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Fractal Characteristics of Negative Streamer Propagation in Liquid Dielectries
under Micro-second Pulse Voltage Application
Ryu Wakamatsu, Non-member, Tamiya Fujiwara, Member, Hiroshi Yamada, Member Kuniyuki Goto,
Non—member (Iwate University), Katsutoshi Kudo, Member (Meiji University)
Branching structure of negative streamer in liquid dielectrics is found to have fractal

characteristics. The

fractal dimension of negative streamer in liquid dielectrics is constant during
voltage application period, which also has been reported for several solid dielectrics

mixtures of hydrocarbon liquids and carbon tetrachloride,

In case of the

the fractal dimension decreases as the

aspect of negative streamer is changed from bush-like one to tree~like one. The patterns of negative

streamer aspects obtained from the simulation are compared with those obtained from the experiment

F—0—R: 7T BN, 7T IENRE, ALY -, BEFEE, n sBE, TNHE

1. FANSE

KEPTIE, SF, R XHAETEHETHIERNAM
W E M52 LI & 0 ERERSMESND O THERE
WHABEL 22 b, WECBWTHERHAERIMZMA
BLEICED, FORERAORENTERIN, BIZHE
NBEMCHSLNLTHAEY, Lhl, MEIRBEOHMER
MTEFREE IR BEEA N < OEREFSHITT
BREENRFEINTHED, 2oz ki, BaixEanid,
MERBELZ M E L TROE, EEBEICHETER
NEHELEEERA N — 2 BB ICERSEDIZ LB TE,
ZOWHEDBEBFAETHIZ L 2T,

hF, 757 FNENIEREE S THEMARKE S —
VERENTT AEREREE ShTWaY, £k, HEH
BRI al— s VETFAMCE o TELNIZRENS
—URTT I AR O EBELNTNEY, Ll
B - BEFEETICRETIRENRF —IZOVWTDT
5 7 Z A X AT R TV B, IRIEHERPOA
R Y —eHERICEE L CIERA DTV,
TDXHRBRANG SiE, A A=Y avsA—ER

-
y — —

1144

ASE->THRLAEBEEBFESFOR N —wD 7T
A OWTRHIL, &5, ¥Ialb—Ta VHENR
F— R L, BEOKENRY L BB E T o,

2. EBRGE
2-1> EEHZ EREBOSIBRZR1LIRT, o

DEBIHEERLER, TEBER, BRAER, 7A
FEADLEBRSN TS, EBERITISHHEERTHY,

HERIITERFEBIN LT LRES ymBEOF v
727 4, FRERICIIRENETHEINZEEZ20
mm®D AT VASIEARE AW, BREOX Y v TR
HAmmThHY, $HERICENMENASHEE NV RIT,
NABEA4L. Ops, BEE245kVO—EE L, B
BOBEX, Y2 )—VUVEBEERFHNWTS A—Vay -4
#A7 (HADLAND#HE) L v®BEAN, RRTK
BEREERVTA Y —vERFOEMBHENBERTE
5, BEOEBRYBIEIZIS 00 n s (ZOHOENEEIZ
100ns) Tha, BoEREHIV I a~xdr, b
Ty, RUBrBLIOERD L UEMREOREE CH S,
BAKIZ, Yru~xPr, trzy, XUBLVOS5THR

T.IEE Japan, Vol. 115-A, No. 11, '95



WP ) - ERBOT T2 I NVE

:£;;sz—_—— H.V.D.C.
= Power
120 MQ |Supply
Il Photo
Thyristor
Switcgzkgtl_ AN
Gap =
RG-58/U
Coaxial = 0.966 uF
Cable 700
H.V.D.C. ko
Power
D.C. Supply
Power

Supply

Manual
Trigger| |

Photo-
multiplier

Top
Guard

Light
Electrode

LED

Storage
C.R.0O.

Window Window |
IMACON Xenon
Camera Flash
Knife U&7S Lens
Edge
96 kQ
Monitor Photo
C.R.O. = C971

—————=> Electrical Line

> Optical Line
KERIRTE O

Schematic diagram of experimental

K1
Fig. 1.

set—up.

EUBILIRBEO S FHOEETI999%1, 99x1, 9
F1O3FEE Lz, £z, EBER MY —<ZERHEE
BELS, BIDERHE Y Ronlnid, AR MY
—RIZDWTDHT 5T I LB Z1T 7. 23,
EBRIIER, ASEFTITbhTVa,

2:> ZIVRNRFTOHE Boni-EREEN
LEET L OSEREF MA~DA b —<DHETERD 2
Lrbiz, A A—URF YT (OMRON#HSE HS40
CL~H) #ANWTA—YFNara—F IZRRAR,
BB 54T\, DU G2 B /3—¥ (Box Countinglk
LIBIThAZ b D) ILd-T7Z T 7 INMKRTERDE,
2 KN —vDEEIICER LT 5 7 ZFNVKRTIE D A—E
ICk bR, ZOFEZHNELTEEEE 140 DE
FHCHBLIE L X, B TIXHEFBOEEN (1) &
F5L, (1) XOBERRVISZEEFALEZLDOT
b5,

N@)«r® (Di:77780K5E) -+ (1)
bbb, TTEETEBEFHORN (1) *rick

ERA, 11558118, FHTE

1145

Ay

r/ v

(a)
(a)

ERLBIEIZIVEBONEA R Y —w X F—
A streamer pattern obtained using an image

analysis method

4

10%

N (r)

r &N (r) &OBF

The relation between N{(r) and r.

(b)

(b)
H2 WA EDT T INRIEOKRDS
Fig. 2. Estimation of fractal dimension using

a scale covering method

LClstgErmy h 75, bL, HRETOHRERT T
7 ENTHLIebIE, TOBMAERMEEZTRL, (1) X
D HEROEE OMIHEN 7 7 7 #AVKRTD { #RDTZ
LiZhes, Thbb, ZOERERBVNILRET TSN

“‘é%%’): k ;&/-_J%To

3. EBRRERLER

M2iZ16lE LT, v7aasis b MEREDES
A9 1 DBPADIANA—EIC L BHERETT. (a) B
BEBOBENSHEELEIC LY Va vy 7 BB EOTRAR
BREBRVVEA RN —=THB, (b) Hidr2E{SE
TN (r) 2HEL, r &N (r) LOBFREEANET D
v hCEDLELDTHD, ZOHEODfIE1. 54T
HY, BRERXDHTELS, AN —<ERIT T/ ¥



o vt

B e EERN PO NN e MEM 000
0 1 2 3 4 5 6 7

(a)
(a)

vrandhoPOBEBER N —<ER

Negative streamer development in cyclohexane.

0.5 2.0
6

g = "

0.4 1 6 7
E q1.5

R
= 0.3F £
% 41.0 ‘Z\\
N
T 0.2f 1 N
ey N
A 40.5
X 0-1r .75 INVKRE |
F —— X R Y=~ DRV
0.0 1 i . ! 2 L L 0.0
0.0 1.0 2.0 3.9 4.0 5.0
TEEIMEER (ps)
(b) HETDHARY—~DHVOBLT
777 ZFNRTEDOE
(b) The corresponding streamer length
and fractal dimension.
X3
Fig. 3.

NMEE DT EBDM B, MO WTIEE L EVERES
Bonhi,

K3 (a) ¥ Z7u~dYrOanigiosf 2A—Yay
N—BAATICEBREEROEEE T, 1BEBI/NE
¥ LROBEFEEASHERICE PR, ThE7TBHEET
SLToREL BN, TREBIAD» > TERTHA B
Y —=IZiEEE L2V, (b)) EIZIXEEAINRERICH§
BA RN —=DRUBLOT7 T 7 ZFNVRTOEZRETT,

28, (a) M0EESIT (b) HFDES LRI
15, (b)) BIZBWTA M) —<=DEVERERE LD

(MY A, 777 ZVKTIHEE—EDNL. 8THD,
4 (a) i, ¥7oa~xPr L UEREORS LR
99 9xt1l DHBAOHEEROFEMRERT, (b) i,
EEAIMERICHT AR R —DRUBBLOTZ 7 41
KRIEOEZTH D, LEBBIZEE>TWRVR, b¥h
0. 1%DOIEIREOERAIZEVA N —= T v v
RIZRY, ERLRLTL 2D, ZOFARLA Y —7 D

1146

1 2 3 4 5 6 7

(a) vZu~FHrLUEREOREL? 999 1
DOHEORBHEA Y —< R '
Negative streamer development for the mixing

(a)

ratio of cyclohexane to carbon tetrachloride

of 999:1.

1.5 2.0
E
) 4145

L R

1.0
= Al &
S 2
- N
I 0.5t N
Z o.s
X - 7T INMKRT |

-2 LY —=DBv
0.0 sl . — L 0.0
0.0 1.0 2.0 3.0 4.9 5.0
EEEmeER (o s) l
(b) FETHAMY —=D@RTBBLIWV
75 7 A NVIRTORA
(b) The corresponding streamer length
and fractal dimension.
X 4
Fig. 4.

WL, e & LM 28, 757 F VKTinigiE—
EDL. TTh3, '

BEEZIOMIICEDDZLES (a) KRTEIICR
MY —<=DOfRIZ MY —RIZZ2Y, 9EIE (BEEMM»L
4. 5y stk TROLEESNVAILTROE) TR
WRIZE->TND, ZOHABA N —<DHRET 57
FNRTOBHNECIIFELERERL, 737720 K
FTIXIEIEL. 6 THBD,

X6 [ZIXRELNR IR 1 DFEOR MY —<ER L ZhH
KXRIET B2 Y —<DRURL VT T2 S VRTEOELL
ZAT, BAELI OM 1 DBFELLE_TR ) —<DER
WhEL 2aERERL, ELICFIREBFAICER L
T A2D, T, FRIHVVEECESZRFEIL4. O s
(8EWR) LELR»TW3, (b)) MEVAKNY—=p

T. IEE Japan, Vol. 115-A, No. 11, 'g5



BWHERA ) —~ERBD7 57 704

(a) v 7ua~Fh o LUEREFEORALMNI 9 @1
DHFEDARER M) —< R

(a) Negative streamer development for the mixing
ratio of cyclohexane to carbon tetrachloride

of 99:1.
4.0 2.0
L 1
=)
& zaof 1.5
IR
‘§20L {1.0 =
N
? :
K
=
> 1.0f {o.5
K

=777 ENKRT |
e B s 4% 10

‘0.0 1.0 2.0 3.0 4.0 5.

BEEMEER  (zs)

(b) ®ETERF)—=DHUBLIT
757 4 VIRTOEL
(b) The corresponding streamer length
and fractal dimensiqn.
X5
Fig. 5.

ONTEER L & b IICHINT 52, 757 FARTIKIFE—
ED1. 5ThH5.

7 IZEFEENERA 3. Op siCBTD Y7 r~dY
VHDA R Ym0 T T 7 FIMRIEE BELREOT VR
ELOBEFZRERLELOTHD (XL, BEHLMEI99
#1OBPAIE3. 1ps) . EEICEREORMEZIMS

mERA, 1155118, FHRIF

1147

(a) v7u~FHr LUEIREORALNI : 1
DFAEDEBHEA N —<EE
(a) Negative streamer development for the mixing

ratio of cyclohexane to carbon tetrachloride

of 9:1.

4.0 2.0
f]
534} d1.5

IR

S 2.0fF H41.0 &
5 N
J i
= N
~ 1.0F —40.5
X 2

=777 ZAVRT |
—— A ) —vDEHET

0.0 el g L 0.0
0.0 1.0 2.0 3.0 4.0 5540

EEENAER (e s)

(b) HIETEXKY—vDBUPBIY
777 FNVRTOREAL
(b) The corresponding streamer length
and fractal dimension.
X6
Fig. 6.

L LT T ENKRIBBOT HEARH D Z L Rbn 3,
F4RIC, BEEIMEFEANS. Ou siZBIFAARY—
~DT T 7 FVIRTE & MEALRFEDOE/LVEBE L OBEEE k
s, NeBATOVTERZTNRAR 8 BL T IIRT,
ZOHFEL YT a~FP oS L A, WHRLKREDOR
MEEET LTS 7 INVKRAEBRBIOTEZ ERbMs,



755 2RI
oy
T

1.4F
o . O H i ) i
0 1073 1072 107}
HE(kREOELEE
H7 v7a~*doio/iEts by —ed

777 BRI L M LRE O VBE
& DER

Fig.7. Effect of carbon tetrachloride molar
fraction on the fractal dimension of

negative streamer in cyclohexane

2.0
1.8k
R
X
—\\ *
™16 .
&
N
N
1.4F
;
0.0 ' . ' L
0 1073 1072 107!
pusEfl R D ENBE

Mz POBBEA N —D TS5 7 Z L
WL & W IR EDE VR & DRE%
Fig.8. Effect of carbon tetrachloride molar

X8

fraction on the fractal dimension of

negative streamer in toluene.

PEDZ &hh, BEEMBMOEME L HICA MY —
< DERNIHEMNT 28, AN —=3T7 T 7 ZiRTE—
BIFEL LI, 2EVHMESOBERZ —ERRESEHIT
ERBTAZ ENbND, ZOZLIZEETHZ2PMMAK
IERIZBT AR b ) —ERORMSE L ELT2%, ¥
7o, MBLREORMESHEMT DL, AR —~DT 5
7 BNVRTEDBEDT B Llbng,

1148

2.0
1.8F
1R
K
S
~
1.6
N
N
N
1.4
0.0 L = —
0 10 10 10
bR ROTVIERE

B9 ~NEUHOAEBMKA N —wDT T T HL
&t & WEALIRBEOTVRE & OBEF
Fig.9. Effect of carbon tetrachloride molar

fraction on the fractal dimension of

negative streamer in benzene.

4.

EROBRBFTEFETORBIER R Y —=TF Y LR
FU—RANEEWRT D 0D, 22T, FhboERk
FHBHESIL Y Ial— MNETHIRERELERL
EIELOD 2RI Iz b—a VEFACRE,, V3
al—ia VIREBROERET %, 20 Ial—a
YTRUTOL ) ZFEICRRVHBREAREIE S,

SRAEEFEFILBNTTI IS AFBRV? =0 (o
CRTVRN) BRO (2) RO KD CEEEE L TRE
BB k- T,

“YEalb—ay

1
b, = Z(q),-,,,)k + (bi_l)k + ¢i,k+1 +¢i’k_1) ceee (2)

IIT, i, kIIHERTFEELRDLTVS, 20
e, BTV LERD B EDOEREML, (RAEER
BT, ¢=1CL, RESER, SESEDLUWE
B (NENIFEBMNELET5) Tiko=027 5,
RICHBER LRI COERTELZB TN LT, REE
FRE12RDD, BERERTCORBREP i 1%, /55
EREi L&D (3) ROLIEFEST OB,

0 (3) REAVWTREAERRET 2, DBORAIIHE
BFIREIRT RCOBFIZH L TN 5, X188, ik
ERERIIRIET T v ¥ AL BRYBICHET Z85 2 —
FTHBHY, nRREVIZY, RERERBORERS -

T. IEE Japan, Vol. 115-A, No. 11, 'g5



WERBA N —~ERDO T T 7 5N

Df=1. 70 Df=1. 35
(a) n=0. 1D%EE (b) n=1. 0OHE
Df=1. 18 Df=1. 11
(¢) n=1. 50%4E (d) n=2. 5084

K10 2KREVI=zb—Ya rBEAY—rD—F
Fig.10. An example of two—dimensional simulated

discharge patterns.

RIETRHERODENKEL 2D, BIENETERE
TARBRERTITNITIMZ S, ZOHLWKEF—
BEREMLLY, BOHERBRVIESRS, LLLOFIE
PHERERDPHAED ONIBEICET S THRYIET,
F, ZOVIalb—a CIIRERN U NER T
Wiz, 2ERORTF Ty VEHBETILERD Y, REFH
OHEPEREND, ZOEHDIITE, YIalb—va
VEERE 8 OX 8 ODEFKFE LI,

5. YEIal—iaviERLER
H10WR_5A—#1%0. 1062, 5FTELIHE
FLEO2RFTEYVI 2 b—a VIRBEARY— L O—flE R
T, M2h 0 5 ICRENBEROABHERA P —<DL)
AT A= MKRELRBIZONT, ¥YTalb—ary
WEAI—EED RN T v a2 REL TR —R~
LB, 7T FARTDHINEL D,
M1l1iiEe2kayialb—yaryiZBidansrs7
kD { LOBRETT, nBRESRDHETT IS
AMKTED T A2 ERbr5b, ZOM1 1 OERER
S (n=0. 1~1. 0) TCEI7ZZHNKENL. 70
251, 35FTETSD, £, R7H59DREHER
Ry —e DT Ty AR E MELREOENVRE L DR
T, THELRBORMENSET L 7T 7 FVRTHK
1. 8261, 5FTEMTS, VYIalb—varD7—
2%k L OB REOIRMBEDEER LV 2<koEV &
L7er & a2 2 23 LV, TRILRBOFMED
BLTHATA—Z n BEMLTE 7 77 FVRTNE D
CEERAT A T L ITEKE, E, 2KRAVIab—
1154118, FEH7F

BHRA,

1149

T ENEKTED

\
\

7

1.0 2.0 3.0

(=]
[}

M1l 2KREVIalb—varicgilsd
n &7 778 MRED { & DB&
Fig.11. The relation of the fractal dimension Df
to the exponent n for two—dimensional

simulation.

Va VHEAY - L EBOBBEA N - R BT S
LENLORRPELT D Z e, ABEANY —<D
FRERET HRELERIT, RERLWHTCOBROY
REMBEBIIODPDLDIT U FLAMETHDEEELLND,
BRIBOMENDE, BRVEVKEVWL, 0 LFERE
wBHE, Tobb, FAMI—HTEENLTHRADOAR
) —<ERBMEET S, ZhiZFHL, U7 AMENEL
7B, Thbb, nd/ENIZ EFER M) —< R TIE
FEOEBRENRE W LETT, ZhbDI &b, ik
FEEPICUECREZRNTAZ EICL Y, HERELH
HCTOBRANROFNT ¥ AEOHR LY ZERIZRZY,
BEMEA R —<wOBRBED LIRS T v aREBIC
Ry R~ BT HbDLEEZLNE,

6. F&H

WEFBEFORBHER b Y —<OIEEE, 777
ENEE SO PR LT o, WERE 2RI
HBZ LKV AN —OBRIT, EVHRLL U
ETERL, TOT7IF I IARTIINEL 2D, VIl
—va UEREOHEND, AR N —<EBRICEBL
Tid, BEREFH COBRDRLBBEERII»OIDDL S
VELEENEETHHEELOND, T, EELRE
OIRMERET L ERBEDOF NS »FLAMOBRI VX
Bz, AR ) —<BER LT 25b 0L
Bbhs,

CPRTHE2H88%MA ATHE581588%M



X M|

(2

(3

(4

(5

(6

~

~

WHL-AOE -BREG-EEBHE . (V7 o~ XS ORENR
Bt & EBROEREE I RIFTIE(LRROFMR] , EERA,
112, 651-657, (1992)

WHL- KRR -0 : (w4 7 0@ QL RBEMMZ L3R
YR OREERIIERIETE(LRROTMBE) , B¥ERA, 114,
236-242, (1994)

FUBIRE= - THBF : TR FlBHE T8It 28 Y
—D7Z77ZNE), BFERA, 113, 480-485, (1993)
L.Niemeyer, L.Pietronero and H.J.Wiesmann: “Fractal Dime-
nsion of Dielectric Breakdown” , Phys.Rev.Lett., 52, 1033-
1036, (1984)

TREERSFI-FLILTE © TPMMABISHIC IS 2550 b ) —DERE
e 777 Z0KE) , BERA, 111, 682-683, (1991)
SEBE WL DRES - FULE- THET . [RERSY SR
LEE3RAVI2b—varb)—nT757 50, BRELKR
BEFRESME, DEI-93-108, 47-55, (1993)

1150

R B GF=A)

BEF454ET A26 A £, FRTEIAEE
AKFEXERTLEHAEREILFFRET,

#R Rith (EB)

BEFN224E4 A 1T R4, 48548 —BIEH
%, S0F4ABFRETFHEE, BE
IZE D, 626248 ~634E3 AMITR BIFEE,

WE 8 (EA)

BEFn224ET A 27T A4, 5445 A %ik#
TEEEE, BEICES, 594FE4A ~614
SAMITE BRF%E R,

#kk Hz GERB)

BEFN44F4A25RE, FRTEIRAEF
RETEMBILFEREE,

I BF (EB)
BEFNI8HFIA 21 A AL, 49FHIAKRFEKR

FRIFMENER LEERIELHEE
T. BE, RAXFEI¥FREEE,

T.EE Japan, Vol. 115-A, No. 11, '95



