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NARUPON PROMVICHALI : EFFECT OF IONIC SOLUTIONS AND
TEMPERATURES ON WATER TREEING PROPAGATION IN XLPE
INSULATED HIGH VOLTAGE UNDERGROUND CABLE FOR MEDIUM
VOLTAGE DISTRIBUTION SYSTEM. THESIS ADVISOR : ASST. PROF.

BOONRUANG MARUNGSRI, D. Eng., 212 PP.

WATER TREEING/IONIC SOLUTION/XLPE CABLE/SIMULATION/WATER

TREEING PROPAGATION/TEMPERATURE

Medium voltage distribution systems in major cities around the world have been
transformed from the overhead cable to the underground cable. As a result, the city has
a more beautiful landscape and reduces the impact of the environment on the stability
of the electric distribution system., In Thailand, the medium voltage cross-linked
polyethylene insulated underground cable has been used for the 22 kV power
distribution systems of the Provincial Electricity Authority because it has excellent
features for use. However, the underground cable may be aged as long operating time
in services. The water or ionic solution can permeate into the insulation with causing
of water treeing and electrical treeing. Moreover, the propagationsef the water treeing
leads to break ‘dewnsin the underground cable insulater. Fhis‘thesis studied the effect
of ionic solutions, and temperatures on the propagation of water treeing in high voltage
XLPE insulated underground cable for medium voltage distribution system 22 kV in
Thailand with an accelerated aging simulation of the underground cable on water
treeing. Test cables were punched and were immersed in the ionic solution and were
subjected to a test voltage of 24 kVms throughout the test period. The ionic solutions

consist of sodium chloride, sodium sulfate, potassium sulfate, copper(I)nitrate,



copper(Il)sulfate, and iron(II)sulfate. The testing periods are 1000 hours, 2000 hours,
3000 hours, and 4000 hours. Three levels of temperature, room temperature, 50°C, and
70°C were used. After tested, the physical and the chemical analyses were conducted
to compare the effect of ionic solutions and temperature on the propagation of water
treeing. The vented type water treeing has been detected by the physical characteristic
analysis. The propagation direction of the vented type initiated from the pinned-hole to
XLPE insulation layer. The bow-tie water treeing was not detected in the investigation.
So, it shows that the insulation has no contamination points in the insulation.
Considering the expansion of water treeing, the highest propagation of water treeing
was found in copper (II)sulfate solution.in each temperature, the propagation trend of
water treeing was difference such as (i) in sodium chloride solution at 50°C most
significant effect on water treeing, (i) in copper(Il)sulfate solution most significant
impact on water treeing, and (iii) in iron(I)sulfate at 70°C most significant impact on
water treeing. Copper (II) sulfate solution at room temperature has the most significant
impact on water treeing. However, the propagation characteristic of water treeing was
still different, which depends on the properties of each ionic solution and the test period.
FTIR analysis of the water treeing structure has been analyzed. It found that the ratio

of C=C:C-H and"C=0:C-H bond on the tested XLPE cable more than the new XLPE

/

cable.
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LAZ () FESO, oo eeeeeeeee s eeeseesese s e sssseeseesseeseeeesee s eeeseeeeenn 56



€ah
=2
=h.

3.26

3.27

3.28

3.29

3.30

3.31

3.32

4.1

4.2

a15sd (M)

€
@
)

anuezeaduy i luasazarelosoiindmsugez 0.5 mm Hguugl
70°C Usznov'l@1e (A) NaCl (V) Na,SO, (A1) K,SO, (1) Cu(NO,), (1) CuSO,
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A (M) FESO, cuniiieiiieeiee ettt ettt s s

a
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UAIVINNATDOU 2000 B THD oo e e 156

a [ 14 a
aursusamlnasuueiomesnsosluasazais K,SO,

UAIDINNATDOU 1000 B THD oo 157
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a % I'4 a
aursusamlnasuveiomesnsosluasazais K,SO,

UAIDINNATOU 2000 B THD oo
a [ Jd Aaa
dulsusamlnasuveiamesnsodluaisazals K,SO,

HAIDINNATOU 3000 BTG +ooeeeeeeeseeeeeeeeeee oo s es s
a [ Jd Aa
dulsusamlnasuveiamesnsos luaisazais K,SO,

HAIDINNATOU 4000 BTG oo oo e e s e s
a [ Jd Aaa
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a @ Jd AaAa
durlsusaminasuveIamesnses lua1sazals Cu(NO,),
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a [ Jd Aa
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UAIVINNATOU 1000 B LD oo e
a [ Jd aa
aususamlnasuveiomesnsod luasazaie Cuso,

UAIDINNATOU 2000 B TR oo e,
a [} Jd Aaa
sulsusaadnasuveamesnTod lua1sazals CusSo;

UAIDINNAAOU 3000 B TR oer e el et e,
a o Jd Aaa
dulsusamlnasuveiamesnsosluaisazals Cuso,
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dulsusamlnasuveiamesnsosluaisazais FeSo,

UAIDINNATDOU 1000 BITHD oo
a o Jd Aaa
durlsusamlnasuveiamesnsosluaisazais FeSo,

UAIDINNATDU 2000 B THD oo
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feniunuIY XLPE THaiagnuatt XLPE AEOUT oo 167
SATIAIUVOINUTE C=0 fo C-H ¥9110mMesn304luesazals NaCl
feDiUnUIY XLPE THaiag DU XLPE RGO oo 168
SATIAIUVOINUTE C=C @D C-H ¥09301n03130411481582818 NaCl.ovvevvveeee 169
SATIAIUVDINUTE C=0 Ao C-H UBII8N0351309 1181502818 NaCl.oovvevrveeee. 169
8A718 UV UTE C=C Ao C-H Yod0moi N30 1uaTaza18 Na,SO, e 170
80318 IUVDIUTE C=0 AD C-H YB4I0MB 311304 1UA1502A18 Na,SO,..covvreereeens 170
SATIAIUVOINUTE C=C A C-H Y0330Mo3 1309 11ua15a2818 K,SO,mvvvvvveeeeeeee 171
80318 IUVDINUTE C=0 @D C-H ¥8920iM83 1138911 a1582818 K,SO,evvvvvvrrerererns 171
8R51AIUVBINUTE C=C Ao C-H U 4201n05%38911a1582810 Cu(NO,), ....coooee 172
SATTIUVDINUTE C=0 Ao C-H ¥93201M03 13841UaTaza18 CuNO,), .coeeee 172
80318V UTE C=C Ao C-H ¥83301N03 N384 118159218 CUSO, .oovvvreerereen 173
SATIEIMVDINUTE C=0 @D C-H ¥8920Ma5%30411e15a2818.CuSO, cvvvvvvveree 173
SATIAIUVOWNHFL C=C @D C-H V09701031309 11481585818 FeSO, v 174
80318 IUVDINUTE C=0'@D C-H 1917983150411 a1502018 FeSO,mvvrrrrrrrrrrrnnn, 174
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(N http://nongcom-electrical.blogspot.com/2014/10/blog-post 22.html. [howie 1 i.e. 2561)
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1 1 (%3 901 U 901 U =)
mae a9 9 1wy Isadns letin Tsaldiindain uaz Tsaldilmdsiinages (udu
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nitouasmaa lihuie 19 usgyuaamas nih

sypuaamaa il fe szuungnsgauusasunnszuuraanad i ludlszmalne
= v v ) 3 1 o W g’l 1 = d' 1% 1% d‘ é’ 1
Nyzauusesaudimiuaamad IWiaaua 69 kv 84 500 kV N5zAUNTIAUNNINTIUFIBAANS
MATIAUANIINANNGYITE (Losses) Tuaadandne lldsszundiiheiasluih szuvda
maa liusailu 3 szau fe Tidnsega (High Voltage) szauns sdu Tl liifiu 230 kv

)
IWlfus sgaiiety (Extra High Voltage) U3z @15 3auAaua 230 kv 89 1000 kv tag Tudwsa
' Y

483 (Ultra-High Voltage) Adtigl 230 kV 914 1000 kV

sguudmeiias i fe szuu liihnsumds Iiihaennszuvdamda Induie
nsgawma i lld Tvanved s nas Tasaod lWiuiluduiissisll drusudsemealng
seauusaau T ldw 115 kv,

221  wianunanveaszuu i lulszmalne

szuu i ludszmalnelinitenunsuraseveg 3 nitesundan ldun
ms ddhenaauriatszmelne (vn) msTrldhuaswaie i) vazms Tidhdaugiinig
[ [} =\ 9 A o dy

mn.) Tesuaaz s uininngail

ms Wihdherndauradszmalne (Electricity Generating Authority of Thailand

Y A

- EGAT) iinihiisavmdsau ldhwndsgansu Tasnmsnaanagsimuitendsaulddldun
1 1 v
nrlu. nvln. waz dldwasnulwihsewduaminguineimua saunalsznalndifes szau

usaauN Avlw. wae 18un 500 kv 230 kV uag 115 kv
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Aa v o I A 1 A o
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Y
Callender Cable ”lﬁ’wammammaamuﬂizmmmumu (Paper Insulated Lead Sheath Cable
I gJ/ a a [ = 9 o A =)
PILC) Wluasausn aeaia PILC yHausdauiunaniims s luidgiv desnniiany
oA A a 9 o A ] ) ] ya
nUMULAZANLEeND Lazeeiaiia PILC aunsnlgnuaievieszundmiie Wi ldau
) (% L. Yy A = J
dmsua sy Ina (Bartinikas, 1999 9199911 TN, 2557)
1101 a.a. 1800 audafagiiu araadalanannluduma TuTaduaz Jaq Tu
1l a6, 1950 MIvOIMVLIAZNTZUIUMIHAR IdopnIUUeAda THTInNuBanguiazdieae
a ¥ A = Y a d A A A g l ] =
msasaulofFeufeunuaemia PILC uunamiandaniluens od1elsnawlull a.a.
1933 WodleNaY (polyethylenc : PE) gnaunuuaz lasumssensudmsumsidauluszuy
o 1 o w g’/ = a ad Y 9 A a A
shemias i anduludl a.a. 1950 wedenau I umunagmianuIueIN oY
v v
nanue aerlszmaansgomin landadoabanaiadniiuinin wedaenaurianiu
Y
WU UU9 Tutan g (High Molecular Weight Polyethylene : HMWPE) Aiuun1daiu a1e
1 9
wibanuiunedtenaud mTuszuuS e 35 kv Iasuldaudail a.e. 1951 uazlinig
o 4 a ) o o ' a a a I y ]
dnaueiFesmemdadmivszuusmiteldaauuuuauruneaenawiuasusnlusig
a J a 2
danetlves a.e. 1960 uaz lull a.e. 1963 ldtimsszangeomdanuiu XLPE Junildau
I g 2K o Y a a aa a ] o 9
Huasasn v lvaemiaauiunedenausiannurunuuve luanagagniunly
utieeas esnnmemiianuIu XLPE anunsoiaulugungiingeniaomanuin
wedpNaUsHAA UKL YYD TNaNage (Bartnikas, 1999)
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4 4 a 1
Tuil a.a. 1980 Usingmisainemeiniss lanrugudlenszurunmstuuis
o (% 4 a A Y o o w A Y d’ = Y a
dusumes lnaauuuizeunaz 1daihnundeniuauiuiazein 19 ldwaanuau Tree
A < A ldy 1 a
Resistant XLPE (TR-XLPE) "ianuazoiadluiiey auiuuuuluuiiaiusanuaenisng
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tomesnisdldlasnsidarsiduuaanaznislsmalulad Ianedwesidiuirrelu
NFZUIUNTHAA (Orton, 2006)
1udl a9, 1960 eeanuIueoNau INsNaw (Ethylene Propylene Rubber
- EPR) Bt g luseauusaanlnileo kv aramiianuiveraenau Insnay a1y
' 9
danguaniaaiianedoiau ualinudsIdensina0mes NI uonniimsgade
I a a a [ 1 a
anuilunuiuvesmenianuiuegenau InsnaugInnuioeummvesaaanuIn
A o & Y a Aan an a e I A
XLPE %38 TR-XLPE @41 UM s l¥aambanuivervonan Insnay lunisaaauiun
dpamstosas 39 lignlddusunisaentenias lvlih (Bartikas, 1999) Waunisvesnuau
a = [l <3 A Aa v @
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A

A1319% 2.1 VmstazswaIMIvesaenia (G.F. Moore, 1997; §3199, 2555)
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717 3.5 1599 IAA LCR

9 Cxd

= 3.2
e & (3.2)

&

”
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Tay ¢, Ao Aned lad@annin
£, 1D MANNYONYDIFAYYINIALAL 8.85 x 107 F/m
c o anwy il wiine vhia (F)
A dy A Y w a0 2
A Ao NuNMANY099NaNIZUIY 1A 0.0049 m

d 79 328$NIEHINMAUNTINANTLUI TA1 0.03 m

] a { a v T Y [ g’l
U dsazans leeotin NaCl gagines damnnuy i 14 43.7 pF aaiu
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a13197 3.3 Anwnh llfuazanediladidnn3nvesmsazare leseiniigangiaie 4
d15azae amanui Wi (s/m) mnadi ladidnnsn
looolin | gangiivies | 50°C 70°C | quugildes | 50°C 70°C
NaCl 1.049 0.676 | 1.77x10° 30.23 0.02 1.88x10°
Na,SO, 1.405 0.848 | 1.771x10° 56.96 3.28x10° | 4.52x10°
K,SO, 1.609 0.739 | 1.762x10° 80.97 0.01 1.98x10°
Cu(NO,), 1.391 0.130 | 1.778x10° 77.66 7.83 372
CuSO, 0.535 0.136 | 1.769x10° 245 5.64 522
FeSO, 1.036 0.558 | 1.774x10° 46.19 15.56 7.74
333  tlgveuuudiasddemeinios

Y
c%

[ o v Y a a o
‘Ha\ﬁﬂﬂﬂ1§ﬂ11’iuﬂﬁ]mﬁ'ﬂﬂ@liﬂﬁ18!ﬂmﬁiﬁlﬂu%u3u XLPE luuuud1aes

[ I 9 < = = v 2 g £ | a [
ﬂlum)uﬁahlﬂ!,ﬂumiﬁiwmcﬁ (Mesh) GINTHJ’IEJENﬂ’]ﬁLL’UQGB‘L!QWU@@ﬂLﬂuGﬁuﬁDULiﬂﬂﬂmﬁmﬂ 9

woldansnldgasmiuiuaie q i T1sunsy ANSYS Maxwell 2D @111509118 anvaizuoq

IS = ~ (Y A
W ueuragu NN 1902 muﬁ@ﬂugﬂ‘n 3.6

3.34

{ < o a
Tdﬁ 3.6 LUSKUDILUVIIADIUUNUNAWNUDITYLALUD

Y

usaou Inhamsumsdrassamnaluh

meonaldaunuiu XLPE dwsuszuunszaemad Inih 22 kv aldsana

Nuwa U/U, (U,) kV @9 12/20 24) kv #alumsnagenlda 20, = 2 x 12 = 24 kV azHuds

15901 24 kv 9 ldnuszuuNa1INo a9
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34 wamsdiaesnnmnsaaainnlvlih

wasnnmuataziuanaaulia lfaoadaldaunuiu XLPE 3uiwnimiz
miaawadeaauiy i fvuiageizaie g fe () 0.1 mm (i) 0.5 mm (i) 1 mm was
(iv) 1.5 mm anyuzvesnnuaseaaun dihuessamialdaunuiu XLPE awaaslugll
fi 3.7 agU7 3.18 dSmualdTuaudanuadsaaun i sndesga @Eiisw) luinga
GEN)

Snvazvosnnuadoaauin liihlumenialdduauan XLPE fvuiagos o.1

A a 9 o 1 =~ 1 (=N 3 a
mm NYWNHNN O Wﬁﬂ’lii]’la'ﬁ]\1WTJ'J’]ﬂ'J’]?JLﬂifJﬂau’lN]lV\Iﬁ']ﬁ\?q@] ﬁﬁuiﬂﬂllﬂﬂﬂ]uﬂinm

U U v

melumaniia Awaaaluglin 3.7

T (xV/mm)

=}

HOUFANIANWIAT HATUIY

() @) @)

~ @ =1 a ya A
N 37 dnvazvesanumsaaau i i luaamdaldaunuiu XLPE fuuageng
0.1 mm ludsazate lovsiinfigungiines Usznoulidae (n) NaCl (v) Na,SO,

(M) K,SO, (4) Cu(NO,), () CuSO, 11a2 (R) FeSO,
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Snvazvesnnuateaaun i luaendaldduauiu XLPE fiviiagie 0.1
mm gangd 50°C an13sransluaisazais (n) NaCl (v) Na,SO1as (/1) K,SO, N3
mmm‘%Emﬁum"lvxlﬂwqaqmﬁﬂﬁﬁuﬁnmmﬂuaﬂmmmﬁa dauwamstiaesluaisazare
(1) Cu(NO,), (3) CuSO, 11ag () FeSO, wm'wmmm%ﬂﬁum"lvxlﬂwqqqmﬁﬂeﬁumﬂ“luma

india Aanaaalugiln 3.8

wovdainwes saaun Tt v/imm)

(@)

JUn 3.8 anvazvesnnussoagun liihlumeandaldduauiu XLPE Hvnagane
0.1 mm lugisazae loveiinfigungil 50°C 1sznen l1ide (n) NaCl (v) Na,SO,

(). K,SO, (1) Cu(NO,), () CuSO, 1Az (R) FeSO,

Snvazvesanmassaaii I luaieiadald@unuiu XLPE fivwiagie 0.1
mm ﬁ'qmﬁgﬁ 70°C #an1531a091ua15aza19 (n) NaCl (V) Na,SO,1a2 () K,S0, W21
mmm’%ﬂﬂﬁum”l‘mlﬁwqeqmﬁﬂﬁuﬁnmmauaﬂmmmﬁa druramitiasslumsazaie
(1) Cu(NO,), (3) CuSO, 11 (R) FeSO, wu3'1mmm‘§amum"lﬂﬂ1qaqwLﬁﬂﬂﬁumﬂ”lumﬂ

e Aanaadlugili 3.9
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uovAn e saauy Tt kv/mm)

@ @)

g 3.9 anvazvesanusseamuuliihlumonialddunuiu XLPE Huwnagaiz
0.1 mm Tumsazae loveilnfiguvgi 70°C Usznoulidae (n) NaCl (v) Na,SO,

(M) K,SO, (3) Cu(NO,), (3) CuSO, ttae () FeSO,

o = a ya A
aﬂymzmmmmm'wﬂﬁum"lwﬂﬂumﬂmmaﬁlmuamu XLPE nuu1ngne 0.5

d‘ a 9y ) 1 =S 1 1a dy
mm NYUNNUYIDN N’ﬁﬂﬁina’ENWU?Wﬂ’JWlJLﬂiﬂﬂﬁU”lilulwﬂWﬁQQQ mu”lwq;mmuma“lum&

q QU U

wiila aauaaslugali 3.10
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uaudmanuns saguy T kv/mm)

317 3.10 anvazvesanusseamuu i lumaniialddunuiu XLPE Huwnaganz
0.5 mm Tumsazate lovoilniiguvgies UsznonliUare (n) NaCl (1) Na,SO,
(M) K,SO, (3) Cu(NO,), (3) CuSO, ttae () FeSO,

[ G

dnvauzvosnnuaisaauin il lusemdaldduauiu XLPE fvuiagine
0.5 mm figaingil 50°C wamsiaoaluasazais (1) NaCl (1) Na,SO,1a¢ () K,SO, Wi
mmm’%fmﬁum"lwﬂwqqqﬂLﬁﬂ%uﬁnmmﬂu@ﬂmmmﬁa dananmsdiaedluasazaiy
(1) Cu(NO,), () CuSO, t1ag (R) FeSO, wuﬂm’mufﬁ'tlﬂﬁum"l,vxlﬁ1qqqmﬁ@%umﬂiumﬂ

il Aeraelugili 3.1
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Tt (V/mm)

-1

HOUTFAIANUIAT BATUIY

C)) (@ ®)

30 3.11 anvazvesanusseaguuliihlumaniialddunuiu XLPE Huwnagaiz
0.5 mm Tumsazate leveilnfiguvgi 50°C Uszneulidre (n) NaCl (v) Na,SO,

(M) K,SO, (3) Cu(NO,), (3) CuSO, ttae () FeSO,

danvazvesnnuassaauiy i luaisadaldduauiu XLPE ﬁmumgmz 0.5
mm ‘ﬁqmwgﬁ 70°C Wan15318041U@15aza19 (n) NaCl () Na,S0, 11az (A1) K,SO, W11
mmm’%ﬂﬂﬁum”lwﬂwgﬂqmﬁﬂ%uﬁnmmﬂu’oﬂmmmﬁa gauramitiasdlumisazaie
(3) Cu(NO,), (?) CuSO, 1ag (R) FeSO, wudm’JmLfﬁ'fmﬁum"l,vxlﬁ1qqqmﬁﬂﬁumﬂiumﬂ

wila Aaaslugili 3.2
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uaudaanuns saauu T cvimm)

() @) @)

317 3.12 dnvazvesanusseaguuliihlumaniialddunuiu XLPE Hvwnaganz
0.5 mm Tuamsazate leveilnfiguvgi 70°C dsznoulidre (n) NaCl (v) Na,SO,

(M) K,SO, (3) Cu(NO,), (3) CuSO, ttae () FeSO,

o = a ya A
mgmzsuaqmmmiﬂﬂﬁum"lvxlﬂﬂumammaimuamu XLPE nUU1A3912 1 mm

d' a 9 o 1 = 1 1A &' a
NYUNHUITON WﬁﬂTi"lnﬁi’NW‘iJ’Nﬂ’JHJLﬂiEJﬂﬁunJUlV\Iﬂ1Q'Qf,:fﬂ mu“lwmmmumﬂ“lumﬂmma
<

v Y H 1
uazizuwiu lagandimnnues saau liihdadunlaregpens dwaadlugln 3.13
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Il (kV imm)

. | E n
I_ Q) ()
l.
L ‘
0
(1) @

A [ ~ a ya A
317 3.13 anvazvesanusseaguu i lumaniialddunuiu XLPE Huwnaganz

=

AU AINIAT HATTHIN

@)

a9y

1 mm luesazaieloosiinigavgiivios Ysgnou'lidae (n) NaCl (v) Na,SO,

U

(M) K,SO, (3) Cu(NO,), (3) CuSO, ttae () FeSO,

anvazvesanuasoaauy Iihlumeamitaldduauiu XLPE ‘ﬁﬂlmﬂgmz 3 mm
‘ﬁqmwgﬁ 50°C wan1331a091ud15aza19 (n) NaCl (¥) Na,SOMag (A1) K,SO, WU
mmm’%fmfmm”h/\l‘v’hgmqﬂLﬁﬂ%uufmmmﬂuﬂﬂmmmﬁa gauramitiasdlumisazaie
(1) Cu(NO,), () CuSO, t1ag (R) FeSO, wuﬂm’mufﬁ'tlﬂﬁum"l,vxlﬁ1qqqmﬁ@%umﬂiumﬂ

il Aueradlugali 3.14
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uoudaams saaum T (kv/imm)

(@) (@)

317 3.14 dnvazvesanusseaguuliihlumaniialddunuiu XLPE Huwnaganz
1 mm luesazaneloostinfigavinil 50°C Usznoliare (n) NaCl (v) Na,SO,

(M) K,SO, (3) Cu(NO,), (3) CuSO, ttae () FeSO,

anvazvesanuasoaaun Iiihlumeamitaldduauiu XLPE ‘ﬁmmﬂgmz 3 mm
‘ﬁ’qmwgﬁ 70°C Han1331a091Ud1582a18 (n) NaCl (¥) Na,SOag (A1) K,SO, W1
mmm’%ﬂﬂﬁum”lwﬂwgﬂqmﬁﬂ%uﬁnmmﬂu’oﬂmmmﬁa gauramitiasdlumisazaie
(3) Cu(NO,), (?) CuSO, 1ag (R) FeSO, wudm’JmLfﬁ'fmﬁum"l,vxlﬁ1qqqmﬁﬂﬁumﬂiumﬂ

il Aueraelugaln 3.15
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uouda Aums oaaum T (cv/imm)

&) ® @)

310 3.15 anvazvesanusseamuuliihlumanitalddunuiu XLPE Huwnaganz
1 mm lugsazaneloostinfigavinil 70°C Usznoliare (n) NaCl (v) Na,S0,

(M) K,SO, (3) Cu(NO,), (3) CuSO, ttae () FeSO,

Snvazvosnnuadsaauin i luaenidaldduauau XLPE fiviaging 1.5

mm fioangifes wan1ssiaesludisazais (n) NaCl (¥) Na,SO,uas (A) K,SO, HU31

mmm’%fmﬁum”l‘vxlﬂwgquLﬁﬂ%uﬁnmmﬂuaﬂmmmﬁa daunanstaesluaisazais

(1) Cu(NO,), (2) CuSO, 1ag (R) FeSO, wua'wmmm’%ﬂﬂﬁum"lwﬁwqqqmﬁ@%uma‘luma
W

2 H T H
widia sansganunanuaseagun lihidaegeizsuiisigauadfivuageng 1 mm

awaaaluzing 16
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any Tl (kv/mm)

MANUATIA

uaud

317 3.16 anvazvesanusseaguuliihlumaniialddunuiu XLPE Huwnaganz
1.5 mm lumsazate loeotnfigungiivios dsznoulidre (n) NaCl (v) Na,SO,

(M) K,SO, (3) Cu(NO,), (3) CuSO, ttae () FeSO,

danvazvesnnuassaauiy i luaisadaldduauiu XLPE ﬁmumgmz 1.5
mm ‘ﬁqmwgﬁ 50°C Han13318041ud15aza18 (0) NaCl (V) Na,SO,uag (A) K,SO, WU
mmm’%fmfmm”h/\l‘v’hgmqﬂLﬁﬂ%uu‘%nmmﬂuﬂﬂmmmﬁa gauramitiasdlumisazaie
(1) Cu(NO,), () CuSO, t1ag (R) FeSO, wuﬂm’mufﬁ‘tlﬂﬁum"l,vxlﬁ1qqqmﬁ@%umﬂiumﬂ

il Aueraelugiln 3.17
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—
—

Tolsh (kv/mm)

T a
VS
.

—
=
Rt

-

HOUFMANWMATIATUIY

€)) (@)

317 3.17 anvazvesanusseamuu i lumaniialddunuiu XLPE Huwnaganz
1.5 mm luasazate loosdnfiguiigil 50°C diznov l1fe (1) NaCl (v) Na,SO,

(M) K,SO, (3) Cu(NO,), (3) CuSO, ttae () FeSO,

danvazvesnnuassaauiy i luaisadaldduauiu XLPE ﬁmumgmz 1.5
mm ‘ﬁ’qmﬁgﬁ 70°C Han1391a091ud15aza1 (0) NaCl (V) Na,SO,uag (A) K,SO, WU
mmm’%ﬂﬂﬁum”lwﬂwgﬂqmﬁﬂ%uﬁnmmﬂu’oﬂmmmﬁa gauramitiasdlumisazaie
(1) Cu(NO,), () CuSO, t1ag (R) FeSO, ’W‘]_I’hﬂ’ﬂmﬂ%Elﬂ’dlﬂll17\]17\11@@@(@1@@%1!5118111?{18

il Aueraelugiln 3.18
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uoudmanuaseamun i &vimm)

@) ()

317 3.18 anvazvesanusseaguuliihlumaniialddunuiu XLPE Huwnaganz
1.5 mm luasazate loosdnfiguiigil 70°C dsznov l1de (1) NaCl (v) Na,SO,

(M) K,SO, (3) Cu(NO,), (3) CuSO, ttae () FeSO,

o i G Y s A J
inﬂwaﬂﬁil"lﬁi’]ﬁﬂ”lﬂ’)”mmiﬂﬂﬁu”IiJul‘i"l‘lf’\["l D1AINNTANITOUDUUTAINA WU

a zg a a a a
ﬂ'JHJLﬂ%EJﬂﬁU']illlwﬁ1q\‘]qmﬂWllu 2 LL‘U']Jﬁﬂ inameluaeada tazinaseuuendlila

1 Y ] v
TasnanieluaigmialnnaTuNUNA LRI N 50°C LazMnan1euUdNa AL AN

Q U

a X a o @ 0
NATUNYUNYI 50°C A 70°C

Q

~ Aa & o < 4
anuasoaauy ihimeduawsaihwmlasiunsliegranSeuiieuves

= A a ,5 a o v 9 @ ~
mmmiﬂﬂaum"lvxlﬂmmﬂmummmmgmqumzmmﬁugﬂﬁi A-B Ll’ﬁﬂﬁﬂdgﬂ‘w 3.19
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317 3.19 Ui navesauszoaau lihndonsan

A a Y o 9 2 v 1 =
iﬂﬂgﬂ‘ﬂ 3.19 YINFUTUAWIINIFI 1NN T AN NUTUNUTITZHINANUATOA

a Y [}

awlihuazszezneninga A hilge B aszili 3.20 Tagligaisuduogndumtis A =0 mm
() A o 1 4 Y =

(@imeannd) uazilaregaegindunie B=15mm (n5139) 92 lanslariuniea
A4 a X 1 2 a 1 g A 1 g

avw Idihamevulundazsuvesamamialunsazymaveuduimiz Tasuniuilugaig
=) . 9 12 (2 A =2 A .. 9 [

4 ve Ao() AIMTUFIZYUIA 0.1 mm aduaadluza 3.21 D331/ 3.23 (i) dmsuge

v =i =X A 9 1 v A

YA 0.5 mm gaaadlugi 3.24 Dagaln 3.26 (i) AmsVFIzIMIR1.0mm daaaslugili

=2 ~ by 9 |2 2 A =2 A
3.27 89317 3.29 (iv) FMsugzvna 1.5 mm Aaaadlugaln3.30 09314 3.32 Taglumsig
4 4 . L o da
11 3.4 Dam519h 3.7 uaasmanaseaguw ldihgegalassawvesusnunnnsw (nga

1 Gy g
A 11 B) nazaanuaseaau ldhgegaluilonuiu
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NYULNU

15mm

E!

E B )

= B=15mm
=

=
5

=

—

=

=

[

=

Tt

=

=

—

|

o=

0 1 2 3 4 5] 6 I S 9 10 11 12 13 14 15

720NN (mm)

a A aa a
517 3.20 ‘]JiL’Jil!‘VI‘W"l]'Iitl!'l‘llﬁ)\iﬂ?'llllﬂiﬂﬂﬁu'mvl%lﬁ'l

U

o = A a g Y A
W'ﬁﬂ'l'i‘ﬂ'lﬁi’)\?ﬂ')']lllﬂiﬂﬂﬁu']llllwﬂ']ﬂ@mﬁﬁllﬂ’ﬂﬂ AYYUIAFLIY 0.1 mm WU
=~ Q' g d‘ L= % o g’/ U
anuassaaun liisugeiuinszoy s mm lasegusnusen q a1l minduaiay
A y A X 4 A a v & ¢ A a o
ANANLTIBY 9 ummmuaﬂ‘wummﬂawmmgm: i;m1/1w%aﬂm'lﬂzﬂug{uﬂmmumu N

naaalugii 3.21
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=}
=}

s
=

o
o

it (kV/mm)

N

e bt (cvimm)
o

IS
IS

ﬂ'l‘llllﬂ‘i‘llﬁﬂ\l‘ll‘
-
o
AuATeR
w

o
£}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 L § 6 7 8 9 10 11 12 13 14 15
FEUZNN (mm) FEUEN (mm)
Q)] [€)]

12 12

10 T 10
£ £
Z Z

2 g = 8
= =

= =g
g
=

IS

AmAToRTIIL
s

AIIATIA

&)

o

=
=)

0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 0 1 2 3 4 5 6 78 8 L 0 11 12 13 14 15
FEOENA (mm) FLUEN (mm)

() [§)]

=
s

E A
= E
I =
& g & 8
= =
= =
= 6 = 6
= =
& 5
€ 4 z 4
= i
15 =
= =
= 2 e 2
= =

0 0

0 1 2 3 4 5 & 7 & 9 10 11 12 13 14 15 0 1 3 4 5 6 7 8 9 10 11 12 13 14 15
35OV (mm) FEUEN (mm)
() ®)

~ =% A o @ ~ a 9
s 321 anuaseadu i lumsazarelosolind sz 0.1 mm Neuugivies

Usznoulide (n) NaCl (V) Na,S0, (A) K,SO, (1) Cu(NO,), (3) CuSO, 18y
(®) FeSO,

HanmsTaednnsoad iy lngu gl 50°C A28911031912 0.1 mm WA

anuassagun i insnageuluaisazais (i) NaCl (i) Na,S0O, uag (i) K,SO, i34

=

Y 9 r
guunszezilszana 11 mm Iageguinusen 9 ununanagaia 1INHUAIZAAAN500 9
drluaisazare (i) CuNO,), (i) CuSO, ey (i) FeSO, wunmanuaseaauy Ivliisy

=

ds! d' T Aa % o 3’, 1 d' 9 A ds! d‘
gIUVUNTEYL 5 mm T@ﬂagmnmia‘u 9 G]’JHWllWﬂ1 AIMNUUANVSANANITDY ) LAIUNWUUVUDNN

a 9y I 4 A a [ A
vinalmevesging gamevzanas lliluguimiiiowan aawaaslugl 3.22
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[~}
T (kV/mm)
w 5 B

I (kv/mm)

ATAT oAy
ATNMATBAEIY

0 1 z 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7 3 9 10 11 12 13 14 15
FTOZMA (mm) FEUENH (mm)

(n) (3)

mmunioaeTrbh (kVimm)
o

amunfsamiu b vimm)

o 1 2 3 4 5 6 7 8 9 10 11 1B¥ 13 14 15 o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
UM (mm) TEUENN (mm)

(n ()

mwnFeamin T (kv/imm)
S

anuaisamu T V/mm)
o

0 1 2 c) 4 5 6 7 8 9 1011 2 13 14 15 o 1 2 3 4 5 6 7 L 9 10 1 12 13 14 15
TEUEMN (mm, ) JEOENN (mm)

(n) (R)

= 0

511 3.22 anweseagun i luarsezarelesetind gz 0.1 mm Agangll 50°C

Usznev 11A1e () NaCl (¥) Na,SO, (7) K,S0, (1) Cu(NO,), (3) CuSO, 11ay

() FeSO,

wan1ssiassnaToadum ihnguugi 70°C A283111931912 0.1 mm WA

anwaseaaun Iiinsnaaeuluaisazais () NaCl (i) Na,SO, uag  (iii) K,SO, (31
9 v 9 1]

garunszezszana 11 mm Taveguinuso q ununanasmida 9101ULA1EAAaIT0Y 9

drluaisazare () CuNO,), (i) CuSO, uag (iii) FeSO, wunmanuaseaauy sy

a A

ds! d' T Aa % o 3’, 1 d' 9 A da@}
gIUVUNTEYL 5 mm T@ﬂagmnmia‘u 9 G]’JHWllWﬂ1 AMNUUANVSANANITDY ) LAIUNWUUVUDNN

a 9y I 4 A a [ A
vinamevesging gamevzasas lifluguimiiioway aawaaslugii 3.23
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=]

- =10
E
Z s g s
: £
=6 5 e
& 2
& 5
€ 4 E 4
o ™~
£ <
= E]
= e 2
= =
0 0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 ] 1 2 3 1 5 6 7 8 9 0 11 12 13 14 15
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70°C 191.75 | 61.82 | 228.66 | '110.45 | 148.17 | 75.84

A Jd Aa a 49! A 9
ANYIARAIYIZAVOIIBMNOINIToUNAVU TUMINaTe N lFa1sazals Cuso,

H H H v 9
ANueImaeglungui 5 (W, > 1500 um) taganueumagmganayulumsnageni

71392218 FeSO, UANNEIRAeeg 1UNqui 1 (W, , < 100 um) Autaasluaisnm 5.2
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{ { I'd a [ 1
M5199 5.2 IUIAANVIIINAGIFAYDIBMB IS DDA D TuuAazdIuveIEY

a a @ < o
Lﬂlﬂaiﬁlﬂuﬂuju XLPE wasannagevii/urnal 2000 G]f')TﬂJ\‘]

- dauil | dowdl | il | dad sl

Msazany | qumgi Aunady | A1 S.D.
1 2 3 4

#oq 219.41 | 18630 | 200.13 | 22220 | 207.01 | 16.94
NaCl 50°C 232.19 | 24634 | 202.86 | 330.13 | 252.88 54.59
70°C 180.66 | 25599 | 22634 | 176.65 | 209.91 | 38.10
W03 103.97 | 91.08 | 3522 | 41.33| 14270 | 34.70
Na,S0, 50°C | 217.74 | 143.53 | 25119 | 161.46 | 20459 | 49.80
T 70°C 12062 | 11850 | 179.79 | 153.25 | 191.69 | 29.21
é; W03 10557 | 9247 | 7522| 8350 | 89.29 | 12.99
_u%; K,SO, 50°C 88.45 | 13248 | 143.52 | 11523 | 158.85| 23.99
q% 70°C 7570 | 5581 | 67.75| 9522 | 91.42| 16.56
% Wo4 141.98 | 14436 | 152.50 | 107.64 | 288.15 | 19.84
g Cu(NO,), | 50°C 15533 | 11670 | 116.70 | 76.44 | 171.24 | 32.21
é 70°C 148.55 | 106.26 | 161.73 | 143.02 | 172.86 | 23.75
g Wod | 1463.63 | 1694.66 | 1558.02 | 1760.93 | 1619.31 | 115.90
CusO, 50°C | 506.83 | 561.21 | 621.33 | 450.00 | 534.84 | 63.56
70°C | 26851 | 247.99 | 243.14 | 24735 | 251.75| 9.86
IGN 5934 | 47.61| 4140| 3795| 70.80|  9.40
FeSO, 50°C 60.05 | 8695 | 41.40 | 4418 10296 | 20.89
70°C 19175 | 61.82 | 22866 11045 | 20423 | 75.84

A Jd Aa a dy ~ 9
ANNEIIRAEYIgAveIamesNIounavU umInadeunlda1sazals Cuso,

H H H v 9
ANueImaeglungui 5 (W, > 1500 um) taganueumagmganayulumsnageni

A1392a18 FeSO, UANNEIRAL0E IUNqui 1 (W, , < 100 um) Ataadlua1snm 5.3

=\
]
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{ { I'd a [ 1
M5199 5.3 UIAANVIIINAIGIFAYDIBMD I NI DIDUAR s D TuuAazd LV Y

a a @ < o
Lﬂlﬂaiﬁlﬂu%uju XLPE wasannagevii/unal 3000 G]f')TﬂJ\‘]

vooa v v oA
aIun aIun a3Iun aIuNn

aMsazaly | QUMY AuNAY | M S.D.
1 2 3 4
#oq 246.70 | 285.32 | 309.82 | 30220 | 286.01 | 14.67
NaCl 50°C | 26473 | 318.10 | 31032 | 256.01 | 289.54 | 47.28

70°C 252.61 | 276.00 | 278.07 | 306.12 | 278.20 | 33.00

Wod | 21640 | 245.64 | 22149 | 221.83 | 223.84| 30.05

Na,SO, | 50°C | 244.67 | 240.83 | 289.15 | 39331 | 291.98 | 43.13

B 70°C | 329.29 | 29427 | 333.08 | 210.56 | 316.80 | 2530
s Wod | 21031 | 187.69 | 22425 | 18424 | 20162 | 11.25
8 | KSOo, 50°C | 149.65 | 113732 | 158.01 | 223.26 | 169.06 | 20.78
. 70°C | 17093 | 136.19 | 139.62 | 186.86 | 158.39 | 14.34
. 1oq 687.17 | 548.61 | 562.35 | 34431 | 535.61 | 17.18

Cu(NO,), 50°C 62524 | 35550 | 34531 | 488.51 | 453.64 | 27.89

70°C 122.62 | 179.81 | 25948 | 181.88 | 185.95| 20.57

ﬂ31“813’36!7]@)%‘“56\1!1!@8@\1691

Wod 2121.97 | 3298.48 | 3234.99 | 2856.62 | 2878.01 | 92.90

CuSO, 50°C 1817.50 | 1965.12 | 2104.72 | 2071.44 | 1989.70 | 32.96

70°C 422.17 | 384.13 | 122.60 | 120.54 | 262.36 | 24.88

o 98.24 86.15 | 100.00 | 101.21 96.40 | 8.14

FeSO, 50°C 139.66 | 140.76 | 189.07 | 13111} 150.15 | 18.09

70°C 231.37 | 249.29 | 200.23 | 273.35 | 238.56 | 65.68

=\

H p . A 9 H
ANNeIImasgIgaverameiniounadulunsnageunldarsazate Ccuso, i
A 1 oA A :, a dg! A 9
ANVIIRALEY lUNGUR 5 (W,,, > 1500 um) tazAueIRasmganavulunmsnagen 19
71502018 K,SO, UANNUNA80E IUNGUTN 2 (500 pm > W, > 100 pm) Aauaaalumisng

5.4
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{ { I'd a [ 1
M35190 5.4 VUIAANVIIINAFIFAYDIBMD I NI DI DUAR A5 D TuuAazd LV Y

a a @ < o
Lﬂlﬂaiﬁlﬂuﬂuju XLPE wasannagevii/una 4000 G]f')TﬂJ\‘]

oL | dowdt | it | dwed | |

asazany | quwgi | aaui 1 AuAdY | A1S.D.
2 3 4

#oq 319.60 | 33125 | 37329 | 26634 | 322.62 | 44.04
NaCl 50°C 369.14 | 368.47 | 461.61 | 274.66 | 368.47 76.32
70°C | 261.06 | 376.82 | 249.09 | 290.11 | 294.27 | 57.67
#od 214.32 | 252.54 | 291.88 | 20838 | 241.78 | 38.71
Na,SO, | 50°C | 387.65| 316.71 | 38847 | 323.61 | 35411 | 39.30
T 70°C | 37825 | 351.51| 34534 | 371.94| 361.76 | 15.81
é; #oq 355.90 | 244.26 | 236.67 | 30429 | 280.28 | 55.96
_u%; K,SO, 50°C | 17776 | 354.66 | 155.94 | 190.44 | 219.70 | 91.09
q% 70°C | 157.25 | 16327 | 186.94 | 186.94 | 173.60 | 15.60
% 1od 615.66 | 626.56 | 572.70 | 455.40 | 567.58 | 78.32
g Cu(NO,), | 50°C | 49232 | 1111.45 | 1266.86 | 839.97 | 927.65 | 339.63
é 70°C | 326.34 | 255.42 | 370.01 | 294.27 | 33151 | 48.60
g W0l | 2068.64 | 3567.33 | 2918.71 | 3588.04 | 3035.68 | 715.68
CuSO, 50°C | 1928.57 | 249229 | 1932.04 | 2219.25 | 2143.04 | 269.75
70°C | 16141 | 75596 | 794.86 | 257.51 | 492.43 | 329.48
6N 156.53 | 223.54 | 201.23 | 133.86| 178.79 | 40.91
FeSO, 50°C | 18477 | 16837 | 253.92 | 17182 194.72 | 40.09
70°C | 38471 | 339.21 | 43730 286.10 | 361.83 | 64.46

A /Ao a4a X I o A
ﬂ')"l?Jfﬂ’J!ﬂﬁﬂqqq@ﬂlﬂﬁjﬂlﬂﬂﬁﬂﬁﬂﬂﬂlﬂﬂmu%?ﬂﬂ?ﬁ'ﬂﬂﬁ@ﬂlﬂunaq 1000 “If’JIlN N

Y
a o

QUNINT 3 52U A () gangiides (i) 50°C uaz (i) 70°C Tumsazate lovolinwiina1a

U

= v 1 Jd aa Ao = = = .
iWisueunu ‘wmnamaimmmmwm’mqﬂmmmﬂa@ﬂumsazmﬂ (i) CuSO,

(ii) Na,SO, tag (iii) NaCl a1ua1al aAg

[ [

weraelugilin 5.73
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a
ANVEUNABYIYA (um)
r'
1400
B Nac1
1200 I Nas0,
1000 B K80,
Cu(NO;),
800 M cuso,
M Eeso,
600
400
200 . I I
0 _J_ﬁ l .” qmﬂgﬁ
gungites 50°C 70°C

{ 4 4 a o a a a
317 5.73 anwerimasgegaveramesssanugungil luaisazate lesetinynaila
o < 3
Waﬁi]’lﬂﬂﬂﬁ'ﬁ]ﬂlﬂuﬂﬂ’l 1000 "]f'JIlN

v
a =)

@ < & { J a
nasnnnageuual 2000 Glf']TlN ﬂ'JTJJﬂT?!ﬂEﬂgﬂgﬂmﬂﬁﬁﬂlﬂﬂﬁﬂdﬁﬂﬂ NguUny
y Y A . a 9 .. ) .o o = o .
M 3520 A0 (i) U HUYIDI (i) 50°C wag (ii) 70°C Glumsazma‘laaauﬂ%uﬂmﬁ 9
= v J Jd aa A A = = .
!,‘]_GEJ‘UWIfJ‘UﬂH ‘WTJ'J”I'J?JWI@TVI3'E)\‘UJEUH']WVIfJTJVIQ'ﬂWﬂ?i‘l’lﬂﬁﬂﬂiﬂﬁ?ﬁﬁgaTﬂ (i) CuSO,

(i) Cu(NO,), 1o (iii) NaCl aua1ay adaaslugilin 5.74

|
ANUUTURDYYIFA (um)
r'

1800
1600 B Nacl
™ Na 50,
1400 [ K80,
1200 Cu(NO;),
1000 [ cuso,
i B reso,

600
400
200

0

guuNieq 50°C 70°C

{ { J a o a a a
717 5.74 anwenumaggegaveomeivsownugungll luamsazaielossiinyniia

[ I o
nasnnnagauumal 2000 ¥ 19
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@ < o A S A Aa X 4
WasInnaaeuual 3000 ‘D"JI?J\‘] AUIURAYFIFAVDIIDNDINTDINUNAUUN

¢ A

QUUQNNT 3 32AU A () QUUYNNeN (i) 50°C ua (i) 70°C Tumsazaslovoilinriinn1a o

4 = ~

= v ' A A Lﬂ' d' .
Wseumneunu WU'J1'J@LVI@51/I'§fJ\‘liJ"’ULl"Iﬂ‘VIfJTJ“I/IQ’ﬂWﬂ?ﬁﬂﬂﬁ@ﬂiuﬁ1§a$ﬁ1ﬂ (i) CuSO,

(i) Cu(NO,), Hag (iii) Na,S0, muaay awwaadlugin 5.75

e
ANNYIINAYFIAA (um)
A
3500
P Nac1
3000 Na,SO,
2500 K,SO,
Cu(NOs),
2000 CuSO,
FeSO,
1500
1000
500
0 | - 1 ™ [ | ., NI
Qv e 50°C 70°C

A { Jd Aa o =) a a
qﬁjﬂ‘ﬂ 5.75 ﬂ’nmmmaﬂgqqmamemaimmﬂuqmwgu Glummzaw”laaauﬂnﬂ%uﬂ

@ < o
Wa\‘lﬂ’]ﬂﬂ@ﬁﬂﬂlﬂULja’] 3000 G]f’)IlN

@ < o A /A Aa X 4
vasnInnageuiuial 4000 GI)"JIJJ\‘] ANNYNIRAYZIFAVDIIDNDINTDINNAUVUN

9
QUHRNNT 3 52U Ao (i) gungiine (i) 50°C uaz (i) 70°C Tuasazaielosolinwiiaa1a

U EY

= v ' J aAa A = = = .
iieuneunu W‘U’N?@mﬁ]i‘ﬂiE’NiJ51]1!1@‘1/]EJTJ‘VI’C}'@]“VIﬂWi‘VIﬂﬁﬂUGlUﬁWiﬁgﬂWﬂ (i) CuSO,

(i) Cu(NO,), 11a¢ (i) NaCl auaiay aauaaslugili 5.76
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o
ANHIURAVEIFA (um)
r 3

3500
B NaCi

3000 [ Nas0,

2500 K,80,

Cu(NO;),

2000 M cuso,
P reso,

1500

1000

500
L Elm m im ...
gaunniifeq 50°C 70°C

H H 4 a o a a a
317 5.76 anweundsgegaveiamesionuguLgll Tuaisazaislesstinynriia

nasnnnadouilumal 4000 5214

iiosnnmamuauaNuEndUYeIasazaie leoeiin1¥iin1 0.1 mol/l aapazIaIa1
aou Ay 1y Yo Y o 9 9 S oA
nadovvesnuIveil lulaihimseenuuuldinsUsumanududununssunilansodugll
g’/ KX A = a & g’; 1 & A Y
azuuRmslasuasazaislooatingn 9 500 32119 (1 A5 a0 500 52 1u9) e lindu
Yy 9 a A A A 9 = A~ = 1
Wuduvesmsazate looatinasnvsonldsunasiosiiga welinisulasuniedisazaiy
loooiin Aoaian pH vesd1sazate leosiin A1 pH voda1saza1o lovoiin auansluaisig
= = =
5.5 099131990 5.7
4 p p . DR
msnlasudisazansloasiingn 9 500 3 Tus Tugraramadon 1000-4000 57114 9
A 1 ' 4 1A 2 ' I
gUUYUNOI WU pH IA1aAaL500 9 HdAIBIIAMATeULILIY AnNmiunsaves
A 02 o A
A1vazaeegaIu-auaaslun e 5.5
= a & v @ A
msulasudisazas logaunnn 9 500 9 Tus Tureramadon 1000-4000 211 §
a ' 1 4 1A 2 J <
gungll 50°C WU pH iAanadies 9 HaAINBIIANATOUUINIY AANUTUNTAUDI
' Y H
130501889990 Adaadluainei 5.6
o - : . $< 4
msuldsudisazansloostingn 9 500 91 Tus Tugraamadon 1000-4000 711 9
a ' ' 4 1 A 1 1 I
gaungil 70°C WU pH HAraaadiios 9 taadganamageuuuIy manuiuniaues

' Y H
1303088979V Awaaluased 5.7
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=

M13197 5.5 A1 pH vesasazane lesetinluuaazaseidsuaigasazais R

NATOU 1000-4000 32103 NgunIND

A1 pH ¥e9a13aza1w loootin
A% NaCl Na,S0, K,SO, | Cu(NO,, | CuSO, FeSO,
AOUNATDY 6.49 7.67 6.84 3.94 4.04 2.63
1 6.44 7.65 6.82 3.91 3.99 2.61
2 6.40 7.62 6.80 3.90 3.85 2.60
3 6.37 7.60 6.79 3.89 3.82 2.58
4 6.34 7.56 6.79 3.87 3.80 2.55
5 6.29 7.51 6.65 3.85 3.73 2.54
6 6.25 7.49 6.51 3.82 3.69 2.51
7 6.23 7.46 6.49 3.80 3.63 2.49
8 6.21 7.40 6.42 3.79 3.62 2.42

A15199 5.6 A1 pH vesansazane leeeinluusazyenasuaeasazale fvranan

a

nAdoY 1000-4000 2134 Ngavgil 50°C

U

M pH vasa13azate loeoin
avaii NaCl | NaSO, | K80, | CuNo,, | cCuso, | Feso,
nOUNATDL 6.74 7.44 7.24 3.43 3.70 2.40
1 6.68 7.42 721 3.42 3.66 2.39
2 6.63 7.32 7.21 3.40 3.65 2.36
3 6.57 7.30 7.20 3.39 3.64 2.32
4 6.51 7.28 7.17 3.37 3.61 2.33
5 6.45 7.15 7.15 3.31 3.58 2.30
6 6.42 7.01 7.13 3.31 3.52 2.30
7 6.40 6.99 7.12 3.20 3.50 2.23
8 6.37 6.95 7.09 3.13 3.48 221
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A1319% 5.7 A1 pH vesansazane lesetinluuaazaeinasunigansazais Nyanm

nAABY 1000-4000 21314 Mgauy

a

U

N 70°C

A1 pH veddsazate loootin
asai NaCl Na,SO, K,SO, Cu(NO,), CuSO, FeSO,
nNOUNATOU 6.77 7.23 7.52 2.97 3.37 2.15
1 6.75 7.19 7.51 2.95 3.36 2.06
2 6.72 7.15 7.49 2.95 3.34 2.10
3 6.67 7.12 7.46 2.95 3.34 2.05
4 6.62 7.09 7.45 2.93 3.33 2.07
5 6.59 7.03 7.25 2.92 3.29 2.06
6 6.54 6.91 7.21 2.91 3.25 2.04
7 6.51 6.88 7.19 2.88 3.22 2.00
8 6.49 6.86 7.18 2.86 3.20 1.08

d' =3 d' o Y [ d‘ 1 [
INATNN 5.5 DIMI1N 5.7 hnasensiloasimsilasuutasvesm pH Tuinas

FIUIDMATOU A9 1000 %2 T3 2000 13 114 3000 52113 uag 4000 %2 Tu3 dauaaaluziln

1 v Y v Y
5.77 wuneasimsasuutasvesa pH ?JﬂH‘WiJ%‘L!GI,u‘V(]ﬂ € BIINLIIMNATDU ﬂTi!WlIﬁu"UEN

[l Y d Aa 49( 1 ~ = ~
pH 219899a 11211V IIOINO TN DININT ’muslugﬂ‘ﬂ 5.78 ﬂ\‘igﬂ‘ﬂ 5.81 uaaansi

8n51ms1lasualasmn pH vesansazas leesiinlugisiamageunis

o I < a 1 o ]
vasnnnagautlunal 1000 53 1ue Tuaisazaresiani q w5eufeunu wunlae

' v 9 @ S aa I o = '
drulug wua Tdumsversdarveromesniouiluliasasinsiasunilasvesar pH

a < I ' @ 4
sarduluaisazmaelenniin K,80, nag cuNO,), Feornilu 11 ldnmsveredrvesiemes

A A W vE o v ~ ' ~ Y A
w304 1 lduunum pHIdeIog mRe) dsudas g i 578
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Y = '
onsmsilasumilavesnn pH (%)

14 1

12 4

10 4
&
B 1000 4T
81 [ 2000 $ T
17 3000 4T
6 4000 $2Twa
||
44

2 J | | |

0 e | 1 l, I I—-l,—l—L g 1 E l 1 [v I b ensazanulonniin

dos  so'c 70'C | Mos se°'C 70°C | Wea  so'C 70°C | Wea | so'C 70°C | vies  so°C  70°C | Mes  so'C  7eC
NaCl Na,SO, K,SO, Cu(NO,), CuS0, FeSO,

d' U lﬂl 1 =)
317 5.77. 8amslasuniasuesn pH vesdrsazae lovoiin

w A '
gasmManlasuiavesnn pH (%)
rFs
14 4
B NaC1
12 - [ Na,S0,
[ k80,
10 Cu(NOy),
M cuso,
g | I Feso,
6 =
M auvi)uvios
W so°c
4 B 70°C
2 T -
;
¢ e ! ‘ il
0 -I-J-.-. — A i esazanglooeiin
NaCl Na,SO, K.SO, Cu(NO;), CuSO, FeSO,

A o = 1 a o
31]1/] 5.78 f’)ﬁﬁ”lﬂ”lil‘llaﬂuuﬂaqsl]@ﬂﬂ'] pH sllf’]\iﬁ’"ﬁagaﬁ]ll@ﬂﬂu’ﬂ 1000 "]f'JIlN

@ I ] A 1 @ 1
nasnnnageutual 2000 %3109 luaisazaerianis q wWseuneuny wunley
1 ] 9 %] J aAa d o ~ 1 o
daulvg nuaTdumsversarvesremesnsoullu lilamsasimsnlasunilasvesnt pH A

waaaluziin 5.79
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" 4 .
dns1msiasuniaivesn pH (%)
F 3
14 1
3 5 B nacl
I Nas0,
ik | T K.S0,
Cu(NO;),
i M cuso,
I reso,
T
W quugpiifiea
4 4 I so°c
B 70°C
2 -4
I l::‘ 3
1 1l aee
0 - M.-l L[ sazangleasiln
NaCl Na,S0, K,SO, Cu(NQOs), CuSO, FeSO,

31N 5.79 sasimsnlaounlavesi pH vesasazateloosiin 2000 $21ug

o 4
dasimIaouutlasvesnt pH (%)

A

14 1

B Nac1

12 1 I Na,S0,
K80,
R Cu(NO;),
I cuso,

I Feso,

NaCl Na,S0, K,SO, Cu(N03)2 CuSo0, FeSO,

3191 5.80 sasamsasunilasuess pH vesasazatolosadin 3000 #2111
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@ I ] A 1 @ [
nasInnageutunal 3000 %3 1u9 luaisazaerianie q wWseumeuny wunlay

[ ] 9 o J Aa g @ A '
mu“lmy LLH'JIHMﬂTiGUEJ']ﬂ@I'J“llf)ﬂ')@tﬂf]iﬂi@\‘llﬂuhlﬂﬁ'lll@ﬂi?ﬂ"li!ﬂaﬂullﬂa\‘]‘ll@ﬂﬂ1 pH

a X < 1 o 4
sniulumsazaelesniin Na,SO, tag CuNO,), Hio1wiulildmsvenedivesiomes

S A 1 g}da! (% 1 =} ] = (2 d‘
“I/I’if]\‘lulﬂJulWUuﬂ‘UﬂW pH (WEID81R Y7 muﬁmiugﬂ‘n 5.80

4

14 +

12 +

10 +

h

NaCl

o e
sasmsasuuilaivesa pH (%)

Na,SO,

K,S0, Cu(NO,),

Cuso, FeSO,

a1sazaielosniin

317 5.81 asimsulasuuilasvesa pH vesansazateloaoiin 4000 3 Tug

@ < < A 1 @ [
naaInnageuilial 4000 %3 1u9 luaisazaesian q wWSeufeuny wunlae

[ [ 9 @ J Aa g [ A T
ﬁ’mﬂlmy LL‘L!'JTUMﬂ']i"Ufﬂﬂﬂ')"ll'l’)\?')ﬂﬁ/lﬂﬁ‘ﬂiﬂﬂ!’]Ju]lﬂ@'lilﬂ@]i']ﬂ']i!ﬂﬁﬂullﬂaﬁ"llﬂﬁﬂ'] pH

a v < 1 (Y 14
saiuluasazaislesniin Na,SO, az CuNO,), Hao1uiullldnsvenedivesiemes

aAa 1 9)49! % T = 1 = [ A
mm”lu”lmuﬂum pH NYIDYULAY muam"lugﬂw 5.81
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A 9 Y a YA 1 1
iiosnnmsmuauaNudNduvesdisazates loooiin1nlia1 0.1 mol/L Anea%19a1
oy ¥ v Y a A ¥ = A
nadou lildoonuuuldausadiumanududunnuszvulansoaugy aziudulaeu
arsazawlevaiinyn q 500 11 1ue e lvmmsi liihasvselasunlasiesiga Taolu
d‘ = d‘ 1 o a
M13199 5.8 Dem15197 5.10 uaasamanuh Ildhvesansazare loosiin

msnagouannui lihvesasazaroriianie q Nguugiines wuanumh

U

= Q' 49! zﬂ' \ Q' dy o Q' dy 3
"lv\lﬂmmzwmmieﬂ il uﬁm31ﬂmmmﬁaumuwmﬁm"l%lﬂwm’fmazawmmmu N

nandlumsean 5.8

a

msnadoumanui Idihvesdisazareriiaais 9 Nguugi 50°C wuNAIMININ

Y

A A 2 A v A 2 o 2 E
vl‘l/\lﬁﬁJﬂHWiﬂlHLi@ﬂ 9 meinfmnamﬂﬁauummumim"h/\lﬁwmmiazawmmﬂmu 12N

HAAd U519 5.9

a

mynaaeuanmih lilivesasazareriina1a q Ngavgil 70°C WA

A A 2 A v A 2 o 2 E
vl‘l/\lﬁﬁJﬂHWiﬂlHLi@ﬂ 9 me:nfjmamﬂﬁfmum@uumim"l%lﬁwmmiazmﬂﬂmmmu 12N

HaAAd U519 5.10

1 1 o a 4 a a
A1519% 5.8 mmmuﬂﬂﬂwmmsazmﬂ%aauﬂmﬂm:mﬂﬁamammm‘%aﬂumﬂmma

N¥19namagon 1000-4000 ¥ 16 Noa1iivio

U

manuiih lihvesansazarelessiin (S/m)

avaii NaCl | NaSO, | KsSO, | Cu(NO), | CuSO, | FeSO,
nouUNAADY 1.049 1.405 1.609 1.391 0.535 1.036
1 1.112 1.500 1.697 1.417 0.811 1.059

2 1.203 1.504 1.722 1.422 0.893 1.101

3 1.221 1.532 1.737 1.620 0.992 1.188

4 1.251 1.597 1.795 1.621 1.023 1.195

5 1.261 1.666 1.835 1.777 1.202 1.225

6 1.302 1.773 2.017 1.824 1.402 1.288

7 1.332 1.799 2.200 1.830 1.457 1.309

8 1.401 1.832 2.255 1.839 1.511 1.401
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1 1 o a 14 a a
A15197 5.9 ﬂ'lﬂ']'lﬂJuTulV‘lﬂﬁJﬂ\‘]ﬁ15a$a'llelfJfJfJuﬂﬂ?ﬂﬂ?ﬁ‘l’lﬂﬁ'ﬂﬂ?@kﬂ@ﬁ‘ﬂ%ﬂﬂﬁluﬁTﬂLﬂ!ﬂJa
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Abstract

Most of the distribution systems are nowadays upgraded
to underground systems. Cross-linked polyethylene (XLPE)
insulation has been employed as an insulator in
underground power cables due to its excellence in electrical
properties. The environmental issues in service have been
the major studied problem that associated with the
formation of water treeing and reduction of XLPE
the humid

environment where XLPE power cables are laid, a number

insulation performance. In underground
of ionic solutions can be found which in the presence of
water treeing can lead the aging process. This paper studies
the effects of electric fields in the presence of Cu(NO;),.
CuS0,, FeSO,, K,S0,, Na,SO,, and NaCl solutions with
water treeing radius of 0.1, 0.5, 1.0 and 1.5 mm in ANSYS
MAXWELL 2D. Bush type water treeing resulted into 31
kV/mm in 1.5 mm radius with Cu(NOs),, FeSO., K;SO4,
Na,SO,, and NaCl solution. In vented type water treeing, 38
kV/mm in 1.5 mm radius with CuSO4, was observed. The
observed field strengths were above the minimum
acceptable breakdown voltage (30kV/mm) of XLPE
insulation but CuSO, solutions showed great contribution in

the intensification of electric fields.
Keywords: Water treeing, Electrical tree, Electric field,

XLPE power cable, ANSYS MAXWELL 2D.

1. Introduction

Water treeing in underground power cable is described
as an electrochemical treeing process in presence of ionic

solutions which cause distortion due to partial discharge

DOI: 10.12792/iciae2017.047

and progressing through layers under electric stress in

extremely non-uniform fields'”

. It is a major source of
causes ageing of polymeric cable insulation apart from
thermal degradation, partial discharges, aggression by
environment and losses'”. Cross-linked polyethylene
(XLPE) is widely used as insulation in underground high
tension cables but a damaging phenomenon called treeing
takes place inside the material with continued exposure to
moisture and electrical stress”®. The study of inception and
extent of the growth of water treeing to electrical treeing
have been examined and analyzed in Wang et al.”; Boggs

et al®;

Assay”. They aimed to evaluate acceleration
ageing and improve the high performance of insulation
material by considering the dimensions of water treeing,
ageing structural changes, the concentration of the
electrolyte, type of applied voltage and temperature on
inception voltage of electrical tree.

When XLPE cable is subjected to lightning or
switching overvoltage, there is a high possibility for water
treeing to become electrical treeing”™. Ref."” defined the
applied voltage as a source of external forces (electric
fields) that squeezes ionic solutions into small cracks and
weak points of the XLPE cable. The presence of ionic
solutions in small cracks and/or.weak points causes the
formation of water treeing. The tips of growing water
treeing experience the different strength of electric fields.
The theory about the coneentration of strong electric field
on sharp tips has been described in Wang et al.”’. In the
underground level, different ionic solutions can be occupied
in small cracks or weak points of XLPE cable and hence
water treeing which can cause different stressing in XLPE

insulation. But the study of the electric field distribution

© 2017 The Institute of Industrial Applications Engineers, Japan.
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under different ionic solutions in the water treeing is not
well known. This does not assure if the XLPE insulations
can withstand electric fields under different ionic solutions
in water treeing.

This paper has studied the effect of electric field
distribution in water treed XLPE insulation under different
ionic solutions. The proposed ionic solutions to be used in
the study were Cu(NOj3),, CuSO,, FeSO,4, K,SO,, Na,SO,,
and NaCl. Due to the complexity of the effect, the study
was done on bases on simulation. ANSYS MAXWELL 2D
has been widely used to analyze electric fields by
employing numerical techniques for finding approximate
fields. ANSYS MAXWELL 2D

high-performance interactive software package that applies

electric is  a
finite element analysis (FEA) to solve electric field and
magnetic field problems. Also, it uses meshing process as
discretization to transfer continuous functions, models, and
equations into discrete counterparts. The first part of the
report shows materials and mathematical modeling of
electric fields. The second part shows the study of electric

fields in XLPE insulation under proposed ionic solutions.

2. Materials

2.1 Power Cable

A commercial HV power Cable 12/20(24) kV 1 core
(XLPE) power cable was used in this study with a
cross-section as shown in Fig. 1. Ref. " showed more
information about this XLPE power cable. This power
cable is mostly used in distribution systems in Thailand.

In Fig. 2, circular compact stranded annealed copper
8.33 the
semi-conductive layer has 0.785 mm thick, cross-linked

conductors  have mm  diameter, inner
polyethylene (XLPE) layer has 5.5 mm thick and outer
semi-conductive layer has 0.8 mm thick. These were the

most useful layers in this study.

Metallic screen with binding tape, R12.7 mm

Jacket, R14.5 mm

Fig. 1. 22 kV XLPE HV power Cable
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Insulation screen, R11.25 mm

XLPE, R10.45 mm

Conductor screen, R4.95 mm

Conductor, R4.165 mm

Fig. 2. 22 kV XLPE power Cable with XLPE, inner and
outer semiconducting layers

2.2 Ionic Solutions

Six ionic solutions were used for the study of electric
field i.e. Cu(NO3),, CuSOy, FeSO,, K,SO4, Na,SO4, and
NaCl. The relative permittivity and bulk conductivity of the
cross-linked polyethylene (XLPE), semiconductors, copper,
and ionic solutions (Cu(NO;),, CuSQy4, FeSO, K>SO,
Na,SO,, and NaCl) are shown in Table 1.

Table 1. The relative permittivity and bulk conductivity of
the materials.
Solution Relative Permittivity Bulk Conductivity (S/m)
Cu(NOs), 77.66 1.391
CuSOy 24.5 0.535
FeSO4 46.19 1.036
K>SO, 80.97 1.609
Na,SO, 56.96 1.405
NaCl 30.23 1.049
Semiconductor 100.00 2x 107
XLPE 2.30 1x 10"
Copper 1.00 5.8x 107
2.3  Electric Field in an XLPE Power Cable

A mathematical model of electric fields (E) spreading
around an XLPE power cable is presented by the wave
equation (Helmholtz’s equation) derived from a differential
form of Maxwell equations which are Faraday’s law and
Ampere’s law as defined in equations (1) to (9) as given in
Chari and Salon'?.

Faraday’s law;
VXE =(dB )/ ot (1)

Take the curl (V) of both side, equation (1) become
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VX(VXE )=3/0t(VXB"7) @)
Since B and H are related by the constitutive equation
B =uH"~ 3)
Then
VX(VXE™)=-p 9/0t(VXH") “
Use Ampere’s law to replace (V X H ) since
VXH =) +aD )/t (5)
Then
VX(VXE )=p 2/0t()"-p(a*DH)(3t) (6)

For isotropic materials, we can use the constitutive equation

Since
(J)’=cE and D =¢E” (7)
Then Equation (6) become
V X(VXE )=pc 9/0tE pe(d*EN(A) (8)

Using a vector identity for the curl-curl operator, equation

(9) become

VX(VXE~)=V(V-E”)-V2E"~ 9)

Because the divergence of the electric field is zero in
homogeneous material then equation (9) become

V2E =pc 9/0tE -pe(d*E7)(0 )=0 (10)
Where ¢ is the dielectric permittivity of media, ¢ and & are

the magnetic permeability and the conductivity of

conductors, respectively.

(13)

The electric field in complex form, as in ™~ were

considered in this paper as time harmonic system, and then,
AE/dt=joEand (3 E™/(dt)=-0’E (11)

Where @ is the" angular. frequency then equation (10)
becomes,
V?E "-joopE "+ o’ epE "=0 (12)

Equation (12) in Cartesian coordinates (x, y) with the

problem in two dimensions, it becomes
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0/0t(/pu dE/dx)+2/0y(I/nE/dy)(ow a-

13
w?&)E=0 e

It is not easy to analyze electric field by using equation (13)
in analytical techniques. Equation (13) was used in ANSYS
MAXWELL 2D to analyze electric fields.

2.4 Designing of water treed model in ANSYS

Maxwell 2D.

The geometry of water treeing in XLPE cable was
ANSYS Maxwell 2D as

indicated in Fig. 3. The desired field is approximated with a

discretized automatically in

second order quadratic polynomial expressed as in equation
(14).

A, (X, y) =ag+a; x+a, y+a; x3+a4 Xy-+as y2 (14)

Field quantities inside the triangles were calculated by
using second order quadratic interpolation scheme. The
Poisson’s equation as equation (15) is replaced with energy
functional in equation (16). This function is minimized with
respect to each node in every triangle.

ViA=-u] (15)
F(A)=1/2 [ (VA-VAYu+ADdV (16)
Conductor Semiconductor

ol

Fig. 3. Discretized water treed XLPE Cable

3. Simulation Results

The results of electric fields distributions with Bush
and Vented type water treeing of radius ry 0.1 mm, 0.5 mm,
1.0 mm and 1.5 mm with Cu(NO3),, CuSO,, FeSO,, K,SO,,
Na»SO,, and NaCl jonic solutions are shown in Fig. 4 and
Fig. 5 respectively. In Fig 4 and 5, the thickness of layers
from inner to outer semiconductor is represented in x-axes.
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Fig. 4. Electric field distribution in bush type
water treeing
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Vented Water treeing 0.1 mm
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Fig. 5. Electric field distribution in vented type

water treeing
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4. Discussion of Results

From Fig. 4, the maximum field strength of
approximately 31 kV/mm was observed in a treeing radius
of 1.5 mm with Cu(NOs),, FeSO,, K,S0O,, Na,SO,, and
NaCl. In Fig. 5,

approximately 38 kV/mm was observed in a treeing radius

the maximum field strength of

of 1.5 mm with CuSO,. The maximum value of field
strength in Fig 4 and 5 was seemed to exceed minimum
field strength of XLPE insulation (30 kV/mm)"'¥.

From the observation, vented water treeing was seen to
exceed minimum field strength of XLPE insulation earlier
than bush type water treeing. El-Zein et al'"® presented the
study of electrical trees in solid insulation and showed that
vented water treeing may occur sooner compared to bush
water treeing. Furthermore, the presence of CuSO, ionic
solution showed the greatest influence in vented type water
treeing. The disposition of CuSO, ionic solution in vented
treeing and hence exalt considerably was also presented in
Boonraksa''®. Therefore, an environment with CuS0y, ionic
solutions may result in high service cost due to the

performance of vented water treeing.

5. Conclusions

Effects of ionic solutions in the propagation of water
treeing in HV XLPE cable have been presented. Bush and
vented water treeing with treeing of radius ry of 0.1 mm, 0.5
mm, 1.0 mm and 1.5 mm under the effects of Cu(NOs;),,
CuS0,, FeS0O,, K;S0,, Na,SO,, and NaCl ionic solutions
were clearly designed in ANSYS MAXWELL 2D software.
Electric field strength of 38 kV/mm and 31 kV/mm in
treeing radius of 1.5 mm were observed in vented and bush
water treeing respectively. Observed maximum field
strength was seen to exceed minimum field strength of
XLPE insulation (30 kV/mm). Moreover, vented was
investigated to occur in lower electric fields compared to
bush water treecing. Therefore, CuSO, ionic solution
revealed to exhibit much contribution in the advancement

of water treeing.
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Abstract— Water tree has been studied for many years due
to it is the cause of insulation failure in HV Cross-Link
Polyethylene (XLPE) cable. The insulation failure was mostly
associated with the presence of ionic solutions in water treeing.
This paper presents the study results on the effect of NaCl ionic
solution and temperature to water treeing propagation in HV
XLPE cable. A 22 kV XLPE HV underground cable using in
the distribution system of Provincial Electricity Authority
(PEA) of Thailand was used as a testing specimen. The study
was performed by dip testing specimens in 0.1 mol/L of NaCl
ionic solution with difference temperature, i.e., ambient
temperature, 50 °C, and 70 °C, respectively. Testing specimens
were subjected to 24 kV 50 Hz during the testing period for
1000 hours and 2000 hour. A comparative study of the effects
of relative permittivity, bulk conductivity, and behavior of
water treeing was presented. The experimental results show
that at ambient temperature, water treeing propagation grew
faster than the temperature of 50 °C and 70 °C for 1000 hrs.
However, for 2000 hrs., water treeing propagation was not
similar at 1000 hrs. Such results may be due to the role of the
testing period. The trend of water treeing propagation is faster
than at 1000 hrs.

Keywords— Vented tree, Bulk Conductivity, Temperature,
Relative Permittivity, lonic solution, XLPE, Underground Cable,

1. INTRODUCTION

Most of the countries, the electrical overhead distribution
system is changing to an underground cable system that good
for the environmental system and high safety for people as
shown in Fig. 1 and Fig. 2. However, in long-time service,
problems or damages may occur in the underground cable
system, and it needs a long time for maintenance. The
problems that go to be electrical breakdown include partial
discharge, mechanical force, moisture content, ionic solution,
and water, etc. [1]. In the presence of moisture content, the
main problem of underground cable occurs in an insulation
layer. In following, if moisture can permeate from
semiconductor layer to the insulation layer, it can initiate the
insulation deterioration. that calling water treeing which
similar plume-like structure~[2]. Water treeing can divide
into bow-tie treeing and vented type treeing. Bow-tie tree
occurred within insulation layer. The vented tree grew from
the outer or inner semiconductor layer to the insulation
layer[3]. However, the occurrence of water treeing must
include an applied voltage and moisture/ water [4].

Presently, many researchers have been studied to
investigate and to understanding water treeing
characteristics. ~ The experimental study by [5], they

concerned the electrical stress at the tip of pin-hole in XLPE
insulation layer which caused vented tree occurring directly,
and they found that water treeing propagation decreased at
high temperature. The occurring of small crack in the
insulation layer in cable needs a long time. The authors in [6]
found that the electric field strength increased as bulk
conductivity increased and relative permittivity decreased at
the tip of crack or pinned-hole in insulation [6]. The authors
in [7] reported the simulation results of XLPE high voltage
cable in different ionic solutions. They found that at higher
electric field strength at the tip of water treeing was obtained
from the simulation results when comparing low relative
permittivity ionic solution with high relative permittivity
ionic solution.

Underground HV cable system has been increasingly
installed in Thailand. However, characteristics of water
treeing in XLPE high voltage cable in the distribution system
of PEA are not yet studied well. Well, understanding of
water treeing characteristics is essential for using the
underground cable system. Propagation of water treeing
under various ionic solutions must be elucidated. So, this
paper presents the study results on the effects of NaCl
solution and temperatures to the propagation of water treeing
in XLPE high voltage underground cable for PEA
distribution ‘%S‘te\?? of Thailand.

Fig. 2. Underground System [9].
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II. EXPERIMENTAL SETUP

A. Sample Preparation

The single core (XLPE) medium voltage underground
cable 12/20(24) kV was used and was cut to 200 cm in
length for this study. Since most of water treeing was found
in the insulation layer, the cable was peeled the cable cover
out by remaining of insulation screen. The cross-section of
underground cable is shown in Fig. 3. The XLPE insulation
layer, the conductor screen, and the copper conductor are
shown in Fig. 4.

Copper conductor

Conductor screen

XLPE insulation ——

Insulation screen

Metallic screen

Fig. 3. Single core XLPE underground cable 12/20(24) kV [10].
Copper conductor
Conductor screen

XLPE insulation

Insulation screen

Fig. 4. Peeled cover of single cable 12/20(24) kV by remaining of
insulation screen, XLPE insulation, conductor screen, and copper
conductor,

The insulation screen of cable specimen was peeled, and
a group of pin-hole on XLPE insulation was made as
dimensions shown in Fig. 5.

Insulation screen

XLPE insulation ‘
Conductor screen

Copper conductor
Fig. 5. Model of pinned-hole in XLPE cable.

B. Experimental Procedure.

The experiment was performed by using NaCl ionic
solution 0.1 mol/L with a circulation of solution all the time.
During the test, the cable specimens were subjected to 24
kV, 50 Hz, and different temperature levels, i.e., at ambient
temperature, 50 °C, and 70 °C, respectively. All cable
specimens were put in the stainless sink by no had external
mechanical force and were dipped in NaCl solution. The
period for testing was 1000 hrs., and 2000 hrs. The
experimental layout is shown in Fig. 6. And, the actual
arrangement is shown in Fig. 7.

C. Ionic Solution Parameter.

Bulk conductivity and relative permittivity of NaCl 0.1
mol/LL were measured by the equipment as shown in Fig, 8.
Measuring results are shown in Table 1. The bulk
conductivity was directly measured, but relative permittivity
value was determined after the capacitance measurement.

IEECON 2018, Krabi, Thailand

XLPE cable in
stainless sink

Testing transformer

Q

Resistor damping

-

Circulating pump

8(a)

8(b)
Fig. 8. 8(a). Conductivity measurement and 8(b). Capacitance

measurement.

Capacitance measurement results were used to determine
the relative permittivity (;), as in (1) [11].

(€]

£p=&/€0

Where &) is an absolute vacuum permittivity and
8.85X 107> F/m. gis the relative permittivity and equal to (2)

& = (Cxd)/A ()]

‘Where C is capacitance, d = gap between parallel plate (3
cm), and A = diameter of plate (7 cm?y

From parallel plate capacitor, the relation of capacitance
and relative permittivity 4S shown in (3)

& = (Cxd)/(Axeo) 3)

The resulting from (3) is shown in Table 1. Moreover,
bulk conductivity and relative permittivity of XLPE cable
components are shown in Table 2.
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TABLE 1. BLUK CONDUCTIVITY AND RELATIVE PERMITTIVITY OF
NACL
NaCl ionic solution
Temperature . Relative
Bulk conductivity (S/m) permittivity
Ambient 0.941 30.23
50 °C 0.784 60.83
70°C 0.593 62.85
TABLE II. BLUK CONDUCTIVITY AND RELATIVE PERMITTIVITY OF
XLPE CABLE COMPONENT
XLPE cable component
Temperature .. Relative
Bulk conductivity (S/m) permittivity
Semicond 2 % 107 100
XLPE 1x10"7 23
Copper conductor 5.8 x 107 1

D. Sliced XLPE Cable Preparation.

To observed water treeing by using a stereomicroscope,
the tested specimen was sliced into a thickness of 400 - 600
um by a microtome. The slices were stained with methylene
blue solution at 80 °C for 2 hours. After that, the slices were
dried around 3 hours.

III. EXPERIMENTAL RESULTS

The stereomicroscope (Olympus BX51M) was used to
observe water treeing. The observation results are shown in
Fig. 10 and Fig. 11 for 1000 hrs. and 2000 hrs. testing
periods, respectively. Lo is defined as the length of water
treeing (Vented water treeing), as shown in Fig. 9. The
length of water treeing was measured. The measuring results
are shown in Table 3 and Table 4, respectively.

Minimum length
L7

by

Fig. 10. Structure of vented tree length in XLPE cable for 1000 hrs. include
(a) room temperature (b) 50 °C and (c) 70 °C

IEECON 2018, Krabi, Thailand

(c)

Fig. 11. Structure of vented tree length in XLPE cable for 2000 hrs.
including (a) room temperature (b) 50 °C and (c) 70 °C

%

Fig. 9. Water treeing length L.

TABLE III. LENGTH OF WATER TREEING IN XLPE INSULATION FOR
NACL IONIC SOLUTION IN 1000 HRS.
T Length of water treeing(um)
i E Max Min Average
Ambient 198.72 117.36 188.04
SURE 133.86 113.86 123.86
705€. 11041 11593 113.17
TABLE IV. LENGTH OF WATER TREEING IN XLPE INSULATION FOR
NACL IONIC SOLUTION IN 2000 HRS.
Length of water treeing(um)
TEpciatype Max Min Average
Ambient 186.30 127.66 156.98
50<C 37536 202.86 289.11
70°C 25599 176.65 216.32
90-




193

IV. DISCUSSIONS

In XLPE cable, the water treeing was focused on XLPE
insulation layer. Concerning the experimental results,
discussions are given as follows.

A.  Type of Water Treeing.

Water treeing consists of bow-tie type and vented type
[3]. This study found the only vented type. The occurrences
of vented type treeing show that the structure of XLPE
insulation material is still good, or there are no small voids
inside XLPE insulation that can initiate the occurrence of
bow-tie type treeing.

B. Relationship of Temperatures with Propagation of
Vented Type Treeing.

After testing at ambient temperature, 50 °C, and 70 °C,
the vented type treeing was observed by a stereomicroscope.
For 1000 hrs., longer length of the vented tree was
measured on tested specimen testing at ambient temperature
comparing to other temperatures. The maximum length
water treeing is 198.72 um, and the minimum length water
treeing is117.36 pm. As shown in Fig. 12, at 1000 hrs.
testing period, the trend of water treeing propagation agree
with the investigation results in [5]. However, at 2000 hrs.
testing period, faster propagation of water treeing was
obtained on the specimen tested at a higher temperature. At
50 °C, length of the water treeing is longer than ‘other
temperatures. ~ Such results may be the rule of the
temperature to damage some XLPE insulation properties for
an extended testing period.

350

E . Ambient
= 300
N B
= 1250
E 70 °C
$ 200
>
2 150
&
@ 100
g A
) A
Q
z [ 3
)
1000 2000

Time (hous)

Fig. 12. Comparison of vented tree length in XLPE cable for 1000 hrs. and
2000 hrs.

C. Relationship of Water Treeing with Bulk Conductivity
and Relative Permittivity.

For 1000 hrs. of the testing period, the water treeing
propagation grew fast at low relative permittivity and high
conductivity. Such results may be due tothe ionic solution
having the low relative permittivity and having the high
polarity of dielectric property. And it means that the ionic
solution at low relative permittivity is good for electric
conducting or low resistance. The low resistance of ionic

IEECON 2018, Krabi, Thailand

solution resulted in the high current or the high conductivity
[12]. For 2000 hrs. of the testing period, the trend of water
treeing propagation is not same as 1000 hrs testing period.
Such results may be due to the role of the testing period.
The trend of water treeing propagation is faster than at 1000
hrs.

V. CONCLUSION

Propagation of water treeing in XLPE underground cable
under 24 kV 50 Hz and NaCl 0.1 mol/l ionic solution was
studied. Vented type water treeing was observed. For 1000
hrs. of the testing period, the highest water treeing
propagation was obtained at ambient temperature, and the
lowest water treeing propagation was obtained at 70 °C
because at low temperature had a low relative permittivity
and high conductivity. However, for 2000 hrs, the highest
propagation of vented tree was tested at 50 °C, and the
lowest was at 70 °C. Maybe the properties of XLPE
insulation changed for an extended period.
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The Effect of pH and Temperature on the
Propagation of Water Treeing in XLPE
Insulated Underground Cable
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ABSTRACT

Water treeing has become the major problem in
XLPE insulated underground cable caused by the
moisture penetration. Even though some studies have
been done on this problem, it is still not clear how the
moisture can damage the XLPE insulated cable un-
der certain operating conditions quickly. This work
has studied the effect of pH and temperature of the
ionic solutions to the degradation of the XLPE insu-
lation. The study focused on the XLPE cable used in
the 22 kV underground distribution systems in Thai-
land. The ionic solutions involved a 0.1 mol/1 of NaCl
and CuSQy solutions for degrading the XLPE cable
at ambient and 50°C in 1000 hours and 4000 hours
with the electric stress of 22 kV 50 Hz continuously.
CuSQ4 and NaCl revealed a pH of 4.04 to 3.70 and
6.49 to 6.74 from ambient to 50°C respectively. The
higher strength of acidity resulted in CuSQy4 at-50°C
was observed to be more effective in the propagation
of water treeing across the XLPE insulation. The
propagation of water treeing across the XLPE was
strongly dependent on the pH level. Temperature
above ambient was concluded to be detrimental for
XLPE insulation when a CuSQy ionic solution exists
over an extended period due to the significant prop-
agation of water treeing.

Keywords: Water treeing Propagation, Ionic Solu-
tion, pH, Temperature, XLPE Power Cable.

1. INTRODUCTION

For many yéars,. the Cross-Linked Polyethylene
(XLPE) insulation has been accepted to have excel-
lent electrical properties that make it'suitable for use
in underground cables. XLPE has been mostly em-
ployed as an insulator especially in underground dis-
tribution power cables, for example, in 22 kV dis-
tribution networks over several provinces in Thai-
land. Despite its excellence in electrical properties,

Manuscript received on July 31, 2018 ; revised on August 3,
2018.

*The authors are with School of Electrical Engineering,
Suranaree University of Technology, Nakhon Ratchasima,
Thailand, E-mail: bmshvee@sut.ac.th!

**The author is with School of Electrical Engineering, Ra-
jamangala University of Technology Rattanakosin, Nakhon
Pathom, Thailand.

it faces “environmental problem” which relates to the
ingress of moisture or other ionic solutions that re-
duce the performance of XLPE insulation in high
electric fields. Moisture or other ionic solutions can
penetrate into XLPE insulation through small cracks
and weak points. Then, the applied voltage acts as
an external force (electric fields) to enable this ingress
through small cracks [1]. The penetrated solutions
form tracks or tree-like structure in XLPE insula-
tion known as water treeing which distort the poly-
meric materials due to partial discharges progressing
through layers under electric stress in extremely non-
uniform fields [2]. Several studies [3-6], have proved
that the damaging phenomenon of water treeing takes
place inside the XLPE insulation with continued ex-
posure to moisture and electrical stress. Furthermore,
the water treeing is considered as a major source in
the aging of polymeric cable insulation through ther-
mal degradation, partial discharges, aggression by en-
vironment and losses [7].

The study of the inception and extent of the
growth of water treeing to electrical treeing have been
examined and analyzed in [8]. Water treeing is nor-
mally grouped into two types which are vented type
and bow-tie. Firstly, vented type treeing is defined
as the type of water treeing growing from insulation
boundaries to another side of the insulation as shown
in Fig. 1, mainly vented type treeing grows toward
the electric field line. Another type is bow-tied tree-
ing, see Fig. 2, and is defined as the water treeing
growing inside of insulation wolume. Bow-tied tree-
ing grows in the opposite direction from the electric
field line [9].

Several published research papers illustrated the
fast growing of water treeing propagation at high
temperature [12], whereas others research papers re-
vealed that propagation of water treeing grew fast
at low temperature [13]. However, in all the above
researcher’s works, the parameters of the ionic so-
lution were not considered. In this study, both the
effect of pH and temperature of the ionic solutions
to XLPE cable are examined. This study, NaCl and
CuSOy ionic solutions were used for testing because
there have many types and properties of the ionic
solution (salt solution) in the underground systems
in Thailand. CuSQ,4 solution usually occurs when
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Fig.1: Type Treeing [10].

Fig.2: Bow-Tied Treeing [11].

Copper conductor

Conductor screen

XLPE insulation ——

Insulation screen

Metallic screen

bi Aingr P 4

Jacket u
Fig.3: Single Core 12/20(24) kV XLPE Under-
ground Cable [1/].

there is water entering the underground cable and re-
acting with the copper conductor. Therefore, NaCl
and CuSO, ionic solutions were chosen for testing.
Also, the different properties of both ionic solutions
are shown i Table 1-3.

2. EXPERIMENTAL SETUP
2.1 Sample Preparation

The new (unused) single core (XLPE) medium
voltage underground cable of 50 mm? 12/20(24) kV
was used in this experiment (see Fig. 3). The ca-
ble was cut into pieces of 200 cm length. Since the
water treeing occurs in XLPE insulation, to fasten
their occurrence, only critical layers were left for the
experiment (see Fig. 4). The essential layers were
XLPE insulation, conductor screen and the copper
conductor as shown in Fig. 4.

From the layers of interest of XLPE cable, few pin-
holes were made to initiate the formation of water
treeing (if not pinned, the experiment may operate
over an extended period without initiating a water

Copper conductor

Conductor screen

XLPE insulation

Insulation screen

Fig.4:
Cable.

Insulation screen
XLPE insulation mmmlp
Conductor screen

Copper conductor

Layers of Interest in 12/20(24) kV XLPE

Fig.5: Setup of Pin-Holes in XLPE Cable.

treeing). For each XLPE cable, four sections for pin-
ning were made. The number of pin-holes and their
dimensions are shown in Fig. 5.

For dimension controlling of pin-holes setup in
XLPE cable, there are two steps. Firstly, the Vernier
caliper was used to measure the radius of the pin (0.5
mm). Finally, the washer was put on the pin that
near the pin-tip but the length of pin-tip left to be
1 mm. So, when the pin was impaled on the XLPE
insulation, the washer will prevent and control the
length of pin-tip to be 1 mm. However, the length
of pin-tip may be incorrect around 1£0.1 mm. To
ensure that the size of pin-holes is prescribed, the re-
searchers used a microscope to measure the size of
pin-holes. This pin-holes setup was only a defected
point for testing of vented type treeing.

For bow-tied treeing, the defect point occurred
from some mistake point of the production in the
factory. The defect point of bow-tied treeing cannot
make in XLPE insulator. Therefore, bow-tied treeing
may occur in the XLPE insulator.

2.2 Experimental Procedure

The arrangement and setup of the experiment are
shown in Fig. 6-7. Two test chambers, one for NaCl
and the other one for a CuSOy, ionic solution, having
0.1 mol/l were used (see Fig. 7). In Fig. 7, the left
test chamber contained NaCl ionic solution kept at
50°C circulated continuously with an electric pump.
The continuous electric stress of 24 kV 50 Hz was
applied throughout the test. Moreover, the left test
chamber contained several cables which were stressed
for 1000 hours and 4000 hours. On the right of Fig.
7, a CuSO, ionic solution was used with the above
procedures. In the case of ambient temperature, the
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XLPE cable in
stainless sink

Testing transformer

Resistor damping

Heater

Circulating pump

Fig.6: Arrangement of the Test Chamber.

' Testing
s Tramsformer g
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Heater
" Controller
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Fig.8: a) Measuring Capacitance b) Bulky Conduc-
tivity.

heat was not equipped.

2.3 Ionic Solutions

In a 0.1mol/1 of NaCl and CuSQy4, bulk conductiv-
ity and relative permittivity were obtained by using
equipment showiinFig. 8 at ambient and 50°C. The
values of bulk econduetivity (S/m) were measured di-
rectly with equipment in Fig- 8(b). Amounts of rela-
tive permittivity were obtained through measurement
of the capacitance of the ionic solution at ambient and
50°C. Based on the capacitance of the capacitor, the
relative permittivity of the ionic solution was calcu-
lated as shown in (1) [15].

Cxd
Er = u (1)
(A x &q)
Where
gp = free permittivity equals to 8.85x10712 F/m.
€, = relative permittivity of the ionic solution.

Bow-Tied Type

Vented Type

Fig.10: Measuring the Length of Water Treeing.

C = measured capacitance of the ionic solution.

d = distance between parallel circular plates of the
test cell shown in Fig. 8a (3 cm).

A — cross-section area of the test cell plate (7 cm?)

For observing the presence of water treeing, the
XLPE cable was sliced with layers of interest with-
out cores (see Fig. 4) in a thickness of 400-600 pm by
using microtome equipment. The slices were stained
with methylene blue solution at 80°C for 2 hours (for
getting a precise observation of the water treeing un-
der the microscope) before allowing to dry for about
3 hours. A stereo microscope (Olympus BX51M)
shown in Fig. 9 was used to identify and measure
the length of the water treeing in the sliced speci-
men. The length of vented type treeing as well as
bow-tied treeing, denoted by L,, are shown in Fig.
10.

3. EXPERIMENTAL RESULTS

Table 1 and Table 2 show the results of bulk
conductivity and relative permittivity of NaCl and
CuSQ0y, respectively in ambient and 50°C. Table 3
shows the pH levels of NaCl and CuSOy, in ambient
and 50°C. The pH level of an ionic solution at a spe-
cific temperature was measured by using pH meter
(pH - Benchtop Meters).

Tables 4, 5, 8, and 9 show the measured length of
vented and bow-tied treeing for NaCl ionic solution
at ambient and 50°C for 1000 and 4000 hours. Tables
6, 7, 10, and 11 show the length of vented and bow-
tied treeing for NaCl ionic solution at ambient and




197

86 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.16, NO.2 August 2018

50°C for 1000 hours and 4000 hours.

Figs. 11-14 are some of the microscopic images of
water treeing and their comparison are shown in Figs.
15-18.

Table 1: Bulk Conductivity and Relative Permittiv-
ity of NaCl Solution.

Tittiperafre NaCl Solution
Bulk Conductivity (S/m) Er
Room 1.049 30.32
50°C 0.676 0.22

Table 2: Bulk Conductivity and Relative Permittiv-
ity of CuSO4 Solution.

etk CuS0y4 Solution
Bulk Conductivity (S/m) | &,
Room 0.535 245
50°C 0.136 5.64

Table 3: pH of Ionic Solutions at 0.1 mol/I.

Tempaiabie pH of Tonic Solutions
NaCl CUSO4 |
Room 6.49 4.04
50°C 6.74 3.70

Table 4: Length of Vented Type Treeing with NaCl.

Temperature | Length of Water Treeing (jum)

at 1000 hrs. Max Min Average
Room 208.25 | 189.19 198.72
50°C 127.49 | 100.23 113.86

Table 5: Length of Vented Type Treeing with NaCl.

Temperature | Length of Water Treeing (pm)
at 4000 hrs: Max Min Average
Room 336.21 |1326.29 331.25
50°C 280.23 |1.269.03 274.63
Table 6:  Length of Vented Type Treeing with
CuS 04.
Temperature | Length of Water Treeing (pm)
at 1000 hrs. Max Min Average
Room 1580.32 | 1535.72 1558.02
50°C 1988.64 | 1875.44 | 1932.04

Table 7:  Length of Vented Type Treeing with
CuS 04,
Temperature | Length of Water Treeing (yun)
at 4000 hrs. Max Min Average
Room 3002.84 | 2834.58 | 2918.71
50°C 3311.33 | 3158.65 | 3234.99

Table 8: Length of Bow-Tied Treeing with NaCl.

Temperature | Length of Water Treeing (pm)

at 1000 hrs. Max Min Average
Room 140.28 | 130.36 135.32
50°C 201.11 | 180.19 190.65

Table 9: Length of Bow-Tied Treeing with NaCl.

Temperature | Length of Water Treeing (pan)

at 4000 hrs. Max Min Average
Room 280.71 | 222.57 251.64
50°C 293.11 | 251.37 272.24

Table 10: Length of Bow-Tied Treeing with CuSQOy.

Temperature | Length of Water Treeing (pan)

at 1000 hrs. Max Min Average
Room 220.31 | 189.75 205.03
50°C 342.82 | 328.02 335.42

Table 11: Length of Bow-Tied Treeing with CuSQOy.

Temperature | Length of Water Treeing (pm)

at 4000 hrs. Max Min Average
Room 350.03 | 301.29 325.66
50°C 400.55 | 380.07 390.31

V= NSO
(b) Vented Type Treeing at 50°C
in 1000 hours

= v

v

(a) Vented Type Treeing at Room
Temperature in 1000 hours

, b

(c) Vented Type Treeing at Room (d) Vented Type Treeing at 50°C

Temperature in 4000 hours 1 in 4000 hours

Fig.11: Vented Type Treeing in NaCl Solution.
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Vented Type Treeing Size (um)
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Type of lonic Solution
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{¢) Vented Type Treeing at Room (d) Vented Type Treeing at SO0°C Fig.15: Vented Type Treeing Size after 1,000 hours
Temperature in 4000 hours in 4000 hours gf testﬂng period.

Fig.12: Vented Type Treeing in CuSO4 Solution.

]
S

5
8

= (a) Bow-Tied Treeing at Room (b) Bow-Tied Treeing at 50
Temperature in 1000 hours. in 1000 hours

Vented Type Treeing Size (um)

NaCl CuS0,
Type of lonic Solution

M Room Temperature M 50°C

= A
(c) Bow-Tied Treeing at Room (d) Bow-Tied Treeing at 50°C
Temperature in 4000 hours in 4000 hours

Fig.16: Vented Type Treeing Size after 4,000 hours
of testing period.

Fig.13: Bow-Tied Treeing in NaCl Solution.
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(a) Bow»‘ﬁe Treeing at Room . : BowsTied” ; et n iu ég 69

Temperature in 1000 hours

Size (um)

NaCl CuS0,
Type of lonic Solution

M Room Temperature W 50°C

i

(©)

Bow-Tied Treeing at Room (d) Bow-Tied Treeing at 50°C
‘Temperature in 4000 hours in 4000 hours

Fig.17: Bow-Tied Treeing Size after 1,000 hours of
testing period.

Fig.14: Bow-Tied Treeing in CuSOy Solution.
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Bow-Tied Treeing Size (um)
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Fig.18: Bow-Tied Treeing Size after 4,000 hours of
testing period.

4. DISCUSSION
4.1 Effect of Temperature

From Tables 5-6 and Figs. 16-17, it was observed
that water treeing propagates faster at room tempera-
ture than at 50°C. Similar results were obtained when
observations were made in 1000 hours and 4000 hours
(see Figs. 16-17). The most resulted in water treeing
due to NaCl was vented type treeing. On the other
hand, with a CuSOy4 solution, water treeing propa-
gated faster at 50°C than room temperature. In the
case of a CuSO,4 solution, both vented and bow-tied
treeing occurred. Also, similar results were obtained
when observations were made in 1000 hours and 4000
hours (see Figs. 18-19). Generally, the CuSOy4 solu-
tion seemed to be more dangerous compared to NaCl
at room and 50°C regarding water treeing propaga-
tion.

4.2 Effect of pH on XLPE layer

From Table 4, the values of the pH scale of NaCl
and CuSOy4 are in the range of strong acid to pure
water (neutral or pH nearly to 7). NaCl solution was
investigated to be more acidic at room temperature
(6.49) than at 50°C (6.74). The effect of pH 6.49 was
seen to the water treeing length of 208.25 pm (1000
hours) to 336.21 (4000 hours). Moreover, the pH of
6.74 at 50°C resulted in.the water treeing length of
127.49 pm (1000 hours) to 280:23 yan (4000 hours).
Therefore, NaCl was observed to be more acidic at
ambient rather than 50°C.

However, the CuSO, solution was observed to be
less acidic at room temperature (4.04) than at 50°C
(3.70). The pH 4.04 resulted in the water treeing
length of 1580.25 pm (1000 hours) to 3002.84 pm
(4000 hours). Moreover, the pH of 3.70 at 50°C re-
sulted in the water treeing length of 1988.64 pm (1000
hours) to 3311.33 pm (4000 hours).

Therefore, the characteristic of pH lower than 7,
termed as acidity [17], was seen to be deleterious to
the life of XLPE cable due to the gradual corrosion

and accelerated water treeing propagation which re-
sults to the insulation failure.

5. CONCLUSION

The effect of temperature and pH of NaCl and
CuSOy ionic solution in 22 kV XLPE power cable
was studied. NaCl and CuSO, were observed to un-
dergo acidity property which is detrimental to XLPE
insulation when subjected to a different temperature.
The NaCl was found to be dangerous to XLPE in-
sulation at ambient temperature while CuSQy4 above
ambient temperature. The propagation of water tree-
ing across the XLPE was strongly dependent on the
pH level; the lower the pH level, the higher is the
propagation of water treeing and vice versa. Temper-
ature above ambient was concluded to be detrimental
to XLPE insulation when a CuSQy4 ionic solution ex-
ists over an extended period due to the significant
propagation of water treeing.
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oo T A Comparison Study of Electric Field Propagation in Water
3 % Treeing Types for XLPE Insulated Underground Cable of
3 L} o Distribution System in Thailand
’"‘c% P. Narupon, B. Terapong, and M. Boonruang”
iy

Abstract— Water treeing has been the problem for XLPE insulated underground cable. However, this issue is still not
known well which the humidity can damage to XLPE insulated cable quickly. This study was a focus on the electric field
of water treeing types based on 22kV distribution system of Thailand. The electrical field distribution was simulated in
ANSYS Maxwell 2D software. The results showed that electric fields of bush and vented type are more as the large
radius of water treeing, but electric field of bow-type is more as the small radius of water treeing only. Therefore, in
this study the XLPE insulated cable applied with the voltage of 22kV for a long time, the bush and vented type become
dangerous in XLPE insulated underground cable more than bow-type. Moreover, in this study XLPE with ionic
solutions tested to confirm simulation results by realistic experiment. The experiment was tested in the environmental
model include NaCl and CuSOy4 0.1 mol/L with the temperatures at room and 5S0°C. The simulation also validated the
result of the experiment.

Keywords— XLPE underground cable, Water treeing, Electric field, ANSYS MAXWELL, Ionic solution.

treeing have been examined and analyzed in [8].
1. INTRODUCTION When a high voltage was applied to a copper
conductor of an XLPE cable in the absence of water
treeing, electric fields were equally distributed across the
surface of all insulation layers. In the presence of water
treeing, this behavior did not exist. Unequally distributed
behavior exists with localization of electric fields. If
localized electric fields exceed the minimum acceptable
value, the breakdown will be expected. In the
underground level, different ionic solutions exist on
which power cables pass were laid. The presence of ionic
solutions in the water treeing can cause different
stressing in  XLPE insulation. This phenomenon
accelerates unequal distribution of electric fields.

Water treeing was separated into three types that are
vented type, bush type, and bow-type. However, the
morphology of vented and bush type is quite similar.
Vented type grows from the edge of XLPE insulator to
conductor. The direction of the vented type usually
belongs to the electric field line. Bow-type grows inside
of XLPE insulator. The direction of bow-type distributes
opposite belong electric field line [9]. Vented type and
bow-type as shown in Fig. 1.

The penetration of different ionic solutions in
underground XLPE cable form tracks or tree structure in
XLPE layer which is known as “Water Treeing.” Water
treeing is an electrochemical tree process in the presence
of water, moisture or ionic solutions which distort the
polymeric materials due to partial discharges through
layers under electric stress in extremely non-uniform
fields [1]. The XLPE that used in the underground
distribution system has excellent electrical properties, but
it faces the environmental problem. This problem relates
to the ingress of moisture or other solutions that reduce
the performance of XLPE in high electric fields.
Moisture or other solutions can penetrate into XLPE
cable through small cracks and weak points. Applied
voltage as a source of external forces (electric fields) that
cause this ingress through small cracks of the XLPE
cable [2]. In [3]-[6], the damaging phenomenon took
place inside the material with continued exposure to
moisture and electrical stress was proved and discussed
as water treeing. It is a significant source that causes
aging of jpolymeric cable insulation apart from thermal
degradation,  partial.. discharges, aggression by
environment and losses [7]. The study of the inception
and extent of the growth of water treeing to electrical

P. Narupon is with the School of Electrical Engineering, Suranaree
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Many published papers of researchers were studied
about water treeing. Fast propagation of water treeing
occurred at high temperature [10], whereas others
research paper revealed that fast propagation of water
treeing occurred at low temperature [11]. However, the
previously published paper was not considered
parameters of the ionic solutions well. In this paper at the
experiment, we considered parameters of ionic solution
that includes electrical properties, pH, and temperature.
Before the experiment, the simulation was done by
ANSYS Maxwell 2D software about the behavior of
electric fields which form water treeing in XLPE
insulator underneath water solution. The simulation
compared the electric field of bow-type and other types
including the bush type and vented type published in
[12].

The rest of the paper organized as follows; Simulation
in the second section which includes Modeling of the
electric field of ANSYS Maxwell, Underground cable,
Modeling of underground cable, the Non-uniform
electric field of XLPE cable layers, and Simulation
procedure. The third section depicts Simulation results
and discussion which includes Distribution of electric
fields in layers of XLPE cable, Comparison between
bow-type, bush type, and vented type. The fourth section
depicts Experimental results and discussion which
include Type of water treeing, Time aging to' XLPE
cable degradation, Effect of pH on XLPE cable, Effect of
temperature on XLPE cable, and Effect of ionic solutions
on XLPE cable. Lastly, it is the Conclusion of the paper.

2. SIMULATION
Modeling of Electric Field of ANSYS Maxwell

ANSYS Maxwell 2D is a high-performance interactive
software package that applies finite element analysis
(FEA) to solve electric field and magnetic field
problems. However, this study used 2D in the simulation,
because water treeing shape belonged to the cross-
section area of sliced water treeing.

A mathematical model of electric fields (E) spreading
around an XLPE power cable is presented by the wave
equation (Helmholtz’s equation) derived from a
differential form of Maxwell equations which are
Faraday’s law and Ampere’s law as defined in equations
(1) to (9).as given in [12] and [13]. The first equation is
Faraday’s law as shown in equation (1).

VxE= B_B (D
ot
Take the curl ( ) of both side, equation (1) become
Vx(VxE)z—ﬁ(VxB) 2)
ot

Since B and H are related by the constitutive equation.

B=uf 3)

Then take equation (3) in equation (2)

Vx(VxE):—yﬁ(Vxﬁ) 4)
ot

Use Ampere’s law in equation (5) to replace equation
(4); then it became equation (6).

- oD

(VxH):JwLE ®)
Then
VX(VXE):~#5.7*/H(;;ZD (6)

For isotropic materials, we can use the constitutive
equation, Since :

J=0cE and D=¢E )

Then equation (6) becomes

Vx(VxE):~luo(%E~lug gf{f

)

Using a vector identity for the curl-curl operator,
Equation 8 becomes

Vx(VxE)=V(V-E)-V’E ©)

Because the divergence of the electric field is zero on the
homogeneous material, then equation (8) becomes

VZE:—yagé—yao-E:O (10

~

ot ot

2

Where ¢ is the dielectric constant of media, i and ¢ are
the magnetic permeability and the conductivity of
conductors, respectively. Then the equation (10) was
used in ANSYS MAXWELL 2D to analyze electric
fields.

Underground Cable

Dimensions of a commercial underground cable
12/20(24) kV (50 mm? cross-section area) single core
XLPE cable were used in this study with the cross-
section shown in Fig. 2 (by T = thickness size). More
information has been given in [14]. This power cable is
mostly used in underground distribution systems in
Thailand.
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Quter Semiconductor . T 0.8 mm

XLPE, T 5.5 mm

Inner Semiconductor , T 0.785 mm

er, R 4.165 mm

Fig.2. Cross-Section of 22 kV XLPE Underground Cable

Modeling of Underground Cable

Bow-type with radius ry of 0.1 mm, 0.5 mm, 1.0 mm,
and 1.5 mm was considered for electric field simulations.
The modeled water treeing with radius ro is shown in Fig.
3. The radius of water treeing was assigned water
solutions in the simulation. The region beyond outer was
assigned as vacuum linked with the ground. Since bow-
type occurs anywhere in the XLPE layer, it was set in.the
middle of XLPE layer.

For simulation, the electric properties of this chamber
with XLPE cable was shown in Table 1. The Electric
properties of the outer semiconductor were a same inner
semiconductor.

Ground electrod QOuter semiconductor ,R11.25 mm

XLPE .R10.45 mm

Inner semiconductor ,R4.95 mm

Conductor .R4.165 mm
Water

—l— Ground

ry= Radius of water trecing
R= Radius of each layer of cable

Fig.3. Modeling of Underground Cable for Simulation

Table 1. Electric Properties of the Chamber and XLPE

Cable
Tt Dielectric Conductivity
constant (S/m)
Semiconductor 100 2 %103
XLPE 23 1'%10°"7
Conductor 1 5.8 x 107
Distilled water 81 2 x10*
Ground 1 2% 10°
Vacuum 1 0

Non-Uniform Electric Field of XLPE Cable layers

In ANSYS Maxwell 2D, the geometry of XLPE cable
can be discretized into small elements in 2D to obtain
solving by the algebraic equation shown in equation (11).
The desired field in each element is approximated with a
second order quadratic polynomial expressed as in
equation (11). The field quantities inside the triangles are
calculated using a second-order quadratic interpolation
scheme. The discretized model of XLPE cable was
shown in Fig. 4.

A, (x, y) =a,+ax+a,y+ax +axy+ay (11)

§— Conductor

—Inner semiconductor
XLPE

Outer semiconductor
Fig.4. Discretized Water Treed XLPE Cable

Simulation Procedure

Bow-type with radius rp = 0.1mm, 0.5mm, 1.0 mm,
and 1.5mm was initiated at the center of XLPE layer
whereby each radius was set in one simulation.
Unchanged 24kV voltage at S0Hz was applied at copper
conductor with water solution that assigned to the water
treeing. The conditions of the simulation procedure were
shown in Table 2. For simulation, the boundary
conditions of the chamber with XLPE cable include
applied voltage 24kV, 50Hz at the copper conductor and
applied voltage OkV at the ground electrode as shown in
Fig. 5.

Ground electrode 0 kV

Water

— Ground

Fig.5. Boundary Conditions of the Chamber and XLPE
Cable
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Table 2. Conditions of Simulation Procedure

Parameter Value
Voltage (V) 24kV, S50Hz

0.1lmm, 0.5mm,
1.0mm, and 1.5mm

Radius of water treeing (ro)

3. SIMULATION RESULTS AND DISCUSSION

The results of electric fields distributions in bow-
type with radius, r¢=0.1mm, 0.5mm, 1.0mm, and 1.5mm
with water solutions, were shown in Fig. 7. The
simulation was done. The considered area is around
water treeing as shown in Fig. 6. And, distances from the
inner semiconductor to outer semiconductor were given
in x-axis. In Fig. 7, the level of the electric field was
plotted and shown in its corresponding layer as arranged
in Fig. 6. The electric field of an inner semiconductor at
a distance of 0.785mm was OkV/mm. The maximum
electric field was 80kV/mm around XLPE layer, and
outer semiconductor at a distance of 0.8 mm was
OkV/mm.

The electric fields distribution in bow-type was also
compared with bush and vented type from the published
paper of [12]. Electric field distribution of water treeing
with water solutions was shown in Fig, 8, Fig. 9, and Fig,
10. From Fig. 11 showed the comparison of the electric
field distribution of bow-type, bush type, and vented
type. The levels of electric fields in the bow-type, bush
type, and vented type as shown in Table 3.

Ground electrode

Water

|
-L Ground

y-axis
\| \considered arca L_\
:L/:L},,,,?ﬁ‘i,,,ffi} i
g
0

7.085

Fig.6. Considered Area of Electric Field for Bow-Type

Electric Field (kV/mm)

Electric Fleld (kV/mm)

Electric Field (kV/mmm)

Electric Field (k\/mm)

0 1 2 3 4 5 6 7
Distance (mm)

(d)

Fig.7. Relationship of Electric Field and Considered Area
for Bow-Type with Water Solution includes (a) ry=0.1mm

(b) r9=0.5mm, (¢) re=1.0mm, and (d) ry=1.5mm
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() (b)

Fig.8. Electric Field Distribution in Bow-Type with Water Fig.10. Electric Field Distribution in Vented Type with
Solution includes (a) No Water Treeing (b) r¢=0.1mm, (c) Water Solution includes (a) No Water Treeing (b)
rp=0.5mm, (d) ry=1.0mm, and (e) re=1.5mm ro=0.1mm, (c¢) ro=0.5mm, (d) ry=1.0mm, and (e) ro=1.5mm

Table 3. Maximum of Electric Fields for Bow-Type, Bush
Type, and Vented Type

Electric Field (kV/mm)

Type To Layer
“Inner XLPE “Outer
0.1 | 0.100738 | 80.200995 | 0.046685
. 05 | 0.146180 | 34.744676 | 0.067641
% 110 0181288 | 20032492 | 0.083771
15 ] 0224712 | 13.074819 | 0.107515
0.1| 0.146438 | 16395072 | 0
05 | 0.150517 | 15.502039 | 0
Bush
1.0 ] 0161777 | 19.166656 | 0
15 0173035 | 20.809467 | 0
0.1 0.145410 [9.796613 | 0
0.5 |.0.150416" %6.762211 | 0
Vent
1,04 10153302~ | 21.374130 | 0
1510162203 | 25.284099 | 0

“Inner = Inner semiconductor
“Outer = Outer semiconductor
g = radius of water treeing

Fig.9. Electric Field Distribution in Bush Type with Water
Solution includes (a) No Water Treeing (b) r¢=0.1mm, (c)
r9=0.5mm, (d) ry=1.0mm, and (e) ry=1.5mm
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Fig.11. Comparison of Electric Field in Bow-Type, Bush
Type, and Vented Type with Water Solution includes (a)
ro=0.1mm (b) ry=0.5mm, (¢) ry=1.0mm, and (d) r)=1.5mm

From Fig. 7, 8, 9, 10, 11 and Table 3, the following
have been observed when performing the study of the
electric field distribution. The amounts of electric fields
for the breakdown voltage of XLPE insulation from [15]
has been used for comparison in this study. In [15]
electric field of breakdown voltage for XLPE was ranged
from 30 — 50 kV/mm. And, it will be used in assessing
the health of XLPE layer.

Distribution of Electric Fields in Layers of XLPE Cable

Form Fig. 8 for bow-type, distribution of electric field
was non-uniform from the outer surface of the copper
conductor to insulation layers. Inner and outer
semiconductor layers were the least electric field layers
as indicated by blue colors. The highest electric field
occured at XLPE layer that illustrated by red color,
especially in the water treeing portion. Therefore, the
presence of water treeing disturbed a uniform
distribution of electric fields in layers of XLPE cable.
From Fig. 7, the highest electric field of XLPE cable
occured at bow-type, especially at radius 0.1 mm as
shown in Fig. 7(a). So, when the radius of bow-type
increase, the electric field will be decreased. At radius
1.0 mm and 1.5 mm, highest electric fields of the XLPE
cable were similar in the bow, bush, and vented type.
When compared to permissible values of XLPE
insulation [15], the localized behavior of bow-type
seemed to be able to cause damage (breakdown) at radius
0.1 and 0.5 mm.

Comparison between Bush Type, and

Vented Type

Bow-Type,

Fig. 11 and Table 3 showed that bow-type was very
harmful when it had a small radius. In the opposite bush
and vented type was very harmful when it had a large
radius. In the results, a small radius of bow-type may
cause a breakdown in XLPE cable but at large radius of
bow-type may cause a breakdown, slowly. In bush and
vented type, electric fields increased when the radius
increased. So, if the radius of water treeing increases,
propagation of bow-type may grow slower than bush and
vented type. The next topic will show the propagation of
these water treeing by using the experiment.

4. EXPERIMENT RESULT AND DISCUSSION

Since the experiments of the XLPE cable in distilled
water, there had a lot of the research. This study used the
solutions include NaCl and CuSOy ionic solutions.

The single core XLPE cable 12/20(24)kV with 50mm?
cross-section area was cut to 200 cm. The cable was
peeled cover out as shown in Fig. 2, by remaining of
outer  semiconductor, XLPE insulation, inner
semiconductor, and copper conductor. Moreover, then
the cables were pinned hole for accelerated degradation
as shown in Fig. 12.

Insulation screen

XLPE insulation -

Ci screen

Copper conductor

Fig.12. Model of Pinned Hole in XLPE Cable

The experiment was tested with NaCl and CuSOy ionic
solution of 0.1mol/L. The XLPE cable was applied the
voltage 24kV 50Hz. Independent variables included
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temperatures and testing periods. The cables were put in
the stainless sink. The experimental setup was shown in
Fig. 13 and Fig. 14. Table 4 showed the variables in this
experiment.

Table 4. Variable of Experimental Procedure

Parameter Value
Voltage 24kV, 50Hz
Temperature Room temperature and 50°C
Tes‘(ffuf;“‘)d 1000 and 4000
Tonic solution NaCl and CuSO, 0.1mol/L

XLPE cable in

stainless sink O

Testing transformer

Resistor damping

Heater

divi

Ground
Circulating pump

Fig.13. Diagram for Experimental Setup

Fig.14. Experimental Setup

After testing, for observing of water treeing, an XLPE
cable was sliced by a microtome to become a thickness
of 400 - 600 um. The slices were stained with methylene
blue solution at 80°C for 2 hours. Then the slices were
dried around 3 hours.

Water « treeing was observed by using a
stereomicroscope (Olympus BX51M) in Fig 15. Table 6
to Table 13 showed the length of water treeing with
including on the Fig. 22 to Fig. 25. Morphology of water
treeing showed in Fig. 18 to Fig. 21. The measuring of
water treeing showed in Fig. 16 for vented type and Fig.
17 for bow-type. Lo was defined as the length of water
treeing. After observing, there had three water treeing
types, included bow-type, bush and vented type.
However, the vented type was the similar bush type.
Both all just called vented type water treeing.

Fig.15. A Stereomicroscope (Olympus BX51m)

Fig.16. Measuring Direction of Vented Type

18
O

Fig.17. Measuring Direction of Bow-Type
The average pH value of ionic solutions 0.1 mol/L
were measured by a pH meter. Their parameters were

measured as shown in Table 5.

Table 5. pH of Ionic Solutions 0.1mol/L

Temperature NaCl CuSO4
Room 6.49 4.04
50°C 6.74 3.90

Table 6. Length of Vented Type (um) in XLPE Insulation
for NaCl Ionic Solution 1000hours

Temperature Max Min Average
Room 208.25 189.19 198.72
50°C 127.49 100.23 113.86
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Table 7. Length of Vented Type (um) in XLPE Insulation
for NaCl Ionic Solution 4000hours

Temperature Max Min Average
Room 336.21 326.29 331.25
50°C 280.23 269.03 274.63

Table 8. Length of Vented Type (um) in XLPE Insulation
for CuSOs Ionic Solution 1000hours

Temperature Max Min Average
Room 1580.32 1535.72 1558.02
50°C 1988.64 1875.44 1932.04

Table 9. Length of Vented Type (um) in XLPE Insulation
for CuSOy Ionic Solution 4000hours

Temperature Max Min Average
Room 3002.84 | 2834.58 2918.71
50°C 3311.33 | 3158.65 3234.99

Table 10. Length of Bow-Type (um) in XLPE Insulation
for NaCl Ionic Solution 1000hours

Temperature Max Min Average
Room 140.28 130.36 135.32
50°C 201.11 180.19 190.65

Table 11. Length of Bow-Type (pm) in XLPE Insulation
for NaCl Ionic Solution 4000hours

Temperature Max Min Average
Room 280.71 222.57 251.64
50°C 293.11 25187 272.24

Table 12. Length of Bow-Type (um) in XLPE Insulation
for CuSOy Ionic Solution 1000hours

Temperature Max Min Average
Room 22031 189.75 205.03
50°C 342.82 328.02 335.42

Table 13, Len

gth of Bow-Type (um) in XLPE Insulation

for CuSO, Ionic Solution 4000hours

Temperature Max Min Average
Room 350.03 301.29 325.66
50°C 400.55 380.07 390.31

Fig.18. Vented Water Treeing in NaCl Solution: (a) Room
Temperature, 1000hours (b) 50°C, 1000hours (¢) Room
Temperature, 4000hours and (d) 50°C, 4000hours

500 pm

Fig.19. Vented Water Treeing in CuSO,4 Solution: (a)
Room Temperature, 1000hours (b) 50°C, 1000hours (¢)
Room Temperature, 4000hours and (d) 50°C, 4000hours
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“

500 ym 500 pr; |
(© (d)
Fig.20. Bow-Type Water Treeing in CuSO4 Solution: (a)

Room Temperature, 1000hours (b) 50°C, 1000hours (c)
Room Temperature, 4000hours and (d) 50°C, 4000hours

-
S TS00um i o | 50(;um
(a) (b)
- . d
0 | ;
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500 ym__ 500 ym_ |
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Fig.21. Bow-Type Water Treeing in CuSO4 Solution: (a)
Room Temperature, 1000hours (b) 50°C, 1000hours (c)
Room Temperature, 4000hours and (d) 50°C, 4000hours
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Fig.22. Size Comparison of Vented Type in 1000hours
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Fig.23. Size Comparison of Vented Type in 4000hours
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Fig.24. Size Comparison of Bow-type in 1000hours
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Fig.25, Size Comparison of Bow-Type in 4000hours

Types of Water Treeing

Water treeing type was separated in two types include
bow-type and vented type. Because vented and bush was
too quite similar. Characteristic of the vented type was
identical to “tree or branch of a tree.” Characteristic of
bow-type was similar to “bow or fan.” Moreover, in Fig.
26 showed the combination of electrical treeing with
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vented type water treeing. The vented type is the dark
purple color. The electrical treeing is in the square.

| ; L 1
8y
by y
| < UV o
i A 500 pm |
Fig.26. Combination of Vented Type Water Treeing and
Electrical Treeing

Time aging to XLPE Cable Degradation

In the simulation of this paper, the trend of water
treeing showed that the electric field of vented type
increased as radius increased. In the opposite, the electric
field of bow-type decreased as radius increased. The
experiment was compared with the simulation. In 1000
hours, the propagation trend of vented type increased
slower than bow-type. However, in 4000 hours, the
propagation trend of vented type increased faster than the
bow-type. Therefore, the trend of water treeing belonged
with the simulation results.

Effect of pH on XLPE Cable

From Table 5, The pH value of NaCl and CuSO; are
in the range of strongly acid to pure water neutral (pH
low than 7). Therefore, the characteristic of pH that
smaller than 7 is rather acid [16]. The corrosion of acid
can damage the XLPE insulator layer, fast.

pH of NaCl at room temperature was more moderate
than NaCl solution at 50°C. Water treeing size in NaCl,
pH 6.49, at room temperature was longer than in NaCl,
pH 6.74, at 50°C. And, the pH of CuSO; solution at room
temperature was higher than a CuSOy solution at 50°C.
Water treeing . size «in CuSO,, pH 4.04, at room
temperature was, shorter than in CuSQOs, pH 3.70, at
50°C.

Effect of Temperature on XLPE Cable

The size of water treeing showed in Table 6 to Table
13. For bow-type, fast propagation of water treeing
occurred at room temperature more than 50°C in NaCl.
However, For vented type, fast propagation was opposite
to bow-type. For bow and vented type in CuSOs, fast
propagation of water treeing occurred at 50°C more than
room temperature.

10

Effect of Ionic Solutions on XLPE Cable

For of all both water treeing, the propagation trend
showed that CuSO4 was grower than NaCl. Because
CuSOy ionic solution may be acid higher than NaCl ionic
solution that referred to the previous point. Maybe,
CuSO04had Cu*?ion that high conductivity, also.

5. CONCLUSION

For this study, the effect of ionic solutions and
temperatures to XLPE underground cable for the
medium voltage distribution system was studied. This
experiment found two types of water treeing that
included the bow-type and vented type. For vented type,
it can occur the combination of electrical treeing and
vented type water treeing. The propagation trend of
water treeing in CuSOy4 was grower than NaCl. For bow-
type, propagation size of water treeing in NaCl and
CuSOy solutions were quite similar, because bow-type
treeing occurred in XLPE layer by impurities. The ionic
solutions were difficult to pass into small voids.
However, sometimes the environment cannot control
such as changing of room temperature all the times,
some dust from outside, and an extended testing period.
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