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Abstract. The model of arc evolution and instability based on the dynamics of the arc root is presented
in this paper. We show that heating of a cathode material and the ejection of metallic vapors from
the cathode to plasma increases arc resistivity and entails arc instability at certain critical current. As
a special case, we consider phenomenon of the arc-to glow transition in low current inductive electrical

circuits due to arc instability.
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1 Introduction

The problem of arc erosion in opening electrical contacts is very important for the endurance
and reliability of various relays, circuit breakers, plasma generators, and many other electrical
apparatuses. The dynamics of contact opening can be divided into several stages. The first
one (0 < t < t,) is the pre-arcing stage, which includes the start of the contact separation
and subsequent liquid metallic bridge with the length [, rupturing at the boiling voltage U,
(Fig.1). Then the arc ignites and does not move instantly away, but remains immobile at the
contacts for a certain time ¢, < ¢t < t; during which voltage rises up to the value U;. The
time ¢; — ¢, is determined as the initial immobility time of the arc [1], or as the arc immobility
period [2], or as the time of the reduced arc motion [3|. The next stage ¢; < t < t, of the arc
root motion from the center to the edge of the contact surface is called the edge immobility
time of the arc [1] or the arc running time [2, 3]. This stage is characterized by more rapid
increase of the arc voltage. It was found [4, 5, 6] that a critical contact gap I; is required for
the beginning of the arc root motion along the contact surface.
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Fig.1 Stages of contact opening

Erosion of electrical contacts depends mainly on the time of the initial immobility time
when the temperature on the contact spot rises rapidly up to the boiling point. The mechanism
of the arc root motion is very complicated and there is no universally recognized model
until now which could explain it in the general case. Arc immobility is discussed in many
publications at a variety of conditions such as supplied current and voltage [3], [7], properties
of a contact material [1], [3], 7], [8] circuit parameters [8|, the opening velocity [1], [2],
[8], the gas pressure [1] and an external magnetic field [1]. Authors tried to ascertain the
outcomes of varying each parameter separately. However, the modern concept leads to the
conclusion about the interdependence of all parameters; therefore, a general model describing
the mechanism of arc root stagnation and further motion should take it into account.

The first part of this paper is an attempt to develop such a model in the range of low
current based on the general idea that in any case the arc root leaves its spot on the contact
surface and starts to move. The cause is the reduction of arc electrical conductivity due to
the increase of the contact gap, the decrease of the arc temperature and evaporation rate,
and insufficiency of the ionized metallic vapor to support subsequent arc burning. It is more
suitable for the arc to shift to a new place (as a rule to the rim of the arc spot) where conditions
for arc burning are more suitable and the power loss is minimal. Such typical arc instability
can be observed in oscillograms. The result of this instability is the arc motion across the
contact surface, then along runners into splitter plates with subsequent extinction. However,
for some contact materials at certain circuit parameters (low current and high inductance) this
instability may lead to the transformation of the arc to the glow discharge. This phenomenon
is considered in the second part of this paper.

2 The model of the arc erosion

In the range of low current, the magnetic force acting on the arc root can be neglected;
therefore, evaporation is the main factor responsible for arc erosion. At the initial stage of

KAZAKH MATHEMATICAL JOURNAL, 24:1 (2024) 14-25



16 Stanislav N. Kharin, Yuriy R. Shpadi

arcing, metallic vapor moves toward the arc column and, being ionized, increases the arc
electrical conductivity. In spite of the fact that the distance between contacts increases at
contact separation, the arc temperature rises and the rate of evaporation can sustain arc
burning. E. Belbel [6] presented a model with ionized vapor jets for interpretation of arc
erosion in the range of high current. It can explain qualitatively that the arc root is not
able to move in a transverse magnetic field until the contact gap reaches a critical value, at
which the arc voltage and resistance rise rapidly and the arc root shifts to a new location
where the conditions for electrical conductivity are more convenient. Unfortunately, this
model cannot be used for mathematical calculation, especially in the range of low current
where vapor jets and the magnetic field should be neglected. To estimate the dynamics of
the arc erosion we should develop a mathematical model describing the dynamics of the arc
and contact temperatures, heat fluxes inside electrodes, evaporation and vapor density. This
model is shown in Fig. 2. The arc occupying the region Dy : 0 < r < ry(t) interacts with
the contact surface z = 0, and causes heating of electrodes. This interaction results in phase
transformations of the contact material and formation of the three zones: the vapor zone Dy,
the liquid zone D; and the solid zone D».
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Fig.2 Interaction between arc and contact surface: arc region D 4, evaporated zone Dy,
molten zone D7 and solid zone Dy

The temperature field T;(r, z,t) inside the electrical contacts can be described in the
axisymmetric model by the heat equation

T;
ci'yiaat = div(\; gradT;), i=1,2, (1)

where ¢;, i, A\; are the heat capacity, the density and heat conductivity, the index ¢ = 1
corresponds to the liquid zone

Di(om(r,t) < z < op(r,t), rm(t) <r <ry(t))
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and the index ¢ = 2 agrees to the solid zone
Dy(opm(r,t) < z < oo, mp(t)<r<oo

Here z = o, (7, t) and z = oy(r,t) are isothermal surfaces of melting and boiling, corre-
spondingly, 7, (r,t) and 74(r, t) are their radii on the contact surface z = 0.
The initial condition for the solid zone

To(r,z,0) = f(r,z), 0<r<oo, 0<z<oo (2)

can be obtained by the solution of the heat equation on the stage preceding the melting at
the time when the temperature at the origin » = 0, z = 0 reaches the melting value. The
liquid zone at the initial time collapses into the origin where the temperature is equal to the
melting value. The boundary condition on the contact plane is

T
_)\1&

0z (3)

P(r,t), 0<r<ry(t)
2=0 - { 0, r>r4t)
where P(r,t) is the arc heat flux and r4(t) is the arc radius. At infinity
Toly242 = 0. (4)
On the interfaces of melting and evaporation, we have

Tl(T7 Um(ra t)’t) = TQ(n Um(T7 t),t) = va (5)

Tl(T‘, Ub(T’, t),t) = Tb. (6)

Finally, on these interfaces the Stefan conditions should be written

o1y 0Ty 0o, (ra t)
- =2 52 + Loy 22l (7)
dz z=0m (1) dz z=0m(r,t) ot
6T1 aO'b(T, t)
& ~L 8
' dz z=0op(r,t) s ot ( )

where L,, and L; are latent heats for melting and for vaporization correspondingly.
We suggest that the arc heat flux P(r,t) entering the electrode and the fluxes for phase
transformation

0o (1, t)
ot

80’1) (7", t)

Pm('r’ t) = Lmm ot

and Py(r,t) = Ly
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obey the normal Gauss’s radial distribution

2

P(r,t) = Pa(t) exp <_r£(t)> Py(r,t) = Py(t) exp <—r§t)>,

7“2
fzxnt>=:Pm@>aq)(—Ti@)) (9)

If Pa(t) is known, then the solution of this Stefan problem with two free boundaries

can be found using the method of majorant functions expounded in detail in [9], and the
expression for the contact temperature can be written in the form [10]

— Py(t1) = Pn(t0)]r (t1)
Tlrat) = Mﬁ/ mh+m% SV
Z2 7"2

X exp | — dty (10)

da2(t —t1)  13(t1) +4a2(t — 1)

In this expression a = \/A/C7, ra(t) is the radius of the arc root, Py(t) = 0 in the time
interval t,, < t < t, and P, (t) = 0 in the time interval 0 < ¢ < t,,, where t,, and ¢, are
the initial times of melting and boiling respectively. To find P4(t) we should complete the
mathematical model by the equation for the arc temperature T4 (t) averaged across its volume

V' in the following way:
dT'4

CVEL £ Q) = Qalt) (11)

where Q(t) = w4 (t)P(t) Q(t) = 7% (t)Pa(t) and also, by generalized Mayr and Cassie
equations for the arc electrical conductance and power balance on the anode and cathode
surfaces, which are described in the paper [11]. Then the geometry and the volume of the
evaporated zone Dy can be estimated using the values r,(¢) = 0 and z3(t) = 0, which can be
found from the equations

T(ry(t),0,t:) = Ty, T(0, 2(t), ;) = T, (12)

where T}, is the boiling temperature. After that we can calculate dynamics of the vapor density
in the arc column and electric conductivity using the method described in [12] and finally the
time of arc immobility, when the arc resistance rises rapidly.

This model can be simplified if we accept two assumptions:

1) r4(t) = mp(t), in other words, the arc root is based on the evaporating zone Dy (this
condition is used very often [12]); 2) The total power generated by arc Q(t) = I4(t)Ua(t) is
distributed in equal parts to the anode and to the cathode; this assumption is correct if the
arc length is not too long.
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In this case, putting in the expression (10) Pa(t) - 7r¥(t) = 0.5Q(t) = 0.514(t)UA(t),
z2=0,r=r4(t), T(ra(t),0,t) = T, we obtain the integral equation for the arc radius r4(t)

__a t Ta(t)Ua(ty) 5 (t)
Tb_2M3/20/ ) + a0 P B ey

3 Results of calculation

Experiments have been carried out for AgC'dO contacts in air at atmosphere pressure and
for Ni contacts in a chamber at varied pressure. The values of measured parameters for both
contact materials are given in the Tables 1 and 2.

Table 1: Ranges of measured parameters

Parameters AgCdO Ni

Supplied voltage U, V' 20 — 100 48-250
Initial current I, A 0.8 -2.0 0.5-3.0
Load resistance R, ) 20-100 70-220

Load inductance L, mH 100-340 | 800 — 2300
Circuit capacitance C,nE | 0.2 — 9.0 -
Wires resistance Ry, mS) 20-100 -
Wires inductance Ly, mH 2-5 -
Opening velocity V,m/s 0.05-0.75 | 0.2-0.3
Pressure P, 10°Pa 1.0 0.1-1.0

Table 2: Initial conditions for the arc

Parameters AgCdO | Ni
Current Iy, A 1.6 1

Voltage Uy, V 14 15
Number density of metallic vapours ng, 10>'m=> 2.7 0.2
Contact gap, um 8 0.03
Electric field, 10°V/m 1.6 95
Arc radius, um 45 15
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Electrical circuit diagram of the test rig is presented in Fig. 3.

— ] mn_z
W) I
L

R

=C

Fig.3 Electrical circuit

The special program has been elaborated to provide the computer-controlled contact
separation. It enables synchronization of the motion of both contact pieces with the same
acceleration at the beginning of the operation and to delay their separation up to the time
required for overcoming the initial inertia and the separation with constant velocity. The
results of the calculation for AgCdO are presented in Fig. 4-—7.
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Fig.4 Dynamics of the arc temperature
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Fig.5 Arc power Q4(t) and power passing through arc root Q(t)
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The arc temperature in Fig.4 rises up to the value Ty = 6520K at t; = 7.2ms, that
corresponds the contact gap I; = 0.72mm. Then it decreases and at the time t, = 20.25ms
approaches the minimum value of gas ionization. It can be explained by the dynamics of the

power components in the equation (4) which are presented in Fig. 5. If t < t;, then dd% >0

and Q4 (t) > Q(t), i.e. the contact is heating. If ¢ > t;, then % < 0and Qa(t) < Q(t), i.e.
the contact is cooling.

The dynamics of the arc root radius calculated according to the integral equation (6) and
the contact resistance are shown in Fig. 6 and in Fig. 7.
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Fig.6 Dynamics of the arc root radius
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Fig.7 Dynamics of the arc resistance

One can see that just after ¢ = ¢; the radius continues to rise for some time due to
the thermal inertia; however, then its motion becomes slower and goes down due to the
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solidification of the molten pool at ¢t = ¢,.. The arc resistance increases rapidly from the time
of the arc root immobility ¢t = ¢; to the arc running time ¢ = ¢,.. The critical distance for the
arc immobility is [ = 0.72mm, this is in good agreement with other experimental data [1], [3],
[7]. Similar results are obtained for Ni. However, the time of the arc immobility in this case
is considerably greater.

Our analysis shows that the main role played here is the thermo-physical properties of
the contact material. In particular, the pre-arcing stage and the length of the ruptured bridge
are very important for the critical distance of the arc immobility [;, which is the sum of the
initial contact gap after bridging [, and the contact path after the arc ignition I, : l; = lp + {,.
Since I, for Ni is less than for AgCdO, the value [, should be greater to get the required
critical distance [;.

4 Arc-to-glow transition

It was mentioned above that sometimes just after the stage of the arc running, the arc-to-
glow transition may occur rather than the arc extinction. This phenomenon was described in
detail in [13|. It was found that such transition appears in low current inductive circuits and
is accompanied by a step of spasmodic voltage increase and current decrease with duration
1077 —107%s. (Fig. 8).
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300 0,13
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Fig.8 Transition voltage and current. AgCdO contacts, I.. = 0.22A,
dashed — calculation, solid — experiment

At certain conditions, the arc stage duration becomes much smaller than the glow stage
duration. The problem is to find a criterion and an optimal choice of the interdependent
parameters (material properties, current, voltage, resistance, inductance, pressure, opening
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velocity, etc.) providing arc instability and controlled arc-to-glow transformation. Such infor-
mation is very important because new resources for the diminution of failure and for enhance-
ment of time life and reliability of electrical contacts may be found due to the reduction of the
arc duration at the expense of enlarging the glow duration, which burns practically without
erosion. The conditions of the arc instability from the electrical point of view in terms of
circuit parameters can be written in the form [13] (See Table 1 and Fig. 3)

R 1 1
-4+ —-—-<0 14
L + CRy T ’ (14)
R
— —1<0, 15
- (15)
R 1 1 1 R 1 R 1 R
— - = — - - ——1) <0 16
(L T CRa T) (LC’ T IR, T 7CRA LC> 7IC (RA > - (16)
where 7 = %, V4 is arc volume, T4 is arc temperature, P4 is arc power, C4 is heat

capacity of the arc, then the probability of an arc discharge transition to a glow discharge
increases significantly.

The model of the arc root immobility described above enables us to interpret the phe-
nomenon of the arc-to-glow transition from the thermophysical point of view. The decrease
of the arc conductivity and increase of the arc resistance depend essentially on the properties
of a metallic vapor. The time of the arc immobility and start of the running arc ¢t = t; relates
to the time of the transition from the heated arc to the cooled arc and can be found from the

equations
dTl’

dt

Dynamics of the arc resistance defines an occasion of the arc-to-glow transition which

occurs if the current at this time is greater than the minimal arc current. Thus, thermophysical

and electrical properties of the metal vapor in the arc should be taken into account to provide
the required transition with minimal time of the arc immobility.

=0 or P(t) = Palt). (17)

5 Conclusion

1. The arc root immobility is conditioned by the dynamics of the contact evaporation
and the arc resistivity, which depend on the vapor density in the arc.

2. The time and the critical contact distance of the arc root immobility can be found
from the conditions (10) defining the change of the direction of heat fluxes into the arc for
the opposite vector.

3. The axisymmetric model based on Stefan’s problem with two interfaces of phase
transformation enables finding the dynamics of arc power, temperature, radius, and resistance
required for the calculation of parameters of arc immobility.
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4. Dynamics of the arc immobility depends on the thermal and electrical properties of a
contact material which should be analyzed not only at arcing but at the pre-arcing stage as
well.

5. Arc-to-glow transition can be interpreted from the thermophysical point of view as
the arc instability due to inefficiency of the metallic vapor in the arc column. Conditions for
electric circuit parameters providing successful arc-to-glow transition should be complemented
by thermophysical analysis at arcing.
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Xapun C.H., Inazu 10.P. KOHTAKTI/II SPO3USI YJIIICI CTAHCAJIBIK EMEC
JTOFAJIBI JTAKTA

Jora TyOipiHiH AMHaAMUKACHIHA HETI3JEreH JIOFa BOJIONUSICH MEH TYPAKCBI3JIBIK MO-
Jesti ockl Karaza Oepiiaren. Karoarsl MaTepuasibl KbI3IbIPY KOHE METAJLT OyIap bl KaTOI-
TaH IJIa3Mara IIBIFaPBLIYDI JOFAJIbIK PE3UCTEHIINIHBI APTTHIPAIBI 2KoHe Oeriy 6ip ChIHT TOK
Ke3iHJIe JTOFaJIbIK TYPAKChI3JIbIKKA oKese . JloFaHblH TYPAKChI3IbIFB CAIIaPbIHAH TOMEH TOK
WHIYKTABTI 3JIEKTD Ti30eKTepiHe IT0orasibl-?KapKbIpayfra aybIiCy KYObLIBICHI €peKIle Karaail
peTiHe KapacThIPbLIaIbL.

Tyitin ce3aep: s1eKTp OallJIAHBICTAPHI, JIOFa IPO3USICHI, MATEMATUKAJIBIK MOJe/b, CTe-
dan mpobieMachl.

Xapuu C.H., HInaxu FO.P. MO EJIb KOHTAKTHON SPO31U I1PU HECTAIINO-
HAPHOM JIYT'OBOM IIATHE

B nmamnnoit pabore rpeacTapaeHa MOIEIb SBOIONUN 1 HECTaOMILHOCTH JyT'H, OCHOBaHHAS
Ha JWHAMHUKE JTyroBoro KaHasa. [lokazano, 9T0 HarpeB mMarepuaJsia KaTo/a U BHIOPOC IApPOB
MeTaJuIa C KaTo/la B IUIa3MY YBEJIMYUBAIOT Y/IEeJbHOE COIIPOTUBJIEHUE JIYTU U IPUBOAAT K HECTA-
OMJILHOCTHU YTH MPHU OIPEICIEHHOM KPUTUIECKOM TOKe. SIBJIeHUE Iepexo/ia yTHu B TJCIOIee
COCTOsIHIE B CJADOTOYHBIX WHAYKTHUBHBIX 9JIEKTPUIECKUX IEMIX N3-38 HeCTaOMIBLHOCTH JIyTH
paccMmaTrpuBaeTca KaK YaCTHBIN Cirydai.

KuiroueBbie ciioBa: 3/1eKTpUYIeCKHe KOHTAKTBI, AyTOBasl SPO3Us, MATEMATHIECKAS MO-
nesb, npobsema Credana.
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