Paper

Anode-fall Voltages of Air Arcs Between Electrodes of Copper,
Silver and Tungsten at Currents up to 1500 A '

Rei Hemmi”

Member
Yasunobu Yokomizu® Member
Toshiro Matsumura”™ Member

A method for estimating an anode-fall voltage of an arc discharge was developed. By using this method,
, the anode-fall voltages were evaluated for air arcs in atmosphere burning between the electrodes of copper,
silver and tungsten. The anode-fall voltages V, of air arcs proved to be about 1.2, 4.5 and 1.2V for the cop-
per, silver and tungsten electrodes respectively and were found to be almost independent of the ac half-wave
current from 350 up to 1500 Apeax. From the above results, the difference in the anode material seems to

lead to the variation in the anode-fall voltage.
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1. Introduction

Arc discharges, usually established between metal
electrodes, are widely used for industrial applications
such as circuit breakers and plasma torches. As is
known, the anode and cathode fall regions of an arc
form in the vicinity of the anode and cathode surfaces.
Anodic and cathodic phenomena of the arc, e.g. erosion
and temperature rise, seem to depend upon the amount
of energy injected into the anode and cathode surfaces.
This energy transport to the anode and cathode is gov-
erned by the voltage falls in the regions V. Therefore, it
is important to find out the anode-fall and cathode-fall
voltages. ’

Much effort has been spent on the measurement of
the voltage drops in the anode and cathode fall re-
gions W~®_ However, most of the measurements were
restricted to dc arcs at low currents below a few hun-
dred amperes. In addition, there were less reports on the
anode-fall voltage than those on the cathode-fall voltage.

From the viewpoint of the above, we have developed a
method for measuring the anode-fall V, and the cathode-
fall V, individually (”. This method was applied to an
air arc between silver electrodes to find out the anode-
fall and the cathode-fall voltages in a current range of
350 to 1200 Apcax . This method consists of three pro-

cedures as mentioned below. First, in the case of anode, -

the erosion mass M, of an anode and the cross-section
S, of an anode spot were measured for an ac arc burning
during half cycle. Secondly, the numerical calculations
of energy balance equations on the anode were executed
‘for different V, and S, to derive the dependence of M, on
V, and S,. Lastly, comparison between the both results
enables us to derive an anode-fall voltage.
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The above-mentioned method was applied to ac air
arcs in atmosphere with electrodes of copper, silver and
tungsten, used as the contact material in molded case
circuit breakers or electro-magnetic switches, to find out
the dependence of the anode-fall voltage on the anode
material. The measurements of the anode-fall voltages
for these materials were performed in a current range
from 350 to 1500 Apeax to discuss the influence of the
current on the anode-fall voltage.

2. Measurement of FErosion Mass and
Cross-section of Anode Spot

2.1 Experimental Setup Fig. 1 illustrates the
arc device and the current supply circuit. This arc de-
vice was installed in the atmosphere. In the arc device,
an anode and a cathode discs of 5 mm in diameter and
1.5mm in thickness were mounted. Copper, silver and
tungsten were adopted as the electrode materials. The
gap length between the electrodes was adjusted to be
5 mm. :

An ac current with a frequency of 50 Hz was supplied
from a 1600 pF capacitor bank through a 6.5 mH reac-
tor. Then an arc is ignited between electrodes by the
blowout of the very small-gage wire of 0.05mm in di-
ameter. For the electrodes of copper and tungsten the
copper wire was used, and for silver electrode the silver
wire was used. The peak value of the ac current was
adjusted in the range from 350 to 1500 A. An auxiliary
circuit breaker interrupted the ac current at the first
current zero point. Fig.2 indicates typical oscillograms
of the ac current with a peak value of 1500 A and the
corresponding arc voltage for an air arc between copper
electrodes.

2.2 Erosion Mass of Anode For the first step
of estimating the anode-fall voltage, we measured the
erosion mass M, of the anode. The difference in mass
of the anode between before and after the arc discharge
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Fig.2. Typical example of waveforms of arc

current and arc voltage for copper electrode

was regarded as the erosion mass M,. The resolution of
the balance used in the experiment is 0.0l mg.

The erosion mass was assumed to be the mass loss
caused only by the evaporation, since the scatter of lig-
uid metal from the anode was not observed in the ex-
periment. In addition, There were very few deposited
metal particles on the anode surface which was carried
from the cathode surface by the arc jet. This fact was
confirmed by the measurement of the erosion mass with
the combinations of “copper anode-silver cathode” and
“silver anode—copper cathode”, and by the fluorescent
X-ray analysis of the anode suface after the arc dis-
charge ®. Furthermore, the effect of the blowout of the
wire on the erosion mass can be neglected, as the mass
of wire to ignite an arc is less than 0.003mg even for
20mm in length.

For a given current, measurements of the erosion mass
were performed more than four times. A new anode and
a new cathode discs were mounted before every measure-
ment to set the electrodes in the same condition. Fig. 3
represents the measured erosion masses M, of the anode
for the copper, silver and tungsten electrodes as a func-
tion of the peak value of the arc current. As shown in
this figure, the erosion mass M, of the anode for the cop-
per electrodes increases from about 0.2 to 1.0mg with
a rise in the peak value of the arc current from 500 to
1500 A. Similar rises in the erosion mass M, were found
for the silver and tungsten electrodes. For the silver elec-
trode, the mass M, varies from 0.05 to 0.4 mg with an

_increase in the arc current from 350 to 1200 Ape,k. For
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Fig.3. Erosion mass of anode for copper, silver
and tungsten electrodes

Fig.4. Examples of copper anode surface after arc
discharge in atmosphere for current of 1500 Ageax
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Fig.5. Cross-section of anode spot for copper,

silver and tungsten electrodes

the tungsten electrode, M, is about 0.1 mg at the cur-
rent of 500 Apeax and reaches 0.5-0.9mg at 1400 Apcak.
In addition, no sputterd droplets caused by the arc dis-
charge were observed for all electrode materials in the
above current range.

2.3 Cross-section of Anode Spot In the next
phase, the cross-section S, of the anode spot was mea-
sured. After an arc discharge, the anode surface was
observed by a digital camera. Fig.4 shows a typi-
cal photograph of a copper anode surface after an arc
establishment for an ac current with a peak value of
1500 A. We regard the elliptic vestige of the ragged area
on the anode surface resulting from an arc discharge,
which is surrounded by the dashed line in Fig. 4, as the
anode spot, because of the short duration of arc dis-
charge and the motionlessness of the anode spot ob-
served by a high-speed video camera with a recording
rate of 13,500 frames/s. From the picture, the cross-
section S, was.evaluated by visual observation. In the
case of Fig. 4, the cross-section S, was measured to be
6.4mm?.

Similarly, the cross-sections of the anode spot were
measured for a given current ranging up to 1500 Apeak
and for the copper, silver and tungsten electordes.
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Figure 5 indicates the obtained cross-section S, as a
function of the peak value of the arc current. The
cross-section S, for the copper anode was found to be
about 2,mm2 at the current of 500 Apeax and reach about
6mm? at the current of 1500 Apeax With a rise in the
peak value of the current. For the silver anode, S, was
also extended from about 3 mm? to 14 mm? with an in-
crease in the arc current from 350 to 1200 Apeax. For the
tungsten anode, the cross-section S, was found to vary
from 4 to 11 mm? with a rise in the current from 500 to
1400 Apeax.

3. Calculation of Energy Balance Equa-
tions on Anode

Concerning the silver, the previous paper have re-
ported the method for determing the anode-fall voltage
from M, and S, ™. The anode-fall voltage V, for the
copper and tungsten electrodes were derived in the sim-

ilar way to that previously reported. The method will '

" be described in the present chapter.

3.1 Expression for Temperature Distribution
in Anode The temperature T" at the particular lo-
cations of the anode rises to the melting point Ty, or
up to the boiling point T}, of the anode material on
account of the arc discharge. Thus the energy balance
equations are given according to the temperature of the
anode.

(1) T < T In case that the temperature T' of
the anode is lower than the melting point of the anode
material, the heat conduction equation of the anode can
be expressed by

o or o oT 10 or
PCr et = s (7) o (“7"5)
where p is the density, C is the specific heat and  is
the thermal conductivity of the anode material. In this
‘equation, 7 is a radial coordinate from the central axis
of the anode and z is a coordinate along the central axis
of the anode respectively.

The boundary condition at the end surface of the an-

ode, on which an arc is established, is expressed by
—K %z = ja(Va + §b) - WlHevap_ eaT - (2>
2 z2=0
where Hevap is the heat of evaporation, € is the emis-
sivity of the anode material, o is the Stefan-Boltzmann
constant, j, is the current density of the anode spot and
¢ is the work function of the anode material @~ The
quantity V, is assumed to be independent of the instan-
taneous value of the arc current. On the right side in
this equation, the first, the second and the third terms
represent the energy input to the anode spot, the loss by
evaporation and the loss by radiation respectively ¢ (2,
The variable W7y is the evaporation rate (the erosion
mags per unit time and per unit area) which can be
written in the following form ¢ )

. B
Wl - 10A—O.5 log T_T

where A and B are the constants and vary according to
the electrode materials. The rate W is very small and
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almost equal to zero when 7' is low, e.g. below melting
point.

On another end surface of the anode connected to the
current supply circuit, the temperature 7" is maintained
at 300K, i.e., the ambient air temperature T:

Tz, = Toos

where L, is the length of the anode.

For the boundary condition at the lateral surface of
the anode, the evaporation, the radiation and the natu-
ral convective heat transfer are taken into consideration.
The boundary condition is represented by

oT

— —

or = WIHevap+ EUT4+ h’(T_Too> - (5)

r=R,
where R,(= 2.50 x 1072 m) is the radius of the anode
and h is the heat transfer coefficient.

The boundary condition along the central axis of the
anode is expressed by

or

il B 6

or|,_o (©6)
(2) T = Thmen When the temperature T of the

anode equals the melting point of the anode metal, the
heat conduction of the anode is given by the following

expression:
oT orT
(”“E) T <a_) o (1)

where Wy is the meltrate per unit volume (the mass
of molten material per unit time per unit volume) and
Hyer is the heat of fusion. Accordingly, the term
WoHmew is the energy consumed only by the phase
change of metal melting on anode per unit volume and
per unit time.

For the boundary conditions at the end and side sur-
faces, Eqgs. (2), (4) and (5) are used on occasions that T
equals the melting temperature of the anode.

(3) Tmes < T < Thon In the case that the tem-
perature of the anode is higher than the melting point
and lower than the boiling point of the anode material,
Egs. (1)~(6) are used as the energy balance equations.

(4) T = Thou When the temperature T' of the
anode reaches the boiling point of the anode metal, the
heat conduction of the anode can be expressed as fol-

lows:
orT oT
(K/az>+ </€’I"—8—71>, (8)

where W3 is the erosion mass (the mass of vaporized
material) per unit time and per unit volume. From this
equation, the erosion mass by evaporation is determined.
The boundary condition at the end surface of the an-

ode for Eq. (8) is written by
oT

g 2T
0z |,_o

0

9 19
Oz

W2Hmelt = ; or

0

Oz

1o

WsHowp = ror

In this equation, the terms of the input to the anode
spot and the loss by radiation were taken into account



since the evaporation was considered in Eq. (8).

For the boundary condition at the side surface, the
following equation is used on occasions that 7" is equal
to the boiling point of the anode material:

oT

— —

=eoT* + W(T - T-).
or n eoT* + h( )

3.2 Current Density The current density j, in
Egs. (2) and (9) has the radial profile of a parabolic dis-
tribution . In our experiment, we provided a half cy-
cle of the sinusoidal current

i(t) = Ipeax sin(2m ft)

to the arc device. Thus, for the calculation of the energy
balance equations, j, is expressed as functions of radius
and time, as follows.

The cross-section of the anode spot is assumed to vary
proportionally with the instantaneous value of the arc
current 4(t), then the instantaneous cross-section s, (%)
of the anode spot can be represented by

85(t) = S, sin(27 ft),

where f is the frequency of the current, and the mea-
sured cross-section S, is regarded as that of the anode
spot at the peak current Ipeaic in the experiments de-
scribed in Chapter 2. When the anode spot is replaced
with the equivalent circle having the same cross-section,
the equivalent radius 7,(¢) can be given by

ra(t) \/Sﬁt) — \/Sa Sin(z'”ft)_ .......... (12)

T
Therefore the current density j, on the anode surface,
having a radial profile, at the time of ¢ can be written

in the following form:
2peatc || < r >2
_ S ra(t) ) -
3.3 Erosion Mass  For the surface and for the
internal space of the anode, W7 and W3 can be inte-

grated respectively. The erosion mass of the anode per
unit time M} is given by the following form:

ja(ra t) =

R, L,
M; = / Wi2nxrdr + 27rRa/ Widz
0 0

Lo pRa
o[
o Jo

Moreover, the time integral of the erosion mass M per
unit time enables us to obtain the erosion mass M, of
the anode as the following expression:

30x107%
- |
0

In this equation, we define the integral time from 0 to
30ms. As shown in Fig. 2, the conducting period of the
arc current ¢y is 10 ms. Therefore, the above integral
time is 20 ms longer than ¢,... Since the temperature of
the anode at the time of 30 ms seems much lower than
the temperature before current zero, it is assumed no
erosion of the anode is caused at the time of 30 ms.

M dt.

a

Table 1. Representative values of physical proper-
ties of anode material and related data

Material | Cu Ag W Ref.
Atomic mass M 63.55 107.87 183.85 %
Density p [kg/m?] 8920 10500 19350 *®
Specific heat (16) (17)
gfl [J/(ligK)(]i Refer to figure 6.
ermal conductivity
401 429 173 (R URAN
% [W/(m-K)]
Melting point Tmers [K] 1358 1235 3680 9
Boiling point Thou [K] 2855 2437 5936 9
Heat of fusion (20)
Hunte [kJ /ke] 206 102 190
Heat of evaporation (20)
Hovap [kJ/ke] 4815 2365 4348
Emissivity € 0.02 0.02 0.20 @Y
Work function ¢ [eV] 45 4.3 4.5 @2
A (in equation (3)) 9.30 9.17 10.3 @20
B (in equation (3)) 16457 13582 40611 ¢ 9
Heat transfer coeffi- Refer to fi 7 e
cient h [W/(m?-K)] eler 1o figure 1.
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Fig.7. Heat transfer coefficient of natural convec-
tion for vertical rod of diameter 5mm and length
50 mm in atmosphere as a function of temperature

3.4 Result of Calculation Table 1 and Figs. 6
and 7 show the representative values of physical prop-
erties of the anode materials used for the numerical
calculation of the energy balance equations. In this
table, thermal conductivity x is regarded as constant
value since temperature variations in thermal conductiv-
ity of pure copper and silver are very small for medium
and high temperatures *®. For the tungsten, thermal
conductivity s is set to become gradually lower from
180 W/(m-K) at 300K to 92W/(m-K) at 3000K and
to 80 W/(m-K) at 5936 K @ 9. We numerically solved
the above Egs. (1)~(10), (12)~(15) for temporary values
of V, and S, for a given value of the current.

Figure 8 shows typical examples of the time varia- |

. tions in (a) the given arc current, (b) the temperature
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at the center of the anode surface and (c) the erosion
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Fig.8. Time variations in arc current, temper-

ature of copper anode surface and erosion mass
of copper anode per unit time for ac current of

1500 Apeax, cross-section S, of 7.0mm? and an-
ode-fall voltage V, of 1.0V

mass of the anode per unit time for the copper anode.
These waveforms were obtained on the conditions of an
ac current of 1500 Apear with a frequency of 50 Hz, Sa
of 7.0mm? and V; of 1.0V.

With a rise in the arc current ¢, the temperature 7' of
anode surface is increasing. The anode metal starts to be
eroded at the time £ = 3.0 ms, i = 1200 A and T'= 2500 K.
The temperature T' reaches Ti,o; at the time of 4.5 ms.
The erosion of the anode is observed until the current
zero point, during T'=Tyei. Subsequently, the anode
temperature begins to drop drastically at the time of
the current zero, and no erosion is found after the cur-
rent zero point.

In the case of Fig. 8, M, was calculated to be 0.62mg
from M shown in Fig. 8 using Eq. (15).

In the same way, the numerical analyses were carried
out in order to derive the erosion mass of the copper
anode M, for various pairs of anode-fall voltages V, and
cross sectional areas S,. The solid lines shown in Fig. 4.1
indicate the derived M, for an arc current of 1500 Ayeak.
The use of this figure enables us to estimate the anode-
fall voltage V, as explained in next section.

4. Anode-fall Voltage of Air Arc in
Atmosphere

4,1 Estimation of Anode-fall Voltage  Asde-
scribed in Chapter 2, the erosion mass M, of the anode
and the cross sectional area S, of the anode spot were
measured. On the condition of the arc current with a
peak value of 1500 A, a filled circle marked with “A” is
plotted in Fig.4.1 at the position corresponding to the
measured M, of 0.93mg and S, of 6.4mm?. The posi-
tional relation between the plotted datum “A” and the
theoretical curves enables us to estimate the anode-fall
voltage at approximately 1.1V for the air arc between
copper electrodes.

%5
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4.2 Anode-fall Voltage at Currrents Up to
1500 A Similar procedures were made to derive the-
oretical curves of the erosion mass M, as functions of
the cross-section S, and the anode-fall V, for different
peak values of the current in the range of 500 to 1500 A.
Figure 4.1 shows the derived anode-fall V, as a function
of the peak value of the arc current. As seen in this
figure, the anode-fall voltage V, of an air arc between
copper electrodes is found to be about 1.2V and almost
independent of the arc current in the above range.

In the same way, V, for the silver and tungsten elec-
trodes were determined. In Fig. 4.1, the anode-fall volt-
ages of air arcs in atmosphere for the silver and tung-
sten electrodes are also represented as a function of the
peak value of the arc current in addition to the copper
electrode. From this figure, the following features are
pointed out.

(1) For the silver, the deduced anode-fall voltage
is found to be almost constant in a wide range from
350 Apeak up to 1200 Apeax. The voltage V;, for the tung-
sten electrode also prove to have the independency of
the arc current ranging up to 1400 Apesx as found for
the copper.

(2) For the silver electrode, the averaged anode-fall
voltage V, is estimated to be 4.5V, which is 3.3 V higher
than that for the copper electrode.

(3) The averaged anode-fall voltage V, for the tung-

_ sten electrode is derived to be about 1.2 V. This voltage
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is as almost high as that for the copper electrode and
3.3V lower than the averaged V, for the silver electrode.



(4) From the above results, it is also found that the
difference in the anode material may vary the anode-fall
voltage.

(5) With reference to other reserch reports, for cop-
per electrode, the voltage V, of argon arc was obtained
to be about 5V for de¢ current of 10 A by Dickson and
Engel @, which is 3.8 V higher than that derived by our
method. For tungsten electrode, Ando @ proved the
anode-fall V, of dc argon arc to be about 3.1V in the
current range from 30 to 100 A. This voltage is 1.9V
larger than that estimated by our method, however the
similar independency of the arc current was found.

(6) As written in Section 3.1, it was assumed that
the voltage V, is independent of the time variation in
the arc current ¢ during the conducting period. The ob-
tained anode-fall voltage V, in this section has almost
constant value for various peak values of the current
ranging up to 1500 A for the copper, silver and tungsten.
Therefore, the self-contradiction did not appear between
© the assumption and the result of the measurment. In
addition, the independency of V, in the arc current was
.also found in the report % for various values of dc¢ cur-
rent. Thus, these facts indicates the assumption seemed
to be valid.

5. Conclusion

A method for estimating the anode-fall voltage of an
arc discharge was developed and the anode-fall voltages
of air arcs in atmosphere for the electrodes of copper,
silver and tungsten were measured in a current range up
to 1500 A by using the method. The obtained anode-fall
voltages for these materials proved to have the constant
value and to be almost independent of the arc current
in the range above. The anode-fall voltage V, for the
.copper electrode was found to be about 1.2 V which was
3.3V lower than that for the silver electrode and as high
as that for the tungsten electrode. Consequently, the
dissimilarity in the anode material seems to lead to the
variation in the anode-fall voltage V.

This work was partly supported by the Grant-in-Aid
for Scientific Research (B)(2)13555080 from the Ministry
of Education, Culture, Sports, Science and Technology,
Japan.
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