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Abstract - The stochastic regularities of break-
down initiation in dielectric liquids were studied
using the theory proposed in [1,2]. The electric
strength of perfluorodibutyl ether was investigated
experimentally at AC voltage of linearly increasing
amplitude. Analytical expressions were derived that
allowed us to reconstruct the parameters of the
probability function y(E) for perfluorodibutyl ether,
n-hexane and transformer oil using the experimental
data of present work, [3], and [4], respectively.

1 Introduction

It is well known that the prebreakdown proc-
esses in liquid dielectrics have a stochastic nature.
Thus, a correct description of dielectric breakdown
has to include probability distribution functions for
such processes. One of them is the initiation of
breakdown due to the development of a series of
microscopic phenomena at the electrode surface and
in a thin dielectric layer contiguous to it. The dura-
tion of this stage of breakdown (called the statistical
time lag ts) is a random value for which the prob-
ability density depends on the electric field and its
distribution along the surface of the electrodes.

A macroscopic function p(E) introduced in [1,2]
depends on the local electric field and is the prob-
ability density of the breakdown initiation from a
small element of the electrode area in a short time
interval. The macroscopic approach allows one to
reconstruct the function Y(E) from experimental
data and then use it for modeling of breakdown.

2 Experiments

Perfluorocarbon liquids are well known as good
dielectrics, which have high resistivity and electrical
strength as transformer oil and close values of per-
mittivity of about 2. In addition, they have very low
viscosity and high density and are not flammable,
which makes these liquids very promising for in-
dustrial applications.

The experiments were conducted with the per-
fluorodibutyl ether CF;(CF,);—O—(CF,);CFs. The
liquid was previously filtered and boiled for de-
gassing over a period of 1 to 2 hours at the tem-
perature 101 °C with a returning cooler to prevent its
boiling out. Hemispherical stainless steel and brass
electrodes with surface radii R = 30 and 40 mm, re-

spectively, were used. Before each series of experi-
ments, the surfaces of the electrodes were polished.

Usually, the time lag of breakdown measured in
experiments includes not only the statistical time lag
ts but also the formation time t- . To obtain data on
the statistical time lag, it is necessary to register the
moments of streamer inception. However, it is more
convenient to use a small gaps, in which tr << t5 [1].

The effective value of AC voltage increased
with a constant rate k = 2 kV/s. The frequency was
50 Hz. A special electronic device was used to re-
move the voltage from the electrodes immediately
after breakdown.

3 Results

In all series of breakdowns, one can see rather
significant statistical difference in breakdown volt-
ages. This is a direct consequence of the stochastic
regularities of the process. A typical series of break-
downs is shown in Fig. 1.
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Fig. 1. Typical series of breakdowns in perfluorodibutyl
ether for brass electrodes of radius R =40 mm at gap
distance d = 1.7 mm.

Results of the experiments are presented in Ta-
ble 1. Here d is the gap length, Ny is the number of
breakdowns in series, V'ger is the effective voltage
in each series of experiments at which breakdown
did not yet occur with some fixed probability
P_=0.37, E' is the corresponding amplitude value

of the average electric field along the axis between
the electrodes.

The measured electrical strength of perfluorodi-
butyl ether is in reasonable agreement with the val-
ues of the order of 200 kVV/cm measured for similar
perfluorocarbon liquids in [4,5] for electrode areas
significantly larger than those in the present work. A
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more detailed analysis of the results obtained can be
performed only using a theoretical model.

Table 1.
d, R, | No | <Vere>, | V e, E',
mm mm kV kV kV/cm
Brass electrodes
0.44 40 | 210 18.7 21.0 477
0.9 40 | 135 37.7 42.0 469
1.7 40 | 130 49.4 52.0 307
2.5 40 | 80 73.4 77.0 308
Stainless steel electrodes
0.44 30 | 140 23.3 26.0 591
0.9 30 | 101 41.2 43.5 486
1.7 30 | 115 50.5 54.5 322
2.5 30 | 120 70.8 75.0 300
4 Theory

The stochastic regularities of breakdown in lig-
uids were studied using the theory of breakdown
initiation developed in [1,2]. In this theory, a new
approach was developed. It was proposed to use a
macroscopic function Y(E) to describe the initiation
of a breakdown. This function is the probability
density of the origin of a streamer. The parameters
of the function p(E) depend on the properties of a
specific dielectric and perhaps on the material of the
electrodes. This macroscopic approach allows one to
obtain the dependencies of the breakdown initiation
probability in time on the applied voltage, its wave-
form, electrode area, and gap length. And vice
versa, it is possible to reconstruct the function u(E)
from experimental data. In the simplest case of DC
voltage and flat electrodes

HE)=((ts)s)" )
where S is the area of the electrode.

Only a small part of the hemispherical electrode
area near the symmetry axis makes a major contri-
bution to breakdown inception because of the sharp
dependence of the function p(E) on the electric
field. For a narrow gap, the following approximate
formula is valid [1,2]:

E= S0 : )
1+ —-cos@)/pB
Here E, = V/d is the average electric field along the
axis between the electrodes, B = d/2R, and & is the
polar angle at the sphere from the symmetry axis.
For this region, the approximate formula (2) practi-
cally coincides with the exact solution obtained by
solving the Laplace equation in bispherical coordi-
nates in the interelectrode gap. For example, the dif-
ference between them is less than 2% of the maxi-
mum field strength for 3 = 0.02 [2].

Using the approximation (2) for narrow gaps,

the following expression for the mean value of the
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statistical time lag was obtained in [1] for a stepwise
voltage pulse:

Eo
L:J’y(E)ds ~ d7RE, [ HE) 4e (3)
<t5> S o E
Thus, the mean statistical time lag of breakdown for
hemispherical electrodes is shown to be inversely
proportional to the product of electrode radius and
gap length.

5 Theory of breakdown at AC voltage

In [6] it is shown that the breakdown does not
occur during time interval t with the probability
P_(t) =exp(—H) when the applied voltage depends

on time. The value

H(t):}Eg,u(E)dsEit
0

has the physical meaning of a dimensionless ana-
logue of the statistical time lag and can be called the
field action integral. The probability of dielectric
breakdown occurring during time interval t is
P, (t) =1-exp(—H), respectively.

In the case of AC voltage with linearly increas-
ing amplitude, V =ktsin(at) . Using the power ap-

proximation u(E) = AE" for the function p(E) for

flat electrodes of area S with the gap distance d, one

obtains the expression
wt

H(t)=C Iz” [sin(z) " dz »
ASk"

where C = —
«

The plot of P. versus the di-

mensionless time t/T is shown in Fig. 2.
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Fig. 2. The probability of breakdown initiation for flat
electrodes vs. t/T , where T is the period of AC voltage.

At AC voltage of a slowly increasing amplitude,
the product kt changes only slightly during each
half-cycle and the voltage pulse form is practically
proportional to sin(at). In this case, the action in-

tegral changes over a half-cycle by the value

SAET 7

AH; = sin" (z2)dz,
i 271'([ (2)




where E; is the amplitude of the electric field when
the number of voltage half-cycles is equal to i.
When breakdown occurs after many voltage
half-cycles we have )
SdAE” e
(4)

ZAH Y Ism (2)dz -

From thls expressmn we obtaln a formula that
expresses the values of p(E) in terms of the experi-
mental distribution of breakdown voltages:

,U(E): ﬁkln(”Ni/NiH) ' (5)

Sd AE,J’sin”(a):)dt

0
Here N; and N;;; are the numbers of breakdowns in
the series that occurred not earlier than the i and
(i+l) voltage half-cycles, respectively, after the volt-
age was switched on, AE,; is the increment of the

electric-field strength over | half-cycles (it was as-
sumed that I <<i).

Using the approximations (2) and (3) we obtain
the following approximate formula for hemispheri-
cal electrodes with a small interelectrode gap:

AH; = MIS in"(z)dz -

Here Ej, is the amplitude of the average electric field
on the axis between the electrodes. By analogy,

n+l rn
de(ﬁfsm (z)dz - (6)

Thus, we have the dependencies of the probability
of breakdown on the main parameters such as the
radius of the electrode surface (or electrode area in
the case of flat electrodes), gap distance, rate of in-
crease in voltage, etc.

To analyze the experimental data, it is conven-
ient to take the value of electric field E', corre-
sponding the value H = 1, for which the probability
of absence of breakdown P_=0.37.

6 Reconstruction of Y(E) from experimental
data

The analytical expressions (3), (4), (5) and (6)
derived in the present work allow one to reconstruct
the function W(E) from experimental data and to
obtain the parameters A and n of the power-law ap-
proximation for p(E).

The approach proposed was tested using the ex-
perimental data of [3] on breakdown in n-hexane for
narrow gaps. These experiments were carried out for
DC voltage pulses in the range of E, from 1 to
3.5 MV/cm at a pressure of P, = 10° Pa. Hemi-
spherical electrodes made of stainless steel with sur-
face radius R = 0.5 cm were used. Expression (3) is
in good agreement with the experimental data if the
approximation

WE) = AE/E)" with E=1MVicm  (7)
is used, where n = 4.65, A = 9.4.10" cm2c™ [2].
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Fig. 3. The dependence of amplitude of average electric
field of breakdown E’y (P_= 0.37) on value dv/R for
electrodes of brass (A) and stainless steel (¢).

Experimental data on breakdown of perfluoro-
dibutyl ether are shown in Fig. 3 as a dependence on

value d+/R . The fittings (6) are reasonable if the
approximation (7) is used, where n = 4 and
A =57.4 cm?.c for brass electrodes (curve 1) and
n= 35, A = 26.2 cm?c™ for stainless steel elec-
trodes (curve 2). Practically we have no difference
between results obtained with stainless steel and
brass electrodes (Fig. 3).
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Fig. 4. Reconstructed values of p(E) for transformer oil.
S =2.45( o), 8.33(2), 23.5(0), 49(+) cm?.

The experimental data of [7] on breakdown in
transformer oil under AC voltage with a frequency
of 60 Hz were also analyzed using this approach.
The effective value of the applied voltage increased
with a constant rate k = 3 kV/s. In these experi-
ments, four pairs of flat electrodes with areas of
2.45, 8.33, 23.5, and 49 cm? were used at a gap
spacing d =0.19 cm. The results of reconstruction
of the function p(E) obtained from (5) for each pair
of electrodes are shown in Fig. 4. Fitting of these
results with the least-square method gives the values
of parameters in (7) n = 12.3 and A = 5.0-10° cm?c™*
(the straight line in Fig. 4).

7 Calculations

Using the reconstructed function p(E), one can
plot any dependencies of the breakdown initiation
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probability for various electrode geometry and also
for various magnitude, duration, and waveform of
the applied voltage.

For example, we carried out the simulations of
breakdown pitting on the surface of hemispherical
electrodes (Fig. 5,a). It is in reasonable agreement
with experimental results (Fig. 5,b).

Fig. 5. Distribution of breakdown pitting on the electrode
surface. (a) computer simulation of series of breakdown
in perfluorodibutyl ether. (b) the experiments on break-
downs in perfluorodibutyl ether with stainless steel elec-
trodes. In both pictures the areas 8x8 mm are shown.
R =30 mm, d = 0.44 mm, N, =140.

Using the expression (4) and the function p(E)
reconstructed for transformer oil, we calculated the
field action integrals H; for each of 1600 break-
downs in [7]. Figure 6 shows the distribution of
these values of H;. One can see that the bar chart
agrees well with Poisson’s probability distribution
N=N, exp(-H) (curve 1). The values —In(N/N,)
versus H are closed to the straight line 2, that also
confirms the theory proposed.

8 Discussion and conclusions

The function Y(E) was introduced to obtain an
analytical explanation of experimental dependen-
cies. Such formulae are obtained in the case of flat
and hemispherical electrodes at DC voltage and AC
voltage of linearly increasing amplitude.

Within the framework of the theory proposed,
the effect of enhancement of the electric strength of
liquid dielectrics with decrease in the gap length
between hemispherical electrodes was explained
analytically [1,2]. As the gap length decreases, the
electrical strength of dielectric increases mainly due
to a decrease in the geometrical region in which the
electric field is close to Eg in accordance to the ap-
proximate formula (3). The second reason is that the
maximum electric field at the electrode surface Eyax
(at 8= 0) is greater than E, and tends to Eq as d de-
creases. Hence, the value of puax decreases with
decrease in the gap distance even if the average
value at the axis E, = const.

The theory of breakdown initiation offered here
and the values of the functions p(E) measured for n-
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hexane, perfluorodibutyl ether, and transformer oil
can be useful for constructing electrotechnical de-
vices in which liquid dielectrics are employed.
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Fig. 6. Bar chart of the distribution of H-values corre-
sponding to the experimental data [7] on breakdowns in
transformer oil. Ny =1600.
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