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Numerical Simulation of Low Current Vacuum Arc Supersonic Flow*
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Abstract Based on a two-dimensional axisymmetric magneto-hydrodynamic (MHD) model,

low current vacuum arc (LCVA) characteristics are studied. The influence of cathode process under
different axial magnetic fields and different anode radii on LCVA characteristics is also simulated.
The results show that the influence of both cathode process and anode radii on LCVA is significant.

The sign of anode sheath potentials can change from negative to positive with the decrease of anode

radii. The simulation results are in part verified by experimental results. Especially, as the effect

of ion kinetic energy is considered, ion temperature is improved significantly; which is in agreement

with experimental results.
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1 Introduction

Vacuum arc has been widely used in many fields,
such as vacuum interrupter [1}7 vacuum arc coating [2},
ion implantation >4 metal remelting !, and so on.
Characteristics of LCVA were significantly different
from that of higher current vacuum arc.

Because of the complexity of vacuum arc, many
plasma parameters cannot be directly acquired by ex-
periments. So, numerical simulation of vacuum arc is
one of the effective tools for the study of vacuum arc. At
present, some researchers have proposed several kinds
of vacuum arc models. The typical models were pro-
posed by BOXMAN [, KEIDAR and BEILIS ["8], as
well as SCHADE and SHMELEV .

Previously, the constricted vacuum arc (with high
arc current) was simulated and analyzed (101 and si-
multaneously, the influence of different distributed axial
magnetic fields (AMFs) and cathode spots distribution
on constricted vacuum arc was also analyzed ['1). In this
paper, we will study LCVA, first study fundamental
characteristics, and then study the influence of cathode
process and different anode radii on LCVA characteris-
tics.

This paper is organized as follows. In Section 2, we
introduce the model for LCVA. In Section 3, we present
the simulation results and the comparison between sim-
ulation results and experimental ones. In Section 4, we
will discuss and analyze the simulation results. Finally,
conclusions of this paper will be drawn.
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Fig.1 Schematic model

2 LCVA model

A schematic model of LCVA is shown in Fig. 1. In
this model, we divide LCVA into three regions, namely
cathode spots region, interelectrode plasma region and
anode sheath region. When the arc current is not large
enough, interelectrode plasma is mainly supplied by
cathode spots. The direction of plasma flow is from
cathode to anode. Electrons and ions are the carri-
ers of arc current. Because the relaxation of plasma is
fast enough compared to power frequency current, the
LCVA is considered to be in a quasi-steady state in the
model. Therefore, LCVA model with fixed gap distance
and fixed current is calculated and analyzed in this pa-
per. MHD model is adopted in the simulation. Detailed
mathematical model can be found in Ref. [11]. When
the anode is large enough, it is regarded as the collector
of plasma and when anode is small, some plasma will
lose at anode side, the current density outside anode is
assumed to be zero.
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3 Simulation results

In this section, we will give the simulation results.
At first, the fundamental characteristics of LCVA are
studied, and then, the influence of different anode radii
on LCVA characteristics will be studied.

3.1 Fundamental characteristics of
LCVA

In this subsection, arc current is set to be 100 A,
electrode gap is set to be 10 mm, and initial jet angle is
set to be 5°, AMF is not considered, i.e., B,=0. The
results on the fundamental characteristics of LCVA are
shown in Fig. 2. In Fig. 2(a)~(g), the upper side is an-
ode the lower side is cathode, the left side is arc center
and the right side is free boundary. From Fig. 2, it can
be found that LCVA is in a diffusion status, ion number
density and axial current density along jet axis decrease
from cathode to anode. In Fig. 2, ng and jy are ion
number density, current density of cathode side respec-
tively. Ion velocity firstly decreases, and then increases
from cathode side to anode side, but not significantly.
Simultaneously, it can also be found that ion tempera-
ture and electron temperature firstly increase, and then
decrease significantly from cathode side to anode side.
For LCVA, ion temperature is always lower than elec-
tron temperature. The plasma pressure includes both
ion pressure and electron pressure.

From Fig. 2, we can also find that the variation trend
of ion temperature is similar to that of ion pressure,
which is because the change of ion temperature is more
significant than that of ion density. According to Dal-
ton law (P = nkT'), ion pressure also firstly increases,
and then decreases significantly from cathode side to
By numerical simulation, the heat flux
density to anode ¢ can be calculated according to BOX-
MAN’s model "2l and is shown in Fig. 2(g). The heat
flux density to anode includes the contributions from

anode side.

both electrons and ions.

3.2 Influence of cathode process on
LCVA

According to MORIMIYA’s experimental results on
LCVA '] with the increase of AMF strength, the radii
at cathode side will decrease significantly. Here, we
study the effect of different AMFs on LCVA character-
istics according to the experimental results (with con-
sideration of cathode side radii). The heat flux density
to anode is shown in Fig. 3.

In the simulation, arc current is set to be 80 A; AMF
is set to be 40 mT, 80 mT and 120 mT respectively.
Results show that the influence of cathode process on
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Fig.2 Fundamental characteristics of LCVA

LCVA characteristics is significant, similar to that in

(1] Results also show that arc

high current vacuum arc
voltage increases with the increase of AMF strength,
which is also in agreement with MORIMIYA’s experi-

mental results.

3.3 The influence of anode radii on
LCVA characteristics

According to KIMBLIN’s experimental results 7,

for a smaller anode radius, anode spots begin to ap-
pear at an arc current of about 450 A with a cathode
radius of 25 mm, an electrode separation of 25 mm, an
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Fig.3 Influence of cathode process under different AMFs
on LCVA characteristics

anode radius of 6.5 mm but without external AMF.
DYUZHEV et all'8] deem that appearance of anode
spots is related to the sign change of anode sheath po-
tentials. So, in this paper, we study the influence of
anode radii on sign change of anode sheath potentials
and appearance of anode spots. In the simulation, the
cathode side radius is set to be 7 mm while the anode
radius is set to be 3 mm, 4 mm and 8 mm respectively,
while the electrode separation is set to be 10 mm. The
distribution of axial current density with different an-
ode radii is shown in Fig. 4. Results show that current
density of anode side at arc center increases significantly
with the decrease of anode radii. When the anode ra-
dius is small enough, electron current density of anode
side at arc center can be higher than random electron
current density, the sign of anode sheath potential will
change from negative to positive. This will lead to the
instability of arc burning and the appearance of anode
spots.

Fig. 5 and Fig. 6 show that the influence of anode
radii on anode sheath potentials and arc voltages. Sim-
ulation results show that arc voltage increases signifi-
cantly with the decrease of anode radii. Sign change of
the anode sheath potentials occurs when anode radius
is 3 mm. The significant increase of arc voltage is also
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Fig.6 Influence of anode radii on arc voltages

related to the loss of plasma, which is also verified ex-
perimentally 19,

3.4 Comparisons between simulation
results and experimental results

In order to validate the model and results, we observe
LCVA appearance in the detachable vacuum cham-
ber with a minimal pressure: of 10~* Pa through high
speed CCD camera. The comparison of simulation re-
sults and experimental ones is shown in Fig. 7.
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Fig.7 Comparison between simulation and experimental

results

According to the comparison, it can be found that
the simulation results is similar to that from CCD pho-
tograph. Simultaneously, we also measure arc voltage
through high voltage probe. The experimental result
of arc voltage is about 21 V, and simulation result of
arc voltage is about 20.5 V. The simulated arc voltage
is the plasma potential along jet axis. Therefore, sim-
ulation result of arc voltage is also in good agreement
with experimental result of arc voltage.

According to LUNEV et all?® and DAVIS and
MILLER’s experiments for Cu and Mo vacuum arc 211
ion temperature is about 3 eV. A comparisons between
the simulation results and experimental results on ion
temperature is listed in Table 1. The comparison shows
that the previous simulation results(”®22] are much
lower than the experimental results. But the result of
this paper is in a reasonable agreement with experimen-
tal result, which is mainly because that the influence of
ion kinetic energy is considered. Of course, due to the
complexity of vacuum arc, the strict conformity is very
difficult.

Table 1. Experimental and simulation results of ion
temperature (in eV)
Experimental results  [7][8] [22] This paper
3 0.3 <0.5 ~2

According to GALONSKA et al’s experimental re-

23] with the increase of AMF strength, electron

sults |
temperature increases; which is also in agreement with

our simulation results.

4 Discussions

When the arc current is lower, pinch force, generated
by axial current density and azimuthal magnetic field, is
also lower. Simultaneously, pressure gradient will make
vacuum arc diffusing along radial direction. Therefore,
LCVA is in a diffusive status. Just because the LCVA
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is diffusive, from cathode to anode, ion number den-
sity and axial current density along jet axis decrease
from cathode to anode. As there exists azimuthal mag-
netic field, ion velocity will firstly decrease, and then
increase from cathode to anode, but the variation of
ion velocity is not significant from cathode to anode.
As ion of LCVA is in the hypersonic status, a small
variation of ion velocity can lead to a significant vari-
ation of ion temperature. From above simulation re-
sults, we can find that the ion temperature increases
from 0.3 eV (cathode side) to about 1.6 eV (near an-
ode side). This significant increase of ion temperature
is intimately related to the ion kinetic energy terms in
ion energy conservation equation.

Electron temperature firstly increases, and then de-
creases from cathode to anode. The increase is due to
joule heating, and the decrease is because that the elec-
trons consume their energy when they cross over anode
sheath and attain to anode.

For different anode radii, with the decease of anode
radii, current density of anode side in arc center will in-
crease of significantly. This will lead to the sign change
of anode sheath potentials.

5 Conclusions

Through numerical simulation of LCVA, we can draw
the following conclusions:

a. The influence of Hall effect on LCVA character-
istics is not so significant as for higher current vacuum
arc, and the influence of free boundary positions on
LCVA characteristics is significant;

b. The influence of cathode process on LCVA char-
acteristics is significant;

c. The sign of anode sheath potential can turn from
negative to positive with the decrease of anode radii;

d. Because the influence of ion kinetic energy is
considered, ion temperature is improved significantly,
which is in agreement with experiments.
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