field within the arc anode [21,22]. It is
expected that this effect will be important when melting
and/or evaporation of the anode material are involved.

Keeping those problem points of available studies in
mind, this paper aims at presenting an improved ap-
proach for modeling of the high-intensity free-burning
arc. The computational domain will include the arc itself
and the arc anode and cathode. The energy equation
with the temperature as the dependent variable will be
used, and a more realistic potential condition at the rear
face of the anode plate will be adopted.

2. Modeling approach
2.1. Assumptions

The assumptions used in the present modeling in-
clude: (1) the plasma is optically thin and is in local
thermodynamic equilibrium (LTE) state; (2) the plasma
flow is steady, laminar and axi-symmetrical; and (3) the
gravity, the viscous dissipation and the pressure work
are negligible.

2.2. Governing equations

The following continuity and momentum equations
in the cylindrical coordinates are used in this work:
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In these equations, u and v are the axial and radial
velocity components, p the gas pressure, whereas p and u
are the temperature-dependent gas density and viscosity,
respectively. j; and j, are the axial and radial compo-
nents of the current density vector. By is the circumfer-
ential component of the self-induced magnetic induction
intensity due to the arc current, and is calculated by

b=t [ a @

in which g is the permeability in vacuum. The electrical
potential or current continuity equation is

0 0o 10 ¢

in which ¢ is the electrical conductivity. ¢ is the electrical
potential and is related to the current density compo-
nents j; and j, by jx = —g0¢/0x and j, = —g0¢/0r.
Differently from the previous studies, the following en-

ergy equation with the temperature 7 as the dependent
variable is used in the present modeling:
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(6)

where k, C, and Sg are the temperature-dependent gas
thermal conductivity, specific heat at constant pressure
and radiation power per unit volume of plasma. kg is the
Boltzmann constant, whereas e is the elementary charge.

2.3. Computational domain and boundary conditions

Fig. 1 shows the computational domain used in the
present modeling, which includes the cathode rod, the
anode plate and the arc itself and carries the related
geometrical sizes. The radial dimension of the domain is
taken to be large enough so that zero u and v can be used
at the outer boundary of the computational domain
(CE). Boundary conditions used in the present modeling
have been given in Table 1. Because most of them are
usual, here only a brief discussion is given for the
boundary conditions of the electrical potential equation.
At the upstream end of the cathode (FG), a uniform
current density equal to j, = jo =1/(m2) (I is the arc
current, whereas r. is the radius of the cathode rod) is
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Fig. 1. Computational domain and geometrical sizes used in
this study.

taken. Because usually not the whole rear face of the
anode plate is used as for the current passage in actual
experimental setups (e.g., in [1]), ¢ = 0 is not always the
appropriate condition along BC. In this study, ¢ is set to
be zero for the segment acting as the arc current passage
(RS), whereas 0¢/0x = 0 is used for the other part of
BC. Zero normal derivative of potential is also used for
all other boundaries.

2.4. Discussion concerning the energy equation

Since the energy equation employed in the present
modeling, i.e., Eq. (6), is different from that used by the
many previous authors, it seems necessary to discuss it
in some detail. The previous studies used the SIMPLE-
like algorithm to solve the governing equations and
used the following form of energy equation with spe-
cific enthalpy as the dependent variable in the model-

The merit of using energy equation (7) is that its form
is in complete consistence with the following general
differential equation handled by the SIMPLE-like al-
gorithm (cf. Patankar [2]) and thus facilitate program-
ming:

V- (pU®) =V - (I'VP) + S (8)

In Eq. (8), p is the fluid density, U the velocity vector,
I' the ‘diffusion coefficient’, Sy the source term, whereas
@ is any scalar variable to be solved in the computation.
However, Eq. (7) is not suitable for the solution of a
conjugate conduction—convection problem if tempera-
ture-dependent fluid specific heats are involved in the
computation [23]. For the present case including the arc
anode and cathode in the computational domain, we do
meet such a conjugate heat transfer problem. Namely,
the heat conduction within the solid electrodes is
coupled with the convection heat transfer from the
plasma region, and the gas specific heat varies signifi-
cantly with the plasma temperature. Eq. (7) is thus not
an appropriate energy equation to be employed in the
modeling. The reason can be further clarified as follows.
Firstly, we meet a difficulty about how to define con-
sistently the specific enthalpy / in the plasma region and
in the electrode regions to ensure the continuity of both
the temperature and the specific enthalpy at the plasma—
electrode interfaces. Secondly, even if we can find a way
to resolve the problem about how to define the enthalpy
in the solid regions, we still meet another difficulty, i.c.,
the computed heat flux across the plasma-electrode in-
terface (e.g., across the plasma—anode interface) will be
physically incorrect. In the following this problem point
will be discussed in more detail for the plasma-anode
interface. The same discussion is also applicable to the
plasma—cathode interface. As is well known, when the
SIMPLE-like algorithm [2] is employed and when
Eq. (7) is discretized across the plasma-anode interface,
the heat flux across the plasma—anode interface will be
calculated by

ing.
qs = —(k/C,),(Ah/Ax), 9)
0 10 0 ( k on 10 k Oh . L .
— (puh) + = — (rpvh) = — (— —) +-= (r— —) where Ax is the axial distance between the two adjacent
Ox r or ox \ C, Ox ror\ C, or . . ) ] . .
N grid points across the plasma—-anode interface (i.e., be-
_,_ij — Sp + Shks ( A 1o T 1 %) ) (7) tween the grid points nearest to the interface but located
a 2e Gy Ox Gy Or respectively, in the anode side and in the plasma side),
Table 1
Boundary conditions for governing equations along the boundaries shown in Fig. 1
GB BC EF FG
u ou/or =20 u=0 u=0 u=0 u=20
v v=20 v=20 v=20 v=20 v=20
T oT/or=0 T =500K T =500 K T =500 K T = 1000 K
RS:¢=0
b 3p/or =0 Else : 9¢/ox = 0 3p/or =0 d¢p/ox =0 —6d¢/ox = jo
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whereas Ah is the enthalpy difference between the two
grid points. (k/C,), is the value of ‘diffusion coefficient’
at the interface and is calculated by the harmonic mean
of the values of (k/C,) at the two grid points [2]. When
uniform grid spacing is used, (k/C,), will be expressed as

( k ) 2(k/Cp)y(K/Cp),

= /Gy, + (/G (10)

G

in which (k/Cy), and (k/C,), are the values of (k/C))
(the ratio of thermal conductivity to specific heat) in the
plasma side (g) and in the anode side (a). After substi-
tuting (k/C,), calculated by Eq. (10) into Eq. (9), it is
obvious that the heat flux ¢, across the plasma-anode
interface will depend on the specific heat of the anode
material (C,,). However, because now only steady heat
conduction occurs in the anode region, the heat flux
within the anode or at the plasma-anode interface
should be independent of the specific heat of the anode
material, and thus the calculated heat flux by Eq. (9) is
physically incorrect. This is the main reason why we
consider that the energy equation (7) with the specific
enthalpy as the dependent variable should be abandoned
and the energy equation (6) with the temperature as the
dependent variable should be employed in the modeling.
Using Eq. (6), instead of Eq. (7), in the modeling can
avoid all the difficulties mentioned above. For this case,
we no longer need to pay attention to the consistent
definition of the specific enthalpy in the plasma region
and in the electrode regions, and the heat flux across the
plasma—anode interface will be calculated by

qs = —ks(AT/Ax) (11)

in which £ is the harmonic mean of &, and k,. Note that
here ¢, is no longer dependent on the specific heat of solid
material and thus a physically reasonable heat flux from
the plasma to the anode surface can be naturally obtained.

Nevertheless, when the energy equation with the
temperature as the dependent variable, i.e., Eq. (6), is
employed, one may also meet some other problems for
its solution. Firstly, it is noted that Eq. (6) is not com-
pletely consistent with the general differential equation
(8) handled by the standard SIMPLE-like algorithm [2].
If @ in Eq. (8) is taken to be temperature 7, pC, (the
product of fluid density and specific heat) should be used
to substitute the fluid density p in the general equation
(8) in order to be consistent with Eq. (6). Ignoring this
special feature of Eq. (6) would result in a serious mis-
take if the SIMPLE-like algorithm is still employed in
the computation. In our computation, this problem is
resolved using the so-called ‘pseudo-density’ method [23]
as follows. When Eq. (6) is solved in each round of it-
erations to solve simultaneously the governing equa-
tions, a ‘pseudo-density’ equal to pC, is temporarily
used as the substitute of p in the general equation (8)

(with @ =T and I' = k). After the energy equation has
been solved, actual fluid density p is re-used for solving
other equations.

An important finding in this study is that the usual
approach employing the power-law scheme to discretize
the combined convection and diffusion term [2] cannot
be employed to solve the present energy equation (6). It
is found from the computation that if the power-law
scheme usually employed in the previous studies is still
used to discretize Eq. (6), convergent computational
results always cannot be obtained. The reason for this
puzzling phenomenon to appear is as follows. Eq. (6) is
seen to be completely equivalent to Eq. (7) since
dh=C, dT =d(C,T) — T dC, or Ah = A(C,T) — TAC,
in the difference form. However, for many thermal
plasmas A(C,T) or TAC, is often much greater than Ah.
Table 2 gives some typical calculated results for an ar-
gon plasma concerning Ak, A(C,T) and TAC, for several
different plasma temperatures. In the calculation, the
temperature difference AT = 50 K is assumed. As is seen
from Table 2, A(C,T) or TAC, is about one order of
magnitude greater than Ak. Hence, when different dis-
cretization schemes are respectively used for the terms
V(CpT) and TVC, (e.g., the power-law scheme is used
for V(C,T) appearing in the combined convection-dif-
fusion term, while central difference scheme is used for
TV C, appearing in the source term of Eq. (6)), the error
caused by the different discretization schemes may sig-
nificantly exceed the term A# itself and thus results in an
incorrect computational result. This trouble can be
avoided only by using the same discretization scheme for
both V(C,T) and TVC,.

In our computation, the central-difference scheme
has been employed to discretize all the convection term,
the diffusion term and the source term of Eq. (6). For the
sake of numerical stability, the convective term is dis-
cretized in a deferred-correction way [24,25]. For ex-
ample, the convection term at the western interface (w)
of the control volume is discretized as

(puC, ) = (puC, T)M" + 4| (puC,yT)S"
= (puGy 1), (12)

Table 2

Typical calculated results of Ak, A(C,T) and TAC, for several
plasma temperatures (argon plasma at the LTE state and at-
mospheric pressure; temperature difference AT =50 K is
adopted for the difference calculation)

T (K) Ah AT |TAG,|

12000 0.23 x 10° 0.16 x 107 0.14 x 107
13000 0.36 x 10° 0.21 x 107 0.17 x 107
14000 0.46 x 10° 0.14 x 107 0.90 x 10°
15000 0.46 x 10° 0.59 x 10° 0.11 x 107
16000 0.35 x 10° 0.18 x 107 0.21 x 107
17000 0.23 x 10° 0.15 x 107 0.17 x 107
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where the superscripts u and ¢ express respectively, the
upwind and central-difference discretization schemes,
and n and n + 1 represent, respectively, the nth and the
(n+ 1)th iteration levels. The parameter 4 blends the
two schemes with the limiting values 4 = 0 for the up-
wind scheme and 4 = 1 for the central-difference scheme.
The value of 4 has been taken to be 0.9 or even 1.0 (at
convergence) in the computation. It is noted from Eq.
(12) that for the (n + 1)th iteration level, the convection
term of Eq. (6) is discretized actually by the upwind
scheme because the correction term A[(puC,T)."—
(puC,T)y"] is calculated by the quantities in the nth it-
eration level and thus treated as a part of the source
terms. Hence, the deferred-correction scheme always
leads to a diagonally dominant coefficient matrix, and
thus ensures the necessary numerical stability. On the
other hand, the central-difference discretization scheme is
actually employed at convergence and thus a high-order
accuracy of the solution can be achieved for the energy
equation. It is found that a convergent solution indeed
can been obtained by employing this approach to dis-
cretize the energy equation (6).

2.5. Special treatments at plasma—electrode interfaces

96 (x-direction) x 76 (r-direction) grid points have
been employed in the present modeling. The conical part
of the cathode is approximated by a series of rectangular
steps [2], and thus the cathode tip becomes a small cyl-
inder with height of 0.2 mm and radius of 0.1 mm.
Plasma sheaths close to the electrodes are ignored in this
study. Instead, a special treatment similar to that used in
[13] has been employed at the cathode. Namely, the
distance between the frontal surface of the cathode tip
and the nearest grid point in the plasma side is taken to
be 0.1 mm. Since the plasma temperature at the grid
point near the cathode tip is comparatively high, cor-
responding value of the plasma electrical conductivity at
this point is great enough. Hence, the harmonic mean of
this value of the electrical conductivity of the plasma
and that of the cathode material can ensure the current
passage. Similarly, the distance between the anode sur-
face and the nearest grid point in the plasma side is also
taken to be 0.1 mm to ensure the current passage from
the plasma to the anode near the arc axis.

Similar to but somewhat different from the previous
studies [18,19], additional treatments have been em-
ployed at the plasma-electrode interfaces in the present
modeling. The current continuity in the cathode region
can be analyzed as follows. Firstly, only free electrons
can flow within the cathode rod, and thus j. = j must
hold true there. Here j is the net local current density at
any location within the cathode rod, whereas j. is the
local electron current density at the same location.
Secondly, if we assume the thermionic emission is the
only mechanism for the electron release from the cath-

ode and the thermionic current density is denoted by
Jr, jr Will consist of two groups of electrons. The first
group includes the electrons that release from the cath-
ode and recombine with incident ions at the cathode
surface (this part of jr is equal to j;), whereas the second
group includes all the other electrons that leave from the
cathode and enter the plasma (this part of jr, or
Jj.=Jjr —Ji» is equal to j—j). Hence, the physical
condition j = jr can be used at the cathode surface. The
current density due to the thermionic emission, jg, is
calculated by the Richardson-Dushman formula (Con-
don and Odishaw [26]) as

jr = 1.16 x 106T;exp<—ZZ;°) (13)

in which W, is the work function of the cathode ma-
terial (tungsten). The local ion current density j; inci-
dent to the cathode surface from the plasma is
evaluated by i = (1/4)ens, = (1/4)en;[8ks T/ (nm;)]'>,
where m;,n; and #; are the ion mass, number density
and mean thermal speed, whereas 7 is the plasma
temperature at the grid point nearest to the cathode
surface. All the ions arriving at the cathode surface are
assumed to recombine at the cathode surface with
electrons released from the cathode, and the atoms
formed in the electron—ion recombination process will
return to the bulk plasma. After considering the elec-
tron—ion recombination at the cathode surface, the net
electron current density entering the plasma will be
Jo =jr —ji. Since the net current in the plasma side
consists of the electron current and the ion current, i.e.,
J =J.+ji, the physical condition j = jr is obtained
again on the plasma side. In the present model, the
contribution of electrons coming from the bulk plasma
to the local current density at the cathode surface has
been ignored. It is because that only few electrons with
very high kinetic energy can overcome the repulsive
potential barrier (for electrons) and arrive at the
cathode surface.

In our computation, firstly j is calculated at the
cathode tip from the solution of the electrical potential
equation (5). Then the local electron current density
due to the thermionic emission jg is thus obtained from
the physical condition jr =/, and the local cathode-
surface temperature (7y) can be calculated by means of
Eq. (13).

It is noticed that here we have employed a definition
of the thermionic emission current density (jg), which is
different from that used by many previous authors. For
example, Lowke et al. [19] defined the net electron cur-
rent density entering the plasma (i.e., j, = jr — ji men-
tioned above) as the thermionic emission current density
(j:)- Although Eq. (13) are used by us and by those
authors to calculate the thermionic emission current
density (jr or j;), different values of the work function
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should be employed in the calculation. Lowke et al. [19]
suggested that the local current density j and the
thermionic current density j, at a given surface tem-
perature are respectively calculated at first. They em-
ployed j; = j — j, for the case with j > j,, whereas j; = 0
for the case with j < j;. Physically, it is expected that the
ion current j; always exists due to the driving by the
attractive electric field (for ions) near the cathode, and
the maintenance of high cathode-surface temperature
relies, to a considerable degree, on the ion bombardment
and the ion—electron recombination. Hence, the condi-
tion j; = 0 used in [19] for some cases is non-reasonable.
On the other hand, our jr definition is identical to that
used by Ushio et al. [27] in their measurements of the
work function of cathode materials, so we can use their
measured value of the work function. In our opinion,
employing the present jr definition and employing
j = Jr as the physical condition of current continuity at
the cathode surface are more convenient and natural not
only for the work function measurements [27], but also
for the arc modeling.

The following additional energy flux will appear at
the cathode surface:

qc :qr,cfgcfxT\i*jRVVs,c +]1(E1+ Vc) (14)

This energy flux, after multiplying by the surface area
of the pertinent near-surface control volume and then
dividing by its volume, will be added to the near-surface
control volume in the cathode side as the additional
source (or sink) term of the energy equation. On the
right-hand side of Eq. (14), the first and second terms
represent respectively, the local radiative heat flux from
the bulk plasma to the cathode and the local radiation
heat loss from the cathode surface to the surroundings.
Here ¢. and o are the emissivity of cathode material
(¢c = 0.3) and the Stefan—Boltzmann constant. The third
term represents the energy required for the thermionic
emission, and jr is expressed by Eq. (13). The fourth
term represents the ionization energy released when the
accelerated ions arrive at the cathode surface and re-
combine with electrons released from the surface, and E;
is the gas ionization potential (15.75 V for argon), ¥, the
cathode potential drop (3.0 V), whereas j; is the ion
current density mentioned above.

Similarly, the additional energy flux from the plasma
to anode surface is

qa = qra +i(Woa + Vo). (15)

After conversion by means of the method described
above for the cathode surface, g, will be added to the
near-interface control volume in the anode side as an
additional source term of the energy equation. On the
right-hand side of Eq. (15), the first term represents
the local radiative heat flux from the bulk plasma to the
anode surface and ¢, , is calculated by

Gra = &0 ) 20URFAGAr X/ |1(r = 17) (16)

ij

in which Uy is the temperature-dependent radiation
power per unit volume of plasma, whereas ¢, is the ab-
sorption coefficient of the anode material (¢, =0.6 is
used here). X}, is the angle factor between the two sur-
faces shown in Fig. 2 and is calculated by the following
expression:

1

X12 =352 2\
2(R; - RY)

{\/(R% + R2 + H?)’ — (2R,R)’

- \/(R§ + R} + H?)' = (2RaR)’

+ \/(R% + R+ H?)’ — (2R\R,)’

- \/(R% + R+ H?)’ — (2R\R;)|. (17)

The calculation method for the radiative heat flux
from the plasma to the anode surface ¢,, (or the radi-
ative heat flux to the cathode surface ¢,.) used here in
sprit is similar to that suggested in [28], but is ap-
preciably different from that employed by the authors of
[18]. For calculating the radiation energy flux from the
arc column to the anode surface, they considered only
the contribution from the plasma region along the line
parallel to the arc axis. The second term on the right-
hand side of Eq. (15) represents the electron ‘conden-
sation’ heat and the energy gained by the electrons due
to their acceleration by the anode potential drop (7).
Here j is the local current density obtained from the
solution of the electrical potential equation, whereas W, ,
and ¥, denote respectively, the effective work function of
the anode material and the anode potential drop
(Wya =4.65 V and ¥, = 3.0 V are used here).

6

Fig. 2. Schematic diagram used for the derivation of the angle
factor.
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Fig. 3. Computational profiles along the arc axis for the 200 A argon free-burning arc. (a) Temperature profile; (b) axial plasma

velocity profile; (c) gas pressure profile; (d) electrical potential profile.

3. Results and discussion
3.1. Predicted results for the 200 A argon arc

The governing equations are solved with the modified
SIMPLE-like algorithm (the ‘pseudo-density’ method
and the deferred correction scheme are used for the
solution of the energy equation). For the case with the
high-intensity free-burning argon arc shown in Fig. 1
with current of 200 A, predicted results are plotted in
Figs. 3-5.

The variations of the temperature, axial plasma
velocity, gas pressure and electric potential along the arc
axis are plotted in Fig. 3(a)-(d), respectively. The pre-
dicted maximum temperature of the cathode tip is about
3489 K, which is lower than the melting point of the
thoriated tungsten. This maximum temperature is con-
siderably different from that reported by Lowke et al.
[19] and by Menart and Lin [13]. The possible reason is
that different values of the work function of cathode

10F Computed Zone C
E Zone A
St
'é\ Zone B ——
0 =,
-5

-10} Experiment
e L N
0 5 10 15 20 25
X (mm)

Fig. 4. Comparison of the computed isotherms (upper half)
with the experimental data (lower half; from Hsu et al. [1]) for
the 200 A argon free-burning arc. Outer isotherm, 11000 K,
interval 1000 K for the temperature range 11000-15000 K,
whereas interval 2000 K is for the temperature range 15000—
21000 K.
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Fig. 5. Computed streamlines for the 200 A argon free-burning
arc.

material and different treatments at the cathode—plasma
interface were used in those studies. In the downstream
region of the cathode tip, the cold gas entrained into the
arc is heated strongly by the Joule heating and the gas
temperature increases rapidly. The highest value of the
plasma temperature predicted in this computation is
20806 K which is close to the measured value 21 000 K
by Hsu et al. [1]. With the increase of the distance from
the cathode tip, the plasma temperature decreases due to
the continuous mixing of the plasma with the entrained
gas and drops rapidly near the cold anode surface (Fig.
3(a)). The maximum temperature within the water-
cooled anode plate is 1212 K, which is lower than the
melting point of the copper.

Near the cathode tip, the cold gas is entrained into
the arc region from the surroundings by the Maecker
effect. The gas is heated strongly and expands rapidly
associated with a rapid increase of the axial velocity,
resulting in the formation of the cathode jet. The pre-
dicted maximum axial velocity is 328 m/s. When the
plasma jet approaches the anode, the axial velocity de-
creases rapidly (Fig. 3(b)) in association with the rapid
increase of the pressure (Fig. 3(c)) because of the ob-
stacle of the anode and the turning of the flow direction.
The plasma is forced to flow toward the r-direction near
the anode plate.

The electrical potential drop in the bulk plasma is
comparatively small. Near the cathode or anode, an
appreciable electrical potential drop appears since the
plasma temperatures are comparatively low near the
cold electrode surfaces. The potential gradients become
very small within the electrode zones because of the
rather great values of the electrical conductivity of the
electrode materials (Fig. 3(d)). The predicted total po-
tential difference between the anode and the cathode is

16.1 V, which is slightly less than the measured arc
voltage 16.9 V reported by Etemadi and Pfender [29].

Fig. 4 compares the computed isotherms with the
spectrometrically measured results of Hsu et al. [1]. In
the plasma region (Zone A), the predicted isotherms
plotted in this figure above the arc axis are in reasonable
agreement with the experimental data shown below the
axis. The predicted isotherms within the cathode and the
anode are also shown in the same figure, but with
different temperature scales. Namely, the isotherms
within the cathode region (Zone B) correspond to 1000
K (left line) to 3000 K with the interval of 500 K,
whereas the isotherms within the anode plate (Zone C)
are from 600 K (right line) to 1000 K with the interval of
100 K.

The streamlines within the flow region are plotted in
Fig. 5. A large recirculation vortex is seen in this figure,
and the rotating direction of the vortex above the axis is
counterclockwise.

The calculated maximum value of the axial current
density at the plane AD is 2.33 x 108 A/m?, which is
slightly greater than the predicted result 2.29 x 108
A/m? in [13], and is appreciably greater than the value
of 1.2 x 108 A/m? adopted in [1].

3.2. Effect of the potential boundary condition at the rear
face of the anode

It is indicated in Section 2.3 that the condition ¢ =0
usually employed at the rear face of the anode plate does
not always represent the actual cases, since in practice
only a part of the rear face is often used as the arc
current passage. Some typical computed results are thus
presented here to reveal how different boundary condi-
tions at the rear face of the anode plate affect the current
density and temperature distributions within the anode
plate. Three different cases are considered for the po-
tential boundary conditions at the rear face of the anode
(BC). Namely, Case A: ¢ =0 is used for the annular
region with a radius range 15 mm < » < 20 mm, whereas
d¢/dx =0 is used for the other part of BC. Case B:
¢ =0 is used for the central region with radius r<5
mm, whereas 0¢/0x = 0 is used for the other part of BC.
Case C: ¢ =0 is used for the whole rear face of the
anode plate.

The computed results concerning the current
streamlines and the Joule heating-rate contours are
plotted in Figs. 6(a)-7(c), respectively for the three dif-
ferent cases.

Examination of the computed results shown in
Fig. 6(a)-(c) reveals that different potential boundary
conditions at the rear face of the anode plate (BC)
almost have no effect on the distributions of the current
density within the cathode region and within the arc
itself. The current streamlines for the three cases always
concentrate to a rather small central region (with
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Fig. 6. Computed current streamlines for the 200 A argon free-burning arc and with three different potential boundary conditions at
BC. (a) ¢ = 0 for 15 <r<20 mm and 9¢/0x = 0 for the other part of BC (Case 4); (b) ¢ = 0 for » <5 mm and 0¢/0x = 0 for the other

part of BC (Case B); (c) ¢ = 0 for all the boundary BC (Case C).

radius less than 5 mm for the 200 A argon arc) on the
frontal face of the anode plates. Correspondingly,
the Joule heating-rate contours also remain almost the
same within the cathode region and the arc region, as
seen from Fig. 7(a)-(c). On the other hand, the po-
tential boundary conditions at the rear face of the
anode plate (BC) can affect appreciably the distribu-
tions of the current density within the anode plate, as
seen in Fig. 6(a)—(c). As a result, the potential bound-
ary conditions at BC affect the Joule heating rate dis-
tribution shown in Fig. 7(a)-(c) and affect the
temperature field (Fig. 8) within the anode plate to
some extent. These results may be of significance for
the simulation of the arc weld pools and other appli-
cations involving the heating, melting and/or evap-
oration of anode materials [22].

3.3. Effect of the special treatment at the plasma—anode
interface

The net local energy flux from the plasma to the
anode surface includes the contribution due to convec-
tion, radiation and the electron acceleration and ‘con-
densation’. The local heat flux obtained from the
solution of the governing equations is only the part due
to the convection, and thus an additional energy flux
given by Eq. (15) should be adopted on the anode sur-
face. This energy flux, after conversion mentioned
above, is used as the additional source term for the en-
ergy equation in the near-surface control volumes in the
anode side. In the computation it is found that the
radiation heat loss from the anode surface is negligible,
but each of the two terms given in Eq. (15) cannot be
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Fig. 7. Computed Joule heating rate contours for the 200 A argon free-burning arc and with three different potential boundary
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of BC (Case B); (c) ¢ = 0 for all the boundary BC (Case C).

neglected in comparison with that due to convection.
Our numerical results show that 68.6% of the total heat
flux from the plasma to the anode can be attributed to
the convection, 23.7% to the electron condensation and
acceleration, whereas 7.7% is due to the radiation from
the plasma to the anode surface. Some typical calculated
results are shown in Fig. 9 concerning the temperature
profiles within the anode plates along the axis. Three
different cases are considered in the computation: (I)
Both the additional terms due to the radiation from the
plasma to the anode surface and due to the current
density, given in Eq. (15), are included. (II) The radia-
tion heat transfer from the plasma to the anode surface
is ignored, whereas the additional term associated with
the current density is retained. (III) Both the additional
energy flux terms are ignored. It can be seen from Fig. 9
that including each of the additional terms at the
plasma—anode interface is important for calculating the
temperature distribution within the anode plate.

Plasma sheaths are treated in a simplified way and
the plasma has been assumed to be optically thin in
the present modeling, as in most of the previous
studies. Many complicated factors, especially those
associated with the plasma sheaths and the radiation
energy transport, which may affect the arc behavior
[30-32], are not included in this study. Including ra-
diation energy transport and/or detailed plasma
sheaths will make the arc modeling much more com-
plicated, but certainly represent a further improve-
ment.

4. Conclusions

An improved modeling approach concerning the
high-intensity free-burning arc has been proposed and
used in the present study. Main conclusions obtained are
as follows:
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1. In order to obtain physically correct heat fluxes from
the plasma to the electrode surfaces, the energy equa-
tion with temperature as the dependent variable
should be used. In addition, one has to pay close at-
tention to the solution of this energy equation. In this
study, the energy equation has been solved success-
fully by using the ‘pseudo-density’ method and the
deferred-correction scheme for the convection term.

2. Different potential boundary conditions at the rear
face of the anode plate almost have no effect on the
current streamlines in the cathode or within the arc
itself, but affect the current density and the tempera-
ture distributions within the anode plate.

3. When the unified computational domain including
the arc and the cathode and anode is used, additional

treatments are required at the plasma—electrode inter-
faces to consider the additional energy fluxes at the
electrode surfaces. The radiative heat flux from the
plasma region to the anode surface is shown to be
non-negligible.

4. The predicted isotherms for a 200 A argon free-burn-
ing arc agree reasonably with corresponding exper-
imental data.
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