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Abstract. The initial state development of breakdown is explained on the basis of bubble theory. Appli-

cation of dc voltage to electrodes immersed in oil results in the creation of small channels. In the next

phase an arc channel between the electrodes is formed. Resistance of the plasma channel changes from

a few ohms to a few hundreds milliohms due to Joule heating caused by high arc currents which flows

through this channel. The dynamics of the arc current depends on the parameters of the outer circuit and

is represented by the RLC circuit.

PACS. 52.80.Wq Discharge in liquids and solids — 77.22.Jp Dielectric breakdown and space-charge effects

1 Introduction

The electrical breakdown in transformer oil and charac-
teristic properties of this process are very important for
many applications. Insulating liquids such as transformer
oils are critical components for high voltage and pulsed
power systems. It has been reported in numerous pub-
lications that dielectric breakdown is based on complex
interactions of hydrodynamic and electronic phenomenon
[1-3].

At present it is well known the initial stage of break-
down in transformer oil can be described using the bub-

ble mechanism [4-8]. This theory assumes that a bubble
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of gas is formed by the vaporisation of liquid by local
heating in the strong field region at the surface of the
electrode. Therefore the formed bubble will grow and a
breakdown will take place inside the bubble. The break-
down processes are also dependent on mechanisms, which
play a role on the interface of the liquid and the surface
of the electrodes (Lippmann’s phenomena, Auger’s effect)
[9]. During breakdown a plasma channel with a high initial
resistance value is formed. At this stage of breakdown the
creation of the plasma channel is similar for various types
of liquid or gas at a high enough applied voltage, although
times and processes leading to this stage of breakdown are

different [6,10,11].
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The plasma channel is developed and is mainly depen-
dent on the input energy and the experimental conditions.
This phase of breakdown can be characterised using some
parameters and one of them is resistance to the plasma
channel. With gas there are many models which describe
the arc resistance [10,11]. For liquid at present only theo-
retical models of arc resistance in water [2,3,12,13] are
present. Timoshkin et al. [2] described the formation and
development of a highly conductive plasma channel bet-
ween electrodes immersed in water. The processes in wa-
ter were described using an analytical approach, which
combines energy based hydrodynamic equations and the
equation describing the current in a under-damped circuit.
The model is based on the self-consistent calculation of
the plasma channel at time-varying resistance. Minimum
values of the dynamic plasma channel resistance were of
the order of several hundreds m{2. Timoshkin model is
based on Braginskii model [14], where the channel radius
is allowed to grow through hydrodynamic expansion driv-
en by the electric energy delivered in Joule heating. Al-
though many of the channel heat transfer processes and
conductivity variations with temperature are examined in
his paper, the final model makes use of fixed channel con-
ductivity. Discussion of these models versus experiments
can be found in Meek and Craggs [15]. Martin [16] applied
the breakdown model developed for gases by Braginskii to
water. The solution of Martin-Braginskii’s model for wa-
ter was made to by work Warme [3]. Gurovich et al. [12]
derived normalisation differential equations in their model

which describe the processes of underwater wire initiated
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Fig. 1. Experimental setup.

discharge. In these equations the energy conservation law
for wire material evaporation and the dependence of plas-
ma conductivity on the energy dissipated in the discharge
are implied to calculate the time varying resistance of the
plasma channel.

The aim of the research reported in this article is to
describe the time development resistance and radius of the
plasma channel in transformer oil using electrical detec-

tion techniques and theoretical articles.

2 Experimental set-up and procedure

Figure 1 shows the schematic diagram of the experimental
setup, which includes HVdc power supply TESLA BS 221
(max voltage 10 kV and current 3mA), electrode system
and electric diagnostics. Sphere-to-sphere Cu electrodes
with radius 1cm were used as the electrode system. The
distance of the electrode was measured by metric gauge
blocks with an accuracy of 0.01mm. New and unfiltered
transformer oil - ITO 100 was filled into the discharge
chamber (0.2dm?) and electrodes were cleaned after a se-
ries of 5 breakdowns. Time intervals between breakdowns
were 15 minutes. The capacitor bank contained up to

4 HV capacitors connected in parallel, with nominally ca-



J. Kideléik: The resistance of plasma channel in transformer oil 3

pacitance 0.05 uF'. This allowed capacitances of between
0.05 and 0.2 pF to be used. The applied voltage and cur-
rent were measured using a high voltage probe (E253/01,
10 M Hz) and a Rogowski coil (Pearson Current monitor
110 A, 10kA, 20 M Hz, 20 ns). The signals were recorded
using Tektronix 7' DS2022, 200 M H z digital oscilloscope.
Time resolution is enough for measurements of the whole
breakdown process from the point of view to the change
of plasma channel resistance.

Development of the arc current at various capacitances
is presented in the Fig. 2. For this case the type of elec-
trode configuration there is almost a homogeneous electric
field with the electric intensity 74 £V /em. The arc current
is characterised by under-damped oscillation and its an-
gular frequency depends on the value of capacitance, as it
can be seen in Fig. 2. At equal capacitance only the ampli-
tude and duration of the arc current changed with applied
voltage. The measurements were also made at various elec-
trode distances (0.05, 0.15, 0.20 and 0.03 mm) [17,18] and
similar developments of arc currents were observed as in
Fig. 2. Simple measurements in transformer oil were mea-
sured by Marton et al. [19], in water by Timoshkin et al.
[2] and in air by Kijonka et al. [20].

During the breakdown the experimental setup can be
described by an electrical circuit, in which the arc current
flows. Time dependence of the arc current can be fitted

by function Sine Damp:
I(t) = Ipe™*'sin(wt), (1)

where parameters Iy, a, w were determined by the fitting

of measured arc currents. Similar developments of current
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Fig. 2. Development of arc current at various capacitances
at voltage Up = 1480V in ITO 100 and electrode distance
0.2 mm. The pulses increase in amplitude with increasing ca-

pacitance.

can be observed in the RLC circuit. On the basis of this
similarity, corresponding values R, L and C* of the electri-
cal circuit were calculated using the previous parameters
and the breakdown voltage Up as:

U pgar ol

L = .
L(w? + a?)

wlp’
R is the total resistance of the electrical circuit. This
circuit can be divided into two parts: the external part
with Rejrenst (connecting cords and experimental equip-
ment) and resistance of the plasma channel Ry (t): R =
Rpi + Reircuit- Capacitance C* calculated using equation
(2) was equal to the capacitance C of the capacitor bank
with accuracy better than 2%, so during the breakdown
some additional capacitances were not created. Parame-
ters Iy, a, w, L and R are listed in the Table 1 for different
capacitances C. The same identifications as in work [2]
were used. In general values R, L and C* calculated from
previous equations can be a function of time during break-

down. These time dependencies can not be found from
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Table 1. Electrical parameters of arc discharges. C' is ca-
pacitance of capacitor bank at which the next values in the
column were determined: dissipated energies in the breakdown
calculated from data of experiments and results of Braginskii-
Martin model based on the equations (3 — 5) are denoted as
Wg or Wr, respectively; Ip, @ and w are max current, atte-
nuation coefficient and angular frequency of fitted arc current
by equation (1); L and R are values of the RLC circuit which
characterises the arc current and Rpi—const is the established

value of resistance of the plasma channel in 5 us.

C [uF] 0.05 | 0.10 | 0.15 | 0.20
Wg [mJ] 132 | 299.1 | 358.4 | 587.0
Wr [mJ] 168 | 312 | 421 | 506.0

I [4] 303 | 450 | 542 | 630
alus™] 0.719 | 0.484 | 0.378 | 0.352

wlradps™] | 4.976 | 3.595 | 2.998 | 2.548

L[H] 0,807 | 0.779 | 0.741 | 0.759

R[m{2] 1162 | 753 | 561 | 534

Rpi—const [m$2] | 943 | 729 | 557 | 478

RLC theory, but time dependence of the plasma channel
resistance is calculated in the next part of the article. This
part showed that the arc current of breakdown has similar

characteristics as the current in the RLC circuit.

From previous results resistance Ry (t) of the plasma
channel in transformer oil can not be determined. There
are no works concerning the calculations of the time de-
pendence of the plasma channel resistance in transformer
oil. In the case of water, the empirical expression relating
to the resistance of the plasma channel to its internal ener-

gy Win(t) [2,21] which can be used Ry (t) = Al?/W;n(2),

where A is a spark constant and [ is the length of the dis-
charge channel. This empirical expression could be charac-
teristic for various types of liquids and the spark constant
changes in dependence on the type of liquid.

During the breakdown process resistance of the plasma
channel exhibits a highly dynamic behaviour and decreas-
es from its initial value of a few Ohms to a minimum value
occurring at the current peak when the magnitude is a few
hundreds milliohms [2,22]. To describe this time depen-
dent plasma channel resistance, model derived in work by
Warme [3] was used, which is based on Braginskii-Martin’s
analytical model [16]. This model calculates physical pa-
rameters of the arc channel using a system of three dif-
ferential equations (the energy balance equation for spark
channel which is written in terms of electrical deposit-
ed energy in channel; the energy balance between energy
change of plasma channels to channel radiation and heat

conduction; the change of pressure in channel by shock

approximation):

1) =20 (40 )

where p(t) is pressure , A(t) is area and T'(t) is time depen-
dence of temperature of arc channel and py = 3000 kg.m >
is the density of the transformer oil. Based on the lite-
rature a specific heat ratio of 4y = 1.35 has been based
chosen for the present model. Time development of the

arc current (Fig. 2, equation (1)) and the initial condi-

tion (p(0) = 10° Pa, A(0) = 7(10~6)2 m2, T(0) = 300 K)
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were needed for the solution of this system (3 - 5) by
Mathemetica. This model also takes into consideration
thermal diffusion Q7 and radiation () g, described by the

next equations [3]:

273

Qr(t) = 13(37)00(KT (1)

Qr(t) = VarAosT(t)*

Time dependence of plasma channel resistance was calcu-

lated by equation:

Rp(t) = m (6)

where [ is the electrode distance (the length of the dis-
charge channel) and for channel conductivity the following
equation was used: The linear Fedorov approximation de-
fined as: o(T) = oo (kT(t)) (00 = 1.6 x 1023 S/J.m, og
is the Stefan-Boltzman constant and k is the Boltzman
constant).

From the measured arc current and solution of systems
of differential equations (3 - 5) time development of the
area of arc channels A(t) was calculated. The arc radius
was calculated as r(t) = \/A(t)/= for different conditions
which are shown in Fig. 3. From figure it can be seen,
that the arc radius rises with time, what is similar with
results of other studies [2,3,6,22]. Time dependence of the
plasma channel resistances calculated by equation (6), for
the same conditions as in Fig. 2, are illustrated in Fig. 3.
It can be observed that resistance of the plasma channel
drops rapidly during the first two microsecond and then it
establishes a value Rpj—const- This value is also presented

in Table 1 for time 5 ps and is like resistance R determined
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Fig. 3. Theoretical development of resistance R,;(t) and ra-
dius r(t) of the plasma channel for conditions in Table 1 ( L

C = 0.1puF, II. C = 0.2uF) at voltage Up = 1480V in ITO

100 and electrode distance 0.2 mm.

by equation (2). It is evident from the Table 1 that the
minimum resistance of the plasma channel decreased with
increasing values of peak arc current, the number of ca-
pacitors connected in parallel and energy dissipated in the
plasma channel (Fig. 3). It can be seen from comparison
with Fig. 2, that significant decrease of the plasma chan-
nel resistance was associated with initial increase of the
arc current to the peak value. Similar results for develop-
ment resistance of the plasma channel in air give models
of Rompe and Weizel [11] and Kurshner [22].

The experimental dissipated energy Wg in the break-
down (Fig. 4(a)) was calculated from time integral of the
(arc current) X voltage injected to the gap, where time
development of voltage was measured by the high voltage
probe. Theoretical dissipated energy Wr (Fig. 4(b)) was
again calculated as time integral of the (arc current)? x
Rpi(t). Rpi(t) was calculated by equation (6) using results

obtained by the solutions of equations (3,4, 5). Both time
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Fig. 4. Development experimental Wz (a) and theoretical Wr
(b) dissipated energies in plasma channel for conditions in Tab-
lel (I.C = 0.1uF, I1. C = 0.2uF) at voltage Up = 1480V

in ITO 100 and electrode distance 0.2 mm.

developments of the dissipated energies during the break-
down are presented in Fig. 4. It can be seen from Fig. 4,
experimental and theoretical dissipated energies are very
similar. The mistake in the determination of theoretical
dissipated energy is better then 15%. The total experi-
mental Wg and theoretical Wr energies dissipated during
whole breakdown process are presented in Table 1. In time
2 us after the start of the breakdown the dissipated energy

reach up more then 85% of final value.

3 Discussion

The application of the high-voltage to electrodes immersed
in a dielectric transformer oil ITO 100 results in break-
down if the magnitude of the applied electric field exceeds
a critical value. From the works [1,2,6,23] it is known
that breakdown in transformer oil can be described by

the bubble mechanism that lead to streamer propagation

between the electrodes. After the streamer bridges the
inter-electrode distance the current increase (see Fig. 2)
and the plasma channel is created. This channel has a
very small radius and conduction and a relatively large
value of initial resistance Ry (t = 0) (see Fig. 3). Time de-
pendence of resistance and radius of plasma channel were
calculated by the of system of differential equations (3
- 5) and (6) from the work by Warme [3]. From Fig. 2
and Fig. 3 the results show that the development of the
plasma channel is associated with a fast decrease of its
resistance Ry (t) from a few ohms to a few hundreds mil-
liohms during the first half period of the current. This de-
crease is caused by Joule heating from high current which
flows through the plasma channel. Resistance of the plas-
ma channel is indirectly proportional to o(T) (equation
(6)), which is the function of temperature of the plasma
channel. Joule heating causes, during the first microsecond
of breakdown, a big increase of temperature from 300 K
to more then 10000 K, the consequence this has is to in-
fluence a big decrease of the plasma channel resistance.
This decrease is also connected with the increasing radius
of plasma channels as is shown in Fig. 3 and in works [2,
10,18]. 2 us after the start of breakdown (Fig. 3) the plas-
ma channel resistance is stabilised on the value Rp—const
(Table 1) and the magnitude of this value is dependent on
the peak current and capacitance. The correct computa-
tion of time development Ry (t) is confirmed by similarity
in the development of experimental and theoretical dis-
sipated energy during breakdown (4). The stabilisation

of the plasma channel resistance was caused by input of
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85% dissipated energy in the second microsecond of break-
down. In next phase of breakdown there was not enough
energy to made any important changes. Similar results
were published in [2], too. Development of resistance of
the plasma channel in oil (Fig. 3) has the same charac-
teristics as development of the plasma channel resistance
in air [11]. The correct results of calculation of system (3
- 5) with used conditions confirmed similar developments
of experimental and theoretical dissipated energy in the
plasma channel (Fig. 4, Table 1). Similar characteristics

of development of breakdown in water were presented in

[2,3,6,12,23].

From an electrical point of view the breakdown after
connection of electrodes by streamer can be represented
by RLC circuit. Parameters of this circuit were calculat-
ed from experimental determined time developments of
arc current using the theory of RLC circuit. During this
stage energy stored in the capacitor bank was discharged
to the system and under-damped arc current oscillations
(Fig. 2, Eq. 1) were observed. The usage of RLC theory
for the final stage of breakdown confirmed similar values
of R and Rpj_const in Table 1 and development of the
plasma channel resistance (Fig. 3) after transient phase.
The inductance L and capacitance C* are of course also
time dependent, but their time changes are negligible as
at resistance R. The model of RLC circuit was also used
in [2]. The development of the arc current depends on ca-
pacitance of the capacitor bank (Fig. 2), applied voltage
and parameters of outer circuit [18]. Similar developments

of the arc current were observed in water by Timoskhin

et al. [2] and in oil by Marton et al. [19]. The breakdown
was accompanied with other various processes and many
bubbles of various magnitude were observed after break-

down.

4 Conclusion

The arc current during breakdown in transformer oil I-
TO 100 was measured. The breakdown is characterised
by plasma channel in which physical parameters were cal-
culated on the base of the Braginskii-Martin model. From
these parameters time dependence of radius, resistance
and dissipated energy of the plasma channel were calcu-
lated. Resistance of the plasma channel changed from a
few ohms to a few hundreds milliohms due to Joule hea-
ting caused by the arc current flowing through the plas-
ma channel. On the basis of experimental results it can
be said that the final stage of breakdown in transformer
oil is also represented by the RLC circuit on a microsec-
ond scale. The development of the arc current is modified
by parameters of outer circuit and the effect of nonlinear

characteristics of breakdown were neglected.

The author wish to thank for the support to the R&D ope-
rational program Centre of excellence of power electronics sys-
tems and materials for their components. The project is funded
by European Community, ERDF - European regional develop-

ment fund.
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