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Abstract

The objectives of the project are to study main part structures of a transformer
and liquid insulation used in transformer, i.e., mineral oil, natural ester, and palm oil
including electrical characteristics of liquid insulation contaminated with various types
of particles, i.e., copper, iron, and cellulose. Measuring value of relative permittivity of
liquid insulation (&), dielectric dissipation factor (tand) and dielectric breakdown strength
according to IEC 60247 and IEC 60156 respectively were used to evaluate the quantity
of liquid insulation before testing. Then, the AC breakdown testing of the insulating liquid
with contaminant was performed in accordance with [EC 60156.The test results show
that the factors affecting breakdown voltage characteristics of contaminated liquid
insulations were the liquid insulation types, particle types, the particle concentrations,
and the liquid temperatures. Besides, the behavior of particle patterns under the slightly
uniform field in the liquid insulation was studied. It was found that the factors affecting

such patterns were liquid insulation types, particle types and the particle concentrations.
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2.1 audulwin (Insulator)
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2.2 wisiaudaslwin (Transformer) [1]

T

JUT 2.1 wleudaslh [4]
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Wudunsrenendewlaslninle Wadaesnumanuvasaioiasaiosnnasssuulninmas

Primary

¥inging Secondary

winding

N )

gﬂﬁ 2.2 Basic transformer working and construction [1]

drudszneuiiuguiididyvemdeudasiioy 3 dau loun wnuwdnvemdouas

o4

(transformer core) wnaInUgu)H (primary winding) uagunalnyagi (secondary winding)
Tneflvnadrnuguafiesnuey Tunumuniesnundndruvaainyieglagiuegiunudn

FUNTN F9UAAIANSERINAT wILTe U uuS o lUAlA IR RS 1dIUTEMI NI UIUTE VRS

=

q
wnanugund wazvaannienivzduiaivundt ussiuliihneimdsuglituaggnulas

= =

Tiuauvseanamwuyienll Weunaedeuussiunseuaadulivnaindgugll auife
uussdmdnlvinsuaadudulunnudnidunsswivdniazindeuilunuwnuminuay
Tusinfuvnainnfegd vilidusuadoulniinderdniavuiivaainyivginiung vesii

5§ £ g 2 = =Y ! LY 2/
nd FavhlvivemeyRegiiaansndrenseudliihuagndsnuls



2.3 Taseadanazdruysenauvawmdaudadlnii [2,3]

2.3.1 dyuusenaumeuen
1. fandawuas (transformer tank)
doflaulaadugunsalidndunndmiundoudassilaildvosvartielunsszune
anufeu Badwmdlauvasintiveududuiddyneluvewmdoudas 1wy wnuimén
[ o a o W @ v 3_‘: :? 1 k4 2/
YaaIn wazauiy [Wusy Ingunfudivuiavesimiisuuasduduegfuanufeinisvely
lngdnagaeedimdniun s1agn dnsduasitewdos Sszdumiudweoadsnt dai
Wedegs warliengnsidnuiuiu ueninuulandinemilalansnaduvesrodaif

fandeutassnuld uazdwinmuroagyinalalusenineifimsdsuingiu

'

@ =i

Fag@ldlunsudndeviiowdattiufamanieiu (steel plate) fiflannings Jaau
= o o v o 2 av o oo A & 2
uwuss aunsonuauierlanararsosdumbniilidusideuwlmén (non-magnetic steel)

@ <] Ve 9 1 = v M
duluamelaliduussusindnisegld

;a"iJ‘ﬁl 2.3 f9nsianUad (transformer tank) [5]

2. WU (transformer oil)

ihifuildlundfoudasiy fnihilBuauwulnfiuagmaiuieusanainvaain
(winding) wazNWEN (iron core) Fedsdfyvomuunaniozhedlifimiuty (moisture)
Ugduay insrgmniimnstuiaduasiilienuduauurenuumandenly auwumaids
fmthitlestumsynieuvesunuimnuasananainansiall uastiosrunisavauvesmynau

melurslawlas
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3. iAsevingeduiiiu (oil level gauge)

& | A

TnesluinsesinseAuidisu (oil level sauge) Aginfaagfidi9 vaedawninuy

U

(conservator tank) vt fiuasssediuihdunieluimioudas wiseandu 2 wliafeiufe
yiladildvasauiy uazalafifuiiadud FansvenseduindullegvareBianvuduaguay
wuudnes uenantundasinsedviniudianunsoiingeduiafiiduifiefndaaiaaiou T4

deaialudaiosmunuipie deuduaniaseiusan

yis

gﬂﬁ 2.4 ifpeinseiuasiy (oil Level gauge) [6,7]

v
o at

4. faWninlY (conservator tank)

ﬁaﬁﬂﬂf’]ﬁuﬂuﬁamaﬂﬁsuaﬂaémﬁaﬁwﬁauﬂaq Fselangiioungefionnie
mevenlddwnsad iUl uarfesannsasessudiunes 11-12% vasndurmusludmiie
wladld Sotminhifinifidmsusessunseeiuasmaiareainfuanditmsoudas
vzndionlasiideldou Tnsunfudridulusmionvasazey idaniefionmgives

9

waninsldaudnisyriiuniewdasa ilvgamgivesiniuatelunenieulasgeu
Ynasvesiduszaeigsiauas lvaiagiiniiuiinngludsindniueallulasiauussqey
wiee1aiigeangeiusgsevinaiiiunazeinia wadneinuninvestiulilignaud

FurUduainia Fgyansanineiuduvetiure el

3‘L|‘I7II 2.5 99nNU1U (conservator tank) [8]



1l

5. YANTBIANUYU (Dehydrating Breather)
PansaernTuiminfdusuliuaudunelundowtas wastlosfuauiunes
amevazdunlUluntauladdilasasussgansganiutiuie @dn19a (Silica el) aganelu

1 o

Wagaauduniiegluaimanswdngviiouas e nlusngivdouwdasiinisldnu aum

U

Wanazinn15veeiiangun) dNady $991n1Aaengn1euennIAnTeInIuTY

& i
a0 W =1

wazillondouvaiinsenilnianasguugiiniuazanas enanieuenidannunady

wnninagluadngiidadleainugansasmnuduiliiensesnuiunouigniowlas lasans

=

& =i v o T a al & = y = o
geanuduluanwildauldeddudu wazasvdeududvuniodouaun wderaning
Waeuensin

U1 2.6 ¥AnseIRNUAL (Dehydrating Breather) Hus393aniaa [9]
Anutuideylundeiuasiuazanan dielectric strength vesidiuas wagenieiu
s © aaa A . Y] g s a0 (=1 g o o e [~
BE1N1 90 IUNN81. oxidation nUUINULARLTUYaWIY (sludge) Trumnuidunenau
NEARMINTOUBIVAAIN uazwNUWAA YinlauseuitAnsinaugideluraainuazuny

wiinlslanunsnsyuneeenguiuld Feilewiuveweainidennunina
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6. guUnsalsyUIMAUAL (Pressure-Relief Device)

gunsalsznemnafuivdhfiszuigeudunslufmiiouUas fiunfutivue
LildAemudemefufndiowas gunsalssuieanmduiidnuaziduviofiressnaing
wifouvasinneusnadieids neluvowsdiuiussuisaufuiivihanuiunaiadnuie s
neduaU vmthiisueudulaemesuuuresgunsaissnemufuerduiafuenniad
serinedainiiunargunsaiseuisauduiuasiiviedafiodawliauduiiaesus
wirdu Teendnnsaglénalnavislumsssunsanusu Wonelundfoutasfinussiugean
ANUTOLIYUTLIIEUTY ANUAUEYNSEUNEREN

AnuRnUnRnelundaulas Wy nsifausenel (arcing) azvihlinnelumisuyas
Lﬁml,l,a:qﬁ’uﬁwsnaa'wqqﬁu eNIuiesEUIEAmINAUlUnSEUMNLHUSTUIB L TA U a9 UNTe]

sTungAURULNeBRNgMELan

AY TP Vo
G '
'ECQ

U 2.7 gUnsnissunAuiy (Pressure-Relief Device) [10]

7. yuleadiiad (Buchholz relay)

5

yaleadiiadilugunsaiiviuinfinsiaiunisazauvesingiagdnsnisivavesingu

fnund yuleadsadashadsivndanvaswdnifidoinuiiu Taelelnnuisunfilasqin
ANISARNITANNATTLINIVAAIA I ONSARNTRETITIVIEIU FeaeiinAnusauassin

T eietuneluauiuidy nsdiimnufaundlisunssasifefeduodisihy wasfed

Andudazasefgiuuunazluazaufidhvesyrleatsadiilignassanuuanseduadlung

U

R

s

wihduiawazdsdunafiouluduiotniuay wimniaanuiiauniniglundeudasiisuns

U FaTAnTuerisuuanuastAngurudviilavinls Anusesudn e d eundudiluly

2N

e

@ |

windrffurinuyrleadsiadilonnuiuhfiuilvariufuninfidmueysleadsiadazd

Funruludivanusninesremilailaiennanzuy
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sUil 2.8 yaleadiiad (Buchholz relay) [11]

Trip AlarmGas sampling valve

g Contacts
Floaters

Conservator

4

b

Main tank

sUfl 2.9 msvharusaaysladiiad (Buchholz relay) [12]

8. weiludines (thermometer)
a 5 A A e we = v o |
wosludines 1Wuinsesdefldd wiuiansanugivendoudadluvaeldau wu
wansgaungddiuvwssaumvadlidiiuaueuaregluninuvadinioudian vield
wansgamgivewealnlaeliisnisilsuidisuanuieuldannisinanseuanluaniu
a & | & £ @ a oA ' el Y @ a _ a A
weslufmasazuvseandn 2 4da loun allandudrlulivinduda wazylaneuand
wihdudafiin gl degamgivemidaudasiirginiimyusuisl iagludditiadanuiou
o q’ o U o o = ar = e A L.
Merutasilinnau (Fan) v Sdygraiiou (Alarm) wkazn13da99s (Trip) Auasu

mugamgIlduTusall
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9. gunsalnszatemuiou (radiator)

gunsalnsyaneaudou laun Alu (fins) vewmdeuvasdugunsaidmiviunisylu
msfuanufeuaninduifiedetelfidenniasevueniluuiaruisndesiiniseanuuy
RnzAuaneneiy

Tnelassadrenielunesaiu (fins) nans itelidniiuluaniudroenléinaen dau
$runueturrluegfurunnuemsieuauazmsseniuudienadiduhdsvemiioudas

= o w da &
LaEYUIPVILRHIEAUTTAIUADT1UNIRAAN

Sl 2.11 gunsalnszatenmieu (radiator) [5]

10. sWaa (fan)
waaudugunsaiszuaaruieuLenIINNITITUIEAINSEUMEITITS LY AT
AnRainauUsIanATU (fins) Tesntlowdas laavtvasinaufenisangumgiiveaniouuas
Y Y do wewvd £ g - v 2 2 & b
awnen1ssruIeaLaudEdn iy Wunsteegmsldnuvemioudadliumin vile
wasfiasainazga soiudnsmassunmsyvomdeudadlniile 20-30 % Fensaiuny

Whanvemawlasiu nseild 2 35 Aemunulpudnludd ey BiaUnlauau

Ul 2.12 simau (fan) [14]
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11, Hanfrstu (ol circulating pump)

2
< Y

Uiy Dugunsaifivhmiihitdwiuduhduluniowvadivyuiews Wy unuiiay

= = !

a1fundnnisasudivesenranloligumnlias Furdwalvndeuwlaiarunsaseuigaiy

U

Soulnmau

gﬂ‘ﬁ' 2.13 Jashatu (oil circulating pump) [15]

'
=

12. Y394 (bushing)

Ll

'
=

Y vanannseileaadeu (Porcelain) viwinfiuawiuiussninetnlvilins g

]

o s e 9

wsann Auifsmlioudasddivnuihegmeludmiudeudeansaasinilnigludmde

wlasiuniguen TuntelUasuwmazgnasdiyueet 2 90 Ao YuTausege kavysdause

FUT 2.14 Yalausegs warysdausei [16,17]
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13. 815n@9gesu (arcing horn)
¥ i & 2 £ a0 o 1 o ¥ & ! Y
913nBageasu Wiogunsaldwmiuaefiviuifidunsriuvesnsaiulnililuniie
wssAuiy (Sureellaganzfiinanfininfiedesiulilindeudasisadene lavazfnas
Usnuysdwemdeudastrsliifinerinfiorindegesu unuifniiyyde duwaliaiu
demevesyrdaiemwinfitianasuasiiedaananisldanula

[
=Y

gﬂﬁ 2,15 a7$naveedu (arcing horn) [18]

2.3.2 druusenauszminanglunagniauen

1. daseane (terminal) WugUnsaifivimindidugadesdessuitsunainvomiie
wasfuaalila Tnsdnfudandionvasyuinluaazldurianesuns (ous bar) Auyads
nsaeundoulseguuimemiiawas udweirsywinsasvemeduangluiiansuen

ynduntewlasuimanazldiselWiisatnszninaargunalnsuagliinneuen

‘gtl‘ﬁ 2.16 97waa18 (terminal) [3]
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2. whUuSuusesy (Tap changer)

Ltﬁﬂﬂ%’uLmﬁm@uqﬂﬂ‘sﬁﬂsﬁqﬁmﬁwﬁL‘Ué‘&:uE“]’mﬂﬁauﬁwmuiawawmmwﬁaLL‘LIaa
Tifuvtean ieusulisesuussuliimasugldiwihasdivieeglufifamudiosns Tne
wiUu¥unsefuntseonidu 2 4ia 18uA wuu Off-Load Tap Changer wievfiaiUdeuuiiy
salisrelvanlnemsuuuiivusasaSadosinnssulnidoufiasfoy wardnudafiouuy
On-Load Tap Changer #3eviaLudsunfivunzdnsluanagdenisusy widdulaigessula
Aowilinsarglndhfaudedes wardoudladumSeausadulnihanudeussiuladi
AudaztaeBrengmsldrumesgunsallwfivesglilldung sy Tnevhluufuuiuusedy
Yomisaulasazag s uInaIALTIgun T Elduiuseuvesamainnuariinseudlvates

UnRufvusunsesuazd 5wl unazuiivazyiiksasulndnddeuluuszann 2.5%

fgﬂ“?i 2.17 wiUU5Uuseeu (Tap changer) [3,19]

2.3.3 drulsrnauiduleasuiwan
1. wnuwan (Core)
I3 [ 95 e 2 aé a 24 n‘( [=1 = i) i @

wAULAan LUUlATId5191A NVEIVLBLUAT VMUV UINSLAUYDILEULTIUNEN
o = a 1 = = = i 2 =g v o
Womdeadsasiniiszninwemiemagun il uazveaianieRendl lagunumanildvi
LU NTB I LU a9 A UNAL YO IEN ST AN DU BT NI A LML LY DL EULS AN
Aaduseurnainl’ Fausiuwvdnusazduduukiumdnuiadesiatunaias du vilvliaau
fumugeuazdizannisgydeuuunumanfidmaliiianudeunienSenitnseudluaiu

k2

& - 3 ' é’ [ =
UukNUUan(eddy current loss) HAEAAIELAANUL-A19 USENBUTULUUIAULUNENVDINLB

=

wad Fedinisdaneunuuanvamdaulaiiiuunasnidy 2 wuu ABWuy core type fiay

fmid )

=] '

dussaudiwinsiuegAiunumanvemiioudas uaguuu shell type Maglidunsudinaney

seuusnunadInvamllowUasdumneiunisuUasiiinseuainingey
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gﬂﬁ 2.18 wnuan (Core) [20]

2.3.4 dhuusgnauidurseslanih

1. waam (Winding)

EGRRIDVFRIRIGN %ﬁwmmmqq-wawmaﬁw (High voltage - Low Voltage
Winding) Fautsifiudnnmnugugl wazamaayfogd wnaanidudiutszneud drdnlu
21eslwih feidnvasiumaveunsnamnieuuuiadeutiie et fensganvauiuiy
sauunumanimifidursasiadiiles anaanusy pfissSundanulniianadsduuse

wiwdnlusnumaniieimiiedveaeyRedlilauseiumadiasms

— V - - ! { | .
5U7 2.19 9p@In (Winding) [21]

2. auu (Insulation)

aurvlundewdatuusdu 2 Usetnnldunauiuuds wunseawnsauasn wavauiu
WAl Wuawiuma lnsawiuarindifidestu nsiienisdasasiundowdasiag liilfian
msduiatussninsduiifuwnumdnuasdiudiduvnanvesidoutas waztleatiunsduia

YoIURAINVRINL awUadluLAaL Ty



2.3.5 lassadafidrdguesdoudasluin

gﬂﬁ 2.20 Tassasafidfvamsauvadludl [3]

IAssas1anddymemdontasiwiladaed

f09 (tank) kag AU (fin)

'
=

Yl s aganasyuliausas
Tanildtlosiums@ue iy

dasadne (terminal) Ltsqgmazmw‘i’w
UIUUSULSIAU (tap changer)
gunsnlszunaAuiu (Pressure-Relief Device)
a1$nBssesu (Arcing horn)

wAWAAA (Core)

o e~ o b RN e

VAAINUIIG (High voltage Winding)
10. UAEIALTIR (Low Voltage Winding)

11. insasinszauindu (oil level gauge)

19
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2.4 aurunelunsiaulas (Insulation)

avunelundewdadlnin wusesnu 2 ¥Tslawn

2.4.1 auunda [23]

[ o L% q' [ 73 [l [ o o e :'14 =

auuLgIuan Nz A uauum Wik a1 usduisdeaininfigawse
Syussnasulinanuntnuedlasiade vieunsenalaudndiinannseualnindneie Tae
auuudeilondng Tundeulaslnirfonsemwdauss (Press Board)

nszawdnusuiutanussinneaglaanareguiinnnnnsgauiigniudameunsaiuy

2 & & @ 2 alal I A @ a fa o F

wazauseu npvugulutanuienlimnuvuiniugs lnenwsavesatodunefiuesdunid
Fdanaudinsiniuarauaudfinienasgned esneaglaaduidulesssun@ninng
Fouruiuluuvililidnwas Jugniu Seviladieanalsaanuiu wezaomgl aelviued
(Fiber) wiaziduluiraglad Usznausie wedwediBaeivuuiu lnenediuesudagidud
ywiuduazdafiniudelalasiau eluanaveshdudatuianhuesiragladliiues as
TmAnn1sasawuselalasiauseninsesaeusendiaunulalasian vlinsgn1wauiugIusn

L t:'!I‘ =)
AatuALTuleR

sUT 2.21 nszAwdnnss

2.4.2 auuiven [24]
< = o Aa o ¥ 2 LY
awruwantuauunadliielianisideuinnlddundnniseanuuussuvauiu
vasgunsailviiusegs auuadfeglundiouvaneivtifindnlunisiliuauiuvemiiaudas
wazarewanuiauiisdunelunioulasesngdundey uenniiirduildluniaudas
fagrgdesiu mafnufisonalinelundewdas Fendeuvaslwihimdsdulngiuagld
wifuus Wuawiumainslundeulas awiumvaifldluvdewdasiivareyseian usluifas

AABINTULS AWVDITTTUYIR waztnduNY fetl
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1 s

ihdfuusfuansysenoulalasandueuiifinnnmsndudiiuiu e niinauda
ffussleviuasdunum iduuitadusuumanfldfuinniianlugeaivnssumsiouuag
thifuusfuresmanlusanauarlaifa

Uszinvene vaslelasmsuauvasinguus Taun

- hoalAuLUULEASS

- uBALAULUUAY

- W15

- selsndnlalasmisueu

dsunsilddwiuiontas og 2 Usslannane Fanannszvaunsnaudtud
wAnNASri

Srsfumnsiin Aldunandsupufiiusnaes nparaffins tnnniuunnidalag
Aetumusssug i s feelnamneuigausze 1adefumsuisesaiioanys
Tnawn

thsfugusing FlduerniisuRuiifiussunaves noparaffins s1un(aelddl) o
Tuuuiniiqe o laglideciiuaslag ioangalvam wagdituuumnSdnvaedn
wnninishmsiiu

ihifuuslvalfifinrsuanifiolviaenndesiu IEC 60296 [25]1 w30 ASTM D3487 [26]
ey drfuusgrldifuszezinanfionuiu srudeyavuinlnevesdeyaiiarunsa
Aennumngveinsivasuiasdnuuee wiuuagylimanisaiauRnunivomiioutas
IEC 60422 [27] JuinSesflefidlunisuse dunmnmuesauntuilldflundiouas

2. \QEmeIITUYIM

UiATevesueansenduar nsalyiiy viliiiemndesledduianaseninneames
wananegu 2.22

O
g

E‘U‘ﬁ 2.22 Msidenloseanes [24]
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luguf 2.22 O unu 8andiaw, C Wnumsuau , R waz R’ unulgmsuen 98193

wilouresnaiu dudeauansliviulisiuseifeuarassdunnefiaiusey

CH OOOCR,
CH, OOOCR,

JUT 2.23 1A59a3 1970908 TEI TR

3. WsulIal

gﬂﬁ 2.24 Jassas1svasinguliay [24]

TaanasTudaiiiana (Fruit pulp) vesurdudisiu druntmatunansdeliuiussuin

45-50% eerUsenaudiulve Aensauraudinn (Palmitic acid) undedinsnludulidud laun

nsalotada waznsmdlutadaseiiuiy diifuddsdnsdaudalsainnistudmudn Senin

palm kernel oil fosrUsgneuadioiiuueniunIeenunsadwldunuduld didulidu

Qs ¥ ! o ) =l v o g @
Sagnlfidudrunansnnunlugnamnssunsyingy Weu snnsy warldiluidfuupemns

AuauTRnlihvenhfuldudisuneuiu dafurdauuansisnseh 1.3

A13199 2.1 anauTEmdiiuagmeauiewvesihdulduisuiudiduiveiindug [32]

n g Widuuin g .
GGG ndfuau . Wngiudnlng
NTunyIU
ANAITUAINUADILTIFUKY) a6 27.8 12.2
Andesiniin 3.10 11 3.13
AALTU(ppm) 535.3 546.2 561.7
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A15199 2.2 AauanTRnsidnduag i vesnuiuvasiiniifuusuasieamnes [23]

Properties Mineral Oil (Nynas) vdfudie | Mineral Oil
Electrical Properties Unit | 10 GBN Mineral Oil FR3 BIOTEMP
Breakdown Strength 56 (ATSM

kV >70 >75
IEC 60156 2.5mm 1816)
Dielectric dissipation
2 <0.02 0.005 0.014
factor at 90°C
Permittivity at 20°C - 22 Bl 3.2

2.5 anueauUhivesaulu

@

awduluszuulniinds fdnwardidgiduiduenisnuaud® uazauninwes
ledianmsn 4 Usznis fe

2.5.1 @NUAUYNUYaIauIu (Resistance) [23]

aurulnAdnduansidilwdlddesuinus alah Wi aeilefdwiulnirunsyinae
awulngauuiduysalate) Wegnelsawulviiezliinsnfouivedidnnsoudasy
@ ey e o ' 5 1 e P & a o
Hutevzlifianmilviiegias wenandnuuuniianfe arsauiutuiidimng Aunugs
Dueiud wiewulnihiildeglunisd jotiduinagihnssuausiianissinn Wethawiluau
szedlanlnsafdouiswunsenansaduiatuiunessiinsyuglvan i uauiutuuAtoy
Suniinseuash virenszuany nsziasifilvasuawiuiinvseeniluaesnis fie nilslwar1u
Tueuiu Weswmnewaudanwitlwihagtnsdisnaands daudnmenilslvasiumuiiauiy
=$ll = = L] di i 3 431[ d‘a i 4 c:J LY
Wesanfisauudaninidnlwi [ewindausezioutarauduiiiy Memginsinniy
AU e IuALAEMIAT USRS (Volume resistance) WagAUAIUNITIRD
(Surface resistance)

fa  Aaa

253 Lﬂaimmé{ [22]

8
=

fa aad & | e a £ | @ | a ¢ a1
L‘Uaillﬁ]@'lfﬂkﬂuﬂ']‘ﬂ']LaTWUafﬂ'ﬁmiq‘quQuQUWQﬂaT}Q511?’17ﬂ’]ﬂqeﬁLLﬂusﬁLUuﬂLﬂqﬁlaﬂ

awugyynd leedmualdauiuifarsuisazawugyyinaegateldlaulenld

L L1
didnlasafienfunisenaasinnsane e Wudnndwdnanaviuey fuanaudivesianue

9

avaiin
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8
s

Anleslnfifvesianiuinildann
=g, F/m
(20
fo & Aedeiniitiuesian

£, AomiosinmiAvesgyyInIA = 8.854x10*2 F/m

o
aade w6

¢, ParnUesiniAduinsvesian

1 P = o - ! J ' o g o
A ¢, ansafizdenuldanadnndiuseninmanugliiivessiifuusegild

anduniziluawiu (O serrauglnivesiuivyseaildagainie (C) iWuauiudu

1 a8
sewinedidnlngg
(2.2)
de  C flemanuglniivesiafiulszfildandninsduaun

Gy oAy Inimesiiudszafdayainadueui

AsanANuduRUSs YA U LIkduaL YT wazAr et L

D =¢E=ge.E (Umd) (2.3)
a1519t 2.2 @iwLUaéﬁma’iﬁ”Mﬂ’wémaﬂi’aﬂ [23]
3E0) g TR 23 ) 2] a0 23
Polyvinyl
Vacuum 1 Polyethylene | 2.25 3.18 | Germanium | 16
chloride
Air(1 atm) | 1.00059 Benzene 2.28 | Plexiclas 34 Glycerin 42.5
Air(100 atm) | 1.0548 Mica 3-6 Glass 5-10 Water 80.4
Strontium
Teflon 21 Mylar 3.1 | Neoprene | 6.7 310
titanate
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2.5.3 wilnimesidsgaydeladidnedn [22]

msldavaniluszuulniididedy dunnnesidsgydeledidnainidu
wisfinesiddyfisdosfiansan ﬂ'”lLLWﬂLma%ﬁﬂé’qgﬁgLﬁalm&é‘ﬂm%ﬂ%ﬂuﬁ%ﬁ%i’ﬂﬁwﬁq
vas01gnsldnuauIn Amunnneimdgydsladidnainauisouteendy 3 dife

1. Aarugydsidesainnisfiauuliliiusuiuuigns wWeauiuaganels
aunlohSnaliiRnan il dun v?ﬂﬁﬁmﬂ73@'@13Lﬁ&JLﬁadmﬂﬁﬂﬁsuaé’ﬂwaamu

2. feanugydeideninnginssumsiidilasaniizuniduluianavesauiua
fssetesnedase Weauruagnieldaunuliin Uszquinuazauvesluanavzienes g
MnfunazdsennidialoulalnadidvuavesUssginfuuadtinsstudrunsadesan
aunslliihaznseyhdelealnaliansuiuiamdlineieglunuvesauluih Tunsdld
awegmeliauliihnszudadulalnaszdoainnisSosihaduiil aaenangeagii
TiAsnsanydelusuvetanuseu

B ﬂ'wmfmqﬁggﬁaLﬂawWﬂm3Lﬁmﬁmﬁawdmmaium‘faamu N5 finfavisa
ynsdu(Partial discharge) meluoauusnintulflunsdtdosuvlilddudeden
auysaliemun (Nonhomogeneous) ngluiepuiueiavrilnsseimaviovanuuantaey
segsie Inswinasetaguiandasuazdinniugluiuasaauamude Lsiuusn
aiininBeauiuileauinldSuusstiliiindnavifanmsiusnamdtunislulnsseinie
vioTanulandasu nivuafayfaareglulnsseiniainnsiafieuivesdidnnsoumuiunds
TnseinuiAse taduazmiudouiu nsifafayfavnadiusanannelul doauiuayily
21gnIsidnureRuINanaY

2.5.4 AnuAMUAaLIIRUlNITeRLIU (Dielectric Strength) [22]

ANNAIUADS Ul usawIu wefitmauaienaunalni (Electric Field
Strength) geaafiaurutiuazaisanuegld Taslifiaanudeme viaAnnisiusnand
wievldauudendn arimauseusaulifimeseiatueyfutafovaneUssms Wy
5ﬂﬁs‘m$§ﬁ‘ﬂﬁlﬁ§l§ﬂ1ﬁ‘ﬁﬂ,5ﬂ@mxﬁuﬁa?}aﬂﬂ§ﬁﬂﬁ%ﬂ,ﬂmﬁmﬂmzﬂaﬂLLSQﬁHﬁﬂU’JUﬁ#ﬂIﬁ%ﬂ,
svpziafauiulasuussiulai lnoundladidnasnudeasnudeussduiusnanadldgeny
lndidnednivan nsusnandluauumadanImNIsawINIEndugan U nAlenaaanniusn
arnnuldud waluauundadaiusnanatudranimnmsauiuazdely silildanunsely

Nuiianmsanulasn



26

2.6 aumﬂiuamumm

symafiuzUuegneluaumaanimsdenanwuemiioutas o1gvemiloutas
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VIR

2.7 aunwluiln (Electric field) was manua3enausliii (Electric field stress) [22]

2.7.1 AN

aunalaily (electric field) AadtauyAliausonasfiuld unanansansiadulely
seuayATeIUTERingh Fadntulunguveseunafidusyy wduinmsuanasuiues
Tnmeuaiion vhlAnusanseinfueymauinalasseuUsegliin vinuilndusyafigaey
faruduresauulviiigen waeteraniiosseeduisennly mhevesenulwihdetany
sofaany vTelanmowng

mnueSonaunslniinde Aussiiusegensg nseviwioUsyy Q Anluuswiends

=1

wiheusyy lneanilueziuegiv wWeslniif wiamasladiangsn
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2.7.2 WwAanauulni
aunulihezlidnnietosananansmseialusUveussitintuaungvegaeud

(Coulomb’s Law)
memauulianUsgglvwihduiilinauy Q ey Aawlni vanetls 2 WS

Aatuuulseq +1 geewy Aotlunduaunslwity » aunliihonuseq Q lag Teeed
_ k@
E=—

do  E = aundlwihiliieainusey Q (V)

(2.49)

Q = UszquuasindafivihliiAnawulni mieeaeud (C)
r = szazanuasTiinfegaidesnisimauiuliii e wes (m)

Tne fisvesaurlalih NArINIAUsERUIllnauIn Q

wnfiuszy Q1 war @y wwndnidugerwiieiuszes r azifausenseyhdeduly

' v
= =%

wufrsedenlesseninsdessyailu uasiifinudualian

1/ 4 Q2Q1;‘ ol Q2Q1;’

FQ1—>Q2 = ame | 13 4mers 5

==

fa Ao hwedmuwlsduiusessyy Qy Weutu @ Fallnnwesmbe 7 =
€ fin WaslnmmAvasiinans dauiinu &g
£o A8 WasdnMmesgayanna uiedin fawnty 8.854 x107% &/

S Qaﬂi

&y Ao Woilniisvassianats (Liflvuae)
wUsnudnwazsULuvaunalii agudsld 3 wuu dupe
1. awlnihainaus (Uniform field)

[
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aulwiadiiaue wunefsauulwivinduynge daguludessenindidniage

szunudeszunu Femwaldannanudunus
U

E=— 26
7 (2.6)

dla U Ae uwsssuditewdnlusenineddnlase
d AoTraeinaserineBianiage
= = i s &
E fernnunadenawidluin a qela serinsdidninge

2. awulwilyasianedntes (slightly nonuniform field)
i
e

o
A

U o

v

o
U7 2.26 Bdnlasafifidnuoauulwihuuylishauadnies

a0 i

aunalfinliastiaue fe auiSenauiulndudazgefinunninetu Tuagiy
t;‘hl,mﬂwaaa;mfu ANUULANANINL 0 JAFLY ﬂsmﬂw‘%aﬁaaﬁﬁuag}ﬁuﬁwmzmemmzﬁm
vasdidnlnsn Afauulwiildasiaueu andodes fudu Bidnlaseluguil 232 &1du
awlwiuazidudndlaiiu aslassgy 2.33

U=100%
g p

i<

wuaualbiia

—_—— o Eudnd

g‘dﬁ 2.27 awulnvnazidudnglndvi

9

Tuguit 2.33 ssduldemueenawinihgananintuiiivedidnlasanse

naudeaInlaaInaunis
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By = 27
dn*
o n* Aawinmedauulvih ddewin
E
r=—= Pcprxl] (2.8)

EITI.EX
Tne?l E,, Aeanadvvesauwinlwihdanwvindu u/d
dunsanamauedsegunlniniusnanduesmuuluawulnihldaiiaue
I td L=
ERDGRED
U,
B, =—2t
aunglwillainavegaseidnios Ssuiu a1 assydunnmesaunulwih ,*

(2.9)

Thuies faguit 2.33
3. awalwilaiasiianags (highly nonuniform field)

A

suiiiuldnugufivaeeenuvanagdal E geunn nanfe Sautuliiliadeanegs
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d

—P x

JUT 2.29 auulwihnszaneouiisuvesddnlnsndnung i
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2.7.3 maanuasenaunulwi

feussiavdamiicszy Wuwsduawulnil Sauduius deaums

D
E=— (2.10)
£
Inenguasaaaul Fudewluaunsimldlai
F=QF (2.11)
J=cE {2:18)
o J Aeanununnuuvenszwad Wunnwes duiiedu 4/ m’

=4 Q o o = 1 @ o
o ARAMNANMNUIVBINIUT UKEUU S/m = siemens/meter = 1/ o

= = kg 1 I
LD p AR d@ATNAUIUY Wy Q-m

2.8 nstintusnandtiuauIuan [22]
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indeuiludsusinaidauilinm Ingdildeyniadesifuduagniudeudosening

a o o U = ¢ e
dianlasaviliiAniusnaaiaegy

.

5UN 2.30 M3iTeefnveteyNATENINeddIn (Gap) (N) aynAnaudauusiu

(v) Msdnduaiudonseninedidninsnveseymandanteuusediu
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2. wsnemiidlesnvesufa
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14 suitable cell 5Wd§dmmmmgﬂu IEC 60156 @33l electrode 2 wuu Ao Spherical
electrodes Wag Partially spherical electrodes iaiAuayniadouy 3 via laun nszany
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3.2.3 TuppuUMSWIELaUNAREUY
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3.3.2 My
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3.4.1 1995VIRERUY

UM 3.7 msreaasfiewinunninesninugnsailadians®n (tand)

108 1munuemalynagey 2.munNgungil

3 gunsalinUsequasauanmesndsugudivaladidnesn

3.4.2 funounIMadEY

1. feaIAgUT 3.7

2. dhavuvaldadlunsyuenves Liquid Electrode ftavhnisnaaay

3. 101 Liquid Electrode flussqauaumaudldluyamaaeuyalagauds
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9 U
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3.6.2 TURBUNISNAGBU
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Pramumaiiildanmsveaeud tand Tdluganaaeuiusnan

#8299 50U§UN 3.9
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HANSVIAEDULLUNDDNWIY 3 Msvaday fall

1. MSIPANANLTUTDIRUIUARINDUNISNAADIUTITE 4.2 - 4.4

LY

2. msmedeuiaresadinduinsuasauIma (g,) warALHNIADINAINU
goude-wWaladidnedn (tans) vesauiuman

3. psnedeUmMsAntusIneussilihnszudadUiuauuman (thifus
ihifueawes warihifulide) Tnefoynimdeuu (mamdn nesns uazizaglad)

4. nsfinwngAnssunstesiiveseymadevunmelaguanlniiliaiiavedntey

4.1 HAIINNISINAIAUTUVDIRUIUMAINDUNINITNAADS

i & | =
F11979% 4.1 ATUTUYDIRUIULRAILF AL YUR

YUAYBIRUIULNA? A1A2731%1 (ppm)
stuus 17
Yrueames 170
dhfutndu 223




4.2 wamsvaasuindunnneswasugadealadidnain (tand) vasauUILNAT

A19199 4.2 uneeswdsnugydodiladidnsinvesauiumal

40

urnneindsnugadeiailadiingdn (tand) vasauruvial (%)

qauugil . : :
iUy NSl ULDENDS insluunau
25 0.000275 0.00347 0.00351
30 0.000279 0.00355 0.00382
35 0.000285 0.00369 0.00407
40 0.000294 0.00391 0.00438
a5 0.000307 0.00432 0.00497
50 0.000315 0.00483 0.00567
55 0.000328 0.00546 0.00662
60 0.000375 0.00621 0.00768
65 0.000433 0.00708 0.00906
70 0.000496 0.00811 0.01060
75 0.000578 0.00934 0:01260
80 0.000684 0.01060 001520
85 0.000813 0.01230 0.01780
90 0.000974 0.01410 0.02090
95 0.001200 0.01660 0.02490
100 0.001760 0.02150 0.03320
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0.035
0.03
0.025 ®

=@==Fster

tand

S 0015 ,
@ Palm oil

0.01 : y
=g==Mineral oil

0.005

0 Prmmfrnnfrmn{f ey e {fasanfs e Faneal e
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Temperature (°C)

JUR 4.1 nenansAudaiussening tand fugumpiiiiuauulastesauiuviains 3 olla

4.3 NaNISNAFUAILSIAULUSNANARELs U RN SHada UM LaNIUWA 2

15197 4.3 USIRULUSAATINUBIRLIULIAAT

AUTUYTY (%)

.| vin Ynsfuus nsfuleained Ynstuunda
gauugil
2UNIA
" e SOBS S ARNDE ) 8 | 8 | §
= o o o ! o L) o —g o o o
- L%ﬁ@lﬂﬁ 509 | 489 | 464 | 427 | 52| 51 491 45 1495 | 475 | 44.4 | 40.7
AR L
qy B LAaN 509 1443 {403 | 36.1 | 521|475 1432 | 386|495 (422 | 385|334
7194

NOIUAN | 509 | 394 | 34.2 | 289 |52 [ 413 36 | 319 (495 375 | 32 | 26

L“Uﬁ@lﬁ’d 563|523 |49.6 | 456 |56 | 55.2 | 52.1 | 48.4 | 53.2 | 50.5 [ 47.7 | 44

50 °C wian | 56.3 | 489 | 46.4 | 388 |56 | 53.1 {481 | 42 |53.2 | 468 |44.1|36.6

NoAe | 56.3 | 435 | 381|329 | 56| 479 | 40.6 | 35.9 | 53.2 [ 40.2 | 35.9 | 30.3

wagﬁaa 718 604|554 |513|70|627|596 557 |64.7|584 | 53 | 488

70 °C wdn | 71.8 | 58.8 | 51.2 | 45.8 | 70 | 62.1 | 56.8 | 49.2 | 64.7 | 57.3 | 48.8 | 43.1

NSRS | 71.8 | 48.8 | 43.7 | 37 (70| 529 |48.4|40.7 | 64.7 | 463 | 41.1 | 34.6

L“ﬂﬁ@lﬁﬁ 748 | 673 | 643|597 |77 |708|676| 63 | 706|643 |612]| 56

907C widn | 74.8 | 65.1 | 585 | 53.7 | 77 | 68.3 | 61.4 | 57.7 | 70.6 | 62.3 | 56.3 | 50.1

NoIuAy | 748 | 619 | 54 | 46.5 (77| 65.2|57.3|50.8|70.6 584|507 |429
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4.4 wan1sAnEINgANTINNMISesvesaynadavunieldaunulninldadnasidnios
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7
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O

b B Y

| ‘ik‘i'r ~ . = o =
g =7 5 ) . . 4 yE
FUP 0 AT 600 19N 1200 3199 1800

0.005 nsu
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i 1200 |

0.050 N3y

U177 0 Ui 600 U7 1200 Judif 1800
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a1519% 4.10 N3 Seeivaseymawaglaalutdunsiusedu 5 kv

0.005 nfu

0.025 n¥u

i 20

0.050 ASY

0.005 n5u

AN

397919 1200 JUAT 1800
— _
L :

0.025 N5y

.
UM 1200

=

39191 1800

0.050 ASU

=3 _- s d e ' a =l
ARMSIUSNAMUNAIINTUNSIAULR 12 Fund
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0.005 N3y

A15797 4.12 N15389FIVBI0UNA

a6

waglaaluindunsiusediu 15 kv

— e ——— —
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Abstract
The objectives of the project are to study main part
structures of a fransformer and liquid insulation used in
transformer, i.e., mineral oil, natural ester, and palm oil including
electrical characteristics of liquid insulation contaminated with
various types of particles, i.e., copper, iron, and cellulose.
Measuring value of relative permittivity of liquid insulation (Er)
and value of dielectric dissipation factor (tan 8) according to [EC

60247 to basically check purify of liquid insulation before testing.

Then, the breakdown testing was performed in accordance with
IEC 60156.The test results show that the factors affecting
breakdown voltage characteristics of contaminated liquid
insulations were the liquid insulation types, particle types, the
particle concentrations, and the liquid temperatures. Besides, the
behavior of particle patterns under the slightly uniform field in
the liquid insulation was studied. It was found that the factors
affecting such patterns were liquid insulation types, particle types
and the particle concentrations.
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Abstract

This paper represents electrical characteristics of
mineral oil contaminated with various types of
particles.

In total, mineral oil with three contamination
types, i.e., 20 pm particle size of cellulose, spherical
iron and copper particles with approximately 20 um
diameter;
three contaminant concentrations, i.e., 0.001% m/V,
and 0.003% m/V; and four mineral oil temperatures,
e, 25°C, 50°C, 70°C, and 90°C were investigated
with mushroom shaped electrodes according to IEC
60156 [1].

The breakdown testing was performed in
accordance with IEC 60156 [1] whereby the testing
was carried out
6 times for each liquid test sample. The test results
show that the presence of particles, whether insulation
material, i.e., cellulose or conducting material, i.e.,
copper and iron, in the tested dielectric liquids always
reduced the breakdown voltage. The reduction factor
depended on the particle types, the particle
concentrations, and the liquid temperatures.

Keywords: AC breakdown voltage, particles, mineral
oil

1. Introduction

A Transformer is an electrical device that used to
transfer electrical energy from one circuit to another
circuit. Therefore, transformers are very necessary for
power transmission and distribution system. After
transformers have been used for a long time,
transformer insulation may be deteriorated from many
factors. The proper maintenance of transformers is
very important to avoid the consequential loss.
However, it is very difficult to avoid the failure of the
transformers which is generally initiated from the
deteriorated insulation in the transformer. There are
many factors to degrade the integrity of transformer
insulation such as water, hot spot, and contaminant in
the mineral oil and so on. This paper aims to
investigate the breakdown voltage characteristics of
the mineral oil contaminated with different types of

particles. The test results should be useful for
engineers who deal with transformer operation.

2. Theory

2.1 Electrical insulation in transformer

Electrical Insulation in the transformer can be
divided into 2 groups i.e., solid insulation and liquid
insulation

A. Solid insulation - the main solid insulation in
transformer is a press board or a transformer board.
Press board is organic polymer which is made from
compression multi-layer of cellulose. Pressboard
provides the insulation function and mechanical
support. Normally, the life of transformer is
approximately  calculated from  degree of
polymerization of the pressboard.

B. Liquid insulation - dielectric liquid is used as
electrical insulation, coolant media and arc
extinguishing.  Generally, mineral oil is widely in
transformer industry. Mineral oil used in the
transformers must meet the requirement according to
IEC 60296 [2] or ASTM D 3487 [3] standard. There
are two types of mineral oil in transformer, naphthenic
oil and paraffinic oil. The relative permittivity of the
mineral oil (50 Hz 25°C) is approximately 2.2,

The breakdown strength of an insulating liquid is
one of the most important parameters to be
investigated, because foreign particles or contaminant
in an insulating liquid have a strong tendency to
greatly reduce the breakdown voltage of the insulating
liquid. This paper investigates breakdown
characteristics of the mineral oil with different types
and concentrations of particles.

2.2 Particle in liquid insulation
Various types of particles are commonly found in
transformers, such as copper, iron, carbon and
cellulose. Particles in transformer may occur from the
deterioration of the insulation paper, decomposition
of metals and dust inside the transformer. These
particles may reduce the properly properties of the



insulation system of the transformer such as
deterioration of liquid insulation, decreasing of
cooling capability, decreasing of dielectric
breakdown and so on. The contaminated particles that
found in liquid insulation can occur from every parts
of the transformer such as copper from transformer
coil, cellulose from insulating paper, and iron that
corroded from transformer tank.

3. Experiment

The experiments were divided into two sections.
The first section was capacitance and dielectric
dissipation factor (tan &) measurement. The second
section dealt with the effect of contamination on the
breakdown strength of the mineral oil.

3.1 C and tan 6 measurement
The capacitance and dielectric dissipation factor
(tan &) of the uninhibited mineral o0il ELECTROL®-
A was tested with different temperatures using the test
devices and test arrangement as shown in Fig.1.

Fig. |. The capacitance and dielectric dissipation factor test
Where 1 is temperature control test cell, 2 is

temperature control unit and 3 is capacitance and
dielectric dissipation factor measurement device.

3.2 AC breakdown voltage test
A. Liquid test cell

The liquid test cell used in these experiments as
shown in Fig.2 was an improved version of the
standard IEC 60156 [1] test cell. In the liquid test cell,
the mushroom shaped electrodes were set with a gap
spacing of 2.50+0.05 mm. These mushroom shaped
electrodes were used. In addition, two sets of double-
bladed motor driven impellors were used, which were
designed as an improvement over the standard single
electro-magnetic stirrer set-up. Besides, a heater and
a thermo-couple were equipped in the liquid test cell.
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(a) Hemi-sphere electrodes [3].

T

—

(b) The improved AC breakdown test cell.
Fig. 2. AC breakdown voltage test cell for the experiment.

B. AC breakdown voltage test set-up

The AC breakdown voltage of the mineral oil
with contaminant was investigated using the test
diagram as represented in Fig.3

Temperature & Heater

ok Controller
& & i
© o000 000

\
T T

T
T T

Test Gell

Fig. 3. Test circuitarrangement for AC breakdown voltage of liquid
insulation

C. Liquid insulation preparation

Before performing the experiment, the unused
mineral oil was heated to 60°C in a vacuum oven at
approximately 200 mbar for 12 hours in order to
remove any remaining moisture, and then cooled to
room temperature. Then the mineral oil was carefully
poured into the test cells until filled to the required
volume, and then cellulose particles of 0.001% mass
per volume (m/v) concentration were mixed in.
Another test cell was then prepared by mixing 0.003%
concentrations of cellulose particles. Similarly, four
additional samples were also prepared by separately
mixing in copper particles and iron particles at three
different concentrations, i.e. 0.001% m/v and 0.003%



m/v.

D. AC breakdown voltage test procedure

The breakdown voltage of the prepared liquids
containing the particles was measured in the test cell
according to IEC 60156 [1] after the cell had been
filled to the required level and left to stand for three
minutes. An AC voltage was then applied across the
electrodes with a rate-of-rise of 2 kV/s and a total of
6 breakdown events were recorded for each liquid
sample, thus allowing average breakdown voltages to
be calculated. The tests were performed at
atmospheric pressure and at liquid temperatures of
room temperature, 50°C, 70°C, and 90°C.

4. Result

4.1 Mineral oil characteristics
Fig4 a - c present relative permittivity, tan ¢ and
capacitance of the mineral oil as a function of
temperatures respectively.

25 35 40 45 50 55 60 65 70 V5 _BQ 85 90957104
Temperature(*C)

(a) Relationship between capacitance and temperatures of
mineral oil.

25 35 40 45 50 5 B0 65 70 75 80 85 90 95 100
Temperature{*C)

(b) Relationship between tan § and temperatures of mineral oil.
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Relative Permillivity

2
26 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Temperature(*C)

(c) Relationship between relative permittivity and temperatures
of mineral oil.

Fig.4. permittivity, tan & and capacitance of the mineral oil as a
function of temperatures.

4.2 AC Breakdown voltage of mineral oil
with contamination
Fig.5 a — e illustrate AC breakdown voltages of
mineral oil and mineral oil with contaminant under
various temperature respectively.

80 748
7.8

~
o

2

22
a

® Room Temp
850 °C
a70%C
290 °C

@
=]

AC Breakdown Voltage (kV)
N o h
o [=}

Pure

(a) AC breakdown voltages of clean mineral oil in different
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(b) AC breakdown voltages of mineral oil with 0.001% m/v and
0.003% m/v contaminant concentration under room temperature
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(c) AC breakdown voltages of mineral oil with 0.001% m/v and
0.003% m/v contaminant concentration at 50°C oil temperature.
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(d) AC breakdown voltages of mineral oil with 0.001% m/v and
0.003% m/v contaminant concentration at 70°C oil temperature.
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(e) AC breakdown voltages of mineral oil with 0.001% m/v and
0.003% m/v contaminant concentration at 90°C oil temperature.

Fig.5. AC breakdown voltages of mineral oil with 0.001% m/v and
0.003% m/v contaminant concentration under various oil
temperature.

5. Conclusion

From the test result it was found that for the

particle concentration0.001 % m/v; at room
temperature,
50 °C,70 °C and 90 °C the value of AC
breakdown voltage approximately decrease 11-
29%,1.7-17.5%,15.8-20.9% ,and 4.5-21.2%
respectively compared with that of clean mineral
oil. In case of the particle concentration0.00 3%
m/v; at room temperature, 50 °C,70 °C and 90 °C
the value of AC breakdown voltage
approximately decrease 10.8-39 9%,10-33%,15-
28% and 6.6-29.5% respectively compared with
that of the clean mineral oil.
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