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Analytical Approach to Anode Boundary Layer of Gas
Tungsten Arcs

. by Masao USHIO, Manabu TANAKA and Chuan Song WU

Joining and Welding Research Institute, Osaka University
Ibaraki, Osaka, Japan

Abstract

In order to make clear the heat transfer phenomena at the anode boundary
layer of gas-tungsten-arcs, the plasma properties were measured by using laser
scattering method and Langmuir probe method. Experiments revealed that physical
properties were strongly influenced by the arc current. In case of low current (504),
anode boundary layer was ~250 mm in thickness in which electron temperature was
considerably different with that of heavy particle temperature and the space potential
in the boundary layer was low with respect to the anode. With increasing in arc
current, however, the thickness of boundary layer became narrow and the space
potential in the layer changed to higher value with respect to the anode in the case
of 150 A in arc current.

Numerical analysis of anode region was carried out to understand above
experimental results. The anode region was 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 afLTE
plasmas, were solved by applying the Runge-Kutta procedure. Two param etefs 6
and o were introduced into this study. The former is the ratio of the heavy partlcle
temperature at the free-fall edge to the anode surface temperature while the latter is
the percentage of the electrons entering the lattice of anode. The results indicated
that the parameter 0 was an zmportantfactor lnfluencmg the local plasmapropertzes
in the boundary layer, the boundary layer thzckness and the sheath potential. An
estimate of the potential drop in the boundary layer showed almost negative whereas
the sheath potenttal varied between negatzve and positive strong dependent on the
parameter A which was used to make a difference between an anode conducting
electricity and a cool wall isolated. For determining the sheath potenttal aformula
was established, which took account of the electron temperature, the electron flux and
the ion flux at the free- fall edge as well as the parameter Q.

1. Introduction is still a severe lack of basic understanding of
, the electrode regions of high-intensity arcs and

In spite of extensive efforts in the arc of the associated electrode phenomena. The
physics’®, the understanding of the arc behav- proxiinity- to the electrode gives rise to ex-
ior still remains incomplete. Especially, there tremely steep gradients of the plasma properties
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which render the experimentation even more
difficult in this generally hostile environment.
Achieving an effective utilization and exploi-
tation of high-intensity arcs requires a through
understanding of the plasma properties and its
physical processes in the proximity of the anode
surface. '

The paper is concérned with the anode
region of high-intensity arcs, operated in argon
atmosphere with plane, water-cooled Cu anodes.
The anoderegion is generally defined as the 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.

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
by Nemchinskii and Peretts®, the electric field
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!®” presented a one-
dimensional analysis of the wall region for an
argon plasma. The electric current may flow
into or from the wall in the normal direction
(wall as anode or cathode). He found that the
anode potential is slightly negative. Dinulescu
and Pfender'V’, and also Morrow and Lowke!?
carried out an analysis of the anode boundary
layer, which predicts negative anode falls. The
former results show that the electric field,
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 admittedin
their paper that there is amajor difference in the
choice of the boundary condition forsolving the
conservation equations for the anode boundary
~ layer between the experimental results by their
group andtheir own work. They selectedmuch
steeper temperature gradients of the plasma
species as boundary conditions and assumedthe
heavy particle temperature decreases from the
value in the plasma to 400 K which is the tem-
perature of the anode surface. Although the
water-cooled anode temperature is lower, and
electron and heavy particle temperatures sepa-
rate in the anode boundary layer, it is justified
in questioning whether or not the heavy particle

temperature is equal to that of the anode surface,
because determining the temperature of ions
closetothe anode is aproblem that still remains
wnsolved®-'¥.  Furthermore, it is not clear
that a difference between an anode surface which
conducts electricity and a cool wall which is
isolated (no net current flow). In their analysis,
the equation determining the potential drop
across the sheath gives a very large negative
value (negative anode fall) for the current den-
sity range of practical interest.
: Our recent experiments of gas-
tungsten-arcs show the positive anode fall in
lower current and negative one in rather high
current very clearly, which is described in fol-
lowing section. There is no unified theory to
explain these phenomena, yet.
In this paper, an approach to under-
stand systematically the dominating process in
the anode region is attempted.

2. Experiments

Experimental procedures are described
in the previous paper'®, therefore, some of re-
sults are shown here.

Figure 1 shows the temperature pro-
files measured in free-burning argon arcs at the
arc current of (a) 50 A and (b) 150 A. Theeach
temperature close to the cathode was 13000 K
for 50 A and 16000 K for 150 A. Both
temperatures decrease with distance from the arc
axis and the cathode.

Figure 2 shows the electron and
heavy particle temperature distributions in
front of the anode at the arc current of 50 A and
150 A. The heavy particle temperature and
electron temperature were obtained from the
laser scattering measurements and Langmuir
probe measurements, respectively. Inthecase
of 50 A, electron temperature immediately in-
creases with approaching the anode in arc axis,
but heavy particle temperature decrease. This
suggests that the anode boundary layer under
this condition remarkably deviates from LTE.
On the other hand, in the case of 150 A, electron
temperature approximately corresponds with
heavy particle temperature at the degree of about
12000 K. This suggests that the boundary
layer under this condition preserves the similar
state of LTE.

Figure 3 shows the space potential
distributions in front of the anode under the
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Fig. | Temperature profiles under the conditions of (a) 50 A and (b) 150 A.
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Fig. 2 Electron and heavy particle temperature distribu-
tions in front of anode.

same conditions in Fig. 2. Langmuir probe
measurements indicate that the anode fall for 50
A is positive because of decrease in space po-
tential with distance from the anode, but for 150
A seems to be negative because of higher space
potential than the anode (= 0 V).

From these results, we can presume
the thermal state of the anode boundary layer in
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Fig. 3 Space potential distributions in front of anode.

free-burning argon arcs, as follows.

In the case of low arc current, such as
50 A, it will provide insufficient thermal
ionization due to the lower heavy particle tem-
perature. Therefore it should be necessary the
collisional ionization of argon which is caused
by electrons. And it will be resulted in the
positive anode fall.

In the case of high arc current, such as
150 A, the thermal ionization sustains the arc
discharge stably. This means no need of the
collisional ionization. Thus, the positive an-
ode fall should not be caused and electrons are
not accelerated directionally in the electric field,
resulting in the boundary layer preserves the
similar state of LTE.

From above discussions, it may be
deduced that the thermal state of the anode
boundary layer is governed by heavy particle
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tfemperature close to the anode surface and the
heavy particle temperature should be influenced
decisively by the arc current density.

3. Modeling of Anode Boundary Layer

As shown inFig. 4, the anoderegion
is divided into three subzones; the anode
boundary layer, the presheath and the sheath. In
the boundary layer, the presence of the rela-
tively coldanodeis felt. Theboundary layer is
charactgrized by steep gradients of temperature
and particle densities. The boundary layer
thickness is in the order of 0.1 mm which is
much larger than the particle mean-free-path
length. 'Themai‘n feature of the boundary layer
is the ionized gas and may be treated as a
continuum and as a 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 andthe sheath is equal to one electron
mean-free-path. In the presheath, the neutral-
ity of the plasma is maintained. 1In the Debye
sheath, the neutrality is broken and sharp po-
tential drop occurs. The sheath is formed im-
mediately in front of the anode accommodating
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
Débye length.

3.1 Governing equations

Due to its small thickness, the anode

region may be treated as a one-dimensional re-
gion. For the purpose of solving the conser-
vation equations, the plasma parameters are
assumed to vary only in the direction perpen-
dicular to the anode surface. In the boundary
layer, the continuum approach andthe condition
of charge neutrality are valid. Since the elec-
tron temperature 7, may be higher than the
heavy particle (atoms and ions) temperature T,
electrons and heavy particles are regarded as two
separate fluids coexisting in the plasma.

In a three-component system
(electrons, atoms and ions), the electron flux
may be written as'®

3 kT
T, =n0, =—unE-L=eyy,

€ e

(1)

_ #ekaneVTe

where n, is the electron number density, Ue is

the electron drift velocity, u, is the electron

mobility, E is the electric field strength, k,
is the Bolzmann constant, and e is  the
elementary charge. The electron flux is driven
by the potential gradient (E=—V¢), the elec-
tron density gradient and the electron tempera-
ture gradient.

The ion flux may be expressed by

I kT, k
L =10, = unf - Bobvy, - 208 v,

. (2)
where p,; is the ion number density, U, is the
ion drift velocity, and g, is the ion mobility.

The condition of charge neutrality is validin the



boundary layer, thus there is the relation
n,=n;. Theforcesdrivingtheionflux arethe
potential gradient, the ion density gradient and
the ion temperature gradient.

In a steady state without macroscopic
mass flow, the particle conservation equation of
the electrons becomes

V-T, =, (3)

where n'e is the net electron production rate.

Under the same conditions the particle conser-
vation equation for the ions is

VT, =n, (4)

Since electron and ion production occurs in
pairs, the net ion production rate equals to that
of the electrons.

In the plasma, the net electron pro-
duction rate is the difference between the ioni-
zation rate by electron impact andthe three-body
recombination rate. In terms of the recombi-
nation coefficient y and species composition,
the net electron production rate is given by

n = n_: n_f 5
e =M, n n ( )
a w a
n2
where (—‘?-) is the function of T, given by
n
a W

Saha equation

("_2) _Zﬁ(—-——-z’"”e"BTﬂ)%a@( E") 6)
n)w Z\ P k,T,

a

where Z is the partition function of ion, Z is
the partition function of neutral atom, m, is the
mass of electron, h is Plank's constant, n, is
the number density of neutral atoms, and g, is

the ionization potential. The number density
n, is related to the pressure p by the expression

p (T
n,= -n,|1+-= (7)
gL\ T
The current density is given by
J=1J +J (8)

where je and Jl. represent the electron and the

13
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ion contribution, respectively. According to
Egs. (1) and (2), the current density may be

-expressed as

Je = _efe ’ Ji =er; (9)

Based on Egs. (3) and (4), there is the following
relation

V-(f‘e —fi)= 0, T, -T, = constant

(10)
Thus, in the boundary layer
7=fe+fi=e(f}—ﬁ)=constant (11)

In a steady state situation without
macroscopic mass flow, the energy conserva-
tion equation of the electrons may be expressed

k,T
v (kvT)+| 2k, 0+ 2|5l gy e
¢ 2 kyo| e

5 .3
- (_kBZ; + e,.)ne + e ko (T, - T, ),
m.

13

(12)

where ke is the electron thermal conductivity,
@, is the thermal diffusion coefficient of the
electrons, o is the electrical conductivity, m,
is the mass of ion, and Vei is the average

collision frequency between electrons andions.
The terms on the left-hand side of Eq. (12)
contain several energy input in the sequence,
heat transfer by the pure conduction, the trans-
port of enthalpy due to the random thermal en-
ergy of electrons and the Thomson effect, and
the internal energy dissipation due to Joule
heating. The first term on the right-hand side of
Eq. (12) represents the energy used for the pro-
duction of electrons by ionization, while the
second term represents the energy losses by

~ elastic collisions between electrons and heavy

particles. Here only collisions between elec-
trons and ions have been taken into considera-
tion since in the anode boundary layer the
collision frequency between electrons and ions
is much larger than that between electrons and
atoms'?.

For heavy particles, the Joule heating
term due to the ion current may be neglected.
The energy equation of heavy particles becomes
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- (KVE) + 24k (T, - )7, = 0

where k, is the thermal conductivity of heavy

(13)

particles.

The main unknowns in the set of
equations are n,, 71, T, and E. With these
key variables all other quantities of interest can
be computed. There are also four main
differential equations, i.e. , Egs. (3), (4), (12)
and (13). The other equations are auxiliary
relations.

3.2 Boundary Conditions

In order to solve the system of equa-
tions, appropriate boundary conditions must be
specified. Because the thickness of the anode
boundary layer L_is an additional unknown, the

boundary conditions can not be specified at the
interface between the arc column and the anode
boundary layer as there of Dinulescu and Pfender.
In this study, the boundary conditions are
specified at a place lying in the arc column and
taken from the solutions of the arc plasma re-
gion. The distance from this place to the anode
surface is a little bigger than L . The differ-

ential equations are solved starting from this
place andthen entering the anode boundary layer
soon.

As shown in Fig. 4, at x = x,; (1) the
heavy particle temperature and electron tem-
perature are identical, T =T, = (T)xd; (2) the

temperature gradients of heavy particle and
electron are identical,

dT,[dx = dT, [dx = (dT/dx) ; (3) the electron

xd
number density, n, = (ne)xd ; (4) the gradient of
electron number density, dn, [dx = (dne/dx) ;
x4

(5) the current density, J = (J)Xd; and (6) the
electric fieldstrength, E = (E)x,,' Among these

six parameters, electron number density and its
gradient are both calculated from the Saha

equation at (T)x,, and from (dT/dx) , while

xd
others are determinedby the model of arc plasma
region'®,

Very close to the anode (in the order
of one electron mean-free-path), the usual con-
tinuum approach is no longer valid. Thus, the
calculation about the anode boundary layer

14

should be stopped at the free-fall edge (point b

in Fig. 4), because x, =A,. An additional

boundary condition at the free-fall edge should
be specified since the thickness of the anode
boundary layer L, is unknown. The ion tem-
perature in the vicinity of anode surface is still

a problem for further study’*'®. Thus, an ad-
justable parameter is defined as

0= (14)

where T, is the heavy particle temperature at
the free-fall edge, and 7, is the anode surface
temperature.

3.3 Solution Methods

The set of conservation equations,
i.e., Egs. (3), (4), (12) and (13), represents four
second-order differential equations including
highly nonlinear, nonequilibrium thermody-
namic and transport properties. By applying
the Runge-Kutta procedure, these differential
equations are solved starting from boundary
conditions and proceeding step by step toward
the anode. The values ofkey variables n_, T,

T, and E are determined in the boundary layer.

For each step, the nonequilibrium composition
at that particular location is determined first and
then the thermodynamic and transport proper-
ties are calculated using the methods described
in Ref. 19. This procedure continues until the
supplementary condition 7,, = 6T may be re-
covered and the variation of the electron number
density over omne electron mean-free-path
reaches the same order of magnitude as the
electron number density itself. At this point,
the continuum approach is no longer valid. The
thickness of the anode boundary layer is defined
as the distance from this point to the location
where the difference T, — 7, becomes less than

10% T, The
procedure allows the determination of the
boundary layer thickness in addition to the local
values of plasma properties.

of the electron temperature

4. Sheath Potential

The anode fall is the potential drop in
the anode region'®. After solving the main
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differential equations, the potential difference potential, the ion flux is conserved across the
in the boundaiy layer, i.e. , ¢A= — ¢, can be region'®
calculated. The potential change from the anode
. T, =T (16)

surface to the free-fall edge,i.e., @ — ¢A= , may L
be called the sheath potential which consists of Because electrons and ions reach the wall at the
the presheath and Debye sheath’®. Thesheath same rate, the following relation exists'®);
potential may be determined by the following
approach; I, =T, 17)

First, let us consider a situation in
which a plasma borders a wall. Charged Then, let us consider the situation in
particle density gradients are particularly steep which a plasma borders an anode. The anode
close to plasma-confining walls. The gradi- conducts electricity. Some electrons enter the
ents of electron and ion density in the vicinity lattice of the anode and release energy propor-
of the wall drive electron and ion fluxes toward tional to the anode work function® '”. An ad-
the wall, but the electron flux initially exceeds justable parameter o is defined to describe the
the ion flux because of the higher electron mo- percentage of electrons entering the lattice of
bility. Since the wall is assumed to be iso- anode. Therefore, at the anode surface, there is
lated (no net current flow), it will acquire a the following relation
negative potential, producing an electric field
that points toward the wall. This field subse- (1-a)T, =T, (18)
quently balances electron and ion fluxes
(electrons are retarded and ions are accelerated), The sheath potential is obtained from this con-
thus in a steady-state situation electrons and dition
ions reach the wall at the same rate and recom-
bine on impact with the wall. This process is e(¢ -9 )
known as ambipolar diffusion. In this case the (1-a)T,exp I‘;T 2 =T, (19)
wall serves as the third partner for three-body Ble
recombination. A net positivespace chargeis
formed in the sheath overlying the wall surface, After manipulating, this condition yields
because electrons are repelled and positive ions
are attracted by the wall. k.T r

The electron flux I, theion flux I}, ¢ - ¢, =%’"[W] (20)
and the electron temperature T at the free-fall
edge (x, =A,) can be determined from the Since T,, I, and I, havebeen computed from
calculations of the anode boundary layer de- the analysis of anode boundary layer, the sheath
scribed above. To determine the sheath po- potential ¢a_¢l, can be easily calculated. If
tential ¢, — ¢, , we need to calculate first the a is equal to zero, it is the case of a isolated
electron flux striking the wall.  On the average, wall. Under this condition, the sheath potential
electrons striking the wall experience theirlast is always negative because I, is much larger
collision in a distance approximately one than I, . With increasing the value of e , the

-free- t . 0
mean-free-path A'e away from the wall nly absolute value of the sheath potential decreases.

When ¢ increases to a certain value, the sheath
potential turns positive.

those electrons with sufficient energy to over-
come the potential barrier will reach the wall*®,
The electron flux striking the wall is given by

the expression : 5. Results and Discussions
e(¢a—¢&) As mentionedinsection 3.2, basedon
T =Tporp k,T, (15) the model of fluid flow and heat transfer in an

argon arc plasma'®, values of T, T,, dT,[dx,

, J and E at a location lying in the arc
Since the ions are not impeded by the sheath dT, [ dx ying
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boundary layer thickness L , the electron

mean-free-path A_, the Debye length A,, and

D’

column can be determined. Values of n, and the potential drop ¢A — ¢, in the boundary

dne/dx can be calculated from the Saha equation

. layer are all computed from the solution of the
at T, and from dTe/dx. These values are used

governing equations of the anode boundary layer.

as the boundary conditions. Forafree-burning The results indicate that the boundary layer
argon arc at 150 A and 1 atmosphere pressure, thickness decreases as the value of 6 increases.
the corresponding boundary conditions are A bigger value of 6 results in smaller

specified as follows: temperature gradients for electrons and ions,

which make the deviation between the electron

at x=x,: temperature and the heavy particle temperature
T =T, =1.26x10*K emerge at apoint nearer the frée-fall edge so that
ar, dr, the boundary layer thickness decreases. The
—t=—t =45%10°K /m
I dx computed results show that the boundary layer

16
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Table 1 The influence of the ratio © = Tw/T. on plasma scale

(current : 150 A, arc gap: 10mm, pressure : 101 kPa).
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Fig. 9 Electrical potential distribution in the anode

boundary layer.

length and potential drop in the anode boundary layer

0 L, )'e ;LD ¢A¢ - ¢La
(mm) (xlo_2 mm) (XIO—5 mm) V)

1 0.240 0.290 9.208 -1.395

3 0.240 0.436 7.343 -1.183

5 0.200 0.590 6.109 -0.894

7 0.160 0.754 5.262 -0.622

9 0.040 0.934 4.642 -0.061

thickness is two orders of magnitude larger than

the electron mean-free-path which, in turn, two
orders of magnitude larger than the Debye length.
With increasing of the value of 8, the potential
drop in the boundary layer varies from a dis-
tinctly negative to a nearly zero.

It is quite evident that the parameter
6 has great influences 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 particle temperature at the
free-fall edge play an important role in deter-
mining the key variables in the boundary layer.
Up to now, the heavy particle temperature very
close to the anode surface is still unclear. Some
analyses are restricted to the case of coldions®.
Some researchers considered the finite
temperature of the ions'®. But there are no
concrete and definite values of the ion
temperature in the vicinity of the anode.
Therefore, it is necessary to make an estimate of
the heavy particle temperature at the free-fall
edge.

The calculated results shown herein-

after are under the condition of =35,

Figure

10 shows that the electron temperature and the
heavy particle temperature are identical at the
arc column side. They deviate increasingly
from each other towards the anode. The heavy
particle temperature drops from 12600 K in the
arc column to 5000 K at the free-fall edge while
the electron temperature decreases from 12600 K
to 9200 K. The electron temperature maintains
sufficiently high value over the entire thickness
of the anode boundary layer to ensure the re-
quired electrical conductivity for the passage of
the electric current. The electron density de-
rived from the conservation equations and the
equilibrium electron density determined from
the Saha equation are plotted in Fig. 11. In
the proximity of the anode surface, the differ-
ence between the actual value andthe Saha value
is quite pronounced. This is due to the fast
diffusion of the electrons toward the anode.
The electron flux and its components

are shown in Fig. 12. The curve denotedby I’eE

represents the flux component driven by the
electric field, expressed by the first term on the
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Fig. 10 Species temperature distribution in the anode
boundary layer.
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Fig. 11 Electron number density distribution in the an-
ode boundary layer.

right-hand side of Eq. (1). The second and the
third term of this equation are representedby the
curves I and I:T‘, respectively. The tem-
perature and electron density gradients push the
electrons toward the anode. The electric field
drives the electrons toward the anode first. But
as approaching the anode slightly, it drives the
electrons away from the anode.
Although the electric fieldstrength is very high
near the free-fall edge, this opposing force is
overbalanced by the rapid increasing gradients
of the electron density and temperature close to
the free-fall edge which keep the electrons
floWing toward the anode. It is obvious that
the electron density gradient plays a more im-
portant rolein driving the electron flux. Figure
13 shows the ion flux and its components. The
electric field drives the ions away from the anode
first. But as approaching the anode slightly, it
turns to push the ions toward the anode. The
important driving forces forthe ion flux are the
ion temperature gradient and ion density gradi-
ent.

The current density and its compo-
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Fig. 12 Distribution of electron flux and its compo-
nents in the anode boundary layer.
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Fig. 13 Distribution of ion flux and its components in
the anode boundary layer.

3.510° T ey
310° F 3
< 6 |E . 3
& 2510 £ ]
2 : =5 ]
z  210°F E
= F Arc Current Density 1
a 15108 e lon Current Density 4
8 : F — — -Electron Current Density J
g 110° E Current : 150 A E
= F Arcgap : 10 mm E
3 510° | Pressure: 101 kPa 4
T —— :
_5105:....|....|....|....1....1 R
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Distance From Anode {(mm)

Fig. 14 Current density in the anode boundary layer.

nents are plotted in Fig. 14. Far away from
the anode, the ion current is positive (directed
away from the anode). As the ions approach
the anode, the ion current becomes negative
because of the effect describedin Fig. 13. The
electron current density is much larger than the
ion current and approximately corresponds with
total current which is the arc current density.
It is evident that the dominant component of the
current is the electron current and the ion current
is negligibly small.



Trans. JWRI, Vol. 25(1996), No.2

_""l""I“'rI""7“"I""If"'12.5
o ]
E | 4
= i ] =
2 : 12 =
2 i p ——> ] I
o -10000 [ : ©
.g i r 6:5 ; §
t i Current : 150 A 1115 5
B [ Arc gap : 10 mm 1 k)
_q_o, -15000 5 Pressure: 101 kPa : w
Lu o
[ B
-20000 T BV RS R EEP S S RS 11
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Distance From Anode (mm)

Electric field strength and electrical potential in the anode boundary layer.

'l NS SN

' TS NI A

Fig. 15
4
3F 6=5
= 2
8 5 .
S 1F Current : 150 A
2 r Arcgap : 10 mm
o ok Pressure: 101 kPa
Koy +
= o
2
» E
-2 F
_3k. P B
0 0.2

0.4

0.6 0.8 1 1.2

o, Persentage of Electrons Entering the Lattice of Anode

Fig. 16 Sheath potential as a function of parameter .

Figure 15 shows the distribution of
the electric field strength and the electrical po-
tential in the boundary layer. The electric
field, starting from asmall positive value at the
arc column side, decreases inside the boundary
layer and turns to negative. As approaching
the anode, the electric potential first increases
and then falls. The decrease of the potential
signifies that the electric field in the boundary
layer is opposing the motion of the electrons
and accelerating the positive ions. The net po-
tential drop in the whole boundary layer is
slightly positive.

Figure 16 demonstrates the relation
between the sheath potential and the parameter
a . It is quite clear that the percentage of the
electrons entering the lattice of anode has avery
marked effect on the sheath potential. When
o is equal to zero, it is the case of a wall in

which the sheath potential is-2.5V. When «
is less than 0.94, the sheath potential is nega-
tive. Under this condition, the absolute value
ofthe sheath potential decreases with increasing
the value of @. When « is equal to 0.94, the
sheath potential becomes zero. For o greater
than 0.94, the sheath potential turns positive.
The prerequisite for Eq. (20) is that & can not
take the value of 1. Otherwise, that equation
becomes meaningless. Foracaseof a=0.999,
the sheath potential becomes 3.5 V. These
results show that if more electrons enter the
lattice of anode, the negative potential across
the sheath gets lower because a weaker electric
field is required to balance electron and ion
fluxes close to the anode. If over 94% of
electrons enter the anode, the sheath potential
becomes positive because im this case a net
negative space charge is formed in the sheath.
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Table 2 The sheath potential at different levels of ® and o (current: 150 A, arc gap : 10mm, pressure : 101 kPa, unit: V).

o 6=1 6=3 6=5 6=7 6=9
0.000 -2.787 -2.551 -2.488 -2.524 -2.634
0.300 -2.502 -2.256 -2.183 -2.209 -2.309
0.600 -2.053 -1.792 -1.704 -1.715 -1.800
0.200 -0.943 -0.643 -0.517 -0.492 -0.538
0.930 -0.658 -0.348 -0.212 -0.177 -0.214
0.944 -0.479 -0.163 -0.021 0.020 -0.011
0.948 -0.420 -0.101 0.042 0.085 0.057
0.956 -0.286 0.037 0.18S 0.233 0.209
0.964 -0.125 0.203 0.357 0.410 0.391
0.968 -0.031 1 0.301 0.458 0.514 0.498
0.976 0.200 0.539 0.704 0.768 0.760
0.980 0.346 0.690 0.860 0.929 0.926
0.984 0.524 0.875 1.051 1.126 1.129
0.990 0.901 1.265 1.453 1.541 1.557
0.996 1.634 2.024 2.237 2.349 2.391
0.998 2.189 2.599 2.831 2.961 3.022
0.999 2.745 3.173 3.424 3.573 3.652

And also it should be taken notice that positive temperature. In this case, anode fall was
large value of sheath potential may provide the positive.

positive anode fall by over compensating the
negative potential over the boundary layer.

Two adjustable parameters € and «
are introducedin this paper. Table 2 gives the
sheath potential at different values of 8 and .
It is clear that both parameters are very
important and of great influences on the com-
puted results. It should be stressed that these
complex problems about the anode region and
anode fall are far from being fully solved. A
great deal more work will be required to study
the mechanism of interactions between the
electrons and the anode surface, and determine
the exact percentage of the electrons entering
the lattice of anode.

6. Conclusions

The conclusions in this paper are
summarized as follows.

In experiments;

(1) In the case of alow current region, the anode
boundary layer remarkably deviated from
LTE because of the higher electron
temperature and the lower heavy particle

20

(2) In the case of ahigh current region, the anode
boundary layer preservedthe similar state of
LTE because of correspondence between the
electron temperature and the heavy particle
temperature. In this case, anode fall was
negative.

(3) In this work, the thermal state of the anode
boundary layer has strong relation to the
heavy particle temperature close to the an-
ode surface. '

In modeling;

A model is studied for analyzing the

physical behavior of the anode region in a

high-intensity, atmospheric = pressure free-

burning argon arc. The boundary conditions
for modeling the anode region are taken from the
solutions of gas-tungsten-arc LTE plasma.

Based on the results of this study the following

conclusions may be drawn;

(4) The ratio of the heavy particle temperature
at the free-fall edge to the anode surface
temperature has a great influence on the lo-
cal plasma properties in the boundary layer,
the boundary layer thickness and the sheath



potential.

(5) The thickness of the anode boundary layeris
found to be approximately 0.20 mm for 150
A arcs at an arc length of 10 mm. It istwo
orders of magnitude larger than the electron
mean-free-path which, in turn, is two orders
of magnitude larger than the Debye length.

(6) In the anode boundary layer, the electron flux
is mainly driven by the electron density
gradient whereas the most important driving
force for the ion flux is the ion temperature
gradient and ion density gradient.

(7) The potential drop in the anode boundary
layer without sheath existing just in front of
the anode is negative.

(8) The percentage of the electrons entering the
lattice of anode has a very marked effect on
the sheath potential. With different values
of this percentage, the sheath potential may
be negative, zero or positive. It needs
further study to determine this percentage
and the dominant factors influencing it.
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