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ABSTRACT

A one-dimensional model of the anode boundary layer in atmospheric pressure electric arcs with refractory cathode and evap-
orating anode is proposed for two modes of the anode metal evaporation: diffusive and convective. The corresponding systems
of differential and algebraic equations are formulated to compute the spatial distributions of the number densities and diffusive
flux densities of electrons, ions, and atoms; the electron temperature and the heavy particle (atoms and ions) temperature; and
the electric potential in the plasma of the anode layer. Additionally, the model allows to calculate the heat flux introduced by
the arc into the anode. The boundary conditions for the differential equations of this model at the boundaries of the anode layer
with the arc column plasma and the space-charge sheath are formulated. An approach for determining the plasma parameters at
these boundaries is also proposed for each evaporation mode.
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INTRODUCTION

An important feature of welding arcs is the multi-com-
ponent nature of arc plasma, which is associated with the
presence, along with shielding gas particles, of the atoms
and ions of metal vapor entering the arc due to evapo-
ration of electrode material or the metal being welded
[1-3]. Under TIG/PTA, and hybrid (TIG/PTA + laser)
welding conditions, the main source of vapor in the arc
is the metal being welded (anode of the arc) [4-6], since
evaporation of the material of a refractory cathode oper-
ating in a thermionic mode is negligible.

At the same time, even a small amount of evapo-
rated anode metal in the arc plasma of inert (shielding/
plasma-forming) gas significantly affects its ionization
composition, thermodynamic, transport, and optical
properties. This leads to significant changes in thermal,
electrical and gas-dynamic characteristics of the arc col-
umn plasma and of the anode boundary layer during TIG
welding compared to the atmospheric pressure arc dis-
charge with refractory (tungsten) cathode and non-evap-
orating, e.g. water-cooled anode [7-8].

In TIG/PTA, and hybrid (TIG/PTA + laser) weld-
ing, the temperature on the weld pool surface changes
in the range from the melting temperature of the metal
being welded to the boiling temperature and higher,
for example, due to local heating of this surface by
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focused laser beam under hybrid welding conditions.
In this temperature range, metal evaporation from the
anode surface may occur both in the diffusive mode
and in the convective one [9]. In the diffusive mode
of evaporation, which is realized when the vapor
pressure of the anode metal is less than the ambient
plasma pressure, the evaporated metal particles dif-
fuse into the arc plasma and it becomes multi-com-
ponent (containing atoms and ions of the shielding/
plasma-forming gas and of the anode metal). In the
convective mode, the metal vapor pressure is greater
than the ambient pressure. Hence, vapor expansion
occurs from the anode surface, which displaces the
shielding/plasma-forming gas, and the near-anode
plasma becomes one-component (containing only at-
oms and ions of the anode metal).

For both considered evaporation modes, the influ-
ence of the anode metal evaporation on the welding
arc plasma characteristics, as well as its effect on the
metal being welded, is largely determined by the pro-
cesses occurring in the anode boundary layer. Thus,
studying the anode layer of the atmospheric pressure
electric arc in the conditions of metal evaporation
from the anode surface is an important step toward a
deeper understanding of TIG/PTA and hybrid (TIG/
PTA + laser) welding and toward a further improve-
ment of the corresponding technologies.
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Due to the small dimensions, high temperatures,
rapid dynamics, and the difficulty of direct observation,
experimental studies of anode phenomena are signifi-
cantly complicated. Therefore, theoretical investigation
and numerical modeling are effective tools for studying
and analyzing the physical processes occurring in the
anode boundary layer of welding arcs.

Note that the characteristic thickness of the anode lay-
er L is usually much less than the size of the weld pool
surface. Hence, the variations of plasma parameters inside
the anode layer (0 < x < L ) perpendicularly to the anode
surface are much more rapid than the changes along this
surface. It allows us to use the one-dimensional model of
the anode boundary layer of arc plasma. We will consider
the anode layer outside the region of spatial charge (sheath)
(0<x<L,) (see Figure 1), which is formed near the surface
of the anode and has a characteristic size of the order of De-
bye length L ~107-10* m [10-11]. That is, in our model,
the plasma of the anode layer is quasi-neutral, but ionization
and thermally non-equilibrium (the temperature of electrons
is not equal to that of heavy particles 7, # 7,). In addition,
since the electron temperature of the near-anode plasma
commonly does not exceed 12 kK [12], we will assume that
it is singly ionized (containing only single-charged ions). In
the convective mode of the anode metal evaporation, inside
the anode boundary layer, the Knudsen layer for evapo-
rated atoms can be distinguished 0 <x < L, the thickness
of which is of the order of the atom-atom mean free path,
which for copper plasma of atmospheric pressure is ~ 107
m [10]. In the arc column (x> L ), the arc plasma is consid-
ered to be in ionization and thermal equilibrium.

MAIN EQUATIONS
OF ANODE BOUNDARY LAYER MODEL

At first, we introduce main equations describing sin-
gly ionized multi-component (metal-gas) plasma,
which is not in thermal and ionization equilibrium.
The continuity equations are [13]

V(nu+J,)=0 Q)

o’

where o = e, im, ig, am, ag (for electrons, metal and

gas ions and atoms, respectively). Here V :di; n, is
X

the number density of species o; u :lz pu, 1s the

mass-average plasma velocity, where p, = m n_and
u, are the mass density and average velocity of the
a-th plasma component; m_is the mass of the cor-

responding particle; p=.p, is the mass density of
whole plasma; J = n v_is the diffusive flux densi-

ty of o component, where v_is its diffusive velocity;
o, is the term describing the variation of the number
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Figure 1. Scheme of the anode boundary layer

density of particles of a-kind due to ionization and
recombination.

In high pressure discharges, the ionization is mainly
driven by collisions between electrons and atoms and
the dominant recombination mechanism is three-body
recombination with an electron as the third body [14]. In
this case, the production rates o _are written as

_ _ _ 2
O)im - _(’Oam - kimnenam krmne nim ’
_ _ _ 2
0)ig - _mag - kignenag krgne nig b 2)

0, =0, +o,,
where k,.mg are the ionization rate constants of metal
and gas atoms, respectively, and &k, are the corre-
sponding recombination rate constants of ions.

The momentum equations are [13]

p,uVu+Vp, +z.en Vo=

= Zvaﬁuaﬁn(xnﬁ(uﬁ ~v,)—R,. ©
B
Here, p, = n kT is the partial pressure of the a-th plas-
ma component, where & is the Boltzmann constant and
T is the temperature; z_is the charge number (z, = -1,
g 1, Z pmag = 0); e is the elementary charge; ¢ is the
electrostatic potential; 2 and m,, = mamﬁ/(mu + mﬁ)
are the collision frequency and reduced mass of o and
B species; R " is thermal diffusion force related to the
gradient of electron temperature:

Ry =ConhVT,, > .Cn, =0. @

Note that the thermal diffusion effect due to the
heavy particles’ temperature gradient is neglected in
equations (4) [15].

The energy equations are [13]

%qua +§paVu +m,J uVu+Vq, +z.eJ Vo=

)
=Y 3kv, S (T, ~T) -5,
] ma + mB
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where 6  is the Kronecker delta.
The heat fluxes g, in equations (5) are assumed to
be caused by the heat conduction and convection

qoc = hoc +§JakTa' (6)

Here for heavy particles (o # e) the conductive heat
fluxes i can be defined without taking into account
the effect inverse to the thermal diffusion [15].

h,=-A VT, %)

where A is the thermal conductivity coefficient of
heavy particles species a. For electrons, both mecha-
nisms (heat conduction and thermal diffusion) are tak-
en into account, and the electron heat flux /4, is given
by [15]:

h,=-ANVT, +kTn,> A", -v,), ()
B

% are

where A is the electron thermal conductivity; Aé
the kinetic coefficients.

The value w, in equation (5) for electrons de-
scribes the energy losses of the electron component of

the plasma due to atom ionization and radiation:

w,=U, o, +U o, +w_,, )

im™~"im igig

where U, and U,are the ionization potentials of the
metal and gas atoms, respectively; w_ is the power
loss of electrons due to radiation.

The energy equations (5) can be written using the
above assumption that the temperatures of all heavy par-
ticles are equal: 7 = T (0. # e), but differs from the elec-
tron temperature 7, # T, (two-temperature plasma mod-
el). In this case, the energy equation for electrons takes
the form (neglecting the term with m JuVu [13] and
taking into account the electron continuity equation):

(nu +J(,)§kVT(, ~uV(nkT))+Vh —e Vo=
5
:_Kehnek(T; _T;l)_[Uim +5knjw[m - (10)
5
- Uig +Ek7; 0‘)ig - wrud’

where

= 32"43

B=e

(11
Summing up equations (5) for plasma heavy par-

ticles, the energy equation for heavy particles can be
written as:
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Z{(nﬂuuﬁ)zkwh —uV(ngkT,)+

Be

+myJuVu + zBeJBV(p} + (12)

+Vhy, =k ,nk(T, =T).
Here

hy, ==V, (13)

where A, = ZXB is the thermal conductivity of

Bze
plasma heavy particles.
DIFFUSIVE EVAPORATION
OF ANODE METAL

We consider a multi-component singly-ionized plas-
ma of the anode boundary layer of an atmospheric
pressure argon arc with a metal anode evaporating in
the diffusive mode. The composition of such plasma
is described by the number densities: 7, Moy Moy 1
n . The plasma in the anode layer (beyond the sheath)
is quam -neutral:

ne = nig + nim (14)

and it is assumed to be two-temperature (7, # T,).

Taking into account that atoms and ions of inert
gas do not accumulate on the anode metal surface
and assuming the total flux of heavy metallic parti-
cles (nuclei) from this surface G, to be approximately
equal to zero [16], we can write (relative to the anode
surface):

(g, +nu+J,+J,=0,
(n,, +n,u+J, +J, =G, =0.

m

(15)

In this case, up to terms of order m /m om << 1,
where m o =m, ~m,.., the mass-average plasma
velocity # = 0 and one can consider that plasma in
the anode layer is stationary as a whole. As a result,
equations (15) yield:

o =Jigr I =,

ig? am im *

(16)
From the expression for the electric current in the
plasma j, = e(J, +J, ) — e/, we have:

J, =J, +J,

im j()/e' (17)

Thus, instead of five continuity equations (1) for
diffusive fluxes J,J, ,J, ,J ,J ., only two equations

can be solved for J ancimJ e

VJ,=w0,, VJ, =0

im im*

(18)

Other diffusive fluxes are defined with Eqs (16)
and (17).
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Since the mass-averaged velocity of the near-anode
plasma is assumed to be zero in the diffusive mode, then
the pressure in the anode layer is constant (equal to at-
mospheric one). Using equation (14) we obtain

patm = nang;t + nigk(T; + 7—;1) +

K(T, +T,). (19

+n, kT, +n

im

Taking into account that G, = 0, let us assume that
the metal vapor in the anode layer is saturated and
its partial pressure equals the metal vapor saturation
pressure p_at the corresponding surface temperature
of the anode 7, i.e. if p(T) <p_ ,then T < T, where

T, is the boiling temperature of the anode metal:

Using Egs (19) and (20), we can express n, and
n, interms of n, and n_, obtained as a result of solv-
ing equations (18):

-p, (T, T,
n :patm ps( S)_nig[1+_"J’

“ KT, )
e2))
nam:M_nlm 1+£ :
kT, T,

If7 =T, thenp =p  and n,=n,=0.

Further we consider the momentum equations (3)
for plasma components (under the condition that u = 0).
Adding the momentum equations for different charged
plasma particles (electrons, metal ions and gas ions) to
each other using Eqgs (16), (17) and accounting for qua-
si-neutrality condition (14), we get from Eq. (3) that

~k(T, +T,)(Vn,, +Vn, )~
—(é.(")n.

m m

+C'n, kYT, -
—(nim +nig)kVT,1 + (22)

Jo _
+aig"]ig+(x’j;_0’

+a. J.

m= im

where

a,  =—-V

m eam l"tem

(n,, +n,, +n,)—
_veagl”l'egnag - Vimaml”l'mm (nim + nam) -
_vimag l’l'mgnag - V[gam l’l'gm nig >

a’ig = _Veamuemnam - Veag“’eg (nig + nag + nim) -

(23)

(nig + nag) - vimagl”l'mgnim s

_vigam“'gmnam _vigagugg
a’j = Veam“’emnam +Veag“egnag’
C=1+CY+CY, CY=1+C+CY
im e im ig e ig *
As a second equation of the system, we will
use the momentum equation (3) for metal atoms.
Using the relations V (nangh) =-V [nl,gk(Te +T)]

and V (n kT,) = -V [n, KT + T,)] following from
Egs (21), we get

k(T,+1,)Vn,, —(Cﬁfn) Py _pe,
kT,

am " "im
h

]kVTE +
24
+n, kVT, +B,,J,

im* im

+ Big‘]ig + B‘/ ];0 = 0’

where

Bim = VameHem (nim +n,, + nig) +

Vi Py 1) +

TV amigHmeMig TV amagHmgMag »
Big =V oimetemMam t

TV amigMmg am —V amag Mg am >
Bj = VeamMenMam»

C =1+ €Y (147, /T,

(25)

From Egs (22) and (24) we can find the expressions
forJ, and Sy for the two continuity equations (18)

T~ h 4T
% I:(Big +o, )V, + Bigvnig:l *
+ |:Big (éi(:r)nim + é].(;)}’lig ) B

_aig [Cc(;z) kp_zi - écizz)ntm ]:| kVT; + (26)
h

+ [(Big + a’ig )nim + Bignig :| kVTh -
_(Biga’j - a’igBj)]:O};

S == KT+ 1)

ig
% [(B:m +a,, ) Vn, +B,Vn, ] *
+|:Bim (éi(r:t?)nim + éi(;)nig ) -

_aim (C(E) &_ét(zfn)nim j:| kVT; + (27)

am k]’;,

+[ B, + 0, )m, +B,m, [KVT, ~
Jo
_[Bimaj - ai)nBj:I;}‘

Here
A = aimBig - a’[g im* (28)

Using the momentum equation (3) for electrons,
the expression for determining vy @ can be written as:
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i{kT@Vne +(1+C)n kv T, -
en

e

j 29
=0,,J,, =0,J,, =98, 0}

im* im
e

Vo=

where

61’m = Veimuemnig - veaml”"em (nim + nam + nig) -

_Veigl’l'egnig - Veaguegnag 2

o =-v

ig eim l’l'em nim

-V +

eam Mem nam

Vi Mooy =V ot (M 11, +1,), (30)

eigieg" im eag

o) +v +

i eimuem im eamuem am

Veig“egnig + Veag“egnag °

The energy equation for heavy particles, which
follows from Eq. (12) with u =0, is

Vh, ==e(J,, +J, )Vo+ Kk, nk(T,~T,). (I

The energy equation for electrons, which follows
from Eq. (10) with # =0, is

V (é k]:z‘]e + hej = e']eV(p - Kehnek(n - ]—;1) -
2 (32)
-U. o

m m

-U. o,

igWMig — lad b

where J, = Iy +J.)—j/e.

Further we consider the boundary conditions for
four Egs (18), (31) and (32). At the boundary between
the anode layer and arc column (x = L ), plasma is
assumed to be spatially homogeneous and in both
thermal and ionization equilibrium at a temperature 7°
and pressure p_ . The position of the boundary x = L
is determined from the conditions v T |L =VT |L =0

and Vn, | = Vnig| =0. The boundary conditions for
L(X

tm|

corresponding equations can be written as:

I|, =T, =T"

eLa

(33)

0
=N.

im?
Lu

0
n, =1y, (34)

im

n.
’g|Lﬂ

0
where n) . n,

system of equations consisting of two Saha equations,

are determined from the following

quasi-neutrality condition and Eqs (21) for equilibri-
um plasma

00

0_0
ne ntg

n,n,

e

=S (T,
nam ag
gm - p (T) 2 z?n’
kT°
0 = Pan =P
“ kT’

=5,(T"),
n =n +nlg, n

(35

0
—2n,.

Here

2mm kT° "
h2

20. .
Sa(TO)z( eel“ exp(—ek(;’gj, (36)

ao

where 4 is the Planck constant; 0 = (2L, + 1)
(2§, +1)and 6 = (2L, + 1)(2S  + 1) are the parti-
tion functions (statistical weights) of the ion and the
atom; L, and S, denote the total orbital and spin
quantum number, respectively.

The system of equations (35) is a system of non-
0

. . . 0
linear algebraic equations for five unknowns n,, n

0 0
n, nam >

- n,?g. The equation for determining 7° can
be written as follows. Since the plasma for x > L is
equilibrium and homogeneous, the energy equations

(31) and (32) take the form:
—e(J,, +J )Vo+K,nk(T,-T,) =0,

eJev(p Kehnek(]—'e T;l) - Wrad = 0 (37)

Adding these equations to each other, and accounting
for the facts that e(J, + Jig -J)=j,andj, =—c, v @, we
obtain

jz
0 =w TO ,
GO (To ) rad ( )
where 6(T,), w_(T°) are the electrical conductivity
and the power loss due to radiation for a two-compo-
nent plasma at atmospheric pressure and equilibrium
temperature 7°.

In a homogeneous plasma Eqs (26), (27) and (29)
take the form

i .
Jin = __[Bigo‘j - O‘igBj]J?o’

(3%

:_[Bzm 7 aimBj:']_O’ (39)
Vo= ——{SWJM +8,J,+8,% }
en, e
It follows (using j, = -6,V ¢):
W
Gy = (40)

b
—W, + Wy +w,

aigBim); w, =
O (Bt~ By) s wy = 8, (B0~ By W, =

8/ ((x‘imBig _(x’igBim) .

Let us now consider the boundary conditions at
x = L,, i.e., at the boundary between the quasi-neu-
tral plasma and the space-charge sheath, which at the
atmospheric pressure of the near-anode plasma can
be considered as collisionless both for electrons and
ions [17]. Since the plasma is assumed to be station-

— 2.0
Where Wl e ne ((X‘imBig -
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ary near the anode surface (u = 0) the temperature of
the heavy particles is taken to be equal to the anode
surface temperature

T | =T

! |LD_ (A1)

And the boundary condition for the electron tempera-
ture at the sheath edge can be written in the form [18]:

(he +%kTKJKj = (2T, +ep,,)J,

L’ (42)

where £, is defined by Eq. (8); ¢, is the plasma poten-
tial at the boundary between the quasi-neutral plasma
and the space-charge sheath (electric potential of the
anode surface is assumed to be equal to zero). The
electron diffusive flux density at this boundary is:
€Dy, J’ v, = Sk_Te
kT, m

e

J, |y, == exp L— @)
b 4
Since the sheath is assumed to be collisionless for

ions, then ion drift velocities at the boundary x = L
can be defined as [19, p. 183]:

D

=—V

Ui |1, Bm>  Wig |1, = ~ Upg> (44)
where
k(T,+T,) ) KT, +T,)
Vg, = Vg, = |— (45)
mim mig

are the Bohm velocities for metal and gas ions. Thus,

=-n._v

el = Om @0

il ==V

Hence, Eqs (44)—(46) completely define the bound-

ary conditions at x = L  for differential equations (18).

Using the condition j, = e(Jig +J,) — e, and
Eqs (43), (46) we can find

j n, Vg +n,
(Psh:—ﬂlni(]—o —’5 BéJ. (47

e v, len n

e e e

It should be noted here that the values of n, n_,
n, T, T, in expressions (43)—(47) are taken atx = L .

The numerical solution of the system of equations
(18), (31) and (32) together with the corresponding
boundary conditions allows us to determine the fol-
lowing characteristics of the plasma at the anode lay-
er boundary with the space-charge sheath: n_, M T,
T,, as well as the gradients of these quantities at this
boundary. The quasi-neutrality condition (14) and re-
lations (21) allow us to find n, n  and n,, while re-
lations (43)—(47) yield the values of J, , J,-g’ J, 0, at
the sheath edge.

This enables computation of the heat flux intro-
duced by the arc into the anode metal, taking into ac-

count its evaporation in the diffusive mode. This heat
flux can be represented as:

zqak’

(94 >0), 48)

where

9ar =2, VT, |LD (49)

are the heat fluxes caused by heat conduction of elec-
trons and heavy particles;

5
qa3 = _|:(Ek7; _e(Pshj elr
+kT ZAQ”[ ; ]

Bze
is the electron heat flux caused by convection, where

the term €PgJ.|, ~in the right-hand side of the ex-
pression (50) describes electron energy loss in the
sheath electric field;

2
mmU m
qa4 :_|:( 2B +e(PshJJim|LD +

2
m,v
g~ Bg
+[ 2 +e(p‘hJJig|Ln:l

is the heat flux caused by initial kinetic energy of ions
on the sheath edge and their additional acceleration in
the electric field of the sheath;

+
D

(50

n
_ e
JB

(D

an = ( im 1m| +Ulg 1g| )9 qaﬁ JO A (52)

are the heat fluxes caused by the recombination of
ions and absorption of electrons at the anode surface,

where A4 , 1s the electron work function of the anode

J i | ., are negative, the mi-

Jim|LD ]
nus sign was added in the expressions for ¢ ., g ,, g,
to ensure that these heat flux components are positive.

CONVECTIVE MODE
OF ANODE METAL EVAPORATION

Under the conditions of convective evaporation of an
anode metal, the plasma in the anode boundary layer
is one-component (contains only metal ions and at-
oms) and moves at a mass-average velocity u from the
surface of the anode. In this case, the quasi-neutrality
condition takes the form

n,=n.

e im?>

(53)

Taking into account that mJ, +m (J, +J )=0

[13], up to terms of order me/mm <1 we have
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Jim+‘]amz0‘ (54)

Then the energy equations for heavy particles (12)
and (10) electrons yield

(n,, +num)uV§kTh -uV [(”m. +nm)kTh] =

= _th - ']imV(p + Kehnimk(]—; - T;l ) > (55)
(n,,u +Jg)v§kTg —uV (n, kT,) =
:_Vhe +eJeV(P_Kehnimk(T; _];l)_ (56)

_(Ulm +%k]::JO‘)1m - Wmd >

where J =J —j/e.

In the convective mode of the anode metal evap-
oration we have to solve only one of the continuity
equations (1), namely for metal ions

\% (n

m

_ _ _ 3
u+ Jim ) - (’O[m - kim nim nam krmnim .

(57

The expression for ion flux density and the ex-
pression for determining the electrical potential of a
one-component plasma take the form [20]

X{—k(T +T,)—" Vi, +kT,—2—Vn,, ~ (58)

im am im am

—(L+ cl +Cl.("’jnl.mkVTe +(g +<;.)J—°},
n,., +}’lum e

Vo :; (Ye D +7ijkTe -
n[n1e(Yi + Ye) n[m + nam

nam

-, kn}wm Y, — i kT,Vn,, +

nim + nam (59)

+ {ye [—n"'” -C® J +7,(1+C )} x
nim + nam

XnimkVTL, + (YEC-; - qu% )jzo}’

n im + nam

where

Ve = Veanben (M, +11,,);
Vi = VinanMm (M + 1),
Ceo = VeimManTin +V oMo
Ci = Vemtenlin-
Thus, Eqgs (55), (56) and (57) present a system of
three differential equations of the second order with

respect to three unknown functions 7)(x), 7 (x) and
n, (x). If we put in these equations u = 0, then they

(60)

50

become equations for non-convective one-component
plasma, which can be found in [10]. The system of
Eqgs (55), (56) and (57) also includes the parameters
n_ (x) and u(x), which can be found from the conser-
vation equations for the total particle flux and mo-
mentum flux
p(x)u(x)=const =C,,

() +p(x)u(x)’ =const = C,, D
where p(x) = m (n, + n ) is the density of the
plasma (here it is taken into account that m, <<m ,
m =m,_~m,) px)=n kT +T,)+n, kT, is the
pressure.

Further, we will formulate the boundary condi-
tions for a system of differential equations (55), (56)
and (57). First, we will consider the boundary con-
ditions at the boundary of the anode layer with the
arc column (x = L ), where plasma is considered to be
both in ionization and thermal equilibrium (7° = 7 =
=T,), as well as homogeneous.

According to Ref. [9], we will assume that pres-
sure p° and velocity u° are related by the Rankine—
Hugoniot conditions for a shock wave that moves
through an external unperturbed gas under conditions
of convective evaporation

0 po_patm

u =
\/p;”[p°<v+1)+pm(v—1)]

> (62)

where p  is the atmospheric pressure (pressure in the
external gas — argon); p,  is the density of the ex-
ternal gas forp =p ~and T =300 K,y = 5/3 is the
adiabatic index for a monatomic gas.

To find the composition of plasma at x = L , we
can use the system of equations consisting of Saha
equation while taking into account the quasi-neutrali-
ty condition, and the partial pressures law for equilib-
rium plasma

2
0
(nim )

0
=S (T, n’ =p——2n.°.
l(l)m m( ) am kT() m (63)
The equation for 7° is Eq. (38)
j2

—0 __—yw (T° p"),

G(TO, p()) md( p ) (64)
where

G(TO»PO)zeznioye—w' (65)

Yic-e - Yeg

Thus, the plasma parameters n) , n; , T, p°, u° at
the boundary x = L are determined from the equations
(62), (63) and (64), which must be supplemented by
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one of the equations (61). Therefore, it is necessary to
define one of the constants C,, C,.

Next, we need to find the boundary conditions at
the other boundary of the anode layer, namely at the
boundary with the spatial charge layer x = L . At low
velocity of convective motion of the metallic plasma
from the anode surface, compared to the speed of
sound, the parameters of the plasma atomic compo-
nent (density, velocity and temperature) almost do not
change within the Knudsen layer [21, 22], so these pa-
rameters can be determined for x = L,. The values at
this boundary are marked by a dash on top. Since the
plasma here is weakly ionized n,, <n,, [11], ions
and electrons do not affect the formation of the Knud-
sen layer for atoms and the approach to its description
proposed in the [9] can be used.

P _ |1 g &
" \/;Ké’; + je erfc(&) \/E}+
(66)
%%[ \/_ie erfc(&)]
z{,/un— \f&} (67)
T

where 7, T, and & =&J2kT, /m, are the number
density, temperature and velocity of metal atoms at
the boundary of the Knudsen layer; n_is the number
density of saturated vapor atoms at the surface tem-
perature of the anode metal 7.

The conservation equatlons (61) can be written as

am

3I =I

u=(n +n ',
— (68)
U

r_zaka_”h+m =p"+m, (n), +n’ Yu').

Thus, to determine the six parameters, nf,),,, , n,?n , 10,
p°, u°, u we have six equations, respectively: (62),
(63), (64), (68). The external parameters are j, and 7.
Thus, the boundary conditions for Eqs (55), (56) and
(57) at x = L have the form

_ 0
T;’|L“_ eL“_T’ n

_ 0
L, - nim ° (69)

im

The temperature of heavy particles at x = L is
equals to

L\, =T (70)
As stated above, the condition (70) set at x = L,,
remains valid at x = L, and can be used as a boundary
condition for Eq. (55).
The boundary condition for Eq. (56) at the bound-
ary of the spatial charge (sheath) is determined by ex-
pressions (42) and (43).

Taking into account that in the convective mode of
the anode metal evaporation # # 0 and the near-an-

ode plasma pressure P > P, (ion-atom collisions in
the sheath become essential), the ion drift velocities at
the boundary x = L can be defined as [20]

u,

m

J.
T im 3
=u+- =-0p, .

nim Ly

(71)

Ly

v
Bu [23], where v, is the

J1+nL, /21,
Bohm velocity for metal ions (45), /, is the ion-atom
mean free path in the sheath. And finally, the bound-
ary condition for Eq. (57) is given by

Here v,, =

Jinly, =1, (@ +55,). (72)

The value of the potential at the sheath edge takes
kT, 4
(Psh = __ln_

the form
Jo Uy, —
+ +1 |, (73)
e v, (enl.m \/1+nLD/2kim ]

The numerical solution of the system of equations
(55)~(57) together with the corresponding boundary
conditions allows determining the heat flux to the an-
ode, which is evaporated in the convective mode. This
heat flux can be represented as (48), where ¢
q -9, are given by (49), (50), (52) and

—
mmU n
9us :—[—23 +3(Psh]Jim|LD >

an = _U J

im * im

al’ qaZ’

(74

Ly "

Under the conditions of convective evaporation of
the anode metal in the energy balance of the anode
surface the energy losses of this surface due to evapo-
ration should be taken into account

qev = _namux” (75)

where A is the work function of metal atoms (heat of
vaporization per atom).

PLASMA PARAMETERS
AT THE ANODE LAYER BOUNDARIES

In this section, some values of plasma parameters, as
a function of 7, T°(j ), will be calculated for the three
variants of the anode metal: iron, copper and alumi-
num, the outer (shielding/plasma-forming) gas being
argon. The transition from the diffusive to the convec-
tive evaporation mode will also be considered.

As mentioned above, the transition from the diffu-
sive to the convective evaporation mode of the anode
metal is determined by the surface temperature of the
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Figure 2. Number density of gas (Ar) atoms nfg (green line) and
ions ng (black line), electrons nf (red line), iron ions nf; (blue
line) and atoms ngm (orange line) at the anode boundary layer
edge vs. the temperature of the anode surface 7, for 7° = 12 kK
anode 7 and the ambient gas pressure p, . For exter-
nal pressure equal to the atmospheric one (p, =p, ),
the diffusive evaporation mode is realized for 7' < 7,
and convective mode is realized for 7 > T, where T,
is the boiling point of the anode metal.

In the diffusive mode, the plasma of the anode bound-
ary layer is multicomponent; in addition to particles of
shielding/plasma-forming gas, it contains particles of
the anode metal. The parameters of this multicomponent
equilibrium plasma are defined by Eqs (35). The pres-
sure of saturated vapor p, which enters the Egs (35) is

given by the Clapeyron—Clausius law

— 0 expl L L
ps patm p k 7.[,7 T: *

(76)

Thus, we have a system of five equations (35) for

0 0 0 0
five unknowns n,,,,1,,,7,,,n;

o on’.

For the convective evapération mode, the equa-
tions for determining the parameters of the plasma at
the boundary between the anode layer and the arc col-
umn are (62), (63), (64) and (65). Note, that the tem-
perature of the plasma at this boundary 7° is uniquely
determined by the current density j, through equations
(38) or (64), thus, 7°can be used as the external pa-
rameter in subsequent calculations.

Calculations were performed for the atmospheric
pressure argon arc with an iron, copper and aluminum
anode under the condition of diffusive and convective
evaporation of the metal from the anode surface. The
boiling point of Fe was taken equal to 7, = 3273 K, the
heat of vaporization was taken as 354 kJ/mol [24]. The
first ionization potential is equal to 7.9025 eV, the ground
states of the iron atom and ion are °D, and °D, , [25], then
0, =25and 0, = 30. For Cu anode, 7, = 2868 K, the heat
of vaporization is 305 kJ/mol, the first ionization poten-
tial is 7.726 eV [26]. The ground states of the copper
atom and ion are: %S, and 'S, [25] (6. =2 and 0. = 1).
For Al we have T, = 2743 K, the heat of vaporization
is 284 kJ/mol, the first ionization potential is 5.986 eV
[26]. The ground states of the aluminum atom and ion
are’D, , and 'S [25] (0 =9 and .= 1).

Figure 2 shows the results of calculations for the
iron anode. As can be seen from this figure, when the
surface temperature reaches the boiling point of iron
T,, the number density of gas (Ar) atoms and ions de-
creases to zero and the plasma becomes one-compo-
nent (contains only Fe atoms and ions), i.e. there is a
transition to the convective evaporation mode. In the
diffusive mode, both gas and metal ions are present
in the plasma, and in the convective mode only metal
ions are present, the number density of which is equal
to the number density of electrons (the blue and red

PY Pt u, M/c
25k 200
Al 150 F
2.0 F
Fe
100
Cu
1.5
50 F
'
/:/',
1.0 0
L L 1 1 L L L L L 1
2600 2800 3000 3200 3400 T, K 2600 2800 3000 3200 3400 I, K

b

Figure 3. Plasma pressure p°/p (), metal vapor velocity u° at the boundary between the anode layer and the arc column (solid lines)
and velocity % at the boundary of the Knudsen layer (dashed lines) (b) vs. the surface temperature of the anode T, for various anode
metals: iron (black lines), copper (green lines) and aluminum (red lines), 7° = 12 kK. Blue lines correspond to the iron anode and

T"=6 kK
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lines in Figure 2 coincide for 7, > T,). As the surface
temperature increases, the number density of metal
atoms in the plasma becomes higher. For other anode
metals, the qualitative behavior of number density de-
pendencies on surface temperature remains the same.

In the convective mode (see Figure 3), the veloci-
ty of the metal vapor u° becomes greater than zero and
the pressure in the arc plasma p° becomes higher than
the atmospheric pressure; both of these values increase
with increasing 7. The velocity of the metal vapor at the
boundary of the Knudsen layer @ is less than u°. The
velocities «° and # depend on T linearly. As a result of
the approximation, we get the following:

(Fe, T, =3.273 kK) u’(T", T) = a(T’)(T. [kKK] - T}),
a(T°) = 514.2 + 17.157° [kK];
u (I, )= a (', [kK] - T)),

@ (T°) = 673 — 65.227° [KK] + 1.66(7° [KK])%
(Cu, T, =2.868 kK) u’(T", T) = a(T°(T [kK] - T}),
a(T%) = 567.7 + 20.527° [KK];

u (I, )= a (I°(T, [kK] - T)),

a (T°) = 714.3 - 77.311° [kK] + 2.28(7° [KK])%
(Al, T, =2.743 kK) u’(T", T) = a(T°(T [kK] - T}),
a(T°) =577.7 + 38.187° [kK] — 1.28(7° [kK])%;

u (I, )= a (1T, [kK] - T)),

a (T°) = 859.8 — 106.97° [kK] + 3.75(T° [kK])%.

As can be seen from the approximation formu-
las, as well as from the comparison of the black (Fe,
T° = 12 kK) and blue (Fe, 7° = 6 kK) lines in Fig-
ure 3, b, with increasing 7°, # decreases, and u° on
the contrary increases. The calculations also showed
that in the selected range of T, p = .

RESULTS AND CONCLUSIONS

A one-dimensional model of the anode boundary lay-
er in welding arcs under TIG/PTA, and hybrid (TIG/
PTA + laser) welding conditions (atmospheric pres-
sure inert gas electric arc with refractory cathode and
evaporating anode) is formulated for two modes of
the anode metal evaporation: the diffusive and con-
vective mode. The model consists of a system of the
differential and algebraic equations for calculating the
spatial distributions of the number densities of elec-
trons, ions and atoms, their diffusive flux densities,
electron temperature, heavy particle (atoms and ions)
temperature and electric potential in the plasma of the
anode layer. The model also allows calculating the
heat flux introduced by the arc into the anode. The
boundary conditions for the differential equations of
this model at the boundaries of the anode layer with
the arc column and the space-charge sheath are deter-
mined. An approach is proposed for calculating the
near-anode plasma parameters at these boundaries,

both in the case of the diffusive evaporation mode of
the anode metal and in the convective mode.

For three different anode metals (Fe, Cu, Al), the
dependencies of the number densities of plasma parti-
cles, pressure and velocity of ionized metal vapor at the
anode layer boundaries on the surface temperature of
the anode T, (in the range of 2200 K < 7 < T, + 300 K)
are calculated for both diffusive and convective modes
of evaporation at fixed value of the arc column plasma
temperature 7° (in the range of 6 kK < 7° < 12 kK).

For the atmospheric pressure argon arc with a
refractory cathode and evaporating anode under the
condition of its diffusive evaporation (7, < T,) the
near-anode plasma is multicomponent (Ar + Me). Its
mass-average velocity is negligible (up to the diffusive
flux of the metal heavy particles G, [16]). The plas-
ma pressure is equal to the atmospheric pressure, and
as the anode surface temperature increases, the num-
ber densities of metal atoms and ions in the near-an-
ode plasma also increase. It should be noted that, as

it follows from Eq. (76), at T <T, / (1+4.605k§’)

the fraction of the metal particles in the near-anode
plasma is less than 1 % and it can be considered as
one-component argon plasma.

It is shown that in the convective mode of the an-
ode metal evaporation (7, > T,) the velocities #” and
~ linearly depend on 7, and also depend on the tem-
perature of the arc column 7°. The pressure at the
boundary of the Knudsen layer P is almost equal to
the pressure at the boundary with the arc column p°
under the considered conditions.
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