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The main problem is, that the value or change rate of arc resistance not
constant, but highly dependent on the arc quenching medium and the
construction of the circuit-breaker. Nowadays, knowledge of complicated
phenomena related to circuit-breaker arc permits exact, gquantitative
czlculations.

The physical phenomena and the data required for calculations are
mainly known for air-blast and sulphur hexafluoride-type circuit-breakers,
developed during the last decades.

In the case of oil circuit breaker, for the most part experimentally
developed earlier, enough knowledge and data for exact calculations are not
available,

Meanwhile some drawbacks of oil circuit breakers such as the restriking
phenomenon under interrupting capacitive load have been managed to
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eliminate. But the oil-circuit breakers have some advantageous features, for
example the low price, simplicity, low energy for operation, which are still
unique nowadays.

For their further improvement, it is therefore necessary to know and
calculate the physical processes.

1. General modelling of the electric arc

The substance of the known various dynamic arc-theories does not much
differ. The basic physical effects can be well followed according to the so-called
“cybernetic arc-model” [4], [5], [6]. The dynamic model of an arc extinguished
by gas flow is seen in Fig. 2. The electrical conductance G and the heat-content
O are related by the temperature profile of the arc.
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2. An arc-model for gas blast circuit-breakers

ey
73"
[ )
)

The rate of change of heat content is proportional to the differenc
>l 3

€

tween the input power ¢ -7 and the power loss P, However, the input power

depends not only on the network parameters, but i
3 o 1 Iy ‘i S 5 . .

S

Substituting the energy balance equation (1)into Eq. (2), a general form of the
dynamic arc-equation is obtained [1]:
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or in anocther form:
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where R,— arc resistance

dR, .

— — rate of change of K,
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1 .
=g — a parameter in time units and the so-called thermal arc
R P, time constant

suitable stationary arc with
Depending on the method of assigning a transient arcto a
various well-known arc equations arise. If P, has
equation is derived. In this case, the stationary arc-voltag
current is a hyperbola. Assuming that the transi
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if both the respective stationary and transient power losses, and currents are
equal (i=1,), Hochrainer’s arc-equation is obtained:

1 dR 1 u-z') 1( u
F—‘:——-—'——-——q::— 1- _ 1—-—__.
R, dt = U,-i T U,/

or written in the usual form:

dG G,—G
de = 1
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i .
where G, = T stationary arc conductance

G = — — transient arc conductance.

2]

he model in Fi
predominant in the
equilibrium,

Measuremenis showed, that the constants generally used in Eq. 4 {r and
P)) are in fact not constant, but are better defined as pammefers

These parameters are usually obtained from current and voltage
oscillograms by the relationships

2 and Eq. (4 are valid only if the thermal ionizaticn is
2re column and the arc is supposed io be in thermal
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To obtain the paramsters in latter case, derivative of is also
"P"‘x
needed

The arc control device of the ¢il circuit breaker is the so-called “seli-
extinguishing” type, that is, the efficiency of arc suppression depends upon the
value of breaking current, This advantageous characteristic exists essentially

1

s
because of a “feed-back mechanism” of the physical processes as it is shovm
Fig. 4. While in gas-blast circuit breakers, the velocity of the gas flow prwna"ﬂy
epends on outer effects (e.g. reservoire pressure), on the other hand in

[
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seliextinguishing type circuit breakers the generated gas volume highly
depends on the arc parameers. The power loss of arc generates gases and
vapours from the oil. Experience shows the volume of released gases and
vapours to be proportional to the arc energy.
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Fig. 4. An arc-model for oil circuit-breakers

he high pressure and ths cooling effects due to the gas flow also affect the
arc.? ‘1@ effect of pressure upon the arc resistance can be studied by usin
equation.

The arc conductivity is described by the equation:
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where 7 — gas temperature
p — pressure
A and B — constants
The cooling effect of the gas flow can be taken account in the value of
power loss P,
The arc conductanoe is proportional, mainly at high current values, to
that part of the cross section which has a fairly good electrical conducuwty
The velocity of the flowing partlcles is maximum in the hot axis of the arc
column, at a temperature of 6000 — 15000 °K. On the other hand, in the axis of
the arc column the gas density is at a minimum, so that the mass-flow in the axis
is negligible. Due to this effect, the effective outlet area of the arc chamber is
reducing under arcing, so that the pressure inside the chamber also depends on
the arc cross section.
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According to the model in |

two paris-
a2jin /esﬁganon of the electrically conducting part
b) The investigatio of heat transfer, gas flow and
Below, mainly the

ig. 4 the investigations could be divided into

of the arc plasma;
pressure conditions

roblems of electrical modelling of arc plasma will be

detailed, without mmuatmg into pressure, flow and heat-transfer problems.
According to Fig. 4 and Eq. §, the electrical conductance of the arc column
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depends on both the

heat content of arc plasma @ and the pressure p:

G=G(C,p)
The derivative of £q. 2 with respect to time may therefore be written:
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Fig. 5. Current interruption oscillogram U =26.25 kV, I =10 kAmps
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Fig. 6. Evaluation of an arc interrupting 10 kAmps

Substituting Eq. (1) into Eq. (7) and dividing by G yields a dynamic arc
equation.

1 dG oG 1 5G 1 d
—- Czoc-—«(u-z'-P,)—.L—:-'——‘—B (10)
G dt 40 G 'p G dt
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or, written in the usual form:

1 dR,. 1 u i) 1 dp
F= =l - — - = (11)
P p, dt
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where p, is a parameter in pressure units.

With varying parameters, Egs (10) or (11) can be used for describing
electrical phenomena in oil circuit-breaker. Compared to other arc conirol
devices, there is such a great change in pressure that must be taken into
account. Voltage, current and pressure oscillograms measured in an axially
blown type small-oil-volume circuit-breaker is seen in Fig. 5.

The derivative of the pressure is approximated by means of the formula

[21:

out by a positive defi vative of curve F{u }

In this case, the “arc-time constant” i egai‘%v Um i now, there was no
sufficient explanation of this phenomenon and the negative time-constant was
considered as phyS'ica / meaningless.

Evaluating test data for oil-circuit-breakers, the value of function F(u - i)
was found to be negative but its derivative to be positive during the greater part
of the hali-period. It seems to be physically reasonable, because the arc
resistance is decreasing in the first part of the haif-period.
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The positive value of the derivative of funstion F{i-{) was atiributed to
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In Eq. (13) R, and P, always have positive values. The arc conductance G and
heat content () can be expressed by the following equations:

G J‘?‘TCJ o(T(r,z)) rdr-dz (14)
0 0
e rare

0= J 27tjq(T(r,z))-rdr-dz (15)
0 0

where r — radial coordinate
— axial coordinate

T—t mperatue in K
r... — radius of electrically conductive part of the arc plasma {at about
5000 °K)
I... — arc length
(T{r,z)) — arc conductivity (F

vy
; — inner energy per unit volume (Fig. &)
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The electrical conductivity (o) as a function of temperature is represenied in
Fig. 7. The derivative of electrical conductivity-curve is ssen to always be
greater than zero. The derivative of ézmer energy per unit volume g{7") witl
respect to temperature is seen in Fig. 8 to be positive at low temperature but
above a certain temperature it bﬂcomes negative,

The curve g(T) in Fig. 8 refers to nitrogen gas, but the shape is similar for
other gases. The sloping part of the curve is due to decreasing of density with
the increase of temperature (Fig. 9). The density increases with pressure.

The arc-model calculations published until now mainly referred to the
current-zero range, where the plasma temperature is relatively low, making
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negative time-constants to be unfrequent and considered to be irrelevant. One
must remember, however, that in the low-current range, additional ionization
may arise from a high electric field, which also decreases the value of function F.

Further measurements are needed to justify and refine the model of the
described processes.
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The circuit-breaker-arc as an element of the network can be described by differential equations. In oil
circuit breakers the arc generates gases and vapours which affect the arc itself through a “feedback
mechanism”. This phenomenon, neglected earlier is discussed in this article. It is well known from several
studies that in certain case the arc-time constant evaluaied from measurements had a nsgative value.

Until now, there has not bezen sufficient explanation for the negative value of time constant.
Investigating the arc quenching processes in oil circuit-breakers a possible solution to this problem is given.
which can be generalized for arc phenomena in other kinds of circuit breakers.
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