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Abstract

This thesis presents the study of nanotechnology application in electric power
by investigation of the electrical properties of mineral oil when mixed with
nanoparticles. The nanomaterials that were studied comprised of Titanium Dioxide,
Zinc Oxide, and Barium Titanate nanoparticles, with a diameter less than 100
nanometers. The nanofluid samples used in the experiments were separated into two
groups, which were mineral oil mixed with nanoparticles at 0.01% concentration of
mineral oil volume, and mineral oil mixed with nanoparticles at 0.03% concentration
of mineral oil volume. Before starting the electrical property tests, a moisture content
in the samples was measured, Then, electrical property tests were conducted, i.e. AC
breakdown voltage at the temperatures of 35-90 degree Celsius, lightning impulse
breakdown voltages both positive and negative impulse polarities at the room
temperature, partial discharge under AC voltage at room temperature, and dielectric
dissipation factor at the temperatures of 35-90 degree Celsius. All tests were performed
to compare with unmodified mineral oil. The tests in the research were performed
according to international standard references. The results showed that all of the
moisture values of the samples were similar. The mineral oil mixed with nanoparticles
provided higher AC breakdown voltage than unmodified mineral oil. For lightning
impulse breakdown voltage test, only Zinc Oxide nanoparticles added in mineral oil
increased positive lightning impulse breakdown voltage, whereas all mineral oil mixed
with nanoparticles reduced negative lightning impulse breakdown voltage compared
with unmodified mineral oil. Besides, all 3 types of nanoparticles increased partial
discharge inception voltage of mixed samples. However, dielectric dissipation factor
samples of nanofluids significantly increased. The findings implied a good tendency of
nanoparticles in enhancing electrical properties of mineral oil, except dielectric

dissipation factor that requires further investigation for improvement.
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wnfeitliluns3de veuweesnside Sumeumsin wasmuvnssLnTIRTIAETes

unit 2 namidgquiiiuguitlilumade Gaszneudas enuiiugiureniduniouwas
anuaRvesTaquilumelulad AuautRvesasanussfsiaiiiUsvendlilumidds msfauen

Ul

amuluauIumad way Aunnwesidsadaladianasn
Wil 3 namdsnmvedeumme ey A sl esRLauVEn
Wil 4 namisanisvedeumrILTuLasA sl TRV
unit 5 aqﬂmami"ﬁﬁfaﬁlﬁmaaumﬁwm

1.7 MUNIUITIUNTINNNEITDS
MAdedfnweulululalunisuszandldulumalulagiianisusulagueand@ngg

< Y] o/ aw a a ¥ g ' < £ £% v A
W UAUIUTDIUNUNNBLUAT S1UITBNNEIVOIUULYNUUIBBNLTUU 2 ATUAI8NUAD (1) N3

Usvenaldianuilunanadluivindiundewdas wag (2) naaeumauantinisiiinvesindu

% 9

wilowlasiifinsuaumeoynieuly lnsamnsoasuussinuiieitomans tanadl

[y

Tu¥ 2011 Rongsheng Liu wazAguz [1] lovinnsfinuide aaaudfnanuduauiundeld

[y

Yaquilunanasluduiduntoutas Tnsnuideilinnaesuamoynmauluvansiiadh vy
VERIRIGE ﬁuﬁa magnetite (Fe;0q), maghemite (Fe,03), zinc oxide (ZnO), aluminium oxide
(ALOs) wag silicon dioxide (SIO,) MuAWY IngvuAEUHIUAUENA19YDIBUYNIAFINAIEE
yunmLady 5-20 wiluas waglsvihnsmaaeumanasiBnaluindhensmeadeumeiussiudy

£ [

Wadiwsnaniveshdunendewlasiinaudiiveyniauily

HANISNAFBUAIAIIUANUABUL ST UBUNAAUINANIY ANNNIATEIU IEC 60897 WUTLLD

Wnhfurdoudamaneun1auiluyiln Fe;Oq lANaveIAUIRUUIAAIUTIVINAD +112.53 kV

v
o w o/

geandnhduniieudasfuneuriinisusuugsanauda (+98.77 kV) waznuindledruniungd



wamausoeynaulusiindug due ALOs (0.1425%), ZnO (0.0475%) Wag SiO; (0.04%)
iﬁmammﬂ'ﬁLLiﬂé’uwsﬂm’aﬁ%ammfi"]ﬂiﬂﬁfﬂﬁwﬁawmLﬁudauﬁwmiﬂ%’uﬂgmmauﬁ’a uay
uonniiganuimanmade UL wUINAaUnsveshtuniiuUatkaNf sy ATy
Guﬁwmq ﬁuﬁa FesO4 = -127.9 kV, ALLO5 = -136.16 kV, ZnO = -102.67 kV Wag SiO, = -156.42

kV fiAsndnddundeudadduneuvinnisusuussanaudd (-156.56 kV)

11l 2012 Diaa-Eldin A. Mansour wazaniy [2] lvinnsAinyideiieafiuguantifaaiu
HuatuveniduniiouUauilefimanausisaynauilusdslnndeusenlas (Tio,) dseynia
wilu Tio, gnidenunldlumsideiinedidaiiladidnnings (high dielectric constant) faiiu
MiApilFdldvinismaseuauanifenmiuamureshduniowlanionaniveyniauly
TiO, sfsfiansansanAMULANAYesTam iU seyaauily TiO, Mnaudniy
ihifundfoudas Taefidranuiduduiidisiufe 0.1-0.3 nfu/dns nuideilldvinimaaeun
anuautinslwihmeshifundendouvasiinaudnivoyneuilu Wisufsufuiiuniondas
Wunewin1sUsulseauaudd fen1mmegaumiAwssulusnaulniinssuaadu anu
11MS5IU ASTM D1816 Tneinunssesrinatesinawesdianingg 2.7 fiadwns uazdnsinisteou
usasiulaifin Ao 500 V/s sihmsnageuneldgnumgiivies ilefinwmavesanuiduduves Tio, B
wuilenaveunauily Tio, asluitundeuvasfinrudutu 0.1 nfw/Aans vilinavese
ussfuvsnadiundieuanfinduain 12 kv 10u 14 kV uagilermundutuyes TIo, iy
0.3 N3/ Ans wavesALIINATiRTwu 26 KV nensAnwasdaglunisiuiam

Juawumnsliinlnde Wneldayniauluanuszensly

wazlul 2012 wuffu T.5.Ramu wazane [3] 18vinnsAne3Ide tiemanudunusy

Andusenintvaungivavauaudinialnivesauiumaiuily eWiudanauaiunsalunis

9 Y

o—

[

unselnantesianuas lnsvaasswaneyniauilu 2 viia Wrfuidunieulas fe
magnetite (Fes0,) Wag silicon dioxide (SIO,) wagnsnaaaunIAnaudanIdbnily §198901u
1175571 ASTM ndsmnnifuagthihifunfoudasililunismaaeuussyadunioutasifitansediu
5 kV uardinszuaroiios 1 wouuls Smudmavasiussiuusnaniiveseyneuiluiaesin
fgenindadesviosnisundoulaniudeuliuussguantd uenani 9innismadeuLang
Thifufndonuasiifiuniouvamanivouniaunlu Fe,0, waz SO, Aflanududuids
U3amsvasouna 10% ansnsnsesiulvanifistuld 40% uay 29% muddu Fsannuanis
nagouuandliiiiuitoynauluamsafindaanuansolunsiuassnanvenoutasle

wazAuauAniIsiluawiunisliildldgnanas eldvewnarunlunaniuindundoutas



FAIAAIANUAMNUABUTITUUINA IR UEMTUN TRV o uUasINaN AU YAIALY
11 FesOq Uz S0,

Tud 2015 J. Ghasemi wazanse [4] levinnsnw1ide AerfunaveseynAuiluman
panles (magnetic nanoparticle) finaufuisundionvasmeldusesiuusnandduiadiii
Tnsvdavaamaruiluildlumswanfuiifumsioutas Ao magnetite (Fes0q) lunsnaaeuasil
Aaruduturesoymeauluiuandrstusenlufus 0.1-0.6 % wuhmUiinuerudutunes

Y v

aunAulunnaNiudnundowUai 0.3 % awalirInIUAINULIIRULUTNAILBUTAEA

¥ &

yosfunsioudaafinduaniu 60.44 kv 1lu 70.16 kv upehdlsfiony Woifiuiinaoyma
uluwaufuindundouaniu 0.6 % nivdmalimarunmunssuusnamidutadiines
ihifunsoutasanasanniiy 60.44 kv 53.84 kv Fsanauddeiuanslifiuinnissasonne
uludfuhifundouaduiimaiinduly faunsodsailiauautRamduauinges
ihifundfouvatanas defueymeuTuminesnledinaufuihdunioutasfidumaienluns

UIUNRd S URIUEIMERLUaY waneintsnataynAululuUsInae U Tua gy
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wiiauUas AnautAvesianuly anaudivesasantseisiiintnUssgndldluaide ms
dAncusnaniluawiumad wagaunnmesidsgadaladiingsn
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o o/ Vv . .
2.1 Wrnunuadas (mineral oil)
wuniieuvanduawiumarfigninluldvesngaiiesaininnuniing Faiisslev
Tunislafuawiumailunisuwdas nmsdumdniinauiunseavdmsuinduauiuliiuane
a Y =3 2/ ::l' A v a 1 a [y 6! Aa
wida dunulsey vifewdadlniniaTesiiedn wavysde Wuherfivaunsallninusegend
vualdluguin Wy duwadiauiuesiswesunasaelndmiuiawes uaziadeudndisd
uniundewdasuuiantulsanidfiufulaenisnau Inedesdusenauiugiudandugui
2.1

H, H,
A2 P
H H H H / N
BaY/ W H,C CH,
—L—(l.‘—(l‘—(— L[ Jl L]
C C
H=H »/BY/H H2 DT H2
H,
Paraffins Naphthenes
H
o H
WRa S 8 |
QK H H—C—H
AL/ | |
H(Q\_?([I Se=¢C=C—C<
C | I | |
H H H H H
Aromatics (benzene ring) Olefines

UM 2.1 asRUszneuiiuguvenitiunieutas (5]

2.1.1 w51 (paraffins)

Wiy (ieddnAuluuuweainurseusdunAnlalasasueudu) Julslasansueu
aud Feluanaiidiuiueneuvedlalasiaugee deuluanansiiuisldainsawasumne

d' o a oA =i A o s

92naudu gasnalureImITIUAD CoHone, Inedl n Aod uiuszmenvasrsvaululuiana
W15 WUKaY n 2 1 drReuAIsUBUNIMUAlUNIgauiuMIeRusElAmaudLAgl luang

a Aa v v o - A =t = I3 & ¢
w1slundanududeudesian Aelinu (CHy) Teauuinsuaziluuudlalnaldugud
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W AuTuduiansazanglifitivsefithseu dea1unsoazatslalusvinazatenuulidl

g
o
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wseiltrgeu uarliazarglutiuagdvihazaelitndu Wewindnvasluanawuulidiv 49

Ree

R

ussszvisluanareudseey maudniendeudrsi enideniutudledueznenly
Tuwanalalasansveufisdu Sdlundriu wisfudidanueiosuaziiinfizeluanm
Unfi figaumgiias annsawnindldedisanysamniloondlaudruiuvioonaiid o, vie
H,0 Wudiulsznoy lassadaluanavesniaiiu uandlusud 2.1 uenani Tassadis
wftueaduduasmiends Ssmusoudsoendu 2 viia il (6]

1) ueslan15iu (normal paraffins)

Tassa$rsluananisniiy Feldnvauzifuaielddoilomionss Sonin “usdila
WA31TU” “N- paraffins#58“N - Alkanes” @1sbalnsmisveudszinnil dlaseadraduy
aznouvesnsusuisswotuluduen uwiazdvesasveuifieznoulalasiaudvegau
B awalumanavesansUssaniluihduiu Sdusdifiuseneudie 1 ozneuveasuey
Taudie 42 aeney

2) lelawis9lu (Iso paraffins)

Adlgnnsity Wulelnsasueudusa dsi Alkanes vidofsusnansldndn o “Iso
paraffins” 9138 “Iso - Alkanes” lassaddluanawanil Wululdide n » 4 Tneviluanelsle
Toiuesilaiiensninlelsieslanss uazdeifmnngaiienazde

lassassluanaveussianisuuaslolanisily wanslunisnem 2.1

A13197 2.1 lassasluanavasdiulsznaulalasaisuau [6]

dwlsenau | freglassassliana

TRERT yasTansu:
(paraffins)
...CH2— CH2—CH2—CH2 —CHz2.-..
Tolamnsilu:
...CIHz
...CH2— CH —CHz2— (iH —CHz.-..
(i.H— CHz...
...CH2

2.1.2 wunliiu (Naphthenes)

wumiiiu vidensinlude “lelaamsiu’ “lelnaueainu”vie “ezaluadnlalasaivey
dun” Uszneusierasuninmieninndt Snwnslassaiiauszneusiseynenved
Asuaseasesiaiululg o1vsnluieas 5 6 61 w3e 7 6 Jansmaniilu CHans 2R,



lae@l n 1ludiwiueznauveinIsuey was R, \udwiuvessarsusuniiegluluana
lassaaluanaveawuniiu uanslugun 2.1

2.1.3 aelsudn (Aromatics)

azlsundnlelnsanduau (Arenes) Wuansuszneudadoulaidus ansusenouwand i
9zmoNTDIANSUBUTIoNaEaNRe e el fiufy axlsundnlalasasueu Usznaumiens
wunilemdeninnii fgnsmiandl Ao CH, Uag CHans 108dl n Aos1uiueznouves
msveuluozlandnluiana lnssadiluianaveseslsindnlalasaiveu uandlugui 2.1

2.1.4 loa¥lu (Olefins)

Totaflu Sundneensinueadu felelnsasueuliidus Fellgnsvialy CHoil n>2 Tng
fi n Aeduezpouvesaiveululuianalowilin lassaisluanafuiussarotunssy o
wruaimilouisls! 0171 1ofidu (Ethylene) uaglnsfidu (Propylene) Bslutsgimeilne fngAuss
duildnanlowaiiud aglimedmuuasnsnuildanlsuenfiiesssumni wasuurimildan
Tssnduthitu Tassadlananaveslowiiulalnsasveu uansluguil 2.1

AavanURvenhtuvdewlaiiuenmuvinniosfusenauiug iy waneasly
M13199 2.2

A15199 2.2 WisuiguananURtdundewlasiwenauyiin (6]

G wesdamisiiu | lalawisilu Uiy pgl3UFN
AYRAINUNTIN gann 6N AN M
alvain (Pour Point) X fin #in #in
AMULEDETOBNTLATU 2 A U1unand Urunana/we
A3 UAULADATY 2 f A ERNG Y
= =) 1
N135%LN8Y f A/UUnNane Yrunae LLeJ

o

2.1.5 Ysundfoutasiililunuise

hifunsoutadmifliluadded Ao ELECTROL®-A Wuisundloulasiifinant
Huawulwihuagszuisanufoudtd Mtuwhllunieuvadiihszuusmielussmalne
anauiuazdormuadwiunsvasouanauiRveniduniioulasiuanddunsed 2.3 [7]

Junsnnswdousegnahifundowas Ussnaudenssuiunsasstunaudail 1) i
ihifunsionlanfunouusudganuandilianudoudl 60 °C lumevayainaivszua
200 mbar tHunan 24 1l %ﬂﬁﬁuﬁ’gﬂﬂﬁuﬂ%}ﬁuﬁﬁaEJ'NWJU@N?IIIJJ'LU?UULLUaQﬂmﬁNﬁa
lun1snaaeu 2) aigﬂmuﬂuﬁmungﬂwauaﬂuﬁ;’]ﬂuuﬁaLLUaaLﬁudauU%’UU'a;ﬂﬂmauﬁ’aﬁ

duduneunsnua elluimegrmageuroavaiunlume Aldlunuise




M1319% 2.3 Yeyadumzvesiiiuniiaudaily (7]

anwaly Toyaz N ey
ANAUnin (7 40 °C) <16.5 mm%/sec 1SO: 3104
3a31ulvl (Flash Point) >140 °C SO: 2719
alviam (Pour Point) <30 °C SO: 3016
AUNRULLU (1'71' 20 °Q) <0.895 kg/dm’ ISO: 3675
W3SReF (7 25 °C) >0.04 N/m 1SO: 6295
Ansvilmdunans <0.03 mg KOH/g IEC: 296

Tan & (7 90 °C) <0.005 IEC: 247

2.2 Faqualumalulag (Nanomaterial)
wlumalulafidumaluladiiiedesivinenimannvansan susiaddnnse
Jageans Iemnnssulida Sldnnsefinduaginermanstinn Juilviendenisssyfiey
fiasounguiianun adslsAdluilagtiuesdnissewinstsemeaiifianisuinsgiu (The
International Organization for Standardization: 150) lal#a1fe1y “unlunalulad
(Nanotechnology)” dwinefis nsuszgndanuimsineimans iedaunszvitazaiunu
aanslusgiuunly wlelivselovinnauauifvazusnngnisalislaseains Aifnaneynia
yurnildnunn ilidanuuandalianauaudivesaaslussfuesmeuvieluana du
National Nanotechnology Initiative (NNI) Usginaansgatusnalatidrfieny “ualy
walulad” Jndumnuimtihmdinereanslunmsidilauazamvguaasfiiiia Tussming 1

fi9 100 wilwes FeauaudifiawvaseunaseauuluwiiiAnnsUssynaldlue 1a (8]

gudunlumaluladuisnadadunissnudauaiunisidosuunlumaluladvos
Uszmalngldliddeufiasouaguin “unlumalulad”vuneds maluladfiAsadesiy
NTELINNTIANIS Nsadtenisdaasieitan gunsal adesdng viendnsusinduuin
Ensnnlusgiuunlumms (Uszana 1-100 wiluwms) ufenseenuumiensidiadodioly
nsaefandislvundninnviesssesmennasluanaluduvisideanisldedrsgnies
wilugh dsmalilasiadsvesiaamiegunsnifanaudifiauiu lddmeiuildndiaivie
P wazanunsnilulduseleviderldasela (9]

Y I

. o W Ao ' v & aa & =
Fanuilu (nanomaterial) nungds Janniivuinegadesnidifiduruiauily vied

TAs9as19vaItiuRmIavadlnssnelusdluseavuilu nanlaege Januilunuiefaledae
U q

o

a

vaeinguilu vieilledannusenaumelassaiaunly Neilianuiludneiiiaunusssuy A
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\uouMATasuIangg wiefiAntulastudey 1wy sumealuatulwrdelulodeainiaiessud
warasulufindntu Fadutaniilésunmseeniuuuassdntuegiaanyas Wiauifiane
wazdvualndifssiu Yanuluniosumauiludusyniaifvuialuszdu 1 - 100 wily
was dslngUszanandisuldfvruaedsvedlada viefvuadnnindunnvesay Uszana
1,000 fia 100,000 i1 Feaunsansrany viodudasuiilulaglidin Yaquiluaiuisa
AR s TINYIR LAZNIINNIINTEIINVDIUYWE YA INNETIIIR 919N
Indadalit vioguilnssdn vissiaeaeglugiveseynialita Avudeuludaunden
dhuoymeuilu Ainannsnssihmosyssldannisdinmeilasns wasduamsiudeu
9onI 19U MM IniveAIeteud 1A3esins v uILE YBaINNTEUIUNTHAR

gj = =l
NINNLAN LLaZFININ [8]

UIAULUATAIIT “ULULLAS” (Nanometer) Bu1g09 dUun1adaunung (107)
30 1 duWuaIuYed 1 was wnwSsuieuduasdnddl vuie 1 uluwes Aagtdnninéy
nuUszanavisuaur wasidnningadilindonuadszann 6,000 win Auandlugui 2.2

DNA Blood cells Hair Flea Do
i [
~2.5nm ~Bpm ~ 80 uym ~3 mm ~1m
diameter diameter width length length
1 nanometre 1 micrometre 1 millimetre 1 metre

10 108 102 100

10® m Macromolecules: = 1Y
| Carbon buckyball Carbon nanotubes Virus 10% m Nanowire 107"m Visible spectrum
(diameter~1nm) (diameter 10 nm) (diameter 50 nm) (diameter 50 - 100nm) (wavelength 380-740nm)
1 nm 10 nm 100 nm 1000 nm

JUN 2.2 lWSguiguruaulunsiudewneg [10]

wlumalulagviliifiaguauifiey Beruinvesianivuinidnanila 1wy
agnoufiagusnaRmiwasiiduiavesiannasduinunTuinty Jaezvdmaliiannd
yurnszauuluiinaaut’ nelafn nnenin wilwdn wazuas wandluanifuwas ity
wlantndegnsliiwenuinneu nsiinduvesiuniiduiasziiuldaindiogninisuusgnis
Aananslugui 2.3 mnigneinuin 1 gnuieiiuns JaTRUART 6 a151uns uwdady
anvEIALanY Yuauluang asvitlilagn §1uau 107 gn (10° windu 1 Wudugn)

dd’ll Aa = a

Wagduiagng 6,000 M1519AlawAS
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- e -y NNy e i N oW B o
. '

P-4 & da
MILANTUDDIWUNNTD

JUN 2.3 nsiiiuduvesiuiiy Welaniivuiadnassess wiagdusunsideiu [10]

[y

Fanulugnnsawvsoanifuuszinangess 2 WBeeiu [11] leud

aad 1 a 1w & Y a £ A | aad Y Y
35N 1 wutlaeinsanitTantulasunswintulagadlaviseld FBluualaguilusentaidy 3
UszLan laun

LY

1. Fauiluinulaniusssu@ (natural nanomaterial) vunefiedaguilunivylueg

'
v a

fuAsuanden (Fu 1 usseIne) kU 1wy suniaveudeneg wnlulugin mae

2. faquilufhnudainsiulasdudey (ncdental nanomaterial) vanefstanuilud
lailtogilussannd witldldsumsduaseitumnegisada iuduioynialy
afulniinulfiauslun$y  vioudfuafedhivhuinfuety Wuanmawdeomasd
Seniweanaseduds wideluledeaniedessuduiaieg Yanuilufiuyudadredy
Tnevadey Shesfuunse fu welussiuuiusaslnaninunly Urluriueg

3. Saquilufindntu (manufactured nanomaterial) vsnedsaquilufilanuunily
s33TR uildSuniseeniuy wasndntuognade lilandalasionsaizas was

v

finfvuinlndifesiu

B9 2 widlpginsanlassadiavesianiy MNlvuaneuenagluseiuveInulurIely
WiuwvsTanuilueeanlaidu 2 Ussiam eiun

1. Sngquilu (nano-object) fvwnnieuen laa 1 v 2 vievs 3 FAduriauly

2. Yaniflaseaireunlu (nanostructured material) fawsinguenagiivuwaluajniy
wilu wifdlnss @y vieddrmusznouiiivunnulu nauniedudulszneveie
Fr081909 U Wafidlaseadiaunly (nanostructured powder), Jaquauu1ly
(nanocomposite), Tanunlunsza1eea (dispersion), "'Jfaauﬂuﬁﬁgwqu (nanoporous
material), fﬁ@ﬁﬁuﬂuuu‘ﬁuﬁ’; (surface-structured nanomaterial), Loy ’e]lémﬂﬁﬁ

Iassasrsunluduunuuagiuden (nanostructured core-shell particle)



2.2.1 ann15ve9tAsIasIaunly

auNAUIlY @ansaassansuseneundiuvsndlndies wulygaw dwandusui 2.4
AuautAnayluilfe Muirioynirvualva@ailydnsssuiisuninainvaiy uag
lassasaninisdnisesiivedgluanalndiueslngsou FeaunsnvuIunsefaInfuiuEl

Aananalugun 2.5

Polymer
R
|
|
O
AN
H H H
0
e
H , -
O
|
M
Filler

M

Silane
linkages

sUN 2.4 nswewsosenineuniaasUseneuluauLagluanalndwes [5]

U 2.5 msdaisedluanalgnefiuesnuuiunies@iniuiuiiveseyniauly [5]
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2.2.2 fanunluildlunuide

mmAfeiflitagunluanuviafiuandreiu ¥ud T, zno iueymaulunguisiaon
Frines wag BaTios \uoyniaulunduladidnain uenandauinvaseyniaunlu Tio,,
ZnO way BaTiO; Hidur1gugnatauszunns 40 Urlwuas 30 Wluiins waz 50 wluns
mud iy dnuazanzvosiaquiluildlunsideildanguan liandlunsed 2.4 [12)

M15199 2.4 Farmuailudmsuianuiludssnm TiO,, ZnO wag BaTiOs

W3 TiO, Zn0 BaTiOs
YUINBDYNA ~ 40 nm ~ 30 nm ~ 50 nm
ATIUTaNS 99.90% 99.70% 99.95%
Nuismny 40 m?/g 35 m%/g 20 m%/g
ALY 3.89 g/cm’ 5.60 g/cm’ 5.85 g/cm’

1nseuly [13] ndndsanuuandisvesuuinoyniauluaslidwansenudona
nsveaey Woeynauludfiduriaudnaraunnaieiilugaezmning 40 uiluwns fa 80
wilumes degniuaduthifundouvandunoudimsusuumamausd lumuided waie
ndeqavimididnmseunuuaunu (SEM) gnihunldiitedudulasiadiauazauinvosnsoynia
uiluwsisauaiaildlunuide fuandugud 2.6 Sauansuiaduimugudnaises
AUNATBENTT 100 WIWIAT

(n) (¥)

SUT 2.6 2 SEM vesaumawly (n) syniaulu TiO, () symAuily ZnO
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EMRSc CMU 5 B Ok )0 1006m WD 17.2mm

(m)

gﬂﬁ 2.6 a1 SEM veseunAunly (sie) (A) euniAwill BaTios

2.3 §138AWIIAIAT (Surfactant)
nsUfufiuiaeunauludenisfiuarsanussisiavioarsifuusaiiviini i
nsnsedifiifatuszninedng dufedrtuniouvasiveyniauilu 1uisnisiliouay
Usgndalunsifinadesamlvfureamaiunly miﬂ%’uﬁuﬁ'ammsaﬂ%’w@amsé’fmﬁmm
ihifundfeuvasiueymeuiluld TuveammiunlumsanussisiavTeasfuudeivimiinfiiy
nsnsgvifindussninetanisaesstaliaunsodafnfududederiuliuniian (14)
a1sanussisRaluTanuouiididn (amphiphilic materials) %aﬁuuﬂﬁuﬁ%wjmaq@
Foudesznirstanddauaslifds Teansanussisinnglsenovdrediuiafivou
(Hydrophilic head) uavaumsitlilwouth (Hydrophobic tail) Fainidurislelelnsasuou
6717 Maliansanusaiein aunsoutsoanfudussinnmuesduszneuresdiuiafivouth tu
fio asanusaiaialaifda (honionic) ansanussfeRIUsE3aY (anionic) ansanusshsiaUseq
13N (cationic) kaga3anus9FRIUTERauLazUsEqUIN (zwitterionic) IAB@INITONINTEUN

sULUUasanusAsAUSsnnaRanslugun 2.7
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Hydrophilic Hydrophobic
head tail
Nonionic
Zwitterionic @ =— _ =+
Cationic +
Anionic

JUN 2.7 MNUsENRULKNURIYRINTanUSIRIRIEUTELAN [14]

v v
v v a1

ansanussRaRafifivselufidaranaadian HLB (hydrophilic-lipophilic balance) i

(%
Y

MTInsEAUANNYRUEIYIaYe Uty lagnsAmuInAId@ T UUSIIMA19Y vadluiana nay
gouiiinazilunedlansnuoanesedvseiefiauesnledngurevindudnilunsaludunie
LOANBTRA N UAT HLB aunsamuiailaniy [14, 15]

HLB = 20%* [Mh/M] (2.1)
gl Mh  fie Unnluanavesngu ey
wag M A ninluanavesan Tl sIae
A1 HLB anunsaldlunisvinuieaudfvesansanisafeia a9 2.5 kansdn HLB

LALNNS KA1 TAAWIT IR

mifmﬁ 2.5 A1 HLB kagnsidansanusafani [14, 16]

A1 HLB NS

1-3 NavTs U s

4-6 srfaduriludisiu (W/o)

7-9 FudlUluisughennsananufsinvestnsiu
8-12 sfadurisuluh (0/w)

13-15 mMyadsansazaneildivihnuazenn

d1fadu (emulsion) A8 syuuABaanen (colloid) NUSELNBUMILLTAIRILA 2 TUATU
U Faundlinaudwdawmen iy wu drduinsi auisanausiuduiiomedulalaelunen
du Insvosnardunianndnduneadng Bonin Igaianielu wiediuiinszanedn
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(internal or dispersed phase) #sagnszefunsneglureanadnuianis Soni fpana
meupnseduiineiies (external or continuous phase) Wioanuilafistufiansanls
n3UTl 2.8 [17] Igna mnefvdwiidudefeatlussuunils wasfvouiauusunen
ndudug vessruuty iwu Tunsusdaiussgrnuds ¥ uarledr ssuutlaed 3 fgana
fio fmavesuds T dhuds Snanavesmas Toud 1 wagnaavesuda tiud leth (18]

daduuwvadu 2 Ussunnuan fie [17]

aua%u%umumu‘lum (oil-in-water emulsion, O/W) uﬁwﬂmﬂmgmﬂmdu ey
ihfutgnianieuen wu thus (milk) fedung wieTsnaaeudiadulsunmilde aunsarh
Ti3easléfeniaifuih Sl (electrical conductivity) gand1 nauldfudeind
azaneih (water soluble dye)

difaduviadilutdty (water-in-oil emutsion, W/0) findufgaianiely uas
ﬁwﬁuﬁ]ui’gmﬂmwaﬂ U wue (butter) U1gaUd (mayonnaise) vhadn (salad dressing)
ldnson (sausage) Tadung vidoTinaasudiiatutssianide aunsoslidoanslddenis
Fiustu Senisuilii (electrical conductivity) snin wesl@Fuavdnflazanerisiu (oil

soluble dye)

W/O emulsion
(-} @ o
@ (*]
0.9 " o

Q Qo

~ O/W emulsion

Oil  ©® Water
sUN 2.8 nnuszneudnuaiedlatusyninadiiudidu [17]

miamLmﬁqﬁaﬂazqa‘ua}sﬁﬂajuﬁﬂzaauasﬂumuﬁaﬁ%aufﬂ LaTAITANLIIRIRIUTEY
vanveingudavanegludiuifivouih asasussieiuonlnmeinidarudunse - dn
uogifuduia

nsidonldansanuseiiai undndfalunsiiuadosnimusamaiunlu wdnnns
flugnu AensidonanussfsRamusianats wmnvesmariuguduidfuasanuseiinnas

e
“ [%

Huihduiiazansld unsdifivoananunludui avsanussisfinmszazanetld dms
asanusaisiadildldlesatin n1sidonaziuegfudn HLB dmiuansanussisiinlonadn
ymadeniagtuegiuanusadndseuindngliihuinaiuinveseyniauly a1sanusi
Afungasazdsnalidussansnmlunsuiulsuatosnmvesoamanunly

Tueuddeil 1iuszgndldansanussisianiia vesdunu Wwluledion (sorbitan
monooleate) v3o Span 80 gnldlunisuiuiudsuiiuinvesoyaeuily Spanso gnuwdld
dietlesiunsmnaznewveseymeuludlenaudnfuihifuniouas
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Spans0 1mumswaﬂmmmmmmﬂaqﬂumss’mmﬂumuﬂamamaaaumﬂuﬂu
Luamamwmummmamm% [14, 19-21] wgualunisiden Span 80 \il9991nFi1 HLB
Y94 Span 80 M1 4.3 Fs91n5197 2.5 aziildiransanussisin Spanso egludiatuuiin
drluthsiy (water-in-oil emulsion, W/O) wonani mjulamaﬂ%a (hydroxyl group: OH)
vasluiana Span 80 anunsnideudedundulansonda (OH) veseyntAullusuTLsE
lelasiu lusgiiansldvasdluana Span 80 Bnduazsuluidonseruintundouas fs
wanslugudl 2.9 dewmnil Span 80 FeanusaeseuaguiuiteunAuluLAraANIINTEYN
AIvBsRUN ALY

@) @)
_ L “"OH
O OH
HO
(n)
= Y AB) EXFR
~ 8 - s | A* surfactant
o~ o P . | ® Nanoparticl
\ \.1 i i : | danaop 1CIES
1 | | ; » r »
L.\ ’J. } i } : Mineral Oil

5UN 2.9 nmUseneudnuyuransanussRsiiwaznsUsEendly [14, 22] (n) Tassaialuana
Y84 Spang0 (V) AnvazaNsAnUL IR Iarau v iuvdauUasuazaun AUy

2.4 msiatusnandluauauman (breakdown mechanism in insulating
liquid)

dmunsiAnusnaniluawiumal Sildfinguilafiannsaesuienanisnnaes
saeldvdaduiivensulaeily nguimadausnailuauumanasauudlfiduan
nouidiife nquilessludu nauinsdeudeiisoune uasngquianiuwes [14, 23, 24]

nauif 1) nqufloesluledy (onization theory) gnldlunisesulsnisifaiusn
avluauiualneudimalssedl 1940 leoslugdufanisadislessuuinlngdsnisis
5.8nnseusananezaauiiunals nmsfaviadidnnsousanainevaeniu suudedd
wduliudozney wuldndsnunansendsnuanudou dsmsilandanuliesnoudu
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Wunswdsuszduveslaasdidnnseu annguidudugiuinfiauulifiuseiugenis
Udesdidnmsouiitaau (emission of electrons at the cathode) Juladuddty waznaiin
leoolutwdulagnisvu (onization by collision) msazammmjm%Lﬁﬂmauuazﬂizqmﬂ
ihlugisnamiitugarelurena Gamswuiuvedlesslueduuvuiaziusansaimann
yietiosTuagiundanuresdiinnsou mnddnmseulinnuiieoniuly o1dliifnlesslu
iy mainlossluwdulasnisvuresdidnasoud Fosdindaruna wirduudeunnis
wianulossluwduvesluiananioesmouiiiunats wnnalsznmilsiedidnaseuss
nszdnnszareedndlideileuazindsnuaailiiismedmivlossuludivdyu wazdniaua
nilifedifinnsoudnilngafadulinanavesnailusulosouay fdudnnudidnasoudasy
SaldinnnefiagyliAnwsnana [14, 25]

NOUAY 2) s¥rinegal a.e. 1940 wag A.A. 1980 NOEINITBUABTNEDULD (the
weakest-link theory) gni1unly dnideasentdnitauufigiuvsediusenauineildaunse
asuBUsINgNsaliusnamidunaldluauiumanr vguinisiweusensoune Wudivue
INI9U5NANUNINRUINMASNAUA8ANUlLED YT 1HI9INTBUNNT D lUAUIULAINI D
NURIVDIBLENINTA Tounnsaalureavalnailonainandsanyusnansiunsamiaail wse
fundudiuiazaradildduduingdu wieetadfgnisvuluiidu aniwiiaianaes
a & 1 1 a & aa a 1 '

ANINTA LAYILELYIITENINNBLENINTABNALDNTNARBLUINAILY [14, 26]

nauiil 3) Mensiauimadanisdisninaauiags nqufianiumes (streamer
theory) I sunisitmuntulugasfunmssui 1970 ngufidisendt “nguiisesay (bubble
theory)” mmnmsdananesenaluresivainouaatss madandesqanssaiFugniunld
ATIVABULUINAIUNEIINNAITTEN 1980 vinlsinITeaunsansiaasuswasidenves
nszvaunsusnellfedandenluauiuman nalamsusnad wwuaniuwes 1 uus
sanludasdiude (1) nalnnisiusnanduuuansuiuss Uan wauelny Meek waz Loeb
nalnnisiwsnandagiiadoaurnlniiiesnntszednslessuvaniiioznaudi
Adszananing fuaualwihiteuanneguen way 2) nalnnsiusnaduuuanduies
au Lauelag Rather nalnnsiwsnantagindlooz naudiisuudidnaseuniolesauuin
munsyuunslossluedy Ussuna 10° aynia [14, 24]

2.5 Auninasiasgadeladianain (Dielectric dissipation factor: tan o)

[

! ) N = a & a &, a s o o A Y a i
Awnnmasidanydsladidnain (tan o) Wunsiwesidfynagdesiiarsan

6 o [

wnninesiasadsladidnainasdudvidiadmiavesognisldauaniu lnefiansanain

1%
fa aad

Anlesiiniindedouvetladidngin ausoudnsdunnnesinesunsy dwanduguin 2.10

(% =)

| & 1 ¢ o a a a [ [ [l [ a a o a L4
nanfe Awnmesidgadsladianesn Wudadiuvemanugadsluladiannsn (&)

sondsnuigniiuluguvesauuliih (&) dsaunisi 2.2 [27]
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g 1
tan 0 = Dissipation factor = —-=—— (2.2)
g oCR
Equivalemt
circuit

C, == U Ry :>

14
aad a

i‘lJ‘VI 2.10 WesinMmnddouveasladiannsn [27]

ca aad & wa - ¥ ! [ ! a
WesiinAnlunuautfvenuiumainuenlimiuinuiumaiiing gl
a ¢ & A < | Ao °o v d' a
Fuaud 1TuAvvesauIayIna LuAnilaudAyideninausadeunlainiy
Anudvesaulnihneuen umgivemuIUMAY N5ISERITelANA dIUNANTRIRUIY
wian warlaseainalulanavesauIlNel 299TANYAVDIRUIU LanAegUR 2.11 aehl C,

wnuanantivesnwIniiawsaiiulszauazndwulilaluguauuli uae R, wnuen

o

maslihgaydeluauu

Equivalemt
circuit

Electrodes (Area = A)

cles= R,

Insulating liquid

JUN 2.11 19958ULATDIRUIUNAT [27]

. 1 1 .
Tnei Y=—=—+joC, (2.3)
7 R,
. C
LD997N & == (2.4)
CO

We & Ao AnUeslindinduinsuesian

C R mmwmlw%maqmLﬂwiuﬁmi%’"s’a Tungiduauiu

G Ao enugliivestufudssaildayamaduaui
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1
p

' C
s Y= i+ja)C x{—a)(j‘):ijo L —j—
MUY R, joC, ¢, " oR,C, (2.5)

&p

AnUasinAdnduimsvesianaunsaideusglusudnuiudadou (Complex relative
permittivity) Aauansluannisi (2.6)

p— C 1
T - 26
/ ¢, TarcC, (2.6)

d' 1 a 1 &a qadytv [y} & a £ I 1 al' a o a

We &, A A7Ua59weA NS IaRIRaUNYSLITsdou LDuaAnanladldnnsnuas
auluinuduRuslngasaduauaInisavesaulIulunisiiu
wasulugUvasawulnih

g fe  dndunnimassaUesinfinduimsidetou Wumniinuduius
Ineassiuasauszneumdsgaydeladidnesn
R . 3 A A
Wesnnaanugliivesiiuussnldagannmaduaun ¢, = ‘92
g, Ap  ewlesunmAvesayaInIAUIEIIN L 107 F/m
36
A A NURMIFALHUAIUN
d AD EUZANTENINUNUGIUN
Aty azle
O 2.7)
)
&,A

g = (2.8)
R &,A

v
[ % =<

| fa aad ¢ [ B o 1Y . .
AdeslinAindunvsvesian & VYusgiuaudnwuzinanlswdu (Polarization

9 Y 9

characteristic) vasauIumaInsaTanladiann3n (Dielectric material) flasudnsnasin
audliiiniguen wansiagun 2.12 nszuiunisinanlsieduiivateguuuy eanudves

awrnliinga¥u nsgurunisinanlsiwduasiinfunasiauwisundavinlian ¢/
Wasuwlas niennuanisavesauIulunisiiunduulugvesauuliizanauay

a X \ r a v = " a X = ~
WWHYUAIUAT &, Iummwmﬂszﬂaummq@ma (loss factor; &) ALLNUVUDIAEDAN
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AI1UATINGA (critical frequency) wasouNAzaRvUIAYEIANUBTHARTIAYBITAR WAL
ANUDAngaN YeswRuIULAAzylindvinuan vz ILANANaY

nsiinslgnuuvesnszuIunsinalsiwdulnenalundlrasduiusiu electronic

polarization %38 atomic polarization @1UNANITAAIYAIVBINTEUIUNITINA b SIGTU

v 6

(relaxation effect) 3g@UNUSAU orientation polarization

Y

Dipolar
8f (Rotational)

j

Atomic Electronic

10° 10" 10° 10" 0" f, Hz
MW IR Vv uv

5U# 2.12 audnwaglnalsiwtuvesauiuman [27]



uni 3

NSNAHIUANENUAYDIRAUIUWATY

Tuuniosurifeafunsmdsuidundiouvamamndifueyniauily n1sneaaoy
aautimannuiuluihiundeulasfuneuliulsanausd wasttuniouwasdidinng
wanfuaynauly anduaznadeunuantfdulni Aedusnanatuioausadulii
nszuaaduUInAivestunioulasilonaudsoyniauluneligungd 35-90 o
wadea Wisuidisusuisuniouanfunouuiuusinuansd neaeudusauduiadiu
ptstauInuardrauneligungiives naaeunisiiafarfauisdinnisldusediy
nszudadULaYanuIivied LavazyinisneaaeuANnmesMasgadaladidnnin Tnevinig
naaeun el 35-90 symgalTes

3.1 mMawsuthdiundiawamamsriuayniaunlu

nanIeudiodrsirffundiowtamwandrfveyniaulutanuadududulyay
nszUILNsAsTumeudsolud

fupoudl 1 thoynaulunusiauardadiudiunadssyllunuideiuie To,
ZnO waw BaTiOs ludndau 0.01% waz 0.03% (asAranUinsvesiisiundioudasiild)
wesndihuthfumsioudas ludupeut nsdildansanussiiinaslandmniveynauily

fupoud 2 maliamehlfeymeuilulimsnssaesluidundiouasagyindoiedos
muasazaeutivan (magnetic stirrer) igaumgiivieadunian 30 wni

fumeud 3 iieluvlatioumeuluiinandrfuidundoulasdauaitanovos
nsunsnszevoseuneuiluluihiunioulas lngasdeniludiadosughanslagldides
Auigasomaiindansilein (ultrasonic) iunan 2 2l

a158AU5IRI surfactant sorbitan monooleate (Span 80) AtiunUszegnaldlunig
UuiAsuiiuinveseyniauiluiuinislifuesunsnaeifiotosunsnudaiudungy
ﬁ@usummgmﬂmiuiuf’]ﬁwﬁaLlfdaa [14. 19, 21, 28] 4uUABUANSIATEUF D891 UMD
wawmamdrfveyniauly uanslugud 3.1

n¥uatantuneud 1-3 d19u Fregshtuniowasiinaudrfuoyaauluasgn
ihldeusennuieuiigumgil 60 ssmwaldes lulmeugnyyinaiinuiy 200 fadus
Hunan 24 $9laa reuthluneaey
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:’ Adding nanopowder
and surfactants

)
1

1
U
-

A
1
1
1
|

| S p—— ”

» &

-

Well-dispersed nanofluid A - oorly disp-ersed E
(test sample) \.aggregations __,

- —
o

3UM 3.1 ununmvednszuIuniswiseuiegniiuntdewdasrandnivayninuly

fhegrahduniioulasiinaudifueymeuilulddarhiulasnisnaseynauily TO,,
ZnO way BaTios Inenduiregsiildlunismaseulusmiafoazutseonuaeangudsl

nauil 1 Usenavdeduassiedinitundoutasiinandrtuoyniaulufildluns
nadeUANANTRMIAIAILTY NMInAFauMIATAIAUde LIl NTE LAY Lagnns
nageumAnesindsgaydslndianasn azdszneudisavassviindiegsiiiniig
uanAaf asnsautseenifuaeangundn tufengu 0.01% uazngu 0.03% lngUTuns Tu
uiaznguiiaosyntos Aelunguilil Span 80 uaznaguillaiil Span 80 uazudazynLasas
Usgnauseauussianmueynauly fe TiO,, ZnO uag BaTios iloaudaiauuazidila
dutudeiunguiogimosihifuntouUasiinaudiiveyaaulu fivrsanldanlugud
3.2

CY

nquil 2 Usznaudevndedrsintuniiouvasiinamdrfueyniauluildlunis
nageUMALIITuSNTadUTNAITIdIvINkas T warn1IMadeunIsARAaYISY
vsduneldusetunsruaady azUsznaude nnviafegeiifiannuuandieiy a1unsn
wisooniduasangundn tufendu 0.01% wazndy 0.03% lasusazngudil Span 80 9z
Usznaumeauuseaneuaun1auily Ae TiO,, ZnO wag BaTiOs Womnutaaunazidila
WutuRetunguiognmesihiuntioulasiinaudiivoynaulu fivsanldanlugud

3.3



Nanofluids preparation
(twelve different types of samples)

Moisture, AC Breakdown, Tano

Group 1 Group 2
(0.01% nanoparticle) (0.03% nanoparticle)
Set 1.1 Set 1.2 Set 2.1 Set 2.2
(with Span80) (without Span80) (with Span80) (without Span80)
1. TiO2 4. TiO2 7. TiO2 10. TiO2
2.ZnO 5.Zn0O 8.Zn0O 11. ZnO
3. BaTiO3 6. BaTiO3 9. BaTiO3 12. BaTiO3

JUN 3.2 vaenlpesunsuesureduaelinfiegwikanaeiuresfurlowlasinauidl
fluaunIAUILY

Nanofluids preparation
(six different types of samples)

Impulse Breakdown, PDIV

| |

Group 1 Group 2
(0.01% nanoparticle) (0.03% nanoparticle)
with Span80 with Span80

1. TiO2 4. TiO2
2.ZnO 5.ZnO
3. BaTiO3 6. BaTiO3

JUN 3.3 vdenlaesunsueSurennvlindiegrsiiunnasiuresinduniowlasfinaudiiu
auNALILY

24
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3.2 ManadauInAATulud e MAdaY

fnquszasdvastunouil Aenismaaeutaviuiuiu (moisture content) fioglu
fhegnsfiunnssfurasnihiunieulasinaumdrfueyniauTuwasTeudisufutiinahi
oefluifundoutanfuneutiuusanaut® Tnstaarutudeedosinlanm Karl Fischer
(4u: METTLER TOLEDO-C109), FaifluiBnisnaaeuunnsgiudaiuinnuduluthifunde
WUaInLNTIMAEDY ASTM D 1533 [29] indesflefilivnaeuanauifmennutulugiesng
g uiuandlugui 3.4

A sensfit s 41l 1 Karl Fisher

Y9 sensoragatie S TARE

a1

' 1%
=

3U# 3.4 inSeslainvusanamuiu (Karl Fischer Titrators) WieusgiliuUSunaniles
elunguiegng

3.3 MInadauAaNUAnIlnii

3.3.1 MsnadeumAusatuliihinsswaasuiusNANIY

nsimeusstulihnszuaaduiusnan edunsssdiununimeesidfunde
wanfurouliulpnuantiuarauaesiiadegtediunniatureshiuniioutasinauidi
fuoymauily muvdenlnesunsuluzud 3.2 Tnsnsmaseulunuideiiérdwmumnsgiu
IEC 60156 [30] ¥nn1svnaeuseiedomadey Tnaagu I0-1-80 vhnsisanssaziasewing
Bidninsnuuunssnauiunssnas (sphere-sphere) 7l 2.5 fiadiuns naaouilusiuau 6 ady
LazvaaeUTiALA 50 Hz dnsuasiogiausiazaie

uan91ni TunsmaavmaAnsadulniinszuaaduiusnannd azdiinimaaeui
qmmﬁl,mﬂsmﬁué?uwi 35°C 11 90°C Fagaumgiifiumnsinsiulsznausae 35°C, 40°C, 50°C,
60°C, 70°C, 80°C wag 90°C lapyagunsainmsvaasuuandlugud 3.5
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DC power supply
for Stirrer Motor

220-VAC
plug

Breakdown testing device
(13-11-80)

. N
:
4
V[{ 7o
DC motor

m % Sphere-Sphere

electrode

e ——

(@)

JUN 3.5 gunsalnsnadeumassiulninssuaaduiusnail (Model: 11-1-80) (n) %@
NAFBULIIRULUINAIY YnAIUANaIng wasyadnelnnseuansdlvivewes (v) nyuyld
Meg1aveuvadilenadeu
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3.3.2 MSNAABUMALSTUBLTRdIUSNAIAUINLAY AU

ASNAABUNIATLSITUDUNAAUINANIUATUNITNAFDUMEBLANINTALUUTLLALNTS
nay (needle-sphere) AULNTFIU IEC 60897 [31] WNUNINIIINAGOUKALNITIALATEUNTS
maauawam’lugﬂﬁ 3.6 lunsnAaeUNNNSUSURIsT e asInesEninaBidningad
warnsanay fiszez 15 Sadwns Tnodudurinfmnuiiaivaoduuszana 40 um an
T dudianinsndiunsegs Turaziididninsansenamdurianeuniesiiiiauin
urngudnans 13 fadlunas grlfifudidninsasuussi Bnsmeaeuiduluamnsgu
IEC 60897 d1%A5UNTISNAZDULSIAUBUNAALUTNAIY

Impulse Generator High Voltage IEC 60897 test cell
Divider with needle to sphere
T L N NN\ A S 0 electrode

Control and
Analysis System|

(n)

The capacitor

— (4,200 pF, 200 kV)

Impulse voltage
generator (200 kV, 5 kJ)

JUN 3.6 1ITIAARUNAUSIIUBUTAALUINANIY (1) UNUATNIRTVIAGU (V) NTTALATEY
WITNINAFOU
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3.3.3 N1INAFBUNISNNRAYITIUNAIUNETALIIRUN T LAAAY

N1INAABUNITLAAAAYITAUNNEIUNTETALTIAUNTZLAAAY PD waz PDIV 993713
JEHENIENINBIaNINIALLAYIEUIU (needle-plane) gninunszeziehe 40 fadiuns
Tneduildlunsneaeuduriafisany Afisaivaroluaruvunn fe 10 um 20 um uas
40 um gl udidninsasuusegs Tusazididninsnszurulurianeandesidvuin
urgudnans 75 fadums grlfidudidninsasuuseii

Fuilflunsneassnantuanuisvludsemadiu Seinisuusiilu IEC 61294 [32]
dmiunsnegeu PDIV vesauumadlunudded Iadenldidu Afisaiivared fio 10 um
20 pm wag 40 um aidlunisidensafivaraifuiiiinuuandisfiaaudululgien
mnuiaienaualnlingeanazinnauanssiusgiidodadny [33] Sesaiivaneidudniy
n133898uauIuTeN a1 uana 1 e AL 3 um 89 100 um nanilae CIGRE [34]
uaﬂmﬂﬁfvﬁuﬁqaLmuﬁiﬁﬂuﬂ13’3%’8@%ﬂﬁwumWaamazmaqqﬁqmmﬁﬂﬁzmm 3,653 K %30
US¥aad 3379.850 °C wagANLdsUseunn 12-40 x 10° ke/cm? [35] Tnenisnaaauly
mu%’aﬁé’mﬁqmummgm IEC 61294

nsnagouluiSeinaaeudieiafiusyiuLsI (ramp voltage) lusnsn 1 kv/s
mﬂqu&?a}umzﬁ"qmmsamw%’um PDIV 1§ &4 PDIV AeAussiuSuinfauisaunsdiuves
amummmaiﬁaumlvdﬁﬂ:ﬂaﬁwLamaqwm Lmé’uﬁﬂqﬂﬁmmmm’m’i@ PD >100 PC, A1
PDIV aggnuuiinld wiazdidninsadurinsnaaeuduads aiginsmageunioutly
SidnlnsauuuduiifisadvesUaaduiivanvun [6, 36-37] egndlsfinnu lunsmaaeude
Tussuuuudu (step voltage) 1SRRI sUsvnAlddmSuntsnagau POIV Fsagldirnnis
An PDIV fishndndlewfisufunisnaaeusedsiiusssuuseiu [14] Gefinsidouaznanilag
N. Pattanadech [6] eeislsfinna Tunudded vinsmadeu PDIV freiSiiiuseiunsaiy vie
ramp voltage ALluNTMAgRULABN159198993 IEC 61294

ATAIMFUNITNAFOULATNITAALATEUINDINITNAABUNIAT PD, PDIV 819839014
11574 IEC 61294 azuansluguil 3.7 wasgudl 38 gunsainaaou PD lusuided
Uisﬂaué’wqﬂﬂiajﬁwialﬂﬁ HV 31809 nae91eS90ugeiinn 75 kV, 40 kVA uag Ca fg
anuaInelaBidnnsn Ck Aosiiuszaauifieafida 1 nF uaz CD Aegunsainuiien
way FC feanaimdalondaiiues MPD 600 Aogunsniiifumihesusiunanisinnig
WATIENNITAAAAY1TIU9EIU (Data acquisition unit) #ag MCU 504 AaynAIuANNIS
11971 (Controller unit) wag CAL 542 AayaUuliieusyuuinnsiinfayisaunsdy (PD
Calibrator) anunsndneiaduiuifisuunsgiuauiadaus 1 pC 89 100 pC wag PC Aayn
ADUNILADTUIZLIANAAIBLINFALIS mtronix



v

CAL L---

()
JUN 3.8 M3IALMIEUINTNAGRYU (N) 29ATNAEOU PD (1) SzUUMTIAAT PD
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wonanil drygrausuniu (background noise) ¥09293sMAdoU PD 1Hun1sianeuvi
N15VAdDU §391nn15MAdaua PD wansliiiuinfiseduwsasu 40 kv azliindaaio
UMY ImaamﬁmLﬁsméi’zyﬁgﬂmsumuﬁugmmaﬁzwif@lﬁﬂizmm 0.5 pC Wiladufiunis
NAdeUANSLAA PD vunvesdiyaal PD ntununsiiiuduresussiilnihildnageu
’qumzﬁ@ummmé’agapmumuﬁé’qmmLﬁuiuﬁumzmaauLLazﬁuﬁﬂgﬂLwUﬂmﬁm PD 34
muwmaaé’mcgmwmué’ammLﬂuvﬁu@m’?aLﬁuﬁ'ﬁul,ﬁwﬁﬂﬁaa Fodudsenunsatilald
dm5un1sdun PD 1u1§1ﬁua1né’zmm3umu

Tneiialu PDIV Fuegfunanstlade 1y amuiu wargamgd 18sn1sVAdoUALIUYAY
sUnuureIdianinsa ﬁuﬁammmaaﬂmm%ma ¢NITAINUAYDITNTEYLNINTENIN
SudnTnsm lunsmageu ArmnaTuuas 9NN IYBIVDUNA? sdedianinsaiildlunis
By auumimmmLwa”l,mﬂmmmmﬂmmLﬂaaumwmammmmﬂmmmaauuaawam
Faiu nananageuildainnsmasssiuazuansliifuimatueg fusyniauilufidiandly
Tudhifundeuas

a a s a

3.3.4 Mnegeumnaunnmesiasgdaladiannsn

U

nannIsnIsnaaaumAwinmesitasgadsladianain w3e tan d Asalianis
Anedeillilunisnsvaeuguninvesauruthifu [38] ludedazidunsinnisusefiung
99 tan & ossfunfeuaninnouuiulsnmandd uardudessiindiegafiuandis iy
vostundoudasiinaudrivoyaauly swudenlaesunslusuil 3.2 insvaaoud
qmmgﬁé’?\uwi 35 °C §19 90 °C (35 °C, 40 °C, 50 °C, 60 °C, 70 °C, 80 °C wag 90 °C) lagly
\wiomnaeutity Tanasu : SOKEN DACIM-D6 Tasnisnaaeulusuidoigiademiu
135 IEC 60247 [39] msdausBesnsasnsnadey azuanslusui 3.9

Temperature
controller

gﬂﬁ 3.9 ﬂ’Ti"ﬂﬂLGI‘iEJlIN’i]’iﬂTiV]ﬂﬂ@UWWﬂWLLWﬂL@@iﬂﬂa\iﬁﬁ]m‘éﬂﬂ@Lﬁﬂ(ﬂ’iﬂﬁ?ﬁ’i‘UV}ﬂaﬁ]‘U
f98199941a7 (Model: SOKEN DAC-IM-D6)



uni 4

HANTSNASDUAMENUAVDIRUIUMAN

Tuundesueiieafunanisnaaevarauduludfunieuvandunouuduuss
Anaulh wazihiundouUasifinsuautueyneuly senmaaeuamauRsulifii Ao
Aiusnaminiemauamutonssiulihnszuaasurenisundeulaniionaudseyna
unluneldigannd 35-90 asrneaioa WisuifsufuifuniouUanfunoulfuuse
AR HansvAeUALIsTuBITadUTNATIIadAUINLaz Ul dgangivies wa
nsnageunsiinfaviavsdiuneliusiunszuaaduuazauviviot uazaznaInmHa
nsnaaeuAuninesidsgadeladidnnin Mvinsmaaeunieldonmnll 35-90 aarn
\waLg e

4.1 wan1snadausAAMuTuluhuvsouUas

founTAde UM ALY Fotttunoulaafunenysu st RLazy
mﬁameﬁwawﬁﬁuaumﬂmiu mmuﬁaﬂlma%msﬂmﬂﬁ 3.2 fedlAsun1seUAIBAIL
3auwam‘mu 60 °C iuLmﬂauammﬂﬂﬂﬁMﬂawuﬂu 200 fiadund Wunan 24 $lug TngUszasn
YostuneuiinonisnsrsdoumAinudulusiedawe wman Imamamammmmmmﬂ
1n3aslawnsn Karl Fischer #10u101957U ASTM D1533 [29] mmmmwmumaaumwm
mJaaLamﬁauﬂ%’uﬂqa@mauﬁaLLaxﬁ"jﬂﬁwﬁaLLanﬁmﬂmsﬁnﬁ’uauﬂmm‘Lu HANIINAGDUNIAN
ANNTY wandlunnsed 4.1 uay asaedi 4.2

M19197 4.1 NanFInANNuYesdundsLUausutouUSuUTRaEN TRkaz I undauUas
naNnuaun 1ALl naNd 1 Anududu 0.01%

Moisture content levels
Liquid dielectric
(ppm)
- - Mineral oil 18.6
Mineral oil with TiO, 17.6
With
Mineral oil with ZnO 19.2
Group 1 Spand0
Mineral oil with BaTiOs 18.5
0.01%
Mineral oil with TiO, 17.2
nanofluids Without
Mineral oil with ZnO 18.9
Span80
Mineral oil with BaTiOs 18.2
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dl U -d’l QO} U ¥ a 1 U wa g U v
A13199 4.2 NaN1TINAMNTUTDIUNURLBLUANLANNDUUS VU TIAMELUALAZ U URLBLUAY
~ Y o Y
wmammﬂuagmﬂuﬂu NANY 2 ANLUNTY 0.03%

Moisture content levels
Liquid dielectric
(ppm)
- - Mineral oil 18.6
Mineral oil with TiO, 17.3
With
Mineral oil with ZnO 19.5
Group 2 Span80
Mineral oil with BaTiO3 18.2
0.03%
Mineral oil with TiO, 17.2
nanofluids Without
Mineral oil with ZnO 19.3
Span80
Mineral oil with BaTiOs 17.8

MnuansageumAALduluidunteuanAunouuiulssnaau TRuag iy
nifoudasinauiinfuoyniauly nudaasturesiundeutasiinauiueyniauily
TiO, waz BaTiOs Wiaesaudiududie 0.01% wag 0.03% laidsmalfrrnduresiiuniie
waafiudu sniulunsditunsieutasiifinisnansvoyniaulu zno fiaududy
0.01% uag 0.03% nan1svadauuanslffiufsnmafiutuvesanuduluiduniionuas
uendnd lunsdlftuniioulamausueyniaulundeuiafuansanussfsianie Spanso
danaldmenutuvesitundoudasiivtudndesiiodiousunsaildiy Spanso aenslsh
14 NHATEINTINadeU A1 LTulufegmade U axdtuldddanantui
TndiAssiu Fdlidswasionsmaasunmastivaluih

4.2 wan1snagauAaNUANIdlnii

4.2.1 #amnedeusaiulniiinseuaaduusnang

Ausssulninszuaaduiusnamhdundadusiuusiidfayildlunisesuiedaiu
auysaivesauIuvadsimifiduauiunislundioutas uonainiawsedului
ﬂizLLﬁﬁﬁUL“UiﬂG]’]’J“LnéjgﬂﬂWMWWi%%ﬁ@ULﬁ@UizLﬁU@mﬁﬂwmzLL@BQ&JJ‘HW‘U@Q‘EW&T‘UMQJEJ
was luns3seiifinisfinwinavesgmnififinerussulnihnszuaaduiusnamivoninsiy
nifoutas Tasvhmsneaeuisihifundeuasfuieululssnaaudfuasituniowdasd
Haud1ivayn1AuIly ﬁﬁﬂ’]i%@ﬁ@Uﬁquﬂ“ﬁLLG]ﬂGi’]x‘iﬁu{ﬂ;’lﬂLLGi 35°C 19 90°C lagNaANS
yiaaeUIziandlunei 4.3

MNuaNITAdDUNUIINGuFeg1atTunioutasiinamdrfuayniauiluile
Lmﬁulw%ﬂizLLaaé’ULmﬂmaﬁqqﬁuLﬁaLﬁwﬁuﬁwﬁwﬁaLLUaQLauﬁauU%’Uﬂ§anamﬂﬁ
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a

weNaNi mLLiqmul‘WﬂﬂmuLLaaaULUiﬂmnuﬂJaaﬂaumamwmmmwmﬂwaw Tudiaile
mmLsumwuaﬂaumﬂmiummﬂawuﬂaﬂumamwmmm uarn1sLRLTuT Mg
geiudmariemuamuseusstuliiluveanas uenani { grnmamsmadeudBudulii
Aussiulwihnszuaaduivsnamivesitundeutasiinaudrfveynaululungui
Span 80 ganilunguitlsidl Span 80 nasndrsgaumgiinaasy faansluguil 4.1 10unns
Wisuiisunavesguuniseriadsussiulifinssuaaduiusnand dwmiuihfundoudas
WuneuliulsnnandRuasintunieuUasiinamdrfuonniauily selungufifuaglaid
Span 80

M13197 4.3 Han1snagaurksnuliinsslaaduiusnatldundenUasfunouUTuUss
AuautRLaziTundaulasfinanidifuaynauluautudy 0.01% wag 0.03% Y1n13
VAR UTIgUNNNUANAIITY

AC Breakdown Voltage (kV)

Group 1: Mineral oil mixed with 0.01% nanofluids

"C | Mineral oil With Span80 Without Span80
TiO, Zn0O BaTiOs TiO, ZnO BaTiOs

35 46.4 54.3 61.3 58.7 46.8 ar.7 47.4
40 49.2 58.1 62.7 60.8 49.4 50.4 49.8
50 50.5 61.9 69.5 67.5 50.9 51.5 51.1
60 53.1 67.8 71.2 70.4 54.4 58.7 56.9
70 54.3 69.4 74.4 73.6 60.6 69.5 63.5
80 57.8 70.7 76.8 75.9 65.8 73.4 68.6
90 62.4 n% 78.1 76.3 69.7 75.7 71.2

Group 2: Mineral oil mixed with 0.03% nanofluids

"C | Mineral oil With Span80 Without Span80
TiO, Zn0O BaTiOs TiOy Zn0O BaTiOs

35 46.4 56.5 61.7 60.8 47.2 52.4 48.7
40 49.2 59.6 63.5 62.3 51.3 60.9 57.6
50 50.5 64.3 72.1 69.7 55.6 65.1 61.8
60 53.1 69.5 74.5 73.2 63.5 68.9 66.1
70 54.3 12.2 76.2 74.8 65.7 72.6 68.5
80 57.8 73.8 77.4 16.7 68.8 74.3 70.4
90 62.4 74.6 78.6 77.3 70.6 75.8 12.7
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80
9 70
=< 60
-5
o0 -
g 50 =
(=]
> 40
z
(=]
< 30
-
S 20
i
=
o 10
< 3
0 ot | ..
50°C 60°C
Temperature °C
] MO mixed TiO2 (with Span80 '/ MO mixed TiO2 (without Span80
[ Mineral Oil (MO) } ) Fip)) & € pans0)
“+ MO mixed ZnO (with Span80) /. MO mixed ZnO (without Span80)
“2/ MO mixed BaTiO3 (with Span80) [} MO mixed BaTiO3 (without Span80)
(n)
80
§ 70
< 60
5]
g 50
=
4
40
z
(=]
S 30
=
s 20
i
=
o 10
< B
0 :
60°C
Temperature °C
] MO mixed TiO2 (with Span80) ©1 MO mixed TiO2 (without Span80)
[ Mineral Oil (MO) 0 !
#: MO mixed ZnO (with Span80) MO mixed ZnO (without Span80)
=1 MO mixed BaTiO3 (with Span80) B MO mixed BaTiO3 (without Span80)

()

Ul 4.1 navesonmgiiveriadeusauliiinssuaaduiusnana
(n) Aussiulfihnssuaaduusnamiddmiuihiuniewlanfudeuuiuupnmuanifvas
ihifunsfoutasiinaundniueynauTuarundudu 0.01% (o) Auswliihnssuaaduisn
maﬂﬁm%’uﬁéﬂﬁwﬁawmLaudauﬂ%’uﬂgq@mamﬁaLLazﬁwﬁwﬁaLLﬂaqﬁmamsﬁﬁuaqmﬂm
TuALdty 0.03%
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U7 4.1 nymluananisiieuiiisunanismaaeuussiuliiinssuaaduiusnanivves
ihfundfoulanfuneulfuupnuauifuasintundowvasiinandr fueynauiluan
szl @0 TiO,, ZnO wag BaTio, legamgfifinduain 35 °C §s 90 °C nswlugud 4.1
(n) wanslifuisaussiulninszuaaduiusnadvesidfuniionanfudeuyiulse
aantfnazihdunieuvasiinaudrfueuniaulu Tnsanglunguitlid Span 80 13
WasuulasuswulifnssuaaduusnamidnsdalndidsstutuidfundouUanfunou
ﬂ%’uﬂqmmauﬁ’muﬁmqmmﬁéﬁy’uw}' 35 °C f1 50 °C uenaniianuanIeFoULARdl LAY
flanaves Span 80 Aeussiulwinszuaaduiusna WeinnsaIeuiisuainngm oy
iuldndmsusetnswesmanfilidl Span 80 azuandlifiunaludeuinegradifoddy Tne
fqnisusunisifinduvosusefuliiinssuaaduusnanidangang i 70 °C Fuly
Turaugfinguiid Span 80 uandliiiuisenfiiugeluroseussdulaiinssuaaduiusnanad
Faud Susugamgimnaeuauisonmniasaslunimadey

uananiinglusud 4.1 @) uandlfidudenussdulnihnszuaaduiusnanitues
ifunffoutanfunouuiuusamantivasindunseulasfinaudrfueuniauily
Tngianglunguitlaid span 80 SaasdialndiAssfu SuitulddaiiandaungumgiiFudiu
yadeu 35 °C widosmniimnuidudureseyniauiludiuiy 910 0.01% 1y 0.03% Tedawa
Tudsuanedsditoddy Tnefigaisudumafistuvaseussiuliinnssuaaduiusnainiann
grumndisous 40 °C auiisgamgdiasanlunisnaasuiie 90 °C luvmzdingudidl Span 80 Hang
wanslifiudsrnfifigelunesiussiulaihnssuaadusnamifudisudugamginaany
UNQUNNEAUNITNAFBULIUNTAIMIN

MnHansadevannnkandlffuiinisfiuturosiussiulnihnssuaaduiusn
ptidlenauoymeuludriuinguntoutas InsfinsulusUveavedidudinmaiiniues
ArpsnusoLsUlNih duandusuil 4.2 mnnsmluandiidiuisnsisiugeandotity
‘ViﬁaLL‘tJawawé’fﬁuaumﬂqu ZnO luanududu 0.01% wag 0.03% 713 Span 80 lag
Lawwv‘mammu 50 °C aem"LinmmLLqumaaﬂanmamwaammu’ﬂ,u wandlviiiiuinged
naifinduvesgamginisy ardwmaliivefidudiniafinduvesdussulnihnssuaaduiusn
T A O TneilgaisusiunisanasesAussiuliinszuaaduiusnan
Sudausgumnii 70 °C

mswsnefluiiuniouwasinasintulusuuuuresnalnniswsnaniiuuuaniy
wef lnsnsduduinaniuwedasiintudionnuiaioavesaunlninisidnlnaiu
Indrdnseiunis FadunszuiunsBuduvesnmsifiuviguuesdinnseunazUszquin uas
Tuwneifinndivoynauiludiluludtundowuas dwalinslessuuasnisidnasou
wianil fimainzngusudndvlessusardidnasouveseuniauilu SeiliiAansdaiFee
voslovouuardidnasou dwavhlifinanuamudeussiulniiusnaidvesnitunde
was Feildnmafisturesnmafinaniuwesdnas wagdwmalirianuamudeusaiulii
vostuniiouvasiutu wenani Weiiinannuduturesoymauuluiduniie
uas azdwmaliszosinsswioynmeuluanaiuas mimnmLLiwmmmummaumﬂmu
[40] el ussdendfeusetamesinad (Van der Waals forces) LUumemmwuaauﬂ 7
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Fredaluanadinieiu wasdulseiugiuniinaibioyna awnsasuiududedeiuld
wilbunnanseiudruaminudazluianaissesinunussesvilaasi binssiamesinad
nanenduusananlaguiv [41]

40
35

30
25 A\A u
20 /

15

10

Percentage increase (%)

35°C 40°C 50°C 60°C 70°C 80°C 90°C
Temperature °C

-m- MO mixed TiO2 (with Span80) MO mixed ZnO (with Span80) == MO mixed BaTiO3 (with Span80)
-# MO mixed TiO2 (without Span80) =+ MO mixed ZnO (without Span80) == MO mixed BaTiO3 (without Span80)

(n)

45

40

35

30

25

20

IS

10

Percentage increase (%)

35°C 40°C 50°C 60°C 70°C 80°C 90°C
Temperature °C

=m= MO mixed TiO2 (with Span80) MO mixed ZnO (with Span80) 4= MO mixed BaTiO3 (with Span80)
%= MO mixed TiO2 (without Span80) = MO mixed ZnO (without Span80) == MO mixed BaTiO3 (without Span80)

(@)

U 4.2 navesgruugilasnisfinsanlusureadeffudnsiutuvosrussuluih
nszuaaduusnni i TunsouUasiinaudfueumauy eiifuar il Span 80
(n) Weoddudnsiiuturesaunmusoussiuliinnsdivesmaruluiinududu 0.01 %
(%) Wodudnsiiuturesnunmusoussiuliinnsdivesmaiuluiinudadu 0.03 %
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ﬂivmﬂuaLaﬂmausuaqaumﬂmiu (F = QE) wazidlefiusannssvinfiunniusiufegungii
1 lifndsnusnniuiudidnaseuveseyniauily wﬂwaflmsmﬂmﬂflwqmaq

LWJJSUU dna
a g a Y ~ Y 3 = ad
@Laﬂmi@u@aﬂﬁ]’]ﬂawﬂqﬂuqiu aqllrﬁﬂwiﬂrﬁm"llﬂﬁ]’]ﬂzﬂm 4.3 QWﬂEULLﬁﬂﬂiﬁLWUQQ BLANAIDU

ngeeanainaymawily wazdianaseuiivgraaniaineyniaulull dwavinbiiiansiiugu

vosansuesuazilugnsiiniusnaitivu delusamgidaduiwlsiiddyeemidnd
HaseAIA LA UsaL st ulThvesdiundeuUas [40]

e e
A <
T : L ] :
‘*E ‘.; ﬁe "e : “& l'. "'E
O Hole ' S e "
. L™ . 0 o | ~
! 0 © oL d ©
e Electron S L
® (0]
4 "/ T )
' Nanoparticle "'
High voltage Grou nd High voltage Ground
Electrode Electrode
4 == ® Oil Positive <#---
lons
Transformer s,
0il

At Lower Temperatures At Higher Temperatures

5UN 4.3 navesgmunili il RONTZUIUNITUNSUUTEY (charge trapping) [40]

4.2.2 wansvedeUAMIITuBIRdUINAMIT It UINKaT AU
A1ANAIuLsaFuduRadiusnat iunismaaeuilensisaounazUszidy
AudnuuzsfuduTadiusnaiivesidfuniiontas neUnfdiadeussiuusnaiidas
ihlufinnsanifiedsziiunannusauiuval A15199 4.4 Laga15199 4.5 LAAINANIS
NadeUTIALAABAIAIMULTLBITRdIUINA I UINLaraay Tudadedidudnig
FutuuswuBuiadiusneniisswihaituniouwanfudeul v pnmauifuaziiunde

wlasinasiniuaynaunly
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M1399 4.4 Han1IAFRULTIRUBNNAdIUSNAUTIVINYesdundowUaAunouUTUUT
AauURkazd e UasnaudiveynAuIly vinmmaaeunigligamgiivies

Impulse Breakdown Voltage (kV) % increase

Mineral oil mixed with 0.01% nanofluids
TiO, | ZnO BaTiOs | TiO, | ZnO | BaTiOs
25.46 2593 | 31.13 | 24.13 | 1.84 | 2227 | -5.22

Mineral oil mixed with 0.03% nanofluids
TiO, | ZnO | BaTiOs | TiO, | ZnO | BaTiOs
25.46 24.13 | 2826 | 25.46 | -5.22 | 10.99 0

Mineral oil

Mineral oil

A135197 4.5 nan1svadeUkIITudNTaduINAIUTIaUYesNTundowUasAunoulTuUR
AasauURkaz el UasnaudivaunAuIly vimmegeunielanamgilvies

Impulse Breakdown Voltage (kV) % increase
Mineral oil mixed with 0.01% nanofluids

TiO, | ZnO | BaTiOs | TiO, ZnO | BaTiOs

70.66 62.66 | 61.27 | 665 |-11.32 | -13.28 | -5.88

Mineral oil mixed with 0.03% nanofluids

TiOs ZnO | BaTiOs TiO, Zn0O BaTiOs

70.66 61.66 |1/63.33|\768.83 | «12:73 | -10.37, ] '-2:58

Mineral oil

Mineral oil

sUT 4.4 uansliifufsrniodsvemanisnaaeuussuduiadiusnanidvesiiunde
LLﬂaaLamdauﬂ§UU§aamauﬁ'§LLazﬂfﬂﬁwﬁaLLUaQﬁmawﬂ’ﬂﬁ’U@ymﬂuﬂu NNIINTIUEA
Tfufuwltimesnafiuiuuavanaswesrussiuduiadiusnena Wettunsoudasdis
nsuanoyniaulwisanvdaadly 213U 4.4 sandlifuieeniadsusuduiadiun
pitanveshifunioutasinanfveymauly Zno fafiiugedu luvusdoyninu
Tu TiO, uag BaTiOs Airaufuihsuvsiouladliuandlidiudeanadousaruduiadiusnanyg
drundiftu venanithifumioulasinautuoyneauiluiiausiauandidudunTdud
sldenauemuLsuBuiadiusnaitiauiidanas WeFeudisutuihiundeuuas
Wunoulsuugsnuants naannisnadeukandliniiugl slatazusunaanududuyes
oymauluaziidviwasg1sBaronavosnuAmuLIITUBIRadIUTNANY
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Positive impulse break down voltage [kV]
w

Negative impulse break down voltage [kV]
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Comparison positive impulse brealkkdown voltage of mineral oil, mineral oil
with 0.01% and 0.03% TiO2, ZnO and BaTiO3 nanofluids

Mineral L
Qil

Mineral I
il

e

0.01% nanofluids 0.03% nanofluids

(n)

Comparison negative impulse breakdown voltage of mineral oil, mineral oil
with 0.01% and 0.03% TiO2, ZnO and BaTiO3 nanefluids

Mineral L
Qil

Mineral L
0il

W
0.01% nanofluids

W
0.03% nanofluids

(@)
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HaNMITAdeUANIITATzEnalnnsInaiTessstuBITRdR T VINIA T
au Ingazndunmsfiasanannisadeuiivesdidnasouneluiedsweamarsenindauan
Lazdhay (space charge) Fvnsnaaeusedidninsauuuiduuaznsinay (needle-sphere)

Tunsdlussfuduiadiusnanaddauin didEnnsauvuidududavin Weusedusa
fadiruanifingetu dwavhliAnlalsudariufnduiivinalndtuaresidningmdy
v ilesnifneuduaunulnihgsiivinaaady Ssanuduaualihgsiindy
Uinaaedudindnd lfAanszuiunislessluedu (onization) Bidnnseuunndonn
nluanavesthifundowlas wasillosouuinifintueglndviefaduUaeaidnTnsady &
wanslusudl 4.5 (n) wosdloussiuBuiadinuandivastulusn idnasouaziiivtuainnis
yuuandmielessluwduuinadifiauituauilniiigs dufedidnasouiadrvuluiana
Junang LﬁﬂaLﬁﬂ@li@uaaisLLa31@@’eJ‘LI‘U’Jﬂﬁﬁi’]uﬁuL‘17\II3J3J’]ﬂ%ﬂﬁ]uﬁﬂﬁﬁﬂqmﬁﬁﬂﬁﬁG]L‘Uiﬂ
pifluthifunsoudas 24, 42]

lunsdiveshiuniioutasiinautveynauly aididnnseuntsdindifinnuiives
nandeuiivdanninnislesslweduvedluanaihfuniioutasiinaufueyneuly g
mandeuiieglnduinaamedidninsadudouin iesmnfimsaionaunilniiings Tuvas
fi3idnaseudiuiindogniuninadeuiiesaniinsdanizfuntensiatusening
sumeaulududianaseu fauansluguil 4.5 () uazdealvioynauluaznandulessuay
pdsnnfimsBaimedutudidnaseu dvleseuatimaniagiinnuansalunisindouiifidn
ninund ilsilessuavarlssundanuanaunlvilnios wazazegluvinaiininislese
lueiilndfudaediinnaduiouan wenani nmadelalsuifansaluiduniowdasd
waufvoyniauly asdatuldeinniludsfuniosvaniutouuivu sanautd ed
wsauluihifinduegnsdeities esmnleseuuinsedoudiludibidninsavsanay Tuvmed
lesouauiiAnanmsBainiziuszninseymauilufudidnaseu azindeuildadidninn
a1 naveansiitilossuauiinannisBmnziussninseynmnlufudidnaseusylndiu
UaneBidnlnsadudauan avdamarilinisduduianisusnaadluthiunsioudasinag
[42]

(%

TunensatudufuLsssuduiadgiusnaidauin Weulvaeldussiuduiadiusn
pmridaau AfBEnnsauuudniuinay Tunsddifundeuvanfudeutiunmands
dlogousssuduiadinauluididninsauudy szifinnslessluwiudidnnsounnnd
ponanluanaveniifundiouasdanlalsuifayfaitu fenrsloveluedures
TuanaszviliiAndidnaseuiiianuaiunsalunisindeudigauaznensuindeuilud
Sianlnsansenay daduusnaiifinnueioaauinlndiis LLa“UdadﬁﬂsvﬂaaauMﬂﬁ
anunsasadeudilddndimdaiedidninsady muamiui‘dm 4.6 (n) levauuIniazAeey
USaUanedianinsady mﬂmmuiﬂﬂ’mﬂmsaLaﬂImmmmummmwmwmawu WA
Tuvausd aurnlafivinadidnlnsansnanasldadnauoidntes LLauLua\iﬂﬁﬂNUiqu
SidnnseufsusaIu SeiliAnusnannildenau [24, 42]

lunsiiveshifundeulasiinauiuoumauly eynauluazdamefufudidnnsey
m‘%’qmﬂLﬁmmﬂaaalulfzj%’u@Lé‘ﬂmammﬂﬁaaaﬂmﬂiuLaqamaqﬁwﬁwﬁaLqu waznaneidu
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leppuaudurumn Faazdaaziiunsdruioguinudatsdidniniady lesanlessuay
waiiianuanunsalunisiadeuiinn fedsingnisaifinant dwaliiAaaiueien
aunllylinlndfuvanedidninsadugs wasddenaliAnaunilniniioglnddidnlnsanssnan
Fedumawsnanifidatulunssiuduiadiusnaniiinay lunsdveshifundeudasiinay
fueumauluiuinduiiusstusinindedeufuiduniouuanfudeul fuussaaauds
[42] Fauanslugui 4.6 ()

4 +o00' ©
++ + D @
T L. o S
et +:-+‘ ++*++®*+*
T *LD+®+ +
+ +®+<I)
+
Eo E
Eo Eq
P
N N
N Rl W

(n) (@)

JUN 4.5 nsi3eadivadlessunieliissiufuiadiauan (Ex: applied electric field,
E: space charge electric field) [42] (n) WhdiuvdiauUausiunouliulsanaauds
(v) ddfuvdoudasinauiveuniauily

f++ + +++
iyt + o+
T :+*:,+ 1 :++++4+
@3}-&) + +t +
[.Dmm
Li] @
gmm EO Eq
To D
Eo Eq 0 22
Qo @
o DD
- T -

(n) (v)

U 4.6 n13i3eadvetlessunieliuwssiuiuiadiiay (B applied electric field,

(%
U 4

Eq: space charge electric field) [42] (n) Whiunsleudaaduneulsuusenuauds
(v) ddundeuwlasinauivoyniauily
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ANSNAREUNISRARAYISaUINEIUNSE PD A1 PDIV luni1snadeuaslsznausien
U31naun13U5E9 Qo) WAZAUTINUNTUT29980 (Qmad dzgniufinidunan 1wl 3uf
4.7 wansuanIsvaday PD i1 PDIV vesinsiundeutasiinaudnfvoyniauilu Tio, il
Arandudu 0.03% snnavaaeuLandliiudsen Qeoy WAL Qua uoNaINE 93U 4.7
Frvpausssulniildisvinade PDIV en15iia PD luauiuisiuasasetudadulunsd
9992UIUeNA Tg PD auuennid dsaziiniuldinefiusaiuluiinay wiedr POIV 904

w5 Ul TIauITRYNINAT PDIV inTuainwsasulnidinuln [5, 6]

Tuan3dedl A PDIV, Qepy e Qax dmiuihndunifeutasfuneuluuanuaudn
wazihifuniiowdasinaudniveyneuily  Wunsmegeulnenislddianivsadunasszuy

(needle-plane) Han1sNAADUTINALA LaAslURIT1S 4.6

1.0nC ! PDIV VAC= 23.09 kV
=

100 pC

1.0nC

10 nC 4.004 ms 8.009 ms 12.01 ms 16.02 ms 20.0f

=

MPD 600 1.1:

Qc
508.9 fC

(n)

1.0 nC Q max (recorded 1 min)
e-”'/
Vac=1.139 kV

100 pC

10pC h W ML : o Lo\ L4

E0pC = - e U L E
10 peC o —— — : =~ s
=100 pC

1.0nC

10 aC 4.004 ms 8.009 ms 12.01 ms 16.02 ms 20.0]

» 4099 2

=

;:|-" =

W
MPD 600 1.1
Qe

9.211 pC

1125 kY

()

UM 4.7 Mavegeu PD 71 PDIV vasthdiuvdlowdasinauidniuayniaunly TiO, M8A

LT 0.03% (1) Qpow, (V) Qmax (TUTNAT 1 119)
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9]’15’]\‘11/] 4.6 NANIINAADUAN PDIV, Qppy 8% Omax (‘U‘H‘Vlﬂﬂ'] 1 ‘Ll’ﬁ/l) ?J@QUWEJUV@J@LLU&QL@@J
ﬂEJ‘lJ‘Ui‘U‘US\‘iﬂmmJUG]LLﬂu‘L!']ll‘u‘VilI@LLU@Q‘VINﬁNL%’]ﬂU@Uﬂ’]ﬂU’ﬂu ‘Vlﬂ’d’e]Uﬂ’WEJﬁLG]@mMﬂNMEN

Liquid dielectric Tip radius PDIV Qrpiv Qmax recorded 1 min
(um) (kV) (pO) (pQ)
Mineral oil (MO) 10 19.7 200 706
20 22.1 237 1,087
40 28.2 474 1,841
MO with TiO; (0.01%) 10 19.5 163 635
20 20.8 236 631
40 28.4 671 1,490
MO with ZnO (0.019%) 10 18.5 164 547
20 22.2 247 896
a0 34.8 283 1,200
MO with BaTiOs (0.01%) 10 21.1 338 956
20 28, 416 913
40 T2 667 1,888
MO with TiO, (0.03%) 10 20.8 206 628
20 23.1 359 809
40 29.8 626 1,588
MO with ZnO (0.03%) 10 22.2 173 325
20 26.4 464 848
40 33.7 645 1400
MO with BaTiOs (0.03%) 10 213 175 569
20 26.1 565 1,003
40 30.4 637 1,701
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| )

(@)

31]17i 4.8 7w SEM vesUaneifavisamuitldlunismeaey (n) Yaerduuue 10 um rounns
negou (1) Yanaiduwunn 10 um wdsnsvageu (A) Uaneiduuuin 20 gm nsunsvageu
(1) Uanerduwunn 20 um neundinisvageu (3) Uaneidiuauin 40 um feunisvngey
(@) Uaeidiuouin 40 fm waINTn&eU
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wedlafililunisvadeu PD Wlendnideseuiiananiifinadenanisnaaeu PDIV Ly

fail
(1) Wuildlunseaeuidenlfifuisainuiioanassmaigessanu 3,653 iaaiu e
Usgann 3379.850 °C warilanuudsgauszana 12-40 x 10° kg/cm? [6, 33, 35]

(2) infildlunsmaaeunaniuainuinluussmadiu Feiinisuusiiilu IEC 61294
dwmiunsnegeu PDIV Yasauiuwman [32]

(3) AAdeldvinsnsraeulaeidunsunazndinisnagaeu lagldinaila SEM uay
wuh Uanendudsnamilowdn fiiuandlu 4.8 uamimarsuduliiiufnishiufeuas
anmuesiimagey Feaneidiliifinnsinvsenionisiaenzdu

(4) nsBudiuanugniiosvesnistiifuisamuiiovinismaass POIV Feiinsidouas
naalag N. Pattanadech [6] Tngfin1smaaas PDIV 1#¥n 100 At uazwuirAadenanis

naaau PDIV 91 10, 20, 30, 50, 70 wag 100 ads lenalnaiAgaty

4.2.4 wan1snaaeumwinnesiaaydeladiannn

Aurinnesidsgadaladidnesn (tan o) Wufifiaulisornuamnsalunisidy
amuuazmqmaafﬂﬁwﬁaLLUEN Snvnsdudumusiiddydmsunmsamaaeunisinamd
Uaanduvosmiioudas nan1smadeuTiaaaaziandly 113197 4.7 uay 1137197 4.8 delu
msazuandlifulavesifudvesrunnnesidsgaudeladidnain uonaini didins
Wisuiflsunanismadeuvesmunninesidsgadslndidnain duandluzui 4.9 dwiy
ihfunfeutanfunouuiulssnnautRuagiifundoudasiinaudrfuouniauily il
nsfififuaglidnnafuansanusefisia uda Span 80 flgnmafisaus 35 °C F3 90 °C waan
nsnaaeuazfiulddn mafiuturesgnmnd 35 °C fls 90 °C dwaliinsiiudurosauin
wastdgadeledidnnluatumamniogimaaoy nsansindunioutasiinaud,
fuoymauly ardwmaliiruinnosidgadeladidnesniingatu Fulumauanmsi
IwihveseynaulufitinanmimzvesUsqlnli (charge carriers) iufe Bldnmsou waz
looou (azneufiiuszquinuieau) indeuiidaseiitinuszglii wazanimiali
(conductivity) luthifunsiouasiinamirfueunaulufinanninhiffuniowuaniureon
Uudgennian wenandl nszuaunsinanlaiwdulseq (charge polarization) luthifunile
wasiinaudrfveyneuluiifunnninhiundieulanfurouusuupamant® (1] Fwnd
nanTaaRetladeivhliauninumesidsgn doladilinnnveninduntoutasinauidn
fuoynauly SenganihsundeuanfuteuUiulsguaniinngamoivadou
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asagydeladidnnsn '13flﬁwﬁauﬂm@mdauﬂ%’w§q
AantA uazidunieulasiinamdrfueynauilunududu 0.01% naasuiigumgd
waneE1any
The percentage of the dielectric dissipation factor (% tan o)

Group 1: Mineral oil mixed with 0.01% nanofluids

"C | Mineral oil With Span80 Without Span80
TiO; Zn0O BaTiO3 TiO; Zn0O BaTiOs
35 0.0388 0.0759 0.1267 0.1082 0.0532 0.0624 0.0598
40 0.0453 0.0893 0.1784 0.1154 0.0673 0.0779 0.0724
50 0.0681 0.1256 0.2679 0.1467 0.0815 0.0983 0.0875
60 0.1021 0.2735 0.3967 0.2915 0.1345 0.2087 0.1453
70 0.1490 0.3386 0.5163 0.3794 0.2037 0.3655 0.2256
80 0.2203 0.4147 0.6312 0.4673 0.3292 0.4396 0.3146
90 0.3225 0.5233 0.6981 0.6148 0.3983 0.5248 0.4103

A1519% 4.8 NANISNAABUALNNLHBS

o w

=

dagadelndidnesn diduniioulanfuneutsuuss
Auanth wogtsuneulasiinaudrfueyniaulunandudu 0.03% neaouiigumgd
WA
The percentage of the dielectric dissipation factor (% tan o)

Group 2: Mineral oil mixed with 0.03% nanofluids

"C | Mineral oil With Span80 Without Span80
TiOs Zn0O BaTiOs TiO, Zn0O BaTiOs
35 0.0388 0.0832 0.1453 0.1106 0.0675 0.0915 0.0784
40 0.0453 0.0957 0.1926 0.1714 0.0806 0.1287 0.0913
50 0.0681 0.1746 0.3589 0.2695 0.1047 0.1963 0.1198
60 0.1021 0.3135 0.4973 0.3782 0.1893 0.2541 0.1972
70 0.1490 0.4391 0.6632 0.4831 0.2790 0.4112 0.3275
80 0.2203 0.6093 0.7814 0.6511 0.4891 0.5517 0.5021
90 0.3225 0.7218 0.8275 0.7622 0.5143 0.6318 0.6327
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0.8
0.7
0.6
0.5

0.4

Tan 8 (%)

0.3

0.2

0.1

35°C 40°C 50°C 60°C 70°C 80°C 90°C

(o]
== Mineral Oil (MO) Temperature °C

-#- MO mixed TiO2 (with Span80) MO mixed ZnO (with Span80) == MO mixed BaTiO3 (with Span80)
% MO mixed TiO2 (without Span80) =2 MO mixed ZnO (without Span80) <= MO mixed BaTiO3 (without Span80)

(n)

35°C 40°C 50°C 60°C 70°C 80°C 90°C

(o]
== Mineral Oil (MO) Temperature °C

=m= MO mixed TiO2 (with Span80) MO mixed ZnO (with Span80) =4= MO mixed BaTiO3 (with Span80)
=% MO mixed TiO2 (without Span80) =i+ MO mixed ZnO (without Span80) =% MO mixed BaTiO3 (without Span80)
()

o

JUR 4.9 nsileuiisuaunnnesidsgedaladidnen (tan d) ihiunlowvasfuneu

[ Y
v aa

USuuanaaudh wagthifundewlasinaudniveuyniauly vanduazlald Span 80
(n) Awvnwesmdsgadeladiansin nsdvoswanniunguil 1 anududu 0.01 %
(@) Aunnmesindsgadeladiinesn nsdvesmaiuilungud 2 enududu 0.03 %
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dyuNanITagay

5.1 dgyunaniivnagay

5.1.1 msvegeuiadianatulutidundiouUas

mamimaa‘ummmwmuiuumumaLLanmmauﬂiuﬂimmamuma ginsfunde
wUasfinamdfueynaunly Auanddunsned 4.1 wazas1edl 4.2 mmﬁmaaumaim
QaunNiviad memmm%mmmmwuaufdaqmmamﬂ‘uaumﬂmiu TiO; uaz BaTiOs s
daspnududuie 0.01% uaz 0.03% lydmaliinnuduve whsundoulaniiudu sniu
Tunsdidunsiouwdasiifinisnautvoyniauily Zno fenududu 0.01% wag 0.03% ua
nsnadeuLansiiuissinturesiautuluiduniouvas wenanni lunsdifivhdu
nifouamaniuoyniaulundouiauinaisanussfsimie Spanso dswaliAiauduves
dhiundfouvasiivdudndeniledloutunsdiliiy Span80 8&19l5AMIL INKAVBINTT
nadouIaAmdulusedengeutinun andiuldiniiranutuiilngifosiy dslidawa
Ran1sVaaeUAMaLTRNIg LI

5.1.2 Aussnulviinszuaaduiusnanad

Mnuanade ULl NIhnssuaasuUInAiTesiIes AL ITLA Y
naeUTigaMATiunAndnafiu Ae 35 °C s 90 °C wuhAusulninssLaaduIUTNAYTeq
thifundfutasiiinmanaufueynauilufiomadidganinisundeutanfuneulsuuse
Auawtd naifisduresAussiuliihnssuaaduiusnanavashifundouvandunauan
ﬂmauumaaaumﬂuﬂwLwﬂwﬂuumwmaLLiJaqsmsf[:wamWﬁmﬂmﬂmmﬂwmmmamm
wiosthas uazdmalirmusadulwinssuaaduiusnandvesihfuniowasfutu uenainil
Fofuvsnuanududureseyniaululuifundowtas awdawaliiarssviissening
syniauluanasLagyliAnusadnfaseninseyniafity uenand asanusafeiamie
Spans0 figniisdmiiiensusuiasuiuinveseymeuilu % Span 80 l¢Suntsfigails
Fufenstestumssuifunizfudundudeuresounmeuludonaueg nelunsunsio
was BeavdawalioynauTuiansanuauoalidtu

513 AnuamudausuduWadivsnainstauInuaztaay

mimaa‘ummﬂuNasuaqaumﬂuﬂumamammﬂuumwuaLLUaamstimaaumm
ussduBuiadiusnATIdRItUINLaY Ay navadeuneligamgies nnieagi
Yoyananisnaaeulalumsned 4.4 uazansned 4.5 LLamﬁlwmmwaumﬂmiumwaasm
ingerussfuduiadiusnailuiduniowanionandiseynieuly il Tuauda
vosaumauily wadwidlduandlifiuiroyniauily zno fgnifiuasluidundoudas
anunsaliiAanisiisturesusaduduiadiusnanidlutanin dudnaeseyniauilufe Tio,
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wag BaTios Wegniiinidnlunaudviidunioudasdinalvinisivdsuudanantosly
LSRN UDUNAALUTAAIUIIVIN UBNANUATVSUNANITNAADUVDILIIAUDUNAALUTAAIUV?

au wansliiiuiteunauluisauda ngniiudilunauivindundoudas Tadawals
ausaLiuAIANAIUYBILSITUBNTadIUSNATI LA luTIaY

5.1.4 mafiafavsavisdungliussiunssuandu

HAINNSARBUAIEY PDIV Y8310t 1inAdeUvemar LT avA YN snaday
melfgumgiivies nudrdiads POV vesiifundoulasiiimanaufvoymaulufisigand,
ihifundfoutanfunouinisuiudgsnuaud® eniuluaesnsd Aensdindunsiowdasiid
msuaufuoyniauly TiO, Arasitadu 0.01% ineaeusiedidninsafifsaivatedy
UM 10 gm uag 20 gm uagnsdiiniuntioulasiiinsuauiveuniaulu znO finaaey
FedidnTnsaiifisaiiuaeduaunn 10 um eglsfinu nuantmadeueyniaulusisa
yiafifindnlunaufuiduntouas uandlidiufeuslduiidmwarilian POV ifiumniu
donsuifisududn PDIV vasidfumsfoutanfuieuiinisusudgsnnand

5.1.5 auvinmasiasgaydeladidnasn

wasnMIvAdaUAnie i gyidsladidnain vie tan o dwiuthiundiouas
FunouUsulginmauth uasituniouasiinamdifueyniauily figaumgdl faust 35 °C
84 90 °C nannnsvadeUIuliin TRt uresgmgl 35 °C v 90 °C dwalsiiinig
dinturesmunmeidigadeladidnnsnluauumamniegimadey Tnsianizisi
nifouvasiinaudnfueymeunly azdwalirunmesidsanydeladidnain gty g
Hunasnanmisiliiiweseynieuiluiiieannmevessaliii (charge carriers) tufe
Sidnmseu uazlessy (exmeuiiiuszquinyseay) edeuiidasyiimuszqluin uazanin
il (conductivity) luthifundioutasiinauidrfueyniauilufiuinnirdfundeudas
Aureuyiudgsnaantd uenand nssuaunistnanlswiuuseq (charge polarization) lu
ihifundfeutasiinaandniveymaurlufifinnnamisuntouaafudouusulssanauds

5.2 UDLausLU

msinsiaLAneAdoiisdudmiu Tamuluvde wazUseavdu wu eymeuily
Tunguieslsuuniuin woazlddusidenlunisianldnuaieldtundoutadlusunan
uenanineuariinmilulszgndldnuaisdundenasiinmainyidodiuby Tudmuves
auuudanelundfoutas 1y saveseymaulufitlienszauauiulunifouas

lunsaindesnsininfundauvasinauiueyniaunlululdanuase arsinisiduungy
wilaulasiinaniveyniauilundsainadanssuiunisiausynauluriuiiviosifiage 1l
AsUasssliuu Wetesiulamnisanaznaunsuldanuass
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Abstract: In this study, the AC breakdown (BD) voltages and partial discharge (PD) activities of mineral-oil (MO)-based
nanofluids were investigated under controlled conditions. The aim of this research is to improve the dielectric properties of MO
by amalgamation with various types of nanoparticles, i.e. semiconducting and dielectric nanoparticles. Two types of
nanoparticles, i.e. titanium dioxide and barium titanate with mean diameters of <100 nm were used in the nanofluid samples
prepared for the experiments. The AC BD voltages of the nanofluids were investigated according to IEC 60156. In addition, PD
characteristics of the MO-based nanofluids were examined including PD inception voltage (PDIV) characteristics and PD activity
with a needle-plane electrode configuration. The test circuit was set up in accordance with IEC 60270 and the experiment was
performed in conformity with IEC 61294 at room temperature. The test results showed that the AC BD voltages of the modified
liquids were clearly influenced by the type of nanoparticles added, with the AC BD voltages of the MO with nanoparticles being
slightly higher than those of the unmodified MO used for comparison. Furthermore, the nanoparticles also demonstrated a

propensity to increase the PDIV of the nanofluids compared with the PDIV of the MO.

1 Introduction

Transformers are one of the most important parts of modern power
generation and distribution networks. Generally, there are two
kinds of insulating materials used in these transformers, i.e.
cellulose and mineral oil (MO). Cellulose is used both for
electrically insulating and mechanical purpose, whereas MO is
used mainly for its electrical insulating and cooling properties [1—
3]. Historically, MO has been used since the first commercial oil-
filled transformer was introduced, while dielectric fluids such as
synthetic ester and natural ester are seen as a modern alternative.
However, MO still plays an important role in the insulation of
high-voltage (HV) apparatus, especially power transformers and
instrument transformers [4, 5]. Focusing on the advancement of
nanotechnologies and their applications, nanoparticles hold
promise that they can be used with MOs to enhance their
properties, which may lead to more compact designs and the
reduction of manufacturing costs [2, 6—11].

The conception of utilising nanoparticles for improving thermal
properties of liquids such as thermal conductivity was initiated by
Choi in 1993 [12, 13]. Since 1995, the number of publications
dealing with nanofluids has been growing at an average of around
32% per year [5]. Research on the dielectric properties of oil-based
nanofluids started in 1998 with Segal et al. They tried to improve
the dielectric properties of transformer oil by adding magnetite
nanoparticles [14]. Other research works tested the AC breakdown
(BD) strength of MO-based silica (SiO;) nanofluid samples
compared with that of base oil under different degrees of moisture
content [15]. Concluding that BD voltage was increased in
nanofluid samples that the BD voltages of both MO and SiO,
nanofluids increased with a decrease of moisture content, as well as
observing [16] that the MO-based SiO, nanofluid performed better
than MO under dc divergent field. In addition, how the interfacial
zone affects the dielectric properties of the MO-based nanofluids
alumina and titanium dioxide (TiO,) was investigated, as reported
in [17]. Various nanoparticles such as TiO, and barium titanate
(BaTiO3) additives have been tested with the aim of improving the
dielectric properties of liquid insulating materials. TiO, and
BaTiOj are of interest in nano dielectric applications as reported in
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conference papers and journals. However, the characteristics of
TiO, and BaTiO3 are very different, because TiO, is
semiconductive nanoparticle while BaTiO; is a dielectric
nanoparticle. Generally, the research papers did not comparatively
investigate the use of different nanoparticles. Therefore, this
research work was designed as a comparative study of the
characteristics of MO-based nanofluids using different types of
nanoparticles, i.e. semiconducting and dielectric nanoparticles.

In this paper, the experiments performed investigated the
dielectric properties of the MO-based nanofluids when selected
nanoparticles were mixed into a commonly used MO so that their
BD voltage and partial discharge (PD) characteristics including PD
inception voltage (PDIV) compared with that of the unmodified
MO could be measured and analysed. The working hypothesis of
this research work was that the BD and PDIV of the MO would be
notably increased with the addition of certain nanoparticles.
Accordingly, the nanomaterials TiO, and BaTiO3 were selected to
mix with unused and unmodified MO to produce the MO-based
nanofluid test samples. It is intended that the findings and
conclusions of this research work will help to advance the
application of nanoparticles in dielectric materials.

2 Experimental procedure
2.1 MO characteristics and preparation for the investigation

The highly refined and unmodified uninhibited MO ELECTROL®-
A was used in this research because it is widely used in HV
transformer applications in Thailand. The specification of this MO
is shown in Table 1 [18].

Initially, the MO was heated to 60°C in a vacuum oven at ~200
mbar for 24 h before being mixed with the selected nanoparticles to
prepare the MO-based nanofluid samples.

2.2 Nanoparticle characteristics and preparation

Two different nanoparticle materials, TiO, and BaTiO3, were used
in this research. TiO, with ~40 nm diameter is a semiconductive
nanoparticle, while BaTiO3 with about 50 nm diameter is a
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Fig. 1 SEM photographs of nanoparticles
(a) TiO7 nanoparticles, (b) BaTiO3 nanoparticles
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Ultrasonication for 2 hours

Fig. 2 Schematic diagram of the nanofluid preparation process

dielectric nanoparticle. The specific characteristics of the
nanomaterials used in this paper are illustrated in Table 2 [19].

The diameter of the dry nanopowder was ascertained by
scanning electron microscope (SEM) techniques as shown in
Fig. 1, which shows particle diameter sizes of <100 nm. A
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Table 1 Specifications of transformer oil used

Characteristics Specification  Test method
kinematic viscosity (at 40°C) <16.5 mm?2/s 1SO:3104
flash point >140°C 1SO:2719
pour point <-30°C 1SO:3016
density (at 20°C) <0.895 kg/dm3 C ISO:3675
interfacial tension (at 25°C) >0.04 N/m 1SO:6295
neutralisation value <0.03 mg KOH/g IEC:296
tan 6 (at 90°C) <0.005 IEC:247

Table 2 General specifications for TiO, and BaTiOg3 types
of the nanomaterials

Parameters TiOy BaTiO3
average grain diameter, nm 40 50
purity, % 99.90 99.95
specific surface area, m2/g 40 20
density, g/cm3 3.89 5.85

complete description of the apparatus and the operation procedure
of SEM equipment used can be found in [20].

2.3 MO-based nanofluid preparation

The MO-based nanofluids were prepared by mixing the
unmodified uninhibited MO separately with TiO, and BaTiO3
nanoparticles. Four different types of nanofluid samples were
prepared as follows:

e Nanofluid sample #1: A 0.01% volume fraction of TiO, mixed
with the MO.

e Nanofluid sample #2: A 0.01% volume fraction of BaTiOj
mixed with the MO.

e Nanofluid sample #3: A 0.03% volume fraction of TiO, mixed
with the MO.

* Nanofluid sample #4: A 0.03% volume fraction of BaTiO3
mixed with the MO.

Preparation of the four nanofluid samples consisting of the
unmodified MO combined with the four different nanofluid
samples was carried out according to the following three processes:

» First, the MO was mixed with the specified nanoparticle with a
specified volume fraction. At this stage of the process, a
surfactant was also mixed with the MO.

* Second, the nanofluid was dispersed using a magnetic stirrer for
30 min.

 Finally, the ultrasonic dispersion was applied to the prepared
nanofluids for 2 h to ensure the homogeneity of the liquids.

In addition, the surfactant sorbitan monooleate (Span 80) was
added in order to modify the surface of the nanoparticles. Span 80
has been proven to prevent agglomeration of nanoparticles in MO
and it is widely used for this purpose [21-26].

Magnetic stirring was used to disperse the nanopowders evenly
in the base fluid; however, as the turbulence created was not
enough to break-up all agglomeration of nanoparticles, an
ultrasonic mixing device was additionally employed [5-7]. The
nanofluid dispersion process is shown in Fig. 2.

As mentioned above, before the experiment was performed, the
unmodified MO and the MO-based nanofluid samples were heated
at 60°C in a vacuum oven at 200 mbar for 24 h. The purpose of this
procedure was to control the moisture content dissolved in the
liquid samples. Then, the moisture contents of all samples were
measured by a Karl Fischer titrators moisture metre, the moisture
content of the unmodified MO and of the MO-based nanofluid
samples before testing are shown in Table 3. It can be seen that the
nanoparticles under investigation had a small but notable effect on
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Table 3 Moisture content of the unmodified MO and of the
MO-based nanofluids

Liquid dielectric

Moisture content levels, ppm

MO 18.6
MO with TiO2 (0.01%) 176
MO with BaTiO3 (0.01%) 185
MO with TiO2 (0.03%) 173
MO with BaTiO3 (0.03%) 18.2

Fig. 3 Dielectric BD testing device and the test vessel
(a) BD measurement testing device, (b) Test vessel

the moisture content of the MO. Therefore, the higher BD strength
of the nanofluids compared with that of the unmodified MO should
be influenced by the characteristics of nanoparticles to act as
electron traps during the process of electron transfer.

2.4 Investigation of AC BD characteristics

The AC BD strength of the unmodified MO and of the MO-based
nanofluids was investigated according to IEC 60156 [27] using a
FOSTER OTS 60AF o0il-BD tester and all with the gap between
electrodes fixed at 2.5 mm. All experiments were performed at the
room temperature. Tests were carried out six times on each liquid
test sample and two samples of each nanofluid type including the
unmodified MO were investigated from which results the mean
value of the BD test results was calculated. The test equipment is
shown in Fig. 3.

2.5 PD experiment setup

In the experiment, the needle-plane electrode configuration was set
with a gap spacing of 40 mm used for PD and PDIV investigation
of the dielectric liquids. A tungsten needle with a tip radius of 10
um was utilised as the HV electrode and a 75 mm diameter brass
plane was used as the grounded electrode. In addition, 20 and 40
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Fig. 4 Test circuit diagram for the experiment

um tip radii needles were also utilised as the HV electrode for the
PD tests.

The needles used in the experiment were sourced from the
Ogura company in Japan as recommended in [EC 61294 [28] for
PDIV of liquid insulation testing. In this research work, the needle
tips were determined 10, 20 and 40 pm. Different selected needle
tips were expected to provide significantly different maximum
electric field stress as in [29]. The needle tip radius for liquid
insulating research may vary from 3 to 100 um mentioned by
CIGRE [30]. Besides, tungsten needles used in this research
provide high-melting temperature of about 3653 K and high
hardness capacity of about 12-40 x 103 kg/cm? [31]. The test
procedure was performed in accordance with IEC 61294. The test
voltage was increased at a rate of 1 kV/s from zero until PDIV, the
initial lowest voltage observed of PD >100 pC, was detected. Then,
the PDIV was recorded. Each needle was tested ten times and three
identical needles of each needle tip radius were investigated [4, 32,
33]. The step voltage applied for PDIV experiment of the liquid
insulation provides lower PDIV compared with applying the ramp
voltage as in [34, 35] and also researched by Pattanadech [4].
However, the applied ramp voltage was selected to perform the
experiment following IEC 61294 [31].

The test circuit diagram and the test circuit arrangement for the
PD and PDIV experiments according to IEC 60270 [32] are shown
in Figs. 4 and 5, respectively. The PD testing apparatus consisted
of the following equipment, where HV stands for the high-voltage
supply rated of 75 kV, 40 kVA, Ca is the test object, Ck represents
the coupling capacitor rated of 1 nF, CD indicates the coupling
device, FC stands for the optical fibre cable, MPD 600 and MCU
504 are the acquisition unit and the fibre optic controller,
respectively, and PC 1is the personal computer with mtronix
software. CAL in Fig. 4 refers to the charge calibrator which is
used to inject a defined charge into and verify the measurement
circuit. IEC 60270 requires verifying the test setup prior to
conducting measurements, and to achieve this a defined charge
pulse was fed into the circuit using CAL 542, with the PD
detection system then calibrated to this value.

In addition, the background noise of the PD test circuit was
measured before the PD experiments were performed. PD
measurements showed that there was no noise signal at 40 kV,
except the background noise of about 0.5 pC. When the PD
experiments were performed, the magnitude of the PD signal
increased with the increase of applied voltage, while the magnitude
of the noise signal observed in the recorded PD patterns was the
same as the magnitude of the background noise which was still
constant. This can be ensured for discriminating PD in oil from the
background noise.

Generally, PDIV depends on many factors such as humidity and
temperature of the tested dielectric liquid, electrode configuration,
i.e. needle tip and gap distance. In the experiment, the humidity
and temperature of the tested dielectric liquids and the electrode
configuration were controlled as a constant value within small
tolerances. Therefore, the test results obtained from the experiment
only depended on the nanoparticles added.

611



d variac transformer

Fig. 5 Test circuit setup
(a) PD test circuit, (h) PD measuring system

Table 4 AC BD voltages for unmodified MO, MO with
0.01% and 0.03% TiO, and BaTiO3

Liquid dielectric BD voltage, kV Percentage increase

MO 37 A
MO with TiO2 (0.01%) 42 14
MO with BaTiO3 (0.01%) 45 22
MO with TiO2 (0.03%) 45 22
MO with BaTiO3 (0.03%) 48 30

3 Test results and analysis
3.1 AC BD voltage test results

AC BD strength is one of the most important parameters describing
the insulation integrity of insulating liquids. Fig. 6 below compares
test results of the AC BD voltage value for MO and MO-based
nanofluids. Table 4 shows that the AC BD strength of MO with
0.01% volume fraction of TiO, and BaTiOj3 increases 14 and 22%,
respectively, compared with that of unmodified MO. In case of MO
with 0.03% volume fraction of TiO, and BaTiO3, the AC BD
strength increases 22 and 30%, respectively.

3.2 Weibull analysis of AC BD test results

Weibull analysis was performed on the AC BD voltage test results
from all five oil samples. In this part of the process, two-parameter
Weibull distribution plotting was used, with BD probability
calculated as in equation below:

F(x)=1—elom)’ €]
In this equation, F(x) is defined as the cumulative probability of
BD voltage, where x represents AC BD voltage, f represents the

shape parameter, and # represents the scale parameter. In Weibull
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Fig. 6 Comparison of average AC BD voltages of unmodified MO, MO
with 0.01 and 0.03% volume fraction of TiOy and BaTiO3 with the blue bar
representing unmodified MO, the orange bar representing MO with TiO)
and the grey bar representing MO with BaTiO3, minimum and maximum

indicated by markers

distribution, the correlation coefficient (denoted as p) describes
how well the linear regression model fits the data [4, 9]. The
correlation coefficient is the statistic value that quantifies the
relationship between two variables in unit free terms as described
in [36]. In the Weibull plot as seen below, the MO AC BD voltage
is represented by the black dots, the AC BD voltage of MO-based
TiO, nanofluid is designated by the red squares and the AC BD
voltage of the MO-based BaTiO3 nanofluid is indicated by the
green diamonds.

Fig. 7 illustrates the two-parameter Weibull plot comparison of
the AC BD voltages of the unmodified MO and the MO with 0.01
and 0.03% of TiO, and BaTiO3 with 95% confidence bounds,
respectively. Table 5 represents the statistical Weibull parameters
and the correlation coefficient of the AC BD of the unmodified
MO and of the MO with 0.01 and 0.03% of TiO, and BaTiOs3,
respectively.

As shown in Fig. 7, the AC BD voltage distribution of the five
liquids was almost identical. The Weibull correlation coefficients
for the fluids tested using the BD measurement testing device were
recorded as 0.334, 0.378, 0.216, 0.199 and 0.482 as shown in
Table 5.

3.3 PDIV test results

PD activity at PDIV level both charge quantity (QPDIV) and
maximum charge quantity (QOnax) Was recorded for 1 min. Fig. 8
shows the example of QPDIV and Q. obtained from PDIV
testing of the MO with 0.03% TiO,. The PDIV, QPDIV and QOyax
for the unmodified MO, the MO with 0.01 and 0.03% TiO, and for
the MO with 0.01 and 0.03% BaTiO3; experimented using the
needle-plane electrode systems are shown in Table 6.

In Fig. 8, the polarities of the applied voltage have the influence
on the PDIV. In case of air insulation PD occurs easily at negative
polarity voltages or the PDIV voltage value of negative polarity
voltage is less than the PDIV created by the positive polarity
voltage. However, in case of oil insulation, the behaviour of PD is
opposite to that of the air insulation. The dominant PD value of oil
insulation occurs at positive polarity voltage as reported in [37].

The strategy employed to avoid significant needle wear
affecting on the PDIV test results was as follows:

(i) The needles used in the experiment were tungsten needles
having a high-melting temperature about 3653 K and high hardness
capacity about 12-40 x 103 kg/cm? [4, 29, 31].

(i) The needles used in the experiment were from the
manufacturer, recommended by IEC TR 61294 for PDIV testing of
insulating liquids [28].
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Table 5 Parameters and a correlation coefficient of two-parameter Weibull plot of the AC BD voltages of the unmodified MO

and the MO with 0.01 and 0.03% TiO, and BaTiO3

MO MO with TiO, 0.01%

MO with BaTiO3, 0.01%

MO with TiO2, 0.03% MO with BaTiO3, 0.03%

B 3.0 4.2 5.7 5.8 7.5
n 417 45.7 48.2 48.5 51.1
o 0.334 0.378 0.216 0.199 0.482
99 M lo' - ve 10aC 4.004 ms. n.oovnQ. l!V\ 23]6(0)!; kV 20.0 ; s
—&— Mineral Ol 1A 100C PDIV AC= R
901~ ~® - -Mineral il with 0.01%TiOp 8/ e B
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= 70! : é
£ 6o =
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2 40 ‘o my 1005¢
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a b
99 Fig. 8 PD activity at PDIV level of the MO with 0.03% TiO;
—e— Mineral Ol VIN A (@) OPDIV, (B) Omax (recorded 1 min)
90|~ —= -~ Mineral Oil with 0.03% TiO A /Z.*' 4
X 80 Mineral Oil with 0.03% BaTiO3 / ,‘»’;,/./ In the analysis, PDIV probabilities were calculated using (1); by
g ég: o, :f / which PDIV is designated as parameter ‘x’. In the Weibull
F 50 .y 21 ! ¥ distribution, PDIV of the unmodified MO is represented by the
8 40 M iy, black dots, PDIV of the MO with 0.01% TiO, is represented by the
g_ 30 e red squares, PDIV of the MO with 0.01% BaTiOj is represented by
£ 20- //' k4 Z 4 the green diamonds, PDIV of the MO with 0.03% TiO, is
= ¥ 1 Sl represented by the blue triangles and the orange triangle represents
§ 10- e LR PDIV of the MO with 0.03% BaTiO;.
= ’ / / As shown in Fig. 10, the PDIV distribution of the five liquids
35 54 g8 was almost identical. The Weibull correlation coefficients for the
5 3. ) fluids tested using the 10 pum tip radius needle-plane electrode were
2 ) A i recorded as 0.484, 0.742, 0.205, 0.661 and 0.788, respectively, as
y v, shown in Table 7. Table 8 shows the Weibull correlation coefficient
1 Wi X\ Y /7 N N () ) of the five fluids tested using the 20 pm tip radius needle-plane
10 160 electrode as 0.417, 0.193, 0.310, 0.682 and 0.767. Table 9 shows
. the Weibull correlation coefficient of the five fluids tested using the
AC breakdow:! It kV n .
N O [k 40 um tip radius needle-plane electrode as 0.328, 0.332, 0.260,
b

Fig. 7 Two-parameter Weibull distribution of the AC BD voltage

(@) AC BD voltages of the unmodified MO and the MO with 0.01% TiOp and
BaTiO3, respectively, (b)) AC BD voltages of the unmodified MO and the MO with
0.03% TiO and BaTiO3, respectively

(iii) The authors checked the needle tips before and after the tests
using the SEM technique and found that the tip configuration was
still the same as shown in Fig. 9.

(iv) Further confirmation of the validity of using tungsten needles
to perform the PDIV experiment was also provided by Pattanadech
as reported in [4]. The PDIV experiment was done for 100 times
and it was found that the average PDIV values at 10, 20, 30, 50, 70
and 100 tests were nearly the same [4].

These pictures confirm that there was no significant problem
with needle tip wear or other erosion.

3.4 Weibull analysis of PDIV test results

Weibull fitting was used to analyse PDIV test results for the
unmodified MO and the MO with TiO, and the MO with BaTiOj3.
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0.471 and 0.550.

Table 10 shows a comparison of PDIV at different probabilities
of 63.2% with two-parameter Weibull as tested using 10, 20 and
40 um tip radius needle-plane electrode for the five fluids. The MO
with 0.03% BaTiO3 tested using the 10 pm tip radius needle-plane
electrode, the 20 pum tip radius needle-plane electrode and the 40
um tip radius needle-plane electrode, respectively, shows the
highest increase in PDIV compared with other liquids tested with
the same electrode configuration.

4 Discussion
4.1 AC BD voltage

The AC BD voltage of the liquid test samples is tabulated in
Table 4, which indicates that the BD strength of all nanofluids
samples was higher than that of the unmodified MO. At a
concentration of 0.01% TiO, nanofluid, the BD strength increased
slightly above that of the unmodified MO; however, using 0.01%
BaTiO3 nanofluid resulted in a BD voltage value 22% higher than
that of the unmodified MO. Moreover, testing of 0.03% TiO, and
BaTiO3 nanofluids showed an increase in AC BD voltage of about
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Table 6 PDIV, Qppy and Qnax (recorded 1 min) of the unmodified MO and the MO with 0.01 and 0.03% TiO, and BaTiO3

Liquid dielectric Tip radius, um PDIV, kV Qppiv, PC Qmax, recorded 1 min, pC
MO 10 19.7 200 706
20 221 237 1087
40 28.2 474 1841
MO with TiO2 (0.01%) 10 19.5 163 635
20 20.8 236 631
40 284 671 1490
MO with BaTiO3 (0.01%) 10 211 338 956
20 251 416 913
40 29.2 667 1888
MO with TiO2 (0.03%) 10 20.8 206 628
20 23.1 359 809
40 29.8 626 1588
MO with BaTiO3 (0.03%) 10 213 175 569
20 26.1 565 1003
40 30.4 637 1701
oil gap. This caused BD strength to be enhanced remarkably at
10 pm 10 pm 0.03% TiO, and BaTiO3 concentration in Fig. 6. However, the
! " suitable concentration value of the nanoparticles added to the MO
\ should be further investigated.
\\ 4.2 PD characteristics
\ According to the experiment, the PDIV depended clearly on the
a b electrode system especially the tip radius of the needle. The
average PDIV values of the electrode systems are illustrated in
AV = Table 6. The PDIV of the MO-based nanoparticle with higher
nanoparticle concentration tends to be higher than that of lower
concentration. The reason to explain for such case should be as the
same as the mentioned reason for the increase of BD voltage in line
with increasing of the liquid concentration of the nanoparticle
added.
In the AC BD and PD tests, MO with BaTiO3; nanoparticle
c exhibited higher BD strength and PDIV compared with MO with
40 um 40 pm the TiO, nanoparticle. It is a possibility due to the dielectric

e f

Fig. 9 SEM photographs of the tips of tungsten needles used in this
experiment before and after testing

(a) 10 pm tip radius needle before test, () 10 um tip radius needle after tests, (c) 20
um tip radius needle before test, (d) 20 um tip radius needle after tests, (e) 40 um tip
radius needle before test, (f) 40 um tip radius needle after tests

22 and 30%, respectively, compared with the unmodified MO-BD
voltage.

The effect of the nanoparticles added to the MO on BD strength
seems described that an increase in the BD strength of the MO-
based nanofluid increased because the nanoparticles, TiO, and
BaTiO3, obstruct the increase of streamer and also reduced the
streamer propagation. Regarding the effect of TiO, and BaTiOj
nanoparticles concentrations can be explained as follows. When
there was a small concentration of TiO, and BaTiO3 nanoparticles,
the spacing between particles was large; therefore, the possibility
for electrons to be accelerated and ionise oil molecules before they
were trapped by nanoparticles was relatively high which explains
why the BD strength increased slightly at the concentration of
0.01% in Fig. 6. However, when the concentrations of TiO, and
BaTiO3 nanoparticles increased, the spacing between particles
becomes smaller, and then electrons were trapped rapidly into the
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properties of BaTiOs-based ceramics have a high dielectric
constant of about 2000 [38], while the dielectric constant of TiO, is
about 100 [39]. Moreover, the density of BiTiO3 is higher than
TiO, (see the characteristics of nanomaterials in Table 2) and
property modification of BaTiOz nanoparticles which was high
thermal stability as reported in [40].

5 Conclusion

These experiments investigated the effect of nanoparticles TiO,
and BaTiO3 on the AC BD voltage, PD and PDIV properties of the
unmodified MO. Analysis of the data revealed that the AC BD
voltages of the MO-based nanofluids were strongly influenced by
the type of the nanoparticles added, with the addition of the
nanoparticles increasing the AC BD voltages slightly compared
with the unmodified MO. Furthermore, the TiO, and BaTiO;
nanofluids demonstrated a high propensity to increase the PDIV
value of the MO-based nanofluids compared with the unmodified
MO. The test results clearly showed that the two nanoparticles used
in these experiments have significant potential for dielectric
applications by enhancing the dielectric properties of unmodified
MOs.
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Fig. 10 Two-parameter Weibull plot of PDIV of the unmodified MO and the MO with 0.01 and 0.03% TiO3 and BaTiO3

(a) Test using the 10 um tip radius needle-plane electrode, (b) Test using the 20 pum tip radius needle-plane electrode, (¢) Test using the 40 um tip radius needle-plane electrode

Table 7 Parameters and Weibull correlation coefficient for two-parameter Weibull plot of PDIV values for the unmodified MO
and enhanced MO with 0.01 and 0.03% TiO, and BaTiO3 as tested using a 10 ym tip radius needle-plane electrode

MO MO with TiO5 (0.01%) MO with BaTiOs (0.01%) MO with TiO5 (0.03%) MO with BaTiO3 (0.03%)
B 305 25.1 18.5 24.0 34
n 20.0 21.1 24.7 19.9 21.6
p 0.484 0.742 0.205 0.661 0.788

Table 8 Parameters and Weibull correlation coefficient for two-parameter Weibull plot of PDIV values for the unmodified MO
and enhanced MO with 0.01 and 0.03% TiO, and BaTiO3 as tested using a 20 ym tip radius needle-plane electrode

MO MO with TiO, (0.01%) MO with BaTiOz (0.01%) MO with TiO5, (0.03%) MO with BaTiO3 (0.03%)
B 23.6 325 32 59.3 50.8
n 225 234 26.5 20.9 25.3
p 0.417 0.193 0.310 0.682 0.767

Table 9 Parameters and Weibull correlation coefficient for two-parameter Weibull plot of PDIV values for the unmodified MO
and enhanced MO with 0.01 and 0.03% TiO, and BaTiO3 as tested using a 40 um tip radius needle-plane electrode

MO MO with TiO, (0.01%) MO with BaTiO3 (0.01%) MO with TiO;, (0.03%) MO with BaTiO3 (0.03%)
B 223 16.1 104 25.8 241
n 289 29.3 30.7 311 30.5
p 0.328 0.332 0.260 0.471 0.550
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Table 10 Comparison of PDIV at different probabilities of 63.2% for the unmodified MO and the enhanced mineral with 0.01
and 0.03% TiO, and BaTiO3 tested by various tip radius needle-plane electrode systems

PDIV probabilities
(63.2%), um

PDIV, kV PDIV, kV Increase, % PDIV, kV

MO MO with TiO5 (0.01%) MO with BaTiO3 (0.01%) MO with TiO5 (0.03%) MO with BaTiO3 (0.03%)
Increase, % PDIV, kV Increase, % PDIV, kV

Increase, %

10
20
40

20 211 5
22.5 23.4 4
28.9 29.3 1

21.6
253
29.3

8 19.9 -0.5 247 23
12 20.9 =7 26.5 18
6 30.6 6 31.1 8
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Abstract — This research paper describes and analyzes
various experiments designed to investigate the dielectric
properties (at a series of pre-determined test temperatures and
% moisture content) of mineral oil-based nanofluids produced
by the incorporation of zinc oxide (ZnO) powder (of mean
diameter less than 100nm) into a standard mineral oil, with the
surfactant sorbitan mono-oleate (Span 80) added to modify the
surface of the nanoparticles in all but the control sample. Five
different nanofluid test samples (one control sample and four
modified samples) based on the standard mineral oil were
produced for testing: 1) a control sample containing no Span
80 and no ZnO, 2) a modified sample with Span 80, and ZnO
volume fraction of 0.01%, 3) a modified sample without Span
80, and ZnO volume fraction of 0.01%, 4) a modified sample
with Span 80, and ZnO volume fraction of 0.03%, and 5) a
modified sample without Span 80, and ZnO volume fraction of
0.03%. In addition, the five liquid samples above were tested to
determine AC breakdown voltage at seven different
temperatures in the range of 35°C to 90°C. The test circuit was
set up in accordance with IEC 60156 using a sphere-sphere
electrode configuration with gap spacing of 2.5 mm. Several
significant results were obtained from the investigation. Firstly,
ZnO nanoparticles had a positive effect on all the test solutions
in which they were used. Second, a positive relationship was
confirmed between breakdown voltages, temperature rise.
Third, a negative correlation was established between higher
concentration of ZnO nanoparticles and breakdown voltage.
Fourth, the use of surfactant proved to have both positive and
negative effects on breakdown voltages.

Keywords — mineral oil; nanofluids; AC breakdown voltage;
temperature

I. INTRODUCTION

Mineral oils have been used in the vast majority of oil-
filled transformers since the first commercial units were
introduced, and while dielectric fluids such as synthetic
esters and natural esters are increasingly seen as modern
alternatives, mineral-oil still plays an important role in the
insulation of high voltage apparatus, especially power
transformers and instrument transformers [1-3].

Recent advances in nanotechnology suggest that the
addition of nanoparticles to mineral oil can enhance
performance characteristics of mineral oil, thus improving
overall performance of transformers, as well as leading to
more compact designs and lower manufacturing costs [4-5].

978-1-5386-4126-2/18/$31.00 ©2018 IEEE

For this research paper, a series of experiments were
designed to investigate the dielectric properties of mineral
oil-based nanofluids. In preparation for these experiments,
ZnO nanoparticles were mixed into a standard mineral oil in
order to produce the various mineral oil-based nanofluid test
samples required, after which the experiments measured the
breakdown voltage characteristics of the various samples at
different temperatures. The breakdown voltage obtained
obtained were then analyzed in order to draw conclusions
from the performance of the test samples.

II. EXPERIMENTAL PROCEDURE

A. Mineral oil characteristics and preparation for
investigation

The standard mineral oil used to prepare the test samples
was ELECTROL®-A - an uninhibited mineral oil
possessing excellent electrical insulating and cooling
properties which is widely used in high voltage transformer
applications in Thailand. [9].

Preparation of the oil samples consisted of the following
two-step process: 1) the standard mineral oil was heated at
60 °C in a vacuum oven at approximately 200 mbar for 24
hours — a portion of this being used as the unadulterated
control sample, 2) ZnO nanoparticles were then mixed into
the treated mineral oil to produce the various nanofluid test
samples required.

15.0kV X50,000 100nm WD 17.2mm

EMRSc CMU SEI

Fig. 1. SEM images of ZnO nanoparticles
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Fig. 3. Dielectric breakdown testing device and test vessel. Image (a) shows
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B. Nanoparticle characteristics and preparation

ZnO nanoparticles of less than 100 nm diameter were
used to prepare the non-control test samples. The specific
characteristics of the ZnO used can be found in the data sheet
provided by the manufacturer. [10] The diameter of the dry
ZnO nano-powder particles was determined using a scanning
electron microscope (SEM) techniques as shown in Fig. 1.
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C. Mineral oil-based nanofluid preparation

The four mineral oil-based nanofluids were prepared by
mixing the ZnO nanoparticles into four separate samples of
the treated mineral oil, two of which included the surfactant
Span 80 to reduce the surface tension of the oil and thereby
improve particle dispersal. The process for the dispersion of
the nanoparticles in the mineral oil is shown in Fig. 2. The
four different types of nanofluid samples prepared are
described below:

Nanofluid sample #1: ZnO 0.01% volume fraction mixed
into the mineral oil with Span 80

Nanofluid sample #2: ZnO 0.01% volume fraction of ZnO
mixed into the mineral oil without Span 80

Nanofluid sample #3: ZnO 0.03% volume fraction of ZnO
mixed into the mineral oil with Span 80

Nanofluid sample #4: ZnO 0.03% volume fraction mixed
into the mineral oil without Span 80

Initial preparation of the four nanofluid samples was
carried out in accordance with the following three-step
process:

Step 1. The specified volume fraction of ZnO was mixed
into the mineral oil sample. During this step, the surfactant
was also added to Sample #1 and Sample #3 as required.

Step 2. A magnetic stirrer was used for 30 minutes to
disperse the nanoparticles.

Step 3. An ultrasonic device was used for 30 minutes to
ensure homogeneity of the test samples.

Following completion of Steps 1-3 above, the control
sample and the four prepared nanofluid samples were heated
at a temperature of 60 °C in a vacuum oven at a pressure of
200 mbar for 24 hours. The purpose of this procedure was to
reduce the dissolved water content and thereby improve the
uniformity of the samples. Moisture content was measured
using a Karl Fischer titrator meter, which is the standard test
method for measuring the moisture content in transformer
oil according to the ASTM D 1533 test - also known as the
Karl Fischer reaction test [11].

D. Investigation of AC breakdown characteristics

Tests for the AC breakdown strength of the unmodified
mineral oil control sample and the four mineral oil-based
nanofluid samples was performed according to the IEC
60156 [12] using an improved oil-breakdown tester (I1J-11I-
80) with the electrode gap set at 2.5 mm. The tests were
performed at seven different temperatures in the range of
35°C to 90°C with each of the seven tests conducted six
times for each liquid test sample, which allowed individual
mean values for the breakdown voltages to be calculated.
The test apparatus is shown in Fig. 3 above.



III. TEST RESULTS AND ANALYSIS

A. Moisture content test results

The moisture content levels of the unmodified mineral
oil and those of the mineral oil-based nanofluid samples
before testing are shown in Table I below, where it can be
seen that the addition of the Span 80 surfactant produced a
marginal increase in the moisture content of the mineral oil.

This may lead to the variation in the breakdown strength
of the mineral oils with and without nanoparticles due to
electron traps during the electron transfer process.

TABLE I. MOISTURE CONTENT OF THE UNMODIFIED MINERAL OIL AND THE
MINERAL OIL BASED NANOFLUIDS

Moisture content levels
Liquid dielectric
(ppm)

Mineral oil (MO) 18.6
MO mixed 0.01% ZnO with Span80 19.2
MO mixed 0.01% ZnO without Span80 18.9
MO mixed 0.03% ZnO with Span80 19.5
MO mixed 0.03% ZnO without Span80 19.3

B.  AC breakdown voltage test results

Fig. 4 below provides a graphic comparison of the
consolidated AC breakdown voltage tests results.
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Fig.4. Comparison of average AC breakdown voltage of mineral oil, mineral
oil with 0.01% and 0.03% ZnO, both with and without Span80 (a) AC
breakdown voltage of the mineral oil and the mineral oil with 0.01% ZnO
with and without Span80 (b) AC breakdown voltage of the mineral oil, the
mineral oil with 0.03% ZnO with and without Span80
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Fig. 4(a) provides results for the control sample and the
solutions containing ZnO at 0.01 volume fraction both with
and without Span 80.

Fig. 4(b) provides results for the control sample and the
solutions containing ZnO at 0.03 volume fraction both with
and without Span 80.

The graph in Fig. 4(a) illustrates that the trendlines for
breakdown voltage of the control sample and the samples
without surfactant remained nearly parallel over the entire
temperature range. However, compared to the trendline for
the samples without surfactant, the trendline for the samples
with surfactant indicates a significant negative effect
throughout the temperature range, although the negative
effect does diminish with rising temperature. By contrast,
the graph in Fig. 4(b) shows three approximately parallel
trend lines, the main observation being that the addition of
surfactant had a significantly negative effect on breakdown
voltage throughout the entire temperature range.

Furthermore, it can be seen that increase in breakdown
voltage for the sample containing ZnO at 0.03% volume
measurement without surfactant was most noticeable at
50°C.

Tables II and III below provide a graphic representation
of the comparative mean AC breakdown voltages, as well as
percentage increments of AC breakdown voltage. These
confirm that the AC breakdown voltage for samples
containing 0.03 % ZnO was slightly higher than for the
0.01% ZnO throughout the temperature test range.

TABLE II. RESULTS OF THE AC BREAKDOWN VOLTAGES OF THE MINERAL
OIL AND THE MINERAL OIL WITH 0.01% ZNO WITH AND WITHOUT SPAN80

Breakdown Voltage (kV) | % increase

Mineral Mineral oil mixed with 0.01% ZnO
°Cc oil With Without With Without

Span80 Span80 Span80 Span80

35 46.4 61.3 47.7 32.11 2.80
40 49.2 62.7 50.4 27.43 243
50 50.5 69.5 51.5 37.62 1.98
60 53.1 71.2 58.7 34.08 10.54
70 54.3 74.4 69.5 37.01 27.99
80 57.8 76.8 73.4 32.87 26.98
90 62.4 78.1 75.7 25.16 21.31

TABLE III. RESULTS OF THE AC BREAKDOWN VOLTAGE OF THE MINERAL
OIL AND THE MINERAL OIL WITH 0.03% ZNO WITH AND WITHOUT SPAN80

Breakdown Voltage (kV) | % increase

Mineral Mineral oil mixed with 0.03% ZnO
°C oil With Without With Without
Span80 Span80 Span80 Span80
35 46.4 61.7 52.4 32.97 12.93
40 49.2 63.5 60.9 29.06 23.78
50 50.5 72.1 65.1 42.77 2891
60 53.1 74.5 68.9 40.30 29.75
70 54.3 76.2 72.6 40.33 33.70
80 57.8 77.4 74.3 33.91 28.54
90 62.4 78.6 75.8 25.96 21.47




IV. CONCLUSION

This paper has presented analysis of experimental results
from an investigation into the effects of adding various
combinations of ZnO nanoparticles and Span 80 surfactant
on the AC breakdown voltage of mineral oil.

Data analysis provided mixed results. Firstly, it
confirmed the positive correlation for all test samples
between breakdown voltage and temperature rise across the
test range as well as the superior performance of the 0.01%
ZnO test samples compared to the 0.03% ZnO test samples.

However, it also revealed that, while all the 0.03% ZnO
test samples benefitted consistently and significantly across
the temperature range from the addition of surfactant and that
this improvement was also shown by the 0.01% ZnO test
samples which used surfactant, for the 0.01% ZnO test
samples without surfactant there were significant negative
effects in the lower temperature range and significant
positive effects in the higher temperature range.
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Abstract— This study seeks to make improvements in the
dielectric properties of transformer oil through the application of
nanotechnology. In particular, two nanoparticles are examined
experimentally: titanium dioxide (TiO2), and barium titanate
(BaTiO3). Each has a mean diameter not exceeding 100 nm. The
nanofluid samples comprised the nanoparticles mixed into the
mineral oil through differing procedures. In the first case, the
transformer oil was combined with 0.01% volume fraction of the
nanoparticle; the second sample used 0.03% volume fraction of
the nanoparticle volume fraction. A magnetic stirrer was then
used for sample dispersal before an ultrasonic dispersant method
was used on the prepared nanofluids so that sample homogeneity
could be assured. The experimental process then recorded the
AC breakdown voltage characteristics for the liquids through a
range of temperatures from 35°C up to 90°C. The findings
indicate that the AC breakdown voltages for mineral oils
containing nanoparticles exceed those for unmodified mineral
oils.

Keywords— mineral oil; temperature; AC breakdown voltage;
nanofluids

L

Transformers are vital components within any electrical
power distribution system. Inside the transformer should be a
layer of solid or cellulose insulation. In some cases, this can be
mineral oil, which plays two roles. First, it provides insulation,
supporting the insulation materials in the coils and conductors.
Secondly it serves as a coolant capable of drawing heat from
the core and the wingdings [1-3]. Due to recent advances in the
field of nanotechnology, it has become apparent that
nanoparticles might be used in combination with mineral oils
to enhance the properties of the latter. In turn this might allow
designs to become more compact and for manufacturing costs
to be reduced, thus creating significant advantages [4].

INTRODUCTION

The notion of improving the properties of liquids by
introducing nanoparticles was first proposed in 1993 by Choi
[5-6]. This would allow characteristics such as thermal
conductivity in fluids to be positively altered. As a
consequence, the number of publications addressing the issue
of nanofluids has been growing by around 30% annually since
1995 reflecting this growing interest [7]. Of particular
relevance to this study is the work concerning the dielectric
properties of oil-based nanofluids carried out by Segal et al.
since 1998, which aimed to create improvements in
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transformer oil properties by the addition of magnetite
nanoparticles [8]. Investigations have been performed to
establish the capabilities of various nanomaterials including
titanium dioxide (TiO,) and barium titanate (BaTiO;3) with the
goal of enhancing the dielectric properties of liquid materials
used for insulation [9]. A majority of these previous
experiments have investigated the properties of nanofluids at
differing concentrations and when using different preparation
processes to produce the nanofluid samples.

This research study conducts experiments to examine the
dielectric properties of the mineral oil-based nanofluids
containing specific nanoparticles which have been combined
with a widely used form of mineral oil. The selected
nanomaterials are TiO, and BaTiOz which are mixed with the
unmodified and previously unused mineral oil to create the
sample nanofluids. The breakdown voltage (BD)
characteristics can then be assessed at different temperatures,
while comparisons can also be made between the performance
of unmodified mineral oil, and the mineral oil-based
nanofluids.

II. EXPERIMENTAL PROCESS

A. Characeristics of mineral oil and the experimental
preparation

This study made use of the mineral oil ELECTROL®-A,
which is an uninhibited type of mineral oil with excellent
insulating and cooling properties. This type of oil is commonly
used in Thailand for high voltage transformers. The precise
characteristics and attributes can be examined in detail in [10].

Before mixing with the nanoparticles, the mineral oil was
heated in a vacuum oven at 60°C for 24 hours at around 200
mbar. Subsequently, the mixing took place to create the
mineral oil-based nanofluid samples.

B. Nanoparticle qualities and preparation

This study investigated two nanoparticle materials: TiO,
and BaTiO;. In both cases the diameters were smaller than 100
nm. The manufacturers provide detailed information about the
properties and attributes of these materials, as shown in [11].

Measurement of the dry nanopowder diameters could be
achieved through the use of scanning electron microscopy
(SEM) techniques as indicated in Figure 1. This approach is
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effective in cases such as this where the diameters are smaller ~ C. Preparation of mineral oil-based nanofluids
than 100 nm.

Preparation of the mineral oil-based nanofluids was carried
out through the mixing of unmodified mineral oil with
either the TiO, or the BaTiO; nanoparticles. The process
created four different types of nanofluid samples as
described below:
* Nanofluid sample No. 1: 0.01% volume fraction of
TiO; combined with the mineral oil,
* Nanofluid sample No. 2: 0.01% volume fraction of
BaTiOs combined with the mineral oil,
* Nanofluid sample No. 3: 0.03% volume fraction of
TiO, combined with the mineral oil,
* Nanofluid sample No. 4: 0.03% volume fraction of
BaTiO3; combined with the mineral oil.

The four different nanofluid samples were prepared using
the three processes explained as follows:

e Initially, the mineral oil and nanoparticles were
mixed in the required amounts. This is also the point at which
a surfactant can be added to the mineral oil.

» Next, a magnetic stirrer was used for dispersal of the
nanofluids for 30 minutes.

* The final step involved ultrasonic dispersion of the
nanofluids for a period of two hours so that the liquids would
be homogenous.

For modification of the nanoparticle surface, the
surfactant sorbitan monooleate (Span 80) was used. Span 80 is
well known for its ability to stop the agglomeration of
nanoparticles mixed in mineral oil [2, 7, 12]. Furthermore, in
order to ensure the dispersal of the nanopowders, magnetic
stirring and an ultrasonic mixing were used [4, 7]. This
procedure is described and illustrated in Figure 2.

15.0kV %70.000 100nm WD 17.6mm ‘T?u -

(b) BaTiOs

| Karl Fisher
\ C10
Fig. 1. Images of the nanoparticles used, via SEM 2

[ weighing !
! The nanopowders |

Fig. 3. Moisture meter (Karl Fischer Titrators) to evaluate the water content
contained within the samples

%
we"":m':,::;'r”d Prior to the commencement of the experiment, the
unmodified mineral oil and the mineral oil-based nanofluid
Fig. 2. The preparation process for the nanofluids samples underwent heating in a vacuum oven to 60°C for 24
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hours at around 200 mbar. The objective was to ensure that the III. TEST RESULTS AND ANALYSIS
moisture content within the samples could be controlled.
Figure 3 shows the Karl Fischer Titrators equipment used to
measure moisture content; the standard technique used to
assess water content in transformer oil is the ASTM D 1533
test, or Karl Fischer reaction test [13].

A. Results of moisture content testing

Table 1 shows the results for the moisture content
measurements for the unmodified mineral oil and the
mineral oil-based nanofluid samples prior to the
experiments.

It is apparent that the moisture levels are affected by the
presence of the nanoparticles. It is possible that this difference
will subsequently lead to differences in the breakdown
strength of the mineral oils depending upon whether or not the
nanoparticles are present, as a result of electron traps arising
during the process of electron transfer.

TABLE I. MOISTURE CONTENT OF UNMODIFIED MINERAL OIL AND OF
MINERAL OIL-BASED NANOFLUIDS

Liquid dielectric Moisture content levels (ppm)
Mineral oil 18.6
Mineral oil with TiO, (0.01%) 17.6
Mineral oil with BaTiO; (0.01%) 18.5
g2 YRS . Mineral oil with TiO, (0.03%) 17.3
(a) Test circuit used in the experiments for AC breakdown in dielectric liquids Mineral oil with BaTiO5 (0.03%) 18.2

B. Results of the AC breakdown voltage testing

Figure 5 presents the findings for the AC breakdown
voltage tests in the case of both the mineral oil and mineral oil-
based nanofluids at differing temperatures and concentrations,
thus allowing comparisons to be made. It can be seen that as
the temperature rises from 35°C to 90°C, the breakdown
voltage also increases in the case of the unmodified mineral oil
and also for the mineral oil-based nanofluids containing TiO»
and BaTiOs. In Tables II and III, the mean AC breakdown
voltages are shown along with the percentage increments of the
data for the nanofluids which were tested.

Mineral Oil  0.01%Ti0>  0.01%BaTiO;  0.03%TiO5  0.03%BaTiO3
. wadmn —t —

90 —— -
(b) The test vessel ~ 80
-
-=
Fig. 4. Devices used for the dielectric breakdown testing including the test = P
vessel E 60
50
D. Determination of the AC breakdown characteristics é 40
Testing was carried out to determine the AC breakdown % 3
strength of both the unmodified mineral oil and the mineral-oil = 20
based nanofluids. The process followed IEC 60156 [14] and ~ 10
made use of an oil-breakdown tester (I1J-1I-80) and a constant 0
gap between the electrodes set to be 2.5 mm. Tests were 35 a0 = 60 70 80 90
carried out at varying temperatures in the range of 35°C up to Temperature (°C)

90°C. Six tests were performed on each sample before the

mean of the outcomes was calculated. Figure 4 shows the Fig. 5. Presentation of the comparison of the average AC breakdown voltage
equipment used in the testing process. of mineral oil with mineral oil containing 0.01% and 0.03% TiO, and BaTiO;
over the range of temperatures from 35°C through 90°C
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TABLE II. AC BREAKDOWN VOLTAGES FOR MINERAL OIL AND FOR MINERAL
OIL WITH 0.01% T1O, AND BATIO;

Breakdown Voltage (kV) | % increase
°oC Mineral Mineral oil mixed with 0.01% nanofluids
oil TiO: BaTiOs TiO: BaTiOs

35 46.4 54.3 58.7 17 26
40 49.2 58.1 60.8 18 22
50 50.5 61.9 67.5 22 34
60 53.1 67.8 70.4 26 32
70 54.3 69.4 73.6 28 35
80 57.8 70.7 75.9 23 32
90 62.4 71.5 76.3 14 23

TABLE III. AC BREAKDOWN VOLTAGES OF MINERAL OIL AND MINERAL OIL
WITH 0.03% T10, AND BATIO;

Breakdown Voltage (kV) | % increase
°oC Mineral Mineral oil mixed with 0.03% nanofluids
oil Tio: BaTiOs Tio: BaTiOs

35 46.4 56.5 60.8 22 30
40 49.2 59.6 62.3 20 26
50 50.5 64.3 69.7 28 38
60 53.1 69.5 73.2 30 38
70 54.3 72.2 74.8 35 37
80 57.8 73.8 76.7 28 33
90 62.4 74.6 77.3 19 24

It is apparent from the results that the nanofluid samples
offer greater breakdown strength than is the case for the
unmodified mineral oil. Furthermore, altering the nanofluid
concentrations can have an effect upon the breakdown
strength. As temperature rises, the breakdown strength of the
fluids is higher, while increased concentrations of
nanoparticles also lead to greater breakdown strength.

IV. CONCLUSION

This research study discussed the influence of the
nanoparticles, TiO, and BaTiO;, upon the AC breakdown
voltage properties of mineral oil. Data analysis leads to the
conclusion that the AC breakdown voltage of the mineral-oil
based nanofluids depends on the kind of nanoparticles used. It
is also apparent that when nanoparticles are introduced to the
mineral oil, the AC breakdown voltage increases as the
temperature goes higher.
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Abstract— Mineral-oil based nanofluids are proved that the
addition of suitable nanoparticles can increases the AC
breakdown voltage and Partial Discharge Inception Voltage
(PDIV) compared with those of the unmodified mineral oil. In
this paper, a standard impulse breakdown voltage of the mineral
oil and the mineral-oil based nanofluids is investigated. Three
types of nanoparticle, i.e., Zinc oxide (ZnO), Barium titanate
(BaTiO3) and Titanium dioxide (TiO2) with the mean diameter
less than 100 nm are used to prepare the nanofluid samples. The
first group of the nanofluid sample consists of the mineral oil
mixed with the 0.01% volume fraction of nanoparticle. Another
group of nanofluid sample comprises the mineral oil mixed with
the 0.03% volume fraction of nanoparticle. Besides, the
surfactant sorbitan monooleate (Span 80) is added in order to
modify the surface of the nanoparticles. The needle-sphere
electrode configuration with the gap spacing of 15 mm is
employed for impulse breakdown voltage investigation of the
dielectric liquids. The test circuit is set up in accordance with
IEC 60897, and the test experiment is performed at the room
temperature. The results show that the addition of ZnO and TiO:
nanoparticle leads to the change in the impulse breakdown
characteristics of the mineral oil in both positive and negative
impulse polarities. However, no significant change in the impulse
breakdown characteristics is observed when adding BaTiO; to
the oil.

Keywords— mineral oil; nanofluids;
voltage; Weibull analysis

impulse breakdown

I. INTRODUCTION

Mineral oil has been used since the first commercial oil-
filled transformer was introduced, while dielectric fluids such
as synthetic ester and natural ester are seen as a modern
alternative. However, mineral-oil still plays an important role
in the insulation of high voltage apparatus, especially power
transformers and instrument transformers [1-2]. Focusing on
the advancement of nanotechnologies and their application,
nanoparticles hold promise that they can be used with mineral-
oils to enhance their properties, which may lead to more
compact designs and the reduction of manufacturing costs [3-

41.

The conception of utilizing nanoparticles for improving
physical properties of liquids such as the enhancement of the
thermal conductivity of the conventional fluid was initiated by
Choi in 1993 [5-6]. Since 1995, a number of publications

978-1-5090-4877-9/17/$31.00 ©2017 IEEE
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dealing with nanofluids have been growing at an average of
around 32% per year [2]. Moreover, the research on dielectric
properties of oil-based nanofluids started in 1998 by Segal et
al. to improve dielectric properties of transformer oil with
adding magnetite nanoparticles [7]. Several different
nanoparticles, which include the nanomaterials such as Zinc
oxide (ZnO), Barium titanate (BaTiOs;) and Titanium dioxide
(TiO,) additives have been investigated with the aim of
improving the dielectric properties of liquid insulating
materials. Most of research works have dealt with the nanofluid
properties with different volume concentration of nanoparticles
and various nanofluid preparation procedures.

In this paper the experiments were performed to investigate
the dielectric properties of the mineral oil-based nanofluids
when selected nanoparticles were mixed into a commonly used
mineral oil so that their impulse breakdown voltage
characteristics could be observed. The hypothesis of this
research work is that the impulse breakdown voltage of the
mineral oil would be noticeably increased with the addition of
nanoparticles. In this investigation, the nanomaterials, ZnO,
BaTiOs; and TiO,, were selected to mix with the new
unmodified mineral oil to produce the mineral oil-based
nanofluid test samples. Comparison of impulse breakdown
voltage of the nanomaterial mineral oil and of the mineral oil is
presented.

II. EXPERIMENTAL PROCEDURE

A. Mineral oil characteristics and preparation for
investigation

The mineral oil, ELECTROL®-A, uninhibited mineral oil
type, is employed in this study, and this mineral oil which is
widely used in high voltage transformers. The mineral oil
characteristics are in [8]. The new mineral oil was heated at
60 °C under vacuum condition for 24 hours before it was
mixed with the selected nanoparticles to prepare mineral oil-
based nanofluid sample.

B. Nanoparticle characteristics and preparation

Three different nanoparticle materials, ZnO, BaTiOs and
TiO; (size < 100 nm) were used in this research. Characteristics
of the nanomaterials used in this study can be found from a
data sheet provided by the manufacturers [9].
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The diameter of the dry nanopowder were examined by
scanning electron microscope (SEM) techniques as shown in
Fig. 1, which represents that the diameters of the particle sizes
of less than 100 nm. For the structure and the operation
procedure of SEM equipment, it can be found in [10].

(¢) TiO,

Fig. 1. SEM image of three kinds of nanoparticle

C. Mineral oil-based nanofluid preparation

Mineral oil-based nanofluids were prepared by mixing the
unmodified mineral oil with ZnO, BaTiOs; and TiO,
nanoparticle. Six types of nanofluid samples were prepared as
the followings:

. Nanofluid sample #1 consisted of the new mineral oil
mixed with 0.01% volume fraction of ZnO.

¢  Nanofluid sample #2 prepared by mixing the 0.01%
volume fraction of BaTiO3 with the new mineral oil.

*  Nanofluid sample #3 comprised 0.01% volume
fraction of TiO> mixed with the new mineral oil.

*  Nanofluid sample #4 prepared by mixing the 0.03%
volume fraction of ZnO with the new mineral oil.

*  Nanofluid sample #5 comprised 0.03% volume
fraction of BaTiO3 mixed with the new mineral oil.

. Nanofluid sample #6 consisted of the new mineral oil
mixing with 0.03% volume fraction of TiO,.

Preparation of the six nanofluid samples consisting of the
unmodified mineral oil combined with the six different
nanofluid samples was carried out according to the following
three processes.

. Firstly, the new mineral oil was mixed with the
specified nanoparticle with a specified volume fraction. In this
stage of the process, the surfactant was also mixed with the
mineral oil.

. Secondly, the nanofluid was dispersed using a
magnetic stirrer for 30 minutes.

978-1-5090-4877-9/17/$31.00 ©2017 IEEE
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. Finally, ultrasonic dispersion was applied to the
prepared nanofluids for 2 hours to ensure the homogeneity of
the liquids.

In addition, the surfactant sorbitan monooleate (Span 80)
was added in order to modify the surface of the nanoparticles.
Span 80 has been proven to prevent agglomeration of
nanoparticles in mineral oil and it is widely used for this
purpose [11]. Magnetic stirring was necessary to disperse the
nanopowders evenly in the base fluid, but the turbulence
created was not enough to break-up all agglomeration of
nanoparticles, therefore an ultrasonic mixing device was also
employed for this purpose [2, 4].

D. Lightning impulse breakdown characteristic investigation

Lightning impulse (LI) breakdown test was performed
with a needle-sphere electrode system according to IEC 60897
[12]. The test circuit diagram and experiment test set up are
depicted in Fig. 2 and Fig. 3 respectively. In the experiment,
the needle-sphere electrode configuration was set with the gap
spacing of 15 mm, and the tungsten needle with the tip radius
of 40 pm was utilized as the high voltage electrode whereas
the brass sphere with the diameter of 13 mm was used as the
grounded electrode. The testing method following IEC 60897
was performed for the lightning impulse breakdown tests.

High Voltage
Divider

IEC 60897 test cell
with needle to sphere
electrode

Impulse Generator

i »

Fig. 3. Test circuit set up for impulse breakdown experiment of the dielectric
liquids. Where, 1 stands for the capacitive charger rated of 100 kV, 2 is the
impulse generator rated of 200 kV 5 kJ, 3 stands for the capacitor rated of
4,200 pF 200 kV, 4 is the impulse high voltage divider rated of 100 kV and 5
stands for the test vessel according to IEC 60897.
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IITI. TEST RESULTS AND ANALYSIS

A. Impulse breakdown voltage test results

The impulse breakdown strength is investigated to evaluate
the impulse breakdown characteristics of the mineral oil.
Usually the mean breakdown values are determined to estimate
the quality of an insulating liquid. However, transformers are
designed according to the minimum withstand voltage level of
the insulation, rather than the mean withstand voltage. Fig.4
shows the average impulse breakdown voltages with the
minimum and maximum values of the mineral oil and the
mineral oil with 0.01% and 0.03% ZnO, BaTiO; and TiO;
nanofluids respectively. The blue bar represents the impulse
breakdown voltage of unmodified mineral oil, the orange bar
depicts the impulse breakdown voltage of the mineral oil with
ZnO nanofluid, the gray bar is for the impulse breakdown
voltage of the mineral oil with BaTiOs nanofluids and the
yellow bar represents the impulse breakdown voltage of the
mineral oil with TiO, nanofluids.

Table 1 and Table II, represent the mean impulse
breakdown voltages including percent increment of the impulse
breakdown voltage of the tested nanofluids. As can be seen
from Fig. 4. The positive impulse breakdown of the mineral oil
with ZnO is improved while other added nanoparticles have no
effect. However, all three nanoparticle types cause lower the
negative impulse breakdown voltages compared with those of
the unmodified mineral oil. More detail analysis shows that the
type and volume fraction of the nanoparticles will strongly
influence the impulse breakdown voltage results.

Comparison positive impulse breakdown voltage of mineral oil, mineral
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TABLE I. Results of positive impulse breakdown voltage of mineral oil and
mineral oil with 0.01% and 0.03% ZnO,BaTiOs;, and TiO,

Impulse Breakdown Voltage (kV) | % increase

Mineral Mineral oil_mixed with 0.01% nanofluids
oil ZnO BaTiOs TiO, Zn0O BaTiOs TiO,
25.46 31.13 24.13 25.93 22.27 -5.22 1.84

Mineral Mineral oil mixed with 0.03% nanofluids
oil Zn0O BaTiOs TiO, ZnO BaTiOs TiO,
25.46 28.26 25.46 24.13 10.99 0 -5.22

TABLE II. Results of negative impulse breakdown voltage of mineral oil and
mineral oil with 0.01% and 0.03% ZnO,BaTiO;, and TiO,

Impulse Breakdown Voltage (kV) | % increase

Mineral Mineral oil mixed with 0.01% nanofluids
oil Zn0O BaTiOs TiO, ZnO BaTiOs TiO,
70.66 61.27 66.5 62.66 -13.28 -5.88 -11.32

Mineral Mineral oil mixed with 0.03% nanofluids
oil ZnO BaTiOs TiO, ZnO BaTiOs TiO,
70.66 63.33 68.83 61.66 -10.37 -2.58 -12.73

B. Weibull analysis of impulse breakdown voltage test results

Weibull fitting was used to analyze the impulse breakdown
results of mineral oil, mineral oil with ZnO, mineral oil with
BaTiO3 and mineral oil with TiOz nanofluids. In this work, 2-
parameter Weibull plot was used. For 2-parameter Weibull
plot, the impulse breakdown probabilities are calculated as:

il
Fx) = 1-et7 (1)

Where F(x) is the cumulative probability of breakdown
voltage; x is the impulse breakdown voltage; B is the shape
parameter; m is the scale parameter. In the Weibull plot, the
correlation coefficient p is a measure of how well the linear
regression model fits the data [1-2]. Correlation coefficients
are statistics that quantify the relation between two variables
in unit free terms as described in [13].

In the Weibull distributions, the impulse breakdown
voltage of the mineral oil is represented with blue dotes, the
impulse breakdown voltage of the mineral oil with ZnO
nanofluid is depicted with red square, the impulse breakdown
voltage of the mineral oil with BaTiO; nanofluid is designated
with green diamonds. Whereas purple triangles represent the
impulse breakdown voltage of the mineral oil with TiO»
nanofluid.

TABLE III. Shape & scale parameters and correlation coefficient of 2-
parameter Weibull plot of mineral oil and mineral oil with 0.01% % and
0.03% ZnO BaTiOs, and TiO,

o MO MO MO MO MO MO
Mm?ral with with with with with with
Oil 0.01% 0.01% 0.01% 0.03% 0.03% 0.03%
IMO] | 7nO | BaTiO; | TiO, | ZnO | BaTiO; | TiO,
Positive impulse breakdown voltage
B 13.53 14.62 36.64 12.99 | 14.62 12.44 16.09
n 26.31 32.23 24.44 26.84 | 32.23 26.37 25.01
p 0.81 0.94 0.84 0.86 0.94 0.78 0.85
Negative impulse breakdown voltage
B 14.13 12.09 79.51 12.99 | 22.88 27.45 49.78
n 72.34 64.02 67.09 65.44 | 64.71 70.11 62.41
p 0.98 0.97 0.81 091 0.84 0.89 0.93
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To statistically analyze the impulse breakdown voltages,
Weibull distribution was used to fit the probability of impulse
breakdown voltage test results. Weibull distribution plots of
the linear fitting of the data are shown in Fig. 5 and Fig. 6. The
Weibull plots of the samples that have a little overlap, which
indicates that distinction can be made between the impulse
breakdown voltage behavior of these three nanofluids. The
scale and shape parameters, including correlation coefficient
of Weibull distribution are obtained and given in Table III.

IV. CONCLUSION

This paper has presented experimental investigation of
effects of nanoparticles ZnO, BaTiOs and TiO; on the impulse
breakdown voltage properties of the mineral oil. Analysis of
the data has shown that the impulse breakdown voltage of the
mineral-oil based nanofluids is strongly influenced by the type
of the nanoparticles added into the mineral oil. Among three
types of the nanoparticles, the results have shown that ZnO, the
nanoparticle being added to the mineral oil, can give the
increase in the impulse breakdown voltage with the positive
polarity. Other two nanoparticles when being added to the
mineral oil lead to slight change in the impulse breakdown
voltage with the positive polarity. For the negative polarity of
the impulse breakdown voltage, there is no improvement being
noticed by adding such the nanoparticles into the mineral oil.
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Abstract

Mineral-oil base nanofluids are proved that the
addition of suitable nanoparticles can increases the AC
breakdown voltage and Partial Discharge Inception
Voltage (PDIV) compared with those of the unmodified
mineral oil. In this paper, a standard impulse breakdown
voltage of the mineral oil and the mineral-oil base
nanofluids is investigated. One type of nanoparticle, i.e.,
Zinc oxide (ZnO) with the mean diameter less than 100 nm
are used to prepare the nanofluid sample. The first group
of the nanofluid sample consists of the mineral oil mixed
with the 0.01% volume fraction of nanoparticle. Another
group of nanofluid sample comprises the mineral oil mixed
with the 0.03% volume fraction of nanoparticle. Besides,
the surfactant sorbitan monooleate (Span 80) is added in
order to modify the surface of the nanoparticles. The
needle-sphere electrode configuration with the gap spacing
of 15 mm is employed for impulse breakdown voltage
investigation of the dielectric liquids. The test circuit is set
up in accordance with IEC 60897, and the test experiment
is performed at the room temperature. The results show
that the addition of ZnO nanoparticle leads to the change
in the impulse breakdown characteristics of the mineral oil
in both positive and negative Impulse polarities.

Keywords: mineral oil, nanofluids, impulse breakdown
voltage, Weibull analysis

1. Introduction

Mineral oil has been used since the first commercial
oil-filled transformer was introduced, while dielectric
fluids such as synthetic ester and natural ester are seen as
a modern alternative. However, mineral-oil still plays an
important role in the insulation of high voltage apparatus,
especially power transformers and  instrument
transformers [1-2]. Focusing on the advancement of
nanotechnologies and their application, nanoparticles hold
promise that they can be used with mineral-oils to enhance
their properties, which may lead to more compact designs
and the reduction of manufacturing costs [3-4]. The
conception of utilizing nanoparticles for improving
physical properties of liquids such as the enhancement of
the thermal conductivity of the conventional fluid was
initiated by Choi in 1993 [5-6]. Since 1995, a number of
publications dealing with nanofluids have been growing at
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an average of around 32% per year [2]. Moreover, the
research on dielectric properties of oil-based nanofluids
started in 1998 by Segal et al. to improve dielectric
properties of transformer oil with adding magnetite
nanoparticles [7]. Several different nanoparticles, which
include the nanomaterial such as Zinc oxide (ZnO)
additives have been investigated with the aim of improving
the dielectric properties of liquid insulating materials.
Most of research works have dealt with the nanofluid

properties with different volume concentration of
nanoparticles and various nanofluid preparation
procedures.

In this paper the experiments were performed to
investigate the dielectric properties of the mineral oil-
based nanofluids when selected nanoparticles were mixed
into a commonly used mineral oil so that their impulse
breakdown voltage characteristics could be observed. The
hypothesis of this research work is that the impulse
breakdown voltage of the mineral oil would be noticeably
increased with the addition of nanoparticles. In this
investigation, the nanomaterial, ZnO, was selected to mix
with the new unmodified mineral oil to produce the
mineral oil-based nanofluid test samples. Comparison of
impulse breakdown voltage of the nanomaterial mineral
oil and of the mineral oil is presented.

2. EXPERIMENTAL PROCEDURE
2.1 Mineral oil characteristics and preparation
for investigation
The mineral oil, ELECTROL®-A, uninhibited
mineral oil type, is employed in this study, and this mineral
oil which is widely used in high voltage transformers. The
mineral oil characteristics are in [8]. The new mineral oil
was heated at 60 °C under vacuum condition for 24 hours
before it was mixed with the selected nanoparticles to
prepare mineral oil-based nanofluid sample.

2.2 Nanoparticle characteristics and preparation

One nanoparticle material, ZnO (size < 100 nm) was
used in this research. Characteristics of the nanomaterial
used in this study can be found from a data sheet provided
by the manufacturers [9].

The diameter of the dry nanopowder were examined
by scanning electron microscope (SEM) techniques as
shown in Fig. 1, which represents that the diameters of the
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particle sizes of less than 100 nm. For the structure and the =~ 60897 [12]. The test circuit diagram and experiment test
operation procedure of SEM equipment, it can be found in  set up are depicted in Fig. 2 and Fig. 3 respectively. In the
[10]. experiment, the needle-sphere electrode configuration was
set with the gap spacing of 15 mm, and the tungsten needle
with the tip radius of 40 pm was utilized as the high voltage
electrode whereas the brass sphere with the diameter of 13
mm was used as the grounded electrode. The testing
method following IEC 60897 was performed for the
lightning impulse breakdown tests.

Impulse Generator High Voltage IEC 60897 test cell
Divider with needle to sphere
""""""""""""""""""" electrode

(¥

NCTC 2.0kV 5.8mm x150k SE(U)

Fig. 1. SEM image of ZnO nanoparticle

7

Fig. 2. Test circuit diagram for the experiment

2.3 Mineral oil-based nanofluid preparation

Mineral oil-based nanofluid was prepared by mixing
the unmodified mineral oil with ZnO nanoparticle. Two
types of nanofluid samples were prepared as the
followings:

* Nanofluid sample #l consisted of the new
mineral oil mixed with 0.01% volume fraction of ZnO.

e Nanofluid sample #2 prepared by mixing the
0.03% volume fraction of ZnO with the new mineral oil.

Preparation of the two nanofluid samples consisting of
the unmodified mineral oil combined with the two
different nanofluid samples was carried out according to
the following three processes.

e Firstly, the new mineral oil was mixed with the
specified nanoparticle with a specified volume fraction. In
this stage of the process, the surfactant was also mixed

Fig. 3. Test circuit set up for impulse breakdown experiment of the

with the mineral oil. ) ) ] dielectric liquids. Where, 1 stands for the capacitive charger rated of 100
*  Secondly, the nanofluid was dispersed using a  kV, 2 is the impulse generator rated of 200 kV 5 kJ, 3 stands for the
magnetic stirrer for 30 minutes. capacitor rated of 4,200 pF 200 kV, 4 is the impulse high voltage divider

R Finally ultrasors dispersion was applie d to the rated of 100 kV and 5 stands for the test vessel according to IEC 60897.
9

prepared nanofluids for 2 hours to ensure the homogeneity 3 Test Results and Analysis
of'the liquids.

In addition, the surfactant sorbitan monooleate (Span
80) was added in order to modify the surface of the
nanoparticles. Span 80 has been proven to prevent
agglomeration of nanoparticles in mineral oil and it is
widely used for this purpose [11]. Magnetic stirring was
necessary to disperse the nanopowders evenly in the base
fluid, but the turbulence created was not enough to break-
up all agglomeration of nanoparticles, therefore an
ultrasonic mixing device was also employed for this
purpose [2, 4].

3.1 Impulse breakdown voltage test results

The impulse breakdown strength is investigated to
evaluate the impulse breakdown characteristics of the
mineral oil. Usually the mean breakdown values are
determined to estimate the quality of an insulating liquid.
However, transformers are designed according to the
minimum withstand voltage level of the insulation, rather
than the mean withstand voltage. Fig.4 shows the average
impulse breakdown voltages with the minimum and
maximum values of the mineral oil and the mineral oil with
0.01% and 0.03% ZnO nanofluids respectively. The blue
bar represents the impulse breakdown voltage of

2.4 Lightning impulse breakdown characteristic unmodified mineral oil, the orange bar depicts the impulse
investigation breakdown voltage of the mineral oil with 0.01% ZnO

Lightning impulse (LT) breakdown test was performed nanofluid and the gray bar is for the impulse breakdown
. o 0 .
with a needle-sphere electrode system according to IEC voltage of the mineral oil with 0.03% ZnO nanofluids.
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Table I, represent the mean positive and negative
impulse breakdown voltage of mineral oil and mineral oil
with 0.01% and 0.03% ZnO. As can be seen from Fig. 4.
compares test results of the AC impulse breakdown
voltage value for mineral-oil and mineral-oil based
nanofluids. However, ZnO nanoparticle type cause lower
the negative impulse breakdown voltages compared with
those of the unmodified mineral oil. More detail analysis
shows that the type and volume fraction of the
nanoparticles will strongly influence the impulse
breakdown voltage results.

Comparison impulse breakdown voltage of mineral oil and mineral oll
with ZnO nanofluids

= Mineral Oil
31,13
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w
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w
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Fig.4. Comparison of average impulse breakdown voltage of mineral oil
and mineral oil with 0.01% and 0.03% ZnO minimum and maximum
values indicated by markers.
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TABLE I
Results of positive and negative impulse breakdown voltage of mineral
oil and mineral oil with 0.01% and 0.03% ZnO

Positive (kV) Negative (kV)
Mineral Oil +25.46 -70.66
Mineral oil with addition of ZnO +31.13 -61.27
0f0.01% by volume
Mineral oil with addition of ZnO +28.26 -63.33

0f0.03% by volume

3.2 Weibull analysis of impulse breakdown
voltage test results

Weibull fitting was used to analyze the impulse
breakdown results of mineral oil, mineral oil with
ZnO nanofluids. In this work, 2-parameter Weibull
plot was used. For 2-parameter Weibull plot, the
impulse breakdown probabilities are calculated as:

Gl
Fx) = 1-¢e'7 (1
Where F(x) is the cumulative probability of breakdown
voltage; x is the impulse breakdown voltage; B is the shape
parameter; 1) is the scale parameter. In the Weibull plot, the
correlation coefficient p is a measure of how well the linear
regression model fits the data [1-2]. Correlation
coefficients are statistics that quantify the relation between
two variables in unit free terms as described in [13].

In the Weibull distributions, the impulse breakdown
voltage of the mineral oil is represented with blue dotes,
the impulse breakdown voltage of the mineral oil with
0.01% ZnO nanofluid is depicted with red square, the
impulse breakdown voltage of the mineral oil with 0.03%
ZnO nanofluid is designated with green diamonds.

TABLE IT
Shape & scale parameters and correlation coefficient of 2-parameter
Weibull plot of mineral oil and mineral oil with 0.01% and 0.03% ZnO

ho/[iilng\r/la(l)] MO with 0.01% ZnO MO with 0.03% ZnO

Positive impulse breakdown voltage

13.53 14.62 14.62

n 26.31 32.23 32.23

0.81 0.94 0.94
Negative impulse breakdown voltage

14.13 12.09 22.88

n 72.34 64.02 64.71

0.98 0.97 0.84
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Fig.5. 2-parameter Weibull plot of the impulse breakdown voltage of
mineral oil and mineral oil with 0.01% and 0.03% ZnO nanoparticles

To statistically analyze the impulse breakdown
voltages, Weibull distribution was wused to fit the
probability of impulse breakdown voltage test results.
Weibull distribution plots of the linear fitting of the data
are shown in Fig. 5. The Weibull plots of the samples that
have overlap between 0.01% and 0.03% ZnO are depicted
in Fig. 5a. However, Fig. 5b the samples that have a little
overlap, which indicates that distinction can be made
between the impulse breakdown voltage behavior of these
three nanofluids. The scale and shape parameters,
including correlation coefficient of Weibull distribution
are obtained and given in Table II.

4. Conclusion

This paper has presented experimental investigation
of effects of nanoparticle ZnO on the impulse breakdown

60

voltage properties of the mineral oil. Analysis of the data
has shown that the impulse breakdown voltage of the
mineral-oil based nanofluids is strongly influenced by the
type of the nanoparticles added into the mineral oil.
Among one type of the nanoparticle, the results have
shown that ZnO, the nanoparticle being added to the
mineral oil, can give the increase in the impulse
breakdown voltage with the positive polarity. For the
negative polarity of the impulse breakdown voltage, there
is no improvement being noticed by adding such the
nanoparticles into the mineral oil.
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Abstract— In this paper, the dielectric properties of the
mineral oil-based nanofluids was studied. The aim of this
research is to improve electrical property of the mineral oil by
applying nanotechnology knowledge. Three types of nanoparticle
i.e. Titanium dioxide (TiOz), Barium titanate (BaTiO3) and Zinc
oxide (ZnO) with the mean diameter less than 100 nm were used
in the experiment. The nanofluid samples, the mineral oil mixed
with nanoparticle, were prepared in three processes. Firstly, the
mineral oil was mixed with 0.01% of nanoparticle volume
fraction of nanoparticle. Besides, the mineral oil was also mixed
with 0.03% of nanoparticle volume fraction. Then it was
dispersed by using a magnetic stirrer. Finally, the ultrasonic
dispersant technique was applied for the prepared nanofluids to
ensure the homogeneity of such liquid. To measure the AC
breakdown voltages, an oil breakdown tester (FOSTER OTS
60AF) was used. The gap distance between electrodes was set to
be 2.5 mm. The testing was carried out 6 times for each liquid
test sample according to IEC 60156. The test results showed that
the AC breakdown property of the modified liquid was strongly
influenced by the type of the nanoparticles added. With the
addition of nanoparticles, the AC breakdown voltage increased
slightly above that of the mineral oil (37 kV). In case of 0.01%
nanoparticle volume fraction, the AC breakdown voltage of the
mineral oil with TiOz, the mineral oil with BaTiOs and the
mineral oil with ZnO was 42 kV, 45 kV and 46 kV respectively.
For 0.03% nanoparticle volume fraction, the AC breakdown
voltage of the mineral oil with TiO2, the mineral oil with BaTiOs
and the mineral oil with ZnO was 45 kV, 48 kV and 60 kV
respectively. From these results, it is indicated that nanoparticles
is a good candidate to develop mineral oil-based nanofluids for
dielectric applications.

Keywords— mineral oil; nanofluids; breakdown voltage;
Weibull analysis

I. INTRODUCTION

Transformer is one of the most important parts of the power
generation and distribution network. A transformer transfers
electrical energy from a power plant to a user. Generally, there
are two kinds of insulating materials using in the transformer,
e.g., cellulose and mineral oil. Cellulose is used for electrical
insulating and mechanical purpose. Whereas, mineral oil is
responsible for both electrical insulating function and cooling
media [1-3]. Retrospectively, mineral oil has been used since
the first commercial oil-filled transformer was introduced.
Currently, alternative dielectric fluids are interested to be used
as transformer dielectric materials. However, the mineral oil

978-1-5090-3397-3/16/$31.00 ©2016 IEEE

still plays an important role for the insulation high voltage
apparatus especially power transformers and instrument
transformers [4-5]. Focusing on the advancement of
nanotechnologies and their application, some kinds of
nanoparticles are very promising materials which can be
applied with mineral oil to enhance the mineral oil properties
which may lead to a compact design and reduced
manufacturing cost of transformers [2-4].

In this paper, dielectric properties of the mineral oil-
based nanofluids were studied on the basis of experimental
works. Selected nanoparticles were mixed into the mineral oil
and then their breakdown voltage -characteristics were
investigated. The hypothesis of this research work was that the
breakdown voltage of the mineral oil would be increased with
the addition of a certain quantity of nanoparticles. In this
investigation, Titanium Dioxide (TiO;), Barium Titanate
(BaTiO3) and Zinc Oxide (ZnO) were selected to mix with the
mineral oil as mineral oil-based nanofluid test sample.

II. EXPERIMENTAL PROCEDURE

A. Mineral oil based nanofluid preparation

Mineral oil based nanofluids were prepared by mixing with
TiO,, BaTiO3; and ZnO (size < 100 nm) nanoparticles. The
SEM image of three kinds of nanoparticle are illustrated in
Fig.1. For the nanofluid preparation, the nanofluid samples (the
mineral oil mixed with nanoparticle) were prepared in three
processes. Firstly, the mineral oil was mixed with 0.01%
nanoparticle volume fraction of the specified nanoparticle.
Besides, the mineral oil was also mixed with 0.03%
nanoparticle volume fraction of such nanoparticle. Secondly,
the nanofluids was dispersed by using a magnetic stirrer for 30
minutes. Finally, the ultrasonic dispersant technique was done
for 2 hours to get a well dispersed nanofluid was applied for
the prepared nanofluids to ensure the homogeneity of such
liquid. The magnetic stirring helped to disperse the
nanopowders evenly in the base fluid, but the energy is not
enough to break any agglomeration of nanoparticles. Therefore,
the ultrasonic mixing device was wused to break the
agglomerations of nanoparticles [6-10]. The nanofluids
preparation process is depicted in Fig.2.
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(c) ZnO

Add nanopowders
and surfactants

Aggregations Magnetic stir for 30 minutes

Can disperse the
aggregations, but not
enough to break them

Well dispersed nanofluid

Ultrasonication for 2 hours

Fig. 2. Schematic diagram of nanofluids preparation process.

(a) Breakdown measurement testing device
(FOSTER OTS 60AF)

(b) Test vessel

Fig. 3. Dielectric breakdown testing device and test vessel.
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B. Breakdown characteristic investigation

The AC breakdown strength of the mineral oil based
nanofluids can be tested according to IEC 60156 [11], ASTM
D 1816 [12] or ASTM D877 [13]. To investigate AC
breakdown voltages of mineral oil based nanofluids, an oil
breakdown tester (FOSTER OTS 60AF) was employed. The
gap distance between electrodes was fixed at 2.5 mm. The
testing was carried out 6 times for each liquid test sample
according to IEC 60156. Three samples of each nanofluids
were investigated. The mean value of the breakdown test
results was computed. All experiments were performed at room
temperature. The testing equipment are illustrated in Fig. 3.

III.  RESULTS AND DISCUSSION

A. AC breakdown voltage test results

The AC breakdown strength is measured to evaluate the
quality of mineral oil. Usually the mean breakdown values are
determined to estimate the quality of an insulating liquid.
However, transformers are designed according to the
minimum withstand voltage level of the insulation, rather than
the mean withstand voltage. Fig.4 shows the average AC
breakdown voltage with the minimum and maximum values of
mineral oil, mineral oil with 0.01% and 0.03% TiO,, BaTiO;
and ZnO nanofluids. The blue bar represents the breakdown
voltage of mineral oil, the orange bar depicts the breakdown
voltage of mineral oil with TiO> nanofluid, the gray bar is for
the breakdown voltage of mineral oil with BaTiO3; nanofluids
and the yellow bar represents the breakdown voltage of
mineral oil with ZnO nanofluids. Moreover, from Table I, it is
observed that there is an increase in the AC breakdown
voltage value for 0.01% nanofluids volume fraction about
13.51%, 21.62% and 24.32% for the mineral oil with TiO, the
mineral oil with BaTiOs; and the mineral oil with ZnO
respectively. In case of 0.03% nanofluids volume fraction, an
increase in AC breakdown is about 21.62%, 29.72% and
62.16% for the mineral oil with TiO;, the mineral oil with
BaTiO; and the mineral oil with ZnO respectively.
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Fig. 4. Comparison of average AC breakdown voltage of mineral oil, mineral
oil with 0.01% and 0.03% TiO,, BaTiOs;, and ZnO, minimum and maximum
values indicated by markers.



TABLE 1. Results of the AC breakdown voltage of mineral oil, mineral oil
with 0.01% and 0.03% TiO,, BaTiOs and ZnO.

Breakdown Voltage (kV) | % increment
Mineral Mineral oil mixed with 0.01% nanofluids
oil TiO, BatiO; ZnO TiO, BatiO; ZnO
37 42 45 46 13.51 21.62 24.32
Mineral Mineral oil mixed with 0.03% nanofluids
011 TlOz BatiO; ZnO TIOZ BatiO; Zl’lO
37 45 48 60 21.62 29.72 62.16

B. Weibull analysis of AC breakdown test results

Weibull fitting was used to analyze the AC breakdown
results of mineral oil, mineral oil with TiO,, mineral oil with
BaTiO3 and mineral oil with ZnO nanofluids. In the analysis,
2-parameter Weibull plot was used. For 2-parameter Weibull
plot, the breakdown probabilities are calculated as:

F(x) = 1-exp{-(x/m)B} )

Where F(x) is the cumulative probability of breakdown
voltage; x is AC breakdown voltage; B is the shape parameter;
n is the scale parameter. In the Weibull plot the correlation
coefficient p is a measure of how well the linear regression
model fits the data [4, 9]. In the Weibull distributions, AC
breakdown voltage of the mineral oil is represented with black
circles, AC breakdown voltage of the mineral oil with TiO»
nanofluid is depicted with red square, AC breakdown voltage
of the mineral oil with BaTiOs nanofluid is designated with
green quadrangle. Whereas blue triangle represents AC
breakdown voltage of the mineral oil with ZnO nanofluid.

Fig. 5-6 illustrate the 2-parameter Weibull analysis of the
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TABLE II. Parameters and correlation coefficient of 2-parameter Weibull plot
of mineral oil, mineral oil with 0.01% TiO,, BaTiO; and ZnO.

Mineral oil Mineral oil Mineral oil
Parameters | Mineral oil with 0.01% with 0.01% with 0.01%
TiO, BaTiO; ZnO
B 3.048 4.279 5.787 8.965
n 41.75 45.74 48.28 48.50
p 0.834 0.378 0.216 0.909

TABLE III. AC breakdown voltage at different breakdown probabilities of
mineral, mineral oil with 0.01% TiO,, BaTiO; and ZnO with 2-parameter
Weibull calculation

AC breakdown Voltage of the mineral Oil, the mineral oil with Mineral Mineral oil Mineral oil Mineral oil
0.01% and 0.03% TiO,, BaTiO; and ZnO with 95% Breakdown ofl with TiO, with BaTiO; with ZnO
Conﬁdence bounds respectlvely. porobabilities (0.01 %) (0.01 %) (0.01 %)
[ A)] [?;ID/] [i% increase [?;ID/] increase [?;ID/] increase
& —e— Mineral Oil T 1 9.2 15.6 70% 21.8 | 137% 29 215%
—-m—- Mineral Oil with 001% TiO» Iy 5 1 5% 22.8 45% 28.8 83% 348 | 122%
— 904 Mineral il with 001% BaTiO3 e 20 255 | 322 | 26% | 372 | 46% | 41 | 61%
R gg’ —-A—-- Mineral Oil with 001% ZnO ‘ [ 63.2 41.7 45.7 10% 48.2 16% 48.5 16%
= _ 74
£ 60+
= 504 TABLE IV. Parameters and correlation coefficient of 2-parameter Weibull
_g 40 plot of mineral oil, mineral oil with 0.03% TiO,, BaTiO; and ZnO.
e 304 Mineral oil Mineral oil Mineral oil
o Parameters | Mineral oil with 0.03% with 0.03% with 0.03%
£ 204 TiO, BaTiO;, ZnO
= B 3.048 5.830 7.547 122
<
= 104 n 41.75 48.58 51.18 59.87
5]
= p 0.834 0.199 0.382 2.938
=
— 5
:E TABLE V. AC breakdown voltage at different breakdown probabilities of
34 mineral, mineral o1l with 0. o T10,, BaTiO; and ZnO with 2-parameter
§ i 1, mi 1 oil with 0.03% TiO,, BaTiO; and ZnO with 2
Weibull calculation
24
Mineral Mineral oil Mineral oil Mineral oil
Breakdown . with TiO with BaTiO with ZnO
1 9 10 15 2'0 30 4'0 5'0 6‘0 7‘0 probabilities oll (0.03%)2 (0.03%) ’ (0.03%)
AC b kd 1t kV [%] BD BD increase BD increase BD increase
reakdown voltage [kV] [kV] [kV] [kV] [kV]
1 9.2 22 140% | 27.8 | 202% | 57.6 | 526%
Fig. 5. 2-parameter Weibull plot of the AC breakdown voltage of mineral oil, 5 15.7 29.1 85% | 34.5 | 120% | 58.4 | 272%
mineral oil with 0.01% TiO,, BaTiO; and ZnO. 20 25.5 37.5 47% 41.9 64% 59.1 132%
63.2 41.7 48.5 16% 51.1 23% 59.8 | 43.4%

263




Table II represents the correlation coefficient of the
mineral oil, the mineral oil with 0.01% TiO,, BaTiO3; and ZnO
which are 0.834, 0.378, 0.213 and 0.909 respectively. Besides,
the correlation coefficient of the Weibull fits of such four
fluids are 0.834, 0.199, 0.382 and 2.938 respectively.

Table III represents the mean value of AC breakdown
voltage of the mineral oil compared with that of the mineral
oil with nanoparticle. The breakdown voltage of the mineral
oil nanofluid increases 10%, 16% and 16% for the mineral oil
mixed with 0.01% TiO,, 0.01% BaTiOs; and 0.01% ZnO
respectively. In case of 0.03% volume fraction of nanoparticle,
the mineral oil mixed with 0.03% TiO;, 0.03% BaTiO; and
0.03% ZnO respectively causes the increasing of the
breakdown voltage 16%, 23% and 43.4% respectively.

IV. CONCLUTIONS

In this study, the AC breakdown voltage characteristics of
the mineral oil based nanofluids were investigated. The test
results showed that the AC breakdown property of the
modified liquid was strongly influenced by the type of the
nanoparticles added. With the addition of nanoparticles, the
AC breakdown voltage increased slightly above that of the
mineral oil. From the test result, it was indicated that the
nanoparticles used in the experiment were good candidates to
develop mineral oil for dielectric applications.
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Abstract

In this paper, the dielectric properties of transformer oil-
based nanofluids was investigated. The aim of this research is
to improve electrical property of the transformer oil by
applying nanotechnology knowledge. Nanoparticles i.e.,
Barium Titanate (BaTiO3) with the mean diameter less than
100 nm were used in the experiment. The nanofluid samples,
mineral oil mixed with nanoparticle, were prepared in three
processes. Firstly, the transformer oil was mixed with 0.01%
volume fractions of the nanoparticle. Then, it was dispersed by
using a magnetic stirrer. Finally, the ultrasonic dispersant
technique was applied for the prepared nanofluids to ensure
the homogeneity of such liquid. In addition, this paper is to
describe the study of the Partial Discharge (PD) and Partial
Discharge Inception Voltage (PDIV) characteristics of mineral
oil based BaTiOs nanofluids examined using the needle —
plane electrode configurations. The tungsten needle electrodes
with the tip radius of 10 pm, 20 um, and 40 pm respectively
were used as the high voltage electrode while the brass plane
electrode with 75 mm diameter was used as the grounded
electrode. The gap distance of the electrode system was set up
at 40 mm. The test circuit was set up according to IEC 60270.
The test procedure was performed in accordance with IEC
61294 under room temperature. From the test results, BaTiO3
nanofluids demonstrated their properties to increase PDIV of
the mineral oil based nanofluids compared to the reference
mineral oil. From these results, it is indicated that the studied
nanoparticles are good candidate to develop oil-based
nanofluids for dielectric applications.

Keywords: breakdown voltage, partial discharge inception
voltage, nanofluids, barium titanate, mineral oil

1. INTRODUCTION

Transformer is one of the most expensive and important
parts of the power generation and distribution network. A
transformer transfers electrical energy from the power plant to
the user. Generally there are two kinds of insulating materials
using in the transformer, e.g., cellulose and mineral oil.
Cellulose is used for electrical insulating and mechanical
purpose. Mineral oil is responsible for two major tasks: (1) as
an insulating material; it prevents the passage of electricity to
the outside of the electrical components and (2) as a cooling
fluid, it transfers heat generated in the active parts of the
transformer to the outside [1-3]. The mineral oil has been used

since the first commercial liquid-insulated transformer was
produced. Currently, alternative dielectric fluids are interested
to be used for dielectric applications. However, the mineral oil
still plays an important role for insulation for high voltage
apparatus especially for power transformers and instrument
transformers [4]. Focusing on the advancement of science,
nanotechnologies have potential to be applied for transformers
in enhancing material properties which may lead to a compact
design of transformer and reduced manufacturing cost [5]. In
this paper, dielectric properties of nanofluids are studied on
the basis of experimental works. Selected nanoparticles were
added into the mineral oil. Then their Partial Discharge
Inception Voltage (PDIV) and Partial Discharge (PD) was
investigated. The hypothesis of this research work was that
PDIV of the mineral oil would be increased with the addition
of a certain nanoparticle. Barium Titanate (BaTiO3;) was
selected to mix with the mineral oil for investigation.

2. EXPERIMENTAL PROCEDURE
2.1 Mineral oil based nanofluid preparation

Mineral oil based nanofluid were prepared by mixing the
mineral oil with BaTiO3 (size < 100 nm) nanoparticles. The
SEM Image of BaTiOs3 nanofillers is shown in Fig.1.

(|
500nm

NCTC 2.0kV 5.9mm x100k SE(U)
Figure 1. SEM Image of BaTiO; nanofiller

For nanofluid preparation in this study, the nanofluid
samples, mineral oil mixed with nanoparticle, were prepared
in three processes. Firstly the mineral oil was mixed with
0.01% nanoparticle volume fractions. Besides, the mineral oil
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was also mixed with 0.03% nanoparticle volume fraction.
Then, it was dispersed by using a magnetic stirrer at ambient
temperature for 30 minutes. Finally, the ultrasonic dispersant
technique was done for 2 hours to get a well dispersed
nanofluid to ensure the homogeneity of such liquid. The
magnetic stirring helps to disperse the nanopowders evenly in
the base fluid, but the energy is not enough to break any
agglomeration of nanoparticles. So an ultrasonic bath is used
to break the agglomerations of nanoparticles [5-7]. The
nanofluid dispersion process is shown in Fig.2.

aggregations, but not
enough to break them

Ultrasonication for 2 hours

Figure 2. Schematic diagram of nanofluids dispersion process

2.2 Partial discharge measurement setup

PD and PDIV experiment, the test circuit diagram is
illustrated in Fig. 3 and the PD the test circuit arrangement
was set up according to IEC 60270 as shown in Fig.4. The
measurement system comprises High-Voltage supply (HV),
coupling capacitor (Ck), coupling device (CD), test object
(Ca), fiber optical cable (FC) and PC with mtronix software
[4, 8-9].

- MCU504
Computer E
FO
battery
—

MPD600

Figure 3. Test circuit diagram for the experiment

88

Figure 4. Test circuit set-up

Where HV: High-Voltage supply 75 kV, Ca: Test vessel,
Cx: Coupling capacitor 1 nF, CD: Coupling device, FO: Fiber optics
cable, MPD600: Acquisition unit and MCU504: Fiber optic
controller

3. RESULTS AND DISCUSSIONS
3.1 PDIV test results

The examples of PD activity at PDIV level, Qv and
Qmax e 1 mny Obtaine from the conventional PD measuring
system are illustrated in Fig. 5. Table I shows results of PDIV,
Qo and Qmax (ecora 1 miny Of mineral oil, 0.01% and 0.03%
BaTiO3 nanofluids by using tungsten needle electrodes with
the tip radius of 10 pm, 20 um, and 40 pm respectively.

10 0C 4.004 ms. 8.009 ms. 12.01 ms. 16.02 ms

PDIV pulse and v
1 = pulse and Qrorv
100pc i . W y A&7
//"

{0pc i

sapc N
Stee 5

Z
=

100 pC : 5 = -

1.0nC

100C 1.004 ms £.009 ms 12.01 ms 16.02 ms. 20.0

1.0nC / Qmax (record 1 min)

100 pC :

Figure 5. PD activity at PDIV level, Qe and Qmax (ecord 1 miny Of
mineral oil, 0.01% and 0.03% BaTiO3 nanofluids.
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TABLE I
PDIV, Qppiv and Qmax (record 1 miny Of mineral oil, 0.01% and 0.03% BaTiO3
nanofluids.
Liquid Tip PDIV Qeprv Qmax (record 1 min)
dielectric radius (kV) PO) PO)
10 um 19.7 200 706
Mineral oil 20 pm 22.1 237 1,087
40 pm 28.2 474 1,841
. 10 um 21.1 338 956
(lzaoTl"% 20 um 26.1 565 1,003
) 40 um 29.2 667 1,888
. 10 pm 213 175 569
(13301;':/:*) 20 pm 25.1 416 913
’ 40 um 29.8 626 1588

3.2 Weibull analysis of PDIV test results

Weibull fitting was used to analyze PDIV results of
mineral oil and BaTiO3 nanofluids. In the Weibull plot, black
circles represent mineral oil, red square represent 0.01%
BatiO3; nanofluid and green quadrangle represent 0.03%
BatiO; nanofluid. In the analysis, 2-parameter Weibull plot
are used. For 2-parameter Weibull plot, PDIV probabilities are
calculated as:

F(x) = 1-exp{-(x/)B}

Where F(x) is the cumulative probability of PDIV; x is
PDIV; B is the shape parameter; n is the scale parameter. In
the Weibull plot the correlation coefficient p is a measure of
how well the linear regression model fits the data [4, 6, 10].

(M

Fig. 6, 7-8 show the 2-parapeter Weibull plot of PDIV of
mineral oil, 0.01% and 0.03% BaTiO3 nanofluids tested by 10,
20 and 40 pm tip radius needle plane electric respectively.
From such figures the distributions of the three liquids are
almost identical. The parameters and correlation coefficient,
including PDIV at different weibull probabilities are shown in
Table II-VII respectively.

The correlation coefficient p of the Weibull fits of the
three fluids are 0.564, 0.205, and 0.488 respectively according
to Table II. In Table III, the 1% quantile of mineral oil is
increased by 12% in case of 0.01% BaTiO3 nanoparticles and
9% in case of 0.03% BaTiO3 nanoparticles. The mean PDIV of
mineral oil is increased by 23% due to 0.01% BaTiO3
nanoparticles and 8% because of 0.03% BaTiO3 nanoparticles.

In Table IV, the correlation coefficient p of the Weibull
fits of the three fluids are 0.417, 0.310, and 0.267 respectively.
In Table V, the mean PDIV of mineral oil is increased by 18%
due to 0.01% BaTiO3 nanoparticles and 12% because of
0.03% BaTiOs nanoparticles.
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TABLE II
Parameters and correlation coefficient of 2-parameter Weibull plot of mineral
oil, 0.01% and 0.03% BaTiO; nanofluids tested by 10 pm tip radius needle
plane electrode.

PDIV at different probabilities of mineral, 0.01% and 0.03% BaTiO; with 2-

; ] BaTiO; BaTiO;
Parameters Mineral oil (0.01%) (0.03%)
B 27.43 18.55 34
n 20.13 24.78 21.63
o 0.564 0.205 0.488
TABLE I

parameter Weibull calculation tested by 10 pm tip radius needle plane

electrode.
Mineral BaTiOs BaTiO3
rol;anIi}i’ﬁeS ol (0.01%) (0.03%)
’ [%] PDIV PDIV increase PDL increase
[kV] [kV] [kV]
1 17.2 19.3 12% 18.8 9%
5 18.2 21.1 16% 19.8 9%
20 19.1 22.8 19% 20.6 8%
63.2 20.1 24.7 23% 21.6 8%
TABLE IV

Parameters and correlation coefficient of 2-parameter Weibull plot of mineral
oil, 0.01% and 0.03% BaTiOs nanofluids tested by 20 pm tip radius needle
plane electrode.

| . BaTiO; BaTiOs
Parameters Mineral oil (0.01%) (0.03%)
B 23.64 32 \
N 22.55 26.52 25.36
p 0.417 0.310 0.267
TABLE V

PDIV at different probabilities of mineral, 0.01% and 0.03% BaTiO; with 2-
parameter Weibull calculation tested by 20 pm tip radius needle plane

electrode.
Mineral BaTiOs BaTiO3
ro‘;anIi}i’ﬁes oil 0.01%) (0.03%)
P [%] PDIY — M increase oIV increase
[kV] [kV] [kV]
1 18.5 22.9 24% 23.1 25%
5 19.8 24.1 22% 23.9 21%
20 21.1 25.3 20% 24.6 17%
63.2 22.5 26.5 18% 25.3 12%
TABLE VI

Parameters and correlation coefficient of 2-parameter Weibull plot of mineral
oil, 0.01% and 0.03% BaTiO; nanofluids tested by 40 pm tip radius needle
plane electrode.

. . BaTiO; BaTiO;
Parameters Mineral oil (0.01%) (0.03%)
B 22.34 10.47 24.12
N 28.97 30.77 30.54
P 0.328 0.26 0.15
TABLE VII

PDIV at different probabilities of mineral, 0.01% and 0.03% BaTiO; with 2-
parameter Weibull calculation tested by 40 pm tip radius needle plane

electrode.
Mineral BaTiO; BaTiOs
pm];?l}i}i'ﬁes oil (0.01%) (0.03%)
[%] FDIV FDIV increase PDIV increase
[kV] [kV] [kV]

1 23.5 19.8 -16% 25.2 7%
5 253 23.1 -9% 27 7%
20 27 26.6 -1% 28.6 6%
63.2 28.9 30.7 6% 30.5 6%

90

Besides, In Table VI, the correlation coefficient p of the
Weibull fits of the three fluids are 0.328, 0.26, and 0.15
respectively. In Table VII, the mean PDIV of the mineral oil is
increased by 6% due to 0.01% BaTiOs nanoparticles and 6%
because of 0.03% BaTiO3 nanoparticles.

4. CONCLUTION

In this study, PD and PDIV characteristics of mineral oil
based nanofluids were investigated. With the addition of
nanoparticles, PDIV increased slightly above that of the
mineral oil. From these results, it is indicated that
nanoparticles is a good candidate to develop oil-based
nanofluids for dielectric applications.
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Abstract

In this paper, the dielectric properties of transformer oil-
based nanofluids was studied. The aim of this research is to improve
electrical property of the mineral oil by applying nanotechnology
knowledge. Nanoparticle i.e. Titanium dioxide (TiO,) with the mean
diameter less than 100 nm was used in the experiment. To measure AC
breakdown voltages, an oil breakdown tester (FOSTER OTS 60 AF)
was used. The gap distance between electrodes was set to be 2.5 mm.

The testing was carried out 6 times for each of the liquid test sample

according to IEC 60156 standards. The test results showed that the
addition of nanoparticles, the breakdown voltage of the mineral oil
based nanofluids increased slightly above that of the mineral oil. From
these results, it is indicated that the studied nanoparticles are good
candidate to apply developing oil-based nanofluids for dielectric

applications.

Keywords: breakdown voltage, nanofluids, titanium dioxide, mineral oil
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