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DETERMINATION OF THE EFFECTIVE PERMITTIVITY OF A HETEROGENEOUS
MATERIAL

Purpose. To develop a two-dimensional numerical-field model for determining the effective permittivity of a multicomponent
material represented by a system of homogeneous volumes with known physical characteristics. Methodology. The model is
based on the solution by the finite element method of an electrostatic problem with the subsequent determination of the energy
contained in the volume under consideration. Than we have compared this result with the energy of a flat capacitor with a
rectangular cross-section of the plates and determined the effective permittivity of test material. We also have used Rayleigh,
Odelevsky and Lichtenecker models and the model with a perpendicular arrangement of layers relative to the main electric
flux. Results. Based on the developed field model, the effective permittivities for dry, wet and transformer oil-soaked insulating
papers of various grades, including taking into account ash, are determined. We have proved that a macroscopically
homogeneous multicomponent material is well approximated by uniformly spaced cylindrical volumes with a substance of
different nature in a matrix of another substance. We have showed a significant error of the layer model and the Rayleigh
model relative to the proposed model. We have showed the equivalence of models with the location of inclusions in the nodes
of a rectangular and parallelogram mesh. Originality. For the first time we have proposed wet paper models with an
asymmetric arrangement of a cylindrical volume of water with a circular and segment cross-section in a cylindrical pore. For
the first time we have proposed models of insulating paper with evenly spaced cylindrical inclusions of different volumes.
Practical value. The proposed model allows to calculate the effective permittivity of an inhomogeneous material with a given
accuracy without restricting the shape of the components. Based on the proposed field model, it is possible to determine the
Lichtenecker index, which allows to calculate the effective permittivity for any ratio of the volumes of the components of a
heterogeneous material. References 10, tables 3, figures 4.

Key words: effective permittivity, electrostatic field, energy, finite element method, cylindrical volumes.

O0rpyHmosano 3acmocysants memooy, 3acH06AH020 HA YUCEILHOMY PO3PAXYHKY e1eKMPOCHAMUYHO20 NOAA 0N GU3HAYUEHHSA
ehexmuenoi dienekmpuunoi nPOHUKHOCHI 2emePOo2eHH020 Mamepiany, AKU 3aMIHACMbCA CUCIEMOI0 0OHOPIOHUX 00°cmie 3
gidomumu izuunumu xapaxmepucmuxamu. /[na cyxo2o, 60102020 i RPOCOUEHO20 MPAHCHOPMAMOPHUM MACTIOM 30IAUTHHUX
nanepieé pi3HUX MapoK eusHaueHi Oienekmpuuni nponuxnocmi. Pesynomamu po3paxynky 3a 3anponoHoeanumu mMooenamu
3icmaenanuca 3 peynbmamamu, OMPUMAHUMU HA OCHOGI wiapysamoi mooeni, moodeneii Penesa i Odenescvkozo. 3anpononosani
anpoxcumauyiini 3anexcnocmi Ha 0CHO6I y3azanvhenozo eupasy Jlixmenekkepa 014 6u3Ha4eHHA OieleKMPUYHOL RPOHUKHOCMI
i3onayiiinux nanepis. bioin. 10, Tadmn. 3, puc. 4.

Knwouoei crosa: edpekTUBHA JieIeKTPUYHA NMPOHUKHICTH, €JIEKTPOCTATHYHE I0JIe, eHepris, MeTo] CKiHYeHHHX ejJeMeHTIB,
HWITHAPUYHI 00’ €MU.

Obocnoeano npumenenue memooda, 0CHOBAHHO20 HA YUCIEHHOM pacueme INeKmpPOCMAMUYECcKo20 noasa 0 onpeoenenHus
Iphexmusnoii ournekmpuueckoi RPOHUUACMOCU 2eMEPOZEHHO20 MAMEPUand, KOMopwvli NpPeoCmasisiemcs CUCmemMoll
0O0HOPOOHBIX 00BEMOB8 ¢ U3BECHIHLIMU (PU3UYECKUMU XapaKmepucmuxkamu. /lna cyxoil, 61a)cHoii U RPONUMAHHOU
MpanCcPHoOpmMamopHvimM MACIOM UZOTNAYUOHHBIX OYMAZ PA3IUYHBIX MAPOK OnpedeienHsbl OUINeKmpuuecKue npoHuUaemocmu.
Pe3ynomamul pacuema no npeonoHCeHHbIM MOOENAM COROCMAGNANUCL C pPe3Yabmamamu, ROJYUEeHHLIMU HA OCHOge
cnoucmoii mooenu, mooeneii Prnea u Oodeneeckozo. Ilpednoscenvt annpokcumayuoHHvle 3A6UCUMOCHU HA OCHOGE
0000wennozo eviparxcenusn Jluxmenexkkepa 0nsa onpeodeneHus OUINEKMPUUECKOU RPOHUUAEMOCIU U3OTAUUOHHBIX Oymaz.
bu6mn. 10, Tabn. 3, puc. 4.

Kniouesvle cnosa: 3(pdekTHBHA TUIIEKTPHYECKAs] MPOHUIIAEMOCTD, JIEKTPOCTATHYECKOE T0J1€e, YHEPTHs, METOJ KOHEYHBIX
3J1eMeHTOB, HWJIHHAPHUYECKHE 00bEeMBI.

Introduction. In the manufacture of electrical formulas of Wiener, Rayleigh, Maxwell, generalized
machines, apparatus and power capacitors, various Lichtenecker formula for flat, cylindrical, spherical and
insulating materials are used, such as multicomponent granular inclusions [1, 2], as well as the Odelevsky
(varnished fabrics and varnished paper, electrical formula for statistical mixtures can be used:

insulating tapes, laminated plastics, electrical ceramics), (g 4 kyle _ (51 i k)—l 4 +(,92 i k)—l Vs (1)
and almost uniform ones, such as mica and cellulose “4 ’
papers. The latter, however, contain a large number of (geq —-& )/(ge q +gz):(gz —& Ny + e )_leVZ_ L

cavities that can be filled with atmospheric air and

moisture or an impregnating dielectric. Therefore, the feq =4 [+Gnler-a) e +2a-Nle-a) k)l ()

permittivity, conductivity and breakdown voltage of n

insulating materials is a complex function of the presence Eeqls = Z Vieis “)
and placement of certain components in the volume of the J=1

dielectric. In this paper, we consider the effect of the \/27

composition of an insulating material on its effective Eoq = At\A"+e162/2, ®)
permittivity. where ¢y, &, are the permittivities of the components of the

Literature review. To calculate the effective material; Vs, V), V, are the total volume and volumes of
permittivity (EP) e, of two-component materials, the
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the components of the material, respectively; k is the
Wiener coefficient, 0 < k < oo; n is the number of
components of the material; m is the Lichtenecker index,
—1 <m < 1; 4 is the Odelevsky parameter

A=[B1 1Vs =1)e; + (305 1 Vs —1)g, ]/ 4.

The use of formulas (1), (4) is difficult due to the
unknown coefficients & and m. Formulas (2), (3) and (5)
are derived on the basis of certain assumptions, the
violation of which can lead to a significant error.

To determine the EP of impregnated paper, in [3] it
is proposed to use a model of series-connected layers,
which is a rather rough approximation.

In [4-6], using the double and triple-periodic
Rayleigh model, effective material parameters are
calculated based on the solution of the static field problem
by the method of summing multipole interactions. The
field models in these works for reducing infinite sums of
interactions to their finite sum are limited only by the
nearest neighbors with respect to the chosen inclusion.

Calculation of the EP can be based on the
polarization mechanism [7]. This approach is mainly
applied only for pure substances with consideration of
processes at the ionic and molecular levels. In [8], based
on field models, the electrophysical properties of a
cement-based composite were explained.

Therefore, a sufficiently accurate determination of
the averaged characteristics of the material is based on the
solution of the corresponding field model of the system of
solid substances located in the volume of the material in
accordance with the technology of its manufacture.

The goal of the work is the development of a two-
dimensional numerical-field model for determining the
EP of a multicomponent material represented by a system
of homogeneous volumes with known physical
characteristics.

Object of study. A rectangular parallelepiped made
of capacitor paper with the following dimensions: length
[ =100 pm; width » = 200 pum; height 2 = 14 um for
papers KOH 0,8; KOH 2; MKOH 1 or height # = 12 um
for paper CKOH 3,5. Humidity, composition and density
of the selected paper grades correspond to [9].

Mathematical model. The main physical properties
of the materials needed to build mathematical models for
determining the EP of a particular paper are given in
Table 1. The temperature of the insulating paper is taken
60 °C.

Table 1
Physical properties of dielectric materials
Name Dlzgr)l/s;;y ’ &0 a, 1/°C
Cellulose 1530 6.5 0.5:107
Air 1,06 1.00058 | —1.5-10°
Water 983 80.2 —4.02:107
Transformer oil 856 225 —-0.5-107

The permittivity of the material at an arbitrary
temperature ¢ is determined as

& =gyl +alt-20)). (6)

The veracity of expression (6) is confirmed by the

graphical dependencies shown in Fig. 1 for dry air and

water, recommendations in [3] for cellulose and the linear

dependence of the permittivity of transformer oil on
temperature within 20...90 °C. The assumption of the
absence of thermal aging of the material also applies.

£ £

1.0006 85
1.00058 80

75
1.00056 \\ \\
\ 70 \

1.00054 . o .
1.00052 60 \;

1.0005 55

20 30 40 50 60f,°C 20 40 60 80
a b

Fig. 1. Dependence of the permittivity
of dry air (a) and water (b) on temperature

100t,°C

Real insulating paper is presented as cellulose with
cylindrical pores uniformly spaced in its volume. Cross
sections of pores are in planes perpendicular to the length
of the volume under consideration. Depending on the
model formulation, air, air and water, transformer oil may
be in the pores.

The volumes of cellulose and pores are found by
solving the system of equations:

Vppp(l_y):chc +VapPas
Vwpw =Vpppys
Vp =V +V, +Vy,

where V,, V,, V, and V;, are the volumes of paper,
cellulose, air and water, respectively; pp, pc, pa and py, are
the densities of paper, cellulose, air and water,
respectively; y is the relative mass content of water in the
insulating paper [9].

The electric field in cross section relative to the
length of the considered volume of insulating paper is
described by the following differential equations [10]:

Vip=—p;
E=-Vo; (7
D=¢E,

where ¢ is the scalar electrostatic potential; p is the
volume charge density of the domain; E is the electric
field vector; D is the electric induction vector.

At the interface, the following conditions are
satisfied [10]:

{“12 <[Vo -V, ]=0;
n, (Ve —&Ve,)=0;

o = P2 ®)
o 0P 6 09, —0,
8n12 anlz

where n;, is the normal from the first to the second
medium; o is the surface charge at the interface between
two media.

Equation (7) in a piecewise homogeneous dielectric
medium is reduced in each homogeneous region to the
Laplace equation, and the permittivities of the regions is
included in the solution of the problem only by means of
conditions (8).
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The second equation of condition (8) at the interfaces
between two dielectrics, as well as a dielectric and a
conductor, respectively, takes the form:

] o —gzaﬂ=0; &) o =0
ony, ony, ony,

On the upper and lower planes perpendicular to the
height of the volume under consideration, Dirichlet
conditions respectively ¢4 = 1.9 V; ¢4 = —1.9 V are set.
The solution domain is limited to a cylindrical surface
with a radius of 200 um, a length of 100 pm, and zero
potential on its surface.

After the numerical calculation of the electric field
the energy enclosed in the volume of insulating paper is
found

W= I%E -Ddv = %JAE(V(D)ZdV,
V V
where V' is the volume over which the integration is
performed; v is the elementary volume.
By comparing the calculated energy with the energy
of a flat capacitor, we find the EP
2Wh

o .
U blpn -0a

The numerical calculation of the electrostatic field
by the finite element method is implemented in the
FEMM code.

The main assumptions of the model: dielectric
materials do not have conductivity; there are no charges at
their interfaces; space charges in dielectric materials are

&,

absent, and their volumes do not change under the
influence of an electrostatic field; ideal conductors with
infinitesimal height are sources of an electrostatic field.

The significant width of the investigated dielectric is
explained by the desire to reduce the edge effect. The
model was tested by comparing capacitor capacities with
sizes 100x200x14 um and the same thickness of cellulose
and air obtained on the basis of the equations of the
electrostatic field by the finite element method and on the
basis of the analytical expression without taking into
account the edge effect. The error in this case was 0.23 %.

The results of the study. To calculate the EP of dry
and transformer oil-soaked insulating papers, we used
models of uniformly distributed cylindrical volumes filled
with air and transformer oil, respectively, in cellulose
matrices.

To calculate the EP of wet paper, a model of
uniformly distributed cylindrical volumes filled with air
and water was proposed, and in this total volume the
volume of water was represented as cylindrical with a
circular cross section in a cellulose matrix. When
determining the volume content of a particular
component, the author was based on the structure of wet
paper (that is, paper with normal water content [9]),
therefore, the pore volume (the sum of the volume of air
and water for wet paper) in the models of dry and
impregnated paper did not change. The calculated EPs
for the indicated models, as well as for the layered
model, Rayleigh and Odelevsky models are given in
Table 2.

Table 2
Simulation results
Proposed model Layer model Ril}ggifh O(jrell)e(;/eslky Aggggﬁggﬁggn
Paper grade
Number of| Number of Number of
pores model nodes %a  Imodel nodes| feq beq beq
dry paper
Paper KOH 0,8 248 662632 3.052 4607 1.682 4.500 2.860 3.052
Paper KOH 2 248 702562 4.370 4749 2.543 5.300 4.456 4.507
Paper MKOH 1 248 693639 3.674 4920 2.048 4.895 3.667 3.783
Paper CKOH 3,5 248 750148 4.966 4872 3.150 5.665 5.114 5.123
wet paper
Paper KOH 0,8 248 4462060 3.403 5566 1.912 - - 2.740
Paper KOH 2 248 4877348 5.185 5652 3.503 - - 5.185
Paper MKOH 1 248 4744585 4.130 5509 2.448 - - 3.634
Paper CKOH 3,5 248 3782978 6.262 6711 5.095 - - 6.808
impregnated paper

Paper KOH 0,8 248 662632 3.949 4607 3.233 4.789 3914 3.949
Paper KOH 2 248 702562 5.000 4749 4212 5.525 5.068 5.06
Paper MKOH 1 248 693639 4.453 4920 3.686 5.155 4.503 4516
Paper CKOH 3,5 248 750148 5.448 4872 4.755 5.835 5.540 5.525

The decrease in the EP values according to the
layered model relative to the proposed one is explained by

the need for the entire electric flux to pass through the
region with low dielectric constant. The Rayleigh model
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also cannot claim to be a good description of the change in
the EP when the volumes and properties of the components
of the material change and gives overestimated values. The
Odelevsky model determines the EP with an accuracy of —
2.98...6.3 % and -1.7..0.9 % for dry and impregnated
paper, respectively. On the basis of field models and the
generalized  Lichtenecker  formula,  approximation
dependences are proposed for calculating the EP of
insulating papers. The approximation dependences indexes
for dry, wet and transformer oil-soaked papers amounted to
0.495; —0.283 and 0.391, respectively. The EPs calculated
by this method are given in Table 2.

The effect of the number of inclusions on the EP
value of KOH 2 dry paper is shown in Fig. 2, from which
it can be seen that with an increase in the number of
uniformly distributed volumes of inclusions, the accuracy
of the model increases until it begins to be limited by the
accuracy of displaying the boundaries of these volumes.

Consequently, the proposed models for the specified
in Table 2 numbers of pores accurately enough allow to
determine the EP.

In addition to the above wet paper models, models with
a cylindrical volume of water and a sector section, as well as
with a cylindrical volume of water, in the cavity of which a
cylindrical air volume is coaxially located are considered.
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Fig. 2. Dependence of the permittivity on the number of pores
of the model of dry paper grade KOH 2

The maximum discrepancy between the EPs
calculated for models with a circular and sector section
of the water volume was 2.9 %, therefore, these models
are equivalent. Examples of the distribution of the
electrostatic field in these models are shown in Fig. 3, 4.
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Fig. 3. Distribution of the electrostatic field in the model of wet paper brand KOH 2 with a circular cross section of the volume
of water
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Fig. 4. Distribution of the electrostatic field in the model of wet paper brand KOH 2 with a sector cross-section of the volume
of water

As can be seen from Fig. 3, 4, with almost identical
EPs, the electric field strength modulus in the air in the
first model is greater than in the second one. The EP
values determined for models with a hollow cylindrical
volume of water are 1.36...1.8 times greater than for a
model with a cylindrical volume of circular cross section,
which is explained by the formation of a path with an
increased permittivity. This model was discarded due to

the presence of a local extremum of the EP value when
changing paper grades.

For the KOH 2 dry paper model and pore number
100, the effect of the location of pores at the nodes of a
rectangular and parallelogram mesh on the final result
was studied. The maximum discrepancy was 0.8 %.

It is known that CKOH paper is characterized by a
significant, up to 1 %, ash content. In the manufacture of
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paper calcium sulfate can be considered as ash. The
calculated values of the EP of CKOH insulating paper,
taking into account ash, are given in Table 3. The error of
not accounting of ash was 0.8...1.3 %.

Table 3
CKOH 3,5 paper simulation results
with ash inclusions 1 %
Number of .Number of Number of
Paper type inclusions of Eeq

pores ash model nodes
Dry 248 49 843735 4.925
Wet 248 49 3997067 [6.182
Impregnated| 248 49 843735 |5.415

Conclusions.

1. The principal possibility of describing the

permittivity of a mixture of components on the basis of
field models with the known permittivity of each
component, their volumetric content and the features of
their location is shown. Field models have been
developed for determining the EP of dry, wet, and
transformer oil-soaked insulating papers.

2. The adequacy of the developed models is confirmed
by the following: with an increase in the number of
cylindrical volumes inside the matrix, the EP
asymptotically tends to a certain finite value.

3. The layered model and the Rayleigh model give,
respectively, underestimated and overestimated values of
the EP relative to the proposed field model. These
alternative models suitably describe only a mixture of
components with close permittivities.

4. Approximate dependencies of the behavior of the EP
of component mixtures with a change in their volume
content, constructed on the basis of the generalized
Lichtenecker model and the proposed field models, have
comparable accuracy with the Odelevsky model for two-
component materials and a 2-fold reduced error relative to
the layered model for three-component materials.

5. Models with the arrangement of cylindrical volumes
in the nodes of a rectangular and parallelogram mesh give
the same result when calculating the EP of a
macroscopically homogeneous heterogeneous material.
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