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ABSTRACT

The capabilities and advantages of vacuum interrupters
(VIs) have been widely recognized on switching and
controlling the fault currents in medium voltage level. Due to
its environmental friendliness, there were various research and
developments for using VIs in transmission and distribution
lines. An axial magnetic field (AMF) electrode has more
advantages of the switching capability than other contact
designs such as reducing the arc voltage, securing higher
current value for transferring from the constriction arc to the
diffused arc and regulating the arc current distribution. The arc
constriction should increase the heat flux and the local
temperature on the electrodes and result in the surface melting,
which has undesirable influences on the characteristics of
vacuum arc and surroundings. In the present study, we
considered two different types of AMF electrodes used widely
in industries, one is coil type and the other is cup type, to
investigate the effective arc area and the thermal characteristics
by high-current vacuum arcs through three-dimensional FEM
analysis. Calculated results were compared with the results by a
commercial package, MAXWELL 3D, which is a reliable
analysis tool for the electro-magnetic fields, to validate the
present calculation.

INTRODUCTION

Vacuum circuit breakers (VCBs) have been commercially
attractive as a means to interrupt short-circuit currents in
medium voltage networks. The interrupter, which consists of
two electrodes, metal shield, bellows and ceramic insulator, is
the most important part to accomplish the performance of
VCBs. In case of the plain butt shape contacts, it was
recognized to have a limited performance for interrupting high-
currents due to the arc constriction. It is known that the arc
happens to be constricted at the current of approximately 10kA

and forms the anode spots which caused the electrode melting
and some harmful effects to the interruption capacity. Therefore,
it will be clear that the anode spots should be avoided as less as
possible to raise the interruption current limit of VCBs. One
way for avoiding the excessive electrode erosion is to produce a
transverse magnetic field (TMF or RMF) across the electrodes
and to move the arc column along the surface by Lorentz force.
Another approach is to produce AMF across the contacts and to
increase the current limitation value on the arc constriction [1].

In general, one typical feature of vacuum arcs in the high
currents is columnar arc [2]. In a stationary columnar mode, the
vacuum arc makes the gross erosion of electrodes that leads to
considerable metal vapour density in the interelectrode gap. It
is well known that vacuum arcs remain in a diffuse mode up to
sufficiently high current when a uniform AMF in the gap is
imposed. In that case, the arc current-voltage characteristics are
dependent on the AMF intensity [3-6].

The overall plasma expansion progress is as following.
After the rupture of the molten metal bridge, the confined arc
forms, and this arc slowly expands into a diffused arc which
burns until current zero. Once the arc has been diffused, a large
enough AMF allows the arc to remain diffuse. The electrons are
confined by the magnetic field lines in the intercontact region
and, because of the associated creation of radial electric fields,
the ions are also confined to the intercontact region. During this
high-current arcing, the diffused arc distributes the arc energy
over the whole contact surface and thus prevents the gross
erosion of electrodes [7].

In order to consider the effect of contact geometries for
AMF numerically, we used two different types of AMF
electrodes to investigate the effective arc area (A.y) and the
thermal characteristics by high-current vacuum arcs through
three-dimensional FEM analysis. The detail approach on the
thermal characteristics of vacuum arcs is in progress with 3-D
coupled field analysis for the practical prediction.



NOMENCLATURE

A [-] Magnetic vector potential
Aoy [m?] Effective arc area

B [T] Magnetic flux density vector
D [C/m?] Electric flux density vector
d [m] Diameter of the contact

E [V/m] Electric field intensity vector
H [A/m] Magnetic field intensity vector
1 [A] Current

J [A/m?] Current density vector

1 [m] Interelectrode gap distance

t [sec] Time

Special characters

7 [rad] Phase angle (0 = wt)
M [N/A?] Magnetic permeability (4=B/H )
H, [-] Relative permeability (. = 1/ 14, )
v [A*N] Reluctivity
o [S/m] Electric conductivity
@ [V] Electric potential
[0} [rad/sec]  Angular velocity
Subscripts
0 Zero value of an AC current
crit Critical value
o Input current vector component
e Eddy current vector component
P Peak value of an AC current
rms Root-mean-square
z Cartesian axis direction

NUMERICAL ANALYSIS

The first commercial VI imposed on AMF electrode was
developed by Toshiba Corporation [8]. Thereafter, various
AMEF electrodes, such as cup-type electrodes, tubular electrodes
[9], horse-shoe shapes [10], and multipole electrodes [11-12],
etc., have been designed to achieve the lower Joule loss, weaker
residual AMF after current zero, and especially, higher
interruption capacity with smaller dimension.

®

(a) electrode coil (left) and cup (right)

(b) contact plate

Figure 1 Configuration of the numerical models.
(left: Type 1 — coil type, right: Type 2 — cup type)

Table 1 Material properties of each components in the VI.

Components Material o (S/m) H,
1) Vacuum Air 1.0E-9
2) Conductor and electrode Cu 5.8E+7
3) Contact plate CuCrs0 1.276E+7 Ho
4) Arc column Arc 1.0E+4

Figure 2 Grid systems of the modelled VI.

In order to take into account the effect of the contact shapes,
we selected two kinds of AMF contacts based on segments
coil-type (Type 1) and cup-type (Type 2) AMF contact, as
shown in Fig. 1. The numerical simulations concern the
diffused arc mode dominantly, and the simulations are
conducted at the alternating current (AC, [=30kA,;) and the
fixed gap distance (/=20mm). In the case of Type 1, its
configuration is based on the elsewhere [13], and we
determined its detail dimensions which are identical to our own
model (Type 2). The effective contact diameter is 84mm and
both of two types have same material properties as listed in
Table 1.

One example of grid systems (Type 2) is depicted in Fig. 2.
The domain of all elements in the modelled VI is composed of
hybrid grid systems in order to establish a discrete system for
numerical simulation. There are total four different regions
according to each material property as follows; 1) vacuum, 2)
conductor and electrode, 3) contact plate and 4) arc column.
Here, the arc column is modelled as a cylindrical shape with the
same diameter of the electrode and with the constant electric
conductivity. The total hybrid elements are nearly 175,000 for
Type 1 and 310,000 for Type 2, respectively. Since Type 2 has
more complicated cup-type coil part, it produces larger number
of element than Type 1.

The electro-magnetic phenomena can be described by the
three-dimensional, transient Maxwell’s equations as follows:

VxH=J, +J, J, =0E, (1)
Vx(E, +04/0t)=0 )

Here, J, is an eddy current density, E,is an electron-induced

electric field, respectively. Since Eq. (2) presents the case of
conservative field, Egs. (1) and (2) can be rewritten as follows:



E,=—04/0t-V¢ )
J, =—0(04/06t)-aV “4)

Thus the governing equation of the transient magnetic
vector potential which includes the eddy current can be defined
as,

Vx(vVxA)=J, +J,=J —c(0A/dt)— oV (5)

Here, v is the permittivity, o is the electric conductivity and
¢ is the electric potential, respectively.

We calculated the transient magnetic fields in the VI with
three-dimensional FEM code, ANSYS, taking into account
eddy current effect. The computation condition is: the opening
stroke is 20mm, and the excitation source of each model was
30kA,;ns-60Hz AC circuit. The ground condition (¢=0V) was

applied at the opposite side of the conduct rod. At all outside
walls, the magnetic flux parallel condition (Az=0) was set to
constrain all degree of freedoms (DOFs). The Jacobi Conjugate
Gradient (JGC) solver was used, and its convergence criterion
was set to 1.0e-9.

RESULTS AND DISCCUTION

It is the purpose of the magnetohydrodynamic (MHD)
approaches to calculate the magnetic and thermal-flow fields by
the coupled -calculation, simultaneously. By the electro-
magnetic analysis for an advance work of MHD solution, the
magnetic field properties and Joule heat generations as the
input parameters for the thermal-flow analysis can be obtained.
Former given a system of Maxwell’s equations are coupled and
solved iteratively by a finite element method with a transient
condition.

In order to validate the calculation method, two series of
results on the cup-type AMF are compared: (A) indicates the
calculation results by ANSYS E-MAG, and (M) by
MAXWELL 3D which is widely used in the electro-magnetic
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Figure 3 Comparison between two series of calculated results
(A): ANSYS E-MAG, (M): MAXWELL 3D
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Figure 4 AMF distributions on the intermediate plane of the gap
at current peak (I,).
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Figure 5 AMF distributions on the intermediate plane of the gap
at current zero (I,).

analyses. The horizontal axis indicates the radial positions on
the contact surface and the vertical axis shows the AMF flux
density (By), respectively. Curves are plotted as a function of
the phase angle (8), which varies with a time (0=wf), applied
AC is presented as follows:

I(t) = 300002 cos( ot ) [A] (6)

As shown in Fig. 3, there are two peak currents (I,=42.4kA
at =0 and m) and a minimum value of current zero (Iy=0kA at
60=m/2). It is shown that AMF values of two series simulations
are agreed well with the overall trends each other. Some
deviations should be caused by the governing equations
concerned in the programs.

Two different types of AMF contacts are calculated as
shown in Fig. 1. The AMF flux density (B;) on the intermediate
plane of the arc gap according to the two different contacts are
illustrated in Figs. 4 and 5 at current peak (I,) and zero (Iy),
respectively. As shown in Fig. 4, some peak areas are locally
displayed with two different configurations of the contacts. The
maximum value of By is approximately 346mT at Type 1 and
372mT at Type 2, respectively. In the case of Type 1, it has
four low areas because of its four slots. In the case of Type 2, it
has relatively uniform AMF flux density distributions across
the entire contact surface within the range of the contour legend.
Figure 5 shows the AMF flux density distributions of residual
AMF generated by eddy current at current zero. Both have the
peak areas at the center, each maximum value is 87mT and



125mT in accordance with Types 1 and 2, and it decreases
azimuthally along the radial direction. If a residual AMF is high,
it restricts the diffusion of residual plasma after the arc is
distinguished, and thus it makes a recovery of insulation
strength. Since it also leads to strong erosion at the contact
surface, lowering the residual AMF can be a way to improve
the performance of the VI with the AMF contact.

According to the experimental results by Schulman [14],
there is a critical AMF value that the diffused vacuum arc mode
turned to be the constricted arc mode. The critical AMF was
defined as follows:

B,,23.9(1,~a) [mT] (7)

Here, I, is a peak current (kA), a is a particular constant which
is applied commonly used empirical value (a=9). From the
above formula, the critical AMF B,,; is about 130mT. And thus,
the predicted results named the effective arc area (Af), where
the AMF strength is stronger than the critical value, are
depicted in Fig. 6. Ay is about 71.0 percent for Type 1 and
89.8 percent for Type 2. Although Type 1 has a large amount of
maximum AMEF values, in the case of Type 2, the mean AMF is
higher than that of Type 1. And also the AMF distributed more
uniformly in Type 2. As the A.g smaller, the vacuum arc should
be constricted with the appearance of the anode spots. In
general, the anode activity brings about several problems, e.g.,
deterioration of the contact features by erosion, degradation of
the dielectric strength, and thus the ability of interruption etc.
Therefore, it is necessary to maximize the A to avoid the
influence of the anode activities.

The AMF flux distributions on the intermediate plane of the
arc gap are depicted in Fig. 7 as a function of the phase angle. It
is shown that the curves have almost symmetrical shapes at two
current peak levels (I,=42.4kA at =0 and m). One can see a
hollow region at the top of the curves. It indicates an effect of
the eddy current from the configuration of the current paths.
From the AMF flux distributions, it can be seen that, although
the current is zero (Iy=0kA at §=n/2), there exists the residual
AMF which is generated by the eddy current. This residual
AMF prevents the residual plasma to disperse, and as a result,
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Figure 7 Transient AMF distributions on the intermediate plane
of the arc gap.

the dielectric recovery strength is reduced. Since the arc current
should be interrupted with the minimum damage to the contact
at the current zero instant, it is required to find out the proper
contact geometry for the reduction of the residual AMF.

From the relationship between the current and the magnetic
field, it is obtained the Joule heat generation from the magnetic
analysis. The Joule heat distributions on the contact surface are
displayed in Figs. 8 and 9. Since the Joule heat is induced by
the current flows, its contours follow the spread of current.
Both have the maximum values at the near the slots. In the case
of Type 1, a higher range of the Joule heat concentration
regions are revealed while Type 2 has relatively uniform
distributions throughout the surface.
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Figure 8 Joule heat distribution on the anode surface at I,,
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Figure 9 Joule heat distribution on the anode surface at I,



CONCLUSIONS

In this work, three-dimensional electro-magnetic analyses
were carried out with two different types of AMF contacts. In
order to validate the calculation method, two series of results on
the cup-type AMF contacts were compared with a commercial
package. AMF flux density values of two series simulations
were agreed well with the overall trends each other. From the
results of two different types of AMF electrodes, the maximum
B, was locally appeared with the respective number of the slots
on the contact surfaces. The residual B, can be observed at
current zero, which is caused by the eddy current effect, it
should be reduced because of its harmfulness as a cause of the
erosion of the electrode. The effective arc area (A.g) based on
the critical AMF value (B.;) was also compared. For the small
A.r, the anode spot should be activated which brings about
several problems. Consequently, it is required that AMF flux
density has not only higher value but also uniform distributions
throughout the contact surface. From the relationship between
the current and the magnetic field, the Joule heat generation
obtained by the electro-magnetic analysis. For the future work,
the obtained magnetic analysis data will be coupled with the
hydrodynamic governing equations as the input source terms of
the MHD multiphysics analysis.
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