» Executive Summary

Vanous kinds of insulation systems are widely used for htgh-voltage equtpments in electnc E

power: transmtssron and dlstnbutlon For example the gas rnsulated switchgears (GIS) and gas L

insulated | Ilnes (GIL) are the important components of power systems. Liquid and- solid lnsulatron .
’. systems are used for transformers power cables and’ others The advantages of the gas rnsulatlon

»systems are high rellabllrty and lnfrequent requrrement of mamtenance due to their closed structure ‘
However it'is known that the existence of smail partlcles in a gas insulation system can srgnlt” cantly-
reduce the msulatrng capability of the system. Particles may appear |n the insulation system in the'-
. vprocess of manufacture assembly or mamtenance On the other hands, solid and |Iq1.Ild dlelectncs .‘
~ have htgh dretectnc strength in comparlson with gaseous matenals The presence of cavities (vonds)
ina: soltd dielectric or bubbles in a Ilqurd dlelectnc is critical to the msulatlng performance. The
electnc field in a vord ‘is higher than that in the enclosrng medium because of the lower dielectric -
constant of the medrum inside the void, usually gaseous one. When the electric field is excessrvely

hlgh partial dlscharge (PD) mrtrally takes plaoe in the void. The -PD activity involves chemrcal

~ mechanical, and thermal processes, which- can cause detenoratlon |n the surroundrng dielectric. in .+ -

cntlcal cases PDs may result in breakdown or insulation failure of the lnsulatlon systems
" This research. studies the electrical and electromechanlcal behavior of partlcles in various
krnds of prof iles and: configuartions. Note. that-a void or bubble can also be regarded as a form of '
partlcle wh|ch contamlnates the main insulating (surroundlng) medium. The studies have been done -
. analytrcally and experrmentally, and mclude the design’ of partlcle deactivation technlque The’-,
. particle prof Ies _considered in this research are oblate spherordal prolate spherordal and sphencal
shapes The overall objectives. of the Tesearch are to make clear the electnc field and electrostatlc
8 force on partlcles for a wide range of appllcatlcns and to relate the fundamentals obtained from the -
research to the practlcal problems such as the desrgn of partrcle trap or- the control of membrane
potentral ., I '
- The oblate spheroid is applled to the problems .of air or gaseous v0|ds ina solrd dielectric,
whrch are often the weak point for the partial discharge ln hrgh-voltage lnsulatlon systems The study '
uses the method of . multlpole rmages in the oblate spherordal coordrnates The electric potentlal |s',
expressed as a sum of oblate spheroidal harmontcs The method utlllzes the re~expans:on and the_ .'

_image schemes of a dielectric oblate spheroid and a conducttng plane to determlne the solutton of

potential that satisfies all the boundary condmons mvolved With the use of the oblate spheroldal o

,coordlnates the void - shape can be varied systematrcally to observe their effects on the electnc f eld
both in the interior and in the exterior. The analysis focuses on the variation of the electnc field W|th
the separatron between the void and the electrode the ratio of the major to mmor axes of the vord
and the dlelectrlc constant of the surroundlng dlelectrlc Results from the study clanfy the degree‘
. that electnc i eId is rntensrf ed inside a voxd in comparlson wrth the background electnc f eld.. The
: ,_presenoe of an electrode near the’ vord mrtrgates the electric f eld on the axis of symmetry of the

'vo:d as also specrf‘ ed in the exrstrng Irteratures However we have found that hlgher field stress stlll



.eX|sts at the regron away from the axis, and the field maximum is not significantly reduced by .
decreasrng the separatron in_particular when the void |s very ﬂat (m the dlrectron of electric field). :
We also study the use ‘of equlvalent multlpole moments to represent the rnﬂuence of void on the
- electric field in the: extenor The study shows that hrgher order multlpoles are needed for the field.

O 'representatron In addltron the effects of the planar electrode on the equivalent’ multrpole moments

" of the vord are also drscussed

: The prolate spherord is applred to- the problem of conductmg partlcle contammatlon in

.gaseous rnsulatron systems The study is done by usrng an analytrcal method in both axisymmetric . )
and three-drmentronal conf guratrons We apply the method of i images usmg multlpoles to the electrrc "

- field calculatron The calculatron uses the multipole re-expansion formulae and the’ equrvalent image . '

" 'charges of a. prolate conductlng spherord The induced charge the electrostatrc force and the
»-electrostatrc torques are determlned either from the interaction between the fi eld and the multlpole :

|mages or from the numencal mtegral of the Maxwell stress The axrsymmetnc configurations ¢ consist

-~ ofa conductrng spherord whrch is in contact wrth or separated from a grounded plane. From the t
.-calculatron results we have found that the maxrmal ﬁeld on the spheroid on the grounded plane
mcreases nonlrnearly with the ma;or-to—mrnor axis ratio of the spherord We propose empirical -
formulae for approxrmatmg the maxrmal field, charge and force with the errors smaller than 2% for:
'the axis ratro between 1 and 32. The propnety of the approxrmatron of the electric field, charge and’
force based on a hemlspherordal model is examlned in this research. For an uncharged spherord |

’ separated from the grounded plane, we can clanfy the relatlonshlp between the separatron and the
field mtensrf' cation at the bottom pole of the spherord In addition, the position of the spherord where
the partral drscharge takes place is estrmated based on the cntrcal field strength of the msulatlng -
medrum

For the three-drmensronal (BD) electromechamcal analysrs we treat a conductlng prolate

.spherord on‘a grounded plane under electnc field. The' 3D analysis focuses on the roles of tllt angle.-.
a between the partlcle and the plane on the electrostatrc force and torque on the spherond which
contribute to partrcle behavior rn various applrcatlons The- results from this research show that the "

: electrrc fi eld |s maximal at or near the hrgher pole of the spherord if the tilt angle ais not equal to
zero. The electrostatlc force is mlmmal and maximal when the spherord lies and stands on the-
plane, respectrvely We present emprncal formulae that approximate the minimal and maxrmal "
electrostatrc force with error ‘smaller than 1% for_the spherord havrng major-to-mrnor axis: ratio

'between 1 and 10. For the electrostatrc torque we have found that the torque is always in the

» mcreasmg o4 d|rectron The torque magmtude rncreases with_a from 0° to- about 45°, and then'
reduces to zero at ‘a = 90°.. The, torque varratron may be estimated by a quadratic relatronshrp
’ .Takmg |nto account the gravitational force of the partrcle we classrfy the electromechanrcal behav:or
of the prolate spherord into three regrmes dependmg on the electric field and the tilt angle. Our

results |Ilustrate that the electrostatlc torque - promotes the lrftrng probabrllty -of the spheroid by the

: electrrc f eld.



In addmon to the msulatron systems the oblate and prolate spherordal prot" les are used toy
analyze the electrostatrc applrcatlons of brologrcal cells. We apply the boundary element method, a:v
numencal fi eld calculatron method, to calculate the dlrect-current and steady-state. transmembrane
potential of non-sphencal biological cells. The objectrve is to detennrne the effects of cell prof ile and;
the conductrvrty of the extracellular medlum on the characterlstrcs of cell membrane voltage under dc '
electric fi eld chargrng The confi guratron of |solated cell and cell pair are considéred, correspondrng
to the cells in the process of electroporatron and electrofusron respectrvely The ceII _profiles are‘ '
_ "vaned between oblate spheroidal, sphencal ‘and prolate spherordal ones, which have different ratros'
between the radii in different axial: drrectlons From the results, we can clanfy that a decrease in the -
'conductrvrty affects both magnrtude and drstnbutron of transmembrane potentral We may.
. approxrmate the cell membrane as a perfect drelectnc when - the- extracellular conductivity is '
sufl' crently hrgh For the same cell geometnes transmembrane potential is smaller for pairs of cells .
‘than for |solated cells and this’ potentral rs more ‘reduced at the contact poles than at the: opposrte '
' poles When the cell geometnes are drfferent the shreldmg effect on the transmembrane potentral is
- found Thatis, elther different axral lengths or dtfferent radii between the cells results in this drspanty"
: vrn transmembrane potentral of the cell parr However if we decrease the extracellular conducrtrvrty
. we can obtain the same maxrmum potentral of both cells at the contact. poles.
| The spherical profi le is used for studyrng the partrcle manipulation in hrgh-voltage rnsulatron v;
'systems The purpose of the study is to rnvestrgate the. feasrbrlrty of partrcle manrpulatron by the

drelectrophoretrc (DEP) force for msulatron systems The study begins wrth the analysrs of the -

’ electrostatlc force by a numerrcal method. Expenments have been carried out to compare the- .

) partrcle motron ‘under electnc ﬁeld with the numerical predrctron The expenment also clarify the
partrcle behavior without the applrcatron of- partrcle manlpulatrng technrque The continuous motion of .

. partrcles which can lead to electrrcal drscharge is observed in the experrments The experrmental
. .measurement of the. particle. drsplaoement agrees well with- the numerical results. For partrcle
'manrpulatron the dielectric layers of srlroone rubber- (PDMS) and polyrmrde are placed on the .
grounded electrode to prevent . a conducting partrcle from being charged Numencal field calculation
~ shows that with the dielectric layers the .DEP force attracts the particle to the region of hrgher fi eld
‘ and |mmob|lrzes |t at the termmatron of the drelectnc layers. Experrments with stainless steel and .

’alumrnum particles of sub- millimeter sizes are camed out to verrfy the theoretrcal predtctlon



