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Figure 1-1. Relationship between electrification rate and real GDP of

various countries.

This graph was redrawn by the author referring to the Sugiyama’s contribution to the
web site of International Environment and Economy Institute (IEEI) [15] and “2015
EDMC Handbook of Japan's & World Energy & Economic Statistics” [16] (in Japanese).
The regression curve in the above graph was drawn by referring to the data of below 27
countries in 2013.

U.S.A, Canada, Mexico, Brazil, Chile, Peru, U.K., Germany, France, Italy, Russia, Ukraine,
China, Japan, Hong Kong, Taiwan, Korea, Singapore, Brunei, Indonesia, Malaysia,

Philippine, Thai, India, Vietnam, Australia, and New Zealand.
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Figure 1-2. Change in customer interrupted time and frequency of all the

Japanese utilities.

This graph was redrawn by the author referring to the “INFOBASE 2016” on the web

site of the Federation of Electric Power Companies of Japan [8].
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Figure 1-3. Customer interrupted time and frequency of overseas countries.

This graph was redrawn by the author referring to the “Overseas Electric Power Industry
Statistic 2016 edited by the Japan Electric Power Information Center [17]. The data in
2013 of eight countries, member countries of OECD, is shown as an example in the above

graph. But that in 2011 of only Spain is shown in the same manner.

X1-3 HRAZEDEFEERM - FERK

WA E RS TSN BER FEMF 2016 R [1TOHFT — & & b L ITEE PIERK
L7z, REWDBEREMMBE OS> L, T—XEAFTTEZ 8 IE CRKEOAR 2 520
M) D 20134 (AL 2D TIX 2011 ) BT 2% MEE i,

¢ IR 1B 5 #4E  (OECD: Organization for Economic Co-operation and Development) & 1%, JeiEE M o A B2 A
- WA AL CRERE - B A M - B EEXE (OECD DO =KAM) ICHMT 2 &2 HME LT,
1961 FIZH R L EHEKBE TH 5, 2017 FHA, 3 —n v GFEEZTLIE, B - Kkz&E0 35 7 [Ho SR 0
LTWd, ik, BEEEER—LX—2 TERIZOWTSER B> AR F>H PG BOR>0ECD (523 1 71 B %6 1
) 1) X —#sl M,

R RFEEEE Y =74~ http://www.meti.go.jp/policy/trade_policy/oecd/html/ (B H 2017 4 5 A 16 )
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Figure 1-4. Interdependence among major infrastructures.

The above graphs show how independent and how influenced the nine major utilities
are when a natural disaster occurs. D and R represent the coefficient of influence and that
of being influenced, respectively. Therefore, D-R and D+R represents the influence on all
the other utilities and their relativity with the other utilities, respectively. The electric
power influences most greatly the others and has the strongest relationship with the others.

These graphs were redrawn by the author quoting from [9] as an example.

XM1-4 EEA4UI7SHOMEKREFRRS

ZERYD. BEERUR. FEE(D-R). BEE(D+R)

T HIE LThRES oRERE (STHR[9]) 25l HLE (EKIE, EE52»D
WEOFTF A ZHT, EEBEKR LI,

SHROLPNCE D L, ARK@IZBEWTEEBFRE DL, RETIA VT ITIVRMOAL 7 TIZEZDHEBEORE S
DEGVWERL, HEEBRBAREIMOA L I7INLZITIRBBOREIOESGVWERT, /7 7HANOLE LTI,
oA 7 TICHEZHEENREL, MMOA 7T RLIREEBEZTIIWWA 7T (BH%), A TFZiEto A
VI T ZBEBNNIL, MOA T ITNOZTEEEBRRENA T T (W, BIBE) BT 5,
RO N TR D EHEEEHROTIL, ¥EBEEX 22T a2ai Lo 75
OMEDOBIEZRLTWS, 2, MHEDOEIL, WHTOA 7 THROEBORY 2R LTS, RiZEA L7 T
DOEEDHR), BEEA 7 THOEBED-REERT S, BARXZ I 7HANOL EICMETHZ b, o
AV 7 TICHBNEEEERF o TWLE LB, TORBELBRS, RO V7T ICEELHEZLT VA 7T
ThLHZEBb0ND,



Table 1-1.  Major outages that Japan has ever experienced [12].
#1-1 BANCMFETITEBRLEELGKXKEE[2]

Affected households /

Date Name . . Causes
interrupted time
June 22, The Miboro Most of Kansai area Transmission towers collapsed by a
1965 Accident typhoon and rock fall caused by heavy
3 hours 4 minutes at rain. Overloaded overhead lines were
longest braked and out-of-phase of load-side

thermal power stations occurred
successively.
July 23, The Massive 280 million households After lunch break on a business day,
1987 Blackout in Tokyo voltage collapse occurred because of a
Metropolitan Area 4 hours at longest  lack of supply of reactive power for the
rapid increase in power demand.
January 17, The Great Haishin 260 million households Power distribution facilities such as
1995 Awaji Earthquake overhead lines, substations, and
6 days at longest distribution lines were damaged greatly
because of the vibration of the Hyogo -
ken Nanbu Earthquake.

December 22, The Massive 65 million households Wet snow including sea-salt accreted
2005 Blackout in to transmission lines and insulators.
Niigata 30 hours 53 minutes Overhead conductors were short-

at longest circuited by gallopings.
August 14, The Massive 139 million households Two of two circuits of the 275 kV overhead
2006 Blackout in Tokyo line were injured because a floating crane
Metropolitan Area 4 hours 42 minutes at attacked its arm to the overhead

longest conductors.

Above table was re-drawn by the author quoting from the table in [12] and adding some explanations. The
ref. [12] was written in Japanese and published before The Great East Japan Earthquake. Therefore, that is
not a state of the art. In the Great East Japan Earthquake, 4.66 million households of Tohoku EPCO and 4.05
million households of Tokyo EPCO were affected by the blackout. The power supply came back to about
94% of those who were affected in the Tohoku area in eight days and those who were affected in the Tokyo
area in 3.5 days. But that resulted in a historically massive interruption of electric service. At any rate, what
the author would like to emphasize here is that the Massive Blackout in Niigata, the main scope of THIS
STUDY, is listed as one of such huge outages especially in recent years. The issues seen in the Niigata case
are mainly focused on THIS STUDY from an electrical point of view.

FRIL., CER[12]D FEHEZ OF AT A5 T, FHENER (—HMEILBEL) L2boTHY, 5
AT TR TRENTWDS, FEREEIT 2011 FI2HBA LRI G R EHERMEZHRD & T2
HWHARBRUBIOXLMIERICE SN EZHDOTHY , RFOLOTIER, HRAARKRELTIEZ, K
EBENENTRA66 T, RREBEBHENTIAS TRFOFEFICHTH2EROMMBNEIE L, KL
BHENTIZIZD ) HEOK 94%I2 OV TIHREKE 8 H TEBNMHES, HEBNENTIIRREN
355f&$i%ﬁ%ﬁwt%@@ FESE Ay e AL BER] & £ 5 i XM & 72 o 7,

PlbEo X oz, &nEIC %5@%@%%%@kk*%)xh7/7bf@<& T TIE 2005
FEOFBEREBENIV AN v 7ENTEY, T ZWCHIBRLANREESAEZ, KXo A4 A
a—7 ¢ LTCHY EFBZ LT 5,

CRALBENENOEEICONWTIEL, BIBEE~DOFEFNRNARERMEZ & AE72O 100% TRV,

M AR B SR R rﬂiiti&bi(q:/f—(ﬂf‘imgi’ﬁ A& LR - B RICE T 2 HMBEAES). F 9 RaaifA
Eh (Z2EEE2). 13 11 BOMRERIZE Y RIALE ) TRAELIZRBIEEOME ). NEKNY = 734 b,
http://www bousai go. jp/kaigirep/chousakal/tohokukyokun/9/pdf/sub2 pdf (BI% R : 2017 fﬁ 7 H 14 )
THRREENENOEEICOWTIE, J% R DEIRRTET L7z 3 A 15 HFRT 0 KF 55 43012 ks SR oo fig 78 &l &
i, Hj,ﬂi. THCAE 5 RSP R IS O BRI OEEE IR ek, RREOKRLSH Y = 79 A b
http://www.tepco.co.jp.cache.yimg.jp/torikumi/thermal/images/teiden_hukkyuu.pdf (B H : 201747 A 14 A)

8



112 BHBMEICEITA2HAVWLDERENEEEOEMI L DEERDMEZHE

RANLFEET - ILEMR - BB - HER - AR EOIEIERFMNS —IKLL
kVXTAT%@UM\ﬁﬁ%*h@%g%ﬂ@ BRUL, & A EHIN RS EERE
WoOTELINTWD, EEH X, EMICIIREEIHEARM - ZEFITHAER - ﬁﬁﬁ%
FriE 2 5 SERE & ERI N, ZORMIPREIC L 0 R2EEER & P = EHRIC
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AN ELELTRERHASRTWD, Ziux, BEH u\Lﬁﬁr%ﬁrbf@<L$£’C

JENE G 72 A8 T NDMAR R SN TE /2 Z LIZHR L TV 5 [18], A @Y;mji
JC@’%QéEL%n‘?@a?%%%%%ﬁ%k LTWa e, L&, Té‘lﬁjﬁﬁ@””/“ “ﬁ@\_
EHABIZEBRETSEZLIZT D,

EERONDN UL, @FEEFOEBBEELHIMI N TWDE K EBEMENIC

% i O B o E R MR L %Wﬁ%%%#é%%%ﬁoigﬁﬁﬁfkémoL@
IR STV DRV LIZIE, BESWL! (X 1-5), E@ZAWL2 (X 1-6) 72 &N
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WLPIE, RIEFIIcE S [5] £ 0%, EEBEEEO EFIC X 2 KAk, faEHEIR
EHEICEY, ZHEOEEBHN O LNAR S,

§ O OLZERBHRKICB T LXMW E T, BEREZFFTHIZELEEZHNET DI TEDO Z L2000 85 - 84 - 8
a7 U— b - ﬁﬁ*%%ﬁbt%@f%@uﬂ TOEL BB LONRZETH S,

S MNL EIE, ERICITBREREEZ L TEXHT 200k e —KICHALTONEZER NS R D
MEXEYMOZ L THDH20], KX T, EOEKRT, BEERICHOLNATHINNLOZ EE2EEBEHRIW
L. D WVIFHEICHA VL LIRS,

0 RBERE CTHEOA LR WRETEFE L TR IDIZRRENOZ LEZEXBREL VI[19],

Ny 7BLOCVZMATZABEOERNRNLOZ EZBEEN VL &V H[19],

2R OB v v TEMAIPEHREESNLOZ EEEHBAV L E VI [20],

BOmEmEEEEE L, BERL THEAILE L EEREZFFSLOERER E VD, MBSO O B KRR AKMEN
M I EEHE-TZ L ORI E VI [21],

WA - RA KR EFEE L, 10~20%REO A5, 10~20%fREDOLT A FE/HMHE L TEDHMBEREAE
LR W, RAE S EBEROAEDONRD VI 10~40%DBILT VI =0 A& AW E TV &A%
Lwv o2,

S ZNUETOEES O LIEMEICB W TEEENMEC . EBNOEER@HRICIEET S o fz, KIE 4 FIEBHR
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LZIX, SR ICHAE 95 & SR CICHBERSKEITHE R, N LICERZ Y
7‘5*(5 TTCHLT T T BRERMAHENN L EEEL LS NIEIN WL E Y T T Y

HAET 5 & X M%&L#AE\%®W£%ﬁﬁfétw@7~7f~y&8ﬁ%
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MW LEEEICE SR SN DB IX, 58 ﬁ#%ﬁﬁéﬂﬁ®m% PERoHE S, M
MEEFREICLSTEHETHY, TNETIZEZLOEBBEEINTE N, 20—
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ORI BREELRT D20, 1974 . ERBRMFESAETIC TEEPN WV LEES
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ORFHEREZ S L2, 1979 4, EEHMI VLI %#55$m@@mcﬂ%(mom@
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TR e OTiE, MBE, HERE. B 2 CIC oW TR O — 23X b 72[26], = D% . JEC-
206-1979 X JEC-5201-2005 MEEN WL X O HBEN VL] ~WEIIL, 51
2017 F121X JEC-5201:2017 MEEA WL ) ~EWEIN, S HIZE > TW5H[27],

— TSI R AN AE ] S D BRI, R E R TIC R IR 2 5 2 &2
2 T, Afr OB HAE Fil DR AE R LI ;ofﬁiféﬁﬁ%®L BT, BBE
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Figure 1-5. General configuration of cap-and-pin insulators.
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Table 1-2. Dimensions of Japanese major cap-and-pin insulators used for
transmission lines in Japan [36].

x1-2 BATEEMLGEERBENLLDFEIT[36]

Connection Shed Leakage Electrg- .
. . . mechanical Weight
Variety length diameter distance .
e failing load
specified in JIS standard?’
[mm] [mm] [mm] [kN] [kgl
SU-165BN
(146-by-254 cap-and-pin) 146 254 280 165 5.7
SU-165BF
(146-by-254 anti-fog type 146 254 430 165 7.3
cap-and-pin)
SU-210BN
(170-by-280 cap-and-pin) 170 280 370 210 8.8
SU-330BN
(195-by-320 cap-and-pin) 195 320 460 330 14.5
SU-420BN
(205-by-340 cap-and-pin) 205 340 525 420 16.0
SU-530BN 240 380 670 530 22.5

(240-by-380 cap-and-pin)

Table 1-3. Dimensions of major long-rod insulators used for transmission
lines in Japan [36].

£1-3 HATEEMLGEBERARBHMNLLDOFHET[36]

Variety Connection Core Shed Shed Weiaht
specified length, H diameter diameter pitch Numbers g
in JIS of sheds
standargez Imml [mm] [mm] [mm] [kg]
LC8017 875 80 160 40 17 22
LC8021 1025 80 160 40 21 26
LC8024 1175 80 160 40 24 29

31 JIS C 3810: 1999, “Normal type and anti-pollution type suspension insulators”, Japanese Industrial Standard (1999)
32 JIS C 3816: 1999, “Long rod insulators”, Japanese Industrial Standard (1999)
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Figure 1-7. Classification of major kinds of insulator sets for overhead lines [26].

B1-7 FEEAHMNL LEEDEFS[26]

Table 1-4.  General statements of major kinds of insulator sets [26].

F1-4 LELAVLEEDHEE[26]

Variety General statements
Suspension It is used for stringing overhead wires in suspended position. One of the
insulator set most major uses is “l-arranged suspension insulator set” that have
insulator strings in a vertical arrangement and support conductors.
Strain insulator set It is used to hold conductors to transmission towers34. The examples of

application are; for angle towers, for the towers where both sides of spans
have difference in level, for the towers in a consequent suspension towers,
and for the towers that require large tension.

Jumper support It is used to secure a distance required for insulation between a jumper of
insulator set a Strain insulator set and a transmission tower. There are two typical
patterns; one employs cap-and-pin insulators or long-rod insulators,
another one employs long-rod support insulators or station-post insulators.

Insulator set for vertical It is used for stringing power lines between upper and lower arms. It is

bus bar also used for transposing of overhead lines or connecting to underground
cables.

Other particular The examples include Line-post insulator set, Semi-strain insulator set,

insulator sets Tie down insulator set, and Arm insulator set.

B BT, BRWEICE 348F 25 [REBEBHMNWVLUEE | p 12 261D FEHEE O 25T, RigXHIZ—H
BLELIZbDTHD, BICHRDIND, KGXLORFEIE, HLEASELATVIES Y AW LEBEORE (MER
D) ZHRELEER - BREEBL TND, —8, MEEBEONSWLOESE (MERY) bEMLTVDE, LR
ST, 22 TRHZEOMEL ONR VW LEBOFRBNICOVWTHELLBRD Z LidwET 5, 22 CcE#ianhTnainnL
TEE O E &~ OFEMIZCER[26]72 EEZ SR WX 20,
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Arcing horns

I Cap-and-pin insulators
ﬁ\/ Arcing horns
4

Suspension clamp
ary

Figure 1-8.  An example of l-arranged suspension insulator set with cap-

and-pin insulators (a single string for 154 kV line).

X1-8 BENNLZFEFAL-ERBEEEDO—H (154kV —EEE)

Arcing horns

Cap-and-pin insulators

Figure 1-9. An example of strain insulator set with cap-and-pin insulators
(a single string for 154 kV line).

X1-9 BEHINANLEZFALE-MMREED—H| (154kV —EHR)
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re 1-10.

insulation strength under polluted conditions in Japan [32].

The outdoor insulation design under polluted environment can be determine by the
required withstand voltage, the site pollution severity class, and the withstand voltage
characteristics of insulators. It is recommended that the site pollution severities of Japan
are classified as described in [37] and [38] (both in Japanese), assuming that the maximum
ESDD (Equivalent Salt Deposit Density) might be recorded during a typhoon or something
unusual. The importance or reliability of the transmission line shall be taken into account
in determining the required withstand voltage of individual lines. This diagram was
redrawn by the author quoting from the ref. [32] that summarized above mentioned

insulation design technics.

E1-10 AL OFEBZGHRFICETL5—EDFIEDOME[32]

EEBROGRIC T DAEBITEHE Ky GHEIEE B REE, 250 L oG HEmNERE
FrfEin DRE SN D, WEGHEXSE, EXBEIIES 20 55 2 5 NEEER
OEF R [37]. B P RIFIEFTEBRENIEZ BB E(T O 6) IELERMO
i 4 55 % 3R | [38] D HELRAIZ AL » TH A & 2 ]E L 712556 O e KM 7 1755 5 L )
LRESND, MEEBREEL L0V LOGHEMEEREIL, YiEOXEROE
THERLEHEEEZMEL TREIND, B, LRIE, 2 ba kL EXEE
JCH 44 B 3 5 TR0 E k) B2]loMich D TH 4-1 K MIGHERFIOF
) %z, ZEFEHEZEOHF A2/ T, EENRRLELDOTH D,
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End fitting
(Metal)

Core / Housing =
(Silicone rubber)

Shed

Core / Rod
(FRP and Epoxy resin)

Tl

!

End fitting
) {Metal)

Figure 1-11. General configuration of composite insulators used for

overhead lines.

Composite insulators used for overhead lines consists of the FRP core, the weather shed, and
end fittings. Silicone rubber is the main stream as a material of weather shed. Silicone rubber
shows a superior stability in hydrophobicity and has a recovery ability of the hydrophobicity.
Thus, the surface conductivity will not increase due to the discontinuous conductive layer. That
leads to the suppression of leakage current along the insulator surface. As partial arc discharge

does not propagate easily, composite insulators show good performance against salt damage [35].
B1-11 EERAR)T—HALOLOHE

EEARY v =BV LIX, BB EE2 535 FRP 27 &, 2O FRP a7 #{%# L,
WER RNV Z 15 5 72D O T A 3 L OVFRP 2 7 2353 09 2 B 4 B & SCkF
PRBRIMBET DO OMKEEN LB I TND, EHISh DT LTV ) =
— VAR ERE RO TND, vV a— T LTHAKRMEN K E < o8 KM Rk &
A4 ok, REICMHELZGHEYDRERE T CHEEELZA LZLEEICH, EigL 7z
BEBEPER SIS < IRAVER@BE R 2B S TRAEROEMAIGE S D, =
DIcH . FET — 7 ENMPR LI < EEICK U CEL T it 3 R 2 83 [35].
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1.1.3 EEB~DBARAKEFLAVLADEE

BHEADOREEERMIZHAE LI ERFRO 21 FH OHE (1985~2005 £, 4
6444 1) [111E2 R 25 &, ZOREFKNIT, BIEOBEWIEIZE®E (56.8%) . 5% (13.5%) .
EL (9.0%), JE (8.8%) THV ., FHICLHIERFHKIL, FRBICKRVWTEZ W &1y
o (X 1-12), — RIS, EEROBEEKEBGIL, JEERME dt%ﬂzkﬁ??“éfﬁ%f
KON/ %@%fia’atﬁi@&z’n B EICBEAKREKRSE L EPEK FHEEKITHTEIND[39],
I HIZ, BEAREKSZITE, WHEAORBHERIZEZE LB AT 2 2 & THKN
AT DK, KA uL@wmf EENMETHIEENES (BAEES), ANFRERSE
FCEEORWESNALDEMMEES (WHES) BdHDH[39]. ZNLIEFHRHLTK
E&%?K (Atmospheric Icing [40]) & MEIEN D, ENHEZBEHMNOHFE LD EE

CFRRBEADPLSELELDER 16ICE LD TEL,

%m%ﬂibtk%@fﬁ%%kaa&{rm&’i%m#%k B D EEOREE 5T
He, HAE, FryroybELIY BOLEKFICRISNA[11], ZbBHEEKA L 7
S TCHATHRBEAREEREHL., —BNWICEEREERKESC ZoERKJIENEIRT S
OB Z LI EFTICLL2bDONRYETHD, ZO LI R KRR EEFERICAS
DA E S ZEROBMET L, HAMICEA THRAEMIBITZL < IE R, TOERE
WCOWTIERMBHZRE SN Z W, 2070, AHICE->TH, SEORAELZERICH 1L
TEDRRITHELS A TRV, HTH  ER I8 EFRF[41OHIE TS EFEOERICIT

EBEBONPWUICA U-EEENT LD, 2005 4 12 A e BT B 2 o oe (1 R 8k
UDEﬁﬁﬁin‘Giﬁa%a@?ﬁi?ﬁ%ﬁé Lize WO L~DOFEKEEIZIT, ZOEEEOM, 5
KE, BEERENRDY, TNOLO— KN RHEERI1-TIZE LD TEL,

RIS R BRI DD ESONRENR L DIC, TEREMEICET 5 HFREYEOBIR
[42] (LAF, BEMIR) "D, TOHE 94 & [Fol@m e ERKE OESEERR] 1X
PR I8 FEZEBICI VAL LESEELZZIT TREEEA R T HR4E - REH KWOD
NERNEBEPRY £EDREEF 5ROFEEFRODH Y HFITONT] [14TFED
TEIMAONLZLFEHTHDL, ZOPITIFBEFECEHLTIEBENRZI N 2EEEFD
BENRHOHIBETIEIN VL ~OFBIC L DM MELIET 25 R e 2 &8
FERINTEBY, EOXEFIEIC ou\f1H§Jz;.’c%ﬁrﬁww%ﬁﬁﬁa“éﬁ/irﬁ%éj
EERENTVS, LML, LD I5%OFEFEOH Y HFITHWT) [141ICiF. T
EEREZMEOT IR HDICHELNRTWVE LIV NEW ] EHEMI TR,
EEHRICONVWTIESIOLIZRFTNZ2EDILEEOSH D Z ERFIN TN D,

— 4. 2017 AEBITE, EERBRMOEZEFERITE L TR 7o AR I, R E R
Biks . EZEBE (AAR) TIHEELRY, REFE TITZ, REB EHE TH 2 42515E
HiFE (JEAC 6001-2013) [43]D % 5-9 FICHE— DR N H H 28, T 2005 FDHEE

I FKTBIZLY, WEBIRBIESHE o8B RICBWT, KERICH L THANRRET D Z L ICRINT 5[
WIREBOZ LEFrr 7 L0 IH[19],

A EGFDRSTEN, MAICEIV BN LEHOEMEEDORIFTIFEICMNBZ LI LICLD 7T v A —NF
WDz & EHEEE LD [42,44,45],
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EHEEZICEBER I O THY, NETEEHMRABEL-bOTHSL, 2D LD
IR EESL T, LR T5BOFELKOH D HFizoW\WT | OF T, 5%, [GE8H
IZoHTe> TOHBROYFIE, BEA D=L (KEEME. DO LIBIRE), 20 2B
FRTHEREZOVWTHRFNZEDDZ Z L, TNONLHELN DM A ZEYIC R
IS E TN Z R ERERIRD LN TV BH[14],

CZETILI3EHTHRARLZEBER~ODARKEFELDRNL~DEEFEIZONTIE, LTFD
Lo EN %,

RZLBRMICHEELCERFHOMAMRICLD L, AT L DEREHEK
T, BBICKRVWTEL, BERM~OEFIEELERELFTANO —>TH
60

PEROBZFEOHBEZ ST DL, BEEE, Frry 7 BWLEKFIC
KEND, DO LOFEKENEFZFIZRD L, TOMBMOINIKTL, 77 v
VA —NREELLGAERD D,

FCTH, B THEEORICIE, BERONBVVLICALLEEEICLY, B
VLR B ek A O S IR I O B R SRR A S e gk m N AR LT,
COWMEBEEESZ T CREEXEEARTFNILE - REBE2NOEHNZR2NEFEES
WY ELOTREFEOR T, [LGBLIICHT > TOHE ROHIE, BEAD
AL, INOLEBEZTEEAEZICONTHRFZHED S Z LERNBRD 5
nTW5b,

WD 1.14HETIE, R TEME A UZESERERRICOVWTRRS,
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Figure 1-12. 21-years statistic data of severe accidents on overhead lines in
Japan (1985 to 2005 fiscal years). [11]

This graph was redrawn by the author quoting from the “Figure 3-1-1. The causes of

severe accidents in Japan” in the ref. [11].

X1-12 REXERBOEXREEH 21 ERO#HET (1985~2005 FE) [11]
R, BRBFETIEE 65 KiF 3 B [HARSE ST 5 REREHM [11]0
AN

B 3-1-1 ERBOBEKRRFHELEES TS LDV TW D, FIEHES OF 2145
T, Rz —MHEL TV D,
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Table 1-5.  Classification of atmospheric icing from the physical point of
view [39,40,46,47].

x1-5 KREKDERA 7 4H[39,40,46,47]

Classification by large category Classification by middle category

Precipitation icing - Glaze
- Snow accretion
Wet snow accretion
Dry snow accretion

In-cloud icing - Glaze
- Hard rime
- Soft rime
Sublimation icing * Hoar frost

Table 1-6. Classification of ice and snow accretion from the mechanical
point of view [40,46,47].

F1-6 BKEDAFHIF$E[40,46,47]

Classification Density Adhesion Cohesion Color
[kg/m°]
Glaze 700-900 Strong Strong Transparent

Hard rime 300-700 Strong Very strong Transparent or
opaque
Soft rime 150-300 Middling  Middling or weak White
Wet snow accretion 100-850 Middling Strong or middling White
Dry snow accretion 50-100 Weak Weak White
Hoar frost <100 Weak Weak White
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Table 1-7.

x®1-7 ALLADIE

General features of snow damage caused by packed snow

accretion with sea-salt, ice damage, and snow damage caused

by mere snow cap [44

==

==Y

45].

BKE. BEED—MRHK#[44,45]

Item Snow damage caused by Ice damage Snow damage caused by
packed snow accretion with
sea-salt mere snow cap

Weather Temperature -5to+2 °C -10to 0 °C Below 0 °C

Precipitation Large Case by case Very large

Wind speed Over 10 m/sec Case by case Calm

Region Coast or inland area where Cold region Heavy snow area
sea-salt particle could be
transported

Quality of snow or ice Wet snow, high density Ice Dry snow, low density

Pollution

Very heavy

Case by case

Very light

Flashover timing

Developing state

After sunrise, after increase
in temperature

After sunrise, after
increase in temperature

Example photograph

IAn example of in-cloud icing

TREEIL, FEEEOFTEMAT, EELKGB LM MBBAELELZLDOTH D,
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1.1.4 2005 FICHBETHMEB TELLEESE

INFETOEFEEOHAME L CiX, EdRoFBE M comizmz <, BN
TIL 1973 A 12 A AL E R E 0 B AR\ TR A L7, 2004 4 1 B2 dbigE o 4 &
— Y 7 M TRAE LS 48 SN TWE, Zo2fiznThd, FEELEER
JEOBEIZEW, ELZZLREOREN, REIZ LY 33 kV EEMROEHRNA VL &
LPAWVWLICES LEZERERE SN TWD, AN BWTIX, 1984 I/ L7 = —
OFEHEFETRELTZH [49] PHE SN TWVWHIRETHY HEEEFXENHCBOTH
HEODHERLTHD L INTUWDH[44,45], TOHTYH, BRMOLIFER (£ 1-1) Lot
BRI OEEFERGICONT, ZORERRIZOV T TIZR~S,

2005412 A 22 H RPN HE LTEIRKERN A ARSIGEOR AL LT 2 L &bz,
AR & - AR KER AINZ W Lz, 20 S0 RKIEOEEIZLY, 12 H 22
HZFHT 3 RF2s & R4 5 RS 2000 T, Fnil IR Ttk o A4 Qi1 0 °C 72 542 °C D
PHCRFFRHIHER L 72[50-52], FrinHh F 6 CHLHI S vz 22 BRI 3 I 6 P& 5 I
FCTORBEMBEAKET 26.0mm Th v, FHEH T 22 H AT 9 FFEIZ A K 14 m/sec % B
M L7z, WALE ST OB~ AT A TliE 22 HFET 11 KFIZHK 25 m/sec & 8 2 5 JilE % 5C
Fk L 72[52].

ORI BRBEMO T, BEATZO@EEP OFHT 8 W 17 /3 EITH IR L BT RHE D
154 kV EEHR CHMEELABAE LT, 2T, BEHOEBEENS EFT572E LT
2 OXRERTIZTIIFBFICHBEELRAEL, 2EFRE 2o, -, ZhEF M
BRIZ 275KV EBRICBVW Xy a vy BV REELLZEICLVEKOEBEL— QN
M- WEELEX Yy v B T ODICAG 30 BRI, 49 FIAREAEL L (X 1-14)
B I IR A R ISR 60 5 kW DO IFE SRR N R AE L T2 [14],

WERN AR T D270 T, HALE RS T K 2 FHGEH O R R
154kV & 66kV OEHNWLUICHKRE LE-BREE X, mElc L EBInzRE (£
BESE) ERoTWEIENRHRINTEZ, 23, EMAVWLOELEORAZHOR
<L, BMAEZERIIEBHK LTI ERHA LN LR (K 1-14), K 1-15(a)lZTi 3R
E~DESOHZ, K 1-150)CBEMORBELEEBE~DOESOH 27T, S, N
WLOEYICHEKIZHEZLZS O, BB 7c —AHERICRELLED DR EN
Rohiz, TNHOEFEZBRRIE. TNEFTICEILHALNTWVWEEKERSHEEFL L
T2 Bhhonb D Tholz, o, PWVLICETLEFOEITK 0.54~0.94 g/cm®
THO ., wEIC XV EESANELL E TEENTZZOIIZH 200 pS/em O & W E E R
W S AU72[50-521°, 20 KO R SRMIE. HALE RSB N TilE 30 FH
HAELEZ L3, BERMICE > TRBICRBO R VBE LKL THo2 2

B BAEEAEIT O WAL D BRELITERZOZ L HZEBRE VD [19],

¥ OTHEESERICHHIE CTITo7 7 0 — /L FEIINIZ XL D, 200 uS/cm 2B 2 5 BB X LBOERICBN SN Z &
D LN SN TWVWD[53,54], HEFEREIZIE, 2OLIREVETEBEROMIC, Wo BTN HREIC N TRE
Mk 2 2 & B RLELEMUETH 5[43,44],
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EMGINoTWDH[14], ZOFERRIZEIT HUWFEGEEA I = XL %K 1-16 127 3[14],
— TN L ORI B EECE RO 7o | SR I RS A REIC T, i TR I 2 I 4
I~ ERERZ R CHBIMICHEBET 250 YR VWHBECTCHEEBEAETHD
[36], LrL, ZOMWEFIZEHL X, FMOBEENRFEKR 2o TWLIEZEZRET
HECHEBIIAAMETHD, 20D, FEHTIE, BRENLBHEIE L 22 HO
R, IE~ 2500 NEBZDAFICED DD LICHE LTS 2D BREIEENSED
DAVIZN, AEHE XN EE 2 WD 72 [52], FERMICIE, 20 Z &R E L2 RIFMICE D
e SRR TH D, ZOEBOEELZZT-2BOB OGN EIR LK, F
WMBABRAEALTCHrLRBIZ3IREEOZ ETHo T2,
COFEREZ T EEEROBEEENRE LT, YL &b 1 [EHRO S E
PREE « MRS ORBMON N LEEBRN WL LMMEABENS O LIRSS Z &0
WEINT[14], 72k, TOWREFEMNKLFIL, FHHrOBXE 2HF%ZD 2007 4 11 H
FTICETLE[56], 2NE b o TCOE ETYHOEEERKITK T L, RO
BYEDRFET D R AERA N =X LOMPICBE L Tk, l&fiE,. BRFELEKTH
MEED DL Lo T2[44],
AETHRREEEERZOBBICOVWTHETLE., UTDXoIckh b,

IhE CTEANNTHESZFEORANRE I FIX, BHriE R TS o F
EEDODTHA4HTHY, EFEIRHEEOERTHDLH LE XD,
WEERERFORKGEFORFHIL, KR 0 °C 22 H+2 °C O HiPH T &R
W LD L, ZOMORBEKE - REAILICKE <, #@E 30 ERICEI SN
2 EDRWVFERHRR[IREMETH-TZ L TH D,
WEFIIERISHONTEEFEKRKSHES LITRRIBGTHY, O EVES
ENBEET DL, TOEEFIFEBPOERMEICKSTEORIANRERTH 5,
O YO EELRIT 2007 4FF TITK T L7z, xR O Z 24O RGE
RO NNCHAEA D =R LOMIHICE L T, 5l &k &, BRAFESKR TR &
HOLHZ EBRDLNT NS,

O fEREAE L R Uk, BEREEZR T, BREELZERICEET D Z L2V D [55],
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Causes Numbers of lines Numbers of circuits
Insulator flashover 23 37
Conductor galloping 7 12
Total 30 49

Figure 1-13.

Failure points of snow flashover caused by wet and packed

snow accretion and sea-salt on the power system network in

the Kaetsu area of Niigata Prefecture in 2005 [14].

This diagram was redrawn by the author quoting from the “Figure 1. The snow damage

in the Kaetsu area of Niigata Prefecture” in [14].

BWELER [14]

M EbEic, HBEES
DT EET, BRO L THEHLEZLDTH S,
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Strong wind
Wet snow

<x

r + * + 4

Wet and packed snow accretion

Figure 1-14. Schematic diagram of wet and packed snow accretion on a
long-rod insulator string seen in the Kaetsu area of Niigata
Prefecture [14].

K1-14 EHAVWLADEFRESDEE[14]

(a) l-arranged suspension long-rod

insulator set (b) Lightning arrester assembly

Figure 1-15. Example photographs of snow accretion when snow damage
caused by sea-salt occurred in the Kaetsu area in 2005 [52].

E1-15 2005 ETHEESEHORBNALL - BEEE~DEZDOHIY'[52]

OEVEMEE O 2 G TR L7z,
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Sea-salt and dust particles
play an important role in
formation of precipitation

particles in clouds
e

In-cloud scavenging
to precipitation
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The Sea of Japan

Figure 1-16. Schematic diagram of sea-salt transportation when snow damage
caused by sea-salt occurred in the Kaetsu area in 2005.

This diagram was redrawn by the author referring to the “The enclosed pater 4. Estimated
mechanism of snow damage caused by packed snow including sea-salt” in the press release by
Tohoku EPCO on January 13, 2006. Although the existing overhead line facilities that were
affected by the snow damage in 2005 started operations in between 1927 and 1985, these have
not never had such like accidents until today [14]. In general, pollution degree by salt decrease
with increase in distance from the sea coast. On the other hand, the failure points of the Kaetsu
case were distributed mainly in inland area. The process was assumed that in-cloud salt particles
were carried by strong winds, the wind flow was blocked by Mt. Sugana, and the cloud made it
snow together with sea-salt transported in atmosphere, finally these contaminated snow accreted
on the insulators.

E1-16 2005 EOHBETHHMIBICELCLLEESTOEEHEA H=X LA

BT HRILE RS T L 2 U —2 (2006461 A 13 B) 220 [HI#k 4, ¥R+ %
GAEBEOPRVWLAADEZEAI =L (HE)) 1L ESNTNDEE, UFEOBEEEFEEK
NEALZEEOEEBERMITIN27TEND 1985EE TICEMHBBEINZLDOTH DM,
BEFETICARIO L) RESTEICRDEEFLEFAE L LIERWV[14], —H&AIZIE.,
BRI & NBEERIC B 2> D ICEWIETERIZ D <l o TV A, FEIETETIZ, B
FHEIVBLLANETOXEEROWENLH LT, ZOHEBIE, EFICEENT-EE
KA THEEE £ TEIEN., TORNPBEFHORGICMET S2ELEL ST
WRIZHE SN 7o DI EHEICETZ 2 b7 b L, AT > TRIZ S iz gk 7
BNV LICHE LD EEZ SR TWS[14],

2 HE BRI EIMRSSME T =T A b, 200681 A 13 A7 LAY U —X THIBEANOEEOFRIKN & FHIHD X
WIZ 2T, http://www.tohoku-epco.co.jp/whats/news/2006/01/13.html (BIE A : 201747 A 9 A)
B EEEFOTF A EG T, RmSCHIZ 8 %L - BR L,
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12 HEERDAVWLOEEARDHE

LIEi TR B | HEBIMROBFEKSHERELITIRRIBLETHY, 20D
HAEFTHREETH L, 20O, HWEEFEOHRATHRIEZIFTE L1V, —FH T, i
BIZLD 7T v A —N"FERIFIBECENTHLZHERINLTEY, 22+ 5%
e < ;’c1950$ﬁ75>6ﬁnéhf%mﬁ%f&>é AHEITIE, 2 HHEROEFH
2212 OV T, jtsézn_ 1950~1960 kD b D (1.2.1 ) &, 1980~1990 F{RD E D
(1221,5) T THEZRIN T2, . EENZRERE LT, wEHROERKK

T 227747V 7 2k AR E TR & 722 o T KT & 2 KRB Ze flds
i[ﬁa ZOWTHERL T 2 (1.2.3 1),

1.21 BAD 1950~1960 FHDEEHR

HARTAREHREENRN AL — TR L R o2 FLIL, 1956 /£ 1 A D 154kV
HARBICRAE LIS EFK[ST-591TH D, ZOFERIIBIT HHEBOMBIT. Lok
S HE. At 1 B, HEWR2BOHEATHATmEEINTWAS[57], BFiIZLsr5H
MREM I OIKRT T VT 7 AP R TRl RolcZ &, SP B LR —EHmHEY (X
1-17(a)) L7=Z &2k v, bxu\b/\ﬁo)77//f~/\ BIEMNME T L2 ENRE &
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Figure 1-17. Schematic diagram of experimental study on insulators partialy
sunk in snow in the 1950s and 1960s in Japan.
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Figure 1-18. Schematic diagram of experimental study on partially snow-
capped insulators in the 1950s and 1960s in Japan.
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Migration of melted
~—  water

-

(a) Migration of melted water from snow cap and occurrence of partial arcs

Totally capped
with dry snow

(b) Totally snow-capped cap-and-pin insulator string

Figure 1-19. Schematic diagram of experimental study on partially snow-
capped insulators from the 1950s to the 1960s in Japan.
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in each Chapter of this thesis.
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Discussion about Dielectric and Electrical
Insulating Properties of Accreted Snow

Based on the Complex Impedance



B2E BRAVE—FURATICEDICEE
DIFEE - EBRIFEORE

21 FAMNE

WEEEZOREAD=ALERHNTH ET, HEEELORELLELT D RN
BB EEFETTCEBIETEETHDL, ZOYHEIZONTIL, EHEHERAERKOR
DLREHL72 B0 [RBRSGME L CIFRE., BE, BE2 RN g oh, SEEERT /N7
A—HLELTEHEETERE, EFFPCEEINIENE - KyBRERXETFOND Z LT
BIZEEL 22, BICHBRTEL & AFRTIE, EERNLDO T T v A — NEE R
EEBETHET, HEERXOLOA VU E—F U RAIZHFEHLTNDL

T, SRESHAVEMLIZEEK, RO RICZN D OERICTFET 52 KAELER
MO SN EDLIERERTH L, FIX. TOMBBEICENT, KD —EHHR K]
WCHEER L T < 2 E TRECESTREBIZEET S, EXKFEFHLHLIWVITEKRTLFIZE
WTIE, 2OFO|Y EA WD Z & &2 KE (LWC : Liquid Water Content) & U 9 515
WCEORTZLENEBI L o> TWDH[1,2], BKRERIX, SORITKRIKE LTFEET HKDE
. NLHEEERICHTIESRTORLELOTHY, HEESRTETHAL., KEEYD
RTCERTHEEND D, KX TlE, RQ-DTEBSNHIEEEDRZHAVWTEKREE
KT T503]

LWC = omer 100 4] o

Snow
T 2T Wenow FATEREOEEE ., Water (TEEOKOERETH D, bW LR LD
2. BARERENMEE, WoTmBETHDH I EERLTND, F7o, —BRANCE KRR EEIC
FMOWEEMESOMNEDNDPRENZ ERMENTEY . ZHICE L TKE S[A1E 10%0 5
15%FLEE TEOMIR~DIFE NP RITR D L 8E LTV, KEF SO RIL. Fl 2 13RI %
BTG & &, BELBETIHEEDOIF ) SEREHRE I E LT VeV S FZbOH

' 7Ty AR A VB S U ADBRICOV T, 35 EOMKT 5, KR, Z0Ok0Ic BB R
Bl L LT HEOA =S ADRD WO EIRIEL . R 5720 ORI & RFT 5, Lai- T,
BI3I~5 ETORINAIL, LRI, REOERICIHML TN I TORRTEL,
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WORREL—HTD, BEEREFICRDONTZRENBE TH-ILITHE 1 ET
WA=, ZORIREWEKRRT, HEELZRBMASTHAATA—FD—2LEZ2H
., EOWMYEGELA U E—X U 2AOBREFTDL Z LI, AR OEERMFHE
D—2THAHI,

AT, ZOEKEN, EOEFEFEFMEICEELHEZIDHZ L. T 2bBLEDOFEE
RO BWEHFFENE KRS CTEAT S LI 20 TE, T TIREKROHFIRIZE
THLMNERSTEBY, TRALOMBMHIZO VTR, 2 E THEKOERIEE NS
HUMTISIHE (Remote Sensing) i ~DIEHE B E LT, ~4 7 0 LIRS
e JE I O & R SRR T O C & T2[5,6], . AWFENK R E T D EE I
WL, £ LERE FRA, ABRICEAET HIEEELEORFOBEEE 2 —F5
VERD D, 22T, KX T, FRIZHEREREBRICEIIN S 40T % 08 H 8 A
FRIFFICLD2HAERECEZ2ELIICED, Z0koERICEDZ LT H, &2
AHT, RICB R EREESOMEEZED & LEEMEROBIZEIZ. Wb AR &
RTCPF o LFHWEREHZ X =7y L LTWH 7D, KEBRKE CORBHITZE <
I, o, JAEBEEORmUVMEWIZIRO T, 20 X0 RRFEET ORI RAREEH
WHZERKETHD, ZOOEORRERENARTEETH Y, EBOFIMEN
REINTVNDEEEVEELS, FIXIXEKRELTIERGFELIEYHEELLEREDHNT
WDOEMEIDDOKRFEL ML ETHAH, £72. FiX, 0 °C (TR EE THIIC R E
EEAESEDEVWIFEMERHF TS, Z0XkHI1C, ERHRETO/FEEDOIES S X
ERFOZ L L 0 °C LTl RIBEKRAEEZ AT 2 L1, SORMEL EMICTHN X
IETNIETZIEE, EMNRT 7a—F 28 L THHRThoTmELEZOLND,

Flo, INETIEHBREINEFTOFEMRMEOLZIT, T<WMEBOA LTV E2EH5ALTESE
iZxt L CHIE SN2 d D71, E%éb\iKEVF®ﬁMLT@UEé%lk%ﬂDB9T@%U E
DHFIIZE NS D E LTHRDODNTEL[0]E W) Ao REXFHET 0L EH
e A AT

ZFIZT, AMETIEH., 2O OHBHEDIELOERERTOER L AWML % AT
REZ2TR U BET B 72, INRAMORKEERENICE W T, RN — 2852 o AT
EEERL, FHEORT A= EHBET I8, GKRELEEASA LV E—F R
OB ZRFIMEI T2 2 & Lz, RO 228 TIE, EA L E—F U ZAOMBHTITH W S &
WHEwRIC O W TS,

22 YEBZOBMENICEAT IRBLEER

221 HBAMBRZRERIERAER

REE AL 2005 f()D A TNTHR L TRIBIRARZE S AT LIZBIT 2 I0E at) xRk 5
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IZIE, VAT ADOREMEORFHERERBELCTH DA V7L RIRE () AW E DT
7o B A FFE43 (convolution) ZAT 9 MENH H 8, BREIE VAT L OEFINE 25 X
LB, ENOOFEHER TOREA LMWL, TORBETISELRD LR
L1, T72b b,

A(@) = X (@) F (@) (2-2)

ZIZT, X@)F AT EM N E OIREBERERES I 2B EO B EEEE ORI T
HO, BEFBEREZBOBIBEITIEI X (0)E LTKRATEHRINDH[12],

X*(@)=X, +(X,~X,) j:e*“’t Aty (2-3)

TN (ANT)) A (M) LoBRIZ. IETH D EDREEZENT VD,

ZIT, ol TABER. XX o oo BT X OMBMTHY ., RKEREENZ DT b
BFIC LT D80 TH D, ¢ (OILTRDA 7L AU (impulse response) ToH 0 . RIH
B L bIEEN D, 7 RATEREIND )i, ZD AT v 7B B %k (step response)

ThHO ., MK LT, gt HICRORMENZRTEETH H([12],

da(t)

dt (2-4)

ORS

T, BEBEROA T 4 v x Vb (indicial response) T H —IRIENZEET
He, oOFEMERZE LT, XX HickREN D,

t

Dt)=e © (2-5)

X(2-3)~2-5) &0, REABFTFELND[12],

_t
do® _ 1

H= — 2-6
) o o (2-6)
X*=X, 1 \ s
X —X, 1+jor, @7

KQ-7)O XE, EFEFm B2 PR OB 2 #i < .

2.2.2 Debye #§ & U Cole-Cole & #ZF1RE %k
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Debye |&., MR O FG MM 112 K 5 Mg 1E— X > % & % Maxwell-Boltzmann 75
MnbRD, BRI Loe—L U YONBEREEE L, RUEER T CTO oM
B L7, ZOBBET, WS TOKGO —RENE RTIEMRE 10 2 58T 52 L
THZEFEREE L., L<HMBA TV D Debye D4R AR S L7-[13-15],

-1 N . 1
&, {ap_i_/‘o ) (2-8)

e +2 3¢ " 3KT 1+ jor,

I Tl TEFoMERF oI LD omEORT k TIXENERR LY <V EH,
BRBA DRV~ AT TINT D MR, wo ITEZEOFBEFE . N ITHEMAEE Y72V
DBIBFHTH D, T 2T, HHIFEER ero. LFHIFER e WO TEE LAQ2-8)%
T NIE, EEFERIIKROKXTEIND[16],

.
81" - groo l

= (2-9)
E,—E I+ jor,

F 7. Debye O 1%, AMIERAEICK L CUXEEMICE LS KD L2202 ERmbsnT
WDM[16,17], 2D Lk, eOBMBINEH EIZEL W EEERT DL, ZHICK L
T, Cole HlE., fix OFMIEIRAEIZET 2 FHENS, ERFELRLZRTAONN%
KO, IR EBELHTEHAS  HOLIMERD Z 2 RAHL, ROBRBRAEZREL
171,

.
81” - 81‘00 1

— 2-10
g€, l+(jor)"™™ ( )

alE,. 0226 1 OEBMTHEZLNABETHY , K(Q2-9EXQ2-10)T a=0 DGEITHY
T 5,

LU EIZiR 7= Debye, Cole & D #gimlL, HERFERS M L7 T IPICx L TRIBISE
Hamz M L b ot by (2086, N22)0mieL 25 ab e fhiten<
NERBETILEBERBEMLT I TH D), Z0imsHILWHE X (IHT 25—
BEmICRTIE, & DFFO D L [FERD )R TET 5 Z & C Kramers-Kronig D BIFR[18,19]* 3%

P HEFEFETO XM T 5RO 2 K& Kramers-Kronig[18, 191D BHAER & W5, ZOBEARINT T 2546, X0 EH
FFBEB I, M EFHEICL - THEHTEAZLE2RLTEY, KRV HIMEBHETLHZETHS
1 5[20],

Re{X' (@)} -X. == [ Im{X" (s} A

Im{ X" (o)} :%I:[Re{x‘(y)}—XJ wz%uzdy
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Do XIZx LT, 207 e v—I2 k-1t - 72k O A2 EH T 5 Z L 2N ATHE
T&)éo

00

X —X, 1+(jor,)"™

S 0

X-X, 1

(2-11)

KQE-1D)D X ZFEH X EEHXICHEET D&, TRENKRDO X DI DH[17],

1+ (w7,)"™ sin%

X=X, +(X, - X,) (2-12)
1+ 2(60 2'0)1—0! SinaTﬂ- + (CDTO)Z(F‘Z)

_ ar
(w7,)™* cos =~

-X.) (2-13)

1+2(wrﬁkasmf§3+(wrgﬂkw

XI/:(X

S

ZZETOHEm T ARETHOW DM OWEHENE ST, LTFOHTIE, ALEDOHEFEA
YE—HURZIMLAT P10 B T OEB A M S 720, K(2-11)~(2-13)
TX'=2't@aE»z-X. ZORCEFOREEHAND (ZoEA alt) s f(HiTzhnTh
BALAEML TSI NEBRNTHD) 3, TDOLET, GRKREEZTZEED Z7OEIC
DN THRFT 2,

23 ANIEDEREEFRAVE—FTUORATE

ANLEOERNG A =X ZAOREETO—HDOERIZOWNWTIL, &£T, &N
AR ZEET - BRZHE M & DR B ERE T W THEM L7,

231 AIEDERAE

AFE 22.7 mP, PRIEAE 8.9 m? DERIEFEFRENOIRE 2| §9-20°C IZPRFF L7REE T, — K
J A EE L TCEROKE OKIR 10°C, KJE 0.7 MPa, FEHRIEE 60 um) % =ENIZHUAG L2
(1% 2-1),
HONCOEEREZREL-REKEZZY L ZICHABELTEE, A7 E2HVTREET
AR LTz, / A0 LR SV K, MERAOxX v MIfESEZ, Zo
W, FEERIIIBOKER E R CA D =X LTHY , WBHEKER R v M @%Lfﬁlb
TbDTHLHN, Fy O LICHERE L7 A TE O/ 72 b NTUERIT, BAROFIZIEWH D

3 p.51ICEB VT Debye WAEE L7ZORERIC—KEBENREZ AT ZIZX LT, RQ-IDWZ#EAT 22 R TE 5,
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Thole, £lo, MEEZRVIALTZHRORES &R, —RICH—RIES D5 &R > T
D EVREBRFFEDO—2TH D, AFETIE, ALFIZEENIEWHREL, N LE A
MUTEREKOEERIZEIVHET L LT, ZOEEROZLEZNLHEOEER, HDHW
IXEOHBER LIS,

AN LEOEER 1150 uS/cm Tl HOBEMIC L HEFE AR FIZB LZ 004°C4THOH, A
TEZFE LEMEKOEERE ST, fikoZhERKERD, TEHN -7 ATEDOIE L fil
Blx, RRDE (LEVE) IP72bD0THD, K22 IFANLEOIKREFEETHY, DR
BMPEFEK EMERFRIZEDOE 10 um 205 100 pm FEETH O | LI — 22 K& S OKRINVEE
Fo TWDHRUNBHER SN, T2 TOANLEOR 1L, EHENREOSE=T— RIS
<EFTIE “MMrp” (B CIERL L 7-BRIRKI ) TH D,

AR LT ANLEZ, WEICHET 2 ETOM, RO T T 2AF vy 7/-_OR Yy 7 2
ZEPAL . MEEN TRE L,

S AT RY T AKBROBERSBETIIRANTEZ LN D, WIRORER ST, WEOEBA LY bK< D, WA
OEGE LR, HMBERICBOWTEE EBREOMOMAEERANER CE2REIC/NIWVEGEAIIE, BESAKETAT
LB R ORI EGOER CHIENBEAMFTKOLTHREY, REOERELEEL m & LT A =Kxmc
Hzbhb, KiZOWTOHO KX 1.853K THh H[21],

S0 CUTFT, MNDHIRA~EERFE LD E. THOFREMMARO2IZONTHRZToOMMA N LbND i, D
FOEZEORETEEIND, BRIINAZFRFL, FDURCHRO /NS 2KOFEREERICER > Mo R2E &
72 513].
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-20°C of room air
temperature

A pipe Connected to a
pressure pump _
outside

-

/

Misting
nozzle

Artificial snow created
on a snow catching net

Figure 2-1. Schematic diagram of the artificial snow production in the

climatic chamber.

NacCl solution having a defined conductivity was sprayed in the climatic chamber kept
at -20 °C. The mist particle having 60 pm average diameter floated in the atmosphere and

hit the snow catching net to become artificial snow particle in a manner of rime formation.

X2-1 RERBREICSETAIAIESEROHE

220 °C ICAHB LIEBREFERENICEW T, TOEERLME L KER Z FY
KBS 60 pm DFRICTHEAT L7z, ZOR FIT. EHEE -2 HBICHER v MCH
L. BOKOZHR & RIER OB THEE L TAT R &2 o7z,
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Figure 2-2. Close-up photograph of grains of the artificial snow for the
impedance measurement.

The dimension of artificial snow particles was approximately several 10 to 100 pm and
almost corresponded to that of mist particles. The particles flocculated together and

closely resembled fastened snow particle visually exhibited in [3].

K2-2 AVE—4F RBAEIZAWV:-AIEOILKRKEE

ANLEORFOTIEX, HELEZFEORZLIZIEFREDOE 10 um 705 100 pm 2
EThHY | LI —RRKREZIOKMNEE > T HREDER SN, ZOANL
ELRKOABEZFRFORARZL L UL, LEVSLERENLIEBEOLONRH Y | [3]
TIRHZOREBEEMITRIN TV D,
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232 BERAVE—FURDAEAE

—f%IZ. 1 MHz BLFICEIT 2 5O EFHEFMEO R EEMRITIL, FATFEREMRR
DHAWVWLND[7-9], AfaTiE, —UMN 10 cm DN FEOT 7 UV IVEZZOMEIT, [\ H
WA X DEE 0.3 mm @fmﬁ SR 2N L mEUE 2 B EY L 72 1%-3°C DEINT
KERTLFEL, EMEICHEE 040 g/om® TEHEFE O,

Z DR D, ﬂﬁﬂ%?ﬁ BE2FICOENICIERE L CTEHEKELEHOTZ, 2005 FIHE
ERRAE LTZRE[2211C1F, B COEKERPAME TIXR WO, A TOEKE R ZEHE
X KE 4] OfE % Eﬁé: LTBEZIS%REEETE Lz, &KAROBTITE W T
BEAZAKEH[23]2 AW, ERR S KEHRHBEROMAZRE LR 2.7~144%TH Y |
B &R —H Lz, MEROFIRIIMAQ 0°C TH -7,

A =X U ADREIX, A E—X AT F T 4% (Keysight Technologies 4, 4294A)

AW, RBIEEE 500 mV (2T, WG FxhEIC X 2B O Z72fE Lz (K 2-3), %l
AT K DI, ARTETORIEERE LR E R D EMEEE N —F D X9 ITHRE
Ladnid e by, —RICEBREEORFIZ, BIBRND BN 2R E08H6
NTWBER, ZORFMZEIZE LT, Berger HR41ITTFEBHROBIMMNS . FEE 2kA O
ERERTIEL, WHEEHED 95%E2 1.8 ps (BfRME) BLON3.5us (EMmME) 12725 #E LT
W5, Liemo T, WHHE D 95%fH% tes[s]& L, T OWED 1/4 DT RIBICIXFEAIR B H 31z
i fros [Hz] D 95%ME AR 32 L ARE AL

fos @ — (2-14)

ZHICEADNWT figs ZRTE LERBOBZETHIE, 22 TOA U E—FX U AREICE L CidE A
HE KkHz FTRMETHS, 22T, TOEEEBEL. AV E—X L AT F 54 FDE5]
JER R A2 v 7 a2 T 40 Hz~1 MHz & U7-, BIESIITHIESD FIRTHH 801 & LT,

CERBICIVBEATIOMEBEBED I LAFRELEL V), WM E TOREMAE ps, MkFERFR 23 E 1 ps B O R D
TRBRERERFDL, FHROBEBEBEOFT CRLRZVIBEETH D, RERICHL L, BIFEOLZAFILLDF
WEERICH I EIEARARRICELS, DO2REOEBIIRD 5N 2 I TV 5([20],
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| Atificial |
snow |

Electrode
b Electro t':lue

o O

Acrylic container Impedance
10cm x 10cm x 10 cm analyzer

Figure 2-3. Schematic diagram of the experimental set up for measuring the

snow impedance.

The artificial snow including salt was cured in -3 °C atmosphere, then it was put into
acrylic container whose dimensions were 10 cm by 10 cm by 10 cm and that had a pair of
copper electrodes facing each other inside. The snow density was 0.40 g/cm3. The
impedance analyzer worked in a manner of the four-terminal pair method. The frequency
was swept from 40Hz to 1 MHz. The oscillating voltage was 500 mV. The Liquid Water
Content (LWC) was varied from 2.7 to 14.4%. The atmosphere was kept at +2+1 °C during

the measurement.

B2-3 BIEEBSIVSA UV E—F U RAERBOBE

=710 ecm DNIFERDOT 7 Y VK GEOMEIS, WPV E D —XOES 0.3 mm
DOEHIREBEMEZIEA L, WHEELLIRY B L7E%-3°C OENTHREELZE %2, BN
MIZHEEE 040 g/em® TEEFEDE, A VE—X AT F T4 FOREKEEEEZ 500
mV & U, P76 E I CTRIE & £ Uiz, E7KRIE 2.7%0 5 14.4% 0% T &L
SRz, HESIL, BENORE Z+2+1 °C IZRFF LT,

57



233 HEHRAVE—FUVRDOBE KRBT

FEKRBIZBITIDEBZA VE—F L ZAOE 2. B 2"0 E K FEE K 2-4 12
AT, NT A= L LI EKRELAMPICTEE L, EEKEICH T oAl &
KENEMEE, 2, 2" BT T D2 ENmRENTZ, K2-51F, X2-4 #8EFE T
mElc7ry FL7ZbDOTHY, T2 TIERERAPDOBBEN K HIE VAL 40 Hz TO
fEThd, Milix, BAEENE< 725122 T, 1| MHz £ CHifR EZ2BE L7220 5K
SO E S BB 2 W2, EKEEEZ L2 OREE AL & RRIER I,
BAREMENZERADLPDOHEBNRREL | A E—F 2 2DfEHEN K E < 72 5
mAEr L7z (K 2-5(a), £70. HBROFESMIEEZIERK LZE 2-5(b) Tl KB H £l
OREZWVHIMNS, @SBEAEZMO/NSWHIIAEE L TWDLORERINTZ, Z0EHE
WEA O M, EKE 14.4% TIEFEB Lod 02 EKE 2.7% THEARE 3 M o [
MICEN TR oz, TRHD X ICHIERBICHN-EELH EO — >0
Mo, MEMENRELRD —OORMBREZFEFO L ZR LTINS, KO 2.4 H T,
ZOEELEZOOMIEZNENEMTO MU BT 5,
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2 2.7% of LWC
7.1%

11.1%
14.4%

Z' Q]

T IIIIIIII T IIIIIIII T IIIIIII T IIIIIIII T IIIIIIII
10’ 107 10° 10* 10° 10°
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(a) Real part

10°= 2.7% of LWC

. 7.1%

-Z" [O]

10°4 1.1%
4 14.4%

T T ||||||| T T ||||||| T T ||||||| T T ||||||| T T |||||||
10’ 10° 10° 10* 10° 10°
Frequency [Hz]

(b) Imaginary part

Figure 2-4. The dependence of frequency on complex impedance of the
whole electrode system including artificial snow.

Both Z' and Z" decreased with increase in Liquid Water Content (LWC).

M2-4 TBEBREKRDOERAVE—F U AORAKRBKER

BARBREBNEE, 2, 2" BITE T T2 2 &R SN,
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1.2x10°

1.0

0.8
2.7% of LWC

Z"[Q]

0 02 04 06 08 10 45.40°
Z'[Q]
(@) Trace of the complex impedance of the whole electrode system

including artificial snow on a complex plane

200x10°
2.7% of LWC
150

_g- 100
N

50

0 3
0 50 100 150 200x10

Z'[Q]
(b) The high frequency range

Figure 2-5. Trace of complex impedance of the whole electrode system.

The lower Liquid Water Content, the larger absolute value of Z as shown in figure (a).
As for figure (b), which was the magnified tracks in figure (a), the large semi-circles on

the low frequency side were superimposed by .the small semi-circles on the high frequency

side, respectively
M2-5 BBREKDERAVE—F XD

GKREPIBENEEAS V=X U 2DMMENKREL R DBEMERLE ((2), £
7o MR O UM T & JE R U 72 (b) ThE . B I Sl oo oK & IS, & B i il o

INEVWHIAERE L TWDOBRHER I,
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24 BEIFEEREMERICIIERAI VE—FRORS DB
241 EIEEREMmBE R

UTF, Zo0MNZxt e 2 MEfRE2ERT 570, BMiRET LV E2ERZT 5, £
T, BT AOFEMEIEEZK 2-6 (23T, FMET VL, ALFEZOHO (FEHEAIZITOK
Bo, BREK, BRB, HHEMARN MM E D > THERShE, —2OERNRIESE)
EEMNORD, TOXIRGE. AV E—X AT T I A OREMR I, K—
BRRE COLEICHET 5 5 (BR _EHEAFE Cy. BEMBEIKI R OFEELE
2D EN—HTHDH[25], IHIT, Ziw EEINZ, ALEDOA LV E—F 2 A Z e
(R E ST Conows HEPLEL D Roow) DAFTET D, Flo, TO X RE MR TIE, Zin D
BREE MR B EEANICEN D Z ERNMBNTWD[26], LA T, X 2-5 DKE K
B OB L, KEBHBORMEICBWTAE U ZBANEEEZ R L, &850 o ki
EZOLDODOMFMBRERT EZEZOLND,

RICHEHZEFEHEO —HS>OMIZ 5T 2720 . BE L THESNTEZE Z2>DOHIN Z 0.
Z mow 1Z%F LT, RQR-1D)~Q-1)IC L 2EIFZEHAT 5, K 2-6 TiX. Zine Zsnow 12D
WTWTNE CRIFIFIE TERINTVDIN, T b ZZIEI CREN R IZAE#T
HZET, BEOERA L E—F R ZTOFEREEREETNEI Z v Z snow D EHBIA
T, BEHFELOREMAMTRILT L2 ENTES, (UF, AFOm”THEMBTH S
ZeEPIEENRETH D LB, CIFFHFEMETH DL L ERT), DFED ., ZRIEL
ToXTRFTZLENTE D,

Z*m :Z,m - jz"m = Z*im +Z*

- snow (2_15)
:Z'im+zlsnow_J(Z” +Z” )

int Snow
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Snow Inter-face Electrode

Csnow Car
] | ] |
11 11
Rsnow Ret
anclw Zint

Figure 2-6. Electric circuit equivalent to the whole electrode system
including the interface between the electrode and the snow itself.

Each element represented by CR parallel circuit for Z*snow and Z*int can be converted to each series
CR circuit. Such like conversion enables simple calculations of the whole impedance Z*: real part of
Z" and imaginary part can be yielded by summing real parts and imaginary parts of Z*snow and Z%in:

independently.

X2-6 FEBRE KD FMMEE

Z'ntn Zsnow IZDOWVWTWTINE CR IEAHIEIE TR INTWDHN, TN EZFI L4 CR ESHE
BICEH|T B LT, ERDODEA LV E—F U A DEMEEIZ TN EIN Zhinte Zsnow D E
WE L, EBEHELOEMMTELTILENTE S,
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242 HEAVE—HFUADORDDEE
233 TR LI O0fEMBREOSEIX. LLFIZRTFIETIT- 712,

(1) EREHAODS VE—F O REEOHTE

4 2-4(b) Tl Z"OMREEHM (REmofEM) O —7 NEFIZEHNATND, Z DL
BT OREFE B fo e 2. BRI 0 e DB, 0 fEoD (LT, i
ZFOUIIKEE B TCOETH L Z & x, “hIEEEEHIMTOETHL Z & &R
SRR

! (2-16)
2r fo,lf

Toir =

TP %, A(2-13)D 1o lITRA L, HIEM 2" ZARJEA AN NT 227 4 v T 4
VITTHZ IR, FOMDRIMDINT A —H Zip, Zoars g RDTZ, T T Zo,
B LORICHAT S ZonZz 0 E LTEWNZ E1E, K 2-6 DFEMEIENSHAPATH S,
LR oT, 22T, Zow=Zon=0 & LTHRAUT LV BURSHT 21T 5 72,

oy o
(07, ) COSA%;* (2-17)

:( sIf oolf)

QT
1+2(w7,, lf)1 % gin —1— 5 +(or, lf)z(1 %ie)

REREMOERKSHT L0 RD7- . BMOHERXOERFK T A —F Z2FE 2-1 12577,
WL EEMARMETH D Zo v X, BARENELS D EHIT/NEL T, 0, 1fL“Dl/\
TH, BKRKENEL b TN EL otz

(2) BREHADA VE—F U REBOETE
KQR-15D L ICB WD CTHRELOIIEN S, WOXRELN D,

(2-18)

InzEHANT, SEEBEMO Z'hmow m Z. BIEME & BRMEIZESNTRO D Z BT
X5, THRDD 2w 05 LT EE B & FEEIC . A 2 5598 B fo,ne % 7
R EDDORMDINT A =B Ziwee Zonts e ZERSHTIC LV RD D Z EDBTE S,
RBZDLE, EREANX(Q2-16). 2-17)& AT T —o>0H(2-19) & X (2-20)% H W
7=
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1 (2-19)

_ a,. T
(a)ro,hf)1 M cos

(2-20)

= (Zs,hf - Zoo,hf)

. . O TT e
1+2(w7,,)" ™ sin —k; + (@7, )2

T DX a W T AR o B3 K0 sk 7o, O REXDORRAT A —
H R 2-21R T, EFEPL & Tl Zone 70 D NS e b3, ARJE BEAM & FAR, &K
BNEL 725 /NS potz, ZZF T, 2 LTIT 272 2% s B IO 2" 1T
B DR ot OMEZ K 2-7 127 F, B, KHPD Z" & 22 MR DT & T2
ZRDDZENMTEDLN, Z%MI 2w EEE A EERDTZDEPFIZRL TR,
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m)ﬁﬂ&ﬁﬂﬁ&d%ﬂ&ﬁﬂw4>E—@>z%%®ﬁi
CEL T, T CIC2ToOBMOEERD T XA —4208 2"OF B TRz,

_0)7‘:&?)\ UTDZoD0RIWZRT A =22 RANT 252 LT, WRFIZEHEA

AEAF5 &
IMNTE 5D,

! ’
ZlfNZint

L+ (@7,,0) ™ sinal% (2-21)
= Zoo,lf + (Zs,lf - Zoo,lf)

a .
1+ 2(@7,,) " sin =L~ 2 +(a)rol )2

Z\ ~7'

snow

—a. - O TT
1+ (wr, )™ sin—2=
= Zoo,hf +(Zs,hf —Z

oo,hf)

(2-22)

o,
1+2(w7y,, )™ sin—2= 2 +(a)z'0 o) e

FREICEVRDIZ 2% B Zhyc & HIEfE AT 2-8 12T, KHD 2y &

Z'hw M2 DHZ ETZ HRDDZ ENARETEN E@thﬁkhgﬁﬁékbﬂﬁ
IR LTV,

ZZFETOLET, FiHlORNTH 72 Zhic & 2t ZRODH I ENTET, Th
SEO—EDFE, TRLLBEIESNIZA v E—F 2 205 B A %A 5] 5512 5
S BE.ANLEDA V E—F U ZO5Mli, £ TO—@#HOJNDOMEEK 2-912F &
HDTELS, WO 243 HTIE, LERODTERLFEDOAL o E—F L RIZHOWTHTT 5,
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Table 2-1. Parameters of relaxation characteristic curve at low frequency
by dielectric diversion of the interface between the electrodes
and the artificial snow.

x2-1 EBERKHBAOFEERMASA—42 (REATOIH)
LWC [%] Zs i1 [Q] Z,18 [Q] 0,17 [8] onr
2.7 9.85X10° 0 9.15X107 0.111
7.1 4.64%10° 0 6.10X 107 0.118
1.1 2.61X103 0 4.02X107 0.141
14.4 1.38X10° 0 3.50X107 0.084

Table 2-2. Parameters of relaxation characteristic curve at high frequency

by dielectric diversion of the artificial snow.
&2-2 BRARBAOFEREMANASA—42 (AIEDOHH)
LWC [%] Zs nf[Q] Zonf [2] 0, hf [S] Of
2.7 1.12x103 0 1.43x10°° 0.278
7.1 7.27x10* 0 8.56x1077 0.1898
11.1 4.53x10* 0 7.73x1077 0.110
14.4 3.90x10% 0 7.73x1077 0.076
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2.7% of LWC

Zlf, f(dotted line
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Figure 2-7. Summary of regression analysis of Z" r and Z" ¢ fitted for Z"n.

X2-7 AIEE Z" (12X LTI =EIRSHT (EIRIE Z" B KTV Z" 1)

—3 ~—
Z'hf, c(solid line)
2.7%

71%
6 11.1%

+J LWC 4449 Zif, c(dotted line \ i
T T ||||||| T T ||||||| T T ||||||| T T ||||||| ‘I\I ‘|||||||
10" 10° 10° 10 10° 10°
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Figure 2-8. Summary of measured curve Z'n, calculated curves Z'y, c and Z'ny, c.
[2-8 BIEMEZ GEoUVICEMNOFEEXNSKROEHEME Z B&U Z'h ¢
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Figure 2-5 (a)

Zl!m
z,
«— Figure 2-5 (b)
(a) Measurement of whole impedance, Z*,
Z”snow
Z”im

0 z . Z’im

(b) Determination of Z*i,x and Z*snow based on the in-series-
equivalent-circuit

Figure 2-9
Z” snow Z*snow ———————————————
0 z snow

(c) Evaluation of Z*snow

Figure 2-9. Schematic diagram of the sequence of each measurement,
determination, and evaluation of the components of the corresponding
impedances.

E2-9 BESNFE-ERAIVE—SFUANGCEINFEEREMEIRICEDIIHS S
. AIZEDAVE—SFADEFH. ETO—EDFEOHE
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243 EOEKENNR-ERAVE—FT O RAEH

FTEKEELEZZLEEDANLEZDOLDODEFA L E—F A Zgow & B FE W

WHi< &, K2-10 DX 912725, K2-10 DML, WTH b 2-9 DFIEIZ LY K 2-
50 HARE B EA CHAD) oM ERELZ SO TH O | Hh#R o & 8 E A ()
OYHE Sy EMHE L= b O TH D, il L7z 5 gk L, JEE o & [FEE 40 Hz
B 1MHz ECTTH D,

WIT, REM BB 5 R Z o B L T Z"mow & B KEOBIFRZ X 2-11
W T Zsnow ICBI L TIX, S0Hz 705 50kHzZ IZBWTIFEAEEN A LT, 500kHz
1272 ERESIET LI, Znow (CBA L TIE, 50Hz 205 50kHz £ CITHMEMEZ R L
7275, 500 kHz TIE 50 kHz & DN /NS L pole, BRBENREZD S O DOERFER
PEIZRIET BT, AERBEZEICRERLIN, 206 00EFEFERFEITHTHLOMHE
BWETHEARRITKAF LTE LT,

REMBREBEBICBITHOANLEOFEEREL 2-12 1277, 50 Hz IZB W T, 3
BIEESWTNLOEKETH 100 LEOEEZ LD Z EREERINTE, 2O EEFEN
PR E B CHRPUCEWEEB Z R T 2 2B LTS, ZOZ b, H 3~5 EIZ
RTESPWLOBABE 7 7 v v —NFEEBZZH%E121E, DWW LOEFEZFD 50
Hz TOA ' E—X 2% BHROMEEI (Al CRHATZ2ZENAETH Y,
S50Hz TOA LV E—X UV AREFAETHDL, ZOLIRREEZEZXDL L, BARENKEX
VME E Zow (I T3 25810 (B 2-11) X, EVDITEETHY, HEEEFHLTROLN
D ERBRIZ, DOVLICB T2 ESENRET HZ LIL,. FEMEOEHNL OITV i
& EBERTERVWEZTHA I,

— . T EEXFIT, S00kHZ IZBITFAHELEREIL. WTNOEKETHLH 1 HD
WIZENLLTIZ > TEBY, EBKOT7 7 v oA —"FhE2Z 25568 ITIEIRERD
EEBEETONLERND DL, £l FEIEEOZO LS REHNL FFN VL O E K
T =N EEA NNV AT Ty A= NI RIBIC R D 2 RIS
NOENZNEARWIXDOT U N AT« RAa—FThb,
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Figure 2-10. Complex impedance of the artificial snow at various Liquid Water

Content on a complex plane.
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Figure 2-11. Complex impedance related to Liquid Water Content at various
frequency.
Z'snow was almost constant at between 50 Hz and 50 kHz, but decreased when frequency was
up to 500 kHz. Z"snow simply increased at between 50 Hz and 50 kHz, while Z'snow at 500 kHz

was close to that at 50 kHz.

B2-11 KKXMGEARBIZETEIAIEDOERAI VE—F R
Z'sow (B LTI, 50Hz 225 S0kHz IZBWTIZ LA EENA LT, 500kHz 12785
ERESET LI, Z"now 1B L THX. 50 Hz 5 50 kHz £ CTIEHEMIEIMNZ 7 L7z 23,
500 kHz TiX 50 kHz & O EN/PMEL 2o T,
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—7# 50 kHz
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Dielectric loss tangent
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10" —
10° m
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Figure 2-12. Dielectric loss tangent related to Liquid Water Content at various

frequency.

The degree of influence of Liquid Water Content on the complex dielectric characteristics of
the snow depended on frequency, but change in Liquid Water Content always made difference
in the complex dielectric characteristics of the snow.

The dielectric loss tangent at 50 Hz was always greater 100 regardless of the Liquid Water
Content, which means that snow behaves as pure resistance at 50 Hz. Therefore DC resistance
(leakage resistance) of snow only should be taken into account when thinking about a power
frequency flashover performance of snow-accreted insulators. Meanwhile, the dielectric loss
tangent at 500 kHz was approximately 1 or less regardless of the Liquid Water Content, which
means that the capacitive component should be taken into account when thinking about a

flashover performance of snow accreted insulators by lightning impulse voltage.
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Figure 3-1. Layout of the climatic chamber and experimental setup used in
the laboratory simulation of small-scale insulator flashover.
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(a) Thin ice flakes after produced by the ice maker

(b) Small ice pieces after milled by the ice milling machine

Figure 3-2. Pictures of enlarged artificial snow particles during snow
creation.
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Figure 3-3. A belt conveyer and a custom-made clasher inside the climatic
chamber.

The thickness of ice flakes was typically 1-2 mm, but their dimensions were irregular. They were

crushed into approximately 1-2 mm grain-like particles with the custom-made clasher.
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Figure 3-4. Relationship between weight of salt mixed to 1 kg of artificial
snow and its conductivity.
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Figure 3-5. Schematic diagram of pre-energizing flashover test procedure.

The constant voltage was applied to the insulator prior to the snow accretion. Snow was accreted on
the energized insulator, as it would during a snowstorm. The tests were finished if the insulator flashed
over or withstood for 20 min. Snow was refreshed before each test, whether a flashover occurred or not.
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Figure 3-6.
artificial snowstorm in the pre-energizing test cases.
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Figure 3-7. Photograph of wet snow blown out from the snow supplier.

Artificial snow particles bond to the surrounding liquid water layer, and look like
clustered rounded grains. This like situation closely resembles actual snow particles as

depicted and described in [5].
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(a) Front (b) Side | (c) Bottom

Figure 3-8. State of specimen with pennant-shaped snow accretion after 20
min (40 cycle) of non-energized snow accretion in a manner of

what described in Figure 3-5.
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(a) Snow block on a table taken from the specimen after the snow accretion

in Figure 3-8

(b) Section of snow sample divided into pieces from the snow block to

measure the distribution of snow conductivity at each shed spacing
Figure 3-9. Situation of snow sampled from the specimen.
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Figure 3-10. Distribution of snow conductivity at each shed spacing.

The snow accreted between one shed pitch in Figure 3-8 and 3-9 was determined as a
unit of cut sample. Nss indicates the location number of the snow sampled from each shed
spacing and # 1 corresponds to from the top. Both t; and t2 are 40 mm in thickness. The ti
and t2 are 40 mm respectively. The snow conductivity before the tests was 750 pS/cm. The

arrow indicates the water flow melted from the accreted snow.
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Figure 3-11. Typical transitions of maximum leakage current amplitude (Imax),
and instantaneous power (P) until flashover occurs.

This example was recorded with snow conductivity of 750 uS/cm, and applied voltage
of 33 kV. The leakage current gradually increases before finally flashing over when the
artificial snowstorm rests; this occurs in the rest time between 600 s and 620 s. It should
be emphasized that flashovers always occurred in these test cases, even though the snow
conductivity and the applied voltage were varied. It can be said that suspension of

snowstorm make the partial arc discharges active, and induces flashovers.
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Table 3-1.  Experimental conditions for determining the role of ON and OFF
period of artificial snowstorms and flashover requirements.
£3-1 FUHBEATHBOREE IS YT —NICELIFHZRARDS T
OICIToE-REETEOEREH

Item Case | Case Il
Voltage application Continuous Continuous
Voltage Constant (33 kV) Constant (33 kV)
Snowstorm application “ON” continuously “ON” and “OFF” periodically
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Flashover or withstand

Kept constant at 33 kV v

Time

o .t

Applied Voltage

ee e

Snow accretion: cyclic artificial snowstorms with a 10 s ON period
following a 10 s OFF period, which is up to 14 cycle at most.

(a) Case I: Snowstorm was applied at intervals
Flashover or withstand

Kept constant at 33 kV v
)
)]
By
S
o
0
&
<
Time

Snow accretion: continuous artificial snowstorms without OFF period.

(b) Case Il: Snowstorm was applied continuously
©2014 IEEE

K. Yaji et al.: Evaluation on Flashover Voltage Property of Snow Accreted Insulators for Overhead
Transmission Lines, Part |1, IEEE TDEI, Vol. 26, No. 6, pp.2559 — 2567, December 2014.

Schematic diagram of pre-energizing flashover test procedure

Figure 3-12.
for determining the role of the ON-period and OFF-period of

blizzard and the requirement for flashover.

The constant voltage was applied to the insulator prior to snow accretion. Snow was accreted on the

energized insulator, as same as Figure 3-5. These procedures aims to determine the role of the blizzard.
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(b) Case Il: Snowstorm was applied continuously

Figure 3-13. Influence of the artificial snowstorm application on the maximum
leakage current in each cycle of the snowstorm.

Both in the Case I and the Case 11, partial arc discharges gradually increased with time because of
the continuous supply of snow during the ON-periods, but flashover never occurred during the ON-
periods. The maximum leakage current saturated at several hundred mA to 1 A. On the other hand, in
the Case I, the arc was not cooled or blown by blizzard during the OFF-periods. Therefore, the rest of

the blizzard made the arc propagation great and finally induced the flashover.
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Table 3-2. Conditions for observing flashover process using high-speed
camera.
£32 NARE—FAAZZERAVEISY A —NBREOEREZEH
Item Value
Applied voltage 33 kV
Snow conductivity 750 uyS/cm
Frame rate 1x10* FPS
Exposure time 1x10* s
Distance between insulator and camera 1.2m
Resolution 448x840 pixels
Color Monochrome
Focal length 25 mm
F-value 0.95

Trigger position for start recording (and
corresponding frame number)

+2.0 A (#10000)

N
T

-
T

'
=
T

Instantaneous leakage
current, i [A]
o

1
N
T

612.0

<B> |
<A> |
S 3
612.1 612.2 612.3 612.4 * 612.5 612.6
Trlg(#10000) Time, t [s]

Figure 3-14. Enlarged waveform of leakage current during the flashover

around t = 612 s in Figure 3-8.

Trig during <B> corresponds to the trigger position of instantaneous leakage current.
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Figure 3-15. Observation result for the start of current waves during <A>
period.

A small plateau (#6359-#6365) was seen in the waveform diagram. Corresponding to
this plateau, there was light emission from near the surface of the upper electrode and
between the snow gaps near the lower electrode. The lights between the snow gaps in
#6359 appear to be a spark-like discharge. After that, the brightness of the light emissions

intensified, then transferred to partial arcs (#6380).

X3-15 BREFOLESS (HiR<A>) S L UHIB<A>IZHE 1T 5 RERKRE
BRI QLTI B T, B THOB W LINHH D W ITES DR T
KAED XD RS BENIN (#6359), ZHNZEREBHEL, PN TREBT — 7K
BIZBIT T HORUB AN, Z20%, RIWMT7T — 7 EORKEB/HNEML, Zh
WS TEMBHRE i I SEICm > THEM L7 (#6380).

99



Q d

g |

X~ | #10250
8 I

. #9650 9850 | | |#1005
=} v I

(] I

Q I

c I

-S I

c

o T.

2 Trig(#1 0000)

612.36 612.38 612.40 612.42 612.44 612.46 612.48
Time, t[s]

(a) current waveform

#9050 #9250 #9450 #9650 #9850 #10050 #10250

(b) photos by the high-speed camera

Figure 3-16. Observation result for the transition to flashover during <B> period.

The time intervals were 20.0 ms. It was obvious that partial arcs were not extinguished while each
photographs corresponded to every zero-crossing points at the same phase angle for power frequency. The
leakage current height got greater and the lengths of major arcs got longer toward the flashover (#9050 —
#10050). In the period <A> and early in the period <B>, not only major arc columns but also minor ones
were seen in parallel in the pictures (up till #9050). After that in the period <B>, the parallel appearance of
partial arcs were not seen because those ones were aggregated into major arcs (from #9250). Finally partial
arc discharges connected with each other and the flashover was attained at #10250.
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30kV 33kV 36kV 39kV 42kV

Figure 3-17. Situations of air gaps after insulators flashed over in the pre-energizing
flashover voltage tests.

The snow conductivity was 200 uS/cm in all cases, but the flashover voltage were 30 to
42 kV, respectively. The air gaps at the bottom of the insulators were always appeared in
all cases. These gaps were longer as the flashover voltage increased. This result indicated
that the higher voltages could make the partial arc discharge bridge the longer gaps.
Therefore, it can be said that there is a strong relation between occurrence of flashover

and the behavior of partial arc discharges at air gaps.
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Figure 3-18. Similarities of discharge phenomena in flashover process
between snow-accreted, salt-contaminated, and ice-accreted

insulators.
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Figure 3-19. Flashover characteristics as a function of snow conductivity
under artificial snowstorms.

Circle denotes that the insulator flashed over and triangle denotes that the insulator
withstood. In the flashover cases, the size of each circle indicates the cumulative energy

until the flashover. The color of each circle indicates the time to flashover as well.
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(a) Effect of n on Pn as a function of x
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(b) Variation of Pn at x = 3 as a function of n

Figure 3-20. Flashover probability of a lot of parallel insulator strings on
overhead lines yield from a general statistical idea.

Here we concern about a single event “X” which follows the standard normal distribution. While
the probability of a single rare case (X = 3) p1 is 4.4x1073, the probability that at least one in same 200
events (200 “X”s in parallel, n = 200) occur (p200) is 5.9x107!. p20o is much higher than p: and it could
not be negligible if “X” were failures on overhead lines.
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Figure 3-21.

procedure.
Snow was accreted on the non-energized insulator prior to voltage application. Applied

voltage was increased at a constant rate until flashover. Snow was refreshed before each test.
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Figure 3-22. State of the specimen with pennant-shaped snow accretion just
prior to the high-voltage application of the pre-snow-accreting

flashover test.
Where ti and t2 are 40 mm and 5 mm, respectively.
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Figure 3-23. Flashover voltage characteristics as a function of snow conductivity of

the pre-snow-accreting flashover test.
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Figure 3-24. Relationship between leakage resistance of snow-accreted insulator

and snow conductivity of the pre-snow-accreting flashover test.

Plots represent the mean value of R, and the error bars represent the standard deviation

of leakage resistance of R.
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Figure 3-25. Flashover voltage characteristics as a function of leakage
resistance of the pre-snow-accreting flashover test.

There can be found the reasonable correlation between E and 1/R.
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Figure 4-1. Overview of climatic test hall and experimental setup.

The climatic hall is 18 m in diameter and 24 m in height. It is possible to perform not
only snow tests but also various pollution tests and ice tests. The right object is a test
transformer and the left one is a voltage divider. The insulator specimen is hanged in the

center of the hall.
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Table 4-1.  Ratings of high voltage sources used for the 154 kV full-scale
flashover tests.

F4-1 154 kKVERBE ISy VA —NRBICETIREEEOHE

Test transformer Test transformers
Iltem Voltage regulator . .
(single use) (use in cascade)
Primary voltage 10 kV 2 kV 2 kV
Secondary voltage 0 to 2 kV 250 kV 500 kV
Primary current 0to 78 A 250 A 500 A
Secondary current 375 A 2A 2A
Power 780 kVA 500 kVA 1000 kVA
Impedance 3.16% 2.33% 10.1%
Manufacturer Brentford ABB ABB

Table 4-2.  Target values of snow parameters.

& 4-2 BEEDORHMEDBRFIE

Parameter Target value

Size of snowflakes 0.1t0 0.2 mm

Shape of accreted snow Cylindrical

Snow density 0.5 g/cm? and higher

Snow weight ;Ar;brcr)]t;tt;ro kg per unit length of dry arc distance
Liquid water content of accreted snow 20 to 30%

Conductivity of accreted snow 200 and 800 pyS/cm
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Table 4-3.  Specification of insulator specimens for 154 kV full-scale
flashover tests.
#4-3 154 KV EREIT S v oA —NHBRICHEAL AL LDEET
Composite 154 Composite
154 kV Anti-fog
154 kV Long-rod kV jumper 154 kV inter-
Item cap-and-pin
insulator support phase
insulator
insulator spacer
Silicone
Weathersheds Porcelain Porcelain Silicone rubber
rubber
LC8021 SU-165BF
Model (Standardized in (Standardized in - -
JIS standard?®) JIS standard*)
NGK
Manufacturer NGK Insulators NGK Insulators NGK Insulators
Insulators
Shed profile Standard Anti-fog Alternative Equal
Pitch of sheds [mm] - - 30/30 70
Shed diameter [mm] 160 254 172/139 160
Number of sheds per unit 21 - 67 21
Core rod diameter [mm] 80 - 74 34
Connecting length per unit [mm] 1025 146 2222 1730
Number of units 2 13 1 2
Total length [mm] 2050 1898 2222 3460
Dry arc distance [mm)] 1774 1960 2087 3184
4280 5590 6850 7570

Total creepage distance [mm]

3 JIS C 3816: 1999, “Long rod insulators”, Japanese Industrial Standard (1999)
4 JIS C 3810: 1999, “Normal type and anti-pollution type suspension insulators”, Japanese Industrial Standard (1999)
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(a) Spray ramp with nozzles (b) Detail of single spray nozzle
blowing into tunnel

i

P

N Rl L
(c) Overview of tunnels in climatic test hall

Figure 4-2. Setup for snow production in the 154 kV full-scale tests.

30 air assisted spray nozzles supplied water with defined conductivity (200 or 800 uS/cm). The
temperature of test hall was kept low enough (-9 to -10 °C) and limiting the amount of injected

water, dry snow with desired properties was generated.
M4-2 154 kV EREHRICEFTHIAIEEROBE

FEMEERE AW 30O ) A, fIEDEBRO K EEE LIz, A—LNORIE
1Z-9°C 7 5H-10°C TH V., MEKDOIKEELHETLZ LT, TEOELERNE LN,
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Table 4-4. lon components of artificial snow and natural snow at Niigata.

x4-4 AIELHBTHHMBORED A4+ VS

lon components

Snow - - 2- + + + 2+ 2+

Conductivity pH Cl- NOs S04 Na* NHs K Mg?* Ca
Artificial snow 200 pS/cm 82 21.0 29 74 174 1.3 2.6 3.3 14.7
Natural snow at Niigata? 193 pS/cm 3.8 229 96 157 130 3.3 09 1.7 1.4

Unit of ion components [mg/1]

©2014 IEEE
H. Homma et al.: Evaluation on Flashover Voltage Property of Snow Accreted Insulators for
Overhead Transmission Lines, Part 11, IEEE TDEI, Vol. 26, No. 6, pp.2568 — 2575, December 2014.

Figure 4-3.  Appearance of the artificial snow for the 154 kV full-scale tests.

Snowflake size was about 0.1 to 0.2 mm, and the visual appearance was very similar to natural
snow as well as the artificial snow in Chapter 2. As the temperature was low enough the liquid

water content was zero at the time.
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Figure 4-4. Packed snow obtained by a small handheld vacuum cleaner in
the full-scale tests.

The insulators were hanged in a vertical position and turned around by a turn table. The
snowflakes were blown onto the insulator under +1 °C of temperature by a small handheld vacuum
cleaner operating in reversed mode until the snow accreted and packed to the gaps between the
sheds as observed in the Niigata case (see Table 1-7 and Figure 1-15 in Chapter 1). The distance
between the vacuum cleaner and the insulator was about 500 mm, and the wind velocity at the
insulator was approximately 15 m/s. The weight of snow accreted onto the insulators was recorded
before each test. The packed snow showed almost 0% of liquid water content and 0.5 to 0.6 g/cm?
of density.

K4-4 154 kV RBEHARICETIEEZRIOTICLISIEELEBEEDOHMMK
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Figure 4-5. Spraying water onto snow accreted full-scale insulator.

X4-5 154 kV ZEHRBERBICEHTE2EENVNLADRTL—KR

Table 4-5. Leakage resistance of snow accreted insulators measured just
before applying voltage for the full-scale flashover tests.

F4-5 FHEHEEISvIOF—N\HBROBEHMMATICAE L&AV LORHL

EH
Snow Leakage resistance [MQ]
conductivity Porcelain long-rod Porcelain cap- Composite jumper Composite inter-
insulator and-pin insulator support insulator phase spacer
200 uS/cm 0.21 0.73 0.50 1.01
800 uS/cm 0.04 0.27 0.14 0.27
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(a) (b) (c) (d)
Long-rod insulator Anti-fog cap-and-pin Composite jumper Composite inter-phase
insulator support insulator spacer

Figure 4-6.  Appearance of the artificially-snow-accreted full-scale insulators
before the voltage application simulating wet and packed situation
seen in the Niigata case.

Photographs of insulators with well packed, accreted snow at a density in the range of 0.5-0.6
g/cm?. Cylindrical snow accretion, as observed in the Niigata case, was achieved by rotating the
insulator on a turntable during accretion. Thickness of the accreted snow at the shed surface was
about 20 mm for both the long-rod and cap-pin insulators. For the long-rod insulator, composite
jumper support insulator, and composite inter-phase spacer, all the shed-to-shed spaces were almost
filled with high density packed snow, resulting in like a cylindrical shape (a), (¢), and (d). The cap-

and-pin insulator maintained visible disk spacing even after snow accretion (b).
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Circuit of full-scale flashover voltage tests.
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Recorder

The applied voltage was increased to the desired value at a rate of 3-7 kV/s and thereafter kept

constant until the insulator either flashed over or withstood. The leakage current signal was

recorded from the ground line of the test circuit.
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(a) (b) (c-2)
Light emission from Intermittent partial Great discharge Flashover
discharges inside at arc discharges activity just before
Initial period appeared after (a) the flashover

Figure 4-8. Photographs of typical transition of discharge activity during a
voltage test with the long-rod insulator.

In this study, withstand was defined as no flashover within one hour of voltage application with
sufficiently low leakage current that future flashover seemed unlikely. In addition when significant
parts of snow fell down the tests were determined as withstood regardless of the elapsed time. The
minimum flashover voltage of an insulator was defined as being equal one voltage step higher than

the maximum withstand voltage which the insulator withstood twice.
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Figure 4-9. Typical time variation of voltage and leakage current during the
full-scale flashover tests.

In general, three typical phases in flashover process were figured out involved with the all
insulator specimen.

(a) During the initial period of voltage application, light emission from discharges appeared inside
the accreted snow, and the leakage current amplitude increased during increasing applied
voltage. A number of air gaps were created at the snow as a result of such a large current flow.

(b) A few tens of seconds after voltage application, relatively intensive partial discharges appeared
and distributed along the accreted snow on the insulator, and maximum currents in the range of
100 to several 100 mA were observed. Right after this event, the appearance of these discharges
gradually turned relatively weak and intermittent.

(¢) The large current due to the intensive partial arc discharges again initiated continuously and
propagated along the both surface of the insulator and accreted snow. This finally resulted in a

development into a complete flashover.
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Figure 4-10. Waveforms of leakage current during the test.

The sinusoidal waveforms of the leakage currents was observed during the initial period
(a), which changed into a typical distorted waveform due to the partial arc discharge during
the period (b).
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(b) (c)

Light emission from Intermittent partial arc Great discharge activity just
discharges inside at Initial discharges appeared before the flashover or
period after (a) flashing over

Figure 4-11.  Photographs of typical transition of discharge activity
during a voltage test for the anti-fog cap-and-pin insulator.

The same process as observed on the long-rod insulator was took place.
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Table 4-6.
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Results of flashover tests of snow-accreted 154 kV full-scale

insulators.

ARG RO E 2 b N E

154 kV ERBENVNVLDEE 7T v oA —/\HBRER

(a) Long-rod insulator, cap-and-pin insulator

Insulator type

Long-rod insulator

Cap-and-pin insulator

Snow conductivity, o2s [uS/cm] | 200 800 200 800
222 X
207 oo
157 X
146 oo
Applied voltage [kV] 122 <6 0
124 (o)) X0
116 X0
108 X0
100 (o)}
Minimum flashover voltage [kV] | 132 108 222 157

(b) Composite jumper support insulator, composite inter-phase spacer

Insulator type

Composite jumper

Composite inter-phase

support insulator spacer
Snow conductivity, o2s [uS/cm] | 200 800 200 800
297 X
276 oo
247 [0)
237 X
Applied voltage [kV] (—222 00
191 X
178 oo X o)
166 [0) oo
154 o
Minimum flashover voltage [kV] | 191 178 297 237
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Voltage gradient along
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Minimum flashover voltage for 800 pS/cm 250
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93 kV: voltage of 154 kV line
2001 the line-to-ground \ 150
voltage of 154 kV line
\ 100
100
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0 - . , l — l —
Porcelain Porcelain cap- Composite jumper Composite inter-
long-rod insulator  and-pin insulator support insulator phase spacer

Figure 4-12. Results of flashover voltage tests in comparison among
porcelain and composite insulators.

This graph presents the minimum flashover voltages of the snow-accreted porcelain and
composite insulators at the two snow conductivities. The test results showed that the minimum
flashover voltage of all the insulators decreased with the increase of snow conductivity just same
as the result of the flashover voltage in Chapter 3. Additionally, the flashover gradients along the
insulation length of all the insulators were higher than the normal operating voltage gradients of
154 kV lines. The reason seemed that the most severe condition would be yielded by the successive
supply and the “breathing” of snowstorms in a natural manner such as shown in Chapter 3. On the
other hand, since the full-scale tests do not accompanied with any snow application after the tests

start, flashover voltage seems to be high.
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(a) Porcelain long- (b) Porcelain anti-fog (c) Composite jumper (d) Composite inter-
rod insulator cap-and-pin insulator support insulator phase spacer

Figure 4-13. Typical aspect of insulator specimens after much time had
passed (particularly after withstood) during the 154 kV full-scale
flashover tests.
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(a) Long-rod (b) Anti-fog cap-and- (c) Composite jumper (d) Composite inter-
insulator pin insulator support insulator phase spacer

'

Figure 4-14. Magnified image of uncovered surfaces in Figure 4-13.

As for the porcelain long-rod insulator (a), the snow partially completely fell down from the
insulator specimen, which suggested that there was a quite distorted voltage distribution along
the insulator string during energized. Such like situation seemed to help partial arcs propagate,
then led to lower flashover gradients. As for the porcelain anti-fog cap-and-pin insulator (b),
most of snow accreted on the surface of the porcelain fell down and only snow accreted on the
caps and pins maintained, which suggested that the insulator string had a high insulation strength
even if higher voltage would be applied. Such like situation seemed to lead to higher flashover
gradients for the porcelain anti-fog cap-and-pin insulator. As for the composite insulators, most
of the accreted snow maintained on the composite insulators as shown in (c¢) and (d) because
only few leakage current flew in the snow. The recorded small and equal interval gaps around
the edges of the sheds, looked like ordered slits, suggested that there were relatively uniform
voltage distributions along the composite insulators and suppressed the leakage current. Such
like situation seemed to prevent arc propagation and led to higher flashover gradients for the

composite insulators.
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Figure 5-1. Location of the observation site.

The Niitsu observation site was set near the area where multiple ground faults were
triggered during the snowstorm of 2005. The location is in an open field, 6 m above sea
level, and approximately 17 km away from the Sea of Japan shore.
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Figure 5-2. Outlook of the transmission tower at the Niitsu observation site,
and installation of the test insulators and CCD cameras.

The non-energized insulator specimens were installed in a vertical position in the empty
arms of an existing 154 kV transmission tower approximately 17.5 m in height. Three
network cameras were employed and photographs of the specimens are taken every 10 min.
Meteorological instruments were also used to monitor the ambient climatic conditions,
such as surface temperature, relative humidity, wind velocity, wind direction, precipitation,

and snow conductivity, in 10-min intervals.
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No. 1 No. 2

Lond-rod insulator Anti-fog cap-and-pin insulator

Figure 5-3. Schematic drawings of the insulator specimens at Niitsu

observation site.

5-3 FRMERBASRATLIZETAHANVWVLOBE

Table 5-1.  Specifications of porcelain insulator specimens at Niitsu

observation site.

®5-1 FEAMETOBRBICEOVTHHALLZEIEI IV LOHET
Description Connection| Creepage . Rod Shed
i . " i Numbers|Shed spacing]| . i
No. Type in JIS Units | Position length distance diameter |diameter
of sheds [mm]
standards? [mm] [mm] [mm] [mm]
Long-rod IApproximatel
1 -ong LC8024 1 |Suspension| 1175 2470 24  [PPTOX ' so0 160
insulator 40
Anti-fog cap- .
) . IApproximately|
2 and-pin SU-165BF 8 [Suspension 1168 3440 - 80 - 254
insulators

2 JIS C 3810: 1999, “Normal type and anti-pollution type suspension insulators”, Japanese Industrial Standard (1999)
JIS C 3816: 1999, “Long rod insulators”, Japanese Industrial Standard (1999)
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Figure 5-4. The setup of test insulators on the distribution pole to measure
leakage resistances of a long-rod insulator and eight anti-fog
cap-and-pin insulators as same as those on the tower.

This aims to detect shed bridging and determine the insulation degradation of snow
accreted insulators. 100 V of DC voltage was applied to measure the leakage resistance. A

network camera worked together with the instruments.

H5-4 #FHEMREBORATLICETLIHELNVDLOBE

BEHOSHa 7V —MEZFIHLC, SKELLRUEBRNOL 1 AL
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Figure 5-5. Location of the Kushiro observation site.

Wet snow accompanied with strong winds can be observed at the East Hokkaido area during low
pressure systems pass through the south coast of Hokkaido. Moreover, the Otanoshike district does

not have any major buildings, thus insulator specimens easily receive strong winds.
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(b) Schematic drawing of the observation system

Figure 5-6. Situation of the snow-accretion observation system at Kushiro.

The non-energized insulator specimens were installed in a vertical position at approximately 10 m in height
in test transmission tower. A network cameras were employed and photographs of the specimens are taken every
5 min. Meteorological instruments were also used to monitor the ambient climatic conditions, such as surface
temperature, relative humidity, wind velocity, wind direction, solar radiation, and precipitation in 10-min

intervals. In addition, snow weight accreted on the long-rod insulators was recorded.
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No. 1to 2

Figure 5-7.

No. 3

Schematic drawing of insulator specimens at Kushiro.

No.

4 No. 5

g

No. 6

No.

%

7 No. 8

Specimen numbers from 1 to 4 are porcelain insulators and ones from 5 to 9 are polymeric insulators.

X5-7

PR ESRAURTLICETHHEES/ VD LOBRE

BEE 2V L No.1 265 No.d FTITHESHA WL, NoSs OB No 9 ETIEIRI=—RNLTH D,

Table 5-2.  Specifications of Insulator Specimens at Kushiro observation site.
#5-2 HIBRMXRTORAUCEOVTHEALEZEEAVLOET
Description Connection| Creepage . Rod Shed
i X " X Numbers|Shed spacing| . X
No. Type in JIS Units| Position length distance diameter|diameter
of sheds [mm]
standards?® [mm] [mm] [mm] [mm]
IApproximately|
1 Long-rod insulator| LC8017 1 |Horizontal 875 1750 17 40 80 160
IApproximately|
2 |Long-rod insulator| LC8017 1 Vertical 845 1750 17 40 80 160
Anti-fog cap-and- IApproximately|
3 SU-165BF | 7 | Vertical 1022 3010 254
pin insulator 80
Standard cap-and- . IApproximately|
4 SU-165BN | 7 | Vertical 1022 1960 254
pin insulator 140
Composite .
5 1 Vertical 1020 2725 7 112 94 284
insulator
Composite .
6 . 1 Vertical 1020 3550 10 60 94 284
insulator
Composite
7 . 1 Vertical 1040 2600 10 60 43 191
insulator
Composite
8 . 1 Vertical 1040 2600 10 60 30 178
insulator
Composite .
9 . 1 Vertical 1040 2000 10 60 30 138
insulator

3 JIS C 3810: 1999, “Normal type and anti-pollution type suspension insulators”, Japanese Industrial Standard
JIS C 3816: 1999, “Long rod insulators”, Japanese Industrial Standard
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Figure 5-8. Atmospheric conditions when snowfall accreted on the insulator

specimen.

Atmospheric conditions when snowfall accreted on the insulator specimen and its
volume was increasing, which were recorded at the Niitsu observation site in the 2010—
2012 winter. The number of ten-minutes corresponds to the count of a ten-minute during
which 0.5 mm or more precipitation contributed to snow accretion. The total number is up
to 1680 in this RH-T plane, and the most frequent points appear approximately 0°C —1.0°C

nearby “RHecri(snow)”.
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Figure 5-9. The chronological changes of leakage resistances, aspects of snow
accretion and ambient conditions related to high v1o, little precipitation,
and little snow accretion observed at Niitsu site on January 13, 2010.
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Figure 5-10. The chronological changes of leakage resistances, aspects of snow
accretion and ambient conditions related to high vio, much precipitation,
and much snow accretion observed at Niitsu site on January 19 to 20, 2016.
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Figure 5-11. The chronological changes of leakage resistances, aspects of snow
accretion and ambient conditions related to low vio observed at
Niitsu site on January 23 to 24, 2011.
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Figure 5-12. Examples of evaluation on four snow events using Psnow.

These events were those observed at Niitsu site and described in Clause 5.2.3 and the

snowstorm at Niigata Kaetsu area on December 22, 2005 as shown below.

(1) The case of high vio, little precipitation, and little snow accretion observed at Niitsu site on
January 13, 2010.

(2) The case of high vio, much precipitation, and much snow accretion observed at Niitsu site
on January 19, 2016.

(3) The case of low Vio observed at Niitsu site on January 23 to 24, 2011.

(4) The snowstorm at Niigata Kaetsu area on December 22, 2005.

The case (2) was the Psnow from south-southwest was much larger than the other directions

because south-southwest was the main wind direction at the disaster. Moreover, it can be

concluded that the snowstorm in 2005 was an unexpectedly severe event because of much higher

Psnow than the others.
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Figure 5-13. Experimental setup for the laboratory tests.

Fresh natural snow was collected from the ground surrounding the laboratory and stored in a freezer until before
the tests. Snowflakes were fallen from over the outlet of the wind tunnel and were borne on controlled wind
velocity v [m/s]. Test conditions are summarizes in Table 5-3. v was varied from 3.0 m/s to 12.5 m/s, and the
precipitation intensity, p [mm/h], was measured by a custom made cylinder set nearby test insulators. Where, the
snow flux expressed by the product of p and v per unit time was maintained as a constant value of 350 to ensure
repeatability of the tests. The ambient temperature was kept +1°C £+ 0.5°C. The liquid water content (LWC) of
snow was adjusted to almost 7% by preconditioning the snow; however, it was scattered from 5% to 9%. Leakage
resistance was recorded continuously to detect shed bridging as same in the field observation. Long-rod, anti-fog

cap-and-pin, and standard cap-and-pin insulators in vertical position were used as insulator specimens.
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Table 5-3.  Conditions for laboratory tests of snow accretion.

#£5-3 ENEERRICETIRRBREM

ltems Values

Snow volume density before the tests Almost 0.2 g/cm?
Liquid water content (LWC) before the tests Almost 7% (5% to 9%)
Ambient temperature, T +1+0.5°C

Wind velocity, v 3.0 m/s to 12.5 m/s

Snow flux, product of precipitation intensity p | 350 kg/m? with 12% of standard

[mm/h] and v [m/s], which corresponds to | deviation

Potential ability of Show accretion Psnow
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(c) 6=180° (b) 8=270°
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Figure 5-14. Example photographs of cylindrical snow accretion around the
long-rod insulator in horizontal position.

6 denotes the approximate rotation angle along the insulator between the first accreted
snow and the current windward direction. Gravity contribute to snow sliding along the
insulator surface. Wet snow accretion to overhead wires also looks like just like these
photos to be cylindrical aspect of such wires. On the other hand, in case of the same long-
rod insulator in vertical arrangement, such like cylindrical snow accretion was never
observed besides the experiments were conducted in the same way as the horizontal

position.
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Figure 5-15. Schematic drawing of the snow accreting process rotating
around the axis of horizontal long-rod insulator to achieve the

cylindrical snow accretion.

The rotation is induced by the wind pressure and the weight of the accreted snow as

shown by the elapse of time 1 to 6.
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Figure 5-16. An example of transitions of leakage resistances before and
after shed bridge in laboratory tests.

In this case, the test insulators were the long-rod insulator and the anti-fog cap-and-
pin insulator, both mounted vertically. v was 5.0 m/s. The sheds were bridged when the
elapsed time, t was 25 min for the long-rod insulator and 76 min for the anti-fog cap-and-
pin insulator. The leakage resistances showed rapid decreases due to shed-bridge as same
in the field observations. Photographs of the snow accretion conditions for t = 25 min and
76 min looks like the results of field observations, which well simulate the situations under

natural conditions.
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Figure 5-17. Psnow until shed bridge by the laboratory tests as a function of v.
Cap and pin insulators require larger Psnhow until shed bridge than
long rod.

In order to compare the snow accretion performance of various insulators, Psnow until
the shed bridging was measured in a same manner as that used in the field observations.
Psnow for the long-rod insulator is approximately 1/9 times that for the anti-fog cap-and-
pin insulator and approximately 1/25 times that for the standard disc cap-and-pin insulator.
This result indicates that the cap-and-pin insulator exhibits superior performance when
compared with the long-rod insulator. In addition, Psnow for all the specimen insulators
increases with the wind velocity. This is because the coefficient of collection of snow
particles, Er in equation (5-2) decreases with the increase in v [7]. These results agree
with the conditions observed in nature, which were supposed to be evidence that P snow

can be a feasible index for the evaluation or/and prediction of snow accretion on insulators.

M5-17 BEICLHPEMBREEMEDORNEROHERD—HI

KNPV OEFESRFEEZ KT A0, 7 40— FEH TG IZ A V72 Poow
WKOWT, ENERTHVWLOEMPER T HECICET HEZRD -, JBH v &
B2z THEETLBER, WTFROBEETH., B8V L O Psow 1311 F 5% T A3
WL D Paow DBLZ 195 THY | FEEBENR VLD Psow DB LZE 1255 ThH
S, ZTOZENPL, WTHROBENL VLG, BBV LICH A TEN A S5
WERTZERHREINTZ, 2, WTHORWLIZBWNTH, BHEETOD Psow
MV EHRIRES RN, ZNIX. VHAKRELS R EETHR (S2)RTBT 5
Er) NETE20THD [11], TNUHOERBRIL. MU T 4 — L FERIORS
REFBKOBMRTHY  Ponow EIB VW LEFTORBREL AL L2HFHR AT A—F
ThdHI ENRBINT,

177



556 RUIT—HNULLOEETRE~DEAM

ARETIE, U7 4 =/ BN TOESFERFICLORY . 2014 £ (2014 4 12
HA~20155F 4 A). 725N 2015 55 (2015 4= 12 A ~2016 = 4 A) (ZHIHEH S CTH
WS REasE AT, MERIAES L FHEEEET O _FEOFGI OV TRIT T
Do TNENDODEENOHONERSTERBEMIEL., 2O 2OEFEREEZRALRS
ST 5, &5, Zb 2 MEOESHET, BEAWLERY v—2RNWn L
DESREZEZHBRL TR =RV LOFERE~OBEAEBRMNZRR D,

(1) BREREEER
2016 4 12 A 16 H2 5 18 HIZ/HIF T, 230\ L~ BAFE 72 3 E R A 35 5 BN 8L S h
Too PRET ClX, 3R FIZHRXT, DD L~OFERKELIZSLSRD, 20D, 54
JB T Cix, SRS/ NSVWEBRRANLS XL, FHRESCTEDLDNDIIZEOERITZ
AV ERHBRICITRARONRW[I2], £ Z2AN, BEOFERTIX, 16 H 18:00 225 D 24 Ik
M CXY) 8.4m/s DIMA T T, RE43mm IZET HHA (B) REHE., Znicko
T, BERMVEBRNDNLT S kg BEICEKSESNBRISNTZ, Z O, $IEH#S
BT DEZTELE L CE, BIBBUE 2 EFMOF TRROLOTHY . UEOEFES
FRII. DWW LETEOBANOHERESFEFRLEAL ) BRERFOXGERMEN, &
EIZELIZRETHBE LZZEN, ZCOFELWESREIFS LELOEEZOND,
UVHEFERIIBITL2RG%M,. BEEER, BLUORBRPAVWL~OFFIIMfEo e — Tt
NDFEDORIEELE K 5-18 12 F & TR,
Xy NI =27 B AT K DKM OB S FERAAH OB A X 5-19 I2/R79, A
LI DEZRNORERINE B Z R LRER. LT Z LRI,
MIMESZERIZB W T, EEORENIEE > ZRELIX, BB L, R ~v—0DW0n
TNHLRILUTH D, £, TOBRDOESTSHEEMIZENTH, FRFAIBITLHHD
7 (EE¥E) OFEN, P WL, R ~—PWVLTIEEATEVRALN
RV, ZOZENL, EEMHBIOESREZICEAL T, PV LREOMEIZLD
HEWITSEA s EEF 25 (K5-19(a)),
FEREBETIE. BEOLLT IRV LI LDEWRROND, 202 LI X
D, RTEHOEZSENRKERDIEFEANL, PV LICEVEZR S (K 5-19(b). ().
WEDN DL, EZRP W LREEZELERAAH D FEEREPICHLZO—HBE
FLRT WV, FIC, MEABRERSNL, EERELVLOETIL, EHAVL LY
HHBRICHEE LT, RERBEZRANLIBEMLH D (X 5-19(c). (d)).
RU=—DPLIF, EOZy UNRBGD VL EIDE <, HOBEEIFE A EKE
TN, EFITHEHENPOLID HELED STV (K 5-19(d)),
MM TiX, BEHY LVESHRHEVILT, BFEHEP L. HESVW AN
BTEBOIVELLT W, £, e — FEAMICEDVBONTZESRB WV LOBREMRY &

178



MY OESEAMKET L, TORKMEIE, MERYOIFEI> NN EFEHE
HLRELS DI W, 2O L, MABAEEN, MERY TESENRE L2
LR E g S (GEE[13]) SRR FEEZR SO>I LA R LTV D,

Wam DN WL AR ~—=0DWLEBIC ERREVEEENELL B RENVAWVLITE,
HMOBKE CICRFMZET 22 LRI,

IOEC, HHOBKIZEETDHE, TNETHSN OV LOENEFTERBRICEB W T

Eﬁi):esb%zfmu\f:;é:klat:kﬁi\ HARERBE FOMERN WL, AU ~—20 LITH

LChmHTc&s, 7, BFEEAMER L TWDERY = =030 Uik, RO HK

MRRNR N L LD BN RN b, SHBEEEZEEREL T LK
LR OB EZIH CE D2 ENAHIN, ZORIRKE TIL, FFEOEE KSR

BETICBWT, BEXWLERSEN, TN LOMREEZHFF T2 EEFZLALND,

(2) BRALZUBEEER
2016 45 1 A 14 HORHMNG, KA TFTTOREENRH Y, 2:30 EH~10:30 L, BV
L. RV ~v—nn Lz, RAEHES EF) Ao b, Y% FROHMTICE
WTIE HIEREE N DD REFER, EHEERITIVITALERINL TR, KESL
IZBIT DRG0 EZ K 5-20 IZ7RT, 2:30 2B AKEIZ. KALD T oL
KWn-7.6CTHY, EAHEIL 1.1 m/s ThoTz, TDO%, [iRIL, EFNRRDHET—
EbHKAZEALZERHEB LI, T0H, BEA FOKD Y EIZEKE 6.8 m/s
AR Lbo0, R¥EOHEEZIT, HE~FERICEINREBTHREL L,
MNLNSLEENRLRDETOR Y MU= B AT X2 HRELEE SN E X
5221 1CRT, TORMIZ, RO LI ITHFEES NS,
EENIBE STZRZANZONT, DD LBROHEICL2BEREWVTALALZ WD
(X 5-21(a)),
WTRORNLTH, HEROEFSNE EMOE LICHKELEZ, ZOFRIT, BiE
WRLTEEBVTHD, DWW LER, MEICLDENTRE SR,
F@N W LOMERY EBER Y CIXAEMAERK L (K 5-21(b), BBV LLE
ST VERIBAE Lo 2 2L EBR P W LOEMBRA R /NI WD T 5,
BEENIEATRENZBIETLBEDLE, WTHALORWLTYH, EERAEL THE
ENRRFIZ DL 720 (K 5-21() . BEEOIFELEAENHEK L (M 5-21(d) .

(B) TEEESE) & THE]

X 5-22 1%, LF0 o> SRR A & 55 R R A o s AR R A I féhmﬁﬂ
x4 5%, HEXHBEDOSA Th D, FEHRIL, BEE - AF—Y Z7HHERICE
RHcri(snow) L RHcri(rain) [1]TH 5,

5 A TR 25 5 T O KR T FE 1R, “RHerisnow) & “RHerirainy. C PH & 20 72 SEIK 0 o
B DR “RHerisnow). NZE R L THA L TWDE Z ERNSND, [IEDOFEHMEIL 02°CT

179



HDH, CE[1]TIE, 40 FRORBEBZOT — X% b L2, Zo0HBIATIEEEND
BIRIX, N, AZN, HO5WVIEFEO LR HRWICIE U THES NEGE] THoH & &
NNTW5D, YEZOELZOSAMIL, A - BAESRICBWTESENELLTVEEIND
SAR. FEXHREE O oAn LR — 8T 5,

— T, BRFLRE ERER OKIR., WE T, RHaigow? B2 (IRIR) Ml K & < B
N Thy, MEARMICIYVEBESEELLIEHEL TR, 20 b, &
DHEBIIBITDIEEIL, TR TChOoTZERNND, ZO X, B L~DH
RV A S & 9 RN EF X, BRRODXRERMNETRAET LN, 26T, 2 E THEBG
Pz TEEES) [HE] EMERLTEELOTHDL, INETO [EEEE) 1XEI
FREVEREEZ DO Z L ThHY | [FAERIC DEE ] IR EFICRHST b0 THDL, =
oL, KRB E O AN RN T 5 LN TE S,

Fo 0 EATARNE I, AR FHREENTNOESTRETYH., EH0HB & BEIZ
FHLT. AW LHMEICLAEWTI, EHLA_ALTIRIFZEAEEON NI ETH S, R
U=—2N0LOREITITEAKERN D > TWA 0, BN WL XY BN E S
PEZRTOTIERVWNEEENICITEDLNDZ &b H DA, B TIEEKED R RIX
ZORENPOBRRIIEN TR N> T,

180



Wind
velocity

Surface
temperature,

Solar
radiation

[W/m?]
IS
(=]
o

Snow

Precipitation

[mm]

load

[N]

[m/s]

T[°C]

[T N Y N O B |
5 +
-

ippuESEEEE NSNS

| 0 Temperature + Humidityl

okl

il

Maximum velocity
—A— Average velocity, v, Lo
O Direction

8 + et r 60
Ehjj: R SRETL L GRS S

*> 1 MMM 0 ma

e

—&— Vertical position
—&— Horizontal position

OW

18:00 21:00
2014/12/16

00:00
2014/12/17

03:00

06:00

09:00

12:00 15:00 18:00

Figure 5-18. The chronological changes of ambient conditions related to high v1o

and wet snow that resulted in paced snow accretion on insulators,

and snow load to the long-rod insulator observed at Kushiro site on
December 16 to 17, 2014.
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(c) 6:00 a.m.

(d) 9:00 a.m.
Figure 5-19. Photos of snow accretion growing related to high vio and wet
snow that resulted in packed snow accretion on insulators

observed by network camera at Kushiro site on December 17,
2014.
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Figure 5-20. The chronological changes of ambient conditions related to low vio
and dry snow that resulted in snowcap on insulators observed at
Kushiro site on January 14, 2016.
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(c) 8:00 a.m.

(d) 10:00 a.m.

Figure 5-21. Photos of snow accretion growing related to low vio and dry snow

that resulted in snowcap on insulators observed by network
camera at Kushiro site on January 14, 2016.
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Figure 5-22. Atmospheric conditions when snowfall accreted on the insulator
specimen at Kushiro site.

Typical two atmospheric conditions when snowfall accreted on the insulator specimens
and its volume was increasing, which were recorded at the Kushiro site with regard to
ambient conditions during snow accretion. (1) was the case that snow accretion grew
related to high vio and wet snow resulting in packed snow accretion, corresponding to
Figure 5-18 and 5-19. (1) was so called “packed-snow-accretion” seen during the Kaetsu
snowstorm of 2005. On the other hand, (2) was the case that snow accretion grew related
to low Vio and dry snow resulting in capped snow accretion, corresponding to Figure 5-20
and 5-21. (2) was so called “Snow-cap” seen in the inland snow area. In this study, these

two types of snow accretion clearly determined on the RH — T plane.
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Proposal of Countermeasures Against Snow
Damage of Insulators Used for Overhead
Lines Caused by Wet and Packed Snow

Including Sea-salt
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Figure 6-1. Schematic drawing of typical flashover process of snow-accreted long-
rod insulator when exposed to the snowstorms with high snow

conductivity.

Contaminated by sea-salt and wet snow bridges the air gaps in the shed spacings. But once the sheds are bridged
the leakage current flow into the accreted snow, that heat snow and cause air gaps appear. Since most of the applied
voltage is born by the air gaps, partial arc discharges incept at the air gaps. On the other hand, increase in discharge
activities melts more snow and is likely to prevent snow accretion. Such heating and snow accretion are contrary
to each other and interfere with each other.

1) If snow heating effect is greater than that of snow accretion, accreted snow partially or entirely falls off the
insulator. The insulator withstands.

If the effect of snow accretion is greater than the snow heating effect, snow remains on the insulator and storms

helps snow accretion to increase.

2) If the blizzard remains and the partial arcs are cooled, partial arcs are extinguished. The insulator withstands.

3) In the case that blizzard goes away or instantaneously rests, partial arcs can propagate over the snow gaps.
Flashovers can be displaced.
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