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Abstract: The processes originating in local areas of
cross-linked polyethylene (XLPE) insulation of extra-
high voltage cables during water tree germination
between closedly disposed water micro-inclusons in
insulation have been studied. According to current
experimental data, water trees in XLPE have not solid
cylindrical shape, as it was thought previoudly, but they
consist of closely spaced nanoscale inclusons of
spheroid form and nanoscale thin water channds
between them (so-called “string of pearls’ confi-
guration). The eectric field disturbances near such trees
can significantly differ from the disturbances near solid
ones. Therefore, the paper presents the results of
mathematica modeling and analysis of the eectric field
strength digtribution, changes in stressed volumes and
densities of currents in XLPE insulation near the micro-
inclusions connected by the tree of “string of pearls’
configuration. The cases of nano-cracks appearing in a
dielectric gap between micro-inclusons, their partial or
complete filling with water, that is, the water tree
formation with branches of different conductivity were
simulated. It was shown that water tree germination
between inclusions and the increase in the conductivity
of its branches leads to connecting inclusions into a
single conductive structure that disturbs the el ectric field
stronger than single micro-inclusions. The regularities of
increasing the electric field strength (which describes the
rapid determined degradation mechanisms), increasing
the stress volume (which describes the slow stochastic
degradation mechanisms) and increasing current density
in local areas (which describes the insulation
overhesating) were determined. The obtained results are
useful for the analysis of interrelated processes of XLPE
degradation and for the evaluation of insulation resource
during its long operation.
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1. Introduction. Solving the tasks of the calculation
of strong electric fields (EF) in heterogeneous dielectric
mediums is nowadays an actual problem, interest to
which dill increasing. With the development of modern
computational methods and their software imple-

mentations, it became possible to solve problems not
solvable in the past [9]. They arise during the design of
modern eectrica power equipment and expand the
electromagnetic field theory. One of the important
practical problems is the calculation of EF in a cross-
linked polyethylene (XLPE) insulation of high voltage
and superhigh-voltage cables in the presence of various
water micro-defectsin thisinsulation [2, 7, 14].

Summarizing the results of numerous studies, the
following algorithm for the cable insulation breakdown
in a strong eectric fied in the presence of moisture can
be described [24, 6-8, 15]. In micron-level and nano-
level voids and cracks, which are dways present in
XLPE, water is gradually accumulated. As a result,
micron-level and submicron inclusions occur. At the
poles of such inclusions, liquid pressure on the surface of
polyethyleneis created and, in some cases, its magnitude
can exceed the mechanica strength of a material and it
leads to the appearance of new cracks|[2].

Moreover, there are regions of increased field
strength near the poles of inclusions, in which the new
water molecules are drawn in due to the dieectro-
phoretic forces [8]. Such inclusions become centers of
water trees — thin-branched structure forms [3]. Near the
tips of tree branches the high pressure and field strength
also appear. This enlarges the tree structure and
promotes further XLPE degradation.

In the didlectric gap between closdy approximating
water micro-inclusions the EF additionally intensfies
[11, 14]. The appearance of cracks in the polyethylene
and germination of water trees can cause the appearance
of conducting channel between the inclusions, which
conductivity increases while it is being filled with water
[3, 13]. Ultimately, closdy disposed inclusions unite into
one structure [14].

Fast determinigtic processes of dielectric degradation
are described by studies of the maximum levels of the
electric field strength, which can exceed the breakdown
voltage of XLPE insulation [2, 7]. To describe the slow
stochastic processes of its degradation it was proposed to
evaluate the dimensions of areas of stressed volumes in
XLPE [14], i.e. those areas where EF tension is lower
than the breakdown value Eyex, but higher than a
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determined permissible value Epem. The larger stressed
volume Vg in insulation, the greater its breakdown
probability in any region of thisvolume,

In addition to solving eectrical and mechanica
tasks, it isalso expedient to solve the heat problem of the
calculation of the heating of local insulation areas by
displacement currents, as well as the heating the areas of
water defects by the flow of conduction currents [1, 14].
These studies are particularly relevant in situations of a
sharp change in the cross section of conductive defects,
i.e. on the inclusion surface turning into the water tree.
On the defect-didectric boundary the conduction
currents close through the displacement currents in the
XLPE insulation and their high dendties can lead to the
material heating and thus a reduction of its electrical and
mechanical strength [2].

In [3] it was shown that the water tree branches in
XLPE do not have a solid cylindrical shape, as it was
considered, but they consist of closely located micro-
inclusions of spheroidal shape with a thin nanoscale
water channels between them (“string of pearls’
configuration), asit isshown in Fig. 1.

micro-inclusion

Fig. 1. Water tree simulation by closely located spheroids,
connected by conductive channds[3].

The distribution of EF near such a tree may
significantly differ from the homogenous one with
cylindrical branches of a constant cross-section. Such
trees can germinate between the surfaces of closdy
disposed water micro-inclusions combining them into a
single conductive structure. Therefore, the modeling and
analysis of the field distribution near the “string of
pearls’ tree configurations should be done It is
expedient to determine the levels of the appearing EF
amplification, the values of stressed volume and currents
density in the didlectric, as well asto identify the factors
with the greatest impact on the insulation resource.

The aim of the work isto conduct calculations and
comparative analysis of changes in the values of e ectric
field strength, stressed volumes and current density
occurring in XLPE insulation of high-voltage cables near
water micro-inclusions connected by the “string of
pearls’ water tree depending on its conductivity.
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2. Phydcal and mathematical problem formulation.
The average EF intensity in XLPE insulation of the cable
for voltage of 330 kV at a distance up to 5 mm from the
surface of a semi-conductive layer is E,, > 10 kV/mm.
The insulation layer with thickness of 0.6 mm, to which
sinusoidal voltage of 6kV at 50 Hz is applied (see
Fig. 2), was simulated.
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Fig. 2. Computational domain of XLPE insulation
with water micro-inclusions and boundary conditions.

The shape of a water droplet in XLPE under the
influence of external EF is characterized by a balance of
the Coulomb forces, theinterfacial tension forces and the
elagtic reaction forces of medium. According to the
calculation in [15], the most characterigtic shape of water
micro-inclusions in XLPE is a spheroid with semi-axes
ratio a/bin therangeof 1.5t0 3.

In this work the presence of two micro-inclusions of
the most typical spheroidal shape with semi-axes ratio
a/b = 2/1 connected by “string of pearls’ water trees in
the XLPE is considered (see Fig. 2). The semi-axes of
the inclusions are 25x12.5x12.5 um. Each branch of
'strings of pearls’ type consists of 5 micro-inclusions
with semi-axes 6x3x3 um and 6 connecting channds
about 25 um long with a radius of 1 um. All inclusions
are considered to be the water ones with corresponding
conductivity owaer and didectric permittivity &pater,
though the values of conductivity and dielectric
permittivity of connecting channels vary from quantities
specific to XLPE to those characterigtic of water.

Such water defect configuration simulates the case
when water droplets are retracted in the dielectric gap
between two closdy disposed micro-inclusions, being
the area of maximum EF srength, due to
dielectrophoretic forces, following germination of water
channel between them and emergence of water tree with
it subsequent branching.



Effect of Water Trees* Sring of Pearls’ Configuration on Electric Fidd, Current and Sressed... 109

The XLPE insulation medium was considered to be
piecewise homogeneous, isotropic and linear, as in [10,
11, 14]. The problem was formulated in the quasi-static
approximation and the interrelations of the EF vectors
were described by Maxwell's equations, written using the
method of complex amplitudes [5].

I ] |

roté:-iwé,

rot |.K| = ‘gtotal ' (1, 2)
| 1
divB=0, dvB=r . (3,4)
The equation for scalar electric potentia jé is:
I
B = - gradjt. (5)

The final equation for the scalar electric potential jé&
in computational domain of XLPE insulationis[11, 14]:
div[- s +iwe,d]>gradt =0 (6)

To obtain the unique solution to the equations (6),
the Dirichlet conditions (values of eectric potentias)
were set for the upper and lower boundaries of the
computational region (Fig.2), and the Neumann
conditions (values of the surface normal derivative of
potentials) were set for the side faces of the
computational region and for the water-XLPE interface
(i.e., interface between the inclusion and the medium).

The estimation of the distribution of scalar electric
potential j& in the computational domain was performed

using the numerical finite element method implemented
in a Comsol Multiphysics software package. As shown
in [11, 14], the value of stressed volume Vg for the three-
dimensional computationad domain was determined
according to the equation:

Ve = of (B)av, (7

where V is the computational domain of XLPE, f(E) isa
function, which for the EF strength higher then
permissible value (E > Eper) takes the value of f(E) = 1,
and for E < Epen takesthe value of f(E) = 0.

The vector Jiyy Of total current dendty is a sum of
vectors of a conduction current in the water micro-
defects Jong and a displacement current Jgs in XLPE
insulation:

total cond dis ﬂt i (8)

3. Simulation results

3.1. Closly spaced inclusions. At the first part of
the work, independent closely spaced micro-inclusions
without connecting channels were simulated. Vaues of
E and V4 were represented in relative units as the electric
field gain factor ke = E/E; and dressed volume
coefficient kyg = V4/V. Coefficient kg was defined as the
ratio of fiddd strength E in the caculated points in
dielectric to its average value E,, in the computational
domain. Coefficient kyg was defined as the ratio of Vg

throughout the computational domain to the total volume
V of all water micro-defectsin XLPE.

Fig. 3 displays: a) an EF distribution; b) a stressed
volumes Vg on cut-plane through all inclusions centers;
¢) an EF digribution; and d) atotal current density on a
cut-line through the centers of the two biggest inclusions
and five smaler in a middle tree branch. Colors
correspond to the E value according to a scale on the
right sde of Fig. 3. Colored areain Fig. 3, b) is a stressed
volume areg, where the EF intensifies by 20 % and more.
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Fig. 3. @) EF distribution; b) location of stressed volumes Vg

on plane of section; c) EF distribution; d) total current
density Jiotal ON cut-line near independent inclusions.

According to the numerical experiment, small
micro-inclusions get into the field of nearby large
inclusions, which manifests itself through the increase in
ke and Jioig Near small inclusions (Fig. 3). The largest EF
strengths are observed near the micro-incluson poles,
where field could increase 5 times and more. It means
that if the average field strength near the core of a HV
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cable with XLPE insulation equas 10 kV/mm, in local
areas the highest field strength is Epx > 50 kV/mm.
Such EF can exceed the XLPE didectric strength
(40-80 kV/mm) and can lead to local breakdowns.

3.2. Inclusions connected by channels with low
conductivity. The second part of this work is dedicated
to the computation of the EF distribution in the XLPE
insulation near the complex micro-defect consisting of
closely located spheroid micro-inclusions with thin water
channels between them (water tree with “string of
pearls’ configuration). Channels of the tree were
simulated as tubes of cylindrical shape with radius of
1 um and length of 25 um. The channels are gradually
being filled with water and their conductivity o
increases from the XL PE value ox e = 1:10™ S/m to the
salt water value Gyae = 1:107 S/m. In this simulation the
conductivity of channels was 4 orders higher than ox e ,
but 8 orders less than owge (6= 1:10%° Sm) and
corresponded to partial filling cracks with water.

It should be noted that if the dimensions of micro-
inclusion (from 12.5 to 25 um) are more than 10 times
greater than the tree radius (1 um), its volume is about
100 times smaller than the volume of the incluson.
Thus, the volume of micro-inclusion stays approximately
unchanged after filling channels with water and,
considering the dielectrophoresis of water molecules at
durable operation term of insulation, the volume of
liquid inside the inclusions could be assumed constant.

Fig.4 displays: a) EF distribution; b) stressed
volumes Vg on the plane of section through the centers
of al inclusions, c) EF distribution; and d) tota current
density Jita 0N the cut-line through the centers of the
two biggest inclusons and five smaller onesin amiddie
tree branch. Colors adso correspond to the E vaue
according to the scale on the right side of Fig. 4 and
colored areain Fig. 4 b displays a stressed volume V.

According to the numerica experiment, after
emerging of tree channds, the maximum value of EF
gain coefficient ke ey and stressed volume coefficient
kvs increase a little, while the maximum density of total
current Jia rise considerably. If in the first smulation
(Fig. 3, ¢) ke max = 5.2, then in the second one (Fig. 4, ¢) —
Ke max = 5.4 (4 % larger), Smultaneoudly kyg increases by
21 %. Increasing of the kyg value shows increasing of
dielectric breakdown probability at any point of the
stressed volume.

The maximum density of total current Jyyy rose from
0.45 A/m (Fig. 3,d) to 7 A/m (Fig. 4, d). Characterigtic
difference in the currents distribution is that the density
Jeong Of conduction currents in the inclusions remains
approximately at the same levels of 0.3-0.4 A/m, but the
displacement current density Jgs in dielectric gaps

Maksym Shcherba

between the inclusions in the second simulation rose
from 0.1 A/m to 7 A/m (peaks in Fig. 4 (d)). Increasing
the current density in the XLPE leads to heat dissipation
in it and reduces the electrical and mechanical strength
of insulation, asnoted in [2, 7].
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Fig. 4. a) EF distribution; b) stressed volumes V¢ location
on plane of section; c) EF distribution; d) total current
density Jiotal ON cut-line near connected inclusions.

It can be concluded that the connection of closdy
spaced micro-inclusions by conductive channelsin a one
single dtructure is more dangerous to the XLPE
insulation because of greater stressed volumes and local
current densities. Due to the positive feedback of the
processes, the degradation of XLPE insulation intensifies
during its exploitation over along period of time.

3.3. Increasing the conductivity of tree channels.
The next gep of research was to smulate the EF
distribution in XLPE insulation, when a conductivity of
connecting channd o, between micro-inclusons rises to
the water value 102 S/m. It modds the situation when
whole channd s are filled with water. The results of: a) EF
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distribution; b) stressed volumes V¢ on plane of section
through the centers of al incdusions, ¢) EF digtribution;
and d) total current dendity Jig ON cut-line through the
centers of the middle tree branch are presented in Fig. 5.
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Fig. 5. a) EF distribution; b) stressed volumes Vg location
on plane of section; c) EF distribution; and d) total current
density Jiotal ON cut-line near connected inclusions, while
conductivity of channelsincreases.

The increase in channd conductivity leads to the
stuation when the maximum value of EF gain coefficient
Ke max grows 3 times (from 5,4 in Fig. 4, ¢) to 18 timesin
Fig. 5,¢; stressed volume coefficient kyg grows by
150 % comparing to the integrals of colored areas in
Fig.4,b and Fig. 5, b; and maximum value of total
current density Jiig grows 14 times (from 7 A/m in
Fig. 4,dto 100 A/min Fig. 5, d).

The comparative results of al tree smulations are
represented in Table 1.

Note that when the channel conductivity reaches the
water value, inclusions connected by the tree behave like
a solid conductive structure, inside which the EF is close

to zero, and the maximum values are at the poles of side
inclusions (see Fig. 5, a and c). It also manifestsitsalf in
developing significantly larger stressed volume areas, as
it can be seen comparing colored areas in Fig. 4, b and
Fig. 5, b.

Table 1
Compar ative results of all tree simulations
# 6, IM | Kemaxs FU. | kv, HM® [ Jiota e, A/M
1 110" 52 0.8 0.450
2 1107 54 12 7
3 1102 18 7.4 100

3.4. Influence of the amount of tree branches.
Ancther important factor, which significantly changes
the distribution of the dectric field, stressed volume and
current dendty is water tree branching. Because of
stochastic configuration of nano- and micro-cracksin the
insulation and stochastic breaks of material due to local
mechanical pressures, the amount of tree branches could
significantly change.

In [12], the results of numerical experiment of
calculation of EF disturbance near the micro-inclusion at
the presence of water trees with cylindrical branches on
the surface are shown. Tree branching could reduce the
maximum value of EF strength E on its tip, due to
shielding the central tree branches by side branches.
Simulation results are well agreed with other studies [2,
3, 7], which show that intensive tree branching leads to
the dowdown of its growth and even toits extinction.

At the same time, tree branching leads to the
increase in the dressed volume in XLPE insulation,
which, in turn, increases the breakdown probability. Also
the amount of regions with increased pressures p as well
as with increased total current density Jioa riSes which,
in addition to the eectric ageing, results in mechanical
and thermal degradation of the diel ectric medium.

Since water tree branching can significantly impact
on the calculated values of water tree “string of pearls’
configuration, it is necessary to simulate the EF, stressed
volume and current density distribution depending on the
number of tree branches and their ramification. It is the
aim of further research, which surely will be performed
in the future.

4. Conclusion

The mathematical smulation and the comparative
analysis of changes in the values of dectric field
strength, dressed volumes and current  densities
occurring in the cross-linked polyethylene insulation of
high-voltage cables near the water micro-inclusions
connected by “string of pearls’ water trees with different
conductivity have been made.

The germination of water channels between closdy
spaced micro-inclusons and increasing of their
conductivity leads to the eectric field amplification and
rising of the stressed volumes and the total current
densities afew dozen times.
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When a channel conductivity reaches a water value,
inclusions connected by the tree behave like a solid
conductive structure, inside which the EF is close to
zero, and the maximum values are observed at the poles
of side inclusions. Such a conductive structure is more
dangerous to the XLPE insulation in terms of its
breakdown because of larger stressed volumes and local
current dengties.
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BIIJIMB BOJHUX TPUIHTIB
KOH®ITYPALII “HUTKA IEPJIIB”
HA PO3IOALI EJEKTPUYHOI' O
MOJISI, CTPYMY TA HAIIPYKEHOI'O
OB’€EMY B 3LIUTIN
MOJIETUJEHOBIN I130JISLIIT

Maxcum Illepoa

[15]

JlocnimpkeHo MpouecH, SKi BHHHUKAIOTh Y JIOKAJIbHUX
obnactsx 3mmroi nomietuneHoBoi (3I1E) i3omsuii kabemnis
HaJBHUCOKOI HalpyrH MiJ| 4ac HNPOPOCTaHHsS BOIHUX TPUIHTIB
MDK HAasBHUMH y Hili BOZHMMHM MiKpPOBKIIOYEHHSIMH, IO
6JIM3bKO PO3TAIIOBAHI. 3riHO i3 CyJaCHUMU €KCIICPHMEHTAb-
HUMH AaHuMu BoAHi TpuiHru B 3I1E maroTh He cyminbHy 1u-
niHapuuHy (opMy, SK BBaXKaJocs paHille, a CKIagaloThCs 3
OJIM3bKO PO3TAIIOBAHMX HAHOPO3MIPHUX BKIIOYEHb chepoin-
HOI ()OpMH 3 TOHKMMH HAHOPO3MiIPHHUMH BOJHHUMHU KaHAJIAMH
Mixk HUMH (koH(irypauis “HuTKa nepiis”). 30ypenns EIT 6ins
TAKOro TPUIHIY MOXE 3HA4UHO BiZIPi3HATHUCA Bif po3noniny i
CYLIJILHOrO, TOMYy B po0O0Ti OyJ0 BHKOHaHE MaTeMaTH4HE
MOJICIIFOBaHHS Ta aHaJi3 PO3MOALTY HANPYXKEHOCTI eleKTpud-
HHX IIOJIIB, 3MiHU HalpyXeHHX 00 €MIB Ta I'yCTHH CTPYMIB y
3IIE i3omswii 6ins MikpoBKItOUeHb KOH(DIrypauii “HuTka nep-
niB”. MopenroBanucsa cuTyauii NOABH B i30isLii MiX MiKpo-
BKJIFOUCHHAMH HAHOTPIIIMH, IXHE 4acTKOBE ab0 I1OBHE 3allOBHEH-
Hs BOJIOI0, TOOTO yTBOPEHHs KaHAJIiB BOJHUX TPHIHTIB 3 pi3-
Horo mnposigdicTio. IlokazaHo, 1O HPOPOCTaHHA MiX
BKJIFOUYCHHSIMH BOJIHMX TPHIHTIB 1 30UIbIIEHHS X MPOBIIHOCTI
NPUBOAUTE [0 00 €IHAHHA BKIIOYCHb Yy €IUHY IIPOBIIHY
CTPYKTYpY, SIKa CHIIbHiIIE 30yproe eneKTpuuHe nose. Busna-
YEHO 3aKOHOMIPHOCTI 30UIBIICHHS HANPYKEHOCTI €IEeKTPUIHOrO
noist (sKa XapakTepusye LIBHIKI JEeTepMiHOBaHI MeEXaHi3MU
Jierpajaii), 301IbIIeHHS HAIIPY)KEHOro 00’ eMy (SKHii XapakTe-
pH3y€e TOBUIBHI CTOXAaCTHYHI MEXaHi3MM Jerpajaii) i 36i1b-
IIeHHS TYCTHHH CTPYMY B JIOKQJIBHHX 00JacTsX (sKa Xapakre-
pusye nieperpisu i3osuii). OTpuUMaHi pe3ynbTaTti KOPUCHI JUist
aHaJi3y B3aeMoIoB’ s;3aHuX mporeciB nerpaganii 3I[1E i3omsmii
Ta JUIs OLIIHIOBAHHI i pecypcCy ITiJl 9ac TPHBAJIOrO BUKOPUCTAHHSL.
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