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THE ARISING OF ELECTRIC DISCHARGE ARCS
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Abstract: From the viewpoint of electric arcs, electric contacts are systematized due to their mechanic and electric operations in this paper. During the
contact operation, drawn and discharging arcs or other discharging phenomena can occur depending on load currents. The difference between the
drawn arcs and the discharging arcs is also shown. Further on, the phenomenon of the arising of the discharging arcs from corona is discussed by
analyzing this phenomenon through the authors’ mathematical model. This model calculates an electron average kinetic energy obtained by its movement
along its mean free path in the non-homogeneous electric field between two spherical electrodes. The excitation energy of a gas molecule produced by
the electron impact is compared with the first ionization energy and with the dissociation energy of the gas molecule, and the carry-on electron kinetic
energy is determined. The displacement current is introduced into the model in the case of the alternating electric field, and its active and reactive
component are established due to a complex value of the relative permittivity of the gas. The active component of the displacement current is in the phase
with the electric field intensity, and causes the excitation energy in the gas molecules. Ranges of highly ionized, partly ionized and non-ionized molecules
are founded in the whole volume. At the end some conclusions are made by comparison of a breakdown voltage obtained by the mathematical model with
Paschen’s voltage and the measuring result of the discharging arc is also introduced.

Nastanek električnih razelektritvenih oblokov

Kjučne besede: razelektritveni oblok, korona, poljski tok, vzbujevalna energija, ionizacija plinov.

Izvleček: S stališča električnih oblokov so v tem članku električni kontakti sistematizirani glede na njihovo mehansko in elekrično delovanje. Med delovan-
jem kontakta lahko nastanejo potegnjeni in razelektritveni obloki ali druge oblike razelektritve, kar je v glavnem odvisno od bremenskega toka. Prikazana
je tudi razlika med potegnjenimi in razelektritvenimi obloki. Nadalje je obravnavan nastanek razelektritvenih oblokov iz korone z analiziranjem tega pojava s
pomočjo matematičnega modela avtorjev članka. Model izračunava povprečno kinetično energijo elektrona, ki jo doseže s preletom svoje srednje proste
poti v nehomogenem električnem polju med dvema kroglastima elektrodama. Vzbujevalna energija plinske molekule, ki jo povzroča sila trka elektrona, je
primerjana s prvo ionizacijsko energijo in z disociacijsko energijo plinske molekule, obenem je izračunana preostala energija elektrona, ki jo prenese na
naslednji trk. Za primer izmeničnega električnega polja je v modelu določen poljski tok in ugotovljeni sta njegova delovna in jalova komponenta glede na
kompleksno vrednost relativne dielektričnosti plina. Delovna komponenta je v fazi z električno poljsko jakostjo in povzroča vzbujevalno energijo v plinskih
molekulah. V prostoru so ugotovljena območja z visoko vsebnostjo ioniziranih molekul, z delno vsebnostjo ioniziranih molekul in območje brez ionizacije.
Na koncu so podani nekateri zaključki s pomočjo primerjave prebojne napetosti, dobljene z matematičnim modelom in Paschenovo napetostjo. Podan je
tudi rezultat meritve razelektritvenega obloka.
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1. Introduction

Dealing with electric arcs as phenomena occurring be-
tween electric contacts, we have to classify the electric
contacts according to their mechanic and electric opera-
tion. Due to the mechanic operation, the electric contacts
are axial switching contacts and sliding contacts. The axial
switching contacts have contact members that move in
perpendicular direction to contact surface when changing
their position. But, with the sliding contacts, their mem-
bers move along the contact surface that means the paral-
lel moving of both contact surfaces. Due to the electric
operation, the electric contacts are making, breaking and
holding or permanent. The making contacts establish the
electric connection between their members and electric
discharge mainly occurs due electric charged capacitance
in a circuitry and especially due to a bouncing phenome-
non of the making contact members when they close. This
paper is not going to deal with that kind of discharges. The
breaking electric contacts disconnect the electric circuit
and when the contact members are separating from each
other, a gap opens between them. In the gap between the
contact members, drawn and discharging arcs or other
discharging phenomena can occur. The holding or the

permanent contacts have contact members that are touch-
ing and the connection is not time-depended. While the
axial switching contacts, when holding, are steady, the slid-
ing contacts are either steady or slipping. The drawn arcs
can occur also with the sliding contacts, although they are
permanent, such as slip rings, because the microscopic
gap between the contact members varies due to the rough-
ness, contamination and damages of the surfaces of both
contact members /1/. This paper deals with the discharg-
ing arcs, which are stable or unstable since the drawn arcs
are discussed in other papers /1/, /2/. The difference
between the drawn arc and the discharging arc is in the
time-depended electric current flow through the medium
between the contact members when separated. The elec-
tric current flow is continuous with the drawn arc and de-
creases with its length. The medium is the ionized vapour
of the cathode and the anode materials. But, with the dis-
charging arc, the current between the separating contact
members instantly falls towards zero value, a transient volt-
age appears due to time derivative of the current, which
extends to a breakdown voltage value of the neighbouring
gas medium – Fig. 1.
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Fig. 1: The principle electric discharge UI
characteristics; the discharge current is relative
to the infimum arc current.

The medium is an existing gas in the surrounding space.
When the breakdown voltage of the gas is exceeded by
the transient voltage, the electric breakdown of the insu-
lating gas occurs, the electric current increases. What kind
of discharge follows, depends on the current through the
gas: the dark discharge, the glow discharge or the dis-
charging arc. The later one is either the stable or the un-
stable arc. Nevertheless, which arc occurs, it arises from
the ionized gas molecules. If there is no existing gas in the
surrounding space of the contacts, the discharging arc
begins by the ionization of the cathode material vapour.
This kind of arcs is vacuum arcs.

Therefore the mathematical model of a spark gap of two
spherical electrodes was developed to study the electric
field and the ionizing process in the gap. The spherical
electrodes were an approximation of the contact members
(rivets) with the gap between them when breaking an elec-
tric circuit load. The electric load was an inductance-ca-
pacitance parallel circuit with a resistance in the inductive
branch. The response of the circuit on the breaking ma-
noeuvre was the damped oscillation at the series resonance
of the circuit. This circuit represents an air coil in the most
simplified way.

2. The mathematical model of a spark
gap of two spherical electrodes

The mathematical model is based on two spherical elec-
trodes with the same radius r0 and separated by the dis-
tance dsur between their surfaces. An anode is positively
charged and a cathode has a negative charge by the same
absolute amount of charge. The cathode is earthed so that
there is a positive charge flow from the cathode to the earth.
Due to the mutual influence of the anode and the cathode
charges, the equivalent point charges of the anode and
the cathode lie in the eccentric positions in the relevant
spheres – Fig. 2. The mathematical model is solved in two
dimensional space because the electric field is rotary sym-

metrical. The eccentric positions of the equivalent point
charges are defined by eccentric radius recc as it is de-
fined in this paper and shown in Fig. 2, and further on, the
eccentric position of the cathode equivalent point charge
is the zero point of the coordinate system. A potential of
any point T(r,ϕ) = T(r,ra) in the space is an algebraic sum of
the partial potentials caused by the anode and the cathode
charges since the potential is scalar value. It is defined by
the following equation in the bi-radial coordinates /4/:

         (1)

Fig. 2: The geometrical drawing of the cathode, the
anode and the distances between them in r-ϕ
coordinate system.

Further on,

          (2)

since the cathode is earthed, its surface potential is de-
fined as zero:

         (3)

Between the anode and the cathode a certain voltage is
applied, therefore the anode-cathode voltage is introduced
instead of the anode and the cathode charges by using
Eq. (2) under the following condition:

                       (4)

Hence, the voltage of any point in the space is:

                 (5)
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kinetic energy and mass in Eq. (12), so that the molecule
velocity is:

       (13)

where the kinetic energy of the gas molecule is /6/:

       (14)

The mean free path of the electron up to collision with the
gas molecule is derived from /5/:

       (15)

where the quantity d is:

         (16)

The average kinetic energy of the electron travelling along
the mean free path is:

       (17)

because the electric field intensity and the mean free path
are co-linear vectors.

When the electron collided with the gas molecule, its ki-
netic energy is transferred to the molecule by impact as
excitation energy of the molecule:

         (18)

Following the direction of the cathode-anode gap towards
the centre of the gap, these phenomena can occur: the
ionization and the recombination of the gas molecules, the
dissociation of the gas molecules, and further on, simply
no effects on the gas molecules occur by their collision
with the electrons. From the gap centre towards the ano-
de these phenomena occur in reverse order. Which phe-
nomenon takes place, and which do not, depends on the
kinetic energy of the electrons, which means it depends
on the excitation energy of the molecule, as it is defined
by Eq. (18).

Due to the decreasing function of the electric field intensi-
ty depending on the radius in the range from the cathode
to the gap centre, it is established, that there are four pos-
sible kinds of collisions with respect to the excitation ener-
gy of the molecules along the path between the cathode
and the anode as follows:

1. Adjoining the ionization of the gas molecules, the in-
verse process also takes place. The probability of the
ionization is Pi = 50 % and the probability of the re-
combination is (1 - Pi) = 50 %. The excitation energy
of the molecule is:

             (19)

When this electron collides with the gas particle, there
are two possible reactions:
a. If the gas particle is the molecule, the ioniza-

tion of it takes place. The collision is partly ine-
lastic, and it consumes the ionization energy and
the additional electron is emitted from the mole-

The electric field intensity is:

               (6)

The radial component of the vector of the electric field in-
tensity is:

                (7)

and its angular component is:

               (8)

To establish the eccentric radius recc as it is defined in Fig.
2, the mathematic inversion on the sphere with the radius
of r0 (known as Kelvin’s transformation also) is used and
the following result is obtained:

         (9)

The shortest field line between the spherical electrodes of
the opposite charges is the shortest surface-to-surface
distance between the spheres. In this case the angle ϕ is
zero. The vector of electric field intensity has only radial
component since the angular component is zero. Hereaf-
ter the mathematical model deals with the electric field and
the phenomena associated with it in this particular direc-
tion. Therefore, the radial coordinate in this direction is
named as rx – radius in the x-direction. Hence the vector
of the electric field intensity between the cathode and the
anode is:

             (10)

where E(rx) is its absolute value:

              (11)

The average velocity of an electron is according to Eq. (8)
in literature /1/ as follows:

           (12)

According to the same equation the average velocity of an
air gas molecule (O2 or N2) is established by substitution
of the electron kinetic energy and mass by the molecule
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cule. After the collision, the average kinetic en-
ergy per electron of these two electrons, that is
of the one colliding and the one emitted, is:

       (20)

and it is carried on by each electron to the next
collision. After each of them has passed the next
mean free path it gets the additional kinetic ener-
gy defined by Eq. (17).

b. If the gas particle is the ion in the neighbourhood
of the cathode and the anode, the recombina-
tion occurs. The collision is totally inelastic, and
it consumes the whole kinetic energy of the elec-
tron. The excitation energy of the recombined
molecule is thermal energy and causes the mol-
ecule temperature rise above the ambient tem-
perature for the increment:

             (21)

So far the average temperature of the gas in the
neighbourhood of the cathode and the anode
rises and the temperature of the each electrode
increases too, when the molecules bump at it.
The parameter K=99.8% in Eq. (21) defines the
percentage of the excitation energy, conveyed
and conducted to the cathode and the anode,
and further on, to the ambient as a natural or a
forced cooling of both electrodes. Due to the tem-
perature increment of Eq. (21), the average ki-
netic energy of the gas molecules increases ac-
cording to Eq. (14), and so the average mole-
cule velocity does according to Eq. (13). The re-
calculation process is convergent.

2. With the increasing radius, the electric field intensity
decreases – Eq. (11), and the excitation energy of
the molecule also decreases to such extend that:

       (22)

In this case, the excitation energy of the gas mole-
cule causes the dissociation of the two-atom mole-
cule into two gas atoms. This collision is partly ine-
lastic and it consumes the dissociation energy. The
remaining kinetic energy of the colliding electron is
carried on by the same electron:

       (23)

and further on, it increases because the electron pass-
es the next mean free path before the next collision –
Eq. (17).

3. If the excitation energy of the molecule is lower than
the dissociation energy of the gas molecule:

            (24)

the colliding electron has no effect on the gas mole-
cule. The kinetic energy of the electron is carried on
to the next collision because the collision is elastic:

           (25)

The ionization-recombination collisions take place near
the cathode, the dissociation collisions are next to them

in the direction of increasing radius towards the gap centre
and further on, there are the no-effect collisions, and fol-
lows in the reverse order towards the anode.

Although there is a sequence of these phenomena, we
could not consider there are any pure ranges such as an
ionization-recombination range, a dissociation range and
a no-effect range. But very near to the each electrode there
is a highly ionized range because the electrons in this
range have very high kinetic energy and nearly every colli-
sion causes such excitation energy in the molecule that its
ionization occurs. Next to this range is a partly ionized
range up to the point where no ionization occurs. At this
point a non-ionized range begins and lies around the
gap centre – Fig. 3.

Fig. 3: The ranges of the arising discharge due to
switch off manoeuvre in the electric circuit in
Fig. 4 at the input-output quantities in Tab. 1 for
oxygen molecules as simulated by the model.

In the highly ionized range, the ionization-recombination
collisions take place mainly. In the partly ionized range,
both the ionization-recombination and the dissociation
collisions occur. Further on, in the non-ionized range, there
are no ionization collisions, but the dissociation collisions
and the no-effect collisions take action. This is the most
general situation in the cathode-anode gap and in this case
there is no electric breakdown through the cathode-an-
ode gap. If the non-ionized range is not present in this gap
along the shortest field line due to the high values of the
electric field intensity (caused by the high anode-cathode
voltage) and at least the partly ionized ranges come to-
gether from the cathode and the anode side, the electric
breakdown occurs and electric discharge takes action
through a stable or unstable arc, or as a glow discharge
with a self-maintaining current.

There were some simplifications made during this model-
ling process:

1. When deriving Eqs (12) and (13), the following rela-
tions were presumed:

       (26)
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2. The rest and the actual masses of the electron and
the gas molecule correspond to:

               (27)

3. The ionizations and the recombinations take place in
the same range that is in the highly ionized and in the
partly ionized range, which lies by the both electrodes.

Knowing the electric field intensity at the cathode surface
at ϕ = 0 and its temperature, the following conductive cur-
rent densities are calculated: the current density of the
field emission and the current density of the thermionic
emission. Both of them are the active current densities.

The current density of the field emission is calculated by
the Fowler - Nordheim equation /1/:

               (28)

Possible thin insulation of the cathode and the roughness
of the cathode surface effect the electric field intensity,
the work function and the effective electron mass /1/.
Therefore the following substitutions must be considered
in Eq. (28) to descride exploatation condition of the cath-
ode:

           (29)

but the values of these coefficients were presumed in the
model.

The current density of the thermionic emission is defined
according to /5/ as:

       (30)

The direct electric field was dealt with up to this point. If an
alternating electric field is applied, a displacement current
occurs, which has the following properties essential to
establish the mathematical model of electric discharge:

- The displacement current could be measured inside
the gas gap between the cathode and the anode.

- There are no current carriers (electrons and ions) in
the gap due to this phenomenon.

- There is no rise in electric field intensity due to this
phenomenon, so the field emission of the electrons
is unchanged.

- This current causes no heat dissipation on the cath-
ode surface, therefore there is no rise in tempera-
ture, and further on, there is no rise in the thermionic
emission of electrons due to this phenomenon.

- The active component of this current causes the ex-
citation of the two-atom gas molecules and further on
the ionization and the dissociation of these molecules.

- The reactive component of this current causes that
the electric energy is stored in the capacitance.

- Consequently to the ionization of the gas molecules,
the recombination of the gas ions occurs, the ther-
mal energy of the recombined gas molecules increas-
es, but this rise is the effect of the recombination proc-
ess, and not the effect of the displacement current.

The displacement current is defined in general by its den-
sity /4/ as:

           (31)

The displacement current is complex current density (rep-
resented by a phasor) through the capacitance between
the cathode and the anode. The relative permittivity  is
complex scalar quantity defined by its absolute value er

and by losses angle d as follows:

          (32)
Further on, the absolute value of the active displacement
current is:

      (33),

and it is the one that causes the excitation of the mole-
cules and the phasor of this current density is co-linear
with the phasor of the electric field intensity – Fig. 5, so as
the phasors of the field and the thermionic emission cur-
rent densities.

The reactive displacement current is capacitive current and
its absolute value is as follows:

       (34)

Therefore the absolute value of the apparent displacement
current density is:

            (35)

The damping sinusoidal anode-cathode voltage /7/, which
is the response of the circuit in Fig. 4 on the switch off
manoeuvre, is applied, and hereby the electric field inten-
sity has the same shape and frequency as the anode-cath-
ode voltage:

         (36)

A phase angle ζ due to UC(0) and IL(0) and a phase angle
ξ due to α and ω  are equal because the inductance and
the capacitance in Fig. 4 have no losses, otherwise the
angle ζ is smaller then the angle ξ.

The electric field intensity is according to Eq. (11) equal:

              (37)
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The time derivative of the anode-cathode voltage is:

           (38)

Using Eqs (32), (37) and (38) the phasor of the displace-
ment current density is obtained:

       (39)

and further on, its apparent value is:

             (40)

Hereafter the shorter format of the following functions is
used:

         (41)

Fig. 5: The principle phasor diagram at t = 0 and ϕ = 0;
not in the scale, because the angles are very
small: ζζζζζ = ξξξξξ = 0.0055 and δδδδδ = 0.00016 radians.

Because the active displacement current causes the exci-
tation of the molecule in the volume between the cathode
and the anode, the active displacement energy is the inte-
gral of the scalar product of the phasors of the active dis-
placement current and the electric field intensity through-

out the volume. Hence, the cosine function of the angle
between two phasors is applied, and it is equal to sine
function of the complementary angle. So the excitation
energy of one molecule in the volume, containing Nm gas
molecules, due to the displacement current density is:

             (42)

Supposing the electric field is homogeneous in the vol-
ume V, which contains Nm gas molecules. The displace-
ment energy in this volume is homogeneous also, which
means that its density is equal in the gas molecules them-
selves and in the hollow volume around them. The displace-
ment energy in the gas molecules causes the excitation of
the molecules, so this part of the displacement energy is
active. The displacement energy in the hollow volume is
reactive. To obtain the homogeneous electric field, the
smallest volume V = V(1) has to be taken, and this is such
one that contains only one gas molecule under the con-
stant thermodynamic conditions of the gas. Hence, this
volume must be the greatest one to be equally distributed
among all Nm gas molecules. Further on, the active dis-
placement energy of one molecule is defined under the
following condition Vm << V(1) by:

             (43)

Taking into account Eqs (17), (20), (23) and (25), the elec-
tron kinetic energy just before the collision with the gas
molecule is:

             (44)

This equation forms the calculation loop with Eq. (12), but
the mathematical process converges, and the result uni-
formly exists.

The mathematical model of the electric discharge in gases
has to take into account both, the kinetic energy of the
electrons and the energy of the displacement current. The
electron kinetic energy is partly transferred to the gas mol-
ecule by the electron impact, and causes the ionization or
the dissociation, discussed heretofore. In this case, the
ionization is considered as the impact ionization although
it is more probable that the ionization is done through the
excitation of the gas molecule on its higher energy level
/5/. The dissociation of the two-atom molecule just can-
not be carried out directly by the electron impact due to
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Fig. 4: The electric circuit switched off by the breaking
contact.
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the large difference of the electron mass and the dissoci-
ated atom mass – Eq. (27). The dissociation is completed
by the excitation energy of the two-atoms molecule due to
the impact energy when raised in such extend that the dis-
sociation energy level is achieved. This is the dissociation
due to the conductive current. The displacement current
energy also affects the gas molecules, and also causes
their ionization and their dissociation. Because it has no
carriers, the ionization and the dissociation are caused by
the excitation of the gas molecule with no impact, but only
due to the displacement current. All these processes: the
impact ionization, the dissociation due to the conductive
current, the ionization and the dissociation due to the dis-
placement current have the same mechanism of being
completed – the excitation of the molecule on its higher
energy level, and afterwards the accomplishment of the
process. Therefore the kinetic energy Eq. (44) and the
displacement energy Eq. (43) are summarized in the exci-
tation energy of the gas molecule, which is the active en-
ergy:

       (45)

This equation is in the calculation loop with Eq. (18) but
the calculation converges.

The excitation energy is calculated by Eq. (45), and the
minimal value of the excitation energy is graphically repre-
sented by the diagram in Fig. 6. The minimal value of the
excitation energy is the one without the carry-on kinetic
energy of the colliding electron. The gas used in this cal-
culation is oxygen. The highly ionized range begins close-
ly to the electrode and ends where the minimal value of
the excitation energy decrease under the value of the ion-
ization energy. The number of the ionized molecules is
constant due to the radius and its level is hundred percent
of molecules. This range comes out as corona. Closely to
it, the partly ionized range begins where the minimal value
of the excitation energy is lower than the ionization energy
and higher than the dissociation energy, but the carried-
on kinetic energy raises the excitation energy on a higher
energy level than the ionization energy. It ends where the
minimal value of the excitation energy decreases under
the dissociation energy because the carried-on kinetic
energy is not sufficient to raise the excitation energy on
the ionization energy level. The number of the ionized
molecules decreases to zero. The number of dissociated
two-atom molecules increases up to hundred percent lev-
el. In the non-ionized range, where the minimal value of
the excitation energy is under the value of the dissociation
energy and the carried-on kinetic energy raises the excita-
tion energy up to the dissociation energy level. The number
of the dissociated molecules decreases, but the number
of the unaffected molecules increases with the radius near
centre of the cathode-anode gap.

If the anode-cathode voltage increases, the non-ionized
range in Fig. 3 narrows, and the partly ionized range from
the cathode side touches the partly ionized range from the
anode side, and the ionized path between the electrodes
arises, the electric breakdown occurs and the electric dis-
charge arc takes place. Consequently the definition range
of the percentage of unaffected molecules, which is on
the abscise of the diagram in Fig. 6, limits to zero, and the
percentage of the ionized molecules is above zero through-
out the whole abscise range. This change in the mathe-
matic functions of the percentage of the ionized and of the
unaffected molecules means the establishment of the ion-
ized path between the electrodes.

Fig. 6: The minimal excitation energy of the oxygen
molecule versus the distance from surface of
the cathode to any point at ϕ = 0 towards the
anode, and the percentage of the oxygen
molecules density at the input-output quantities
in Tab. 1.

The simulation was carried out with the spherical cathode
and anode with the radii of 0.5 mm, and with the surface-
to-surface distance of 1 mm between them. The excita-
tion energy in comparison with the first ionization, and with
the dissociation energy of the oxygen molecule, and fur-
ther on, the density of the ionized, the dissociated and the
unaffected oxygen molecules are shown in Fig. 6. The in-
put and output quantities of the spark gap discharge mod-
el are numerically stated in Tab. 1.

When discussing the electrical breaking contact, its con-
tact members are the electrodes. The distance between
them increases from zero, when the breaking contact still
holds the closed position, up to the maximum value. In the
model, the distance of 1 mm is used because the Paschen
law minimum is being avoided. The Paschen law is de-
scribed by the family of functions of the breakdown volt-
age of the spark gap depending on the product of the gap
length and the gas pressure, but the functions differ by the
chemical composition of the gas medium in the gap. These
functions have minima: 450 V at 9.2 μm with oxygen, 251 V
at 8.8 μm with nitrogen, and 327 at 7.5 μm with air at the
same pressure 101.325 kPa in all three cases /8/. At the
distances lower than the ones of the minima, the break-
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down voltages are higher than minimal voltages, and with
the distances above, the breakdown voltage increases
nearly linearly; greater the distance is, more linear the func-
tion of the breakdown voltage is. Hence the cathode-an-
ode distance of 1 mm is used in modelling the spark gap
phenomena. The Paschen law is also explained by this
model: there is a cathode-anode distance at which the
majority of the electrons do not achieve enough kinetic
energy by moving along the electric field lines to ionize the
gas molecules by their impact; and when this cathode-an-
ode distance shortens, it is comparable with the mean free
path of the electron, and therefore there is a very small

number of impacts; further on the electric field intensity
has to be increased, and hence the anode-cathode volt-
age, to obtain such electron kinetic energy to excite the
gas molecules up to ionized state. The increased anode-
cathode voltage is needed with the cathode-anode dis-
tance decreased under the certain value, which defines
the minimum of Paschen’s voltage function. But, this phe-
nomenon is not incorporated in the model because it is no
need to be included with the spherical electrodes. The
electric field lines between two opposite charged spheri-
cal electrodes arise from the anode and sink at the cath-
ode, virtually as their eccentric points are charged. The
length of the electric field lines vary from the value of the
electrodes surface-to-surface distance to the infinite value
and depends on the angular coordinate ϕ, as it is defined
in Fig. 2.

Fig. 7: The formation of the ionized path at the very
narrow electrodes surface-to-surface distance.

If the electrodes surface-to-surface distance is too small
to establish the electric breakdown, the ionized path is
formed along the other longer electric field line – Fig. 7.
Hence, dealing with the spherical electrodes, the break-
down voltage and its corresponding path length are always
equal or greater then their respective values of the Paschen
voltage minimum.

3. The electric arc measurements

The measurement of the discharging arc was carried out,
when the air coil, represented by the equivalent electric
circuit of the conceptual concentrated electric elements
in Fig. 4, was switched off by the breaking contacts of sil-
ver. The infimum arc voltage of silver is 12 V and its infi-
mum arc current is 400 mA /9/. The load current was
60 mA, so the drawn arc was unable to be established
/1/. The discharging arc began at the instant of 2.4 ms as
shown in Figs 8 and 9 when the current dropped towards
zero as seen on the oscilogram in Fig. 9.

The time derivative of the current induced the overvoltage,
which caused the electric breakdown and the discharging
arc was ignited. The arc voltage was 270 V at the begin-
ning and 440 V at the end. Its duration was 2.4 ms.

Tab. 1: The input-output table of the spark gap
discharge model of oxygen and nitrogen
molecules at the same environmental
conditions; the variables of the functions are (r, ϕ, t).
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Fig. 9: The discharging arc current breaking the
inductive load represented by RLC circuit in Fig.
4 and Tab. 1 at the current scale 20 mA/div.
and at time scale 1 ms/div.

To compare the discharging arc with the drawn arc, the
latter one was measured too.

The electric contact under the measurement was the com-
mutator sliding contact with the brush of carbon and the
commutator bar of copper. In this combination, the car-
bon infimum arc voltage prevails over the copper one, but
the contrary is with the infimum arc current /1/. The infi-
mum arc voltage of carbon is 20 V and its infimum arc cur-
rent is 30 mA, and 13 V and 430 mA respectively for cop-
per /9/. The drawn arc ignited at the instant of 24 μs as
shown in Fig. 10. The arc voltage was around 20 V through-
out the arc duration, and the current was continuous at the
instant of ignition. The load was inductive since it was a dc
commutator motor. The sliding contact was moving from
holding to breaking operation during the arc, which is seen
at the end of the drawn arc as a slight overvoltage.

Fig. 8: The discharging arc voltage breaking the
inductive load represented by RLC circuit in Fig.
4 and Tab. 1 at the voltage scale 200 V/div. and
at time scale 1 ms/div.

The differences between the discharging and the drawn
arcs are clearly seen by the comparison of the oscilograms
and the data of both arcs including the contact material
properties concerning arcs.

4. Conclusions

Understanding the process of the discharging arc ignition
and of the drawn arc also /1/, the arc avoiding and the arc
extinguishing methods are established and same old meth-
ods are proved to be effective. Some of them are follow-
ing:

- avoiding the discharging arcs by electric contacts in
vacuum because there are no medium to be ionized;

- avoiding the discharging arcs and the drawn arcs also
by the wetted electric contacts, which enable wider
initial contacts gaps than solid contacts;

- avoiding the discharging and the drawn arcs by ca-
pacitance parallel to inductive loads to minimize the
displacement current and the peak value of the over-
voltage;

- avoiding the discharging and the drawn arcs by ca-
pacitance parallel to the electric contacts to bypass
the contact current;

- extinguishing the discharging and the drawn arcs by
the application of magnetic field perpendicular to the
electric field lines in the contact gap to lengthen the
path of the electron flow.

Fig. 10: The drawn arc voltage (upper diagram) and
current (lower diagram) of a sliding contact of
a commutator with an inductive load at the
voltage scale 20 V/div. and the current scale
0.5 A/div. and at time scale 20 μs/div.
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There is also the principle of avoiding the drawn arcs, which
works effectively just with this kind of arcs, and it is based
on the right selection of contact materials /1/, /2/.

5. Used symbols

The symbols used with complex scalars, phasors and vec-
tors of appropriate quantities:

The symbols used with quantities:
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