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BREAKDOWN VOLTAGE OF MICRON RANGE AIR INCLUSIONS IN CAPACITOR
PAPER

Purpose. To substantiate the breakdown mechanism of capacitor paper on the basis of numerical-field models with segmented
cross-sections of cylindrical volumes of air and water, and also use the proposed models to determine the breakdown strength of
air in micron-sized gaps under normal conditions. Methodology. The model bases on a finite element solution to an electrostatic
problem in a volume of capacitor paper consisting of cellulose and pores with air and water. First, the possible scenarios for the
growth of breakdown in capacitor paper are analyzed and to the conclusion is made, that complete breakdown developed from a
partial breakdown in the air cavity. A brand of capacitor paper is chosen in such a way that when its thickness changed, the
breakdown strength of the electric field changed over a wide range. Then, for the paper with the lowest average electric field
intensity the possibility of explaining the complete breakdown by the breakdown of air segments on the basis of the Paschen
dependence is checked. Further points of the obtained dependence by constructing models of papers of the same brand and a
different thickness under the assumption of the similarity of electrostatic fields are determined. As such a criterion, the constancy
of the equivalent effective permittivity are taken. Results. The dependence of the breakdown strength of the air in the range of
1.36...5.54 uym under normal conditions is determined. The obtained relationship is between the Peschot and Taev curves.
Originality. For the first time, the possibility of indirectly estimation the breakdown strength of an insulating material using an
electrostatic field model is indicated. Practical value. The proposed method for the numerical calculation of the breakdown
voltage of air inclusions in the presence of water inclusions in the thickness of solid insulation can be applied to other types of
solid thin-layer insulation. References 11, tables 3, figures 5.

Key words: electrical breakdown, model of capacitor paper, micron gap, electrostatic field, finite element method.

Ompumana 6 podomi 3anexcHicmv HARPYHCEHOCMI eNeKMPUUHO20 NONA NOGIMPA 6i0 006)CUHU PO3PAOHO20 NPOMINHCKY
3A006i1bHO NOACHIOE 3HAYEHHA NPOOUGHUX HANDPYZ 3PA3KI6 KOHOCHCAMOPHO20 nanepy npu 3Mini iX mapok i moeujunu.
Ilobyooeana 3aneixcuicmo npoousHoi Hanpyycenocmi nOgimps npu HOPMAaIbHUX ymoeax 6 oOianazoni 1,36...5,54 mkm na
niocmagi po3paxymKy eneKmpocmamuiHux NoNi6 6 MOO0enaxX KOHOCHCAMOPHO20 nanepy 3 Ce2MeHMHUMU NOnepeyHumMu
nepemunamu YURHOpUYHUX 00°cmie nogimpa i 6oou. Ilpoeedeno 3icmaenenns ompumanoi 3anericHocmi 3 Gi0oMuMuU
excnepumenmansHumu oanumu. Ompumani oani ¢ dianazoni 2...5,54 mxm Haiidinow O1U3bKI eKCRepUMEHMAIbHUM OAHUM
Ilewo. bi61. 11, Tabm. 3, puc. 5.

Knrouogi cnoga: eneKTpUYHMIT MPOGiil, MOJeIb KOHIEHCATOPHOrO Mamepy, MiKpOHHHII MPOMIKOK, eJeKTPOCTaTHYHE MoJe,
MeTO/l CKiHUeHHHUX eJleMeHTiB.

IHlonyuennan ¢ pabome 3a6uUcCUMOCHbd HARPANCEHHOCMU IJIEKMPUUECKO20 NOJIA 8030yXA OM ONUHbBL PAZPAOHO20 NPOMENCYMKA
Y00611€MEOPUMENbHO 00BACHAEM 3HAYUECHUA RPOOUGHBIX HARPANCCHUI 00PA3U06 KOHOCHCAMOPHOU dymazu npu UsMeHeHUuu ux
Mmapok u monwgunsl. Ilocmpoena 3aeucumocms npooUGHOT HARPANCEHHOCINU 8030YXA NPU HOPMANLHBIX YCI06UAX 6 OUANA30HE
1,36...5,54 mxm na ocnosanuu pacuema 31eKmMpoOCMAMUYECKUX NOICH 8 MOOEIAX KOHOCHCAMOPHOU OyMaA2u ¢ Ce2MEeHmMHbIMU
nonepeuHvIMU ceueHUAMU YUIUHOPULECKUX 00bem06 6030yxa u 600bl. IIposedeno conocmagnenue noyueHHON 3a6UCUMOCHU C
U36eCMHLIMU IKCHEpUMEHMANbHbIMU  Oannbvimu. Ilonyuennvie Oanunvie ¢ oOuanazone 2...5,54 mkm Haubonee Onu3Ku
Ixcnepumenmanvuvim oaunvim Ilewo. buodn. 11, Tadn. 3, puc. 5.
Knwouesvie  cnoséa:  INeKTpUYecKUd  mpodoil, Moaeab
3J1eKTPOCTATHYECKOE T10JIe, METO/I KOHEYHBIX 371eMeHTOB.

KOHIEHCATOPHOH  OyMaru, MHKPOHHBIH TNPOMEXKYTOK,

Introduction. If the technological mode of arrangement of the components. For example, for the

impregnation is violated (insufficient pressure during
impregnation), air inclusions remain in the thickness of
the capacitor paper, in which discharges occur during
operation under high voltage. Therefore, it becomes
necessary to evaluate the breakdown voltage of air
inclusions of capacitor paper.

In this paper, it is proposed to determine the
breakdown voltage of the power frequency of air in the
micron range based on indirect estimates of the calculated
values made on the basis of numerical modelling of the
electrostatic field in capacitor paper with air inclusions.
Capacitor paper is a three-component dielectric made up
of cellulose, air and water. The choice of such a dielectric
is based on the assumption that a change in the
breakdown voltage with a change in thickness is
explained by the development of a complete dielectric
breakdown from a partial one in the air region. When the
test voltage is applied, the electric field is distributed
irregularly according to the dielectric permittivity and the

considered insulating material in water, the modulus of
the electric field strength (EFS) is the smallest, and in air
it is the largest. Then, the possibility of a breakdown is
checked for a section with an almost uniform EFS vector
both in absolute value and in direction. If the check is
satisfied, then this area is replaced with a perfectly
conductive one. And everything is repeated until the
discharge spreads over the entire thickness of the
dielectric.

Literature review. In 1889 Friedrich Paschen
established that the breakdown voltage in gases depends
on the product of the gas pressure and the distance
between the electrodes. Further studies have shown
deviations from this law of similarity of gas discharges.
Reviews of experimental studies of air breakdown at
normal atmospheric pressure and micron gaps are given in
[1-3], and the latest data in [4]. As a result, it was found
that at normal pressure the left branch of the Paschen
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dependence falls with a decrease in the product of
pressure and the distance between the electrodes, and the
dependence of the breakdown voltage on the material of
the electrodes is also determined. However, the
experimental data of various authors differ greatly and
sometimes even contradict each other.

It was also found that for air the breakdown voltage
does not depend on the frequency at f = 0...50 Hz in
discharge gaps up to 600 cm. For water and solid
dielectrics, an increase in dielectric strength is observed at
voltage exposure time commensurate with the
germination time of the discharge channel (for liquids —
0.01 ps at a thickness of 10...100 um, for solid dielectrics
—0.1 ps at a thickness of 1 mm) [5].

The influence of air cavities on the development of a
discharge in a polymer, taking into account the
distribution of the electrostatic field and mechanical
stresses, was analyzed in [6]; however, the Paschen
dependence is taken as the breakdown condition.

The goal of the work is the determination of the
breakdown voltage of micron range air inclusions in
capacitor paper on the basis of numerical-field models of
the electric field with segmental cross-sections of
cylindrical volumes of air and water in cellulose.

A mathematical model. The volume ratio of the
components of the capacitor paper is determined based on
the equations:

Vppp (l - y) =Vepe +Vapas

Viwpw =Voppys

%=%+%+%»

where V,, V., V, and V,, are the volumes of paper,
cellulose, air and water, respectively; p,, pc, pa and py, are
the densities of paper, cellulose, air and water,
respectively; y is the relative mass content of water in
insulating paper.

Then the radius of pores containing air and water, of
the length / and the amount N in the cellulose volume is

r=[(Va+ V)lzl-N)I*.

An example of the location of the volumes of air and
water in a pore is shown in Fig. 1. The cross-sections of
the cylindrical volumes of pore materials are divided by
the central curved trapezoids into three regions. The bases
of such trapeziums occupy 20 % of the length of the line
of separation of air and water media. This was done in
order to distinguish subregions with practically uniform
EFS in the air and water regions.
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Fig. 1. Fragment of the calculation area

The calculation of the electric field in the cross-
section with respect to the length / of the capacitor paper

with the width » and the thickness /4 is based on the
following differential equations [7], compiled for each
isotropic region with relative dielectric permittivity &:

Vip=0;
E=-Vo;
D =808E,

where ¢ is the electrostatic scalar potential;
E is the EFS vector; D is the electric induction vector; g
is the electrical constant, &, = 8.854-10'2 F/m.

At the interface between the two media, the
condition of constancy of the electrostatic scalar
potential and the condition of equality of the normal
components of the vectors of the electric induction of
these media are satisfied, which takes the following
form for two dielectrics or a dielectric and a conductor,
respectively [7]:

oy
6n12

op

=0; ¢ =0,
6n12

0,
2 anlz

where ¢, and &, are the relative dielectric permittivities of
the first and second media, respectively; n,, is the normal
from the first to the second medium; o is the surface
charge at the interface between two media.

On the upper and lower planes perpendicular to the
thickness of the considered volume, scalar electrostatic
potentials are set equal in magnitude to half of the
amplitude of the breakdown voltage of the capacitor paper
indicated in [8], but with different signs. The solution area
is limited by a cylindrical surface with radius of 200 pm,
length of 100 um and a zero potential on its surface.

To implement the connection between the value of
the breakdown EFS of the material and its geometry, the
area occupied by the material is divided into a number of
subregions of a rectangular or curvilinear trapezoidal
shape so that the vectors of the EFS of their individual
elements are parallel to the direction vectors of the two
sides of the subregions (hereinafter called lateral) with a
given accuracy, and the values of the moduli of the EFS
vectors changed insignificantly. Further, the EFS vector is
averaged over the area of the subregion S:

&1 &

Ej =éjEdS.
S

Then the modulus of the resulting vector will be
equal to its normal component defined for the base of the
subregion. Consequently, with this approach, the modulus
of the EFS vector determines the onset of breakdown in
the discharge gap equal to the length of the side L of the
subregion under consideration.

The basic assumptions of the model: dielectric
materials do not possess conductivity; there are no
charges at their interfaces; there are no space charges in
dielectric materials, and their volumes do not change
under the influence of an electrostatic field; ideal
conductors with infinitesimal thickness are sources of an
electrostatic field; the time of breakdown development in
the volume of the samples under study is less than 1 ps.

Numerical calculation of the electrostatic field by
the finite element method is implemented in the FEMM
computer code.
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The theory of point defects can explain an increase
in the breakdown voltage of paper with a decrease in
thickness and an increase in density due to the fact that
structural defects of the cellulose itself decrease [9]. An
alternative explanation can be the well-known effect of
increasing the breakdown voltage of thin samples of one-
component insulating materials. In our case, the
hypothesis is that with a decrease in the thickness of the
capacitor paper, the areas occupied by cellulose also
decrease, and their breakdown voltage  will
correspondingly increase. Consider samples of capacitor
paper of various brands and the same thickness given in
Table 1 [8]. If, in this case, the air volumes do not
determine the breakdown voltage of the insulating
material, then it turns out that the breakdown voltage
should be higher for papers with a lower average density
than for papers with a higher density, since their areas
occupied by cellulose will be smaller. However, this is
contrary to experience. Consequently, this hypothesis
about the explanation of the change in the breakdown
voltage of a series of capacitor paper of different
thickness cannot be consistent. The influence of water
volumes on the resulting breakdown voltage of the sample
is insignificant, as shown by modelling. This is due to an
insignificant voltage drop in the specified region, and
upon its breakdown, the distribution of the electrostatic
field in the paper will change negligibly little.

Table 1
Breakdown voltage of capacitor paper
Breakdown voltage amplitude

Paper brand
Uv

MKOH 0,8-
10 495
CKOH 1-10 594
KOH 2-10 537
KOH 3-10 594

In the reference literature for cellulose, the values of
the breakdown EFS are in the range of 120...320 MV/m
[10]. The dependence of the breakdown EFS of water on
the length of the discharge gap is shown in Fig. 2. The
points were obtained in [11] at a pulse voltage with
amplitude of 800 V and front steepness of 0.5 ps. It is
proposed to approximate the law shown in Fig. 2 by the
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Fig. 2. Dependence of the breakdown strength of the electric
field of the water gap on its length

The unambiguity of determining the breakdown ES
of air is provided by information on the pore size, but
such information is absent in [8]. Therefore, to explain the
difference in the breakdown voltage of capacitor paper
brands with a change in their thickness, a hypothesis was
proposed that the electric fields in the samples under
consideration are similar, and their quantitative
characteristics — the potential and strength frm point to
point differ only by the proportionality coefficient. That
is, for capacitor paper samples of different thicknesses,
the equivalent dielectric permittivity must be constant.

Strongly ionized regions arising during partial or
complete breakdown were modelled by a material with
relative dielectric permittivity ¢ = 16000. This value was
chosen for the practical implementation of the model of an
ideal conductor with & — oo, which is several times higher
than the value of the maximum dielectric permittivity of the
model materials. The rest of the physical parameters used
in the model are given in Table 2.

Table 2
Physical properties of dielectric materials
Density at 20 °C,
Name ke /3 €20
Cellulose 1530 6,5
Air 1,205 1,00058
Water 998 80,2
Research results. The dependencies of the

breakdown EFS and voltage for air, obtained on the basis
of the proposed model for a series of capacitor paper of
the KOH 2 brand of various thicknesses, are shown in
Fig. 3, and additional information is presented in Table 3.

Uv
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Fig. 3. Dependences of the breakdown strength (@) and breakdown voltage (b) of the air gap on its length, determined from the
curves of Paschen (1), Peschot (2), Taev (3), Slade (4), and calculated according to the proposed model for a series of papers
KOH 2 (5), KOH 3 (6)

32
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Table 3

Model parameters of capacitor paper KOH 2

Air Water Relative Water electric ﬁe%gl strength
. . Voltage . . . module £,-107, V/m
Dimensions . Number of| subregion | subregion equivalent
Paper brand amplitude U, . . . by
hxbxI um pores N | length L,, | length L, dielectric maximum by
\V4 e dependence
pm pm permittivity ¢ model 1)
KOH 2-30 | 30 x 190,08 x 100 975,80 24 5,54 3,76 5,241 2,41 6,836
KOH 2-18 | 18 x 202,36 x 100 721,24 33 3,78 2,56 5,241 3,44 6,856
KOH 2-15 | 15 x 184,72 x 100 664,68 33 3,31 2,23 5,234 3,73 6,862
KOH 2-12 | 12 x 165,44 x 100 622,26 37 2,63 1,79 5,217 4,30 6,870
KOH 2-10 | 10 x 150,84 x 100 537,40 33 2,43 1,65 5,217 4,40 6,872
KOH 2-8 8 x 134,92 x 100 494,98 33 2,07 1,39 5,238 4,34 6,876
KOH2-6 | 6x116,80 x 100 395,98 27 1,84 1,24 5,264 5,34 6,879
KOH 2-4 4 x 95,40 x 100 339,42 27 1,36 0,92 5,232 6,60 6,884

Figure 3 also shows the dependencies obtained on the
basis of the experimental Paschen curve [5] recalculated
to normal atmospheric pressure, the Taev curve for
electrodes made of a metal composition of silver and
cadmium oxide [1], the Slade curve [2] and the Peschot
curve determined in the high precision -electrode
positioning system with a breakdown criterion of 50 nA
[4]. The construction of dependencies based on the
numerical calculation of the electrostatic field began with
the creation of a paper KOH 2-30 model. The value of the
lateral side of the curvilinear trapezoid in the air segment
of this model corresponds to the discharge gap of the
Paschen curve with EFS equal to the modulus of the EFS
vector averaged over the area of the indicated trapezoid. It
should be noted that the distribution of the EFS in
different air sectors is not the same. Therefore, the
maximum value of the modulus of the averaged ES vector
is taken as the breakdown one among the subregions
located in the central part of the sample under
consideration. Then, the equivalent dielectric permittivity
was calculated using the energy method similar to [7].
The geometry of the next model of paper was selected so
that its equivalent dielectric permittivity (within the error)
was equal to the initial one determined for KOH 2-30.

Based on the values of the lateral side of the curved
trapezoid and the maximum modulus of the averaged EFS

vector among all air segments in the central region of the
sample, all subsequent points of the proposed
dependencies were plotted. The obtained dependencies
were verified by matching these curves and the known
experimental point with coordinates 70 MV/m and 5 pm.
The correctness of the obtained data is confirmed by the
values of the moduli of the averaged EFS vectors over the
areas of curvilinear trapezoids in the water segments of
the pores of each model, which are less than the
breakdown voltages for these gaps, determined by (1).
However, after the breakdown of the air segment in water,
the required value of the breakdown EFS is reached.

To confirm the obtained dependencies, a dependence
was constructed in a similar way based on a series of
capacitor paper of the KOH 3 brand of various
thicknesses, shown in Fig. 3,a. The discrepancy between
the values obtained for this section does not exceed 9 %.

On the basis of the proposed model, the minimum
EFS value was determined at which a breakdown begins
to develop in cellulose. For paper brand MKOH 0.8-15,
the radius and the number of pores were calculated in
accordance with the proposed EFS curve. A fragment of
the region of the sample under study is shown in Fig. 4.
For the subregion of cellulose with a lateral side of 0.34
pum, the EFS modulus was 141.5 MV/m, which is within
the above range of values.
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Fig. 4. Fragment of the distribution of the electrostatic field in MKOH 08-15 at partial breakdown
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Fig. 5. Distribution of the electrostatic field during the development of breakdown according to Taev scenario for paper KOH 2-6 (a)
and according to the Peschot scenario for paper KOH 2-4 (b)
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The possibility of using the Taev curve to explain
the breakdown mechanism of capacitor paper was verified
using the example of a 1.84 um discharge gap. The
corresponding distribution of the electrostatic field is
shown in Fig. 5,a. In this case, the breakdown EFS of
cellulose is 1.6 times exceeded, which leads to the
identity of the breakdown voltage for papers of different
thicknesses. When using the Peschot curve, the question
of the mechanical shear strength of paper KOH 2 samples
with a thickness of 4...6 pus arises It is also impossible to
explain the value of the breakdown voltage of KOH 2-4.
As seen from Fig. 5,b, the pore diameter is practically
equal to the thickness of the paper KOH 2-4 sample, and
the average EFS is 5.6 % less than the predicted value of
the Peschot curve. In the range of 2.09..3.28 pm, the
values of the EFS of the Peschot curve should be less by
1.6...7.1 % to explain the regularity of the breakdown
voltage of the capacitor paper.

Conclusions. The dependence of the electric field
strength of the air on the length of the discharge gap
obtained in the work satisfactorily explains the values of
the breakdown voltages of the samples of capacitor paper
with a change in their brands and thickness. The best
agreement of the obtained data is observed with the
experimental Peschot dependence. The maximum
divergence of the curves was 32 % in the range of
discharge gaps 2.00...5.54 um. The proposed method for
numerical calculation of the breakdown voltage of air
inclusions in the presence of water inclusions in the
thickness of solid insulation can be applied to other types
of solid thin-layer insulation.
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