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Abstract

This research studies the electrical and electromechanical behavior of
particles for different particle shapes and ending profiles by using both analytical and
experimental methods. The objectives of this research is to obtain the fundamentals
of particle behavior, which can be applied to develop particle manipulation for the
high-voltage insulation systems. The studies in this research project focus on the
effects of non-psherical particle shapes, the effects of insulating/particle media, and
the possible roles of charge transfer between particles and electrodes. They have an
implication on the electromechanics of particles in insulation systems.

The first step of the studies deals with the electromechanics of prolate
spheroidal conducting particles on a conducting plane to clarify the fundamental
role of the non-spherical shape of particles on their behavior under electric field. The
electric field Ej, initiating particle motion is measured and compared with the
theoretical field strength of the particle for rotation. The lift-off behavior of the
particles at £, is different from the theoretical prediction. The particles depart from
the conducting plane at significantly larger angles than the theoretical prediction. The
discrepancy of the departing angle is possibly due to the predominant rotating
motion of particles. With higher electric field, the experimental results show that the
linear vertical motion of particles became dominant. However, re-contact might
occur after lift-off between the particles and the lower electrode, and increase the
particle charge as a result. The results from this part of the studies are useful for
estimating charges, electric field and force on nonspherical particles.

In the next step, we carry out experiments for investigating the
electromechanical behavior of the non-spherical conducting particles for different
particle orientations and different tip profiles. Spheroidal and wire-shaped particles
are used for the experiments. The results show that on a bare electrode, the
particles exhibit the liftoff motion or rolling motion to the region of stronger electric
field. The motion onset electric field decreases with increasing field nonuniformity.
On the insulated electrode, the wire-shaped particle shows exclusively the rolling
motion, whereas the spheroidal particle may rotate horizontally so as to align its axis

with electric field gradient.



We apply a numerical analysis to explain the experimental results obtained in
this work. The boundary element method is used to analyze the electric field, forces
and torques on the particles. The calculated liftoff electric field of wire-shaped
particle is smaller than the estimated value based on a model of infinitely long
cylinder. The numerical results can explain the the tendency of particle movement
observed in the experiments. The numerical calculation clarifies that both
electrostatic and gravitational torques contribute to the liftoff behavior of wire-
shaped particles.

For the effects from the conditions of media and material types, we carry out
experiments on conducting spheres in insulating gases. The experiments use particles
having different radii and materials. The gas media are air, air/N2 or air/SF6 mixtures.
The results show clearly the effects of gas pressure on the liftoff electric field.  The
surface force between particles and electrodes increases linearly with the product of
pressure and particle surface area. In addition, we have found an effect of charging
polarity on the liftoff electric field.

The last section of this research is the analysis of the effects of charge
transfer between a particle and an electrode to make a quantitative investigation of
the force variation. Without the charge transfer, the electrostatic adhesive force on a
negatively charged particle increases when the applied field is in the upward
direction from the plane. However, in the presence of charge transfer, the force may
vary only slightly with the applied field or even show a reverse tendency if the

transfer charge density depends significantly on the applied field.

Keywords:
High-voltage insulation system, electromechanics, conducting particle, dielectric
particle, nonspherical particle, prolate spheroid, gas pressure, liftoff voltage, charge

transfer



Executive Summary

Under this research project, we have carried out various kinds of studies on
the electrical and electromechanical behavior of particles. The objectives of the
current research is to obtain the fundamentals of particle behavior, which are
applicable to the development of particle manipulation techniques for the high-
voltage insulation systems. As the particles in insulation systems have a variety of
shapes (both global and local profiles) and are under different conditions of the
insulating media, the research covers a wide range of analytical and experimental
works. We treat (a) different particle profiles, spherical and nonspherical ones, and (b)
different media for the gas insulation, particles, and electrodes.

We clarify the fundamental roles of the non-spherical shape of particles on
their behavior under electric field by using a configuration of prolate spheroidal
conducting particles on a conducting plane. We use two sizes of particles having the
same major axial length but different diameter (minor axes) for the experiments. The
electric field £y, initiating particle motion is measured, and we have found that £, is
slightly higher than the theoretical field strength of the particle for rotation. The lift-
off behavior of the particles at £, is different from the theoretical prediction as the
particles depart from the conducting plane at significantly larger angles than the
theoretical prediction. The discrepancy of the departing angle is possibly due to the
predominant rotating motion of particles. With higher electric field than £, the
experimental results show that the linear vertical motion of particles become
dominant, resulting in virtually parallel lift-off of the particles. However, re-contact
may occur after lift-off between the particles and the lower electrode, and increase
the particle charge as a result. Charge estimation based on the lying cylindrical
model is found appropriate only when a particle has a small aspect (length-to-
diameter) ratio or when the field is much higher than the critical field for particle
rotation.

Needless to say that the deactivation of free particles is an important issue
for improving the insulating capability and reliability of high-voltage systems.

Nonuniform electric field distribution typically accompanies with the deactivation. In



this research, we carry out experiments to investigate the electromechanical behavior
under nonuniform electric field of the non-spherical conducting particles for different
particle orientations on either bare or coated electrode. In this step, spheroidal and
wire-shaped particles are used for the experiments. The particle motion is observed
for two principal orientations with respect to the applied electric field in air. The
results show that on a bare electrode, both kinds of particles exhibit the liftoff
motion when the particle axis is aligned with electric field g¢radient. The field
nonuniformity enhances the upward rotation of the particle tip subjected to the
higher electric field. When the particle axis is parallel with a constant field line, the
wire-shaped particle is more readily to make a rolling motion to the region of
stronger electric field in comparison with the spheroidal particle, which shows higher
occurrence rate of liftoff. The motion onset electric field decreases with increasing
field nonuniformity. On the insulated electrode, the wire-shaped particle shows
exclusively the rolling motion, whereas the spheroidal particle may make a rolling
motion or rotate horizontally so as to align its axis with electric field gradient.

In order to clarify the cause of different particle behaviors, we perform a
numerical analysis to explain the results obtained from the experiments on the
electromechanical behavior of conducting wired-shape particles. We investigate the
effects of particle ending profiles and orientation on the initial motion. The boundary
element method is used to analyze the electric field, forces and torques on the
particles. The calculated liftoff electric field is smaller than the estimated value
based on a model of infinitely long cylinder, and slightly decreases for a particle with
a sharp end when the sharp tip is separated from the electrode. The measured liftoff
electric field agrees with the tendency obtained from the numerical analysis.
Particles mostly began the motion at either end. When the sharp tip was separated
from the electrode, the initial motion almost exclusively took place at the sharp end.
On the other hand, the probability was slightly higher for the motion at the rounded
end when the sharp tip was close to the electrode. The numerical calculation
clarifies that the electrostatic and gravitational torques contribute to such liftoff
behavior.

We inavestigate the roles of the media involved by using experimental study

on the liftoff of conducting particles in gas media. The experiments uses particles



having different radii and materials. The gas media are air, air/N, or air/SF¢ mixtures.
Almost pure N, is also used for a specific case. The results showed clearly the effects
of gas pressure on the liftoff electric field. The surface force, approximated from the
electrostatic and gravitational forces, increases linearly with the product of pressure
and particle surface area, contributing to the effective contact area. Smaller liftoff
electric field in the gas mixtures possibly results from lower humidity. In addition, we
have found an effect of charging polarity on the liftoff electric field.

As we consider that the effect of charging polarity is related to a charge
transfer between a particle and an electrode, the final part of this research deals
with a quantitatively investigation of the force variation when there is charge transfer
between the particle and the conducting plane. This part then includes an analysis
of the electric field and electrostatic adhesive force on a charged dielectric particle
lying on a conducting plane under an externally applied electric field. We treat the
distribution of charges as either uniform on the particle or partially on the lower half.
The transferred charge density is assumed to be dependent on the applied electric
field. The results show that the electric field is very strong near the contact point,
where the charge transfer may occur. Without the charge transfer, the electrostatic
adhesive force on a negatively charged particle increases when the applied field is in
the upward direction from the plane. However, in the presence of charge transfer,
the force may vary only slightly with the applied field or even show a reverse
tendency if the transfer charge density depends significantly on the applied field. The
results show a different viewpoint on the particle behavior under electric field and

may be useful for various applications not limited to insulation systems.
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SosrduveauswugsniussiubuAnfausoundiuvestesing.  Densley  léinusedu
Aamnsauisdiusia 50% vowmedofitu Twimsadcoriedueneituaelu (341
MsfnINUI  MIneInsaidveaLsIuEIRavFandlfmnay  Sadindiaitiald
e uidemaildiiaueidymnsiefaniaudn  defidesivuningegniely
AUIUNAN. ¥ reensiafayIFauedl Minnfawsaniglugesine gnAnwlaengy
Y99 McAllister Uag Pedersen [35-39]. a#lariduuauda (Lambda function method) gn
THlumsmenuduiussenineiiinls fulszquesiamsauisdiifniusse. oehalsfiony
dunndt huudnaeaves Pedersen lildAndswaveslszqrn %qﬁﬂLﬁmﬁfummﬂa@jﬁuaam%ﬂ
UNEIU.

whnazdamAdednunn Aldinmsfnwifnfuauadinsdwiiainveseynia
ysanan mMsAnwfveymafiliifunsanaudedegaeuinadfin. woAnssuvesussuueyniad
fsuslidunsenay Wy eunAzUNSINTEUEN waveuAvsIAmensinay  gelaiinis
Ansizviosnauysnl fausHimasmueyniasuanadldlumafoR 4o, 411 il e
Hunsgi  fenaeiesdlalfengidmiumdneuvesaunliin.  uszquueyae
n3mdensInauwuuislagniiaueluena1seneds [42-45) uidmadunisussyndiunsdl
vosauliiilesanyatssy  GehliArauunuvauasseuunusuini,  nduves
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aziiaslsinauemslinsgiaunllilinuuinisunsindensanan  meldaunslnihid
stnuwiRllinntu Tasordeisnszaediailig [46]. annsnudindn sianmnsowdiuld
og1stalaud dnsifimvnavesaunsliiinegiann Tunsdlvemssndensanasuuudng e
Jeufunsdiveseyniansenan. fadu 5aaldd favsausduerafaiulussdunis e
oumefiiguidladunsnaveglussuuaunilifinsgs  Ssaulwihiiundsdageogudn
Tuaameund. luanudusiuds  1dfnsfnvuasnuiarsalunUoualulasuns i
Tumaguf] uasnsUfoR [47, 48] leeyaafifisusilidunsinay egnieldanig
Pamsauediy eynpaInsouARgRnTINAdutey WU nsenditu navu viFenns
wyusoumle [49, 501. Holmberg waz Gubanski laldiglwlusiediuudrmuaauulii
nazusIFusIAnAaYSaveseyIARULLTaNENY  Tnsenduiteulunisinfiaw sauuuansy
wos [51]. egslsfinny Ssnsdlanuumnsnsszrinssadwsildannsduin uazaiing
TumaufoR. fedu medieneinamansinihueseunasuidlidunsnay fnaduide
fddnynazdosdnuliidnlados ileUuusaussouzmIsatIuesTEUL.

ilesnmsideuiveseymaluszuvatuliindinansenuedsdeein deaussaus
N15AUIUVRITTUY MIIANIToUNMAlUTEULRUILREANNdAyegun [52]. udslagdu
fomAdednulosinnfiinsanmsinnseymeluszuvaou.  msdavssy  uaznns
Lﬂﬁauﬁmaﬁmgmﬂluﬁwﬁuamu(ﬁwﬁwﬁaLL'LJaQ) aNMSI9dau [53, 54]. Khayari wag Perez
Issuiisunszuiumssauseaueseynmafiuamangul uavssyindanueniagiaUseq
UueuNIARg ML [55]. nguiduves Hara lavinisfinwmgfnssuvesennialussuy
auufineg.  Anglasenuransiegimmge]  wasnanisdanaluneslfuinisves
wofnssueynaneldfoulufiuandnaiuves  sUsweyna  Anudufne  wayisnisteu
NSEFUSTUL. MIeReufiveseynn  waznaveseymafiliensiusnantigndne  Taeld
sUuuumsinBesdidnlasauuuliivuy @daunalsihliatnaue) [56]. dmsfnvmaves
maindeudianlnsaseauiu filldenginssuveseynia [571. fideldseauinsadoud
yosoyma Admuviasueglindiuaives. maindeuiinieldnmadsuudasda@ianaves
aunlih gndunalaglfaulifuuunssuaady (58] andiTeddslduuzdunadans
Sndueunadmiusruvaui. eglsinny lifinmseaeduiesujiRnisieduiuteiaus
AINA.

uisladu  lefinnsdnauedsnisdneg  dwsumuaneunialaglduwsaliinad.
fregnady Ensdmsutnuadiuvits on Bedu Juedeu wenuie azauGa) wardug
59, 60]. eglsfinu  eumaiifiasanlunussiivundnnieyniafiiasuluny
Uagduey  dmiunsalvesszuvawiulniusege. fnansfiuvdadmsunmsvinuduauy
s?fwzﬂi'mgmsaimidwmﬂﬁza;Lmnﬁmlﬂmﬂszuuﬁﬂw%. uennil MuiTeifinsanns
Uszgnaldluszuvauulniiussgs  deildedrdmanznslion.  isliamnsaldBidningm
sussdudouAululy  edestuldliAnauilinfigannlussun. Bavis  n1sdndaeq
oymaidudsiidemanidss (@munsdszuulifiusigy) Weldssiunavesuszaidluszuy
aua JuhlfeindenisnuausyU.
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2. InquszasA
lasansITeiiiiingussasAvaniiasfnwingfnssuvesounalussuvawiu nefiansan
Useiaumngg aasaluil
d' d' d'd 1 [~ dd‘ 1l a
1. mandounveseuntanisusalilunsinay  Tunsdiilifinansgmuainnisiin
farnsauedIU warlunsaNInsinRaw15aUIdIY
2. guavealeulvanzAuRuiTvewInaNy  wazyllavesing  Ndden1sisy
\AFOUTNVBIBYNA
3. #9990 UNATRINITUABULUAAYTEY 1 BIINMItemUsEyIEnineynIa
a & ~ = a ) v = v a wa
U wazdianiagn WellSsuliisuiuiuilduvesnanlaluresfusing
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3. NAN1SAN®E

= A ' & Y Y & a
NaﬂqiﬂﬂwqmlmUIﬂﬁﬁﬂ'ﬁ a']ll'ﬁﬂLL‘U\TE]@ﬂLﬂu‘ﬁ'ﬂm@ﬂaﬂl@l@nuﬂigLﬂu@nﬂ‘ﬂ N

Asanlasasalull

3.1 nslAdaUNvaIeYNIAFUTIMTIATEnsInauLuNtsneldaudlniainEue

Tnssmsifeluduinasosndnuuzauifnanamanslifivoseynedarh  Taeld
ayMATUIMTIAdEnTInauLUUIng. dnvasiitudeuveseynmanifisusislidunsainaudy
nasnaniadevdn 2 UszmisAe  JUTweunia  wavdamseunsdiuivanseynin @
WasuulasuavesUszquuayma [49]. malassnsideilldoymenssndensanauiuy
d9 ilvienuzifoannsnannavasialsunfaniaiiiatu shlfansodsdnumnaressusng
yosoymald. sUmsIndrensinauuuuindlifuhlisansonnaeasusiunswe s
wazawulnile eglddsiwaimsen (61, 62. imqﬂssaﬁﬁmé’ﬂlumuﬁﬁ‘]umﬁLU'%&JULﬁ&J‘U
wafldl  Aunanisaamsalfildanmsiesginmaed  Welimsuisunuimvessuing
pyMATidensIAAeUi

3.1.1 N1NNaag

SUT 1 UaRSUAUNINANS 909N TALIBELNTMAGES. BYNIANTIAAENTINANLUY
Tregninseguudidninsanisinuaiswesssuudidninsnguuny.  Sldnlnsausazsiaduunnidu
sugudnans 40 mm. Bidnlasadudneoainaniusd uasgninsieguuwiuuIusums 3
uAU (XYZLNG60, Misumi) dsansnsausulilauuafudidnlnsameinuuy. §U7 2 uang
Budnlnsnduuiudana. unuserinedidnlnsngnaslifianue 8 mm lunisneass. sEuy
ddnlnsasioadfunasinialuiussgenssuanss duniiunulesiuawn 1 MQ.
wewUanneleesusIdugs (610F, Trek) uazin3nafidindayanal (AFG3021B, Tektronix) gnld
Wuunasiudaussiulaiin, useduliihgnifindrain 0 aufisrisen aelunan 30 ms way
asrnl3Tiesemdunaiui 270 ms. (ufio naregessIRUTIWIAY 300 ms) N3
\ndouiiveseynaluszuudidninsngndanniendesidsa (EX-ZR200, Casio). nIWAN3
\ndouiiveseymagniuiindnesns 1000 fos  wazdeleulUinenfiumesdmiuns
RIGER VIR TGN

R
— Parallel
r electrodes
Voltage i ! R b :
genera dvaer ||| ==
generator L1 : : .
t----1----1 Camera

FUN 1 UHUAINLAISNNTTAWTEUNTNAGDY
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JUN 2 szuudianinsnguunu

3.1.2 A798199YNA

aunAfinsseaensInauLuutndnlidlunsnaaeshanegiidey  lnedes
2 YUIA. BUNATIEBIVUIANAUEIIMAWBAWINTY 4 mm Wi, aummmmé’sﬂﬁﬁumu
muaﬂawmammammuimwnﬂu 1 mm uagaunAvuIatrginugIwnulv 2 mm. U

~

n 3 uﬂﬂﬂﬂﬁWﬂﬂﬂ%BQBUQWﬂWQa@ﬁTUWW awwsvuma”%uwmaunﬁﬂ nsnnassldfiegy 3

Y

AN

)
JUN 3 DUNIANTIAAIBVTINANLULT198TY & mm d19Sun15NA&aed (n) aunATUIAENTEY

FugugnaviseaNUeINUlNeIAY 1 mm uay (v) sunrvuavgianueniwnuln 2

mm

3.1.3 Junsunsdfiunianaaes

feumsveaesusiazads  oymeuardidninsagminanuaseadioioniues  wa
Uaegliliuraevanysaifigumgiivies. fieflazdaraunilwiivinngs £, fleyniaEuin
naidoud ussiulnidideulsitueyniagniisduduas 0.1 kv sunseiheyniardeud. Tu
msneasadnguuuLnils  navesauwlwihiddenginssuveseyniagndang  sensteu
usumailiiudiEniosn  Teelitvunaualidihganindwes £y Aiveaesnld
AT measatudiuau 10 dsooumaiodmiseynia dmsuusazdeulunis
RRERIDELS

3.1.4 waildsu

3.1.4.1 awlniindngs £y dwsunisisuniouiiveseynia
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SUTl 4 uanseiedy A uazAgeaavesautliiiniings £, MiliTuAens
\Asufiveseyn dwiveyneusazauin tnsusnaudivesussiuliifiden. JUAINAN
wandlidiu £, Svwamnidmiveyniamuiadn. duedsves £, Tuogiuinvesusediy
dorann wihdudesvumnasyuvessiiialidmsumsteuussiuihuaniewnniinsd
Houussfutravagwoauens.

WoANITUYRIBUMANTIATIENTINaNRULTIIgNIRTIET  neendudnunaudh
vosawwlniiingn 2 A1 Ao £ dmSunmamyuseugadudaszninseuniadudianing
s wae £ dwsumsendiulunhninsznudidnlam [63). dusuoumenssade
nxanauuuuddlumnasesd nldmses £ way £ Juilvidurenmbe o
sErhauAuenveseyMAfUTTUBIEN T a1, duldses £ uax £ fiduaailduans
ogluguil 5. Wedinmsifiwaunilnih sudsnanuandiviudutod synainnsususguy
sruusiimie o = 0° wSumuseuaduda Weauuliihiluuiennnin £40°) Fadl
AUszanal 7.2 wag 8.9 KV/mm dvsusunavunaldn uaveuniavuaivg suad. e
Sufamanyuiued gt o wdvnadiviu shliueauulih £ Afesnsdmsy
nsendoynetuandidninanienanas Fuansedulsslugy. dwsueymaruadn
wazeynrvunlngineldvunaaunsliiningn  £40°9) iamsaUsznamades o
ouneendtuanddnlnsalfidu 150 way 360 mudu,

1.2 T T
1.0} } { |
_ 0.8 | 5 M |
= 06 J
5
F 04} . R
Positive Voltage +—a—
Negative Voltage +—=—
02} J
0 1

Small Large
Particle

5UN 4 awwlniidngn £, dmsunissundeuiivessynia

nnmavaaes  Weinldiivvuiavesnssiulwiniideuliiudidnlnsaiiazios  na
nsnaaosnandlifiuin synafteuiunuansnismsioufiaseniuainssuuimii @
\Hudnwarnisindeudiiaenndesiunsviiunemmguiiildaniduldewes £x way £. 307
6 wanwhegamsiadouiiveseynamuadunandsluyn. uihusdiihainfingyi
fuoymeluannrueu o = 0° Sgrlfuszanumusduoyniaisuedouiieguasads (50,
58] wansiATziuasnanmaaesildanlasinsiiuansesnedniaudn aulaiiuyy
£ ensnfuleulviiddydmiunisBundouiivesoynia.  emsiieuidioy  dAwes
aulih £, mangul dwsveymenssedienssnauuuuiieisans guandusuil 4 1y
uuse. AnedsvesauniliihiGndoud £, veseymafivuingenindrauluiiEimy
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Er mavgufeguszanas 6.9% uar 7.9% d1mSUauMATLIABNKAZOUNIATLIA LYY
pudwy.  Anuuanasiiiaduionadunaresusaiuiiinssisenieyniaiusianing
auane Faldlaseglunsinseimangug.

90 rrr[rrrrrrrrrrprrrrrororos 90 TrTrrr T rrrrrrrr e
: e B -. ceer
75 R, e 7sF N r
s — L " —E
60 F 1 60 b 1
o a5t ] ° a5} ]
) ) .
30 | 1 30 | 1
15 - - 151 .
0 T N N Y T |‘I“ Ll L1l 0 T N N Y T |‘I I T | I
0.4 0.5 0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9 1.0 1.1
E;, E, (kV/mm) E;, E, (KV/mm)

(n) ()
JUN 5 dnwazautfves £ uaz £ Juilsiduvenmides o ldainnisimsei (n) sunia
VUIALEN 1aY (V) BUAIRTUINLAEY

JUN 6 nmeuaEdunanandeluvn veamsindeuiiveseyninrwinin Weuswiunteu
TifuBianlasagniiuAmduiiaztos aunseiteunIAEuAdeu

3.1.4.2 yu8NfIveIDYNIANBENLATA

wihAwesauslwiGuedeudl £, veseymaiiinliszaenndesedisdiuendile
Pnmwhwenmned eaitenudn gudes o foyneendiduainddnlng fuuna
ssegrann WewSeuifisudumsussanaildandulds £, uaz £. 57 7 uanamsuan
LasazaNve o Welinvueesussiuiideuliiudidninsnitastosaus £y, 157@m090
Fulfegrednauangui symevidessuaendidusenandidniaseiiyy Sedvwiants
ndenildainmsviue (15° uag 36°) Tuguil 5 Wusdrann. Methau synAwuaEn
luguit 7(0) fiddsegiuves @y oy 420 warlifleynielapeiiondituainssuny
Bidnlnsadin ay M 37°. sumavuelvg Afunliinsuanuawesmendadendeiy
Tnefleynmadiuiutiossnnindaiiyy oy And 36°.
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1.0 T T T T T T
Negative o .o
o Positive = =5
2 g
£ 0.75} HE i
}
R .
?’ 0.5 .g
B l ]
=
=
E ]
S 0.25} =0 .
u
[ ]
u
L]
0 | L 1 L 1 |
0 10 20 30 40 50 60
ag(°)
(n)
]0 T T T
Negative
g Positive =
= 0.75}
=
=
=
2
; 0.5F
=
=
g 0.25
o 0
. L 1 1 . 1 1
0 0 10 20 30 40 50 60
az(°)

()
= = ‘:4' =1 a o a
JUN 7 MIUANUAAraNTRndes oy Nounrendundidninsaneliaudlniings
Ey fiounaEuadoud (n) aunIRLUIAEN kaz (V) DYNIATWIA G

U 8 war 9 uanwmBes o, Tleynirendiduaindidnlasnveseymaruadn
uazeynATUInlng Aud iy Wesynnegneldaunalluiniideuinminndi £, 1ananse
Fuldnngudindndt Werueesauuliilifivgdy eyniauansauniasdilunsen
ftuandidninsafiyuBershas. Tuguil 80n) was o) woinssunsendvesyninena
il 2 wuu. duile eunireeendturuuiuBdnlnsaduans Tnefvuavemus o
fann videanaendtuanddnlnsndiuy oy walmndminmuiuudidnlnsuda. e
sufsmuavesaualiiliganniu synefteuiimueendturuiuiudidniag duans
Tuguil 8@ uaz 9(v). dunpdn dmsunnnsdl iunvazhinueyneendiiiyy o, TndiAes
fudmemguiiitleaingud s.
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100 - . ' 100
Negative D .
Positive =

o
L]

75t ou ] L&}

T
nnanlls
-..HZI

Cumulative distribution (%)
wn
[=]
T
=}
.I-l
|
Cumulative distribution (%)
wn
[=]
7

Negative 2

5]
(=]
(=]
(=]
250 . |
L]
-
- Positive =
[

1 I L 1

0 10 20 30 40 50 60 10 20 30 40 50 60
ag(®) ag(®)

(n) ()
sih“/i 8 NISUANUIIALANVRIIDE ﬁaumﬂmmmLﬁﬂﬁﬂé}’ﬁ%ﬁﬂ&ﬁﬂi@ﬁﬂﬂﬂ8‘15
aualndiasi 7 ‘mmmﬂmaﬂqm Ey (n) 0.8 kv/mm wag (v) 1.0 kv/mm. dydnual O was M
uwuHaveInslouusituinauwazinuIna LRy

=
| ]
) 5
- -
EEEEN
.

100 T T T - 100 i T T T
|_li=] ]
;\3 wi = H
‘g w0 3:, s
= 75 - 0 - £ 75 & .
= - O = -
-g I.V'|:I S =
E £ 2 H
= = 82 i
b 50 - B £ 508
2 = o
= e g
Um _—
E st i 1 Z 5% 1
8] B -~
o - =
- o
L] o
0 L4 B L 1 L 0 L L L i i
0 10 20 30 40 50 60 0 10 20 30 40 50 60
agl®) ag(*)
(n) (¥)

UM 9 MISUANUANATALYRIIIBEY ﬁaummmﬂmﬂaﬂﬁﬁumﬂ%lﬁﬂimmmﬂé’
aualniasit 7 wmmmnﬂqm Ey (1) 1.0 kV/mm wag (1) 1.1 kv/mm. dydnvel O way M
LUREYEINT B LI I UT A ULA A UINAUEEU

dnwarauifives ¢ InuanMTMaassiana mmaaaﬁmaléﬂ,mUwaﬁmwamm
LLsaIWﬂwaamLLavLLﬁwmlw%am ’ilh/l 5 LLamﬂwmumuum wumam a mmm e
aunlwihigandt £, fuegfugmdes o du eynasiinaedouiiiuuuidadu uay
woudalunfendu.  Tusswirsileumausnioonandidnlnselunumasousamalii
mamuveseymeilieynadnsduriaegfudidningald. Adaunlinings £y waves
nsmyuaglanruninsadeuiluunfsegieann. Fau aunndansduiiaegiudianingg
wihndeulunsendives £ azndusieinu. nafinan shleynimendioenainszuius 7
Wudes  ay quwmﬁﬁwmaﬁ,ﬂuashamﬂ. Tumenduiu  wnawlwihiideulviu
oumafivwagint £ eg1ann eymAszasnendtuIuL vieiieuruiuiuszuy
Fnile inngimsiedeuiilununfsasiinamieniinisvsueseyninog1sn,

wonndl indsmsdunadt eumanssednensinamedeuilugdiinlaadunn
drnildondituugs. lifiounelauanmginssuuuy firefly wiemsvausuudidnlagg
i, Wemufunansvasesiiuansi1 Auadeves £, lifufuivesussiuiideussnad
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Teddny 1513%Eunsafiasanladn navedasuiRasavueunatunsalil TAdosinnuay
aunsnaziagls. woAnssunmsedeunidunals  Judunandnvesgusisveseuniailidu

NNNAU.

3.1.4.3 Uszgliiluneynia
auulnihuazusalnihadauneynalimnuduiusedtlndniuusunamelsey

gnmilenhiuvusynia. dvsumsiansanegieing Yssauueuniadngnitasdlagiiansmn
wuuinaesvemsinszuenfiuwneiluetuduudianingm vieguimswmdensinau [64].
1 3 v v 1 ! Aa ! 1 &
pglsfiony  wunsnaaesnlianlasinisiseudn  Ussquuennianisuialidunsanay
annsauUsanliegnann Fuagiunsuusiuvesyl ay. wenanil indedanaladn lunseal
Yoan1sEnmTuTIuiudianinsnaua synaetaiinsduiagAuBanlngm AenaeRIni
lewendieanandiantnsnuds UN 10 wanwinegsvamginssunsduiagiveseunia

UlARINN T 2 uaza i 4 veseunipInIsdieile.
By

NnamveseymAfitudinlsannimaaes  AuzdideRiansansiudsnsduia
dianlasnauan wazUszunaaUszquusynia tngldaunsidaieszi [61, 63]. gﬂﬁ 11,
12 uay 13 UaAIUIZUUBYNIANSIAAIEVISINANTUIAGNLAZIUIA G dlorwnves
auuliiiaeuenwindu 1.1, 1.2 wag 1.3 Wihwed Er mudiv. A1usequuunuueulugy

[ 1 [ Y & Y 1 1 &% a o
Aanangnyliluussing e UsEagean Ome UUBUMA FUAn9l o = 90°. Lnuueu

voansilugunsanudianlugiessening Useaiandauindl a = 0° AUh O

a o w ¥ 2% aa LAY a s
sun 10 ﬂ'WW(Fﬂlla’]@I“UL’Jﬁ’]‘\]']ﬂ“d']EJbL‘U“U’N “U’PNE]‘L,!.ﬂWﬂ‘UUWﬂL’ﬁﬂ‘i/lllﬂ’]'iﬁlINﬁﬂ'ﬁE]Lﬁﬂimiﬂ

PUANTT NERINTLFLENF9NANDLENTATALAD

1 T T T En =8
H 1 B I II.E
E IIDE‘
0.75} HI -3
= 0.75} o i
&£ 3
3 HE
05 o E ]
%E 05 F E.E- 4
0.25} o ! o
- 0.251 ou 1
F a8
|_§o) o L]
0 . s =S . a " o 9
0.5 0.6 0.7 0.8 0.9 1 oL= g . .
0.7 0.8 0.9 1
(n) (¥)
JUN 11 N1uanuadzau(nua)TeIlszgunuuau)uteynIn d&msuaunia (n) YuIndin

uay (v) aualug Weoawwlihnieuenvindu 1.16, dyanwal O uaz B UVUKNATDINIS

UOULTIAUTIAULAZTIUIN HINAINU
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(n) ()
gﬂﬁ 12 msl,wﬂLmazau(l,mué?maWssa;(LLﬂuuau)Uuaymﬂ dmsuaunia (n) wwaidn
way (1) vunalng Weauulnihnieuenuiniu 1.26, dudnual O way B wVuRaveIns
Jounssudraunazdauanmudisu
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gﬂﬁ 13 miLLﬁmLLf\Nazau(l,mumxmaaﬂiza;(t,muuau)wayﬂm dwsuaynia (n) Ywiadn

uag (1) vunlng dloaunuliihaeuenwiiu 1.3, dydnwal O uaz B ULVIUNAYDINT

Houusssuinautaziauin audeu

dwsu £ = 116 lugudl 11, wannsadiulddn nsnszanevesuszqululuny
wWIltuvey ag Muandluun 7. Matlilonindt auNANBUTNHALENATI98NINTEUY
fahfguvwaivg  vhlildiensdudagndudianinsavdsuenduwgs. Wevuieauulnih
dadulu £ = 1.26, synefinnsifiudnsinisendaindiantasafifyumides vinlisisu
WiukaveINsEudadn. dusuauniarunnan sunmanendmuiyualesdlugasiinnis
dudadniudidningn  vibiuszquueumalivwiadingady. duiu lenafieunipaziivsey
° = o v 7 a £ £4 ! o =
YAMgRiidossnn. wlasiinauulnihdwdy £ = 1.36, mveasdliuansdn Sl
o du v U oa 9 = o ¥ ! =2 =]
aunIATIIUINNAFURERUBENIASAE  BavlAlaUsERuUINNINNGY Qi B9 40% %38
WA,
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Tumemsadudny eynirvwalnguaninsiiadudadiiudianiasadesndiuin. 10

| Y

SUT 12(0) \dle £ = 1.2E, 1000 60% veseunaiuszqatesan. Wainauuliidu £

q
'
[ d

= 1.3E5 oun1AvuIavgiieuianun fussgatosgn naIniuenfioanandianinsaue,
Aauansluguin 13(2).
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wuuaeemsinszuenanugnetiudvuszuuimthmgldauulni - Tivuia
voaseglndifeatunssndensnauuundnefineiusuuussundnd [62]. dadu wans
yanosildainlasamstansdt  wuudasmsinszuendaruminzaulunisussanassey
vuoyma  Wesymalivuindinaduemuemunulidinnin  viedleaunalnlihiioyniad
Iisufivuannniaunilwidngadmiunmsmuueseynamn.  dvdveymedisldnuas
gnuan Yszquuoymafudinansssnisaaaluannrueu wasAgeaaluaniizdansg
uuBinlnn.

3.2 nsiageuiiveseumazusslidunssnauneldauuluinliainene

nuldgludidunsfnymginssudenamansiniiineldauulnil veseuna
niigusnliilunsenanluennia  denisneaedduiesufifins.  mveasslidiingUszasd

'
=

delimmuisiiuguiidndy e luldlumsmuaueyneluszuvauuliieely. dady
AzfisodesnmInsunszdneie navesealiasihiauevesaualnlin wazgunsasIade
yosoyma fiilde (n) awnlinGuedeud wer () dnvuznsiiundeuiivessynin @
sufmginssuveseynieaneufiazensioonandidnlasade.  nsveaewhlagldoynia
fhgunsandensinatuuuing  uazeyniraIndelisuiimsnsruen  eifusunly
nsfnweynafidnunrsUuandstusenty. Wil msdnSesesounefitsusdlidy
ysenax Welteuiufiamevesaualiifi uaznsnszarevesaunilnih enafinadfysens
Wasuwlawewssliiihain  wasusslalwihafiedinsyiiiueyaa  [65]. winiianidide
ns1u Seliieeineauis aruuandisemgAnssmenamansliin - seninseyniaiil
sUslidunsinausinsvloiu.  Auzddelaldmsdnsemdn 2 sUwuu Tunisfne
woAnIsuvesaynIA.  euniagniInnslidudaeguudianinsaliiilaense  vieusneanain
didnlnsadnoauiuuds lethauensduesdidninsades  wagdidnlnsaruauiulusyuy
aundlaifih ey, el dmfussuudidninsariuauin eaeitesauiinnudully
Y94n13AUANIANITUNIA tngldusansieudlui.

3.2.1 BWnsAnwnazitagnsayna

3.2.1.1 fpEg190UNA

U 14 uanseymAnsIndensInaNLULing uazeynAmanssnszuenitldlunis
veaes.  euMAnsIndevsnaNtuuinadusunuveseynaiisusadenuuainmsanas
Tusaugioumemaununsdiioymeidnvazdonvuingsuimsmnssuen.  synianss
adrensenaunvuiraduogiifeniidvuiaunulneiidy 1 mm wazwnuenviiiu 4 mm.
BUNATIANTINTEUBNNARIINAIREEiesvwaduuaAudna1s 1 mm Indlanueny 4
mm Wi, ﬂmamaaaymﬂamﬂiﬁ%’umiﬂ%’uLwiqLﬁmLﬁﬂﬁaajLﬁ@ﬁﬁﬂﬁﬁﬂ%ﬁﬂﬂﬂﬁﬁﬂ
WIAVIBYNANTIAMENTINAURUUTINAY 5.7 mg WagaunInaIniiy 8.5 mg.
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(n) (v)
U 14 sumaldlunisnaasalSeuiiounavesuntinuedaynia (n) auNIANTIAIY
NTNAUUUUTIE Uag (V) BYNIAAINNTINTEUBN

qunAdn mmL.Lmﬂm'Niwdwgﬂéwwaaagmﬂﬁ'ﬂaaﬁugﬂﬁ 14 uansdsnsuUsiaoy
vasnnuanUAnanamanslvihvesouniame. anuuaniisweInnszeauuliiiuase
ngAnssuvesusslnihadn worussdelnfihadn. uenmilonnd synAnssndensnauwuy
Hafimsdufatudidnlnsmdunuugamangud)  Tuvaigiieyniraianssnsyuoniinisduda
Jusvudu,  Seulvwesdnuuzmsdudadiinatenswiaduuuiuiflaliusdiiade
uavamaselusiugnilunisiedeufivesounn.

3.2.1.2 N3VA809

g‘dﬁ 15 uansNIanRINISNAEDs, wenUareloasiniiusegs (610E, Trek) LALLATDY
fufindyanadlatih (AFG 30218, Tektronix) galdidusuiidausafulain. ussdulwihils
nuouldneeaignaadiiudiantasaliihussgsiuuuriiudiiiunulesiu. wgAnssu
yoseymagndunaneldaunuliuuulaiane FENINBENIATARUUTZUIULE A,
danlasnininawmuea Ddukugudnats 40 mm  uazveuresBiantasalasunisauly
otravnzan  uieldesiulilaunilwihiiveusidnguduly.  Sidnlaseduansgnsioas
n3ud uarAndseguuLiLTianTaUsuRwaBaduld 3 e Woaranlunisusy
sroguny  WATAILVIUATD0UNIATLLLITEAU. 5Lﬁﬂimmlv\lﬁmﬁqqqgﬂam&gﬂLsﬁﬁmwiuﬁ
anansousuBedls Tnedvamiiusuldegsewin 0 fs 15° Weiflsududidnlasansious
AR,

Tunsdlvesdianinsniuawiu lalinsnaurunedwes PDMS (KE-106, Shin-Etsu)
s 1.1 mm vudidnlasadiudns warnusuneddludituuuduves POMS Bndents (e
anusudvaniusnineynia  Auildnuan.  msiedeuiiveseyniagniiufindiendesiasa
Jeioagiuwiulsulssdudadu.  eneideldnisdeded  lunisedeaunaliiiddng
nszeuuUliasiiane  uavannsaUdussiuvesmliminavevesauulidily Tasnis
WasuBessznindidnlege.  dunndn dnwaznisnszanevesauslihuuyliaiiae
Hushumuwesnsamludmiuuinaiivnaunulingg,

shnansiltlunismeaeadusimafianinzsies  ioauazaanlumsyinnismaaes.
woAnssuvesanliuazusdlniiadn LivAsuwlawmusiavesfnsauiudld uazay
fufng psruiidaldifefamsastunglussu.

25



Signal RV

amplifier
nerator
generato HV electrode

Camera

Dielectric
IéyerF Ground electrode
(if exist) L

(n)

Upper L —
v
S Electrode s = Lower
{ Electrode

(¥)
U 15 Mmsdamsgunsmaaesdunanisiedeuiiveseunianielaauulnildaduate (n)
WHUATMLAISN Wag (V) JUN8U8INSRnRAIRs

3.2.1.3 MIIAF8IURIBYNA

msf'{]’mL'%‘wuaamémﬂﬁmsmﬁLLmLmu 6'?}4Lﬁ“fluLLﬂuLaﬂﬁm%’uaqmﬂmaﬂé’wmaﬂam
wuude  wasdulnumulweveeynIfaIn.  MITSEeseynIndaanaauulii
wazusdlihadninssiriveynia.  Tulasamsidodind  enedideldfinsanguuuunis
Jni3eavian 2 suuuu daanslusui 16 dmsumsdniFeseseynialuzuuuud 1 Jeuandly
31J1‘7i 16(n)  WAUTBIBUNIAREIRINLLLITDSNIREUAvasaud i lneUssuno. Tufe
aumlmlﬂmmmJasJuLLﬂaqmmuLLmLmu(ma)mmaumﬂ Ua']asumaumﬂwmmumaudu
ﬁJm 16(n) 1®suaum11/\lﬂf1wummmwﬂmamumma Favu ﬁ]vaﬂawaqmmu Uawounia
anuaunuliigs. dvsunisiaSeauud 2 muﬁmlugﬂm 16() 2UNANKAUSBIVLIUY
wuaduaunliiiugi Teeussana. Wenuazanlun1sensds mmmﬁfﬁwéﬁqﬁagmwumi
Jaeslugui 16(n) uar 16() IndunsdaBeauy A waznsinBeauy B sudu.

A et g ey

z

lef D Q
:
(n) Gl))

JUN 16 sunadiuuaunuawiuiy (n) insweudvesaualiih Tusuwuudneswuy A uag
(@) el dwsunsinSeauuy B.
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3.2.2 FuMBUNINARDS

dnfunsdivesdidnlnindos (iflfuauudussriveyniauasdidniag) fideds
Tuntluuunds Svuawifiu 8 mm o dumisedeyna seninedidnlnsansnuduas
aunlnsalwihusegs. vl seesundifvuainfussesundfildauideneund. s
yasodutufulduandiifiuin  JUuuunsdndesmesdiiniasefitauiudy  aualwihii
éfaamﬂumsﬂivéfuiﬁaumﬂLémLﬂﬁauﬁﬁ%uﬁmaQMWﬂﬂdw fadu nisneaeslaldsrazunu
Fun (6 mm) dwiumsfingaynn TuﬂimﬂumaLaﬂimmmummuﬂu

rewinmaaemnass eynia fufauiu uasRididninsagninanuazein uay
v¥auszadeiouea uazgniislilviusosnsauysal aumﬂgmwwumaﬂimm ad AUV
fldrimualy warldsuamnalihuuunszuanss Tunsdvesdidnlnsades vdoaunslii
wwunszuaady lunsdvesdidnlnsauuuiowindy. anfidofuruavesauulnihiy by
fun fasdes aunseisdunanmsniSumadeuiiveseynia. naadoufivesoynagnduiin
AIUNABIRIRE  AILERTUNTIYIAY 1000 fps. mw%ﬁﬁﬂﬁﬁﬁ’uﬁﬂlﬁgﬂﬁﬂﬂihaaaLﬂ%@
poufinmed  iilovhmsllengiidely.  lunsveaeausavalinveseynia  finslddegng
oA 3 Tu uawihnamaaesiiognsos 10 ads dwsudeulwvesiiuseiulii ey
AIBE90UNA.

3.2.3 Nan1sAN®E
3.2.3.1 BlanlpsalUdos

\HloaunIAgnINeguLBENIATANTIUAlAERSY  N1siAdeuTiveseunIATidunalaain
MIeaes ansanUilszinnesndu 2 wuu fe
v = a & A = v a ®
1. M3ENI. BUNIAENAMTUAIINBENINTANTIIUAlAENSY uazimdeuluddidniasn
Infussgssnuuy. MsendveteunadiniinTunasanieuniavyudiluwine dandly
UM 17(n).
& & a s v | a A
2. SNy, sunAndwuuuddninsansiun iluduiiaiiiaunliiig
i duvtslagdu dawandluun 17(v).

nansvaaesilfuandiiiuodiaiudiain  ngAnssumsedeuiiveseynia  uay
aunlwihGuedeufiveseunia  Juedfunisdniisseseynadodisuiufianisvens
Foudauulnihegienn, fufu memiafedasRinsamamsfnuild Tnewsnmuguuuy
NNF9ALEEIUBIOUNIAUUBLANLATANTIIUA.
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()
JUN 17 ddunmmsiafeunveseuniamuiat (NMmyuluiuifveseuna faunazen

MALIINBENIATANTIIUARIUET Wag (V) NIINLUNAIBIBUNIALLBLENIATANTIIUA LG
sudreile Fuduusnainiavulnianudugandduilagiu

N. UNUYIBLNIALSEN YU UM IaUIN NN

dmdumsdaBemuy A sansveaswandiifiuin symAuanInsiAdeuTiLUUEN
duame Taghidunamunsiedouiluuusedu. auzgidonuin vunvesauuliinEudy
\deuiiveseyniauUseglugasning uasduegfusunuunsindeuiioynia.

Mnmsadeufivesoynafidundld  iaansausnnsenituressyniauuyi
Umefuauslnihgeveseymanuiituandidnlasnsmud senainguuuunmsiaioudi
wWUUBLY WU nsendauu viensuyulaeduaudliihituandidniag. Snsinns
iAnnsirdeuiinuiuiely uansdagul 18. Tuguil 18(n) Sadunadildanyuides o sewits
Bidnlesaniifu 4° eynmeAvssedevsanaukuuiansimadntesvesauiliiaiiae
vosaunilit Tesiannsndiuléd Snmnnfeninedouiinnnsmniuresaedu
aunlylihgs fldsnnndn 0.5 @nden. Tudnmands eynirmemssnsEUBNUARISATING
\douiifonsnyulaesuaunsilwihgaiigsndnmn,

HF-tip rotation —— ' ] ' '

08 - Other—— | J
ICA &
& &
8 06 B -1 8 .
5 5
5 041 8 g 8
3 3
© 02t . C .

0
spheroid wire-shaped spheroid wire-shaped
Particle Type Particle Type

Q) (%)
sUN 18 dammisiinnisiafeuiveteuniAntaessin wuuivagauauulningensazu
9ndidnlase Wisudumsiedeuiuuudus Weyldeszninddnlasawindu (n) 4° uay (V)
12°
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dlosziuamaliasiiauevesaulwiiufiuanntu Taeldymbes o = 12° manyudh
suusuawmamuaumiw%mLﬂqumﬂssmimmmuiuiﬂw 18(%) amsuaumﬂmaaasﬂim
LiJE]L‘UiEJ‘ULmJ‘UﬂUiUW 18(n). amwmﬁmmmwuumumawm&Jmuaumlvdﬁ’msuaqauﬂmm
aosdiafiduviiulasussna (Ussann 0.9). mandouifilanwiiludnuaed farsanléi
Huravesaaldaunadeiivuadiaty serisussdalufiemmuduuiinn wasusedaly
Famamuduuniing fagnanistellunemulassnmsided

dwsuauuliinliadiane auzdidedmuasvesaunalninGuedeudt £, veq
oyma  andauslwihitdeulifuoynia o duwmisgeianansweseynia  (Anaunaly
anmfiusmaneynn). Weswn £y fmsudseeglugisiinhiannn sui 19 Jeiarsand
aulwihuendy sewiensdifieuniadouiidaenisentaeduauniliiigedy waensd
msindeufiguuuudug. nswfluguil 19 uansAisogiu (Median) vosaumildih uazsas
yosaulwihsewinanadoavadn + dudsavunasguildannismeass. defiansan
sUbuumsiedeuiidendy  melduuBeafeni  sunsmuandiiiuin  eynieadn
ysanszuendeInmsaumliindgindt dmsunseduliieynaBuindeud.

12 T T
10 L . l -
st ; |
2
&, L i
2L All motions +—e— |
HF-tip rotation +——#—
Other +—+=—
0 1 1
spheroid wire-shaped
Particle
(n)
12 T T
10 —
= 8 i b @ . b
£ ,
2 1 L
Z of .
=
&, L |
2L All motions +—e— |
HF-tip rotation +———
| Oth?r —=—
0

spheroid wire-shaped
Particle

(@)
JUN 19 auulwihSuedeundmsunsdatonuy A Ayadesserinddniasawiniu (n)
4° way (V) 12°
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U7 19 uanseuduiusseninsaunsliinGandeud £, fusUuuunsiadeuiives
ouma. dmivoymaviafiodrtu fpdeuientu maedeuiiuuuvsulaesuaunlii
avtufesnmsausluihaunesninaedoufinuudun. wedndildannimeassiadionds
fu waildlunsnaassaeldausilsliuuuasiase. Tnonsliouifisusud 19(n) uazguT
19(v) iasaiunaiiinanmuliatavevesauliinle. aunallvliGuedeudiia
Fnnismeaes fuuinanasesnsdaau WeymBessewididnlasafumntu, duner
ymanquivesauliihondaneldmnulihaiianeveseynia Aualdanaugavesuse
Irlfhafiawazuseliugis wirdu 8.0 kv/cm dmsusunianssndensinauwuude ag 10.2
kv/cm dwisteymamansinszuen. suneTadessiananimandeuiifiauliisiing
Aenguiiegediedaau WeyuBeasenindidnnsawinfiu 12°

wamsAnwfildnanuludnadiy  awnsaeduneldaneuusndndunamansves
oyma. audlitihldaiiauevinliAsussdelnihaiondns 7: nswvirdueuna. wsedalvidh
afnfluwlduflagnyuuansduauliings Ssegunuiifiszerdunt fidhudreveseynia,
agalsfinn nsuyuraseuMmAgniudseussdafiinonusdtudsciminoyna).
ounedsldTuussanseyhiiiuin Sedvuadiliaunsnasasld. Tuegfumawazaniazms
S angiifomah  wsliiduasusaiuiafinssrhifuoyneaaemasnssueniivung
wnnd wssfinsshiveynienssadiensanauuuutne. feu daunilaih £, veseyme
aemsanszuen Mialdluguil 19 Savunmnnnitdiveseyniansendiensanauuuuiig,

anmznsduiiaseninseymanazdidniasadeiinaliute  sonisindeuiiveseya,
aunAnsIAdEnsInaukUisasonyuseugadudald  luvasfleynameamsinszuen
gndiagUuuunauiivaneduladunds.  suevesiufidudaiitosndn  lunsduseay
aenssndensnay vhliausafanisadoufiuuugildie Wefinssumunmanaifiniu,
Fawanmavani nelFaunulfiuuuldaiianedndes (o = 49 sumansindensenas
wuuiedslallfuanadmmmsnyulaeduausinihgduanddnlnm - egndaiaulugud
18(n). WlespnBeavindu 12° unummesausliliiasiaueannsarmugumsiadeuiives
auna yhlreumavuldfivuaauuliienindmimgug,

Y. UNUYBIBYN IATEIVUIUAUEUaUININA Y

dmdumsdniFoauy B JsunuveseymaBssunvuuiuduanulingg 1
ansnsndanamaniiadouiiuuungy wasnseniituresoyneiidesiuy. SUR 20(n) uag
20(W) wansdmIMaiAnnsiedeudifanan Ayudessenindidnlsanintu 4 uay 12°
puddt. neliaunslnihuuuliashanedintos (a = 4°) maedouiifsaosguuuuiisns
maAnlndiAsaiy  Lifinsedeuiiuuuiilanidusgnsdnion.  syaAnsIAdEvTINANLUY
frauansshrnmainnsndeufivuunyundsuudidninsnvesoyma Adainindasnsen
friunndidniasadntes. ethalsioy uwliuvesdnsnisindeuiinduiy dmsvouna
WUUMIANSINTEUBN.

dlosziuamaliasiiauevesauulwihifiuannty (o = 129 Sammaduedeui
LmeguﬂayqLﬁuﬁuaéﬂqﬁﬁaéwﬁ@ é’m%’uawmﬂﬁaaawﬁm fanandlusuil 8@). lnetanne
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9U98Y  BUNIATIANTINTLUBNUAAINSIATOUNWUUNYUNAUNDUTIVINA.  BUNANTIANY
NTINAUMUUTNG  §9R9TIN158NFITUIINDENATATUUIASY  LEII19EAIUNTTIUNSARDUN
wuumyunaadudlngifinng.

Rolling
o 08 + Liftoff —— | o 08 + 4
& &
3 0.6 1 3 0.6 g
5 04 r 8 5 04 r 8
= Y 5 0.
S S
© 02t 1 © 02t :
0 0
spheroid wire-shaped spheroid wire-shaped
Particle Type Particle Type
(M) (0)

a Y] a a PN ° [y v A = !
E‘U‘Vl 20 @(5]3’]ﬂ'TiLﬂ@]ﬂ'ﬁLﬂaEJUVISUENaHﬂ"Iﬂ ANNIUNITINLIGIUU B W@JH@JL@UQ?SM'}W\‘]
Bianlnsawindu (1) 4° way (v) 12°

12 T T

10 % —

| ot
E
S ool bt |
=
QL L i

2L All motions +—e— |

Rolling +—=—
0 . Lifmlff —=—
spheroid wire-shaped
Particle
(n)

12 T T

10 -
— 8 I .
% _
—>5 6 J: " { . 7
< T 1
S |

5L All motions +—s—1 |

Rolling +——=—
0 | Liffolff —=—
spheroid wire-shaped
Particle
()

JUN 21 auulihSuedeundmiunsdnseuy B iyadesszninddniasawindu ()
4° way (V) 12°
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1%

aawliiiGuedoun £, dmsunisindeweseumauuu B ATusgivdnue

a

a d' - [ ) = ' a = Ao vy
nsisueRsuNveteuMIAWUAEITL. JUN 21 wansAvesawitliihSuedeun Nialaan
MIMAaeY  LABRENANUNISAREUTILUUANY. nFUisasaiuladn dmsusuniavile
Wedt iyadeadieniy wssiusuefeuiniidiinitegdnaulunsdivesnisindeuiuuy
wyunds Weleuiunsdlveansendiduaindianing Jsfivunalndifesiuavesauuli
gnilumangud] (8.0 kV/cm dmiuaunansInaensnanwuute uag 102 kv/cm
dmTUBLNIARIANTINTTUBN)

WewSeuiflougui 21(w) dugud 21(n) wwiulddn awnvesauwlnihendives
auAAVSIAAIENsINaNLULT Inswdsuwlasfisadntoainty Weiiuyudesssning
a s ° < ° [ =) = 1 o '
ddnlasnain 40 Ju 120 Tumwssiutiy mswSeuifigukansegadaaud awlnih
dmTun1ssUARRUNLUUNLUNRIYUIRARAY Hloyu1B89921I 19D ANIATALTRNLINTU.
lnglanzeg19Es suMALUUaIANTINSEUankaninisaamauliihsuedounegadaiau.
mmLmﬂmqu‘mNamﬂw%ﬂmmumimaaumwwmuﬂaa fuauulnidmsunisenda
Suumﬂat,aﬂimm mmmmnmummmam fedu  iTaftusyniauansdasmalinms
\Aeufiuuumyunas WessnBsafinan 40 By 12° Tugud 20. Snwadanaridumsuedi

| = 3 & 2 o 44' Y
Anulaaduvatsundsudauulii FuduusanduindousuninluLuiseu.

AzEIdNUTRdLNAUTENIUTl dmTuauNANEUAROUNMENITVIUNGAY TUAD
BUNIANTIATENTINALUULTINTNTVUATULLITEAY LD EIMLILNUVBIBYNIAATY
a a s o X a v ' b =
fanaveunsiieudvasauulnin warendiuandidntasamuansluniesan. sUN 22 uand
fagunsindeuniveseunirdnuazd Wuaaunan. Tumeeseiudin nsveasawnuazll
WUNIALUILLUITEAUTIDUNIAIANTINTZUDN WITI19EUNTARDUNLUUALUNEIAAL.

<ol b
e e —————

JUN 22 MInyuddluludsEAUYeIeUAANTIAMENTINALLUUTN YEIINTIDUAIANYUNGS
vuBidnlagn. nmaiseunIAgnuansNaduaIniudieleluiuyniiovesgy.

A. NTIATIEaU I

ﬂmzﬁié’dﬁiﬁiﬁ%%uﬂizﬂawauwm (Boundary element method, BEM) lun1s
Basziaunlniuazusslihatndaiuas. SlEanlasauy wazaUNIANSIAAIENIINANKUL
frsgnaraesoodundiiuiuudldsuduiiaes Tngldwenind GiD TnefieBiuuddiuay
512 wAksuuivesoune.  nadaieisiulssnoueuinsihlagldlsunsud
nuzfifoldiaundunnes.  mstasudaauiosandidnlasansuddiuan  Tegldied
wudlweseyma  eaanineinslumsdmna,  usshiihainuazusedagnAiaein
aunlylihuuiaveseynia Wedndluihaunn 8 kv gndeulfudidniasalwiiusgs.

Ul 23 uansiognsnsnszaeaualiihuuinvesoyma Weyudsaiiy 12°
dwdumsiaBouuy A Tufe unuveseymaSsvLiUINTRsudvesaEulIn. Yun
vosawlnignuansimeanadmn Tundes kv/cm. samnsauiiuldegnsdaauangdi

32



awnalihdivuagsnituuieynaluwnuiuivaundt  (wansdulatedunivesaynia
TugV). aulnihasanvesnisintesegiivansveseuma Wlvangeanvesiiuineunin &
Jumsszylinutaunumvesgsnivateveseynia seusiwazussdnlniads.

40

30

-0

JUT 23 nsnszaneawulihuuiaveseunianssadensanausuudne lumsdnSsauu n
dloyuBesszniedianinsawindu 12°

25

100 T

] #|
(. o

60

[ £ |N)
[ £ ] (wN)

Arrangement A Arrangement B Arrangement A Arrangement B

(n) (V)
JUN 24 usdbnihadadilaninnisduia Wedndlihndidninsaussgaindu 8 kv: (n) us
F, Tuhunseiu wag () wsa F, TUkuIf.

U7 24(n) uay 24(1) uanswLAYeLss £, Tulseiu uazuse £, Tuwuidsiingssi
fueynIA MNEFU. FiEmnawesuuILa x uag z S1eBmuninUsznouluguil 15, vuneves
wssliihafingnidSeuiieuseninaudes 4° uag 12° lun1s9aseawuu A uasiuy B.

Ul 25 uansvuinvesssdnlwihadn 7, finsgyhuuiiuinaisouaraisves
ouma TunsdnFeauy A Junuveseyniaegluuiveansifeudauailuih. fevnaves
un y $198991n3U7 15 Wuiiendu. 7, vueTeiieveseymasuanefuineveseynia
Feogneldaunnluiinfigind wer 7, vuelwwvuUaiesiurveseyma  fildsu
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aunilwiidiind. ussdnssmeseymaausamldnuamsseninauiansmadd waguvs
Ny, iswiildin wsslaruveseymaiivnadoutiil Wesndeaindy ¢ uadl
vadintuegtann  deyudeadntudy 122 fedu Semmafamnyudulane
aunulnihgsuesounetuandidnlnsndaimganitlugudl 20) iewFeuifisutusuil 20
n).

[ Right half

357 EEE Left half T

30 F .
T 25+ -
4
E 20F .
st .

10 | -

5 - -

0

40 120
Tilt angle

5UN 25 usedaliihadaiiAnalduuiuinasdnsuara3wnueseun1n NnInEewuY
n dedndlnihndidnlasausgainiu 8 kv

INFUN 24 PUIAVBINTI £, and F, AAlnAAgiU 58nI 9 UNIANTIRAIENITINaY
WUUTNY WAZBUAAIIANSINTEUBN Wi siaseaguuuuieniu. usdluiuiseauly
= P A & A = I aa a X Y =
JUT 24(n) Tvunadinfuidleysidessenindaninsaiiudy. lunmsaiudin nswdsideu
Yo sslumIAdAoutIosun Weyudsuudsunlas. faty NanITIATIBTRINNT
Judedr nswdeuiiuuunyuniaveseynialugduuunsdnbeauy A gndudaineiiumg
nenamansveseunIn.  nsanaetawtliGuefounivessynin  Weyudesiivuin
Wiy Wunaunannsulsiureusstaliihatafiuanslugui 25 dmsunisdnseaiuy A

1R a X LY a o LY v A
widunaananmsiiuduesssluwlszaulugun 24(n) dwsunsdnseauy B.

3.2.3.2 Biénlasnviuauiu

Tunsdlvesdidnlnsauvuiioviudu  mnuaulevesnazidoegfimaiadeudiuuun
sefuvesaynAnufivesdidnlnn. el Bidnlasauuuuaualdgnesnuuudmiunsld
Ny [66]. wonanil nsedouidsnanenaasaiunussgndldiu  adansdnnis
oyna 1wy danldwvdenilieumandeuidndiumisiasdndvoymeald. dudu s
yanodluduiivilagldoyniaiiinisinnauy B densedeugdh  aunsanseduly
synAinnsidouilulseduldvdoll.

vuoymailildsunsdauszqlagasaannsdudaiudidningn WIANTLAEUA
aunilwihdurdeulfounandouiluinseiu  hguinaiianuduaulndiganiy
fuwmistlagtu [8, 171 msveaedtymndesnn 15 ielvldinsifeudvesaunsluig
vt wsulwihiitoulvitudidnlnsrlunsdidusuunssuaadu 50 Hz ieshassszuy
Inlfinszuaadu uaziioannarosszginaiionnfintuldsenitenimaaas.
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NAYBINMIVIRABITBsEYNATINTILLBIANTIaTiTlauIuAuLAndlHIfiuds A
LANFNITEMIINGANTTUM TIARBUTISEINIEYAALUUNTIAA EMTINANLULANG  uazeynTA
mAnsINTzUen.  eymAaIANSINsTUanUsengndeadeiunaild  lunsdlvesdidnlnga
Waes(siflawiudy)  Aldnanfudluidofiniun.  suneaemssnszuonaunaadng
U%L’Jzuﬁﬁaumlw%qﬂ nduauag) IUHﬂiﬂﬂaaﬂLﬁ@Uﬂﬂﬂ%ﬁﬁﬁ@ULLiﬂﬁu. GRFGERINIRE
aunallwihiSuedoudl £, wihiu 12.2 kv/cm. devaaesdunaninuuiazsiduvesnisend
Juandidning aaedideldaostouusauivhlildauulnihaun 173 kvy/cm Bafirngs
nauniliihGuedouiiodnann.  wansveaemuil  eumemIAnsInszUBndnal
ngRnssumavunasuudidniage  whiglduaualwihaudugeddngn. syniauang
msvyuluinfafios 1 afs mnmavaaesivau 30 afe meldaunilrifiarndug. fudy
iannsanszdulieunamansinszuenindouilunnsesuld  Taglduumuasaunilii
Tugaenine.

Tumensafudnn - eynAnssndrensanauuuuinauananginssunsiedouiindn 2
wuy vudidninsafiflauiudy. eyniroraviunandnguinaifaulnihgs viearanyuly
WNsEAU aunszisunuenYeeyMABBsimufiamsesnsFeuiausliin fuandug
fi 26. Woisuiausssuiteulsitudidnlnsnluiusegs é’m’m’mﬁmmwaguumazﬁuﬁu%u
qmdwé’mwmsLﬁfﬂmsmuﬂgﬂ. Juitdunalddn wdnanfleunanyusnlunuseiund 191
lannsanseulieuniandoudiludnuasmunaddddn  uiiesfurnavesaualniig
Jousunsztauinnamsatuluszun.  fedy mimuiuumwé’ﬁqLﬂuﬂzy,mwﬁqﬁﬁﬁmu
dmsunsmivaNdnIseuNAnRaensaInauiuutsluseuuauulniiuseas.

: = =
T N T e
JUN 26 nmsyulunwiseAuveteuNANTIAAIENSINANLUNTY M1919deguuBantnARdl

awuay Melanisteuauulnih. suamuansmuaduaaneudeileludmurnie

Rolling ' —
L Horiz. rotation T—1 |
» 0.8
b
3 0.6 -
5
S 04 f -
)51
C 02t .
0
Epm 14.4 kV/em (fixed)

Applied electric field
JUN 27 dn3IN1SAANIsIAGeUTIvBIeUNIANSIATENTINALLULTRULBENIATALUUTaWIY
AU
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AnadsvesaumliiGadoudl £, veseynAnsIadensInauLULTsiAiniy
9.5 KV,/cm dnsun1adeuiiuuuniunas wag 7.8 kvy/cm dmsuntsvsuluiusesu. m
fananuandliiiiuin sumanssedensanautuuinsdiuunliiizuaninsluinssiu
faulniheh fefiensedulioumaianisunaddiietu augdideldvaaesdeu
aunulwihanudugaty sue 14.4 kVy/cm. 3U 27 LU%‘SJULﬁEJUé’mWmnﬁmmﬂﬁauﬁ
LUUAT YB38uNA Soldsumaunalylinned 14.4 kv /cm funsdldl iinaunsilwihiias
fu aunseitadgen £ mwﬂmaummsmﬂaaumim wamimaaavﬂmLLamﬂmmm’] nelel
aunlwihifowagedy Sammafnmanyuniseseyniafiutuetieddeddy. eglsh
pa idlianansordanisdenavsulusnssiureseunialivaalasfudsls

nsindeuiBuduveseynAlusruuianTasauuuitauy  iunisindeuiinauas
Tneusanaifeudaualiin. Wemndufauudesiueumelilifumsiemyszqlagase
1nBianlnen. ussgaesIsdivunanaseiann Weifsudunsdvesdidnlnsades. Tuma
pssfudnn VAo malalihainseninssealnanlseduveseyma  wazingileginuang
oune lviAnusIRseyniaae Tafudusdaseniveynafuiiuinduasiu. venand
ussailaldusdlihunoumedienafivnadiuiuldfemgingn.  mawulwih - 14.4
ky/em Wudadfnuuresaualiihiianssadeuldlunsmaass esanaedidonuin
oumeendtuanddnlnaansnud  wasedouiidngdiinlasaliihussgeduoy  Tuns
yanomnadsfidauiliiing.  nsenddureseynaifunainainusspaent Gafntudle
sumaldFunmssauszgmnmsiiafansaudin Adunamanauslnihsgs fuandy
sUNaNsI A AULTILAN,

3.3 M3AnynavasUatgaynaniientsindeuilaglinisinasslisauaznimaass

U oAy Y Y a va = = oA '

aanlananliudadn  seuvauiulunsuifenatieuniadalsusenvanvaty
o v A ¥ =) L4 ! [
ipeuNATUNTIATENTINay viiosuMAnsInszuentavauysal. sun1asuTaliilunss
naudnuananginssundudeunieliauulni (49, 52, 67-69]. ANNAURUTTENINFUINS
YoseuNIA wazmsadeunigndunalunismeaeduienifinis tneldoyninain. eelsh
g1y unuinveslaigeuna  wasnsinteseslatweunin  denisedeun  delailasu
NN eENyTal.

lasanIdluduil NTIATIEUAENARBANLINUNGFNTTUYDIDUNIARIN

=

nsansEUen Feldnuaizlataunndnei ameldaunlniilueinia. Tuuaed udnwdug 7
fogdunanisaiindeuiiveseynandsnendatuainoyma  lasinisideiiysaulafinng
wAeufiBuduroseynia Gafntunigluauniliin, maedeuiidududamiuddyosnags
desnudusimunvunadszauueynie uarrmunszRUNSIintuvesau i iiaves

=2 @ Y a ] 1 [ 3 1 &z
auna FnduiauaungAnssuvesenniatuduneuses . dngussasdvesaudiuil 1Ju
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[ '
=] )

nslEiBRavntIeilinsunseanalls uguiineidesiunisindeunveseuniaile

AINNITNAABA.

3.3.1 f79E19BYNIALALAITNARDY

aunIAgNARIINAInegikley (AL-01135, Nilaco) t@urugudnas 0.5 mm 14
AmE 4 mm. YaeveseymaluuuuLval vieasmuiionszawse. JUA 28 uang
fhetnavesaeeymailtlunsmaass. Yanesuiilaunisausuveseyninazgnénsdese
§nws ‘R’ TuvaigUaeuvaniilyuvesmewiidy 35° uay 27° azdnedafe ‘S1 wag 52’
pudid. fidu eansnsvysieveseyniald  TaensldSnusseyuaieeynia,
foghatu ayma RR Tumesaesiulfa@uy) warounauuy R-S1 sgiivansdunil

A9 Tuvuzivanednsuniaduluuway S1.

(n) @) Q)
JUT 28 fregnguseiiateveseymarmiansinsrusndusugudnals 0.5 mm: (n) Yang

LAIAULHILUY R, (1) Uanguuauyal 35° WUU S1 uag (A) UAswnausy 27° WU S2. Lduuun

seauluguiadrunmugns 0.5 mm.

Particle Particle

(n) ()
al o aa ! Y a a &
JUT 29 sUuuunsinieaveseunafiivasuvan (n) Umeuvaueglnafiviidianiagm uag

Y Y

(1) Uaneuvaueginanniivesdianingn

15T FURUUNTIASBIVBIBUNIARIANTINTLUBN fimsieguudianingn
nsmudnmeldaunalaihaeuen. dmdveynaiifuatounan JU7 29 wansnsdaEeswes
Umoweniifinsanluwnided.  dufe  nismeassdnndiuarsuvaieseymaeglu
funailndfuiivesdidnlasn duandluguil 29 (1) viedanslivansuvaueeyniney
mnaniuitvesdidntasaliiuiniian duandugud 29 (),

WHUAMLANT 19U TTAWTEUNTNARRId mSUdunangAnssuveseyna danwy
wiloudsilduandiudlugudl 1. nmeasduduildBibninsauuudguun Tnediszozund
WU 10 mm sewineBidnlase. Bidnlasadudefniseguuuriuneu s 3 fevng

wardianinsadnuuuined fuwindsamsausumunisldluiuns.  ussiuliiussgantou
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Tfudidnlnsaldanuendanoeeslniiusgs waziaiesfidedygalidh wwdeaiui
TunSANY TN UL, miLﬂﬁauﬁmaqaumﬂﬁuﬁﬂﬁ'gﬂﬂé’mﬁ%ﬁa (EX-ZR200, Casio) 71831
w51 1000 fps.

lunsmaaes Bidnlasalwihussgeduuy Wuussulihnssuanssdaun vied
au  Twuzileyaegniieguudidnlnsansnudsnuans.  msdinanisiadouiiveseynia
meldaunslihondingevhlaeifinvunnveaussiundidninsnlwiusegs MENT
Usrannd 05 kV/s aunsgiimumsindeuiivesaynia. mvaaadlifegisoyna 3 u se
vinvesayniausazsin warngAnssunisendveseyniagndann 10 A%y dmsusiegiou
avtu meldanmziussiunia. uenant Ssfinmnaesdndnunenis Fellouusafuauin

Asnliiiueynia Wedunanisaindeunveseynianeldauuliinamsipmi.

3.3.2 A5N15ATITMTWAY

v v
Yada

Azl dIsTuUsEneUYeUln  (BEM) Tumisiiesieviawslniiduay. 359U

a &

Usgnouveunidefiviloninidnisutauiinn iWesnimhisidudeutainmduim ud
Fesdwouaiufeondueduudviity.  wenand  msdwalulymiiaseunaqy
Uinaudafanansorldlasie 70l F3Tuvsznevveuislvirnvesaualiihuuioves
ounalaenss  Seilisannsaidunldlumsinuusuesusdalnihainfinggyiiy
UNA.

Frulsznevvouaiituguanneuduiusseninadngliih @ uazaunlwih
£, Tufiemsiaanniureumuagisoanuinadiinsan. dmsudndlaih ¢ fian i Tuudna

Q Feladevouiwn T
C = [wrm)E, dr+j%¢dr—|zo(r—ro) (1)

Wwedt roWuduwrdeves i, way e Wusundsuuwauwn T owar ro WJusiuniesneds

'
av ada

dndlniegud. P Jumeeuiugiuvesdndlniilussuuiinanfiansan waz ¢ Wurimi.

dmsuiiuinusey G dawiniu 1/2 630 i eguu T waswirdu 1 617 eglu Q usliieg
v . isannsnasaenavesddntnsaliiiussasimuuule lnsandeteulvvesauulni
Meusnuawintu E, Tukuds Tuaun1sf (1). nsusngeguesdidnlnsnduuueanunse
aviaels  lusswisieunadiusuieguuBianinsnsiuany  ununiIsaniinaue?
~ a & 9 ' A ° Y a I3 =~ ) ~
Weene. Blanlnsaauasgniiatsaunlunisiwin tngldefiuudiien ieaaninensitylu
ANSATUIEU.
Va6 Y s o & . o a
AngEIdeldrenkasdnsagy  GD Tun1391aeagunsasuAlinYeseun1AaIn

NIINTLUBN WWUU 3 TR, N15AUIMIEITUUTENaUYaULAvnlagldlus kNS LN T Y
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e eliAnaugangulunmsdnnisnisiwin wazlunisiesgvinanlaainnisaiuiu
JUN 30 waneiiegevetediuudatvisuvuiiveseymanllunisiwin. 1uiued

Y

WUAUUEIBUNIABETEVING 5000 B4 7000 toFud dmsunisiuinmnnsalluiil.

k
JUN 30 dregveedwuduieunakuy RS Aldlunmsiesigvaunulihsieisgu
UsznauuauLs

vdnandiAamaausliild amsamusdiinads Fe inszvihiueyane
Tnensduiinsnanaeieauundiad f. usdliihadanseyilufianieistu dufewsneuen
sumatundidntasadud. lurusdiontu sunaldsuusdiuig Fy damnsosiun
IFnnisvhduiinfadsUSmnstueynia. auniliihendlunsdifamnsomldanauna
EUINNUSS Fr lag Fe.

wennusabilinafioudy  eaidedslavusednliihade T, seugn ¢ N3
Bufinseluiuduuiiui S veseynia

Te =§rc xfe ds (2)
5

Toedl ro Wunnwesainga ¢ ludganviinisduinse. usslalwihadn T, wazussda T,
WennusslduagnAnnsaualaeniwudie  wavanuaienesnuyvesdudua
szningeyna Audidninsnaiuans. usedndns Tor Anszviiiveyniadamlaain

Tor =T +Tg (3)
3.3.3 HANISANEN

3.3.3.1 aunulnily

Ul 31 Wisudsuaunallsliniidwalsuuinoyma  Tagldvinauniluinlimdy
usTTing Y £, leliildmmeuiiannsauszgndldlaemly. isamnsaiulsaingUeeng
Foroudn  aunlwihdganinfisdshuuureseymallowSeuiisusuaunaliiuuaie
sruans. auslwihddnwarnisnszaeuuuldaianoogisgsiivaesuuuresoyna Gl
wasousslifihadnfinsgyhfuoynia. auzdidelsmuin Aaunilnihaganuueymaiivung
fflgauneuMALUY R-R WariluIngeanuueynIALUY RS2 eUansuvianueeyniney

| a 14 J % ! IS
WNINBANIATAATUATN.  FUNAI ﬂ’Wiﬂiz"ﬂﬁﬂﬁqul‘WﬂW%@ﬂauﬂﬁﬂLL‘U‘U R-S2  uUanuwely
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AdeAdaiunIsnIEeauNiniuuenAawuy R-ST Tuguil 30 uiliemauuliihgean

WL WesannyuvesUangaunaiiuviaundn.

8
I? 1111
62222
53333
4.4444
[ 35556
| 26667

lc
L=

17778
0.88889
0

(n)

=Y

8
I‘!.H‘H

. 62222

\ 53333
44444

| 35556
28867

17778
088889
o

()

10
I 8.8889
77778

6.6667

J 5.5556
} B 44444
y 33333

22222

1411

:
(A)

Ul 31 manszanevesaalindignyliduussiiagiu £/6, vuiiveseynia: (n) ayana

WUU R-R, (¥) oymAlUY R-S1 siiuansunaneglndfudidnlnsasuans uas (A) syanALuy

R-S1 FaUaneuvanegvinsandidnlnsasuans

dnwarnsnszaevesaunuuuulianinassenineisiuiello  wazaisiunile
vosoyma  wanadhudeimgAnssumaviuveseynaandumiseuuudidnlnge. e
ounaSuFuuUUBIAnTagn ussiuRaiemanserhiigaaudnatsrosmanyu Selidewade
wssdnfinszifuoyniaudedndls. eglsinu 1dinsosfiansanusedailosanusaiiy
fe Beftusuimasuaeayma uassunlmosaseynauReiu.

32.3.3.2 aunulinensn
aunuliiiendd £, N1anNguf wasn1eNImMAReIveIBNIANIINTEUeN gnIATIenlT

[y

wadbueNaNsoNedeings.  enuiilwednausnansAnwuslaege.  dwsusun1AnIisy

fa 1 Al

veniiiisasl R uazilmnumuududana p, auuliihenda £ L%ﬁmiw‘l/imﬂ’wliﬁ“ﬁuagjﬁU
AUEIVBIBUNTA [69]

E, =8.8x10°/ R (@)
WoRmsananuvuiudenawiiiu 2700 kg/m’® dwmiuegiidlon a¢ld £, = 7.2 kv/em

dTUBUNIARIANTINTFUBNTUIAEURTLAUENATS 0.5 mm.
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[

dmsueuNANIANNEITINN 115199 1 Uansrves £, NAwinlaannsiasiey
a o d' gy v ! v 3 V1 =
Waiay WeeuniafidnuaeUats wasn1sinseweslaigeuniauaneeiy. wiuldd £, &
PIAAAFIMTUBUNMALUY R-R. dmsuaunakuy R-S1 awlnihendiidmialatinag
WANANNAINANYBIBUNIAKUY  RR  Uaeun  wnuaneuvauveseuningnisiieglnany
a & v ! v Y N1 o = Y o 1
didntasaiuand. lunemseiudin £, IA1as Weuaieuvauvedayuniagninalidmumus
WENYI9ANBLANTATANIUENN. BE19l5ARNY ANULANANNYDY £, MARTY tHR9andnuaenIs
JansvesUaeuvanveseyniivualiinntn (~ 3%) wazeraliiinaudAglunsuos.
AY8Y £, MIMUAYeI0UNIATIAINE1ITINA HA191nI1 7.2 KY/cm FaUssanainaunisi
(3) agluyie 8-9% Fawanadwmavesaunlnihaudugeinuaevetounia Nllsowselih

ane.

a Y A v °
A19719N 1 ﬁuﬂﬂWﬁ’lEJﬂGI’J‘EJENE]L,!ﬂWﬂa’J@Wiﬂﬂizuaﬂwlﬂf\]’mmiﬂ’m?m

YUAVD fuusvasUansial E
DUNA (kv/cm)
R-R Taigd 6.62
R-S1 Tnarudianinsaniuans 6.60
R-S1 M9NBLENTATARIUATS 6.40

T T
Positive I

10 | Negative £85500%

[P ——
1
bemedeeena

E; (kV/iem)

R-R R-S1, Tip  R-SI, Tip separated
close to electrode  from electrode

U 32 aunuliihendiveseumanialiainnisveass Wedauszatiaukaztiuiniiiu
U

Az Ielainaudlnihendilunismaaesveseunia  Tnsmaiuwssiulniideu
Tdidnlnsaiiazidos. JUN 32 uansawliihendininlddmivouniauuu RR wazoynia

WU R-S1 dusun1sdnuszatiauiastiuintinuaynia. Wesynalasunmssnlseyiiay

v\lyov v A =

Avesaulihendininld dmsvoumeuarnisintsauunils dvuageandnintdes e

= U ! ﬂl yd‘ U gj o U 1 U
L‘VlEJ‘UﬂUﬂ’WI‘lﬂLNBSHﬂ’W"IQﬂ@ﬂﬂi%‘ﬂ‘U’J‘U’Jﬂ. FMIVDUNIALUY R-S1 pAvesaunulninens?

9
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La?{aﬁiéfafmmié’mﬂizqﬁu’aaaq%"gﬁmwhf"fu 7.4 kv/cm wag 7.0 kv/cm iiedaneveseynia
oglndiudidnlnsnsnuans uaziilovaeveseyniregviisandidnlngn auau. n1sanag
yosaunilnihendulosndumisuansunauveseynia@egiandidnlasm)  Wulum
unlufimaldansanisnadaatlumngd 1. dfigeniwesanuliihendanms
yanes  Weisudleufusmmgel  wanalutefmaveussiuinsewinsouneuay

a a
Aanlage.

3.3.3.3 MSLATOUTNISUAUYDIDUNA
A a ~ a A Al ) a
deaunulvlihdvuingaiisme sunAaIINTINTTUBNISUNSIAGOUNTUAN Yl
wanenaiueenly. WededemunInAladuRnIsseznatsEn ISy 1 ms 190
ausauenUszianvesnisindeufiisusuveseyntreeniu (n) MmaedeuiEuiuiivalsu,
(1) NSLAABUSUAUNUABWIAY kaY (A) NITARDUNLSUAUTIADIUANENSBUNY Y58NI58N

w Jauanddusnuniminsalalugun 33.

{ am ) N
(n) () ()
JUN 33 UNUAMIANTLERINSIATRUTLSIAUYBIYATAT (1) Uateauwy, (1) Ualeunay
wag (A) viaesUanenseauiu ¥sen1seNUUI.

= 1 [ P Aa v ] a
$1979N 2 ﬂ'ﬂll‘h!’]ﬁ]SLUU“UENﬂ’ﬁLﬂaEJ‘UVILilIWULL‘U‘UG]N“] VBUNMALUY R-S1 Aauuluiin

gNAIINGS
o A Anutngiduveansideuisudy (%)
N13AALIEY z
Uansuu Uaguviay NedeIlany
U 28(n) 53 40 7
SUN 28(v) 3 97 0

= v ! < A A a v ' ° [
A15N 2 agudnsianuinasduvesnisiedeuiitudulsas ULy dmiueunia
WUU R-S1 Wierseq iuwswuileuliiudidninsnlndiusegs aunseiteuniaEuiang

WADUYL. MNS97 2 LARIRENNTMLAUIN DRSINISHNANISAADUNSUAUNUA8NIED U9V

'
a1 o

aunAnSeuiuilAwn  WelateisdeinnuuetsynAiisuTawanaeiu.  elanguvay

i YU a c 1 < d' £4 = % ! A
vasaunneglnanuBianiasn AunasllunuangsmuauveseunIAITAfauTUney 1e1
gandnandes.  Tumeseiudiy MnUateunanveInun1negriiNnINBantasadua1e

sunmavzenUateiuuanuandidninsadudiuluglunismeass. nanisveaeilalund
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adepdsturaiiinausluenansdsds [49]. eghslsfinnn Weisuiisuiuenansdnauds
\aediuin msfnuludidldeaulnienddngn Jsuwansnnuuiasduvesnisindeuiiii
Uaneuudnunnndt  Wedatsuvaveglndnudidniasn  wasuaninudiazidunisnissy

iwdpufiivaNeuaNgaInndT WelareunauegnaaIndianinse.

60

" Torque about rounded end m—

50 b Torque about sharp end CZZ222

wlb

30 1
20t
10t
0 3 ! ‘

R-S1 R-S2 R-S1 R-82
Close to electrode  Separated from electrode
Particle type and tip position

(n)

Tr(nNm)

L 1 1 1

20 Torque about rounded end m——m

15 -

10

Tror(nNm)

R-S1 R-S2 R-81 R-S2
Close to electrode  Separated from electrode

Particle and tip position

(@)

JUN 34 Ausednauueuniauuy R-S neldaunulihaua 7 kv/em: (n) usealwihade 7
way (¥) usslnsiu Tror

a dl o U o dly

BIIUAVINTEVINUBUNIALUY R-ST HagdYNIALUY R-S2 §AATUINTBUYANYUNAIUY

Uaneuu wazsaugauyuiisnulatsuvay vidududaszninteyniauazdianingn. 1u1nves
a ° v Y a & v v X a & =

wsstpgnivualiduruan awnnussdaturyulangnssiudiuduandianiage. sun 34
wanaUTeuiieunsedaluihado T; wasusalndns Tror Newinidd vueuna Weegnield
auulwihvwewindu 7 kv/em FudurlaeUszanavssawnliihiBundeuiivessyniai
Toldnnsmeaes. 5Rzmiuldaingud 3¢ 91 usslalwihade 7; wasusadnans Tror 50U
Uasunauiivuiauinniussdaseuaiednaunis  Wetaeuvauveseuninemeglng

fudianingm. lunessiudin mndaneunauvedoyniniedieginmindiniasn wssle
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soulmsuuRdivwannniusdafigngudinuasdny Fuanaduteiansenditiuves
UanesnuuauveseymatuLes.

N3V 34 151919fisAAILANENIYBLTaTn AT sevinausadadivauseudans
Fruuu uazussdnfimusoumednuuwmanvesoyme wagRinsurinduidunlmes
MavuveseyMA. elSeuiflsurnaves AT sewinnsdiiUaeunauveseynineging
fudidnlnsa AunsdiivansuvanveseynAegrinaaIndidningn 1s1amsafiuaNuuAneng

Y04 AT ldegadaauaingun 34(n) wnndthugun 34(). anuuandsilssyds unumilyl

Y

A a

anunsnaziaglaveusslaliesnnusaddudi Aldenginssumaafeuiveteunia. a1 AT
ALPNA1AUBENUINTENINN 2 N3l WuAayilraud1asduradnIsiinnIsiAaauNSuAY
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Rounded end  mmmm
Sharpend =——2

80 Bothends —— ]
S
= 60 1
E
g 40t 1
e
~
20 1
0 N ]
R-S1 R-S2 R-S1 R-S2

Close to electrode Separated from electrode
Particle and tip position

JUN 35 AUz lureIn1siedeuiliBuduLUUAINY U830YNIALUY R-S1 HAZBUNIAKUY
R-52 aeldauulniivuin 8 kV/cm

aeldanmznaudeudnsliin  eunaieguuBiantasaonalasuauulninas
i £, 19, 37 35 uansmnuasduveinisindeusuduusazguuuu dmsueuniauuu R-
S1 uarveunAkuy R-S2 meldaunulwihnfivuadiugudy 8 kv/cm. Wevateveseunie

s o

aglndiudidninsnauans wadnsndunaladidnvasaiendsiunaiivandunisd 2 &
Junsdineunaldsuawnliiendiings. dmsveynarisaondn nMsipdounisuduves

Ay =~ | 3 i ! 2 « Aa v v
aunAmuUatguiinudRziluandt  anudaziunnisiafeunisuauaineuUang
wviaw. egnlsimuy Weiinvunaualndidy 8 kv/em Aunasiluvesnsiunioui
Uanersaesinundenduiaumulume Wu 20-25% lngdszuna.

Tudndnunils  iseynimedileefivaeunanegaandiiniasniiuans N3
waoulisududaafnnauUaswrandudiulng  neldauulnivuin 8 kv/cm. e

= o LY IS Y 1 [ a d' A
LUiEJULVIEJUﬂU@Téﬂ’W"ILLUU R-S1 UNALUU R-S2 19A31ANNULLUUYBINTLIULARDUNN
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sulaneuwranganinandes.  wwldudinanennesuvigliannisiseuiisunuunnsig

vosa AT fuanslugudl 34(v)

3.4 MsndasunvasynIAnsInauneldan1izRauluiuandeiuvasfingauiu
el @ndiiesaniuiouagsyuvauuiigdug i SFe  (sulfur
hexafluoride), Malulnsiay, 91ne WieMenanduiinatsawu. Mwauiurseianausn

[

gndannueueglugag 3 9 6 113 elilianuamuledidnesngady uazaunsnanuuind
fosnislunmsawiuly.  szuvawuiglasunansenuegieds Welleyuniausngeglussuu.
nsendduveteuna  dilugnisiafeuiuazwaniudsulseqliihateglussuveuniauag

a = 4 & 14 o X | A 1o
didnlngn  FwergranseuveseuIAliTuLIRNnTula.  MsenfuAnTuegiulssliih

Y

£
= 1

afin useltiuene uasuseiiuiadug  sewisouneduidniase. wsdldudastuagfuay
vuiuvateunia. usslihatialdgniieseilidwiveuniansinay uagaynansAdny
yisanaw. e1lafiniy msUszaussiuftegiusiugidu vldenn Weannussituintuog
futladesneg vaneUsens Wy euneuvesiuil audnuazvesdifiniasn ouma way
fhnanafiegdonsev.

lulasamsided  enedideldvhmsdnmluiosufofnafedunmsendiues
oymafih meldanlnihnszuansanelusinarsiedadu ena, fManauvesernia/

[y

Tulasiaw way MenauvesInIa/Sk,. Turagnnuideniiegludagdudnisiansangliuy

[
Y (2% [y

N3IASERANIZVDIRUNAKALAINANIY  IASINTITedAnwnsendveteunia  aels
anmegfuandsivuasaynieiivuiawandeiy - InedinswlsAiteuluvesianouninnag
finwdnans AnuAuing wastveswswuideulivounia. ngussasrndnvesauludiuil
< o v Y o & a a v LY o [24

Junmehidnladsiugunineidesiumsendiveseunalussuvaniuing. laglanie
981989 AIdvaulanavesnuAuiY  Lavdiusaiu Jalanudrdyseszuuliiinsegs
NITUANTY FansindeuniveseunInazlignsuniuanmsiudsulUadiveussivuy

a ag
anlege.

3.4.1 MSIATENNTNARBILALALDE9BYNA
a v o Y = = =t = @ d'
WHUAIANS19RINTIRRTENNITAGREAdlUIUN 36 Tunilouriuninaasidus
Ao a au & a g v oo [ & i a [
anfiunislulasimsided uddidnlnseilddmiunimeassil avgnussgeglunivusda f
wandlugl  36(0)  wielvanunsamuauvlianazauiuvesingasinanaula.  wsau
Trihussgadunvunszuanss JeldanninsSeanszuawuunuuaiu wazdeadniudianingn

iusmimuniutdesiv. useiuinleudniussuugnInalgfuULTRIUMUUANAIUNIY - T
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gnasulieudmsutiessiunldlunimaassdmivanided. unUszuIediantasaila

TunisvaaesdiAipafivingu 10 mm dwsunnnisneaes. eunanlddudaumsinan viein

[

egilvilon viowman. Sell R vesauninegliilenwindu 0.4, 0.68 38 1.19 mm. aun1Awan

Y

1
a

f¥eflvindiu 0.5 mm. fredeunia 3 Fugnlddmiusunmausazyliauazuin. JUN 36(n)

LLﬂﬂQﬂWWﬁ'JE]EJI’N‘UENE]Hﬂ’Wﬂ.

Pressurized
chamber

Camera

HV electrode

O_bservation =
window

230 mm

Grounded
electrode

Inlet / Outlet

Adjustable
stage

346 mm

(@)

(A)

Ul 36 msdaBeunismaaesdmumaesanIsinauarTan (N) uHuAIAIN, (@)
aruzdadmiunmImaaennussiusnieseymansinal  agldanzueafingfiunnsis
fu uaz (A) fogrmweseynailtlunmsmaasstady symaogiiflensaiall 0.4 mm
(MUUY) wazauMAWaNYLIASAT 0.5 mm (Fuana).
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3.4.2 FURBUNTNNRD

msnaaesdlngiifiunsngldernafianeies Weanuasan. eg1alsfniu
Agundnldlunsauulifiusigede Melulasiau fe SFe viefnawaw. ielinans
naaesldasauszgndldlalaeialy  AazdideTldlifenaussninematululasau
WioMaNaNsEWIeeIMA fU SF, lunmeans iewSeufisuiunaiilaainnismaasssie
9171A. ORS1EIUIN I UINSIIUNSEANY SF, sioa1nNEwinAU 1:1. anusuiiglunisnasa
dulngwindu 1 139 3 U15. d4nad1 ANURUILLWIRa) s aRaN o nia/lulasiau i
AlndlAgsfuAumudLseINATIA LR ULy WAANNNUUUUYDIINNE
91N1F/SF6 AANUMUILULNINNTIDINA 3 WilaeUsyaia.

auMAkazBanlnsagnvinAuazeamsemueaazUaseliuilaeauysal  neu
yhmsnnaedusazata. aymAgnaeguuLInaNasBLdnTnsnfuas. vty dauna
vosfn wazanufuvesfwlunvuzdn gnusulildauiidmunly. usesulviihideulsitu
Bidnlnsalnihussgeiuuugniiuentufiaztios aunssisoyneendiiuainddnlnm Tog
lgnsuduainndes CCD siRduNnauAIARUN VIR TUETR. AMEKITEInLSIAY
snsvasaymATIL 30 ASt dwiudeulvveteynia Bldnlnsn fe uazdauseu. Tu
sgwhenaneans Tavewussduiitoulsitudidninsagnadunng 10 nisvasedluzasian

Wi WBUINNAYRINaUlYANNLINA DY,

3.4.3 HAN1INAADY

3.4.3.1 awulnihendmimeud
ansaiwInsaliihaiiannssiiveuniAnsinay Beneiieguussuuiig

aeldaunlvlihadaue £ 160u [71]

Fe = (g(S) + %)47[55 R?E? (5)
Toeit ¢ Aofleddu Riemann zeta uaz & \Juanimeeuvesiinasfine. ilefiansan
nzusalduals  uazusabiibhadn  wianunsaUssanaaunuliihendiveseynialaain
ANUENTUS

geR (6)
4.107&,

EL,ANA =
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e ¢ Aearusaliesanusaliugn waz o Wuanumuuduressynia. dwsuiinansing
199 & = & FuTuanmeonveInInNIAdN. ANNrUIkivtesinvansaazaeld Weawnd
ANMINIIANUNUILYLYBIBYNMAGIININ. A15197 3 agdaawiliihendimamgulves

aunAnsuanldlunuITedil.

] o o =
MN19719N 3 ﬁ‘H’mlWﬁﬂﬂﬂ@l’i%@ﬂ@gﬂﬁﬂ@l’l%’quwa

Material Aluminum Steel

R (mm) 0.4 0.68 1.19 05

E; (kv/mm) 0.544 0.710 0.939 1.05

3.4.3.2 Msgnsveseunanelinuduienneiy

AnzEIdElanARm g AnTsUNSENmTUYeteun1A Meldanuiuineiunndieiu
Ingldounipegiifloy. 5N 37 uaninsnszaeasanveanseniiveseynia uiliduves
aulniy £ Adeuln Tuomieianudu p sewing 1 83 3 s, msvsudulAsannwanis

neaanlavinlagldnisnszatewuuund (Normal distribution). Arvnanguivesauuluien

v A

fnlanaunis gnuanseglusuil 37 medulssuunfs WelSeuisuivauidlnihensdy
N Yy v Al va a & ¥ )
aloannnisnaaes. awulihendinladuvunaintuausuiaveseynin  aeldnnnuau
Mgty 5UN 37 uansegredniauiararesnuduingrenisendvetaunia. Weadw
aufingiiady eunrendneaudlnigdy. auulnihendy £, Aldannisnaassgenii
| Ay = =~ 1 i | Ao vy 1
ANLAINNISUTEINMIIMgEE Tunnnstl. ANULANANTERINANIale wazaA1UsEunamg
o LiNTusg sl aaLilanUA Ui NI,

nuansinawliendinls euzdidelen £ Wueiisegiuvesaunulih
ENAITRIEYNIA.  AIUU  ianunsavAndsegIuestiiinadn  F o Ainsevindusunia

Wesnnauuliine £, Ingofuaunisiiaiinsiei. AuLANA9Yeass AF SErIaLs

a a

Tihatadosanauliiwuawinty £ wazwsdidugn  gnuszunasduusaiuiog

nszihszmiteunIAfuBiantasasuans.
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JUN 37 nsnszangazauveinIsendveseunregiideuduilsiduvesawlnih. Seflves
UNAWIAU (n) 0.4 mm, (¥) 0.68 mm uay (A) 1.19 mm.

SUT 38 uansnsudsiuves AF fususzneu mpR%. danain gUﬁLLamma
mMsfnwuidnliiuoyniavuie 0.68 mm way 1.19 mm aeldarmsufemingy
0.55 wag 0.75 115 telildaauunsminidudndouivuessnuszneu mpR? sewinseynia
fflvuauansnsiu. aniuanduzy iasnsaUssnueuduiusiuuBadusening AF

waz pR* Ia leeilidudssdnsnisninun (coefficient of determination) Windu 0.975. Ng
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naaodludnvusferiudaldvihiveunaminauin 0.5 mm. wanisvaaesfilduanslugud
39 Fadunnuduiussening AF dufuseneu TpR® wWiwdeaiu. dunalddn dmsueynia
< M ¥ o [ v = [ ° ' s g Xa
wiin ldlavimsTaawliihendiveseunmananudueiniesiini 1 uis. ety
wgdn Aenuduiedinan iefawsanlninduneuieunirazgnendinindiantase

mawliii, U 38 war 39 isEunsaRaTANlad HavesRNRuielidn v

P v !
[ v =< 1

Fuagiuiunidudaussanina Jsllaudsiulududuiv pR? Tneuszuna.

80

T T T T T T T T T T T
0.4 mm o ]
70 F 0.68 mm o 27
6o b 1.19 mm A E
E 50 F _E
2 40 F .
2 sl :
20 F .
A ]
10 F ° e
0 L LA 1 I 1 1 I 1 I 1 I |
0 2 4 6 8 10 12 14

npR” (N)
JUN 38 MmsuUsiureruunnmans AF seninusdliihain wazusaliuaas WGuiladdu

Y041 TpR® dmTueyniregiiiunnivunaunnaneiu.

30 T T

U 1 1
0 1 2 3
1'|:pR2 (N)

UM 39 MsuUsiuvesnuandauss AF sevhausslniadn wazusaduads dwsu

® o A
DUNIAVIANIFAL 0.5 mm.

[

JUT 40 WiruiigumsnszangarauveInsendiuveseunnegiiilunseninansl
neunreglueinia Manauszniteeinia/lulasiau wasfienausenineeInie/Sr, laeuen
AINYUIAYBIBUAA. AaNtAna1dlIuay Snsdiuvesenaselulasiau war SFe Wiy 1:1,
93U ansaiuledn navesinedinanivissdniesdmsveunirvuaded 1.19 mm
= e s ° U Ao [ ! (Y

AnuAuig 1 v, dmdveunmaifivuiainnil (0.68 mm wag 0.4 mm) nsendves

dl U 3 23 a é’ d‘ ! CI! ! 23 d‘

suaafianuay 1 v1s  Tufenaueinia/Sk,  ietuitauulninddininfieauiuby

@ v
bNUBY.
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Cummulative liftoff distribution

0.5 0.6 0.7 0.8 0.9 1

E(kV/mm)
air/SF,, | bar —a— air/SFg, 3 bar —a—
air/N,, | bar —e— air/N,, 3 bar —e—
air, | bar —=— air, 3 bar —=—
(n)

| | g f;/' )
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08 | i
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]
Z Io
bS] {
% 0.6 f # 4
£ 3
‘S 04 é ‘
z tr o 7
Z X
2 § .
£ 02t ‘ .
3 £
0 |§$ 1 1 1
0.6 0.7 0.8 0.9 | 1.1
E (kV/mm)
@)
1 T \f 7
2 /4
= 0.8 A -
£ i
= 06 | 4 :
&
204t g
E
g
E 02 =
O
O..w..w.ww.w.\..w.\.w..l..w.
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(M)

JUN 40 nsnsanedzauveInsendmveteuninegilleniluiliituresauulvih anely
fnandenia Meraueinea/lulasau wasinenauaine/Sks. Sallvatayn1awiniu (n) 0.4
mm, (¥) 0.68 mm uag (A) 1.19 mm
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Tugun 40 euusnavesawlnihendissniiliavesieimnaiaiunudaiy
Wemnuduieiiandu 3 vs dwsvounmannuuedall. auulihensaveseynialufine
naso A/ lulasian  wazene/SFs  damnnawulniensilueinidegnsdaan.  n1s

AszAnevesauNiniendITEIItNeNEY 2 YRAlANYAEAR18ARINY.

T
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E .

| | air/N, == E
§ air/SF, H
2 09
=
2 08
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=
E 0.7 -
e 06 .
£
S 05t 4
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g, 0.@ g
Radius (mm)
(n)
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=
= 7 i
2
2 09r 1
=
3
- 08 1
5
= 07 F m 1
—

0.6

g, 0.@ 2o

Radius (mm)

()
sUN 41 aulnihendiveseuninegiiienlufieyiiniie Aeruduiewiiu (n) 1 vis
uag (v) 3 1S

Ul 41 agusmaunallilinensiveseyniaegiileslusnnansfwauiuviasineg 1
AsuAEW AU 1 Uisias 3 Und. Adseguvesawalninensh £, #iald gruansuy
nymiFefufivnnties £ + dudouvuinnsg. ssdusznaulsmvilafienadiwa
FoAMILANANEINISNITIBTesaudvihenife Araturesianansine. fedediialy
anmeresufifinig aududiivdvesenafianiizviosiimagsening 47% uaz 60% lu
mMsveass. WerSeuouiuds Menaueinie/lulasiou wagenna/SF, Sanutusing
uarditsnsuUsiuraseuiuiinauninde Wesmnaruduiishvesfelulnsiou uwas SF

v a a A

Meay. AugITeRTUnd AnudunanasdwaliiuniidulayseAninalivuninanas
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& ¢ AV vee o & w1 o e = ) o a o
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LSINURY mamm%maaﬁ”wgnﬁﬁmﬁ Tuvgiinavealulasiausa(vNAnTuase) @1unse
aztagle.
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\iaNenTIadRUNaYRIANLYRIMeNTidon sundTuveteunn  auRIdelavin
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mMsnmasdlngldinesiinatstunvusUadululpsiuiouiaus  Fevinlianuisaananuy
adlaring1 10%. JU7 42 wWisudlsuaunulnihendiveseunaegiiilenvuinded 0.4 mm
Tuemd, Aewauand/lulasiau waslulasu(feunamun) aeldanuaunie 1 way 3
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JUN 42 aunulvihendveseumaegiillenvuiadail 0.4 mm lueinia uazfinwnas

3.4.3.4 HavRITIUTEYVBIDUNTA
nuanIeaeild  Anzidedn  eunregliilaunindiesguudianinsnanuiad

wansrauuliihendintuegtivesusequueynpegvdntosusdunaliainawe. U7
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A vo Y & a & v & N RV &
AUNANIATUNTENUTERTIRY VuBanInTaaleuLaa. Aty U 10 uanadutdedn navesdn

Uszgauniadidiwiauiulnihends Sanuduiusiustinvesianinneites.

9 9

1 T T
: A
3 f
2 08¢ 1
; £ |
= I/ g
g 06 & 18 1
g # by
2o K i 1
5 peg $/ +0.p=1bar ——
E 02} Vil ¢ -O.p=1bar —+—-
= ’f" §p +Op=3bar o
S 44 ¢ 2 QO p=3bar —e—

0 PR | " l‘/. | - " | IR

1 1.1 1.2 1.3 1.4 1.5
E (kV/mm)
¥

JUN 45 nsnszeavauveInIsendiwenaudINsdalszy vesesynamanawniall 0.5
mm densieguudiantasaegiiiiey meldnnudueinia 1 visag 3 U3
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[

Wansiadeunavestilsegludusioly  Aaeidelavinnsmaasinisendivesennia
Ingldouniamanuuin 0.5 mm Audidninsnegiiiey. Wufe Januetoynia wazdidnlnin
Tunsdiilidudnvasnsaiudnuiuiuandduguil 43, JUN 45 wananan1snAaesiila N
i 1 uaz 3 uns. Wuiidaauaingui kevestiuszauueynalidnuazaseiuduiu

= a o ad 3 & A ) = i
nsslveseunregilenvusaniasamdn.  dupie  awwliihendiveseunaiivuingndy
d' Y & = = Y= Y ) o )
WeaunAgnanlszadivin  (Wisuwguiuaiieauniagndauseatiay)  widnaved
sumasgAeuieslunsdill  lesndteunmamaniiuintinuinniteuninegiiilenseadl
0.4 mm. HavaelIeUNAtUNSANTUAINANNAUTY Wukgdiulugun 43.

HANSANYITLATUFUN 43 T4 45 wansunuImMYeItIuseauueuMa Jeallanuduiug

[ a

futaneunia-Biantansn. ANUALANEEIUNUIMTALTY NIZUARIALLANGISTETINRIITUEN

[
[V Y

fdmsutilsyauineazay A MUTARUNINTY.  NeANTIUTDINSENRITITUAUTIUSY

q

| a

91NAINNTIEWUTEYsEINeunA uwasdianinge (72 egfiflenfiflediduu (Work

function) egsgning 4.0-4.4 eV Tuvaeiimanianiiu 4.5-4.8 eV. datu Woegliilew

[
LY v v [

uaduman Janniaese19gndnuszaiiuanuastiay auddu. dmsunsduiasening
sunadiuazdidniasn  Uszgiewazaamesgndunaudeinn1suendiszninweynia
wazdianlnsn vilinavesnsdndszgainmsdudaldiiedu [73, 74]. egalsinnu windifldy

& 1 A a Iz 2w A o % | a &£
panlereguuiivetouna  Raeenleneadudinaraivinlinisanewmdseainulalunis

= =

NPa0IvadlAsINITIvel. ag19lsAnn  §IReRaalinsANEILANAY e LA AAAINLNTEAN

Poungiunalnidwaliinnavestiusey denmsendiveseunin.

3.5 navaINsanewmUsEaniidengAnssunienacmansiviivesaynia

Tssnsldmungfnssumandeuiiveseuniafitusudeulvvestaussiuiiton (vie
frosszafiounia) Teldvineitefnwmnenudululd vesnsdsuntasusslnihadad
Aadueyaia  aneldanngiinmsmemuszgseninveynia  leiinmsteuaunilyiivung
wazfimynesingg wardinsdaUszquusunia sanuvahiavewasliasiae. anmsdnuil
waveslszquuoyMa  uazufiteveauulninfioynialdiu  azannsaiiluganudnle
ngAnssuesoyAldosafBn

wssbihafauuoymagninlulduselovdineg malwihadmnnine Sssaufensly
umsgramnssITiAetesiuayne i iesesnnaznauaynafe et
(electrostatic precipitator) Maadaunsaniswiudmeliihatia [75]. lunatensal suniagn
Salsidiuszadng uazgneuaunaadeudiseauiliih, luviseds iuadeutheeumeafign
Soszanituianils ludsdniiufanils. Megrady oyniammiingnusnaenandailuih
Tuas Tdsemuruaigvdanseawlunisarenmnelnidn (electrophotography) [76].
Tudnmavils nsndeuiinduiingnszuavesinaveseymaidutlymiidAgueanies
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anmznauaymameliedn (7). Msuwsn@ientseneymaainiuiovils ieateatuuss
@aauﬁﬁmzﬁwﬁ’uaqmﬂé’wamﬂw% [28, 78] u5aaUseeTenintalsyauuaunALaz Uy
ﬁgﬂmﬁmﬁwﬁuuuﬁuﬁ’a [78-80] LLaBLLiﬂﬁJuﬁ’JSU"] WU WSIUABINEE (Van de Waals
force) [81, 82]. dmumsldanumsliihadinfifetostumsinniseyna Jssufsszuy
aundliiussge  waslwihadadnfouedlaaduniusuaueoinad. venand  agwiy
voava (liquid bridge) seminseumauaziuidndvnadn Wesninisdanisliiui
vosaymaiuuuulsivouth

Tagvhly  eunalddudszaannalnfiunnssfunansuuy Wy msdudadondves
09 [72, 83-85] (triboelectricity) mimﬁjmﬁﬁﬂi@ [86, 87] (induction charging) #38n13
THlalsundarida [88, 89). dmsvoymeauiu douladndlniilidatuuuinauiu ¥l

[
=

Usganunsadnsesiuuitsunialavainvateguuuy - Auegiuisnisdnuseqliiueynia
wagdsunavesUsyauueunia [90]. miﬂszmmawizf\;ﬁmaGiawqaﬂiimaaLLsﬂWﬁmamﬁ
nszhiueyna. dunei1 usdnaliihadinlilldnsevindifndudassminseynialaenss uidy
HaTBsLIIUsERTinssiAuUsrauuayna vilvoyneBaRnfuiufmfiioumnusetu. use
falnihadedunaifinduldednann fuszgnszaesuuuliaiianenasmnuduluuiion
duiaszieynia Auliufiafleyniansiaeg(2s, 29, 311 madauszquuuliasinaue
aansovhlfAneuuAnsssEinausaliihaiedinldlunseaes  AudUszanadls
nnmslfuuuiassuuuanUsey. ngAnssuvesusdliuueynaiigndauszy leegneld
auulnihnieuen e"fﬂLL‘LJiL‘LJ?isJummmamzmﬂmaﬂﬂizquuﬂwmaumﬂ%ﬂﬁaEJ [28, 91,

92].

(%
a

doikhg 1 Insveaesdnuusdaliihain denslnavesernia Lileusneynia
awueenanszuuiith  meldaunalvlinneuen  Tnefieynirgndauszalasnisidend
[92). wamsAnwLanTi oy edeldTunsaUsEeay  wanwuwltunsiulurewusadn
odnaiane  Welmauvuevesausliilufieneisas.  Wedinmstouaunulvidily
famanstuniiuia  sddedindnndunuuuldunmsdsunUasmesdalumansiy
. wamsEnuilddaudaiumnuamanisalily Wesaindn aunilwiiilufianiswasd
wunlthmemguifiesnaynededuszaau Taostuaniiufinfineies. fudu wsedalwih
adnpsivuatdesas aeldauuliitluiianiemas. HavensiemysEasyninseunia
anuagiuiafosduamnesmsusiuvewussaliihadaiildlunsmases.

lulasamsided  ffeléiihnsinngiusdeliiihainsemisouneauuiigndn
Uszq fussunusith aeldaunaliihaneuen. Uszqgnimuslinssanesuuuaiiauei
fufnoynia vionszaeLUUUE LRSI TesoA ANy, uanantl iTuaumd
TﬁmsdwLmJ'ﬁzfgiaﬁwjNaﬂgmﬂﬁ’uszmuﬁaﬁﬁLﬁﬂﬁuuuu%L:]mﬁuﬁ’;auﬂmﬁagﬂﬂé’ﬁuszmu
LLazﬁiJ'%mmJﬁzagﬁdwmﬁﬁuag'ﬁwmmLLasﬁﬁmqsﬁJmamﬂWﬂﬁmauaﬂ. Msanewnlsz9e1a
Annnnmsdudiavesiaginauiindu fdilsesuidly [72, 93, 941 anwnilwiiBsuies
wandeinilifudadureseumefenailiAanisdemyssatuldsuieaty ekl
Usggnadltmsdmnaaualiindaay  delnngimusslingdn.  fnguszasdndnves
NuATedwilfe  WenmadeutiinunauAsuwawesdaliinaiaiiiety  Wefing
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femUseseninteunakazseuumil - ngldeuluiunnsinsiuvesuszaunouniauas
Yuavasauu i euen.

3.5.1 i‘lJLL‘U‘Uﬂ’“I‘S‘\]ﬂLiﬂ\iﬂﬂﬁiﬂﬂﬂ‘b‘ﬂwa‘d@\m'ﬁﬂﬂﬂL‘VI‘lJ‘Juﬁl

Uil a6 LLamwLmumiamLsaqwiﬂjawmsunwsamﬁvml,iqlw%aam‘lummwu
aumﬂau'guﬁgﬂé’mﬂiz@mm R asheguussunuimniiireainsiud  aneldaunsluii
meuan Eeq wovatiaue. svualvauslnihagueniivuaduuanlufionisid. 33
anufliasialadidnainveteunia & =3 wazlidhnannmeusnidueiniedl & =1.

a v dQ

Q’]‘Lﬂ"i]EJ‘LJ‘W‘\]W3&!'1ﬂ’]iﬂi”‘i]']EIGUEN‘Ui”"i]UUN'JGUENE]uﬂWﬂﬂ@umﬂﬂﬂiﬂ’lﬁlmﬂiwﬂmu 2

=

UL, wUU 1 Seuinnnuvuiuiulsedein o= o, Adinaonfiuinveseynia. wuudl 2

| N g cal ot = L a
AuvULLUUsEliATuaAudNATuuYeIeuNIA  ULasainilny o=0, UUNURIATIA19T0S
auNA. Uupe BuNIAgNanYsERLUTUNALluLUUTEY,

NMUAYULUAIURIANUMULUNUTERTIRT  1HB99INMTaN8mNYTEsEnIneeuna

q q
<

WAETEUIUAILY QNMVUAlASMYUALHLRD A TIATBUARUUSIIN 0<d<a o 6 LTuyd

3
a

gon N1Inanndula (9 PATCH A Tugun 1 Usenau). fidemmualindnuvuinuuyss gl
a 1 Aa I [y} [y} 6 1 ::941
Auuiui A ulumuanuduiusselud.

Op=0,+0g +KeEopy (7

e?l oy, WurrumuududaiavesUszgaemluannegilifaunulwihaeusn E,, way

ext

ke Judulszdndiununavesauulniiaieuen E,, densanewlszy. LuIAAveINIs
gewUsyaiilaunannnsAnwNiuL (93, 95, 961,

“A
D
!
Eexr |
Charged Particle
Conducting 0
Plane P

1 I Patch A
= I

5UN 46 Unuumsiaiseantdlunisiwseiussiiihato Welinsanemnuseindu.

TunsAnnu el R veseymaiivinawiiiu 2.5 pm. fidefananiiaumvuiwiy
UseQiainlsuiy o, UuauNIATVUIAWINY 10 -20 Wag -30 nC/m? muaau. auulnin
meuen E,, fA1egsening -3 89 3 kv/em. il aiildndnnandugiuainuuiaveseymea

Uszq uavauulihildlunsmeaes [92]. duneri1 desiinisuflualuenansdrededanan
Tnemheiignassvesanuliiluzun 11 wag 13 vedenansoneds [92] Ae kv/m (Lily
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V/m). ey @ VBHURY A Wiy 15° dwmsuaunisnisanenysey gIdeldan oy,
¥ -10 Way -30 uC/m? wagan k. WAy 10, 20 %39 30 (uC/mA(KV/cm)™.
LLUUﬁi’waaqmﬁmEJLV]U'ixaﬂumu%’mf auuAlvinsdsuudasssquuoyma o
Usnadlnaiugnaduda I@ﬂlﬁlﬁﬁﬁﬁ’ﬂﬂﬁlﬂmamEmeﬁv‘fﬂﬁLﬁmmimamﬂﬁuaﬁ W5n0s
fn9q Tuaunsfl (7) Juegiudnunsauifvesian g work function, amwmivdﬁwmm
uarAnUnIMANuTBIUsEUUIYMA.  UBNANE Ul o YBMMuiY  Svduegiu
BIAUTENBUNAIEDEY LU dnwazlsvIAtinTateunIa, Nsnseteawtliih wazaniwih
TWiBein Dudu. sgrdlsfiny nsUszinamves o, uas k. egsusugrtisiildenn. lu
Aot §Adegathilaznseaeui dwesnadiwesfinandmansenuldogndlstg se
ussialaihadinneldnstleuauulnihnieuen. Tududy inmauilieunirauldfulsey
aunmsdudatuszunusiiliih. Fafu dwes o BuRnnnmisiiemyszied
ey, definsanaunlifinieuen il aualiievandsdfionsjsd
gduNIINemUsEay  (Mseatuayunsinemyuszauln)  anssuudnihludieynie,
ey ffeladenld k. Afanfunanludd eruvuwiussdshauilioglusudy
Ysvanas 10° pC/m? %aﬁmsmmﬂmsaa%ﬁwmﬁ”wﬁLﬁﬂmﬂaymﬂmmmﬁﬂﬁﬁﬁuﬁa

va o

v3u5z. Meldteulull MITeRelairunuunnues oy, kae k IneUssinadmsuluuInaedd

Y

NYNTUN.

v v

Tunauin suntreaiansasuwagusey Wedudaiuiugunsessu. ms

a a \ X a v ow ' | ' < A o~ aa
WasuzUuananukIduNaLazaan1TaeUIey. agebsnmy  Welnsdeuauulning
mmmmq %:um’:trdasmufdaqaumlmlﬁwaawmnmsnm’tnanuwé’ma mf«aammw Na
mammaﬂﬂﬁmm mmsuuﬂ‘uusnmwmmmmmmmama St anigeidnadAgy
amqmﬂmaﬂﬁﬂismwﬁzﬁ; o UShIRInNany. mamau L51I9FIUITOALLAUNATDINTS

Wasuuwdasgusiweseunalalunsanuil,

3.5.2 33wATIH
Ya U YA =% & aa
AI38lYIsTUUsENRUTRULNA  (boundary element method) [70] @aulwisnis
Awnauuliingasy  lumslesginisnssangauuiniiluguuuunisdntewesgudn
46.  FBUUUILNDUVBUALINUFIVAINANNAUAUSITIUSHUSSEIedndlnih ¢ uas
aulii £, Tuwwissinuuwveuwsvesudnlaym. dwsudndlai ¢ o 90 1 Tu
UM Q BIFUTOUMEVIUA T L3109

Cidh = [w(r.1,)E, dr+jw¢dr (8)

Tuaunsit 8) 1 idunmediumises i, . Wudwmisuuveuwn T, v Wudney
ﬁugmmaaﬂmmﬁﬂﬂw% way C, Wumash. dmSureun T fAiswuidey, C =12 & i
U T uay G =1 i i egluuina o udlieguu r. dwdumsinFedusuil 1 uas
Houlunsdndszqifinnsanlumuddednd  dndlwihifnvuzamnassouwnn 2. s
Aunnanlnlindsihuufitauuuasnesseuunumgy daandusudl 1. dudedidaves I
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o < o < [ ! a1 )
mvuady (p,2) wag o Mvuady (pp,z). dunad auwlid g, Tuaunisianduuin
Tufiemaseanainuing Q . Mmssuiugiudmsuaumsdndliihlufidauuvanuinsseu
WAL @nasauandlanadl.

ey = KW@ ) %mn*“)) ©)

Tnedi K Lﬂuﬁuﬂﬁmﬁamgsa}uﬁﬂﬁwﬁﬂ (complete elliptic integral of the first kind) wag

m=p?+pt +(z-12.)° (10)

n=2pp; (11)
dwiuuinamelusyna 151dsuannsi (2) Ty

Cuh = [y} ar+ 2L g (12)

Tog S WJuiiuRveseynia wazdvduu | ssydawwlni g, [Wuaiiivsnunsgluoynie,
dmsuuinaneusnauna wldawuliihawinveun EF lufiemafieniu E! uae
Waruwlasaunisi (12) isunavesawwlninieuen g, {u

ext

Ch =—[w(rn)Es dF+I%¢dF—EeXI~(r—rO) (13)

fafuu E vesawnuliih E, fissanuu S ssyinfumiigradauuduuenaynia was r,
Huiumisillignsdadnglnihelugud). anuduiusseriaunilihiainveumiaes
surasineyna S awsadeulau

gO(EnE—grE,:)za (14)

dnfumssuaauulnihdeBiulssnevtoun  wunduiinvesounagnis
poniuodunsidenq. dndluih ¢ uazauuluih g, Tusadanveuin gnuszanaudy
Tantunuuvewinuve wagA1 a AusUiuuLdAZIOAWA.  KaveITEUIUMItLaY
Uszqileniuuszunuithgnunilagliiediuuin  Aldumisegneldszuudni ile
yilvFouludnglwihuinuuinszuudninduass. aumsit (12) fa (19) gnldfudumisus
uiazsuvs e eszuvanmadady. Weudvdmeussuvaunadadu 1519gldaves
¢ uay E, Mundsuivufveseynia. madwaldlusunsuiifautuedasdide. 10a
wuASUFUR 2 Sy 1440 wiludgnlidiassiveseynia ielildmpouiifauusiug
gufisane. Wolddnouvesdndlrliuazaunsluiiudy Adedmnausdiihain F uu
oumA lnonsduiitnsmenuiiuuandiog (Maxwell stress) uuiinoynnn S. lunsaiialy &s
Lidrdndeunaduauiunsesiiiliih sdsuaunisdmsuannausslnihadialadu

F:gOIEEf—%Eans (15)
S

e N Wunnwesnidsmhgluduidgwinuy S, auuliidaldeuia Arfdiuusnvas
aUNA.

3.5.3 Han1sanenbe
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3.5.3 loynaigndnUszquuuasiiausluannedilifdnsaemusyy

sUfl 47 uansmanszatevesaunaliih £, Tuwuiiannduiiteyae Taedadedn
Mnsuueneyna vueynaTigndnUsyauuvaiae Welifinisdeuaunsluiianeuen,
U UuLLﬂuuausuaafmWiugﬂfmmﬂa;mé’mﬁalﬂé’a%u”;é’muwumaumﬂ. i iulen
aunllylihilvuingeannluvinalndtvgeduda 39 0=0. aualwididwialdiiaigan
anuamuladiana3nueserniauin Ussana 24 kv/cm). agdlsinng awwlwihivung
anasegunaifuilevinsnneyna  waghiannsamdeniliAsfansasmenalnaniues
16 17 mmLsﬁmaumlvmﬂuizﬁ’uﬁaﬂaﬁwlﬂajﬂW5dwEJmﬂizf«;swdwaqmﬂLLazismUéﬁﬁw

Fallsgwerinaiutesun a vsnalnanuyeduda.

200 T T T T T T T
30 pC/m? - - .-
220 pC/m? oo

150 1 -10 pC/m?

E, (kV/em)
g

0 20 40 60 8 100 120 140 160 180
. v 6(0) 1 1 1
U 47 msnsegneauuliihlusufainduiteunia vueunANenUsEauuuasnaei
Lilasuaunulvifinaneuen.

definmstlouaunaliifihnisuen E,, Wifueunia navesaumiliiiaguenenavils
manszaeaudlnih o vinaeduiadiduistuiennasild U7 48 uansnsuusiuiy
E,. voauulni E, IULLU’Jﬁgﬂa"Iﬂaﬁaﬂéﬂ’]ﬂ dwsuoumanldsunsdauszquuuaiase
il 6,=-10 pC/m?% wausawiuldainguidn awalihaiuan %ﬂﬁﬁﬂmavﬁqﬁu Vil
aumivxlﬂm,ﬁuqq%u U USHAauNE LLa:ﬁa@ﬁwamuhxlﬁwuu%L’Jmﬁuﬁm‘éwmaaaumﬂ.

aunulnihenau Quitenienisas) dnasienisnseaeauuliihuvuineunia Tunmemseiutd.

80 T T T T T

o0 3kViem -----
F. 0kV/iem ——
\

60 F -3 kV/iem -eeeeee E

E, (kV/cm)

0 20 40 60 80 100 120 140 160 180
00) }
U 48 mswUstiudvawuliihaneuen E,, ven1snssagauuliiiuuifiainuui
auNATIgNInUsEaLUUauaNelaY o, =-10 uC/m’.
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gﬂﬁ 49(n) uay 49(v) waRINIINITEANEvRIEawINli E, muwwiiiveteunia uu
aumwawﬂiz quamLaua oedl o, = -10 way -30 pC/m? MIUAIRU. Wil reddls
auml%lﬂmmLmemmLﬂumﬂiuwﬁmammmﬁmaqm 0. tufe $reddliaunling
fimpanangeduia. 1aunsadiulaeingdi E mml,ﬂumﬂmmﬂ - Usnalnaiuge
dudta Toeflengeanogfidoundeyy 6 Ussana 15°. vuuioni ussgeendidesan g
innsgvhifulszgtiauiioguuounelufimns —o . ndnis E, Swnldufiazeduuszques
aunalilegluusnalndiugeduda. saansadanalannguin awwuliluiuiioues
wsuiosnn E fvwadfindu dedouauulifnieuen g, fwan.

E,(kV/em)

0 20 40 60 80 100 120 140 160 180
a()

(n)

E, (kV/em)

0 20 40 60 80 100 120 140 160 180
o)
(@)
U 49 awwliih E Tuwwndudauuiteuniaigndnuseauuuainauelay () o, =-10

wag () o, =—-30 uC/m?.

WowSouidfiouzuil 48 uazsuit 49(n) wiuldd sunemesaunalilunurduda
Bnniauinvesauilainluuuadsanfufinounaegienn, AI3ETATUIUNUINYDS
aunalriilunnfonuasuundudatuioumadeelud. auulwih €, Tuwuidaind
unuwmdnlunisemuszaseineumanazszunudaih  luvagdaualiin g Tuuw
dudaliunumdisidiunsiiomlsyy Tnsindeuussgnuuuinduda lusauTnuiiianis
fewUszRlu. el naedeufivesUsrgnnuuuiiaresoyne  enaintudierinves
aunliffishnivuaesaualiih fisidudniunsdemussglnensesewinaiiuio,
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7, (aN)

W

-3 -2 -1 0 1 2
E,., (kV/em)

‘ext
JUN 50 usedalwihade F, Wuileiduves g, vueunalidnUszquuuadtaNeiinniy

ext

MUY TERTRUANANST,

'
a

SUN

Y

50 uanswsadalwiiadn F, JanAeesrusznauluiiavsamwessliiiadn F
gy ° < S v o o
vwennANgnUszguuadtate  Wuilnduwvesawuliwihateuen E,, dwmsuruindsey
o, Nuwansinefy. usdlviihadafiawiaundu Wedinsiiiwauulnihlufianasuainssuu

. HATY E,, Nl F, a1nsafinnsanainusenaeudiiinduiulseanieguuinounie.

ext

Vel Usgravuuiivessunmagnasgadifiussuiuiiseaunuliiianguenlufianies
HanvandudadulaeUsyana & wsuAves o, uay E,, VYN

ext

U, ANUFUAUS F-E

ext

fansaunluni.

3.5.3.2 synmafigndnuszauuuundiu Tuanneilifimsdemuseg

sU 51 uwansmsnszevesanaliihuuadan E Ouilvidunesy o uu
aynandaUszquuuUNa Tunsdiiliflaunailwihaneuen dwmiutiemn 0 wihiu 0 f9
90°. dnwauznisnszanevesauiliiiuuaiianaveseymandieadsiumsnsrangluguil 2
wianilih dvuiaidnnitnnuusssuueseyna Lﬁaqﬁ]’]ﬂlﬂiﬁﬂizﬁ;agjuuﬁuﬂawmﬂ
Ui, definsaniien o, Weatu ssanuuueyniafidaussquuunisdiu Svunaduis
nilswesszanuuuayniafidaussauuuatinaue. fidu JUR 6 uaggudl 2 wanaduille
aunilwihuuieymafimauduganituueyniaiidaussquuuunad. madszeTNuy
symAviAuns AUz uUUaitae.
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5UA 51 nsnszatwawdliih g, luwwinsainduiieunia vweumandnuseguuuuIEIu
P M vo
dielallgsuawuluihaeuen.

navasauulinleusn E mmaammlﬂﬂﬂuummmﬂﬂumaumﬂlmlmLLamﬂu

ext
Py

. eglsfoy  wavesauulihmeuenadendaiunalunsdveseymafisauszauuy
ashiawe. 5UR 52 uansausliin E luuuifaveseynafigndnussquuuunsdIy. 15y
Fngudn vusdnadigndadszgiouitomn £ Sssdifiamsfiasdulszaay Tiedounu
WYty Aludeduia.  vuuinalnaniuveusuuuvesUsey  (90°)  awnulningy
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Abstract. Study on the movement of conducting particle is useful for managing particles in gas
insulation systems. The authors observed the movement of conducting prolate spheroidal particles
under uniform electric field in air. From the experimental results, we found three patterns of the
movement. The critical electric field results in particle rotating or lifting. The particles rotated
about the contact point before lifting in most cases. The measured particle-rotating field was lower
than the analytical ones by 6 and 21% for 9 and 18 mm gaps, respectively. From the experiment, the
size of the particles and the gap distance affect the critical field. The voltage polarity has no effect
on the critical field for particle movement because of little difference between the experimental
values of positive and negative polarities.

Introduction

Gas insulation systems such as gas insulated switchgears (GIS) and gas insulated
transmission lines (GITL) may be contaminated by free particles [1,2]. Due to electrostatic forces,
conducting particles can move under an electric field [3]. The particle movement may bring about
partial discharge near electrode surface due to locally high electric field strength, and may
eventually result in complete breakdown. Study on the particle movement is a fundamental for
managing the particle contamination problem. Many research works focus on the behavior of
spherical and cylindrical particles. For a prolate spheroidal particle, it is important to investigate its
movement due to the effect of the ends, which differ from the spherical and cylindrical particles.
From the electromechanical analysis of prolate spheroidal particle, the electric field that can move a
particle resting on a conducting plane was predicted [4]. The critical electric field that rotates or lifts
a particle was denoted by Er and E;, respectively. Ex and E; depend on the tilt angle that the
particle makes with a conducting plane. This paper focuses on the movement under uniform electric
field of charged spheroidal particles. The patterns of movement and the critical electric field for
particle movement were investigated and compared with the analytical prediction.

Theory

The analytical electromechanics of a conducting prolate spheroidal particle on a conducting
plane is shown in Fig. 1 [4,5]. In Fig. 1a, « is the tilt angle which the particle makes with the plane.
Fig. 1b shows Er and E; of the aluminum particle having b = 0.5 mm and ¢ = 1 mm. Based on the
characteristics of £ and E;, there were three criteria. For the particle lying on the ground plane (a =
0°), it will not move if the electric field is smaller than Ez(0°) = 4.45 kV/cm on the graph. If the
electric field is between 4.45 kV/cm and E;(0°) = 5.15 kV/cm, it can rotate about the contact point.
If the electric field is larger than £7(0°), it can lift parallel with the plane without rotation.

For a conducting prolate spheroidal particle, £, can be estimated from [6]

F,= 47rgEb2Ej(0.6§ + 0.76) = mg (1)

where F,y is the electrostatic force which lift the particle parallel with the plane, & is the
permittivity of air and mg is the particle weight. E; values of the particles are 8.0 and 10.1 kV/cm
for small and large particles used in this experiment, respectively. Using the ratio of Ex(0°)/E.(0°)
from [6], E values are 7.2 and 8.9 kV/cm for the small and large particles, respectively.
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Experimental setup

The samples were conducting prolate spheroidal particles, as shown in Fig. 2. We used two
sizes of the particles. The major semi-axis ¢ was 2 mm, and the minor semi-axes b was 0.5 and 1
mm for the small and large particles, respectively. Fig. 3 shows the circuit used in the experiment.
DC high voltage was generated by a test transformer and a rectifier circuit. A resistor was
connected in series with the electrode system for reducing the breakdown current. The electrodes
are two stainless-steel plates, which have 40 mm diameter and 15 mm thickness. To investigate the
effect of the upper electrode, 9 mm and 18 mm gaps were used. The applied voltage was measured
by a voltage divider. The particle movements were recorded by high-speed digital camera. 10 tests
were carried out for a conducting particle. Before each test, the particle and electrodes were cleaned
with ethanol. We placed the particle on the ground electrode. Then, we increased the voltage at the
high-voltage electrode gradually until the particle moved. The critical field Er and E; were
measured.
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Fig. 1 The particle configuration (a) and its result of electromechanical analysis (b) [4].
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Fig. 3 Circuit used in the experiment.
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Results and Discussion

Three patterns of particle movement were observed. For the first pattern, the particle
initially moved at an end and rotated about its contact point, increasing the tilt angle «. After that,
the particle lifted to the upper electrode. For the second pattern, the particle initially lifted parallel
with the ground plane. Subsequently, it rotated while moving to the upper electrode. For the third
pattern, the particle rotated and lifted from the ground plane (similar to the first pattern), but it fell
back on the lower electrode before reaching the upper electrode. Table 1 shows the images of
particle movement in a temporal sequence from a to d. The symbol * indicates a particle end during
the movement.

For negative applied voltage, the particles exhibited the first pattern in most cases with 97%.
The incident rates of the second and third patterns were 3% and 0%. For positive applied voltage,
the incident rates were 88%, 8%, and 4% for first, second and third pattern, respectively. Because of
increasing the voltage in each step (about 0.24 kV per step) from zero and Er(0°) < E;(0°), the
electric field that exerted on the particles reached the Ez(0°) before £.(0°). The probabilities of first
pattern were therefore higher than the other patterns.

Fig. 4 shows the particle-rotating field £z from the experiments in comparison with the
analytical values ( — and — — indicate the analytical values for the small and large particles). The
symbol m and A are referred to the gap of 9 and 18 mm. Ey in Fig. 4 is taken as the average of the
results by both polarities as we found that the polarity hardly affects Er values. From Fig. 4, the
experimental values were higher than the analytical ones by about 8% and 12% for 9 and 18 mm
gap,

Table 1 Patterns of particle movement.
N T
First k\ f\\ \
pattern / ) / k.
*’/ *:I
{ ]

Second l é;/

pattern el (* )

e:.'a a — 4
Third N = N Ot
pattern * ( - \.L"- . > : ( # .

respectively. There is an effect of the gap distance on the Ey values because the Ex values tended to
increase with the gap distance. In case that the particles lifted parallel with the ground plane (second
pattern), we found that the field was higher than the corresponding Ey in Fig. 4 by about 11%. This
is in accordance with analytical prediction that Ez(0°) < E;(0°). However, there was a few cases
showing second pattern.
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Fig. 4 The experimental results of £z compared with the analytical ones.

Conclusion

In this works, we studied the movement of the conducting prolate spheroidal particles under
electric field in air. From the results, we found that three patterns of particle movement were
observed. In most cases, the particles rotated about contact point before lifting off. The movement is
characterized by the particle-rotating and lifting electric fields. This experiment rather corresponds
to the analytical prediction. The polarity of applied voltage hardly affects the particle-rotating
electric field. There is an effect of gap distance on the field because the field tended to increase with
the gap.
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Abstract—The existence of the particles has a critical effect on
the insulation failures of gas insulated systems. This paper
presents the experimental study on the lifting electric field of
spherical particles under the different gas pressures in a uniform
electric field between two parallel electrodes. The electrode gap
was 10 mm. Three sizes of the spherical particles were used. We
carried out the experiments in air under pressures of 1, 2 and 3
bar. The experimental results indicated that the particle liftoff
depended on the voltage polarity, particle size and pressure. The
lifting electric field under positive was higher than negative
voltage for all conditions. However, the difference was clear only
under 3 bar pressure or for the smallest particle radius (0.4 mm).
The lifting electric field increased significantly with increasing
size of particles and pressure. It is can be concluded that the
effects of particle size and pressure are important for spherical
particle liftoff.

Keywords—Lifting electric field; Gas insulated system, gas pressure;
Particle liftoff.

1. INTRODUCTION

Gas insulated switchgear (GIS) is importance in high
voltage system because it provides high reliability and small
requires spacing. One of the major failure causes of gas
insulated switchgears (GIS) is the existence of free particles in
the gas. The particles can move freely within the GIS at high
electric field regions [1]. The breakdown voltage of GIS is
reduced remarkably by the presence of particles in the system
[1-4] and affected by the movement of particles. In practical
system, it is very difficult to avoid space particle contamination
in the GIS. The most likely causes of contamination are the
manufacture, assembly, or maintenance processes.

Previously several methods have been studied for
deactivating particles in insulation system. The dielectric
strength of insulating gases usually increases with the gas
pressures [5]. For this reason, gas insulation systems operate at
high pressure to achieve sufficient insulating capability in
limited space included charge and force on spherical particles
are analyzed [6-8]. The liftoff electric field is studied for
spherical particles [9] and spheroidal particles [10]. However,
only the effects electrostatic and gravitational force are usually
considered in the analysis. The gas pressure may be an
additional factor affecting the motion inception of particles.
Needless to say that the pressure has an effect on particle
motion after liftoff.
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In this work, we carry out experiments on the liftoff of
spherical conducting particles under DC electric field where
the gas pressure and particle size are varied. The main
objective of the study are to clarify the effect of the gas
pressure on the critical field for the liftoff in relation with the
particle size. The results from this work can be useful for
particle deactivation in practice where pressurized conditions
are typical.

II. EXPERIMENTS

Fig. 1 shows the schematic diagram of the experimental
setup. The DC high voltage was generated from 220V 50 Hz
AC voltage by using a test transformer (0.22/100 kV, 5 kVA)
and a two-step full-wave rectifier circuit. The voltage was
applied to the electrode system via a 13.9 MQ current limiting
resister. A resistive divider was used to measure the applied
voltage.

Fig. 2 shows the electrode system. The electrode system
consisted of two parallel discs made of stainless steel. The
electrodes had 20 mm radius and 15 mm thickness. Their edges
were curved to prevent excessively high electric field. The
upper electrode was connected to the applied voltage. The
lower electrode one are grounded and placed on an adjustable
stage from gap setting. The electrode gap was set to 10 mm for
all the experiments.

Fig. 3(a) shows the schematic diagram of the test chamber
used for experiments in the different gas pressures. The
chamber was made from steel. It had two windows at the same
height but separated by 90° for illumination and for
observation. Fig. 3(b) shows the image of the test chamber.
The lower electrode was set on the floor of the chamber. The
upper electrode was attached to the chamber cover. The inlet
and outlet of air and the pressure gauge were installed.
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Fig. 1. Schematic diagram of the experimental setup.
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The particle samples were aluminum spheres (Bal-Tec™).
Three sizes of the particles were used. That is, the particle
radius R were 0.4, 0.68 and 1.19 mm. Three samples were used
for each particle size. All samples were cleaned with the
acetone and dried at 65 °C before used in experiments.

In the experiments, a particle was placed on lower (ground)
electrode. Then, we increased the applied voltage gradually
with a step of about 0.06 kV until the particle lifted from plane.
Air was used as the gas medium. The pressure of air (p) was
varied to be 1, 2 and 3 bar with errors around +1.2 %. The
experiments were repeated 10 times on each particle for an
applied voltage polarity (That is 30 times for a combination of
particle size, gas pressure and voltage polarity). The particle
and electrode surface were cleaned by ethanol prior and leaved
to be completely dry before each experimental run.

III. RESULTS AND DISCUSSION

A. Effect of Voltage polarity

Fig. 4 shows the cumulative distribution of particle liftoff.
The distribution is given separately by the solid and dashed
lines for the positive and negative voltage application,
respectively.
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Fig. 4. Cumulative distribution of particle liftoff as a function of electric field.
The symbols A, O and O represent the cases of 0.4, 0.68 and 1.19 mm radius,
respectively

Fig. 4(a) and 4(b) show that the effect of voltage polarity
was small for the particle radius R = 0.68 and 1.19 mm under p
=1 or 2 bar although the particles tended to lift at slightly
higher electric field for the positive voltage.



On the other hand, the smallest particle (R = 0.4 mm)
exhibited noticeable dependency of the liftoff on the voltage
polarity under all pressure values. With increasing pressure to 3
bar, the effect of the applied voltage becomes more prominent
in Fig. 4(c) for all particle sizes. It can be also seen from Fig. 4
that most of the cases showing the effect of voltage polarity,
the particles exhibited larger difference in the maximal lifting
field than in the minimal field.

Fig. 5 summarizes the average values of the lifting electric
field (E;) for all particle sizes under p = 3 bar. The standard
deviation of the measured data is also given on the graph. The
graph illustrates the average values of the lifting electric field
E; for comparison between positive and negative polarity.
From the graph, we can see small but consistent effect of
voltage polarity for all the particle sizes. Even though the
distributions in Fig. 4 are quite different between the polarities.
The average E; differs around 2.85, 4.14 and 2.29% for R =
0.4, 0.68 and 1.19 mm, respectively. On the other hand the
maximal E; in Fig. 4(c) differs around 16, 6.91 and 6.37% for
the corresponding cases.
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Fig. 5. Average values of £, for p =3 bar.

B. Effect of Particle Sizes

Fig. 6 shows the average lifting electric field as a function
of the particle radius for each pressure value. Note that the
average values are taken from the results of both voltage
polarities. The analytical values of the liftoff electric field were
also given in the figure (dashed) for comparison. The lifting
electric field £, is determined from the relationship [11]

By = |—2PR 5 19%10% {oR o

3x1.369 ¢

where pand R denote the mass density and radius of the
particle, g is the gravitational acceleration, and g 1is
permittivity of gaseous dielectric.

Eq. (1) and the dashed line in Fig. 6 shows that theoretical
E; increases with the particle radius R. The measurement
results exhibited the same tendency as the analytical E;.
However, all the measured E; values were higher than the
analytical ones. The difference was larger than with increasing
the gas pressure. We consider that surface force, which
depends on the contact condition, plays a role on the particle
liftoff.
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Fig. 6. Average of E; as a function of R.
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Fig. 7. AE, as function of R.

As the surface force should depend on p, the pressure-
dependency of E; occurred. The difference between E; from
the experiments in comparison with the analytical one is
presented in Fig. 7. Note that

Erpxp —Er ana

AE; (%)= %100 2)

Er ana

when the subscripts EXP and ANA denote the field from
experiments and analysis, respectively.

Fig. 7 shows the different electric field AE; as a function of
the radius R for each pressure. It can be seen that the AE;
decreases nonlinearly with R. The effect of R on AE; reduces
with increasing particle sizes.

The particle weight W varies with R® whereas the
electrostatic force is proportional to £;. Fig. 8 presents the

variation of E; from the experiments with W. It is clear that
although large particles required stronger electric field for
liftoff, E; did not vary linearly with . The same tendency is

found for all the pressure values. However, additional data for
different particle sizes may be needed for determining the
relationship between the particle weight and the electrostatic
force required for the liftoff.
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C. Effect of Pressure

Fig. 9 shows the average lifting electric field as a function
of the pressure for each particle radius. The average values are
taken from the results of both voltage polarities already on the
graph. As can be seen from the graph, the effect of gas pressure
is clear. The lifting electric field is increased steadily with for
each particle size.
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Fig. 9. Average lifting electric field as function of pressure.

The difference AF between the electrostatic force F, and
the particle weight ¥ can be calculated from [11]

AF =F,-W 3)
where
F, =1369 £,SE? 4)

and S is surface area. Note that W' =7.29, 35.05 and 190.88 uN
for R = 0.4, 0.68 and 1.19 mm, respectively.

Fig. 10 illustrates the force difference as a function of
pressure. The figure shows that for each particle size, AF
increases nonlinearly with p. The effect of the p on AF also
increases with the particle sizes. Fig. 11 plots the variation of
AF with zpRr? of all particles and pressure values. Overall the

figure shows that AF increases with the zpR? approximately

by a linear relationship. This may imply that the contribution
from pressure p on the surface force varies with the contact
area, which depends on the particle surface area.
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Fig. 11. Variation of AF with 77,]9R2 of all particles and pressures.

IV. CONCLUSION

In this work, we studied experimentally the liftoff of
conducting spherical particles from the electrode by a uniform
electric field under three different gas pressures. The
experimental results can be summarized as follows.

- The effects of voltage polarity were clearly observed in
the 3 bar pressure, where the lifting field £; was higher
for positive voltage application. Under 1 or 2 bar
pressure, only the smallest particle (R = 0.4 mm)
exhibited the difference between polarity.

- Ep increased significantly with the particle sizes, but
the electrostatic force F. was not proportional to the
particle weight .

- For each particle sizes, E; becomes higher with
increasing the pressure p.

- The difference AF between F, and W increases
nonlinearly with p but more or less linearly
withzpR?.
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Abstract— Gas Insulation System (GIS) is in popular use
because of its high reliability and recovery ability. Existing
particles in GIS deteriorate the GIS performance due to their
higher dielectric constant or conductivity than the gas medium.
The objective of study is to investigate characteristic of corona
discharge induced by particles of different shapes. In our
experiments, the particles were set stand on the lower electrode
in a parallel electrode system. The corona discharge was detected
by Rn =50 Q or 500 Q resistor. The corona inception voltage U;
was calculated in the work to compare with the experimental
results. The calculated U; is highest for the rounded-end particle,
and lowest for the very-sharp end particle. U; is lower when the
particle tip was sharper. Using the different R, values did not
give so much difference for the U, PD charge, and breakdown
voltage U,. The calculated U: was higher than but followed the
tendency of the measured one. In addition, the PD charges and
number of pulses also followed the same tendency as U. The PD
charges were found to vary approximately linearly with the
particle charges calculated by the numerical simulation. The
breakdown voltage was close to each other for all particles. The
tip of particles did not affect strongly on breakdown voltage. The
difference between U, and U: was highest for the very-sharp end
particle, and lowest for the rounded-end particle.

Keywords—Gas insulation, discharge,
charged particle, breakdown.

partial corona,

1. INTRODUCTION

The insulation systems play an important role in high
voltage engineering for various purposes such as preventing
short circuit between conductors, protecting human from
electric-shock hazard, inhibiting charging current flowing to
other objects in their vicinity, and suppressing electromagnetic
noises due to partial discharges (PD) [1]. Gas insulated system
has advantages such as high reliability and their ability to
recover the insulating capability after breakdown. For these
reasons, they are veritably used in substations.

Although the gaseous dielectrics provide excellent
insulation for the systems, it has been reported that the
existence of particles is a major cause of insulation failure [2,
3]. The particles may be present in a gas insulated system by
various means, including the operation of moving contacts to
close or open circuits.

A particle usually intensifies electric field near its surface
due to the higher dielectric constant or conductivity than the
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gas dielectrics as generally explained in [4]. Excessively strong
electric field may result in partial discharge in the gas medium,
which has a critical effect on the breakdown of the insulation
systems. Additionally, a conductive particle is charged where it
is in contact with another conductor under an electric field. The
charged particle can be moved by the force inserted from
electric field. The movement of particle possibly promotes the
harmful effect of the particle on the insulating performance, in
particular, when the particle is attracted closer to an energized
electrode. The dielectric strength of SFs, which is a common
gas in insulation systems, is remarkably reduced the presence
of partial discharge.

Up to now, there are many works on the particle-induced
discharges in gas insulation. Kudo et al used a configuration of
hemispherical end particles with micro-gap in a parallel
electrode system to study the corona onset and breakdown
voltages [S]. They found that position of particle affected on
corona onset and breakdown voltages. When the wire particle
was close to negative electrode, the corona onset voltage was
lower with smaller gap distance between the lower tip of
particle and the lower electrode. The corona onset voltage was
lowest when particle was in contact with the negative
electrode. However, breakdown occurred without stable corona
discharge when the particle was close to positive electrode.
Comparatively, Asano et al studied on filamentary floating
particles from both, positive and negative DC applied voltages
[6]. Particles were chosen for various lengths and gaps. They
clarified that bipolar corona current occurred from both
negative and positive corona phenomenon. The corona onset
voltage did not strongly depend on particle length, but the
breakdown voltage did. Viet studied corona discharge on
uncoated and coated end particles [7]. The particles were set to
stand on the lower electrode. The corona inception voltage was
found to be lower under positive than under negative applied
voltages. The corona inception voltage was lower when the
upper end of particle was sharper.

In this work, we have extended the study on the discharge
induced by a particle standing on an electrode. We carried out
experiments to observe the characteristic of corona discharge
induced by non-spherical particles in air. Various kinds of
particle profiles were used to observe their effect on the corona
inception voltage and corona current. In addition, we also
applied a numerical calculation to estimate the corona
inception voltage based on the streamer breakdown criteria.
The objective of this work is to clarify the existence of corona



discharge induced by small particles and to verify an
agreement between the theoretical estimation and the
experimental results.

II. EXPERIMENTS

A. Experiment setup

Experiments were set up to investigate characteristic of
corona discharge. Fig. 1 shows the experimental setup, which
consists of a HV test transformer (220 V/100 kV, 5 kVA), a
control panel, a 2-stage Cockcroft-Walton rectifier circuit, a
current limiting resistor, a resistive voltage divider, and two
parallel electrodes. The upper electrode has diameter of 94
mm, and the shape of electrode follows Rogowski’s profile to
avoid breakdown on the edge of electrode. The lower electrode
has a solid cylinder (4 mm diameter) at its center. An insulating
film is used to separate the lower electrode from the solid
cylinder to avoid partial-discharge current flowing directly to
ground through the lower electrode. The solid cylinder is
connected in series to R,, which is equal to 50 Q or 500 Q to
the ground. The details of the electrode system are shown in
Fig. 2.
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220V Control
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Fig. 1 Schematic diagram of experimental setup
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Fig. 2 Electrode system and standing wire particles

Four kinds of particles were used in this work. They had
length of 4 mm and diameter of 1 mm. The first 3 kinds were
aluminum wire particles (Nilaco) with one end cut
perpendicularly. Another end was (a) rounded, (b) sharp, or (c)
very sharp as shown in Figs. 3(a) to (c), respectively. The last
kind of particles was the spheroidal particles as shown in Fig.
3(d). Three samples were used for each kind of particles. A 2.5
GS/s oscilloscope (Tektronix, TBS1202B-EDU) was used to
detect and record the first pulse of corona inception voltage
with 25 ns/div or 100 ns/div scale for R, 50 Q or 500 Q,

respectively. High voltage was measured by using resistive
voltage divider.
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Fig. 3 Images and dimensions of particles
B.  Procedure

The particles were set to stand perpendicular to the lower
electrode by using a rounded silicon plate (1 mm thickness) as
shown in the inset of Fig. 2. The perpendicular cut ends of
particles were in contact with the solid cylinder. The lower
electrode was separated from the upper electrode by 10 mm
high spacers, while positive DC high voltage was applied to the
upper electrode. The voltage was increased with a step of 0.06
kV approximately until corona discharge current was detected.
The voltage of the first current waveform was recorded as the
corona inception voltage. After the waveform was recorded,
the time scale of the oscilloscope was increased in order to
record number of pulses that occurred with 1 ms. Number of
pulses was randomly recorded with a 1 ms interval. Then, the
applied voltage was increased until breakdown occurred.
Experiments were repeated 30 times for each kind of particles.

III. SIMULATION

A. Electric field

For the calculation of the corona inception voltage, the
Elmer software based on the finite element analysis was
employed to simulate the electric field. The GiD software was
used for the pre-processing. Fig. 4(a) shows the axisymmetric
model of a particle standing on the lower electrode of a parallel
electrode system. Fig 4(b) shows the particle contours used for
the simulation. 1 V potential was applied to the upper
electrode, and the lower electrode was grounded. Note that the
models were simplified to be axisymmetric in order to reduce
the calculation time and memory resource. Up to 120,000
nodes and 57,000 elements were used in calculation. To attain
accurate results, very fine grids were used on the particle
contours and axis of symmetry.

B.  Corona inception voltage

The condition for inception discharge in air under
nonuniform field was applied [8].

j adx =9.15 )
0

where x. is the critical length, based on the value of critical
electric field E. = 2.588 kV/mm, and the ionization coefficient
a.
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Fig. 4 Calculation models (a) electrode system and particle (b) particle
contours (axisymmetric).

For the range of electric field 2.588 < £ < 7.943 kV/mm.
It can be calculated by

— (E E, jz
a=Cp| ————| —4p 2)
p p
where p is the pressure, Ey, A and C are constants equal to
2.165 kV/mm, 0.2873 (mm bar)! and 1.6053 mm bar/ (kV)?,
respectively. Pressure p is taken to be 1 bar in the calculation.

For the range 7.943 < E < 14 kV/mm,

a=CE-4p 3)
where 4; and C; are equal to 80.0006 (mm bar)~!, and 16.7766
(kV)!, respectively. Note that we also use equation (3) to
calculate for the electric field greater than 14 kV/mm.
Equations (2) and (3) are applicable for dry air (0 g/m’
humidity). According to IEC-52, corona inception voltage
calculated by using these equations is adjusted by humidity
factor [9]. The typical humidity condition is 20 g/m?® in our
experiments. We suppose that calculated corona inception
voltage increases around 5% from the calculated value.

The rectangle rule is used to approximate the integration
in equation (1). The electric field was taken on the axis of
symmetry from the tip of particle to the upper electrode. For
evaluating the equation numerically, we divide x. into N
subintervals and write

Xe N
[ oudx =3 e A, 4)
4 =1

where Ax; is the width of the i-th subinterval and x; is the
position (Z) at the subinterval as show in Fig. 5. @ is calculated
from equation (2) or (3) by using E=E(x;).
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Fig. 5 Illustration of rectangle rule

Up to 618 subintervals were used in the calculation. We
increase electric field by increasing voltage on the upper
electrode until equation (1) is satisfied. Therefore, the corona
inception voltage U: is determined.

IV. RESULTS AND DISCUSSION

A. Calculated corona inception voltage

Fig. 6 shows the calculated electric field for different
particle profiles. The field is given on the axisymmetric line
from the particle tip (z = 4 mm). The vertical axis presents the
electric field in log scale. It is clear that the electric field is
highly nonuniform. The maximal electric field is at the
particle tip, and the field decreases rapidly with increasing
distance from the tip. The particle with a very-sharp end has
the highest field maximum, and the rounded-end particle has
the lowest field maximum. The calculated U; values are shown
in Fig. 7. It could be seen that the rounded-end particle has the
highest Ui, and the very sharp-end particle has the lowest U.
This implies that the lower U;is caused by higher electric field
on the axisymmetry, which satisfies the criteria in equation
(1). The wire particles with sharp-end and very-sharp end have
more or less the same U: because the maximal field and
distribution are quite the same in Fig. 6(b). The maximum
electric field is not in axisymmetry for the rounded-end
particle.

B.  Measured corona inception voltage.

When a positive voltage was applied to the upper electrode,
the ionization region took place at the particle tip. Electrons
moved toward the upper electrode, while positive ions moved
to the lower electrode. The corona inception was detected in
the experiments with two values of R,,, 50 Q and 500 Q. The
average values of U; were taken from 30 experimental runs.

Fig. 8 compares the corona inception voltage U; of the
particles when R, = 50 Q or 500 Q. The maximal and minimal
U: are also shown in the figure as the error bars. It could be
seen that from the figure that the results from using 500 Q Rx
did not differ so much from these using 50 Q. For the wire



particles, U; was lower when the particle tip was sharper. U; of
the spheroidal particle was between those of the rounded-end
and sharp-end particles.
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Fig. 6 Electric field along axis of asymmetry from the particle tips under 1-
V application (a) 4 — 10 mm, and (b) 4 — 4.3 mm.
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Fig. 8 Corona inception voltage measured with R,, =50 Q and 500 Q.

Comparing the measured results in Fig. 8 with the
calculated U: shown in Fig. 7, it could be seen that the
measured U; follows the same tendency as the calculated one.
The difference AU: (%) may be calculated by
Ui cal Ui meas
— X100 ®)

i,cal

where U, o and U; yeqs Were obtained from the calculation and
the measurement, respectively. Fig. 9 shows the difference
between the calculated and measured corona inception
voltages. For all cases, the calculated U; was higher than the
measured one, but followed the same tendency. The wire
particles have higher AU: than the spheroidal particle. The
rounded-end particles has the largest difference between the
calculated and the measured Ui The axisymmetric
approximation is one of causes of the difference between the
experiments and the analysis. The models of the very-sharp
end and sharp-end particles have the largest different from the
actual particle profiles.

AU (%) =

30

25

20

15

AU (%)

x

Rounded-end
particle

Sharp-end
particle

Very-sharp end
particle

Spheroidal
particle

Fig. 9 Difference between the measured and the calculated corona
inception voltages.

C. PD current and charge

Fig. 10 shows an example of the waveforms of the corona
(partial) discharge currents. It could be seen that corona current
is higher when U: is higher. The current waveform obtained
from R, = 500 Q is smoother, lower than but R, = 50 Q
possibly because of resistance damping resonance. The larger
resistance may damp higher resonance which is caused by
shunt capacitance produced by the oscilloscope’s cable with
ground.

Fig. 11 presents the charge QOpp associated with partial
discharge on the particle at the corona inception voltage. The
charge was obtained by integrating current waveform for an
interval of 0.25 pus and 1 us for cases of R,, 50 Q and 500 Q,
respectively. The error bars in the figure represent the maximal
and minimal Qpp. The average charge did not differ
significantly between the cases of R, 50 Q and 500 Q. The
tendency of charge was the same as the corona inception
voltage U.. This means that a particle having higher U: exhibits
larger charge magnitude. We can calculate the total charge Qpur
on the particle before the partial discharge by integrating the
electric flux density over the particle surface. Fig. 12 shows the
relation between the measured PD charge and the calculated
particle charge. It could be seen that the PD charges vary more



or less linearly with particle charge. Qpp increases with
increasing of calculated particle charge Opar.

Fig. 13 presents the average number of current pulses.
Eventhough the error deviation is quite high from each
experimental runs, the tendency of average current pulse
number was the same as the tendency of U; and PD charge. The
average number of pulses was higher for the particle with a
sharper end.
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Fig. 10 Waveforms of the partial discharge current (a) rounded-end, (b)
sharp-end, (c) very-sharp end and (d) spheroidal particles. Waveforms on the
left and right hand sides were recoded with R, = 50 Q and 500 Q,
respectively.
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D. Breakdown voltage

The breakdown voltage U, (obtained from the
experiments) is presented together with corona inception
voltage U; in Fig. 14. For the wire particles, Us of the rounded-
end particle was greater than the sharp-end, and the very-sharp
end particles. Us of the spheroidal particles was close to Us of
the rounded-end particle. From Fig 14, it could be seen that
the particle tip profiles affected more on the corona inception
voltage than on the breakdown voltage in the 10 mm gap for
the experiments. The difference between U:; and U, was
smallest for the rounded-end particle, and largest for the very-
sharp end particle. The voltage between U; and Us is closer
with higher Ui. Although not shown here, Us obtained with R,,
= 500 Q was slightly higher than with R, = 50 Q by 0.8 —
7.0%.
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Fig. 14 Average values of the breakdown and corona inception voltages.



V. CONCLUSION

The analysis and experiments on particle-induced discharge
were done for particles having different shapes. From the
results, it could be seen that the particles tips affected strongly
on the corona inception voltage U. The calculated U: is
highest for the rounded-end particle, and lowest for the very
sharp-end particle. The behavior of U: can be explained from
the field calculation results. U; values measured by using R,, =
50 Q did not differ so much from those by using R,, = 500 Q.
The calculated Ui is greater than the measured one, but shows
the same tendency. The difference between the calculation and
the analysis is partly caused by the axisymmetry
approximation used for the calculation. The PD charges and
number of pulses also followed the same tendency as Ui. The
PD charges were found be vary approximately linearly with
the particle charge calculated by the numerical simulation. The
breakdown voltage Uj for all particles was close to each other.
The difference between U, and U; was largest for very sharp-
end particle, and smallest for rounded-end particle. The tip of
particles did not affect strongly on breakdown voltage.
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ABSTRACT

This paper presents a study on the electromechanics of prolate spheroidal conducting
particles on a conducting plane. The objective of the study is to clarify the fundamental
role of the non-spherical shape of particles on their behavior under electric field. We
used two sizes of particles having the same major axial length but different diameter
(minor axes) for the experiments. The electric field E), initiating particle motion was
measured, and we found that E,, was slightly higher than the theoretical field strength
of the particle for rotation. The lift-off behavior of the particles at E,, was different
from the theoretical prediction as the particles departed from the conducting plane at
significantly larger angles than the theoretical prediction. The discrepancy of the
departing angle was possibly due to the predominant rotating motion of particles. With
higher electric field than E,, the experimental results showed that the linear vertical
motion of particles became dominant, resulting in virtually parallel lift-off of the
particles. However, re-contact might occur after lift-off between the particles and the
lower electrode, and increase the particle charge as a result. Charge estimation based
on the lying cylindrical model is found appropriate only when a particle has a small
aspect (length-to-diameter) ratio or when the field is much higher than the critical field
for particle rotation.

Index Terms - Electromechanical effects, electrostatic force, electric fields, prolate
spheroid, Insulation.

1 INTRODUCTION

With the miniaturization of insulation systems, the electric

A variety of high-voltage insulation systems utilize a gaseous
dielectric or a mixture of gaseous dielectrics as the main
insulating medium. Their advantage over systems with
atmospheric air insulation is that size reduction can be realized as
the dielectric strength of the gas insulated systems increases with
gas pressure. In addition, due to the nature of closed systems, the
influences from surroundings (pollution, etc.) are significantly
reduced; thus, gas insulated systems do not require frequent
maintenance.

Manuscript received on 3 September 2015, in final form 5 June 2016,
accepted 24 June 2016.

field becomes stronger inside. Small particles may exist in gas
insulated systems due to the manufacturing or assembling
processes. Particles may also result from mechanical operations
of moving parts. The existence of conducting particles in gas
insulated systems intensifies electric field near the particles [1].
The intensified electric field may lead to the occurrence of partial
discharge at the high-field region. Space charges accompanying
with the discharge process reduce the insulating capability of
gaseous dielectrics such as SFq In addition to the field
intensification, free particles can move from one surface to
another by the electrical force. A conducting particle on an
electrode under electric field acquires charge from the contact,

DOI: 10.1109/TDEL.2016.005628



IEEE Transactions on Dielectrics and Electrical Insulation

and the electrostatic force acts to lift or repulse the particle from
the electrode. The movement of particle complicates the electric
field and discharge behaviors, and promotes the discharge
inception in insulation systems [2]. In fact, it has been reported
that foreign conducting particles are a major cause of failures in
gas insulated systems [3].

Up to now, there have been a number of analytical and
experimental studies on particle behavior under electric field.
Most of the works deal with spherical particles. The induced
charge and electrostatic force on a conducting sphere were
analyzed [4-6]. The measured lift-off electric field of spherical
particles usually agreed well with the theoretical values [7-9].
The motion of uncharged spherical particle and the deactivation
was also demonstrated in [10]. However, particles in practical
insulation systems have a variety of shapes, not limited to
spherical one. Experiments on wire or elongated particles
showed complicated particle behavior under electric field such as
firefly, spinning, and rotation on an electrode [11-13].

The complex behavior of nonspherical particles are mainly
due to two factors: the particle profile and the corona discharge,
which changes the charge amount on the particles. This paper
presents an experimental study on the electromechanics of
conducting prolate spheroidal particles under electric field in
air. Owing to the curved surface of the spheroidal particles, it
is possible to suppress the corona discharge at the particle tip.
Thus, we can focus on the effects of particle shape on the
motion exclusively. The use of prolate spheroidal particle also
allows us to obtain the accurate solutions of electric field and
force by using an analytical method [14, 15]. The main
objective of this work is to compare the experimental results
with the analytical prediction and to clarify the fundamental
effect of particle profile on the movement of non-spherical
particle under electric field.

2 EXPERIMENTS

2.1 EXPERIMENTAL SETUP

The schematic diagram of the experimental setup is shown
in Figure 1. A spheroidal particle was placed on the lower
electrode of a parallel-plate system. Each electrode has a
diameter of 40 mm. The lower electrode was grounded and set
on an XYZ stage (XYZLNG60, Misumi) for adjusting the
alignment to the upper electrode. Figure 2 shows the parallel
electrode. The gap between electrodes was set to 8 mm in the
experiments. The electrode system was connected to a high-
voltage dc supply through a 1 MQ protective resistor. A high-
voltage amplifier (610E, Trek) and a signal generator
(AFG3021B, Tektronix) were used as the supply. The voltage
was ramped from zero to the peak value in 30 ms and held for
270 ms at the peak (i.e., 300 ms duration in total). Movement
of particles in the electrode system was observed by using a
camera (EX-ZR200, Casio). Recorded images (up to 1,000
fps) were subsequently transferred to a computer for analysis.

2.2 SAMPLES

The conducting prolate spheroidal particles were made
from aluminum. Two particle sizes were used in the
experiments. The major axis or the axial length was 4 mm, the
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same for both particle sizes. The minor axis or diameter was 1
mm and 2 mm for the smaller and larger particles,
respectively. That is, the aspect (length-to-diameter) ratio was
equal to 4 or 2 for the particles. Three samples were used for
each particle size. Figures 3a and 3b show the images of the
smaller and the larger particles, respectively.

2.3 PROCEDURES

Before each experiment run, the particle and the electrodes
were cleaned with ethanol and leaved to be completely dry at
room temperature. We applied the voltage in two manners.
First, to measure the critical electric field E), that initiated
particle movement, the applied voltage was increased by a
step of 0.1 kV until the particle moved. Second, the effect of
applied field strength on the particle movement was
investigated by applying a fixed voltage to the upper
electrode, which produced electric field higher than £, We
carried out at least 10 tests on every sample for an
experimental condition. The relative humidity was kept below
60% in all experiments for the consistency of experimental
results.

R
gy —

Parallel
electrodes
]

Voltagei- i : i
divider | |* : !

HV DC
generator

Figure 2. Parallel plate electrodes.

(a) (b
Figure 3. 4-mm long prolate spheroidal particles used in the experiments: (a)
smaller particle having 1-mm diameter (minor axis) and (b) larger particle
having 2-mm diameter.

3 RESULTS AND DISCUSSION

3.1 CRITICAL FIELD Ey FOR MOTION ONSET

From the experiments, we obtained the critical electric field
E), that initiated the particle motion. Figure 4 presents the
average, minimum and maximum of £, for each particle size
and applied voltage polarity. The field will be referred
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hereafter as “the motion onset voltage” of particle. The figure
shows that E), is lower for the smaller particle. The average
value of E), hardly depends on the polarity of the applied
voltage although the deviation of the measurement results
seems to be larger for positive voltage application (negatively
charged particles).
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Figure 4. Critical electric field E), for particle motion.
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Figure 5. Analytical characteristics of electric field £y for particle rotation and
E,, for lift-off: (a) smaller particle and (b) larger particle.

The behavior of spheroidal particles on a conducting plane
under an external electric field has been analyzed based on the
characteristic of two critical fields: Er for rotation about the
contact point between the particle and plane and E; for
vertical lift-off from the plane [15]. For the spheroidal
particles used in the experiments, we calculate £ and £, as a
function of the tilt angle o between the major axis of the
particle and the lower electrode. The method of multipole
images, which is an analytical method, is used for calculating
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the critical fields [15]. In the calculation, monopole and
multipole images are repetitively applied to the spheroid and
the grounded plane until the boundary conditions are fulfilled.
Multipoles up to the 20th order are used to realize high
accuracy. The calculated Ep and E; curves are shown in
Figure 5. With increasing electric field, the figure implies that
a particle resting on the conducting plane (& = 0°) starts its
movement by rotating about the contact point when the field is
higher than Ex(0°), which is about 0.72 and 0.89 kV/mm for
the smaller and larger particle, respectively. According to the
rotation, the tilt angle « increases, thus reducing the field
strength £, needed for particle lift-off. For both particle sizes,
the field E(0°) is higher than the minimal E; at 90°.
Therefore, the lift-off condition is satisfied by E(0°) when «
increases to an angle between 0° and 90°. When subjected to
the critical field magnitude Eg(0°), the smaller and larger
particles are estimated to depart from the conducting plane at
angle o, = 15° and 36°, respectively, as shown by the dotted
lines in Figure 5.

When we increased the applied voltage gradually, the
experimental results showed that the particles almost always
rotated before lifting from the conducting plane. This motion
behavior conformed to the prediction from the Ep and E;
curves. Figure 6 shows an example of the particle motion in a
temporal sequence. The electrostatic force acting on a particle
at lying position (a = 0°) or at standing position (& = 90°) is
often used to estimate the motion onset voltage [11, 16].
However, the analytical and experimental results here indicate
clearly that the critical field Er for rotation should be the
appropriate criteria for the motion onset. For comparison, Ey
values for the spheroidal particles are shown as the dashed
lines in Figure 4. The average values of the measured E), are
6.9% and 7.9% higher than the analytical £ for the smaller
and larger particles, respectively. Note that the voltage drop
caused by the series resistor in the test circuit can be neglected
before the particle motion take place, as our preliminary
experiments confirm that the voltage drop is much smaller
than the total applied voltage. The difference between E), and
ER(0°) values may be caused by surface forces between the
particles and the lower electrode.

2/

Figure 6. Temporal sequence of the smaller-particle motion (from left to
right) when the applied voltage was gradually increased until particle moved.

3.2 ANGLE OF DEPARTURE

The departing angle ¢, has an important contribution to the
particle behavior after lift-off as it determines the charge
amount on the particle. Although the measured E,, agrees
quite well the prediction, we have found that the departing
angle «a, of the particles significantly differs from the
estimation obtained from the Ep and E; curves. Figure 7
shows the cumulative distribution of &, when the applied field
was gradually increased to Ej,. It is clear from the figure that
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Figure 7. Cumulative distribution of the departing angle ¢, of (a) smaller and
(b) larger particles under critical field Ej,.

We further investigated the lift-off behavior when the
particles were subjected to higher electric field. The applied
electric field was about 10, 20 and 30% higher than the critical
field Ex for o= 0°. Figure 8 shows the cumulative distribution
of the departing angle ¢, of the smaller and larger particles
under different applied electric fields. It can be seen from the
figure that for £ = 1.1Ey the distribution was well similar to
those in Figures 7 and 8, as most particles still departed at
large tilt angles. With increasing electric field, the particles
exhibited a higher possibility to lift from the lower electrode
at small departing angles. The lift-off behavior at the
intermediate field (£ = 1.2ER) of the smaller particles may be
classified into two groups. That is, the particles either lifted
parallel to the lower electrode (small ;) or departed from the
electrode at large o, after rotation. On the other hand, the
larger particles exhibited a transition to the parallel lift-off
when E = 1.2E. When we further increased the electric field,
almost all particles of both sizes lifted parallel to the lower
electrode. Note that for all cases, we hardly observed
departing angle ¢y close to the estimated values.

particle in contact with the electrode. At the critical field E,,,
the rotation is predominant over the vertical movement in the
early state. Hence, the particle remains on the electrode even
when the condition of lift-off (£,) is satisfied. This results in a
considerably large angle of departure. On the other hand,
when the applied electric field is much higher than E;, the
vertical motion becomes predominant. As a result, the particle
exhibits parallel or nearly parallel lift-off behavior.

It is also worth noting that the spheroidal particles moved to
the upper electrode after lift-off. No particle exhibited firefly
motion or spinning on an electrode. In addition, the average
values of the motion onset electric field E;, did not depend
significantly on the applied voltage polarity. Therefore, we
consider that the effect of corona discharge on the E,, value
was negligible in our experiments.

3.3 PARTICLE CHARGE

As already mentioned, the electric field and electrostatic
force on a particle are closely related to the amount of charge
on the particle. For simplicity, the induced charge may be
estimated using the infinitely long cylindrical model for lying
position or using the hemi-spheroidal model for standing
position [17]. However, our experimental results showed that
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the charge on non-spherical particles varied significantly from
particle to particle due to the variation of the angle ¢, In
addition, we also found that in the case of parallel lift-off, a
particle might re-contact with the lower electrode after it
departed from the electrode. Figure 9 illustrates the re-contact
behavior in a temporal sequence. The particle already lifted
from the lower electrode in the leftmost image, and twice
made the re-contact with the electrode as can be seen from the
second and forth images from the left.

Figure 9. Re-contact of a smaller spheroidal particle after departing from the
lower electrode. Particle images are shown in a temporal sequence from left to
right.

From the recorded particle motion, we consider the re-
contact between the particle and the electrode, and estimate
the particle charge at the departing angle. Similarly to the
force calculation, we determined the particle charge from the
electric field analysis by the method of multipole images [15].
Figure 10 shows the charge distribution, which is nonuniform
on the particle. The surface charge density o is normalized by
ggEy where g is the permittivity of the surrounding medium.
The normalized charge density is given along the contour /
on the particle surface starting from the lower pole of the
particle, as illustrated in the inset. The abscissa is normalized
by the cord length L between the lower and upper poles of the
particle. It is very clear that the surface charge is concentrated
on the upper surface, and the distribution becomes more

25 T T T
20

o /(g Ey)

o /e Ey)

0 0.5 1 1.5 2
I/L
(®)
Figure 10. Distribution of charge on the surface of (a) smaller and (b) larger
spheroidal particles.
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nonuniform with increasing tilt angle. Note that the use of the
method of images enables us to deduce the particle charge QO
readily from the magnitude of the monopole image without a
need to evaluate surface integral.

Figure 11 presents the cumulative distribution of the
estimated particle charge Q. We normalize the charge by the
maximal charge O, which is obtained by using a = 90°.
Note that the abscissa of the graphs in Figure 11 ranges from
the minimal charge, corresponding to a = 0°, to the maximal
charge. For E = 1.1Ey, we can see from the figure that the
distribution of charge follows the tendency of ¢, shown in
Figure 8 because re-contact did not take place when the
departing angle was large.
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Figure 11. Cumulative distribution of the particle charge ratio Q/Q,,., for the
smaller spheroid (left) and larger spheroid (right) under different applied field
strengths: (a) E/Eg = 1.1, (b) E/Eg = 1.2, and (c) E/Er = 1.3. The symbols O
and m represent the cases of negative and positive voltage application,
respectively.

With higher electric field, we can see the role of the re-
contact on the smaller particles. For £ = 1.2Eg, most of the
smaller particles that departed at a small tilt angle ¢, acquired
additional charge by the re-contact. Thus, the possibility of
minimal charging was still very low. Even with £ = 1.3Ey, a
large portion of particles still made the re-contact and the
particle charge was greater than Q,,;, by 40% or more.

On the other hand, the re-contact was less frequent for the
larger particles. With £ = 1.2Ez More than 60% of the larger
particles took the minimal charge (at & = 0°). Increasing E to
1.3ER resulted in the minimal charge on almost all particles.

Note that difference between the distributions of particle
charge under positive and negative applied voltages is
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noticeable in Figure 11 for the smaller particle. A possible
cause may be the influence of partial discharge whose
behavior depends on the charge polarity. We have measured
the corona inception electric field E; where the smaller
spheroidal particle is fixed to stand on the lower electrode (&
= 90°). The measured E; value was 0.71 kV/mm under a
positive voltage application. This implies that while the
corona discharge is negligible before the inception of particle
motion, it may have an effect after the particle rotates to large
angle o and departs from the electrode. However, further
works are needed to make a conclusive explanation on the
effect of voltage polarity.

The model of an infinitely long cylindrical lying on a
conducting plane under an external electric field gives particle
charge close to that for a lying prolate spheroid having the same
axial length and radius [18]. Hence, our results demonstrate that
the cylindrical model is appropriate when a particle has a small
aspect (length-to-diameter) ratio or when the applied field is
much higher than the critical field E;. For slender particles,
having large aspect ratios, the particle charge takes intermediate
values between the minimum and the maximum, and can be
significantly larger than the minimal charge.

4 CONCLUSIONS

In this work, we have carried out the experiments on
conducting prolate spheroidal particles and compared the
experimental results with the analytical prediction. The results
showed that the motion onset field E), of the particles agreed
well with the analytical field Ei for particle rotation. The
particles rotated on the lower electrode before lift-off as
predicted from the analysis. However, we have found that the
concurrent rotation with the vertical movement results in a
departing angle considerably larger than the angle where the
applied field theoretically satisfied the lift-off condition. The
charge amount on the particles was investigated based on the
lift-off behavior. Slender particles tended to make a re-contact
with the lower electrode after lifting from the electrode, and
acquired more charges from the re-contact. As a results,
charge estimation from the model of lying cylinder was
appropriate only when a particle has a small aspect ratio or
when the external electric field is much higher than the critical
field for particle rotation.
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1. Introduction

The electrostatics of particles are used in a variety of powder-related
industry applications, such as electrostatic precipitators, painting, coat-
ing and separation [1]. In many cases, particles are charged and their
movement is controlled by inserting an electric field. We sometimes
need to transfer charged particles from one surface to another. For ex-
ample, toner particles are detached from a photoconductor to a transfer
belt or to a paper in electrophotography [2]. On the other hand, re-en-
trainment of particles is regarded as a problematic issue in electrostatic
precipitation [3]. The detachment of charged particles from a substrate
involves the Coulomb force inserted by an electric field [4,5], the electri-
cal image force between the particle charges and their images with re-
spect to the substrate [6-8] and other surface forces, such as the van
der Waals force [9,10]. For electrostatic applications related to particle
manipulation such as the transfer of toner particles, the electrostatic
force is predominant over the van der Waals force and the effect of
the liquid bridge force is usually small by a hydrophobic treatment of
particle surface.

Typically, charges are introduced on particles by triboelectricity [11-
14], induction charging [15,16] or corona discharge [17-19]. For dielec-
tric particles, the condition of the equipotential does not hold on the
particle surface. For this reason, the particles may have various forms
of charge distribution on the surface, depending on the charging

* Corresponding author.
E-mail address: boonchai.t@chula.ac.th (B. Techaumnat).

http://dx.doi.org/10.1016/j.powtec.2016.06.008
0032-5910/© 2016 Elsevier B.V. All rights reserved.

method and the amount of particle charges [20]. The charge distribution
has an effect on the behavior of the electrostatic force acting on the par-
ticles. The electrostatic adhesion does not take place directly at the con-
tact surface, but is a result from the long-range electrostatic image force
acting on particle charge, which attracts a charged particle to the sub-
strate. The electrostatic adhesive force increases remarkably if charges
are nonuniformly concentrated near the contact point between a parti-
cle and a substrate [5,21,22]. Nonuniform charging can cause significant
discrepancy between the measured adhesive force and the estimated
one based on the point-charge model. The behavior of electrical force
on a charged particle when subjected to an applied electric field also
varies with the charge distribution on particle surface [5,21,23,24].

Electrostatic adhesive force was recently investigated using air flow
to detach dielectric particles from a conducting plane under an electric
field where the particles were charged by tribocharging [25]. The results
showed that the particles, which were negatively charged, exhibited a
consistent increase in adhesion with increasing electric field in the
downward direction. The opposite tendency was observed when the
field was in the upward direction. These results contradict typical ex-
pectations because a downward electric field tends to lift a negatively
charged particle from the substrate, thus reducing the adhesion. The ef-
fect of charge transfer between the particle and the conductor was sug-
gested to be a possible cause of the aforementioned variation of the
electrostatic adhesion in the experiments.

In this paper, we present an analysis of the electrostatic adhesive
force between a charged dielectric particle and a conducting plane
under an externally applied electric field. The charge is distributed
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either uniformly over the entire particle surface or partially on the lower
half of the particle. A field-dependent charge transfer is assumed to
occur on the particle surface near the conducting plane. The charge
transfer may arise from the contact between different materials, as de-
scribed in [12,26,27]. Nonlinear volume or surface resistivity of particle
may also cause charge leakage. We apply a numerical field calculation to
obtain the variation of the electrostatic force. The main objective of this
work is to quantitatively study the effects of the charge transfer on the
electrostatic adhesion under different conditions of particle charges
and external field magnitudes.

2. Configuration of analysis

Fig. 1 shows the configuration used for the analysis in this work. A
charged dielectric particle of radius R lies on a grounded conducting
plane under a uniform electric field E... The electric field is taken to
be positive in the upward direction. We assume the dielectric constant
&- = 3 for the particle and ¢ = 1 for the surrounding medium (air).

We consider two types of charge distribution on the particle before
charge transfer occurs. Surface charge density ois equal to 0 and is uni-
form over the particle surface for the first type. For the second kind, the
charge density is zero on the upper half and constant (0 = 0p) on the
lower half of the particle surface, that is, the particle is partially charged
in the latter case.

The change of the surface charge density due to charge transfer be-
tween the particle and the conducting plane is taken into account by
designating Patch A that occupies 0 < 6 < «, where 0 is the zenith
angle measured from the contact point (See Fig. 1.). We assume that
the charge density 0, on Patch A follows a relationship

04 =0y +O_EO+kEEext (1)

where O is the transferred charge density in the absence of the exter-
nally applied electric field E., and kg is a coefficient representing the ef-
fect of the field E. on the charge transfer. This concept results from the
previous studies [26,28,29].

In the calculation, the particle radius R is equal to 2.5 pm. We consid-
er the original charge density op = — 10, —20 and — 30 pC/m?. The ap-
plied field E,,, is between — 3 and 3 kV/cm. These values are based on
the recently reported experiment [25], where corrections are needed.
That is, the actual unit of electric field is kV/m (not V/m) for Figs. 11
and 13 in [25]. The patch angle o = 15°. For the charge transfer, we
use O values between — 10 and — 30 pC/m? and k; equal to 10, 20 or
30 (uC/m?)(kV/cm)~ 1.

The model of charge transfer in the current work assumes a change
in particle charge near the contact point, which is not limited to a specif-
ic physical mechanism of charge transfer. For example, in the case of
negatively charged toner particles, the contact point of the particle has

i
i

Charged Particle

Conducting o
Plane

, Patch A 1

Fig. 1. Configuration of a charged dielectric particle under an externally applied field Eey,.

a negative charge caused by the charge transfer. The parameters in Eq.
(1) basically depend on the material properties such as work function,
surface conductivity, and the energy states of charges. In addition, the
patch angle v also depends on several factors such as particle geometry,
field distribution, and the surface conductivity. However, it is still diffi-
cult to accurately estimate the values of 0y and kg. In this work, we
try to investigate how the values can affect the electrostatic force
under the application of external electric field. First, we assume that
the dielectric particle acquires negative charge by contacting with
conducting plane; thus, the value of 0 arising from charge transfer is
negative. The positive field in the upward direction should hinder the
transfer of negative charge from the plane to the particle, and positive
ke is then chosen here. The surface charge density is supposed to be
the order of 10% uC/m? taking into account gas discharge of fine particles
with surface roughness. In this condition, the absolute values of 0y and
kg are tentatively assigned to the model.

Particle deformation can occur when a particle makes a contact with
a substrate. The deformation has an effect on the contact area, and
hence the charge transfer. However, under the application of strong
electric field, the electric field alters significantly near the contact
point. We expect that the influence of the electric field takes place on
a wider area than the contact area, and the charge distribution based
on the surface conductivity is more significant. Therefore, the contribu-
tion from the deformation may be negligible in this study.

3. Calculation method

We apply the boundary element method [30], which is a numerical
field calculation method, to determine the electric field distribution in
the configuration of Fig. 1. The method is based on an integral relation-
ship between the potential ¢ and the normal component E,, of the elec-
tric field on the boundary of a domain. For potential ¢; at point i in
domain () enclosed by boundary T,

o Oy (r, 1)
Cig; —Z‘//(l';l'r)En dl"+[—an odr (2)

In the equation, r is the position of i, rr is the position on boundary T,
 is the fundamental solution, and G; is a constant. For a smooth bound-
aryI,G;=1/2ifiisonT and C; = 1 ifi is in Q but not on I'. For the con-
figuration and the charging condition considered in this work, the
potential is axisymmetric about the z axis in Fig. 1. The calculation is car-
ried out using the axisymmetric coordinates shown in the figure. That i,
r is defined by (p, z) coordinates and rr by (pr, zr). Note that E,, is taken
to be positive in the direction outward from Q. The fundamental solu-
tion is expressed as

K(\/2n/(m+n))
m+n

p(r,rr) =
where K is the complete elliptic integral of the first kind, and

m=p’+pf + (z—2r) )
n=2ppr 5

For the interior of the particle, Eq. (2) becomes

. — /| alp(rv rr)
Cioy = Z P(r,rp)EL dr + Z Hot o dr 6)

where S is the particle surface, and the superscript I denotes the field
component inside the particle. For the exterior of the particle, we take
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the normal component E£ in the same direction as E,, and modify Eq. (2)
to include the contribution of E,,, as

- E aP(r,1y) _ _
Cip; = Z‘//(l'vl'r)En dr'*‘[T(P dl'—Eey; - (r—ro) (7)

The superscript E denotes the normal field component on S in the ex-
terior of the particle, and ry is the position of the reference potential. The
relationship between the normal electric field on both sides of the par-
ticle surface S can be written as

£ (EE—S,E;) =0 8)

For the boundary element method, the contour of the particle is
discretized into elements. The potential ¢ and normal electric field E,
are interpolated as a function of the corresponding nodal values on
each element. The existence of the conducting plane and the induced
charges on the plane is taken into account by using image elements of
the particle surface below the conducting plane to fulfill the condition
of constant potential. Egs. (6)-(8) are applied to each node position to
construct a linear equation system, which is solved for the nodal ¢
and E,, values on the particle. An in-house program is used for the calcu-
lation. Approximately 1440 2nd-order curved elements are utilized for
the particle contour to attain high accuracy of the calculation results.
After obtaining the field solution, we determine the electrostatic force
F acting on the particle by integrating the Maxwell stress over particle
surface S,

F:ao/ EEﬁ—%Eznds )
S

where n is the unit normal vector on S. The electric fields are taken from
the exterior side for the integration.

4. Results and discussion
4.1. Uniformly charged particle without charge transfer

Fig. 2 shows the distribution of the normal component E,, of the elec-
tric field (in the exterior) on the surface of a uniformly charged particle
when the applied field does not exist. The angle 6 is measured from the
contact point. The electric field is very strong near the contact point
where 6 = 0°. The calculated electric field is significantly higher than
the typical dielectric strength of air. However, the field decreases rapidly
with distance from the particle and cannot induce electrical discharge
by the streamer mechanism. However, such a strong electric field in

200 [ T T T T T T T
-30 pC/m2 - .-
k. 20 pC/m? oo
20 T -10 pC/m? 1
100 [, " ]

E, (kV/cm)

0 20 40 60 80 100 120 140 160 180
60)

Fig. 2. Distribution of the normal electric field on a uniformly charged particle in the
absence of applied field Eey;.

Fig. 2 may lead to the transfer of charge between the particle and the
conducting plane, which are very close to each other near the contact
point.

Insertion of an external field E.,, may increase or decrease the elec-
tric field distribution near the contact point. Fig. 3 shows the variation of
the normal electric field E, with applied field E.,, for a particle uniformly
charged to 0p = — 10 uC/m?>. A positive electric field (i.e., in the upward
direction) intensifies the electric field near the contact point but miti-
gates the field on the upper half of the particle. A negative field value
has the opposite effect on the field distribution.

Fig. 4(a) and (b) show the distribution of the tangential electric field
E. on the particle surface for a uniformly charged particle with
0p = — 10 and — 30 uC/m?, respectively. A positive tangential field is
defined in the direction of increasing 6, i.e., away from the contact
point. We can see from the figure that E, is strongly positive near the
contact point with the peak located around 6 = 15°. On this area, the
Coulomb force due to positive E, acts on a negative charge in the — 6 di-
rection. Therefore, E; tends to move the particle charges to the vicinity of
the contact point. The tangential field and the force due to E; are en-
hanced by the application of positive E.y.

Comparison between Figs. 3 and 4(a) shows that the magnitudes of
the tangential field are much smaller than those of the normal electric
field. We may consider the roles of the normal and tangential field com-
ponents as follows. The normal field E, makes a major contribution to
the transfer of charge between the particle and the plane, whereas the
tangential field indirectly assists the charge transfer by moving charges
along the particle surface to the vicinity of the contact point. The move-
ment of charges along a surface may require a lower electric field than
that required for a direct detachment of charges from the surface.

Fig. 5 shows the electrostatic adhesive force F,, the downward com-
ponent of F, on uniformly charged particles with different charge densi-
ty 0p as a function of the applied field E.,. The electrostatic force
becomes stronger with increasing field magnitude in the upward direc-
tion. The contribution of E,,; to F, can be considered from the Coulomb
force acting on the surface charges for the range of E,,, in this figure be-
cause negative charges on the particle are attracted to the plane by an
upward electric field. The F,-E,,, relationships are approximately linear
for the considered 0p and E,,, values.

4.2. Partially charged particle without charge transfer

Fig. 6 shows the distribution of E,, as a function of 6 on a particle par-
tially charged from 6 = 0 to 90° in the absence of an applied field. The
field distribution is similar to that in Fig. 2 on the lower half, but the
field is very small on the upper half due to the absence of surface charge.
For the same 0y value, the total charge amount on the partially charged
particle is equal to half of that on the uniform charge. Therefore, Figs. 6

E, (kV/cm)

0 20 40 60 80 100 120 140 160 180
eC)

Fig. 3. Variation with the applied field E,y, of the normal electric-field distribution on a
particle uniformly charged to —10 pC/m?.



156 B. Techaumnat, S. Matsusaka / Powder Technology 301 (2016) 153-159

a ]D T T T T T T
3kV/iem ----- 1
Ll S 0kViem —— ]
T S, S3kViem -
5 o4
Z 2
5
0 S -
2k 1
gl ;
0 20 40 60 80 100 120 140 160 180
b "
20 'I\ T T T T T T
7 3kViem -----
15 |y 0kViem —— ]

-3 kViem -eeeeeee

E,(kV/cm)
wh

0 200 40 60 80 100 120 140 160 180
("
Fig. 4. Tangential electric field on a uniformly charged particle with 0p equal to (a) —10
and (b) —30 uC/m?

and 2 imply that the electric field will be stronger in the case of partial
charging if the total charge amounts are the same.

The effects of the external field E.,; on the normal electric field for
the partially charged particle are not shown here, but they are similar
to those for the uniformly charged particle. Fig. 7 shows the variation
of the tangential field E; on the partially charged particle. On most of
the charged area, E; still acts to move negative charges along the surface
to the contact point. Near the edge of the charged area, the negative E,
repulses charges to the upper half. An application of positive (upward)
Eex increases the field value and reduces the area of negative E,.

Fig. 8 shows the variation of the adhesive force F, with the magni-
tude E,, of the externally applied electric field on the partially charged
particle. The force behavior is similar to that in Fig. 5 for the uniformly
charged particle, that is, the adhesion increases with increasing upward
electric field E.y, and the F,-E,y relationships are approximately linear
for the considered ranges of 0y and E.,.. The electrostatic force varies

5 | | | | |
-30 HCn’mz -----
4 [ 20 pCm- - .
-10 pC/m* -
z 3 — |
= e
D N — 4
l E. s H
0 ‘ I | I
-3 -2 R i 1 : |

E,., (kV/cm)

Fig. 5. Adhesive electrostatic force F, as a function of E, on a uniformly charged particle
for different oy values.
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Fig. 6. Distribution of the normal electric field on a partially charged particle in the absence
of applied field E.y.

linearly with the square of the electric field on the particle surface.
Therefore, the adhesion is usually stronger on a partially charged parti-
cle than on a uniformly charged particle for the same total amount of
charge and applied electric field. For example, in the absence of E.,,, F,
magnitude is 0.61 nN on the partially charged particle with
0p = — 20 uC/m?, higher than 0.35 nN on the uniformly charged particle
with 0y = — 10 pC/m?.

4.3. Force variation due to charge transfer

The aforementioned results show that both uniform and partial
charge distributions exhibit an increase of electrostatic adhesion when
applying an upward electric field, and vice versa. The adhesive force be-
havior varies linearly with the applied field for the considered ranges of

a 10 L] T L T T T ¥ T 2 T ¥ T » T X
3kViem =----

8 0 kV/cm x
kN o e

E,(kV/cm)

0 20 40 60 80 100 120 140 160 180
60"

E, (kV/cm)

0 20 40 60 80 100 120 140 160 180
6%

Fig. 7. Tangential electric field on a partially charged particle with oy equal to (a) — 10 and
(b) —30 uC/m>.
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Fig. 8. Adhesive electrostatic force F, as a function of E.y on a partially charged particle for
different 0 values.

0p and E.,. This section investigates the variation of the adhesive force
behavior when there are charges transferred between the particle and
the conducting plane. We consider that the charge transfer is dependent
on the applied electric field E,y, as given in Eq. (1). We assume a patch
angle a = 15°, which is approximately the angle of the peak tangential
field before charge transfer occurs.

Fig. 9(a) and (b) show the calculation results of the uniformly
charged particle when 0z = — 10 and — 30 pC/m?, respectively, and
kg = 20 (uC/m?) (kV/cm)~ . The F,-E.y characteristics are given on
each graph for three values of the original charge density oy. Fig. 9
shows that the behavior of F, changes significantly from that in Fig. 5
for the uniformly charged particle. The adhesive force increases or de-
creases only slightly with the change in the applied electric field E.y,. Al-
though the force magnitudes depend on the original charge density 0y,
the F,-E.x characteristics are similar for the same 0y and kg values. A
comparison between Fig. 9(a) and (b) shows that the larger 0gg value
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Fig. 9. Variation of F, with E,,, on a uniformly charged particle in the presence of charge
transfer with kz = 20 (uC/m?) (kV/cm) ~' and 0z = (a) —10 and (b) —30 pC/m?.
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results in stronger adhesive force. However, the effect of 0gg is small
for positive E,, values.

Fig. 10 shows the variation of F, with E.,, on the uniformly charged
particle when 0y = —30 uC/m? and k; = 10 or 30 (uC/m?) (kV/
cm)~ ! are used as the charge transfer parameters. For the smaller kg
value in Fig. 10(a), the particle exhibits an increase of adhesive force
with increasing applied field E.y.. The F,-E.x; characteristics in the figure
are similar to the corresponding cases without charge transfer shown in
Fig. 5.

With the higher kg value, the adhesive force in Fig. 10(b) is weak-
ened with increasing electric field. From E.,; = — 3 kV/cm, the decrease
of the adhesive force is moderate but consistent. The force reaches its
minimum at an E. value between 2 and 3 kV/cm. We may observe
the roles of the charge transfer from the change in the normal electric
field E,, which makes a major contribution to the electrostatic force
(as E, is much larger than E;). Fig. 11 illustrates the variation of E, on
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-
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Fig. 11. Distribution of the normal electric field E, for different E.,, in the case of uniform
charging with 0, equal to — 30 uC/m? and the charge transfer given by 0gy = —30 uC/
m? and kg = 30 (uC/m?) (kV/cm)~ 1.
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the particle with E., corresponding to a case in Fig. 10(b), i.e.,
0o = — 30 uC/m?, 0go = —30 uC/m? and kg = 30 (uC/m?) (kV/cm)™ .
It is clear that the charge transfer reduces E, near the contact point
with increasing E.y from — 1 to 1 kV/cm. The change of E, with E,y,
shows an opposite tendency in comparison with that in Fig. 3. The re-
duction of E, weakens the electrostatic attractive force on the particle.

Note that the external field induces polarization in the dielectric par-
ticle. The interaction between the polarization charge and its image on
the conducting plane yields an increase in the attractive electrostatic
force. The effect of polarization becomes more important with increas-
ing the external electric field. As a result, a further increase of E.,, higher
than 2-3 kV/cm results in stronger adhesive force in Fig. 10(b) due to
the predominant attractive force on the polarization charge [31].

Figs. 12 and 13 show the variation of the adhesive force on the par-
tially charged particle when charge transfer occurs. For kg = 20 (uC/m?)
(kV/cm) ™!, the adhesive force in Fig. 12 is reduced by increasing the
electric field for both values of 0go. The change in 0gg has a more prom-
inent effect on the adhesive force under a strong negative field than
under a positive field. Comparing Fig. 12 with Fig. 9, we can see that
the contribution of the charge transfer is more clearly seen on the par-
tially charged particle.

Fig. 13 shows the F,-E.y, behavior for different kg, which demon-
strates that the kg value significantly affects the behavior of F,. For the
partially charged particle having oy between —10 and — 30 pC/m?,
the force minimally varies with the electric field when the smaller kg
value is used in Fig. 13(a). On the other hand, with the larger kg value,
there is a clear reduction of the adhesive force with increasing applied
electric field. The adhesive force reaches its minimum when E, is ap-
proximately 2-3 kV/cm, similar to the cases of the uniformly charged
particle.

In summary, our calculation results in this work demonstrate that
charge transfer between the particle and the plane may have a signifi-
cant role in the electrostatic adhesion of the particle if the parameter
ke, representing the dependency on the electric field, is sufficiently
large. For the same 0y, Ogg and kg values, the effect of charge transfer
is more prominent on the partially charged particle than on the
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Fig. 12. Variation of F, with E,, on a partially charged particle with kg = 20 (uC/m?) (kV/
cm) ™' and 0g = (a) —10 and (b) —30 pC/m?.
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Fig. 13. Variation of F, with E,, on a partially charged particle with 0z = — 30 uC/m? and
ke = (a) 10 or (b) 30 (uC/m?) (kV/cm)~ 1.

uniformly charged particle. If charge is distributed on a smaller area of
the particle surface, the charge transfer is expected to have a greater
role in the adhesion, which causes the reduction of electrostatic adhe-
sion with increasing electric field in the experiments.

5. Conclusions

In this work, we analyzed the effects on the electrostatic adhesion of
the charge transfer between a charged dielectric particle and a
conducting plane. In the absence of charge transfer, the adhesion of a
negatively charged particle becomes stronger with an application of ex-
ternal electric field upward from the plane. However, a change in the
surface in a small area near a contact point mitigates the effect of the ap-
plied field or even reverses the tendency of the force variation with the
applied field, that is, the electrostatic adhesion may be weakened by the
upward electric field, provided the degree of the charge transfer varies
significantly with the magnitude of the external field.
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ABSTRACT

The deactivation of free particles is an important issue for improving the insulating
capability and reliability of high-voltage systems. In this work, we carry out
experiments to investigate the electromechanical behavior of the non-spherical
conducting particles for different particle orientations on either bare or coated
electrode. Spheroidal and wire-shaped particles are used for the experiments. The
particle motion is observed for two principal orientations with respect to the applied
electric field in air. The results show that on a bare electrode, both kinds of particles
exhibit the liftoff motion when the particle axis is aligned with electric field gradient.
The field nonuniformity enhances the upward rotation of the particle tip subjected to
the higher electric field. When the particle axis is parallel with a constant field line, the
wire-shaped particle is more readily to make a rolling motion to the region of stronger
electric field in comparison with the spheroidal particle, which shows higher
occurrence rate of liftoff. The motion onset electric field decreases with increasing field
nonuniformity. On the insulated electrode, the wire-shaped particle shows exclusively
the rolling motion, whereas the spheroidal particle may make a rolling motion or rotate
horizontally so as to align its axis with electric field gradient.

Index Terms — Gas insulation, particle, electric fields, electromechanical effects,
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spheroids.

1 INTRODUCTION

HIGH voltage systems are an essential component for the
transmission, generation and distribution of electric power.
Vacuum and gas dielectrics are widely used to achieve
insulation between conductors in systems including moving
elements such as circuit breakers and other gas insulated
switchgears. Gas insulation systems have advantages such as
high reliability, small sizing and infrequent need for
maintenance due to the closed structure. However, the
presence of particles inside the systems is a critical cause of
insulating failures [1, 2]. The electric field is intensified in the
gas or vacuum medium by a particle, as generally explained in
[3]. Electric field and electrostatic force are also analyzed for
specific configurations of conducting spherical and spheroidal
particles [4-8]. The high electric field possibly causes partial
discharge, and the breakdown may follow. In addition, a
conducting particle can acquire charges from an electrode, and
move to another electrode by electrostatic force. The
movement of particle is also critical in HVDC systems where
the movement is not neutralized in the absence of the voltage-

Manuscript received on 15 August2016, in final form 28 December 2016,
accepted 9 January 2017. Corresponding author: B. Techaumnat.

polarity change. Therefore, particle deactivation is an
important issue to be addressed for improving the insulating
performance of gas insulation systems.

There exist a number of works on the movement of
particles in insulation systems. The basics of particle
movement and its effects on gas insulation systems were
studied [9]. Hara and his group extensively studied the particle
motion and the related breakdown phenomena [10-14]. It was
found that a particle might liftoff from an electrode due to the
Coulomb force or exhibit lateral motion along the electric
field gradient force. A particle might adhere to a spacer by the
electrostatic force, and significantly affect the charge
accumulation on the spacer and the surface discharge
characteristic [15, 16]. The motion of charged and uncharged
spherical particle under electric field was studied analytically
and experimentally, and a particle manipulation technique was
demonstrated [17].

However, actual particles in insulation systems have a
variety of profiles not limited to the spherical one. The
movement of metallic wire particles in a coaxial electrode
system was studied by experiments and numerical simulation
[18]. The simulation was also applied to investigate the
motion of particles in a 3-phase common enclosure system

DOI: 10.1109/TDEL2017.006225
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[19]. The behavior of non-spherical particles under electric
field is remarkably complicated than that of the spherical
particle [2, 20, 21]. Analytical and experimental studies have
demonstrated that both electrostatic force and torque have a
role in the particle movement [8, 22]. Therefore, the
electromechanical fundamentals of non-spherical particles
must be well understood in order to achieve a successful
particle deactivation for gas insulation systems. In particular,
the effects of particle orientation with respect to electric field
and charging condition are still not fully clear for non-
spherical particles.

This work presents an experimental study on the
electromechanical behavior of non-spherical particles under
electric field in air. The main purpose of the experiments is to
obtain important fundamentals for particle deactivation. For
this reason, we want to clarify the effects of field
nonuniformity and particle geometries on (a) motion-inception
electric field and (b) initial motion of the particles including
the behavior prior to particle liftoff. The experiments were
carried out for conducting spheroidal and wire-shaped
particles, representing a variation of particle profiles.
Different from spherical particles, the orientation of a non-
spherical particle with respect to electric field may
significantly alter the electrostatic force. To our knowledge,
the difference in electromechanical behavior between the
nonspherical particle shapes has not been reported. We
utilized two principal arrangements of particle to examine
particle behavior. The particles were set to be in contact with
or insulated from an electrode, corresponding to the cases of
bare and coated electrode systems, respectively. The latter
system was used to investigate particle manipulation by using
the electric field gradient force.

2 MATERIALS AND METHODS

2.1 PARTICLES

Figure 1 shows the aluminum spheroidal and wire-shaped
particles used for the experiments. The spheroidal particle
presents deviation from spherical shape whereas the wire-
shaped one represents a case of cylinder-like profile. The
spheroidal particle was fabricated to have 1 mm minor axis
and 4 mm major axis. The wire-shaped particle was cut from 1
mm diameter aluminum wire to have 4 mm length. That is,
both particles had the same diameter and axial length. In order
to ensure good contact with a planar electrode, the ends of the
wire-shaped particle were subjected to minimal finishing. The
mass of the spheroidal and the wire-shaped particles was 5.7
and 8.5 mg, respectively.

@ (©)

Figure 1. Particles used for experiments: (a) spheroidal and (b) wire-shaped
particles.
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Note that the different particle shapes represent a variation
of electromechanical properties. The difference in electric
field distribution contributes to electrostatic force and torque
behavior. In addition, the spheroidal particle theoretically
makes a contact with the electrode on a point, whereas the
contact is on a line for the wire-shaped particle. The contact
condition also affects the non-electrostatic force and the basics
of particle movement.

2.2 EXPERIMENTAL SETUP

Figure 2 shows the experimental setup. A high-voltage
amplifier (610E, Trek) and a signal generator (AFG 3021B,
Tektronix) were used as the high voltage source. The high-
voltage output from the amplifier was connected to the upper
electrode via a protective resistor. The particle behavior was
observed under nonuniform electric field between diverging
plate electrodes. The stainless steel electrodes had a diameter
of 40 mm and the edge was rounded to avoid excessively high
electric field. The lower electrode was grounded and set on a
3-directional linear stage for gap adjustment. The upper high-
voltage electrode was attached to an angle-adjustable stage,
which allowed setting tilt angle a between 0 and 15° with the
lower electrode. For the case of insulated electrode, we placed
a 1.1 mm thick PDMS (KE-106, Shin-Etsu) sheet on the lower
electrode, and laid a 75 pum polyimide film over the PDMS
surface to reduce the friction force. Particle motion was
recorded by a camera, which was attached to a linear stage.
We used the setup to generate nonuniform field distribution
with different degrees of field nonuniformity, which can be
referred for general cases where the region under
consideration has a varying gap. Atmospheric air was the
medium for convenience. The behavior of the electric field
and electrostatic force is invariant of gas medium and
pressure, provided no discharge occurs in the system.

HV
amplifier

Signal

enerator
9 HV electrode

Camera

Dielectric [[ J
Iéyer.s Ground electrode
(if exist) L

* Linear
Stage

Figure 2. Experimental setup: (a) schematic diagram and (b) photograph.
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2.3 ARRANGEMENT OF PARTICLES

The arrangement of particle axis (or the major axis for the
case of a spheroidal particle) has an influence on the electric
field and electrostatic force on the particle. For the
experiments in this work, we consider two principal
arrangements of the particles as shown in Figure 3. For the
first arrangement in Figure 3a, the axis of the particle is
aligned approximately with the electric field gradient. That is,
electric field is varied on the particle axis. The left particle tip
in Figure 3a is subjected to higher electric field, and is
referred as the HF tip. For the second arrangement in Figure
3b, the particle axis is aligned parallel with a line of constant
electric field. The arrangements in Figures 3a and 3b are
hereafter referred as Arrangements A and B, respectively.

ctrode

\’\\I e\e

>

Y — o

=S
X
Grounded electrode Grounded electrode

(a) (b)

Figure 3. Particle with the axis parallel to (a) electric field gradient in
Arrangement A and (b) line of constant electric field in Arrangement B.

2.4 PROCEDURES

For the case of bare electrode, we set the vertical gap at the
particle position between the lower and upper electrodes to 8
mm, the same as our previous work using uniform electric
field by parallel electrodes [22]. A preliminary experiment
showed that the configuration of insulated electrode required
stronger electric field to initiate particle motion. Therefore, a
shorter gap of 6 mm was used for experiments with the
insulated electrode. Before each experimental run, the particle,
insulation surface (if existed), and electrodes were cleaned by
ethanol and allowed to be completely dry. A particle was
placed on the lower electrode, and subjected to dc electric
field in the case of bare electrode or ac field in the case of
insulated electrode. Electric field magnitude was increased by
a gradual step until particle motion took place. We recorded
the motion of particle with a frame rate up to 1000 fps. The
images were subsequently transferred to a computer for
analysis. Three samples were used for each particle type, and
10 tests were carried out for each sample and each voltage
polarity in the cases of dc voltage application.

3 RESULTS AND DISCUSSION

3.1 BARE ELECTRODE

When a particle is placed directly on the electrode, the
observed initial motion of the particle can be classified into
two main categories as follows.

1. Liftoff motion. The particle lifts from the lower electrode
toward the upper electrode. The liftoff is typically preceded by
a vertical rotation as shown in Figure 4.

2. Rolling motion. The particle rolls on the lower electrode to
the higher electric-field region, as shown in Figure 5.
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The experiments clearly showed that particle behavior and
the motion inception field depended heavily on the particle
arrangement with respect to the electric field gradient. In the
following sections, the results are discussed separately for
each arrangement.

e

Figure 4. Temporal sequence of vertical rotation from the lying position
preceding the particle liftoff.

I
Figure 5. Rolling motion in temporal sequence of particle to the region of
higher electric field (smaller gap).

3.1.1 PARTICLE AXIS ALIGNED WITH ELECTRIC
FIELD GRADIENT

For Arrangement A, the experimental results showed that
the particles always exhibited the liftoff motion whereas no
lateral motion was observed. We have found that the motion-
onset electric field varied in a wide range and depended
closely on the motion behavior.

From the observed particle motion, we separate the case in
which the HF tip was rotated upward from the other motion
behaviors (such as the parallel liftoff or the upward rotation of
the low-field tip). The classified occurrence rates of both
kinds of particles are shown in Figure 6. In Figure 6a for o =
4°, the spheroidal particles show only a moderate role of field
nonuniformity as the occurrence rate of the HF tip rotation is
slightly higher than 0.5. On the other hand, the wire-shaped
particle exhibits much higher probability for the upward
rotation of the HF tip.

With higher degree of field nonuniformity by o = 12°, the
upward rotation of HF tip becomes predominant in Figure 6b
for both particle types in comparison with Figure 6a. The
occurrence rates of the HF tip rotation are more or less the
same (= 0.9) for both particles. This predominant motion is
considered to be the result of the enlarged unbalance between
the torque magnitudes in the clockwise and counterclockwise
directions, as to be discussed in Section 3.1.3.

For nonuniform electric field, the motion-onset electric
field E), is taken from the applied field at the particle center
(in the absence of particle). As E), varied on a wide range,
Figure 7 also presents the field separately for the HF-tip
rotation and the other motions. The median value of E;, and
the range between the average value + the standard deviation
from the experiments are given on the graphs. For the same
tilt angle and motion behavior, the figure shows that the wire-
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shaped particle required stronger electric field for motion
inception.
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Figure 6. Occurrence rate of motion behaviors for Arrangement A with tilt
angle o= (a) 4° and (b) 12°.

Figure 7 illustrates the dependency of Ej, on the motion
behavior. For the same particle type and tilt angle, the upward
rotation of the HF tip took a smaller field magnitude than the
other motion. The results were similar to those observed in
uniform electric field [22]. By comparing Figures 7a and 7b,
we can see the effects of the field nonuniformity. The
measured E), of each particle is significantly reduced with
increasing tilt angle «. The analytical liftoff electric field,
obtained from the balance between the electrostatic and
gravitational forces, is equal to 8.0 kV/cm for the spheroidal
particle [8] and 10.2 kV/cm for the wire-shaped particle [4].
Both particles moved at electric field well lower than the
analytical values for = 12°.

The aforementioned results can be explained from the
differences in particle mechanics. Nonuniform electric field
produces a net electrostatic force Ty on a particle. 7 tends to
rotate upward the high-field (HF) tip in the smaller gap on the
left side of the particle. However, the rotation is restrained by
the gravitation torque. The particle is also subjected to the
surface adhesion, which is non-negligible. According to the
mass and contact condition, the gravitational force and the
surface force are stronger on the wire-shaped particle.
Therefore, the measured £, values in Figure 7 is higher for
the wire-shaped particle than for the spheroidal particle.

The contact condition also has an implication on particle
motion. The spheroidal particle rotates about the contact point
whereas the wire-shaped particle rotates about one of its end.
The smaller contact area of the spheroidal particle permits
random motions by mechanical disturbances. For these
reasons, the spheroidal particle exhibited a lower occurrence
rate of HF tip rotation under slightly nonuniform electric field
(a=4°) in Figure 6a. When a = 12°, the role of nonuniform
field dominated the particle motion, activating the rotation at
lower field magnitudes.
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Figure 7. Motion-onset electric field for Arrangement A: (a) @ = 4° and (b)
a=12°

3.1.2 PARTICLE AXIS ALIGNED WITH CONSTANT
ELECTRIC-FIELD LINE

For Arrangement B, we observed both rotation and liftoff
for both particles. Figures 8a and 8b show the occurrence rates
when the tilt angle o = 4° and 12°, respectively. Under the
slightly nonuniform field (& = 4°), neither kind of motion was
clearly predominant. The occurrence rate of rolling motion
was slightly lower than the liftoff motion for the spheroidal
particle, but higher for the wire-shaped particle.

With higher degree of field nonuniformity (o = 12°), the
occurrence rate of rolling motion increased significantly for
both kinds of particles, as shown in Figure 8b. In particular,
the wire-shaped particle exhibited exclusively the rolling
motion. Still, the spheroidal particle sometimes lifted from the
electrode although the rolling motion was predominant for this
tilt angle.
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Figure 8. Occurrence rate of motion behaviors for Arrangement B with o =
(a) 4° and (b) 12°.

The measured E), in this arrangement also depended on the
initial motion. Figure 9 shows the motion-onset electric field
E), associated with each motion behavior. For each particle
type and tilt angle, it is obvious that Ej, of the rolling motion
was smaller than that for the liftoff motion, which was
comparable to the analytical £; values (8.0 kV/cm for the
spheroidal particle and 10.2 kV/cm for the wire-shaped).

Comparing Figure 9b with Figure 9a, we can see that the
liftoff field magnitudes of the spheroidal particle changed only
slightly with the increase of o from 4° to 12°. On the other
hand, it is clear that the electric field for the rolling-motion
onset was reduced by increasing «. In particular, the onset
field remarkably decreased for the wire-shaped particle. The
margin between the field for rolling and that for liftoff was
then magnified with increasing «. Therefore, the particles
exhibited higher probability of rolling motion when «
increases from 4° to 12° in Figure 8. This indicates the
predominance of the electric-field gradient force, which
corresponds to the lateral motion.

It is also worth noting that in many cases of initial rolling
motion, the spheroidal particle subsequently made a horizontal
rotation to align with the electric field gradient and eventually
lifted from the lower electrode. Figure 10 illustrates the
particle motion in a temporal sequence. On the other hand, the
horizontal rotation was hardly found for the wire-shaped
particle during the rolling motion.

(b)

Figure 9. Motion-onset electric field for Arrangement B: (a) a = 4° and (b)
a=12°

- - ‘
e e —

Figure 10. Horizontal rotation of the spheroidal particle during the rolling
motion leading to the liftoff. Images are shown in a temporal sequence from
the left hand side.

3.1.3 NUMERICAL ANALYSIS

We employed the boundary element method (BEM) to
numerically analyze the electric field and electrostatic force.
The upper electrode and the spheroidal particle were modeled
with second-order curved elements by using the GiD software.
512 elements were used for the particle surface. The BEM
calculation was carried out by an in-house program. We
treated the lower electrode by applying image elements. The
electrostatic force and torque were determined from the
calculated electric field on particle surface when 8 kV
potential was applied to the upper electrode.

Figure 11 displays an example of electric field distribution
on particle surface for @ = 12° in Arrangement A, i.e., the axis
is aligned with the field gradient. The field magnitude is given
on the grey scale in kV/cm. It is clear from the figure that the
electric field is stronger on the particle surface in the smaller
gap region (at the front tip in the figure). The maximal electric
field is located at the particle tip (not the highest point on the
surface), indicating a role of particle ending profile on the
electrostatic force and torque.
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40
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-0

Figure 11. Electric field distribution on the spheroidal particle in
Arrangement A for o = 12°.

Figures 12a and 12b show the force magnitudes | F, | in the
lateral direction and | F;, | in the vertical direction, respectively.
The x- and z-axis directions are referred to the inset on Figure
3. The force magnitudes are compared between the cases of
=4° and 12° in Arrangements A and B.
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Figure 12. Calculated electrostatic force: (a) F, in the lateral direction and (b)
F. in the vertical direction under 8 kV applied voltage.

Arrangement B

Figure 13 presents the electrostatic torque 7, acting on each
half of the particle surface for Arrangement A where the
particle axis is aligned with the electric field gradient. 7, on

the left and right halves rotate upward the tips subjected the
higher and lower electric field, respectively. The total torque
can then be deduced from the difference between the grey and
black bars. The total torque is rather small for & = 4° and
significantly enhanced with increasing « to 12°. Therefore,
the occurrence rate of rotation of the HF tip is higher in Figure
8b than in Figure 8a.
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Figure 13. Calculated electrostatic torque acting on the left half and the right
half of the spheroidal particle in Arrangement A.

From Figure 12, the force magnitudes |F,| and |F,| are more
or less the same for the spheroidal and wire-shaped particles
in the same arrangement. The lateral force in Figure 12a is
significantly enhanced with increasing «. On the other hand,
the variation of the vertical force with « is small. Therefore, it
is implied that the rolling motion of the particle in
Arrangement A is prohibited fundamentally by particle
mechanics. The decrease in the motion inception electric field
with increasing « is due to the torque variation (Figure 13) for
Arrangement A but due to the increased lateral force (Figure
12a) for Arrangement B.

3.2 INSULATED ELECTRODE

For the case of the insulated electrode, our interest is on the
lateral motion of particles. The motion may have an
application to particle manipulation techniques such as the
induction of particle to a trapping position. Hence,
experiments were carried out for Arrangement B to investigate
whether particle activation is possible. On an uncharged
conducting particle, the electric-field gradient force acts in the
lateral direction, attracting the particle to the higher-field
region [24]. The tilt angle was 15° to increase the electric field
gradient. In order to restrict the effect of space charge, 50 Hz
ac voltage was applied to the electrodes.

The experimental results with the insulated electrode
showed significant difference in the motion behavior between
the spheroidal and the wire-shaped particles. The wire-shaped
particle behaved similarly to the case of the bare electrode, as
the particle rolled to region of higher field (smaller gap) in
almost all tests. The median of the motion onset field E), is
12.2 kVp/em. To observe the probability of liftoff motion, we
applied a fixed electric field magnitude 17.3 kV,/cm,
considerably stronger than E). It was found that the wire-
shaped particle still practically exhibited the rolling motion
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under the stronger field. The vertical rotation occurred only
once from 30 tests under the stronger electric field. Therefore,
the wire-shaped particle can be activated to move laterally for
a wide range of applied electric field.

On the other hand, the spheroidal particle showed two main
motion behaviors on the coated electrode. It either rolled to
the higher field region or rotated horizontally so as to align its
major axis with the electric field gradient, as shown in Figure
14. When we gradually increased the applied voltage, the
occurrence rate of the horizontal rotation was higher than that
of the rolling motion. It is worth noting that after the
horizontal rotation took place, the rolling motion of the
particle could not be activated even with increasing applied
electric field until discharge. Hence, the horizontal rotation
presents a problem for the manipulation of the spheroidal
particle.

P

: = =

Figure 14. Horizontal rotation of a spheroidal particle on an insulated
electrode after electric field application. Images are shown in a temporal
sequence from the left hand side.

The average E), values of the spheroidal particle were 9.5
kVy/em for the rolling motion and 7.8 kVj/cm for the
horizontal rotation. These values indicate that the spheroidal
particle tends to make a horizontal rotation at lower electric
field. In order to enhance the rolling motion, we applied a
stronger field magnitude, 14.4 kV,/cm, to the particle. Figure
15 compares the occurrence rate of each particle motion
obtained by the fixed 14.4 kV,/cm electric field with that by
gradually increasing electric field to E,,, i.e. until the particle
exhibited motion. Under the stronger electric field, the results
show that the occurrence of rolling motion significantly
increased. However, the horizontal rotation was still not
eliminated.
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Figure 15. Occurrence rate of the motions of a spheroidal particle on the
insulated electrode.

The initial movement of particles on the coated electrode is
governed mainly by the electric-field gradient force. As the
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dielectric layers prevent the particles from acquiring charge
directly from the electrode, the Coulomb force is significantly
reduced from that in the case of bare electrode. On the other
hand, the electrostatic interaction of the polarization charge on
the particle and the lower substrate makes a downward force,
increasing the adhesive force. In addition, the non-electrostatic
adhesion on the particle is expected to be stronger. The 14.4
kV,/cm applied electric field was the limit in experiments, as we
observed the liftoff of all spheroidal particles after an initial
motion. The liftoff was possibly due to the Coulomb force on
the particle when charge was acquired by a partial discharge due
to high electric field at the particle tip.

7 CONCLUSION

In this work, we carried out experiments to investigate the
initial motion of the non-spherical particles. The spheroidal
and wire-shaped particles exhibited similar liftoff behavior
by the Coulomb force when they were on a bare electrode
and the axis was aligned with electric field gradient. When
the particle axis was aligned with a line of constant electric
field on the bare electrode, the wire-shaped particle was
more readily to make a rolling motion, but the spheroidal
particle showed higher liftoff probability. With increasing
the field nonuniformity, the particles motion took place at
lower electric field due to the contribution from electrostatic
force and torque. On the insulated electrode, the wire-
shaped particle practically showed the rolling motion
whereas the spheroidal particle might make a horizontal
rotation. The horizontal rotation, which impeded the particle
manipulation by electric field gradient force, could not be
completely eliminated even with increasing the applied field
strength.
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This paper presents the numerical analysis and experiments on the electromechanical behavior of conducting wired-shape particles.
We investigate the effects of particle ending profiles and orientation on the initial motion. The boundary element method is used
to analyze the electric field, forces, and torques on the particles. The calculated liftoff electric field is smaller than the estimated
value based on a model of infinitely long cylinder, and slightly decreases for a particle with a sharp end when the sharp tip is
separated from the electrode. The measured liftoff electric field agrees with the tendency obtained from the numerical analysis.
Particles mostly began the motion at either end. When the sharp tip was separated from the electrode, the initial motion almost
exclusively took place at the sharp end. On the other hand, the probability was slightly higher for the motion at the rounded end
when the sharp tip was close to the electrode. The numerical calculation clarifies that the electrostatic and gravitational torques

contribute to such liftoff behavior.

Index Terms— Electromechanics, electrostatic, force, insulation system, particle, torque.

I. INTRODUCTION

T IS well known that the presence of particles, particularly

conducting ones, decreases the insulating capability of the
gas insulation system and is a main cause of the insula-
tion failures [1]. A particle significantly intensifies electric
field in its proximity [2], lowering partial-discharge (PD)
onset or breakdown voltage of the system. The corona onset
and breakdown in the presence of particles were investigated
theoretically or experimentally [3], [4]. Conducting particles
are charged by a contact with an electrode and tend to move
between electrodes. The movement magnifies the undesirable
PD activities, as experimentally studied [S], [6]. A spherical
conducting particle lifts from an electrode when the electric
field is sufficiently strong. The measured liftoff electric field
of spherical particles was in good agreement with the the-
oretical prediction [7]. Dynamics of spherical particle were
also simulated and verified experimentally [8]. The role of
the dielectrophoretic force was investigated using a diverging
electrode system [9] and applied to particle deactivation [10].

In actual insulation systems, particles have a variety of
shapes. Non-spherical particles exhibit complicated behavior
under electric field [11], [12]. The dependence of particle
motion on the profiles was found in the experiment using
wire particles [13]. However, the role of the particle end and
orientation has not been fully analyzed.

This paper presents experimental and analytical studies on
the behavior of wired-shape particles having different end
profiles under an electric field in air. Whereas, the other
works observed the particle behavior after liftoff, we focus
on the initial motion that the particles exhibit when subjected
to electric field. The initial motion is highly important as it
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Fig. 1. Ending profiles of the 0.5 mm diameter particles. (a) R. (b) S1.
(c) S2. (The horizontal bars indicate 0.5 mm length.)
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Fig. 2. Orientation of the particle with a sharp end. (a) Tip close to electrode
surface. (b) Tip well separated from electrode surface.

determines the particle charge and the field intensification, thus
governing the subsequent behavior. Our aim is to employ a
numerical method to clarify fundamentals related to the initial
motion of the particles in the experiments.

II. METHODS

Particles were prepared from aluminum wires (AL-01135,
Nilaco) of 0.5 mm diameter and 4 mm length. Their ends
were either sharp or rounded by sandpaper. Fig. 1 shows an
example of the ending profiles. The rounded ends are referred
hereafter as R, and the sharp ends with tip angle 35° and 27°
as S1 and S2, respectively. The particles are then identified by
their ends. For example, an R-R particle has two rounded end,
and an R-S1 particle has a rounded end and an S1 sharp end.

A. Configuration

We consider the configuration of a particle lying on a
grounded electrode under an external electric field. For a
particle with one sharp end, Fig. 2 shows two orientations
of particle treated in this work. That is, the tip is either close
to the electrode surface [Fig. 2(a)] or well separated from the
surface [Fig. 2(b)].

0018-9464 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 3. Example of meshes used on the R-S1 particle for field calculation.

B. Numerical Analysis

We used the boundary element method (BEM) to analyze
the electric field on the particles. The BEM has advantages
over domain subdivision methods that we need only the
particle surface to be discretized and the open region is readily
treated [14]. The method directly gives the field values on the
particle surface which is used to calculate the force and torque.
The BEM is based on the relationship between potential ¢ and
the normal outward component E,, of the electric field on the
boundary of a domain. For potential, ¢; at point i in domain
Q enclosed by boundary T’
@%;Q¢M—%@—m

Cidy =/w(r,rr)En dr+/
T T

(1

where r is the position of i, rr is the position on boundary T,
1y is the reference point of zero potential, y is the fundamental
solution, and C; is a constant. For a smooth boundary T,
C; =121 iison T and C; = 1 if i is in Q but not
on I'. We omitted the upper electrode by using a condition
of an applied vertical electric field Eg in (1). The presence of
the upper electrode is negligible while the particle still lies on
the lower electrode for the considered gap length. The lower
grounded electrode was treated by using image elements.

A commercial software (GiD) was utilized for modeling the
wire particles in 3-D configurations. The BEM calculation was
done by using an in-house program for calculation flexibility
and for post-processing. Fig. 3 shows an example of the
triangular meshes on a particle surface. The numbers of
elements were between 5000 and 7000 for all cases.

After the electric field calculation, we determined the elec-
trostatic force Fg on a particle from an integral over particle
surface of the Maxwell stress fg. Fg acts in the upward
direction, i.e., tending to lift the particle from the lower
electrode. The downward gravitational force Fg is calculated
from a volume integral. The liftoff electric field E; is then
obtained from Fg to Fg.

We determine electrostatic torque Tr about point ¢ from
the following integration on particle surface S:

U:f&xﬁm )

S

where r. is a vector from ¢ to the point of integration.
We calculate Tg and the gravitational torque T about the
left and right ending points of the contact line between the
particle and the electrode. Total torque Ttot is then obtained
from

Tror = Tg + Tg. (3)
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Fig. 4. Schematic of experimental setup.

C. Experiments

Fig. 4 shows the schematic of the experimental setup for
observing particle movement. A parallel electrode system
of 10 mm gap was used. The lower electrode was set on
a three-axis positioning stage whereas the upper one was
also vertically adjustable. High voltage was supplied by
using a signal generator (AFG3021, Tektronix) and an—HWV,
amplifier (610E, Trek). A series resistor was used to limit
current in case of discharges. The particle motion under
electric field was recorded by frame rates up to 1000 frames/s
(EX-ZR200, Casio) for analysis. Before each experiment,
a particle was cleaned with ethanol and allowed to dry
completely.

Positive or negative dc high voltage was applied to the upper
electrode when a particle was laid on the lower grounded
electrodes. To examine the particle motion induced by the
critical liftoff electric field, we increased the voltage mag-
nitude gradually by about 0.5 kV/s until the particle began
to move. At least three samples were used for each particle
type. The liftoff behavior was observed 10 times for a sam-
ple under each voltage polarity. Separated experiments were
also carried out by applying a fixed voltage magnitude to
compare the particle behavior under the same electric field
strength.

III. RESULTS AND DISCUSSION

A. Electric Field

Fig. 5 compares the calculated electric field, normalized
by the applied field Ep for generalizing the results, on the
particles. The electric field is clearly higher on the upper half
than on the lower half of the particle. The electric field is
highly nonuniform at the upper tip, which contributes the large
electrostatic force on the particle. We have found that the field
maximum is smallest on the R-R particle and largest on the
R-S2 particle when the sharp tip is separated from the lower
electrode. Note that the electric field distribution of the
R-S2 particle is similar to that of the R-S1 particle in Fig. 5,
but the maximum field is slightly higher due to the smaller
tip angle.

The unsymmetrical distribution of electric field between the
left and right halves of a particle implies a rotating behavior
of particle from the lying position. At the time that a particle
begins to rotate, the surface force acts at the center of the
rotation, and has no contribution to the torque. However,
we must consider the gravitational torque, which depends on
the tip profile and orientation.
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(2)

(b)

(©)

Fig. 5. Normalized electric field, E/E(, (dimensionless) on the particle
surface. (a) R-R particle. (b) R-S1 particle with the tip close to the electrode.
(c) R-S1 particle with the tip separated from the electrode.

TABLE 1
CALCULATED LIFTOFF ELECTRIC FIELD E},

Particle type Tip position E; (kV/cm)
R-R N/A 6.62
R-S1 Close to electrode 6.60
R-S1 Separated from electrode 6.40

B. Liftoff Electric Field

As the liftoff electric field E; of wire particles was
discussed in the literature, we briefly present our results here.
For an infinitely long cylinder of radius R and mass density p,
the analytical Ey, in air is independent of particle length [15]

E; =8.8x 10°\/pR. (4)

With p = 2700 kg/m? for aluminum, E; = 7.2 kV/cm for
the 0.5 mm-diameter wire particles.

For a finite particle length, Table I shows E values obtained
from the numerical calculation results for different particle
ends and orientations. Ey, is highest for the R-R particle. For
the R-S1 particle, the liftoff field hardly differs from that of
the R-R particle if the sharp end is close to the electrode.
On the other hand, E; is lower when the sharp tip of the
particle is separated from the electrode than when the tip is
close to the electrode. However, the difference in E; due
to the tip orientation is rather small (= 3%) and maybe
insignificant in practice. All Ez values for the finite length
particles are smaller than 7.2 kV/cm obtained from (3) by
8%—9%, indicating the contribution from high electric field at
particle ends.

We measured the liftoff electric field in the experiments
for the particles by gradually increasing the applied voltage.
Fig. 6 shows the measured E7 of the R-R and R-S1 particles
for each polarity of particle charge. The measured E values
for a specific particle and orientation were slightly higher when
the particles were negatively charged. For the R-S1 particles,
the average E7 from both polarities was 7.4 and 7 kV/cm when
the tip was close to and well separated from the electrode,

XXX
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CECE SEEET]

E; (kV/em)
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S -]
|
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S

R-R  R-S1,Tip

close to electrode

R-S1, Tip separated
from electrode

Fig. 6. Measured liftoff electric field for positive and negative charging.

(a) (b) (©

Fig. 7. Schematic illustration of initial motion of particle at (a) rounded end,
(b) sharp end, and (c) both ends.

TABLE 11
PROBABILITY OF INITIAL MOTION OF THE R-S1 PARTICLE
AT THE CRITICAL LIFTING FIELD

Probability of initial motion (%)

Orientation =g ded end Sharp end Both ends
Fig. 2a 53 40 7
Fig. 2b 3 97 0

respectively. The reduction of E; when the sharp tip was
separated from the electrode follows the tendency of the
calculation results in Table I. Higher values of the measured
E than the calculated ones imply the effects of the surface
force between the particles and the electrode.

C. Initial Motion

When the electric field was sufficiently high, the wire
particle began its motion in different manners. Based on
the recorded images with an interval of 1 ms, we classify
the particle behavior as the initial motion at (a) rounded
end, (b) sharp end, and (c) both ends or a parallel liftoff,
as illustrated schematically in Fig. 7.

Table II summarizes the probability of each kind of the
initial motion for the R-S1 particle when the applied voltage
was gradually increased until the particle moved. Table II
clearly shows that the probability of the initial motion at both
ends was very small when the ending profiles were different.
When the sharp tip was close to the electrode, the probability
that the rounded end moved first was slightly higher. On the
other hand, when the tip was well separated from the electrode,
the particles raised the sharp end first in almost all tests. The
results were similar to those in [13]. However, our results
under the critical (liftoff) field strength showed considerably
lower probability of the initial motion at the rounded end when
the tip was placed close to the electrode, and showed higher
probability of the initial motion at the sharp end when the tip
was separated from the electrode.

Torque on the R-S1 and R-S2 particles is calculated by
taking the rounded or the sharp end of the particle-electrode
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Fig. 8. Torque values on the R-S particle under 7 kV/cm electric field.
(a) Electrostatic torque Tg. (b) Total torque TTQT.-

contact line as the center of rotation. The torque magnitude
is referred to be positive if it rotates the opposite end upward
from the electrode. Fig. 8 shows the calculated electrostatic Tg
and total torque Ttot for each orientation of the particles under
7 kV/cm applied electric field, approximately the experimental
liftoff field. For the same particle, Tr and Ttor in Fig. 8 are
larger about the sharp end when the sharp tip is close to the
electrode. On the contrary, with the tip separated from the
electrode, the torques about the rounded end become larger,
implying initial motion at the sharp end.

From Fig. 8, we may consider the difference AT between
the torques about the rounded and sharp ends as an index indi-
cating the tendency of the rotation. Comparing AT magnitudes
between cases where the tip is close to and separated from the
electrode, we can see the discrepancy of AT magnitudes more
clearly from Fig. 8(b) than from Fig. 8(a). This indicates the
non-negligible role of gravitational torque 7 on the particle
behavior. The larger AT discrepancy corresponds to the high
probability of the initial motion at the sharp end of particle
when the tip is separated from the electrode.

Under electrical transients, particles on an electrode may be
subjected to electric field stronger than Er. Fig. 9 shows the
probability of each kind of the initial motions observed for the
R-S1 and R-S2 particles under higher electric field (8 kV/cm).
When the tip was close to the electrode, the results were
similar those in Table II, which is for particles under critical
liftoff field. The initial motion at the rounded end had a higher
probability than at the sharp end for both particles. However,
when applying higher electric field, the probability of the ini-
tial motion at both ends increases to approximately 20%—25%.

On the other hand, when the tip was separated from the
lower electrode, the initial motion was still predominantly at
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Fig. 9. Probability of the initial motions under 8 kV/cm electric field.

the sharp end under 8 kV/cm electric field. Compared to the
R-S1 particle, the R-S2 particle exhibited a slightly larger
probability of initial movement at the sharp end. The tendency
can be explained by comparing AT magnitudes in Fig. 8(b).

IV. CONCLUSION

We have applied the numerical analysis to clarify the
experimental results of the initial particle motion in an electric
field. The motion of the particles shows the effects of the tip
orientation that agree with the analytical tendency. The high
electric field at a sharp end reduces the liftoff electric field Er .
When the tip is separated from electrode, the prominent initial
motion at the sharp end can be explained by considering
both electrostatic and gravitational torques. The initial motion
determines particle charge and electric field after liftoff, and
must be considered for particle manipulation.
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Numerical Analysis and Experiments on the Electromechanical
Behavior of Wired-Shape Conducting Particles
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This paper presents the numerical analysis and experiments on the electromechanical behavior of conducting wired-shape particles.
We investigate the effects of particle ending profiles and orientation on the initial motion. The boundary element method is used
to analyze the electric field, forces, and torques on the particles. The calculated liftoff electric field is smaller than the estimated
value based on a model of infinitely long cylinder, and slightly decreases for a particle with a sharp end when the sharp tip is
separated from the electrode. The measured liftoff electric field agrees with the tendency obtained from the numerical analysis.
Particles mostly began the motion at either end. When the sharp tip was separated from the electrode, the initial motion almost
exclusively took place at the sharp end. On the other hand, the probability was slightly higher for the motion at the rounded end
when the sharp tip was close to the electrode. The numerical calculation clarifies that the electrostatic and gravitational torques

contribute to such liftoff behavior.

Index Terms— Electromechanics, electrostatic, force, insulation system, particle, torque.

I. INTRODUCTION

T IS well known that the presence of particles, particularly

conducting ones, decreases the insulating capability of the
gas insulation system and is a main cause of the insula-
tion failures [1]. A particle significantly intensifies electric
field in its proximity [2], lowering partial-discharge (PD)
onset or breakdown voltage of the system. The corona onset
and breakdown in the presence of particles were investigated
theoretically or experimentally [3], [4]. Conducting particles
are charged by a contact with an electrode and tend to move
between electrodes. The movement magnifies the undesirable
PD activities, as experimentally studied [S], [6]. A spherical
conducting particle lifts from an electrode when the electric
field is sufficiently strong. The measured liftoff electric field
of spherical particles was in good agreement with the the-
oretical prediction [7]. Dynamics of spherical particle were
also simulated and verified experimentally [8]. The role of
the dielectrophoretic force was investigated using a diverging
electrode system [9] and applied to particle deactivation [10].

In actual insulation systems, particles have a variety of
shapes. Non-spherical particles exhibit complicated behavior
under electric field [11], [12]. The dependence of particle
motion on the profiles was found in the experiment using
wire particles [13]. However, the role of the particle end and
orientation has not been fully analyzed.

This paper presents experimental and analytical studies on
the behavior of wired-shape particles having different end
profiles under an electric field in air. Whereas, the other
works observed the particle behavior after liftoff, we focus
on the initial motion that the particles exhibit when subjected
to electric field. The initial motion is highly important as it

Manuscript received June 21, 2017; accepted July 20, 2017. Correspond-
ing author: B. Techaumnat (e-mail: boonchai.t@chula.ac.th).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.
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(b)

Fig. 1. Ending profiles of the 0.5 mm diameter particles. (a) R. (b) S1.
(c) S2. (The horizontal bars indicate 0.5 mm length.)
Particle Particle
(NN ( 7/

(2) (b)

Fig. 2. Orientation of the particle with a sharp end. (a) Tip close to electrode
surface. (b) Tip well separated from electrode surface.

determines the particle charge and the field intensification, thus
governing the subsequent behavior. Our aim is to employ a
numerical method to clarify fundamentals related to the initial
motion of the particles in the experiments.

II. METHODS

Particles were prepared from aluminum wires (AL-01135,
Nilaco) of 0.5 mm diameter and 4 mm length. Their ends
were either sharp or rounded by sandpaper. Fig. 1 shows an
example of the ending profiles. The rounded ends are referred
hereafter as R, and the sharp ends with tip angle 35° and 27°
as S1 and S2, respectively. The particles are then identified by
their ends. For example, an R-R particle has two rounded end,
and an R-S1 particle has a rounded end and an S1 sharp end.

A. Configuration

We consider the configuration of a particle lying on a
grounded electrode under an external electric field. For a
particle with one sharp end, Fig. 2 shows two orientations
of particle treated in this work. That is, the tip is either close
to the electrode surface [Fig. 2(a)] or well separated from the
surface [Fig. 2(b)].

0018-9464 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 3. Example of meshes used on the R-S1 particle for field calculation.

B. Numerical Analysis

We used the boundary element method (BEM) to analyze
the electric field on the particles. The BEM has advantages
over domain subdivision methods that we need only the
particle surface to be discretized and the open region is readily
treated [14]. The method directly gives the field values on the
particle surface which is used to calculate the force and torque.
The BEM is based on the relationship between potential ¢ and
the normal outward component E,, of the electric field on the
boundary of a domain. For potential, ¢; at point i in domain
Q enclosed by boundary I

Cidh =/y/(r,rr)En dF+/ Mgﬁ dT —Eo(r — ro)
n
I T

ey

where r is the position of i, rr is the position on boundary T,
1y is the reference point of zero potential,  is the fundamental
solution, and C; is a constant. For a smooth boundary T,
C; =121 iisonT and C; = 1 if i is in Q but not
on I'. We omitted the upper electrode by using a condition
of an applied vertical electric field E¢ in (1). The presence of
the upper electrode is negligible while the particle still lies on
the lower electrode for the considered gap length. The lower
grounded electrode was treated by using image elements.

A commercial software (GiD) was utilized for modeling the
wire particles in 3-D configurations. The BEM calculation was
done by using an in-house program for calculation flexibility
and for post-processing. Fig. 3 shows an example of the
triangular meshes on a particle surface. The numbers of
elements were between 5000 and 7000 for all cases.

After the electric field calculation, we determined the elec-
trostatic force Fg on a particle from an integral over particle
surface of the Maxwell stress fg. Fp acts in the upward
direction, i.e., tending to lift the particle from the lower
electrode. The downward gravitational force Fg is calculated
from a volume integral. The liftoff electric field E; is then
obtained from Fg to Fg.

We determine electrostatic torque Tg about point ¢ from
the following integration on particle surface S:

TEZ%I‘CXfE ds
N

2

where 7. is a vector from ¢ to the point of integration.
We calculate Tr and the gravitational torque Tg about the
left and right ending points of the contact line between the
particle and the electrode. Total torque Ttor is then obtained
from

Tror = T + Tg. (3)
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Fig. 4. Schematic of experimental setup.

C. Experiments

Fig. 4 shows the schematic of the experimental setup for
observing particle movement. A parallel electrode system
of 10 mm gap was used. The lower electrode was set on
a three-axis positioning stage whereas the upper one was
also vertically adjustable. High voltage was supplied by
using a signal generator (AFG3021, Tektronix) and an HV
amplifier (610E, Trek). A series resistor was used to limit
current in case of discharges. The particle motion under
electric field was recorded by frame rates up to 1000 frames/s
(EX-ZR200, Casio) for analysis. Before each experiment,
a particle was cleaned with ethanol and allowed to dry
completely.

Positive or negative dc high voltage was applied to the upper
electrode when a particle was laid on the lower grounded
electrodes. To examine the particle motion induced by the
critical liftoff electric field, we increased the voltage mag-
nitude gradually by about 0.5 kV/s until the particle began
to move. At least three samples were used for each particle
type. The liftoff behavior was observed 10 times for a sam-
ple under each voltage polarity. Separated experiments were
also carried out by applying a fixed voltage magnitude to
compare the particle behavior under the same electric field
strength.

III. RESULTS AND DISCUSSION

A. Electric Field

Fig. 5 compares the calculated electric field, normalized
by the applied field Eo for generalizing the results, on the
particles. The electric field is clearly higher on the upper half
than on the lower half of the particle. The electric field is
highly nonuniform at the upper tip, which contributes the large
electrostatic force on the particle. We have found that the field
maximum is smallest on the R-R particle and largest on the
R-S2 particle when the sharp tip is separated from the lower
electrode. Note that the electric field distribution of the
R-S2 particle is similar to that of the R-S1 particle in Fig. 5,
but the maximum field is slightly higher due to the smaller
tip angle.

The unsymmetrical distribution of electric field between the
left and right halves of a particle implies a rotating behavior
of particle from the lying position. At the time that a particle
begins to rotate, the surface force acts at the center of the
rotation, and has no contribution to the torque. However,
we must consider the gravitational torque, which depends on
the tip profile and orientation.
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Fig. 5. Normalized electric field, E/Ey (dimensionless) on the particle
surface. (a) R-R particle. (b) R-S1 particle with the tip close to the electrode.
(c) R-S1 particle with the tip separated from the electrode.
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TABLE I
CALCULATED LIFTOFF ELECTRIC FIELD E,

Particle type Tip position E; (kV/em)
R-R N/A 6.62
R-S1 Close to electrode 6.60
R-S1 Separated from electrode 6.40

B. Liftoff Electric Field

As the liftoff electric field Ej of wire particles was
discussed in the literature, we briefly present our results here.
For an infinitely long cylinder of radius R and mass density p,
the analytical E in air is independent of particle length [15]

E; =88 x 10°\/pR. @)

With p = 2700 kg/m? for aluminum, E; = 7.2 kV/cm for
the 0.5 mm-diameter wire particles.

For a finite particle length, Table I shows E values obtained
from the numerical calculation results for different particle
ends and orientations. E is highest for the R-R particle. For
the R-S1 particle, the liftoff field hardly differs from that of
the R-R particle if the sharp end is close to the electrode.
On the other hand, E; is lower when the sharp tip of the
particle is separated from the electrode than when the tip is
close to the electrode. However, the difference in E; due
to the tip orientation is rather small (& 3%) and maybe
insignificant in practice. All Ep values for the finite length
particles are smaller than 7.2 kV/cm obtained from (3) by
8%—9%, indicating the contribution from high electric field at
particle ends.

We measured the liftoff electric field in the experiments
for the particles by gradually increasing the applied voltage.
Fig. 6 shows the measured E; of the R-R and R-S1 particles
for each polarity of particle charge. The measured Ey values
for a specific particle and orientation were slightly higher when
the particles were negatively charged. For the R-S1 particles,
the average E from both polarities was 7.4 and 7 kV/cm when
the tip was close to and well separated from the electrode,
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Fig. 6. Measured liftoff electric field for positive and negative charging.

(a) (b) (¢

Fig. 7. Schematic illustration of initial motion of particle at (a) rounded end,
(b) sharp end, and (c) both ends.

TABLE II
PROBABILITY OF INITIAL MOTION OF THE R-S1 PARTICLE
AT THE CRITICAL LIFTING FIELD

Probability of initial motion (%)

Orientation  —g o ded end Sharp end Both ends
Fig 2a 53 40 7
Fiza2B 3 97 0

respectively. The reduction of E; when the sharp tip was
separated from the electrode follows the tendency of the
calculation results in Table I. Higher values of the measured
E than the calculated ones imply the effects of the surface
force between the particles and the electrode.

C. Initial Motion

When the electric field was sufficiently high, the wire
particle began its motion in different manners. Based on
the recorded images with an interval of 1 ms, we classify
the particle behavior as the initial motion at (a) rounded
end, (b) sharp end, and (c) both ends or a parallel liftoff,
as illustrated schematically in Fig. 7.

Table II summarizes the probability of each kind of the
initial motion for the R-S1 particle when the applied voltage
was gradually increased until the particle moved. Table II
clearly shows that the probability of the initial motion at both
ends was very small when the ending profiles were different.
When the sharp tip was close to the electrode, the probability
that the rounded end moved first was slightly higher. On the
other hand, when the tip was well separated from the electrode,
the particles raised the sharp end first in almost all tests. The
results were similar to those in [13]. However, our results
under the critical (liftoff) field strength showed considerably
lower probability of the initial motion at the rounded end when
the tip was placed close to the electrode, and showed higher
probability of the initial motion at the sharp end when the tip
was separated from the electrode.

Torque on the R-S1 and R-S2 particles is calculated by
taking the rounded or the sharp end of the particle-electrode
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Fig. 8. Torque values on the R-S particle under 7 kV/cm electric field.
(a) Electrostatic torque Tg. (b) Total torque TTQT-

contact line as the center of rotation. The torque magnitude
is referred to be positive if it rotates the opposite end upward
from the electrode. Fig. 8 shows the calculated electrostatic Tg
and total torque Ttot for each orientation of the particles under
7 kV/cm applied electric field, approximately the experimental
liftoff field. For the same particle, T and Ttor in Fig. 8 are
larger about the sharp end when the sharp tip is close to the
electrode. On the contrary, with the tip separated from the
electrode, the torques about the rounded end become larger,
implying initial motion at the sharp end.

From Fig. 8, we may consider the difference AT between
the torques about the rounded and sharp ends as an index indi-
cating the tendency of the rotation. Comparing AT magnitudes
between cases where the tip is close to and separated from the
electrode, we can see the discrepancy of AT magnitudes more
clearly from Fig. 8(b) than from Fig. 8(a). This indicates the
non-negligible role of gravitational torque 7 on the particle
behavior. The larger AT discrepancy corresponds to the high
probability of the initial motion at the sharp end of particle
when the tip is separated from the electrode.

Under electrical transients, particles on an electrode may be
subjected to electric field stronger than E; . Fig. 9 shows the
probability of each kind of the initial motions observed for the
R-S1 and R-S2 particles under higher electric field (8 kV/cm).
When the tip was close to the electrode, the results were
similar those in Table II, which is for particles under critical
liftoff field. The initial motion at the rounded end had a higher
probability than at the sharp end for both particles. However,
when applying higher electric field, the probability of the ini-
tial motion at both ends increases to approximately 20%—25%.

On the other hand, when the tip was separated from the
lower electrode, the initial motion was still predominantly at
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Fig. 9. Probability of the initial motions under 8 kV/cm electric field.

the sharp end under 8 kV/cm electric field. Compared to the
R-S1 particle, the R-S2 particle exhibited a slightly larger
probability of initial movement at the sharp end. The tendency
can be explained by comparing AT magnitudes in Fig. 8(b).

IV. CONCLUSION

We have applied the numerical analysis to clarify the
experimental results of the initial particle motion in an electric
field. The motion of the particles shows the effects of the tip
orientation that agree with the analytical tendency. The high
electric field at a sharp end reduces the liftoff electric field E .
When the tip is separated from electrode, the prominent initial
motion at the sharp end can be explained by considering
both electrostatic and gravitational torques. The initial motion
determines particle charge and electric field after liftoff, and
must be considered for particle manipulation.
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