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Some features of the electro-physical processes that arise in solid dielectric media with the presence of water under the
action of strong electric fields are determined. On the example of cross-linked polyethylene insulation of superhigh-
voltage cables, the amplifications of the electric field, the increase in current densities and the rise of surface forces in
the local regions of the insulation with increasing density of close located water micro-inclusions are calculated. Using
the developed mathematical model on the basis of the finite element method, the dependences of the abovementioned
values on the number and mutual distances between inclusions are determined. It is demonstrated that the fragmenta-
tion of micro-inclusions (i.e. an increase in their number with an unchanged total volume of water) increases the
stressed volume of the dielectric, as well as the number of areas with increased field strength and pulsating forces. An
increase in the field disturbance can also be caused by a change in the configuration of a set of close located inclu-
sions, in particular, with a decrease in the distances between them. The fragmentation of micro-inclusions is dangerous
process for a dielectric, since it can lead to further combining the fragmented micro-inclusions into a single conducting
structure along the field and results in irreversible degradation of the dielectric. References 12, figures 3.

Keywords: electric field, XLPE insulation, superhigh-voltage cable, water micro-inclusions, electric current, surface forces,
stressed volume.

Introduction. At present, there is an increasing interest in electro-physical processes study (local amplification
of the electric field, increasing the current densities, increasing the forces of action) in solid dielectric media with vari-
ous microdefects. This interest caused by an increase in voltage of modern electric power equipment, which requires
ensuring high reliability and a long service life of insulating materials [1]. One of such materials, having a number of
advantages and widely used is cross-linked polyethylene (XLPE). Based on the performed studies, the main reason that
limits the electrical strength of the XLPE insulation is the appearance of structural defects and external micro-inclusions
in this insulation. Such defects arise during both insulation manufacture and its operation [2]. Special attention is paid to
the emergence of water micro-inclusions, which can have different configurations (size, shape, orientation relative to
the external field, relative position), because the electric field (EF) and surface forces can increase dozens of times near
their poles [3]. Such a cumulative electromechanical effect leads to an irreversible degradation of the dielectric and a
decrease in its strength and service life [4].

Since it is impossible to ensure the complete absence of water inclusions in the XLPE insulation, it is important
to identify the most dangerous of their configurations and to develop recommendations for their minimization in order
to increase the reliability and service life of such insulation. It is necessary to take into account that the most intensive
degradation of XLPE insulation occurs when the electrical, mechanical and thermal processes in it under the influence
of strong nonuniform EF are combined [5]. In addition, the effects that can be neglected in insulation at low voltages, at
high and ultrahigh voltages can manifest themselves to a large extent and even become the main ones [6].

In order to estimate the degree of amplification of the EF in the dielectric, in [1] it is proposed to evaluate not
only maximal field strength £, but the dimensions of so-called stressed volumes regions Vj, (insulation volumes, in
which the EF strength is less then breakdown value, but it exceeds the permissible value). With the growth of the di-
mensions of such regions, the probability of the breakdown of the material in one of the local regions of the stressed
volume increases. In other work [7] it is shown that the accumulation of water in the XLPE insulation in the form of a
number of close located micro-inclusions of a small size ("cloud") can be more dangerous than the concentration of the
all liquid in one large inclusion, as the number of micro-regions of the disturbed field increases with increasing number
of micro-inclusions. So, according to modern requirements for the quality of XLPE insulation for cables for high and
superhigh voltages, not only the maximum permissible sizes of micro-inclusions, but also their maximum concentra-
tions are regulated [1].

In the study of electro-physical processes in dielectrics with conducting microdefects, the most difficult prob-
lem is to determine the regularities of such processes, depending on the configuration of the defects, which can be com-
plex and even vary with time.

The aim of the work is the calculation and analysis of the dependencies of the amplification of the electric
field, increase in current densities and the rise of surface forces in the local regions of the XLPE insulation on the num-
ber and mutual distances between water micro-inclusions at increase their density.

Physical-mathematical problem statement. The EF distribution in a solid dielectric was calculated using the
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example of cross-linked polyethylene insulation of an superhigh-voltage cable for voltage up to 330 kV. The EF
strength £, in the XLPE insulation on a distance A from the surface of the semiconducting layer of the cable core is

determined according to the equation E, =U[(R, + A)In(R, /R, )], and for A < 5 mm the average strength is E,, = 10—

13 kV/mm. To calculate the field disturbance in the micro-region of a dielectric, according to the multi-scale modeling
approach [5], the boundary conditions of the computational domain at the micro-level of the problem solution are de-
termined from the solution of the distribution of the scalar potential ¢ at the macro-level.

The simulation is carried out in the micro-region of a cylindrical dielectric with a height of 500 um and a di-
ameter of 300 um, to which a sinusoidal voltage of 5 kV with a frequency of 50 Hz is applied (see Fig. 1). Therefore, an
average field strength is E£,, = 10 kV/mm. The presence of group of close located

‘ _ .
ﬂ (f) = 2 sin(3147) k:) ("cloud") water micro-inclusions of a spherical shape in the insulation is consid-
I s — ered. The radius of micro-inclusions is set according to their number, so that the
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g —0 ) oped in these works, the dependence o(E) is represented by the following expres-
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Here 6,,,; = 10" S/m is the constant conductivity of the XLPE in a weak EF, e is
the charge of the carrier, T is the absolute temperature, k= 1.38 107 J/K is the
Boltzmann constant, and « is the distance between the potential energy barriers, which for polyethylene is about 2 nm.

Taking into account that the EF has low-frequency, the problem was formulated in the quasi-static approxima-
tion according to the system of Maxwell's equations [10]. The calculation equation for the scalar electric potential, ¢(7)
(E(f) = — grad (7)), is written as

Fig. 1

div[o(E) grad (1) — g€, 6 grad (1) /0] = 0 . )
Here o(F), € are the electrical conductivity and permittivity of the medium, respectively.
The total current density vector J,,; (¢) is calculated as the sum of the conduction current vectors J,,,¢) and
the displacement current J;,(?):
Jtotal (t) = Jcond (t) + Jdispl (t) = G(E)E(t) + 880 aE(t)/at . (3)
Thus, for a weak EF, the main current in the local region of the insulation is the displacement current J (%),
and in micro-inclusions — the conduction current J,,,,(f). For strong EF, the nonlinear dependence of the conductivity
o(E) in the insulation was taken into account, which can substantially increase the conduction currents in it.
Equation (2) is supplemented by conditions on the boundaries of the computational domain shown in Fig. 1: at the
upper and lower boundaries — by specifying the values @(#), and on the side boundaries — by zeroing the derivative of the
potentials @(7) along the normal # to the surface. At the interface "water-XLPE insulation" the following conditions are set:

0,(E) 0¢,(1)/0n— 8, 8¢, (¢)/0t0n = 0, (E) 80, (1)/0n —£,8, 0°¢, (1) /dtdn , )
i.e. it is determined the equality of the normal components of the total current density: n-(J; 1(£) — J 10101 2(2)) = 0.
To calculate the electromechanical surface forces fi(¢) arising at the interface "conductor-dielectric" under the
action of an external EF, we used the Maxwell tensor T(z) [10, 11]:

f.()=T() n= B(D(t) E(0)I-D(1)® E(t)} n. (5)

Here 1 is the unit tensor, ® is the dyadic (tensor) product, D = e&,E.
As in [1, 7], the value of the stressed volume ¥, is determined according to the equation:

Vi= }[f(E)dV (6)

Here V is the computational domain of the XLPE, f(E) is the function that to possess the value f{F) = 1 for EF above the
permissible value (£ > E,,,,,), and at E < E,,,,,, it takes the value f(E) = 0.

The calculated time interval At is digitized, and equation (2) is solved by the finite element method for all the
moments ¢, taking into account the nonlinear dependence determined according to the expression (1). The calculation of
the problem begins with zero initial conditions and the effective values of the calculated temporal functions in the
steady-state oscillation mode are analyzed. The solution is implemented in the Comsol Multiphysics package [12].

Results of numerical experiment. The cases of fragmentation of the total volume of liquid into micro-
inclusions from 1 to 25 pieces were simulated. The dependences of the maximum field strength E,,.,, the total current
density J,,., the values of the stressed volume Vy,, and the maximum surface force fg .« in the XLPE insulation on the
number and mutual distances between micro-inclusions were investigated.
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Fig. 2 shows the results of calculating the field strength £ distribution in computational domain, depending on
the number of micro-inclusions (3, 7, 9 and 13 ones). Colors correspond to a scale on the right side of Fig. 2 and £
value was given in dimensionless units in the form of the electric field amplification factor kg = E/E,,, i.e. referred to the
average field strength E,, in insolation.

a b c d
Fig. 2

The distances / between the inclusions are also given in dimensionless units, they are reduced to the diameter d
of the inclusions //d. For the calculation on Fig. 2 mutual distances are //d = 0.2. Maximal field strength £, is ob-
served at poles of the central inclusion in the "cloud" and equals &z . = 13—17 depending on a number of inclusions.
Calculations have shown that the "cloud" consisting of multitude of inclusions can be considered as close located chains of
inclusions oriented along the EF. The main influence on the field distortion is provided by the configuration of the inclu-
sions in each chain, while the mutual effects of the chains on each other are insignificant.

The value of stressed-volume was also given in dimensionless units in the form of the stressed-volume coeffi-
cient ky, = V,,/V,, i.e. referred to the total volume of water V,, and the dependences of the kg ,,.x and &y, coefficients on
the number of micro-inclusions are shown in Fig. 3.

Curves 1, 2 and 3 corre-
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a Fig. 3 b scribed above can be explained by

the fact that during the fragmenta-
tion of micro-inclusions in the "cloud" its length along the field increases. If we assume that the distances between mi-
cro-inclusions remain the same, then the dimensions of the "cloud" along the field increase by 5 times or more when
"cloud" configuration similar to spherical form and by 10 times or more when the inclusions are arranged mainly along
the electric field.

Conclusion. Calculation and analysis of the distribution of the electric field in the local volume of cross-linked
polyethylene insulation with the presence of a "cloud" of close located micro-inclusions of various configurations is
carried out. The analysis showed that the fragmentation of micro-inclusions (an increase in their number and a decrease
in size with an unchanged total volume of liquid in the insulation) can cause an increase in the total stressed insulation
volume by a factor of 3 or more at close distances between inclusions. In this case, the magnitude of the electric field
strength in the dielectric gaps between the inclusions increases by 17 times or more.

The fragmentation of water micro-inclusions leads to an increase in the dimensions of the "cloud" along the the
field by 5 times or more when "cloud" configuration similar to spherical form and by 10 times or more when the inclu-
sions are arranged mainly along the electric field. Near the poles of each of the inclusions in the insulation the regions
with increased field strength are created. In the course of time micron droplets of water and sub-micron ones are drawn
into these regions. This phenomenon together with the pulsating pressures on the dielectric material creates the condi-
tions for the appearance and germination of water treeing from the inclusions surface in the direction of combining the
elements of the "cloud" into one whole conductive structure, what reduces XLPE dielectric strength.
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Busnauero oesxi ocobnusocmi enekmpo@izuunux npoyecis, wo BUHUKAIOMb y MEepoux OleleKMPUHUX CEPedo8UIAX Y CUTLHUX eleKmpUuY-
HUX nonsx 6 npucymnocmi 6o0u. Ha npuxnaoi suumoi noniemunenogoi i3015yii HA0BUCOKOBOIbMHUX KaDei8 po3paxo6aHi NiOCUIeHHS! elleK-
MPUYHO2O NOJISL, NIOBULYEHHS 2YCIUHU CIPYMIB | 3DOCIAHHS NOBEPXHEBUX CUJL 8 il IOKAIbHUX 0OIACMAX NPU NIOBULYEHHT 2YCIUHU ONIUZbKO
PO3MAUIOBAHUX BOOHUX MIKPOBKTIOUEHb. BUKOpucmosyiouu po3pooneny mamemamuyny Mooeib Ha OCHO8I Memooy CKIHUEHHUX eleMeHInis,
PO3DAXOBAHO 3ANEHCHOCHI 3A3HAYEHUX 8EUYUH 610 KLIbKOCMI [ 83AEMHUX giocmanel Midic gmouentsimu. TIpodemoncmposano, wo opo6-
JIEHHS. MIKPOBKIIOUEHb (MOo6mo 30L1bUueH s, IXHbOI KIIbKOCMI NP He3MIHHOMY CYMapHOMY 00 emi 600u) 30iibutye Hanpysicerutl 06 'em Oie-
JIEKMPUKA, A MAKOHC KibKicmb obaacmeli ni0SUWeHoi Hanpys1ceHocmi i nyabeylouux cui. o 30inviuenHs 30ypers nosis Modice npu3go0umu
MAaKodc 3MiHa KoH@izypayii CyKynHoCmi 6AU3bKO POSMAUOBAHUX BKIIOUEHb, 30KpeMa Npu 3MEeHUeHHI giocmanetl mige Humu. [poonenns
MIKPOBKIIIOYEHb € Hebe3neuHuM 075l QieeKMpUKA, OCKIbKU MOdice NPU300Umu 00 iXHbo2o NOOAIbWuio20 00'€OHaHHs 6 €0UHy NpoBIOHY
CmpyKmypy 6300824 NoJis i npu3600umu 00 He380pomHoi decpadayii dienexmpuxa. bion. 12, puc. 3.

Kniouogi cnosa: enexrpuune none, 3I1E i3051411is, HaJBUCOKOBOJIBTHHI Ka0Oelb, BOJHI MiKPOBKIIOUEHHS, €IEKTPUYHHI CTPYM, HO-
BEPXHEBI CHIIM, HANIPy>KEHUI 00’ €M.
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Onpeoenenvl Hekomopwle 0COOEHHOCMU ANEKMPOPUIULECKUX NPOYECCO8, BOSHUKAIOUUX 68 MBEPObIX OUINIEKMPUYECKUX CPeOdX & ClUib-
HBIX 2NIEKMPUYECKUX NOIAX 6 Npucymcmeuu 6oovl. Ha npumepe cuumoil noaudsmuneHo8ou u3oAyUul C6epxeblCOKOBOTLMHLIX Kabenetl
paccuumanbl yCuieHus 2NeKmpuiecko20 noJis, NOBbIUEHUs NIOMHOCMel MOK08 U POCH NOBEPXHOCHHBIX CUT 8 ee JIOKATIbHBIX 00NACHIAX
npU NOGbIUEHUU NIOMHOCIU OIUZKO PACNOIOINCEHHBIX BOOHBIX MUKPOBKIIOUeHUll. Hcnoab3ys paspabomantylo Mamemamuieckyio mo-
0elb Ha OCHOBE MeMOOa KOHEUHbIX 2NEMEHMO8, PACCUUMAHbL 3A8UCUMOCTIU YKA3AHHBIX GEIUYUH O KOIUYECEA U 83AUMHBIX PACCMO-
HUtl Mexcoy sKkarodeHusmMu. 1IpodemMoHcmpuposaro, ymo OpoodieHue MUKPOSKIIOUeHUL (m.e. y8erudeHue ux Konuiecmed npu HeusmeH-
HOM CYMMApHOM 00beMe 800bl) Yeenuuusaen HanpajiceHHuili 00bem OUdIeKmpuKa, d maxice Koau4ecmso oonacmeli NOGbIUEHHOU Ha-
npsdceHHocmu u nyvcupylowux cull. K ysenuuenuio 6o3myueruil nousa mMoxcem npugooums makice usmeHeHue KoHpueypayuu coso-
KYNHOCHU OJU3KO PACHONOICECHHBIX GKIIOUEHUN, 8 YACHHOCIU NPU YMEHbUEHUU PACCIMOAHUL MeXcOy HUMU. [Jpobnenue Mukposxioye-
HULL SIGISAEMCST ONACHBIM OJIs1 OUDNEKMPUKA, NOCKOTILKY MOJNCEN NPUBOOUmb K UX OdlbHeluemMy 00beOUHeHUIo 8 eOUHYI0 NPOBOOSIULYIO
CmMpyKmypy 600J1b NOJIA U NPUBOOUNs K OabHeluell Heobpamumoti despadayuu ousnexmpuxa. bubmn. 12, puc. 3.

Kniouesvie cnosa: >nexrpudeckoe noiue, CIIO n3omsanus, cBepXBbICOKOBOJIBTHBIN Kalelb, BOJHBIE MUKPOBKIIFOUCHUS, IEKTPHYE-
CKHI TOK, TOBEPXHOCTHBIE CHJIBI, HATIPSKEHHBII 00bEM.
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