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Abstract. — This article investigates the thermal phenomena that are occurring in an electrode
submitted to an electric arc in air at atmospheric pressure. Our purpose is to get a better
understanding of the electrode erosion phenomena concerning vaporization or liquid droplets
ejection. For that we propose an original experimental device allowing the measurement of the
liquid and vapor quantities created under the arc root. The principle of this device is based on the
ejection of the liquid metal through centrifugal movement of the electrodes during the arc. Some
results are given relatively to Ag, Cn and AgSnO, cathodes and anodes. Then we present a
numerical modelling of the thermal phenomena induced in the electrode by the heat transferred
from the arc root. We propose a method to solve the difficulties related to this kind of -« free
boundary » problems induced by the fact that the electrode material may undergo various phase
changes. Finally we show how to use this numerical computation and the experimental results in
order to estimate the power density input at a copper anode.

Introduction,

The generation of an electric arc between electrodes remains a widespread means of
interrupting an alternative or direct current. In such a process, electrode materials are
submitted to the intense surface heating of the arc root that brings a huge power density to it
and causes subsequent erosion :

— by vaporization ;

— by liquid metal departure under the action of the different body or surface forces exerted
on the liquid pool ;

— by micro-explosions.

The aim of this study is to get a better understanding of the thermal phenomena occurring in
an electrode. Indeed, before apprehending the complex mechanisms that govern erosion, it is



1158 JOURNAL DE PHYSIQUE III N° 6

primordial to determine quantitatively the amount of vapor and liquid created under the arc
root. In a first part we’ll describe an experimental device that permits to measure them. In a
second part a 2D thermal model will be presented that allows to calculate these quantities. As
phase changes may occur we propose an original solution of the corresponding free boundary
problem.

An experimental set up permitting to evaluate the vapor and liquid quantities created by an arc.

DESCRIPTION. — Figure 1 and figure 2 are respectively giving a mechanical and an electrical
schemes of the experimental device.

Two electrodes (D are fixed, a distance d apart, in a cylindrical vessel Q) along a radial
direction. This vessel is made of a conducting cylinder and possesses a vertical shaft ), fixed
at its bottom and electrically insulated from it by means of a glass-epoxy piece @ . Ball-
bearings (3 allow this vessel to be rotated at an arbitrary angular frequency » up to
300 rad.s~! As we can see in figure 1, one of the two electrodes is fixed on the shaft, the other
one is fixed on the cylinder inner wall, and the arc current is brought to the electrodes trough
liquid Hg sliding electrical contacts @ . It is possible to show that the aerodynamic flow
conditions that get installed in the rotating cylinder are such that there is no velocity of the air
relatively to the electrodes. Moreover, it may be easily shown that the forces acting on the
charged particles present in the plasma are several order of magnitude greater than the
centrifugal force. We indeed could observe that the plasma was not disturbed even when the
vessel was rotated at the maximum frequency. For instance for a same arc current pulse
I(z), one obtains the same arc voltage drop V (¢) for w = 0 and @ = 300 rad.s !
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Fig. 1. — Scheme of the mechanical part of the experimental device.

The electrical power supply consists of three parts :

— amain circuit @ allows to feed the electrodes with a quasi half-sinusoidal current (with
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Fig. 2. — Scheme of the electrical part of the experimental setup.

a maximum intensity 7 ,, in the range of 100 to 3 000 amperes and a time duration in the range
of 1 to 20 milliseconds) ;
— an auxiliary circuit Q) allows to charge the storage capacitor bank up to 300 volts ;
— the last circuit (3 is a trigger circuit. Since a fixed gap of a few millimiters is kept
between electrodes, the arc has to be triggered with a high voltage pulse. One should note that
the secondary coil of the high voltage transformer must also be able to carry the arc current of a
few thousands amperes.

The operating cycle of the experience is controlled with a microcomputer : a great number of
successive arcs are necessary, in order to get a mass loss greater than the ordinary precision of
our balance (1073 g).

Principle of the experiment. — 1t is based on a very simple principle : the liquid metal created
by the arc on the surface of the «inner » electrode is submitted to a radial acceleration
vy = Rw? (R is the distance to the axis of rotation). When the corresponding centrifugal force
becomes sufficient, the whole liquid metal is ejected, and so, this experimental setup allows us
to get a direct measurement of the total liquid and vapor quantities by simply weighing the
electrodes after a given number of arcs. Moreover, we can assume that the mass transfer from
the outer electrode to the inner one is negligible due to the distance of 5 mm between electrodes
and to centrifugal force.

Results and interpretation.
COMPARISON OF ANODE AND CATHODE EROSION FOR VARIOUS CONTACT MATERIALS. — We
have compared the erosion between an anode and a cathode made of two kinds of materials :

-— pure silver or pure copper (OFHC) ;

— pseudo-alloys AgMeO (Ag with MeO grains dispersed inside) such as AgCdO or
AgSn0O,.

The various experimental conditions adopted to test these materials are the following :

— the gap between anode and cathode is kept constant and equal to 5 mm ;
— the arc current pulse delivered to the electrodes is semi-sinusoidal with the following
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characteristics :

t=5ms

=400 A ; Arc duration = 5 ms ; J I(t).dr=1.4C.
t=0

Imax

— It is important to specify that the experimental mass losses presented were always
measured for an electrode (anode or cathode) fixed in an « inner » position (see Fig. 3).
Indeed, the « outer » electrode may receive liquid metal droplets ejected from the « inner »
electrode surface, and then the measurement of the mass loss for the « outer » electrode would
not have any meaning.

The results, presented in figure 4, correspond to the mass loss per arc versus the acceleration
¥, for the arc current pulse given above.
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Fig. 3. — An illustration of the principle of the measurement of liquid quantities.
Fig. 4. — Comparison of erosion for different contact materials obtained with the experimental rotating

setup.

NB : The mass loss is averaged over 500 arcs. We must precise that these results present a
very small scattering and that they are independent of the total number of arcs, above a few
hundreds ones.

For pure metals such as Ag or Cu, one can note a great difference of the erosion rate for a
same material between the anode and the cathode. For Ag, the anode is nearly 250 times more
eroded than the cathode at the maximum value of y. This result, which is quite new, is very
surprising and shows clearly that there certainly exists a great discrepancy between the heat
flux characteristics, applied to the surface of the cathode relatively to the anode.

For the anode, we also observe a very clear saturation effect of the erosion rate above a
critical value y_ of the acceleration. This result confirms the fact that, above v, the whole
liquid metal leaves the surface of the electrode. Moreover, the numerical modelling, that will
be described in the next chapter, allowed us to verify that there exists only a little difference
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(30 % maximum) between the liquid quantities calculated with each one of the two following
assumptions :

i) the liquid does not leave at all the surface of the electrode (no ejection forces acting on the
pool) ;

ii) the liquid is expulsed from the surface as soon as created by the arc root.

This remark and the results of figure 4, permit to deduce that only a small proportion of the
melted zone is ejected when the electrodes are at rest.

Materials containing metallic oxides (AgSn0,, AgCdO, CuSnO,) present different erosion
characteristics : the erosion is quasi similar for both anode and cathode. It takes place at an
intermediate level between the anode and the cathode rates of a pure metal. We can also note
that the erosion rate versus y does not present a saturation effect as neat as the one shown by
pure metals. This may indicate that, for AgMeO or CuMeO, a certain quantity of the liquid
phase can remain on the electrode. In fact, the proportion of oxide (nearly 20 % in vol.) may
considerably increase the viscosity of the liquid and also improve its adhesion and wetting
properties at the solid-liquid interface. Such a problem is being studied at present time at
LGEP.

These results are primordial to help us to understand erosion mechanisms. If, for instance,
we consider the case of A.C. switching device electrodes which are alternatively anode or
cathode, results of figure 4 (for @ = 0) lead to the conclusion that for the arc current pulse used
in our experiment, pure Ag contacts will give rise to a similar or even lower erosion rate than
AgMeO ones. Of course, such an assertion does not take into account other parameters like
electrical contact resistance or static and dynamic welding properties of contacts. If now we do
the sum of the total mass loss for the anode and for the cathode as a function of
w, we may sce that the mass loss becomes greater for pure metals than for pseudo alloys as
o increases. Moreover, we have observed that the mass loss is essentially due to the ejection of
liquid metal. So the preceding remark may explain why AgMeO are more interesting than pure
metals for more severe arc current conditions (for which forces due to the arc itself : Marangoni
effect or Lorentz forces, will be able to eject a substantial quantity of liquid).

2D modelling of thermal processes occurring in an electrode.

DESCRIPTION OF THE MODEL. — It would be quite interesting to see whether the preceeding
measurements allow to access to a good order of magnitude of the power flux transferred by the
arc to the electrode. For that we have elaborated a thermal 2D computer code.

First of all we have to recall some results concerning the arc itself :

— a high speed 16 mm (5 000 fps) laser cinematography [1] showed that, in air at
atmospheric pressure, the cathodic arc root as well as the anodic one are working in a
concentrated single spot regime and have a circular shape ;

— due to the huge power flux present in the arc root (10° to 5 x 10'° W/m?), the
temperature of the material will increase and reach fusion and vaporization temperature. So,
this thermal flux transfer problem is a typical ablation problem that involves moving
boundaries.

Taking into account the above considerations, we have adopted the following assumptions
for the modelling of the thermal phenomena occurring in an electrode submitted to an electric
arc :

i) an axisymetric geometry (see Fig. 5) is used ;

ii) a given power density Q(r, ) enters the upper surface of the electrode at its center ;

iii) the electrodes are made of a pure metal for which we take into account the various phase
changes ;
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Fig. 5. — The model of arc heat transfer to an electrode adopted in the numerical simulation.

iv) the material is characterized by its constant density p (no thermal dilatation) and also by
its specific heat capacity C,(T) and its thermal conductivity £(T'), which will be taken both
dependent on the temperature T ;

v) the liquid metal created on the surface remains at rest (no thermoconvection) ;

vi) the choosen boundary conditions are :

— no heat flux on the lateral sides of the electrode ;
— T =T, fixed on the lower cross section of the electrode.

Mathematical formulation of the problem. — The unstationary equation of heat diffusion has
to be solved in the various phases (solid and liquid), after suppression of the terms of
thermoconvection and viscous dissipation. Moreover, heat balance equations across phase
boundaries (solid-liquid and liquid-vapor) have also to be taken into account.

Our approach consisted in the use of an enthalpy function H (T) permitting to replace this
complicated set of equations by a much simpler one that may be written :

p ifiai_T) — div (K(T).¥T) + S
S is a body source term (such as Joule Effect).

A piecewise linearization (see Fig. 6) allowed us to suppress the discontinuities of
H function for fusion or vaporization.

Such a method has already been described by several authors [2]. It permits to avoid taking
into account the location of phase change boundaries at each time step of the calculation of the
temperature field T'(r, z, ). These boundaries may be determined only after the calculation of
T has been achieved. It is, of course, necessary to verify that the result does not depend on the
temperature interval T, — T (see Fig. 6).
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Fig. 6. — Linearization of the enthalpy function H(T).

The problem of ablation. — As soon as vaporization occurs, the surface on which the heat flux
is applied does not remain the same. In order to solve the numerical difficulties related to this
particular moving boundary, we propose an original method that consists in replacing the
vaporized zone with a fictitious one (see Fig. 7) that shall be governed by the following
equation : d*7/dz? = 0 and in applying a fictitious power flux Q,(r, ) on the upper surface of
the grid. The physical imposed power flux that we wish to apply on the liquid-vapor interface is
Q(s, t), where s is the curvilinear coordinate. So, as soon as vaporization occurs, a correction
has to be made (at each time step) in order to determine Q,(r, ¢) allowing to ensure the desired
value of Q(s, t).

The Kirchhoff transformation. — It is important to note that, for metals like Ag or Cu, the
conductivity in the liquid is very different from that in the solid state.
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Fig. 7. — Modelling of vapor ablation.
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The well-known Kirchhoff transformation [3] allows, by a simple coordinate change to take
these variations of thermal conductivity into account.

Numerical treatment of the equations. — We used a finite difference method and the equations
were numerized by using an implicit scheme of discretization. Then a linear system of
equations was obtained and solved with a SOR (Successive Over Relaxation) type algorithm.

The validation of this computer code was made with analytical or numerical results issued
from literature.

Now, we shall present the influence of the power density distribution Q (s, #) on the liquid or
vapor quantities. For that, a fixed power P and two uniform power densities @, and
Q, were considered. In figures 8a and 8b, we give for a 8 mm diameter copper electrode, the
calculation results in two cases :

P =5000W and O =2 x 10° W/m?, the isotherms being given at time 7 = 1.5 ms.

P =5000W and Q = 2 x 10'' W/m?, the isotherms being given at a much shorter time
t =40 us.

NB : In the graphs presented in figures 8a and 8b, the heat source is applied at the lower left
hand corner (points 1 to 20).

We note that in the first case, for a stagnation time of 1.5 ms no metal has been vaporized,
whereas in the second case, a rather deep and narrow hole has been made after a much smaller
stagnation time.

Those examples of calculation show very clearly the influence that the power density may
have on phase changes.
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Fig. 8. — a) Isotherms at time ¢ = 1.5ms for P = 5000 W, Q, =2 x 10° W/m? Material is pure
copper. b) Isotherms at time ¢ = 40 ms for P = 5000 W, Q, = 2 x 10" W/m’. Material is pure copper.
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That thermal computer code is a very useful tool that we may use for the determination of the
evolution of fusion and vaporization boundaries as a function of time. We also think that, by
comparing the preceding experimental measurements of the liquid quantity to the calculation
results (with various values of the arc current intensity / (¢ ) or of the electrode radius), it will be
possible to determine Q (s, ). For such a purpose, a few hypothesis have to be made on the
form of Q(s, 1). At the present time a study has been undertaken at LGEP that will take into
account the physical phenomena in anodic or cathodic arc roots.

Determination of the characteristics of the power flux applied on a copper anode.

We have seen that our experimental device allowed us to determine the quantity of liquid and
vapor created by the arc on an electrode. This has been done for a given current pulse having a
quasi semi-sinusoidal form : [ (¢) = I, sin (7t/T) for 0 <t <T and I () =0 for t <0 or
t = T. For T equal to 5 milliseconds and /,, ranging from 400 to 1 200 A, we measured the
mass loss per arc versus I, for a 8 mm diameter copper anode at the maximum value of
w.

In a first time we have tried to see whether a very simple expression for Q (s, t) allowed us to
approach the experimental results. For that we supposed that the heating of the anode was only
due to the incident electron flux as it was explained in [4]. Then if we take a constant and
uniform current density J,, Q(s, ) has got the following form :

QG@G,t)=Jy.V for O=ss=<a= JI@)YnJ,

QO(s,t) =0 elsewhere .

The voltage V is connected to the anodic voltage fall V, by the relation V = V, — W/g in
which W; is the Fermi level in eV of the considered metal and g the electronic charge.
a is the radius of the anodic root and 7/ (¢) the arc current intensity.

Our thermal model allowed us to calculate the liquid and vapor quantities for various values
of J, and V, (copper anode). The results are presented in figure 9 for a fixed value
Jo and different values of V between 2 and 10 volts. The value J, = 2 x 108 A/m? does not
result from a random choice. It is issued from previous current density measurements made
with a force measurement device [5]. For such a value of the anodic current density, we can
note (see Fig. 9) that the ablation mode choosen for the calculations (a) the liquid does not
leave at all the surface of the electrode, or b) the liquid is expulsed as soon as created by the arc
root) has little influence on the total amount of liquid + vapor.

In figure 9 we have also presented the experimental erosion curve. We immediatly may
remark that an expression for Q (s, t); as simple as the one proposed above allows to get the
value of V, that is necessary to obtain the same total quantity of liquid and vapor as the one
obtained for a copper anode with the experimental rotating device.

Conclusion of the study.

An original experimental setup allowed us to reach, for the first time, a good evaluation of the
total liquid and vapor quantities created by an arc on an electrode.

The achievement of a bidimensional numerical thermal modelisation permitted us to
calculate the time evolution of the fusion and vaporization boundaries for a pure metal
electrode submitted to a power density Q (s, ¢) and, thus, to evaluate the quantities of liquid
and vapor created.

The comparison of experimental results and of calculation results allows then to reach a
good approximation of the power flux impinging the anode or the cathode. At present, further
studies have been undertaken in order to obtain a better characterization of these power fluxes.
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Fig. 9. — Total quantity of liquid and vapor created on a copper anode for a semi-sinusoidal arc current
pulse of maximal intensity 7,,.
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