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Introduction

The plane capacitor with round hole can be used as a
valve controlled by electric field, if the hole is filled with
electrorheological fluid (ERF). The expression of
distribution of electric field in the round hole of the air
plane capacitor is presented in [1]. It is obtained using
conformal mapping technique. But the capacitor with
dielectric material between the plates is used usually. The
permittivity of ERF is different than permittivity of air.
The conformal mapping can not be used in this case. Other
theoretical methods are complicated to use because of the
open space and inconvenient boundary conditions. We
select the numerical method of finite elements for
calculation electric field in the hole of capacitor with non-
homogeneous medium.

The program pocket COSMOS/M was used. It has
the special sub-program ESTAR for the investigation of
two- and three-dimensional electromagnetic fields. This
program pocket has the bound-elements, which permit to
model the open space problems with necessary precision.

The modelling of 2D problem

The distribution of electric field is the same in any
plane E=const. Therefore it is sufficient to investigate the
two-dimensional problem. Let the axes r and z of
cylindrical coordinate system coincide with axes x and y,
correspondingly. Let the axis of hole coincides with axis y
and let the origin of coordinate system be in the middle
point between the planes of capacitor plates. The equations
E(x,y)=E(-x,y)=E(x,—y)= E(-x,—y) are right by
symmetry in this case, and we can model one quarter of
hole and capacitor. The charges, situated on the external
side of plate, create some part of field in the hole.
Therefore the model must include sufficient great part of
area over the plate of capacitor. The area of modelling is
shown in fig. 1. It coincides with the first quarter of
Cartesian coordinate system. All area was divided into four
parts: I - hole, II — interior of capacitor, III — exterior of
hole and IV — exterior of capacitor plate. The width of
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parts II and IV was accepted /y=/y= 5r (r- the radius of
hole). The height of parts III and IV was accepted
myy=my=5h (h — % of distance between the capacitor
plates). The errors, which appear because this limit of
height, are smaller than 0,5%. Distribution of field in the
part I is interesting for us.

Yy

III

my=ni

<1
I $h II

V=0
Fig 1. The dividing of modelling area

The investigation of air capacitor

The two-dimensional model of air capacitor with r=h
ie., r=r/h=1, was investigated primarily. The mesh of
finite elements was chosen uniform with the step 0,1% in
both directions. The modelling results were compared with
the theoretical results, calculated by the expressions
obtained in [1]. The theoretic and modelling values of
electric field strength and the coordinates are used relative
in this paper:

E°=E/Ey, Ey=Vy/h, xs=x/r, ys=y/h. (1)

There is no difference between the field in radial
plane of the section of plane capacitor with the round hole,
containing the axis of hole, and the field of the section of
two the same planar capacitors without the holes with
distance between them equal to diameter of hole. In the 2D
model we obtain the plane parallel field, i.e., field Ej,



between two plane capacitors. The relative values of field

E(>(0,y,) on the axis x=0, wherey,=y/h, were

N

calculated using formula E7, (0, yy) = 2K, (r) Eyy, (5, v5)
for rg;=1. In this case K;,(1)=0,834. The results of

calculation of field Ejy (1,y,) near the alone plane
capacitor were taken from the paper [1]. The theoretical
Esz and modelling E{‘{ results are compared in the table
Ejy ~Ejy'

Ey

1. The O is the relative difference o = -100%

between these results.

Table 1. The comparison of theoretical and modelling results in
the two-dimensional case

Vs 0 0,1 0,2 0,3 0,4 0,5
E1S2T 0,6305 (0,6281 10,6209 10,6090 10,5924 10,5709
Eiséw 0,6353 10,6328 00,6251 (0,6122 ,5940 0,5705
5,% 0,76 0,74 0,52 0,27 0,07 0,56

s 0,6 >/ .8 9 1,0
Eiva 0,5447 10,5137 10,4780 00,4374 ,3922
Eféw 0,5417 (00,5081 10,4702 10,4290 10,3858
3% -0,56 (1,10 1,66 1,96 1,66

The difference between theoretical and modelling
results does not exceed 2%. Therefore the theoretical
model, obtained in the [1], can be used for calculation of
electric field on the axis of hole.

Modelling of the 3D problem

The three-dimensional model is necessary for
verification of theoretical expression of axisymmetric field
calculation using the results of 2D model and expression
of field calculation in the points distant at the axis of hole.
These expressions are obtained in [1].

Fig 2. The view of mesh in the plane y=y,

For the axisymmetric object it is sufficient to model
the segment of object, situated between the planes 6 =0
and 0=¢, in the cylindrical coordinate system, if the
COSMOS/M is used. The angle & is obtained turning the
plane xy about the axis y. The mesh of the three-
dimensional model was selected just the same as the two-
dimensional model in the x and y directions (see fig. 1). It
was used the segment situated between the planes € =0

and )= 10°, which was divided into two segments:
between O=0and 6O=5°
6y = 10°. The mesh looks like the fig. 2 in any plane y=yj.

and between @ =5"and
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ESM
a
the electrical field strength on the axis of hole are
presented in the table 2. Using these results we can verify

The theoretical £ ;T and modelling results of

the accuracy of  derived in [1] factor
Kp=K Ky =222 15581 Multiplying  the
2 1-m(1)

results of plane parallel field obtained in the 2D case by
this factor we obtain the values of axisymmetric field on
the axis. The o, is the relative difference between the

theoretical EST  and modelling ESY  findings:
EST _ESM
0y =—+—%—-100% . The 4, is the relative difference
Ea

between the results of three-dimensional modelling and the
results of two-dimensional modelling, multiplied by factor
_EM - KpEY

sM
a

dimensional case theoretical and modelling results are not
different more than 2,1%. The modelling results confirm
the accuracy of theoretical value of factor Kp.

Kp: &

) 100% .

In the three-

Table 2. The comparison of theoretical and modelling results in
the three-dimensional case

Vs 0 0,1 0,2 0,3 0,4 0,5

T D7932 10,7902 {0,7812 {0,7662 |0,7452 0,7182
M D.8102 10,8071 [0,7975 |0,7813 10,7582 10,7276
5, % 2,10 2,08 2,04 (1,94 (1,70 [1,30
5,% 1,38 1,38 [1,41 1,44 [1,41 1,38
Vs D,6 0,7 0,8 0,9 1,0

ET 6853 [0,6462 |0,6013 [0,5503 [0,4934

EM D,6895 10,6442 10,5923 |0,5455 |0,4934

5.% D,61 -0,30 [-1,52  [-0,88 0,0

5% 1,38 1LIs (1,28  [1,07  |[1,66

The theoretical values of electric field strength in any
point of hole were calculated using expressions (see [1]):

ES = E[Ey = J(ED)? +(ES)?,
E§ =0,7932(1-0,378y; +0,189x7),

E)i =0,3x,y5,
Eq=Vy/h.

Some theoretical and modelling values of electric
field strength are presented in the fig 3 (Theor and Model
curves, correspondingly). Theoretical expressions are not
exact, when the values of x, and y,; approach to 1. The
mean value of relative difference between theoretical and
modelling values is less than 2%.

The dielectric between the plates of capacitor

We investigate two cases: 1) the dielectric with
relative permittivity g>1 is in the II part of area (see fig.
1), 2) the dielectrics are in the I and II parts of area.
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Fig. 3. The results of theoretical calculation (Theor) and
modelling for g=1 (Model), =7 and g=1000, a) in the middle
plane of capacitor (y,=0), b) for y=0,3, c¢) for y=0,6, d) for
ys:079

We can suppose, that the potential V4 of any point A
of hole is formed by charges, which are situated on the
edge of plate, on the all interior side of plate, excluding
edge, and on the all exterior side of plate, excluding edge
(see fig. 4, a). The capacitances C,4, C; and C, are partial
capacitances of fourth, third and first parts of modelling
area through which the charge of the exterior of capacitor
plate create potential in the point A. The capacitances C,
and C; — partial capacitances of second and first parts of
area through which the charge of interior of capacitor plate
create potential in the point A. The capacitances Cy and C,
are the partial capacitances between the point A and edge
of plate and plane with zero potential, correspondingly.
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We can clear up the influence of permittivity of different
parts of area to the field in the hole using the equivalent
capacitive circuit, shown in fig. 4, b.

1II v

Fig. 4. The formation of potential in any point of hole: a)
situation of partial capacitances, b) capacitive circuit

These capacitances are proportional to permittivity
of corresponding part of area. The transfer coefficient Ky
of this circuit can be expressed this way:

Ve~ YCx 1
Vo 1/CpA+1/Cr 1+Co/Cr’

2

where Cy — resultant capacitance of capacitances C,, Cs,
C,, C;, C; and C.,. It can be expressed:

Ca=Co+Cyge + o, 3)
1
Cs4e = , 4
ey cy+1/C, +1/C, )
1
Coj=—— . 5
G, +1/G ©)

1) Dielectric between capacitor plates. The partial
capacitance C, and resultant capacitances Cy and Cy
increase, if the material with permittivity &;>1 is placed
between the capacitor plates. The coefficient Ky and
potential ¥, increase, correspondingly with (1), too. This
increase is not significant and depends on situation of
point. The capacitance C, has the greatest influence for the
points, in which the charge, distant at the edge creates
potential. There are the points, situated in the middle plane
between the capacitor plates (y=0) near the wall of hole.
The modelling results show that the maximal variation in
comparison with air capacitor was obtained for the point
y=0, x,=0,9. This variation is 5,7% for dielectric with
permittivity =7 and 9,4% for dielectric with permittivity
&=1000. In other points the variation is lesser.

The results of modelling for permittivities =7 and
&=1000 and for the values of y,: y,=0, ,=0,3, y,=0,6 and



y,=0,9 are showed in fig. 3. We can see, that for y,=0,6 the
mean value of variation, when the x, varies between 0 and
0,9, is less then 2%. The dielectric has not influence to
field in the hole if y,>0,9.

2) The dielectric between the capacitor plates and the
dielectric fluid in the hole. The capacitance C, increases
proportionally to permittivity of fluid in this case. If other
capacitances are not varied, the coefficient Ky decreases
(see (1)). However the resultant capacitance Cy varies,
because the capacitances C; and C, vary, too. The greatest
variation of potential and field is in the points of hole, in
which the significant influence has the charge of exterior
side of plate and the capacitance C, is not significant, i.e.,
in the upper part of hole near the axis. The influence of
permittivity of fluid is small in the point near the wall of
hole. In this case the value of Cy practically is equal to C..
The dependence of electric field strength upon the x for the
values of permittivity g=1, §=2,4, §=3,8, =7 and relative
distance at middle plane of capacitor y,=0, y,=0,5, y,=0,7
and y,=0,9 are showed in fig. 5.

Analytical approximation of electric field strength in
the hole

We consider the capacitor with dielectric permittivity
air7. Let be gp=gv=1. The permittivity of ERF & can
vary in large limits, but it is not more than 7. The
modelling results of values E of electric field strength,
obtained for indicated values &y, &y, &v and for g=1+7,
can be approximated by this expression:

E=E'-Ey: (6)
where

E* =K [1- Ky, y2 1 [1+ Ka,x21-[1+ Kypox2yi 1, (7)
&1

Kae =Halen)= 0,02762 +1,29¢ - 0,12 ®
Koo = Kale) =20 ©)
K3, :K3(51)=m, (10)
Ky :K4(gl):0,22%?+_1}61’ (11
Ey is expressed by (1).

For calculation the direction of vector E of electric
field strength we can calculate the x component £, of this
vector, using the expression:

4
Ex = [Kxg (g[) ' (xs + 0,1))/ + s (xs - 053)]EO > (12)
where
1-0,058¢
———L (g, -1).
3,3¢;+9.3

The angle o between the vector E and axis x can be
calculated in this way:

K, (6))=025+ (13)
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Fig. 5. The distribution of electric field strength in the hole for

four values of permittivity (eps) in different levels of hole a)y,=0,
b) »=0.5, ¢) y=0,7, d) y=0,9
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Fig. 6. The multiplayer capacitor with the opposite fields
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Fig. 7. The distribution of field near the plate of multilayer
capacitor
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Fig. 8. The field in the multiplayer capacitor with opposite fields
and with one field in comparison with the field in the monolayer
capacitor: for some planes of hole: a)y=0, b) y=0,5, c) y,~=0,7, d)
0,9

o =arccos(E, /E) (14)

Using the expressions (6)-(14) we can calculate the
value and direction of vector of electric field strength in
any point of plane capacitor hole, filled by ERF, with
relative error less than 5%.

The electric field in the hole of multilayer capacitor

The probable construction of valve with the ERF is
shown in the fig. 6. The capacitor has some the same
layers. In the adjacent layers the electric fields are
opposite. It is evident, that in any layer the field will be
weaker than in the monolayer capacitor with the same
difference of potentials between the plates. The view of
field near of any plate with positive charge is presented in
fig. 7. The field in any layer is created by the charge
accumulated on the interior of the plate only.

The field can be intensified in one layer of multilayer
capacitor, if the difference of potentials is created between
two adjacent plates only. The field of the part of hole,
which is in this layer, will be greater than in the hole of
monolayer capacitor. In this case the relative permittivities
of part III and IV will be more than 1 (see fig. 1) and the
capacitances C;, Cy4 and Cs4. in the circuit fig.4, a, increase.
Therefore the resultant capacitance Cr and coefficient Ky
(see (5)) increase, too. The modelling results are presented
in fig. 8 for the case of ERF relative permittivity £=3,8
and for the values y,=0, y=0,5, y=0,7 and y,=0,9.

Conclusions and results

1. It is convenient to investigate the electric field in
the round hole of capacitor using the finite element
method.

2. The results of modelling confirm theoretical
expression for calculation the electric field in the hole,
obtained in [1].

3. The dielectric material between the plates of
capacitor fractionally amplifies the field in the inner layers
of hole in comparison with air capacitor.

4. The field in the hole decreases proportional to
permittivity of electrorheological fluid which fills the hole.

5. The field in the multilayer capacitor with opposite
fields in adjacent layers decreases in comparison with
monolayer capacitor.

6. The field in the hole of multilayer capacitor can be
increased if the difference of potentials is connected up to
two adjacent plates only.
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axis in several layers of hole are presented. The approximated expressions are obtained for calculation of value and direction of electric
field strength in any point of hole, if relative permittivity of ERF is in interval 1-7. The field of hole of multilayer capacitor with
opposite fields was investigated. The field in any layer of such capacitor is lesser than in analogical monolayer capacitor. The field in
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OTBepcTHe, B IUIOCKOM KOHJCHCATOPE, 3allOJIHCHHOE JIICKTPOPCOJIOTHUECKON KUIKOCThI0 DPXK MOXeT ObITh MPUMEHEHO st
KOHCTPYHPOBaHUsI KJIAIaHOB, YIPABIISIEMbIX 3JIEKTPHUECKUM HojeM. I103ToMy aKkTyalbHO 3HaTh, KaK B TAKOM OTBEPCTUU paclpejesieHa
HaINpPsHKEHHOCTh 3JIEKTPUYECKOrO IOJIsl TI0Cie MOJKIIIOUCHUS HAIPSDKEHUST K KOHJIGHCAToOpy. DTO HoJie ObUIO MCCIEAO0BAHO METOJOM
KOHEYHBIX 3J1eMEHTOB. lIpuMeHsulach Kak JAByXMEpHas, Tak M TpeXMepHas Mojeidb. Pe3ynbraTbl MOJEIMpPOBaHMS IOATBEPIMIN
NPaBWIBHOCTH PaHHEE IOJIyYCHHBIX BBIPQXEHMI IS pacdera Iojs, KaKk Ha OCH, TaK U B JIIO00H TOYKE OTBEPCTHSI BO3IYIIHOTO
KoHJIeHcaTopa. IIpeuioskeHa cXxema EMKOCTHOM Ilenu, II03BOJIAIOINAS OLEHUTh BIUSHHUE JUAJICKTPUUECKUX IPOHMULAeMOCTeH
JIUAJIEKTPUKA, 3alojiHAouero KonjaeHcarop u OPXK Ha anexkrpuyeckoe mojie B OTBEPCTUH. YCTAHOBIECHO, YTO JUDJIEKTPHK MEXIY
IUIaATAaMU KOHJIEHCATOpa HECKOJBbKO YBEJIMYMBAeT II0JIE B OTBEPCTUH, a YBEIMYEHUE AMAIEKTpUYecKod mpoHunaemoctu IPXK
yMeHbIIaeT Mmojie B oTBepcTuH. IlodydeHbl aHanUTHUYECKHE BBIPAXKECHUS, MO3BOJISIOLIME pPACcCUUTaTh BEIMYMHY U HaIlpaBICHUE
ANEKTPUIECKOTO T0JIS B JIFOOOH TOUKE ITOJIsI, €CIIM OTHOCHTENIbHAS ANdJIeKTpUUeckas mpoHunaeMocts JPXK Haxomures B npenenax 1-7.
HccnenoBaHo moine B KOHJEHCATOpe OOpa30BaHHOM W3 HECKOJBKHX HMICHTHYHBIX CIIOEB, B KaXKIOM H3 KOTOPBHIX CO3/AeTCs IOJIe
IIPOTHUBOIOJIOKHOTO HANpaBlCHUSA. YCTAHOBIEHO, YTO IIOJI€ B KaXJOM M3 CJIOCB MEHbIIE, YeM B aHAJIOTMYHOM OJHOCIOHHOM
koHJeHcaTope. Ilome B oOIHOM cl0€ MHOIOCIOHHOIO KOHAEHCATOpa MOXKHO YBEIMYUTh II0 CPaBHEHUIO C OJHOCIOHHBIM
KOHZIEHCATOPOM, €CIIH HalpsDKEHHE TOAKITIOYHTH TOIBKO K OJJHOMY U3 CpelHuX cioeB. M. 8, 6ubim. 1 (Ha TMTOBCKOM sI3bIKE; pedepaTsl
Ha JIMTOBCKOM, aHIJIMHCKOM M PYCCKOM S13.).
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