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INSULATION WITH WATER TREE HAVING BRANCHES OF COMPLEX STRUCTURE

L.M.Kucheriava
Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv-57, 03680, Ukraine. E-mail: rb.irinan@gmail.com

The distributions of electric field, electric force and mechanical stress in the polyethylene insulation of power cable that
contains separate branch of a water tree are studied by computer modeling. Two models of water tree branch which
include a string of water-filled spherical microcavities connected by cylindrical channels with equal radius and with
radius decreasing along the length of the branch are examined. It is shown that the action of electric force and electro-
mechanical stresses at the ends of thinner tree channels can cause their destruction and then growth of water trees in
polyethylene insulation. References 15, figures 5, table 1.
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Introduction. At present the high- and extra-high voltage cables with cross-linked polyethylene insula-
tion (up to 500 kV) are widely used in the world. The polyethylene (PE) insulation possesses superior electrical
and mechanical properties, thermal stability. This gives high reliability of the material under operating condi-
tions. At the same time, the microlevel structure of polyethylene insulation is heterogeneous due to the presence
of numerous cavities, voids, cracks, foreign inclusions and various imperfections. Under the influence of elec-
tric field and in moist or aqueous medium, the voids and cavities over time fill up with water or water vapor.
They become similar to tree with branches and channels. In that way the initiation and growth of water trees
take place [13]. Water trees are tree-like structures with branches that through electrophoresis and mechanical
effects grow and develop in polyethylene material. In such circumstances water is aggregated in high electric
field regions by dielectrophoresis and expands in the microcavities and microcracks in polyethylene. In order to
grow water trees need water and electric field.

Because of degradation of the insulated material, water trees lead to its deterioration in service, re-
duction of electric strength and shortening of cable service life [4]. The main question is whether or not wa-
ter trees can cause quick failure of power cables. That is why the phenomenon of water treeing is studied
extensively, e.g. in [1, 11-13].

The typical water treeing as a set of branched water-filled channels in polyethylene insulation [12]
and its structure in conventional form are shown in fig. 1, @ and fig. 1, b, respectively.

The initiation and growth mechanisms of water trees in polyethylene insulation are not clearly un-
derstood. The mechanisms are complex interactions of the electrical, mechanical and chemical processes de-
pending on state and properties of the material, external conditions, applied stresses. The mechanisms of be-
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ginning and further growth of water trees are subdivided into two basic categories such as electromechanical
and electrochemical mechanisms [8, 12, 14]. One of the main reasons to form water trees are mechanical
stresses that result from the action of electric force in dielectrics.

The destructive effect of electromechanical phenomena occurs as follows [3, 4, 15]. The non-
uniform distribution of electric field in heterogeneous polyethylene insulation in conjunction with distortion
of the field near the defects in the insulation generate mechanical forces. The forces cause stresses which are
the most intensive in the vicinity of the defects where the electric field is sharply non-uniform. The mechani-
cal stresses bring to the destruction and break of chemical bonds in polymer matrix, formation of more vast
cavities and propagation of water trees. Then the concentration of electric field and mechanical stresses at the
tips of water tree leads to its more accelerated growth.

The models of treeing growth from microcavities according to [1, 14] are presented in fig. 1, ¢, d.
They are based on the concept that water tree has a "trunk" structure. Each branch in the tree contains a chain
of water microcavities connected by water-filled microchannels (fig. 1, d). In compliance with [14] the initial
water microcavities in polyethylene arise from manufacture process and operation owing to amorphous re-
gion containing water, coagulation of submicrovoids and submicrocavities and by grouping of free volume in
polyethylene structure. Water trees tend to grow along the electric field lines by means of the spread of mi-
crocavities and voids.

The model of water tree shown in fig. 1, ¢ is described in articles [8, 14]. It is in keeping with ex-
perimentally corroborated idea that water trees consist of a collection of spherical microcavities filled with
water [14]. The similar model of water tree branch structured by the water-filled spherical microcavities and
cylindrical channels (fig. 1, d) is used in [1]. Just such a model for the branch of water tree is examined in the
present article under condition of circular channels of the same diameter (model 1 in fig. 2, a) and in the case
of narrowing of water-filled channels (model 2 in fig. 3, a).

The mechanisms of degradation of polyethylene insulation including the increase of electric intensity
in close proximity to voids, cavities and tips of branch-like treeing, the action of electric force, attracting the
water molecules towards the regions with more strong field, are studied by computer modeling in [11].

No complete explanation for the possible aging and failure mechanisms of cable insulation associ-
ated with force effects and mechanical stresses in non-uniform electric field is yet available. The detailed
study of these mechanisms gives a possibility to define the causes and take the measures to prevent the poly-
ethylene degradation and eventually to attain the high quality of cable insulation along with its prolonged
service life. That affirms the topicality of investigation of electrophysical processes in heterogeneous dielec-
trics, especially as applied to polyethylene insulated power cables.

The purpose of the present work is to study features of the distributions of electric field, electric
force and electromechanical stress in the polyethylene insulation having water tree branch that contains a
chain of water micro-sized cavities connected by water-filled microchannels of different thickness.

Statement of physics problems. Let us consider the region of polyethylene insulation having a wa-
ter tree branch under the action of alternating electric field changing harmonically with defined angular fre-
quency o . The model of the branch includes a sequence of spherical microcavities connected by cylindrical
channels of different thickness (fig. 2, a). The cavities and the channels are filled with water.

The problems are formulated as two-dimensional, axisymmetric problems in cylindrical coordinates
rOz (fig. 2, a).

The electric field problem is stated in quasi-static approximation. This implies that the field slowly
changes in time at preset frequency f =50 Hz.

The problem of structural mechanics is solved only in polyethylene insulation except for water tree
branch. The assumption concerning the lack of the external loads, residual stresses and initial pressure is
made. The stresses that arise from electric forces are taken into consideration.

The insulation material is assumed to be isotropic.

Electric field problem. The distribution of electric field E =-V ¢ is determined from the following
equation solved for complex electric potential ¢ :

V[0V ¢+ jwegs, V=0, (1)

where o is the conductivity of the material; &, is the complex relative permittivity; &, =8,85- 1072 F/m is
the vacuum permittivity; j is the imaginary unit; @ =2z is the angular frequency.
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Fig. 3
The next boundary conditions are specified. The conditions ¢ =0 and ¢ =U (where U is the phase
voltage) are assigned on the boundaries along the field. The axial symmetry is defined at » =0. The condi-

tion of electric insulation such as n-J =0 (n is the unit external normal; J is the total current density) is set
on the outer boundary.

Structural mechanics problem. The electromechanical stresses within polyethylene material are
computed by the equation:
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Vo, +F=0. )

Here o, is the stress tensor; F is the electric force per unit volume (average value in a time period)
that acts on dielectric. Making an assumption that there are no space charges in the dielectric medium, the

force is expressed as [7]: F = ?V(s ~D|E |2 ) 3)

The free constraint conditions are specified on all boundaries of computational region of the problem
when no external force is applied.

The detailed description of the quantities needed to determine the stress tensor oy is given in
monograph [9].

Coupling of the problems and their solving. According to the classification of coupled field problems
in [5], the electric field problem (1) and structural mechanics problem (2) are weakly coupled problems. They
form electromechanical multiphysics problem. The coupling between the electric field and stresses is condi-
tioned by availability of force F in the equation of mechanical equilibrium (2). In compliance with expression
(3), the force F is determined by electric field E computed after solving the differential equation (1).

The problems are solved using the finite-element software Comsol Multiphysics [2]. The fine mesh
of the computational regions (shown in figs. 2, a and 3, a) especially close to the microcavities and channels
is used. The mesh is illustrated in fig. 2, a.

Note that the similar electric and mechanical problems coupled with thermal problem are solved in ar-
ticle [10] in a three-dimensional domain with different branched treeing structures. The accuracy of computa-
tional results is verified in [10] by comparison of computed values of electric force F with experimental data.

Numerical results and discussion. The properties of components and parameters of computational
model are listed in table. In the developed model, the relative dielectric permittivity of water tree is set to be
5 in accordance with measurements in [6].

The computer modeling is carried

Parameters and quantities Values

Coomotric Darametors out for two models, namely for model 1 of
Radis of P i M T 3 water tree branch with water-filled channels

adius .o microcavities in polyethylene, pm having the same thickness A; = Ay = 0,7
Half-thickness of water-filled channels, A, um | from 0,3 to 0,7

- - - § um (fig. 2, a) and for model 2 when the
Dlmen.s1ons of 09§1putat10na1 region, pm 30x 125 thickness of the channels is varied from
Electrical quantities A;= 0,7 pmto Ay = 0,3 pum (fig. 3, a).
Average electric field in insulation, kV/mm 7 The computed distributions of elec-
Ereq:enc'yl, Hzf e 5015 tric intensity | E|, electric force F and von

tivit t t B . .

oncue m YO PO ye y_ene isuation, > 10 — Mises stress oy are shown in figs. 2 and 3,
Conductivity of cavities and channels, S/m 5-10 .
Relative diclectr ity of bolvethv 23 (b—d) for two models under examination. In

ca %Ve © e(,: r‘lc'pemn m. A i polyethy’ene ’ addition, fig. 4 presents for model 1 of water
Relative permittivity of medium in water tree > tree branch the variation of electric intensity
Mechanical quantities of polyethylene (fig. 4, a), electric force (fig. 4, b) and von
Young's modulus, MPa 700 Mises stress (fig. 4, ¢) along the boundary of
Poisson's ratio 0,46 water-filled channels (7 = 0,7 um). As seen,
Density, kg/m’ 930 the concentration and the maximum values

of these quantities take place in close prox-
imity to the boundary of microcavities with channels and near the tops of the cavities directed along the field.
The electric intensity inside the microcavities is low. The greatest electric force | F| acts on the cavities. The

force has a compressive effect on both the cavities and water-filled channels. In consequence of the compres-
sion force, the local deformation and destruction of polyethylene insulation at microlevel, in particular in the
region of transition from cavities to channels can be started.

For model 2 of water tree branch, fig. 5 gives the change of electric intensity | E| (fig. 5, ) and force
|F| (fig. 5, b) along the boundary of connecting channels (i.e. along the vertical line on the level of r =
Ay = 0,7 pm). Together with fig. 3, (b—d) data of fig. 5 show the increase of the quantities under study at

narrowing of the channels. If the radius of water-filled channel is reduced ~ 2,3 times, then the values of
force | F| increase more than 8 times and the von Mises stress o, increases up to 27 times (fig. 3). For nar-
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Fig. 4 coupled electric processes and stresses in polyethylene

insulation with a separate branch of water tree that con-
tains a chain of microcavities (with radius of 3 pm) and cylindrical connecting channels with different radius
(from 0,3 to 0,7 pm) is performed.

The revealed electromechanical effects explain the potential mechanism of water tree propagation in
cable insulation by polyethylene destruction owing to the compression force and mechanical fatigue of the
material at the ends of water-filled microchanels that form branched tree structure.

The action of electric force and the effect of stresses on polyethylene insulation show that the tree
branch tends to grow and the thinner branch has a higher probability of destruction.

The results attained by numerical simulation give a possibility to extend the understanding of the
electrophysical processes that cause degradation of polyethylene insulation under the action of electric field.
The results are of practical interest in view of wide application of polyethylene-insulated power cables.
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LInaxom xomn'tomepHoco MoOent08ants O0CAiONHCeHO PO3NOOLL eNeKMPUHHO20 NOJA, eNeKMPUHOL CUTU MA MEeXAHIYHUX HANPYIICEHb
VY noaiemuneHosill i301yii cun068020 Kabeus, AKa MICmums oKpemy 2iIKy 600H020 mpuinea. Pozensanymo 06i moodeni 2inku mpuinea,
WO CKAA0AEMbCA 3 HU3KU CHEPULHUX MIKDOSKIIOUEHb, 3'€OHAHUX YUNTHOPUYHUMU KAHANAMU 0OHAKOB8020 padiyca ma KaHandMu, Wo
3MeHuyomscs 3a moswunor. Ilokaszano, wjo O0is eneKmpu4Hoi cunu ma po3nooin enekmpoMexanivHux Hanpylcensb Ha KiHyax Oinbiu
TNOHKUX KAHANIE MPUiHea CNpuse iXHbOMY PYUHYEAHHIO | MUM CaAMUM PO3GUMKY MPUIH208UX CINPYKIMYD Y NOTIeMUNEH08ill 1301AYil.
bi6n. 15, puc. 5, Tabm. 1.

Knrouogi cnosa: monieTHICHOBA 1304115, MIKPOPO3MipHi BKIIFOUEHHS, KaHAJIM BOAHOTO TPUiHTA, EICKTPHYHE IOJIe, EIeKTPOMEXaHi-
YHI HalpyXEHHsI, KOMIT'TOTepHE MOJIEIIIOBAHHSI.
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Ilymem KOMRbIOMEPHO20 MOOCTUPOBAHUS UCCIeO08AHbL PACHPEOeeHUs INEKMPUYECKO20 NOJS, SNeKMPUUECKOU CUbl U MeXaHuYe-
CKUX HANPSNCEHUT 8 NOIUIMUTIEHOBOU UONAYUU CUT08020 Kabelsl, cooepiicaujell OmOelbHyI0 8eneb 600H020 mpuuHeda. Paccmompe-
Hbl 08 MOOeNU 8emEU MPUUH2d, COCMOsel U3 YenouKu Cheputeckux MUKpOBKIOUeHUl, KOMopble COeOUHEHbl YUTUHOPUYECKUMU
KaHAnamu 0OUHAKO8020 paouyca U KAHaiamu, yMeHbuaowumucs no moawute. Ilokazano, umo oeicmeue 1eKmpuieckol Cuibl u
pacnpeoenenue 1eKmpOMexaHuieckux Hanpax;ceHull Ha KOHYax 6oiee MOHKUX KaHAN08 MpUuuHea cnocobCmeyem ux paspyuenuio u
mem camvlm pa3eumuio MpUUHS08bIX CMPYKMYp 6 noaudmuneHosol uzonayuu. bubn. 15, puc. 5, tabmn. 1.

Kniouesvle cnosa: nonmusTUICHOBAs M30JALMS, MUKPOpa3MEpHbIE BKIIOYEHHUS, KaHaJIbl BOAHOTO TPUHMHIA, HIEKTPUYECKOE IOJIE,
9NIEKTPOMEXAHUUECKHE HAIPSDKEHHS!, KOMITBIOTEPHOE MOJICIIMPOBaHUE.
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