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Mathematical modeling and analysis of the distribution of the electric field near closely located water microinclusions
in a liquid dielectric under the transitional process of changing their shape and mutual arrangement are performed.
With continuous deformation, convergence and fusion of microinclusions, a dynamic problem was solved to determine
their shape and relative position at each instant of time under the action of electrical and mechanical forces. The de-
pendence of the rates of deformation, approach and merging of inclusions (which determine the duration of the tran-
sient process upon reaching the equilibrium form of the resulting inclusion) is investigated from the initial distance of
the inclusions and on the strength of the external electric field. References 16, figures 5.
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Introduction. The appearance of conductive microinclusions or other heterogeneous microdefects in
dielectric media disturbs the external electric field (EF), increasing its intensity near the poles of these de-
fects along the field [4, 5, 13]. The disturbed EF accelerates the processes of degradation of dielectrics, and
in some cases, in particular, when the dielectric strength of the material is exceeded, it can cause the electric
breakdown of this dielectrics [4, 14]. In practice, the configuration (shape and relative location) of microin-
clusions can vary with time under the action of external forces [10]. The solution of such a class of dynamic
problems is quite complex, since it requires the large computational resources and the application not only
spatial discretization, but additionally temporal one [9, 15]. The development of modern numerical methods
for calculating multi-physical processes and their software implementations makes it possible to solve the
problems unsolvable earlier [3, 7].

One of this problems is the calculation of EF in the dielectrics near water microinclusions when their
configuration changes. In the external field, under the action of dielectrophoresis forces, the water molecules
can move in the region of the greatest intensity of the EF, combining into joint conducting structures [3, 16].
As an example of typical demonstration of this mechanism is appearance and development of water trees
(thin branched structures) in cables with cross-linked polyethylene (XLPE) insulation [4, §].

Modern practical problems require the calculation of EF disturbances in solid, liquid and gaseous di-
electrics (for example, near water trees in XLPE insulation, near water droplets in transformer oil or water
droplets in the air near power line wires). If the configuration of the inclusions in a solid dielectric is deter-
mined by the presence of micro-pores and micro-cracks in the material [4, 6], then in the liquid and gaseous
media the shape and mutual arrangement of the inclusions can rapidly change, since the dynamic mecha-
nisms limited only the forces of interphase tension or surface one will be demonstrated much more [1].

At present, numerical methods, in particular the finite element method, are widely used to solve
problems of calculation of inhomogeneous EF distribution. This method allows to take into account the real
geometry of the analyzed elements in the computational domain and the materials properties that are often
nonlinear [7]. According to this approach, a boundary-value problem is solved for a limited computational
domain with given conditions (Dirichlet or Neumann) on its boundaries and the boundaries of various media
within the region.

The main distinction of dynamic problems is the changing form of these boundaries, which must be
calculated and taken into account in the algorithm for solving differential equations. There are several ap-
proaches to working with changing boundaries, such as the level set method [9], the phase field method [15]
and its variation for the three-component immiscible liquids — ternary phase field method [15]. In particular,
in this paper we used the phase field method, which more accurately reflects the physical processes in the
problem being solved.

An important class of problems is the calculation of the nonuniform EF distribution in a liquid di-
electric, the various types of which are widely used in the elements of equipment for electro-energy pur-
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poses. There are known works on calculating the field near microinclusions of the equilibrium configuration
[4, 10, 13], but little attention has been paid to the study of EF amplifications during the transient processes.
During the transient processes there will be micro-defect configurations that can disturb the field stronger;
therefore, this work was devoted to the analysis of such disturbances.

The aim of the work was the development of a mathematical model and the solution of the dynamic
problem of calculating the distribution of the electric field near closely located water microinclusions in a
liquid dielectric under the transient process of their deformation, convergence and fusion.

Physico-mathematical formulation of the problem. The EF distribution was calculated in a liquid di-
electric (by the example of transformer oil) with water microinclusions. The problem under consideration is a
multi-physical problem [3], consisting of interrelated electrical and hydrodynamic subtasks with varying bounda-
ries.

Electrical subtask. It was simulated the region of the dielectric of the cylindrical shape (for the use of
an axially symmetric description) with such dimensions that there were not edge effects on its boundaries
(height 500 um, diameter 300 pm), see Fig. 1. A constant voltage of 200—300 V or a sinusoidal voltage with
an effective value of 200-300 V with a frequency of 50 Hz was applied to the cylinder. In other words, the
average intensity of the EF is £,, = 0.4—0.6 kV/mm, which is a characteristic value for the transformer oil.

The presence of a single or two closely located microin-
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Dirichlet conditions, i.e. by setting the values of the potentials ¢.

Fig. 1 On the lateral faces of the computational domain, it was supple-

mented by the Neumann conditions, i.e. equality to zero the de-

rivatives of the potentials along the normal to the surface n, which corresponds to the absence of currents in

these directions. At the interface dielectric—microinclusion, the conditions for the equality of the scalar po-
tentials and their derivatives along the normal to the surface were set [4, 11, 12]:

01 = O, 01 0Q1/0n — g€ 62(p1/8n Ot = G, 0¢,/0n — gy, 82(p2/6n ot, (2)

i.e. equality the normal components of the total current density n-(J,,;1 — Jior2) = 0.

The problem was solved using the finite element method in the COMSOL Multiphysics software
package [7], were the distribution of the scalar potential ¢ was found in the computational domain, divided
by the finite element grid.

Under the action of external EF the surface charges are induced at the interface conductor — dielec-
tric and in order to calculate the electric forces fs acting on them the Maxwell stress tensors 7, and T,
written in the form of the tensor (dyadic) product of the vectors E and D [2], are used:

fs=n-T,,-T,, )=n-(E ®D)=n-880[EET -(0,5E - E)I, 3)

where [ is the identity matrix of 3x3.
To take into account the electric forces in the hydrodynamic sub-problem with varying interphase we
pass from the surface forces fs to the volume forces f}. For this purpose, an interphase boundary was consid-
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ered with finite thickness o that equals to half the size of the maximum grid element in the region, through
which this boundary passes. Within the interface, volume forces f, were calculated in the form f, = divT,,,.

The hydrodynamic subtask. The dielectrophoresis forces under the field strengths under considera-
tion lead to smooth changes in the velocities and pressures of the liquids, so their flow was considered to be
laminar and described by the Navier-Stokes equation [1, 7] in the form:

@ =—(v-Vv+ ldiV[Tmech +7T,,1, 4)
ot p
Tmech = _pl + “’[gradv + (gradv)T] » (5)

where v is the velocities field vector, T, is the mechanical stress tensor, which is determined according to
equation (5), V is the nabla operator, p, £ is the density and the kinematic viscosity coefficient of medium,

and pis the pressure.
The liquid was considered incompressible and equation (4) was supplemented with equation (6):

divv=0. (6)

Equations (4) and (6) were supplemented with the Dirichlet condition v =0 at the boundary of the
computational domain, and the volumetric electric forces f;, found from the solution of the electric subtask,
were taken into account in equation (6) as div7,,,.

To trace the interphase boundary between liquids, the phase field method (PFM) was used, according
to which the boundary conditions at the interface were replaced by a differential equation in partial deriva-
tives for the evolution of some auxiliary field (phase field) described by the variable ¢ [15]. This phase field
takes the values +1 for one fluid and —1 for the other one, with a gradual change of values around the inter-
phase boundary, which then diffuses with a finite width. The discrete position of the interphase boundary at a
given time is defined as the set of all points where the phase field takes the value ¢p =1 + (-1) = 0 (Fig. 2) [15].

F ' The interfacial tension force was calculated as the

product of the chemical potential G and the gradient of the
phase field variable ¢ and was taken into account in the Navier-
Stokes equation (4) as part of the volume force f). The change
in the variable ¢ was described by the Kahn-Hilliard equation,
which according to the PFM splits into two partial differential
equations of the second order in partial derivatives [15]:
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1 : where 9 is the thickness of the interphase layer, y — the mobility
—» variable in m’-s/kg, using which the relaxation time of the tran-
Fig. 2 . sient process is determined, f, A — the free energy density and

stirring energy density.
On the boundary of the computational domain, equations (7) and (8) were supplemented with the fol-
lowing conditions:

n % grady =0, n-grade = cos(6)|grad(p| , 9)

where n is the normal vector to the surface, and 6 — the wetting angle.

Results of the numerical experiment. The distribution of the electric field near the closely located
water microinclusions in the liquid dielectric (transformer oil) was calculated during the transient process of
their continuous deformation, convergence and fusion. The values of EF intensity £ were given in relative
units in the form of the electric field amplification factor kr = E/E,,, i.e. E is referred to the average intensity
E,, in a dielectric at a distance from microinclusions [4].

The deformation of the spherical and ellipsoidal microinclusions to the equilibrium shape, depending
on the ratio of their semi-axes and the magnitude of the intensity of the external EF was calculated to verify

ISSN 1607-7970. Texuiuna enexmpoounamira. 2018. Ne 1 25



the mathematical model (see Fig. 3). The equilibrium shape is achieved when the electric force is balanced
by the interfacial tension force. The results obtained on the mathematical model were compared with known
analytical solutions for the spherical and ellipsoidal forms of microinclusions [1, 2].

Fig. 3, a shows the transient process of the deformation of a spherical microinclusion to the shape of
an ellipsoid of revolution in the event of the appearance of a constant EF with intensity E,, = 0.55 kV/mm,
and Fig. 3, b shows the process of inverse deformation to spherical shape in the case of disappearance of the
external field. The interface of two liquids is shown by light strip, and a thin dark line in Fig. 3, b shows the
initial form of the ellipsoidal microinclusion. The intensity of the EF is determined according to the color of
the tinting on the scale in Fig. 3 on the right.
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Fig. 3

The field amplification factor kg varied from 3 for the sphere (which coincides with the analytic solu-
tion [2]) to 10 for an elongated ellipsoid (which agrees with the results of [4]). Duration each transient proc-
esses t,, was 0.5 s. Since the alternating EF with a frequency of 50 Hz has a period of 0.02 s, the change in
the external field will be manifested in additional regular deformations of the surface of microinclusions with
small amplitude.

For two closely spaced microinclusions, at mutual distances of 50, 25, 10, and 5 pum, transient proc-
esses were investigated in the event of an external constant and sinusoidal EF with intensity 0.40; 0.45; 0.50;
0.55 and 0.60 kV/mm. Fig. 4, a and Fig. 4, b show the deformation, convergence and fusion of two closely
located spherical microinclusions with diameters of 50 pum at mutual distances of 5 ym and 50 pum at
E,, =050 kV/mm.

At a distance of 5 pm, the duration of the transient process was 0.3 s, while increasing the distance to
50 pm the duration increased to 2.2 s. The field amplification factor &z is determined according to the scale
in Fig. 4 on the right and it reached the maximum values more than 30 in the dielectric gap between close
located microinclusions (slide 1 in Fig. 4, a and slide 4 in Fig. 4, ). When the microinclusions come in con-
tact, the maximum values of kz at the external poles of the inclusions take the values kz =12 (slide 2 in
Fig. 4, a) and kr = 18 (slide 5 in Fig. 4, b). As the microinclusions deform to the ellipsoidal form and, corre-
spondingly, their size decreases along the field, the value of &z decreases to 8 (slide 5 in Fig. 4, @ and slide 7
in Fig. 4, b).

Under the influence of an external field, spherical microinclusions deform to an ellipsoid of revolu-
tion, the ratio of the semi-axes of which is determined by the field strength E. At the investigated EF intensi-
ties, the rate of deformation of single inclusions to the ellipsoid is higher than the rate of their convergence.
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If the time required for deformation is 0.5 c, then the convergence (determined by dielectrophoresis
forces) can last a few seconds (as, for example, in Fig. 4, b). In its turn, the fusion of microinclusions after its
contact occurs within 0.3-0.5 s.

It should be noted that at close mutual distances (smaller than the size of the inclusions) due to the in-
teraction of the induced surface charges, the microinclusion poles are mutually attracted along the field, addi-
tionally deformed, and the shape of the inclusions from the ellipsoidal goes to the "pear-shaped" (slide 4 in Fig.
4, b). After the contact, the resultant micro-inclusion takes the form of a dumbbell (slide 2 in Fig. 4, a and slide
5 in Fig. 4, b), which are deformed to an equilibrium ellipsoidal form (slide 5 in Fig. 4, a and slide 7 in Fig. 4, b).

The dependence of the duration of the transient process ¢, on the intensity of the external EF E,, was
also investigated. Dependences of the duration of the transient process #,, on the initial distance between the
microinclusions / and the intensity of the external EF E,, are shown in the graphs in Fig. 5.
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The numerical experiments have shown that the duration of the transient process increases with in-
creasing distance between microinclusions and decreases with increasing external electric field intensity ac-
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cording to nonlinear dependences. During the convergence of inclusions in the gap between them the EF in-
tensity increases and the factor kg at extra close distances can reach values of 100, that is more than 30 times
greater than kz = 3 for a spherical inclusion. In this case, the region of the stressed volume of the dielectric
(the region of increased values of EF, the size of which characterizes the stochastic mechanisms of insulation
breakdown) around the inclusions grows.

After the contact, the resultant inclusion takes the form of a dumbbell, for which the EF intensity
krp= 18 and is 6 times higher than the value of &z for a sphere. At the same time, the stressed volume of the
dielectric continues to increase, assuming its maximum value at the moment of contact of the inclusions.
Thus, during the transient process there are larger field intensifications near the deformed microinclusions
than near inclusions of an equilibrium ellipsoidal shape, i.e. configurations during the transient process are
more dangerous from the point of view of the occurrence of local breakdowns.

Conclusions.

A three-dimensional mathematical model is developed and an analysis of the distribution of the elec-
tric field near closely located water microinclusions in liquid dielectric (transformer oil) during the transient
process of their continuous deformation, convergence and fusion under the action of electrical and mechani-
cal forces is performed. The calculation method is based on the numerical finite element method and the
phase field method implemented in the Comsol Multiphysics application package. Based on the results of a
numerical experiment, it is shown that the duration of the transient process, when microinclusions reach the
equilibrium configuration, increases nonlinearly with increasing distance between microinclusions and de-
creases nonlinearly with increasing external electric field intensity. It has also been demonstrated that micro-
inclusions are deformed faster than attracted under the action of dielectrophoresis forces.

At close mutual distances due to the interaction of induced surface charges, the poles of the inclu-
sions are further deformed, mutually attracting along the field and the shape of the inclusions change from
the ellipsoidal form to the "pear-shaped" one. After contact, the resultant inclusion takes the form of a dumb-
bell, which gradually deforms to an ellipsoidal one with an equilibrium semi-axis relationship. It is shown
that the field amplification in a dielectric near such inclusions is greater than near the inclusions of the equi-
librium ellipsoidal form, i.e. such configurations during the transient process are more dangerous from the
point of view of the occurrence of local breakdowns.

1. Landau L.D., Lifshyts E.M. Hydrodynamics, Theor. Physics, vol. VI. Moskva: Fizmatlit, 2016. 736 p. (Rus)

2. Landau L.D., Lifshyts E.M. Electrodynamics of continuums, Theor. Physics, vol. VIII. Moskva: Fizmatlit,
2003. 632 p. (Rus)

3. Podoltsev A.D., Kucheriava I.M. Multiphysics modeling in electrical engineering. Kiev: Institut Elektrodi-
namiki Natsionalnoi Akademii Nauk Ukrainy, 2015. 305 p. (Rus)

4. Shydlovskii A.K., Shcherba A.A., Podoltsev A.D., Kucheriava I.M. Cables with polymeric insulation on ul-
trahigh voltage. Kiev: Institut Elektrodinamiki Natsionalnoi Akademii Nauk Ukrainy, 2013. 352 p. (Rus)

5. Shcherba M.A., Podoltsev A.D. Electric field and current density distribution near water inclusions of poly-
mer insulation of high-voltage cables in view of its nonlinear properties. Tekhnichna Elektrodynamika. 2016. No 1.
Pp. 11-19. (Rus)

6. Burkes K.W., Makram E.B., Hadidi R. Water Tree Detection in Underground Cables Using Time Domain
Reflectometry. IEEE Power and Energy Technology Systems Journal. 2015. Vol. 2(2). Pp. 53-62.

7. Comsol Multiphysics, https: //www.comsol.com/., Comsol Inc., Burlington, MA, USA, 2017.

8. Kurihara T., Okamoto T., Kim M.H. Measurement of residual charge using pulse voltages for water tree
degraded XLPE cables diagnosis. IEEE Trans. on DEI. 2014. No 21(1). Pp.321-330.

9. Olsson E., Kreiss G. A Conservative Level Set Method for Two Phase Flow. J. Comput. Phys. 2005. Vol.
210. Pp.225-246.

10. Saniyyati C.N., Arief Y.Z., Ahmad M.H., Piah M.A.M. Investigation on propensity difference of water tree
occurrences in polymeric insulating materials. IEEE Intern. Conf. on Power Engineering and Optimization, Langkawi
Island (Malaysia). March, 2014. Pp. 413-417.

11. Shcherba M.A. Multiphysical processes during electric field disturbance in solid dielectric near water mi-
cro-inclusions connected by conductive channels. IEEE Intern. Conf. on Intelligent Energy and Power Systems, Kyiv
(Ukraine). June, 2016. — Pp. 1-5.

12. Shcherba M. A., Zolotarev V.M., Belyanin R.V. The comparison of electric field perturbations by water in-
clusions in linear and nonlinear XLPE insulation. IEEE Intern. Conf. on Computational Problems of Electrical Engi-
neering, Lviv (Ukraine). September, 2015. Pp. 188-191.

28 ISSN 1607-7970. Texuiuna enexmpoounamixa. 2018. Ne 1



13. Tao W., Song S., Zhang Y., Hao W. Study on the electric-field characteristics of water tree region on the dry
or wet condition in XLPE cables. IEEE Intern. Conf. on High Voltage Engineering and Application, Chengdu (China).
September, 2016. Pp. 15-18.

14. Wang W., Tao W., Ma Z., Liu J. The mechanism of water tree growth in XLPE cables based on the finite
element method. IEEE Intern. Conf. on High Voltage Engineering and Application, Chengdu (China). September,
2016. Pp. 1-4.

15. Yue P., Zhou C., Feng J.J., Ollivier-Gooch C.F., Hu H.H. Phase-field Simulations of Interfacial Dynamics
in Viscoelastic Fluids Using Finite Elements with Adaptive Meshing. J. Comp. Phys. 2006. Vol. 219. Pp. 47-67.

16. Zhou K., Li K., Yang M., Huang M. Insight into the influence of mechanical orientation on water tree
propagation according to abnormal water tree shapes. IEEE Intern. Conf. In Dielectrics, Montpellier (France). July
2016. Vol. 2. Pp. 836-839.

VIIK 621.365.5
EJEKTPAYHE ITOJIE [P MTEPEXIIHOMY MPOLECI 3MIHU KOH®ITYPAILli BOJHUX
MIKPOBKJIIOUEHD V PIIKHAX JIEJEKTPUKAX

M.A. Illep6a, kaHI.TEXH.HAYK

Incturyr eaexrponnnamiku HAH Ykpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaina,
e-mail: m.shcherba@gmail.com

Buxonano mamemamuune mooeno8anusi ma amaniz po3nooiny elekmpuyHo2o nois 0ina OIU3bKO PO3MAUOBAHUX 600-
HUX MIKPOBKIIIOUEHb V' PIOKOMY OleleKMPUKy npu nepexioHomy npoyeci 3minu ix ¢opmu i 63aEMHO20 PO3MAULYBAHHSL.
Ipu nenepepsnii degpopmayii, 301udnCenHi 1 3mUMmMi MIKPOSKIIOHUEeHb GUPIULY8ANACS OUHAMIYHA 3A0a4Yad NO GU3HAYEHHIO
IXHbOI hopmu i 83AEMHO2O PO3MAULYBAHHS 8 KOJCHUL MOMEHm dacy npu Oii enekmpuyHux i mexaniynux cun. /ocni-
02fCEHO 3aNedCHICMb WeUoKocmell 0epopmayii, 30UHCEHHA | 3IUMMS BKIII0UeHb (SKi 8USHAYAIOMb MPUBATICMb nepexi-
OHO20 npoyecy 00 00CACHEHHs PIBHOBANCHOL (hopMU Pe3YIbMYIOU020 8KIIOYEHHS) 8i0 NOUAMKOBOI 8i00ANeHOCMI BKIO-
YeHb i 8i0 HANPYHCeHOCMI 308HIUHBO20 efleKmpuuHozo noas. bibmn. 16, puc. 5.

Knrouosi cnosa: enextpudyHe 1oJe, BOIHI MIKpOBKIIOUCHHSI, PIIKAN ieNIEKTPUK, TUHAMIYHA 3a/ada, MaTeMaTH4HE
MOJIETIIOBAaHHS, TIEPEXiAHMI MTpoLec, piBHOBaXxHa Gopma.

YK 621.365.5
SJIEKTPUYECKOE ITOJIE ITPU NTEPEXOJHOM ITPOLECCE UBMEHEHUS KOHOUT'YPAIIUN
BOJIHBIX MUKPOBKJIIOUEHU B )KUJIKHUX JTUIJIEKTPUKAX

M.A. llep6a, kaHa.TEXH.HAYK

HucTutyT 2aexTpoannamukun HAH Ykpannel,
np. [lobenasl, 56, Kues, 03057, Ykpauna,
e-mail: m.shcherba@gmail.com

Bvinoaneno mamemamuueckoe moodenuposanue u aHaiu3 pacnpeoeneHus dAeKmpuiecko2o nojsa 6o3ie OIU3K0 pacho-
JIOJICEHHBIX BOOHBIX MUKPOBKIIOYEHUL 6 JHCUOKOM OUDIeKMpUKe NPU NEPEXOOHOM npoyecce usmeHenus ux Qopmul u e3a-
UMHO20 pacnoaodcenus. Ilpu nenpepvigHoll depopmayuu, cOTUNCEHUU U CTUSAHUU MUKPOBKTIOUEHUI PEUANach OUHAMU-
yeckas 3a0a4a no ONpeoelenuto ux Yopmul U 3aUMHO20 PACHONONCEHUSL 8 KANCObIL MOMEHN PEMEHU npu Oeticmeuu
NeKMpuYeckux u mexanudeckux cui. HMccneoosana zagucumocms ckopocmeti degpopmayuus, COMUNCEHUS U CUSHUS
BKTIOUEHULl (KOMOopble Onpedeisiiom OIUMENbHOCHb NePexoOH020 NPOYecca o OOCHUICEHUIO PABHOBECHOU (hopmubl
Pe3VIbMUPYIOue20 GKII0UeHUs) OM HAYAIbHOU YOAIEHHOCMU BKIIOYEHUL U OM HANPSNCEHHOCMU 6HEWHe20 INeKmpuye-
ckoeo nons. bubn. 16, puc. 5.

Knrouesvie cnosa: snextpuyeckoe Nose, BOJHbIE MUKPOBKIIOYCHUSI, )KUIIKUI IUDIEKTPHK, TUHAMHUYECKas 3aJa4a, Ma-
TEMaTHYeCKOe MOJIEIIMPOBaHKE, IEPEXOIHBIH NpoLecc, paBHOBECHAs! (hopMa.

Hapitimmna 11.09.2017
Ocratounnii 19.09.2017

ISSN 1607-7970. Texniuna enexmpoounamira. 2018. Ne 1 29



