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Analysis of Insulation Performance of Cables

under Severe Accident Environmental Conditions

MINAKAWA Takefumi, Ikeda Masaaki, and TAGUCHI Kiyotaka
Division of Research for Reactor System Safety,
Regulatory Standard and Research Department,

Secretariat of Nuclear Regulation Authority (S/NRA/R)

Abstract

The cables used in nuclear power plants supply electric power or transmit signals for monitoring
and/or controlling equipment. Safety-related cables are required to maintain their intended functions
under all the postulated environmental conditions, including design basis accidents, such as a loss-of-
coolant accident, throughout their service life. In addition, the regulatory requirements in Japan, which
were put into effect in 2013, require measures for the prevention of a severe accident (SA) as well as
mitigation of the consequences. One of these measures includes a requirement for the installation of
equipment that can monitor the information that is necessary to estimate parameters for coping with SAs.
Certain safety-related cables in a category called “SA equipment” are used for this purpose. These cables
are required to maintain their intended functions during SA environments after having been aged under
normal operating conditions throughout their service lives.

The Regulatory Standard and Research Department, Secretariat of Nuclear Regulation Authority
(S/NRA/R), conducted research on cable aging, in which a series of tests were conducted in a research
program entrusted to Waseda University, to examine the electrical insulation performance of the cables
under SA conditions. Cables insulated with either flame-retardant ethylene propylene diene rubber or
silicone rubber were pre-aged through simultaneous thermal and radiation exposure. Then these cables
were exposed to high-dose radiation and high-temperature steam to simulate an SA. The electrical
insulation resistance of the cables was monitored during the steam exposure.

It was found that the electrical insulation resistance of the cables decreased significantly during the
steam exposure owing to elevated temperature and moisture intrusion. The reduced insulation resistance
of the instrumentation cables may cause an increase in measurement error. Therefore, it is important to
consider the electrical insulation resistance of cables, measured during the steam exposure in the cable

test, to evaluate their integrity under possible SA conditions.
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Design Inputs === Establishing EQ = Preserving EQ

{ }

Feedback
Design Inputs Establishing EQ Preserving EQ

— identify PIEs — define EQ requirements and criteria  — installation and maintenance control
— specify service conditions — select qualification method — replacement control
— determine required safety functions — establish qualification — modification control
— develop list of equipment, including — assess ageing effects — service condition monitoring

functions and mission time — define installation and maintenance — analysis of degradation and failures

requirements — analysis of experience feedback
— document qualification results — personnel training

— documentation
Upgrading EQ

Upgrading EQ is a special case of establishing EQ

that applies to existing equipment in operating plants.
Upgrading EQ may also involve establishing or verifying
design input information.

Hi#L) International Atomic Energy Agency, “Equipment Qualification in Operational Nuclear
Power Plants: Upgrading, Preserving and Reviewing”, IAEA Safety Reports Series No. 3,
1998 13
K 1.1 JRFDREFTOES - fHEDOEQ v/ 7 AIBIT D7 vk A R OEE)

Fig. 1.1 Schematic diagram of the process and activities in the EQ program for the electrical and

|

1&C equipment in nuclear power plants
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WTHRFERFICHLT D7D LB REROREEFELER]T D00 —7 1 L
THEHITWD, RIFETIZ, ZOXHSRENTHERESR D —7 1D 5 b, REMR
T NOFmAL I EREE ULTHWE, 238, EEOJR 13 ERT Tk, M H &,
HENZIG U T, ML Oy —AMEHIR —Th > T, WEFEOEERO R D8k < 7e
—TANER SN TS, RIFFETIL, ACAHFZE TRERFEH DO H DD 7 — 7 L 24X
FKELTHBI Lz, 2 bid, KRR FFELT TBWR) W), YTHEASNATVD
BftHlOER =T Lo T L v IAMEEHR s  nan L AN — A —T (LA
F TFR-EPDM%”7 — 7 /L (B)] &9, ), JEARBEF4FELT TPWR] &V 9o YTHEHI
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EVINMOERTTF Lo T u Ly Yo I AR oo ZLR AR Y = F L
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2.1 B —T7NofEEA - LR, MEL BERDEX
Table 2.1 Manufacturer, name, material, structure, and length of the tested cables
i
Eas F/AY7IN AY7IN
35 A /3 &
f%; Ol FPE y—Tn :ﬁiﬁ wy | iﬂ
BT D IEFR) PANEs JEx
(mm?)
(mm) (mm)
. s Makkik vV a—r T n
Bt SR 7—7u®) (D70 LoD e 10.5 2.0 3 1.1 | 25
FR-EPDM Moigik - M= F Lo e Ly dn
Btk b —7 (B) B 11.5 2.0 3 0.8 2.5
C#:  |SiR 7/ —7(P) iﬁﬁ‘{f jg z:;zj 12.0 1.25 3 076 | 2.5
FR-EPDM Moigis M= F Lo e Ly dn
CH o im) SR R mE AR AR Y 2 F L 1.5 2.0 3 08 | 25
ik .
#ERASIR) BIK
HSR #wil B IX(FR-EPDM)
N N
7—7 77
HSR ¥R v—A(CR)
(a) SiR”7— 7 /L (B) (b) FR-EPDM % — 7' /L(B)
Bk
BRI SIR)
ISR EmiE BiK
TE #@#{K(FR-EPDM)
FT—F(HIR) N
T (R >EEH) T—7 ()
HASR¥miE 2 —Z(CSM)

(c) SiR7 — 7 /L(P)

S —Z(SiR)

(d) FR-EPDM /7 — 7 JL(P)
X2.1 Bk — 7 L ORI

Fig. 2.1 Structures of the tested cables
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ARWFFETIL, RFHIEEER L E B LR O iR F1E TH HINESH A 2T
ARENTWLIHRBRFIREZZE L LT, RELHCLOERFRELEET L2217 2 &
& L7, K221, INESH A K207 — 7 A VERHM TIE & ARFE0RB TIEZ <3, X
22@UZRT L 9T, INESH A 2Tk, BEBLEBERT 5720, B\ - U FEREREIC
K0T —=T B AT LTcth, REHEEERER O BN AR BR BT A T D U i R R A
TV, Z0%, REHEEEHREORIREA R T ARIBBELIT) L ShTWd, &%
2, EAMEHERBR E LT, BAREERK (24 - 77 2F v 7 itix@ERABRITIE) JISC
3005:2000)* 12 S MBERBREZITH) Z DN HEESNTWS, £/, BRREBEFEPICIX. 7
— TV OREREHERF 2 HEZR T 5 7, Ry — T N DOBEEART A= FERT L L LS
T, KIEF—7 Mo TiE, BT A =20l LT, EREEOMEREDOE
RENRIN TN D, FR22IZINESH A REZRNEDOMORG KR L ZBE L7 —7 v
DOREREMEFM A E SN CTHE SN TV L ERBEBR T ORREE 277, SRt EEFKE
BR LT — 7 VORI Tk, BR]BBET O —7 L OiE - dEIRE G
Ehb,

AHFFETIE, BRFHIFO 7 — 7 L O e 2 3 I HE T 5720, K2.2(b)I2RT &
D12, INESH A RZORBIEE 2 AR T 5L L b2, WEHEE 2B L 2R BRE217 -
o Tbb, B KRBT —T NEINESH A R2OTIEIZ L 0B - GHRFERRTIC X
DHEEAE LRI, BERFEREERFRICEDIBZNND D FRUTEKRFR)D H
L =7 NMAARMEICB N TR B WSS EE SN2 BEREFELAFLOE LWE
5% 1 O Fl) A RTINS UM BB R ORRBE LT oo, £, ARZEICB
T OERKDOEELHERT D720, —HMOARK[FEBRR L F CIREICHEWT, KA T
(LLF TR&HMEY L d,) BFToT-, BT, BREBBERLOKRKHMBRZIX, 7
— TV DFERIIR M RRVERE B TR D T2 7 — T N OGP O — 7 IR O L% E
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LIRS, B, BRESILOWE, EREFLOEED 5 b MG RERTE R VR RE.
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BELSIEDEE BELieoER | e Jl—F "
(100°C., 100Gy/h) (100°C., 100Gy/h) ferneAr
I v
ERETEER DR S BEREHOES ”
(RSHRRE. 10Gyh) | | RITRBE. 10Gym) | HIETR LA
v v
SLELgs 3 Ex$m®ﬁﬁ BEREHDOES
Q+@£§¥%Em gbx %) (KZH
X B + #E IR PR TE + iR KA E
+ELEA B ERATE +ELEE B RAITE
v
(S J‘ SER (BN
(JIS C 3005: 2000) (JIS C 3005: 2000)
(a) INESH A K2 (b) AWFFE DR FIE
BRI

[X]2.2 INESHA R TRENTWD 7 —T7 /)Vik B FIE M OAAFIED

(INESH A R b

AUBRIE H 2 8 L 72t

T K% QMBI L 72 & T 2 R TR LT D)

Fig. 2.2 Cable test procedures prescribed in the JNES Guide and used in this study

(Items that are changed from and added to the procedure of the JINES Guide are indicated in red

letters)

®22 =7 VOSBRSS R T SRR EE T ORBRER
Table 2.2 Test items during the steam exposure prescribed in the standards for cable integrity
evaluation
No. AR AR T RLA N D EEHY
KT =T N OB AT A= F 2T D,

1 |INESH A R

BEAR X T A — 2 DR
TE RS BIERE(AH 7 — 7 L% R R TOMED 7 —T 1)

- IR ERAE S — 7V ERETOREEO r —7 1)

2 | WEERHRR"

c EEBLEORER R EROBEEIT),
GHE r —7 iz o\, @EIX THOR< THA)

3 | IEEE Std 383634

c ERETZOMRBEL OEKEROBELIT),




2. 2. 1 REFHIOBE

ﬁﬁ?mﬁzﬁ%ﬁﬁ%& L7er —7 V3 ST 2 51 758 BT O T IF R s #a N
DAFFREPTIZ BT, HIRRFIZ 2T D FHER AL, BV BRI L 25k TH DY,
DO EMND, ZIKHHLT“ W, =7 N EK2IRT N~ R IR R NI RRE L7 R A
[ZAZL, 100°CTHIEL L 722 28 H AR ER100Gy/h TOCol v~ M2 Z L1k v, Bl
OISR L RS AR LT, DI, ZOREH Lo S o' X1 &
Y. HLT v AIORE | BRI ESRSFIEL, ACARFZEX I W T, AN E T
— BN ZD LR S NTRKIETH D, K23CH LT v ANIB T LEREND T
— 7 NV OHCIEERF 2T, 2306 OH(LABRREFIL, ACARFZE X123\ T, INESH A
R2OFER GBI FES SR AR 2B LR BRICAK Ly — 7 v ok EH (LA
B2 e Lo, 2623 ::mﬁg@%{tkiﬂ'&ﬁf‘%ﬁ%ﬁﬁkfv—& DELEDEFIEEZ F
T, T JIREITICB T D MREESM(Z ZCld, —fFlE LT, IREES0°C, M fri &5
0.3Gy/h & L)1) 2l RIS ?ﬁﬁ— LR a2 RmT, 723, RFETIL, kD=
A7 vt A EITHLRNT—T I OWNWTHLUBORBRIAH 2B T 2R R E21T- 72,

X[2.3 A< BRIRSHEER NIZERE L 7 TE IR
(E LA FEBR 28 1E N B B B i 28 BR R H A i Iy & 1 FHATE 92 7T)

Fig. 2.3 Ovens placed in a gamma ray irradiation facility

(Takasaki Advanced Radiation Research Institute of the National Institutes for Quantum and

Radiological Science and Technology)

D H%éﬁﬁﬁiﬁ%“—& OERNPADETIEIL, IR OS2 E L LT, 77— 7 B E OB - i X 2 5 (bsstET —
WHSZER LI~ AZ =T —T %R, F—7 VOB TUEEZITH DD FiE L LT IECI244-2% X° IAEA-
TECDOC 18 TIEINTWVWDLFETH D, AFIEIZOWTIE, ACARFZE X IZBWT, AR TR LI-ZF7r—7 1
DOMIFBITHKT L CHATRETH D Z LR IND L bz, AT AIXREOFEMARIN TS 2,
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®23 =T N ORESEOBEABREN
Table 2.3 Cable aging conditions

FEREAE FH St D 5]

No. 2R RRELAL OB S | (I 50°C, HURB# % 0.3Gy/h)
\CHA L2 4R 3K

1 |SiR 7 —7JL(B) 100°C, 100 Gy/h, 6,241 h 135 4

2 | FR-EPDM 7 —~7/L(B) | 100°C, 100 Gy/h, 6,990 h 57

3 | SiR 7 —7/L(P) 100°C, 100 Gy/h, 5,549 h 109 4=

4 | FR-EPDM #—7/L(P) | 100°C, 100 Gy/h, 4,003 h 39 4

) BELICOFHICBWTHER LTV D7 — 7 Uik IR OB OB X 2 B b8, Hei AR,
A—TEZ LV EAICRR D, 2072, Bl HHEZFBIC OV TR 54846, %3 L b 100°C, 100 Gy/h
12 £ BDREBLOBERBR LM OSSR ORI EBICRB T 2 BBELENREL Db Tl n,

2. 2. 2 EBEREHROE#ER

BRI IR DO F PN N O U R R O RRE A BT 5720, F—7 %
B KR ORI 288 LTz, EBROBEREFHIARFIZB WL, F—7 1%, B &7
RICFERFCRBE SN D, LoLaens, BE, b & [R5 5E v RE 72 sl BR a0 73 7178
LRV, ZO7d, ABFETIE, BUBREREORICAR[EBE LT O BREBBRZITo72. K
SHRBRBOME, AIBEBORE - [ENOFKFMT, BEEERSEFEECBON T, EX
FEF N EKF SR OGNEREM TR L7z 157 A2 2 PN 0 55K 5 7T 2 143%
HASNZ LS XRRE Lz, Fo, AW TIX, ERFHTH R(168h)fkfe 3~ 2 R & A L
7o, AL, ERFEIROA MmN T, D7 EHTHMOFMIZIT 9 2 &N E
RKENTWDTZ & EREAL BN FEAMG Me OGE s 3 B 4 = 38 0] FR 5 o IR Rl i s
TTHM ORIl A TN TWNDPO0 L 2k 2 7=, 272U, #¥Er—71ic>0Cix, 78
LIBE S F OMREAR TELA N EE LW L2 EZE L, —HoRBRTIL, \ERFLR
14 H [#(336h)fikfe - DRI 2 A8k L7, ZARZETE IS OWTIE, JRAIE U Tz z i
THILEE LT, 2L, RBRCEET 2IREICB T 2MAKIENNEL, BRABRER
B 18 O BBR AT RE R R I ) & OBIR D LR LM A ATRETH DA 1T, WEVERR & H
Lic, £, ARBBROERZORBEWRT 5120, —HOARKIERERRR LR CREIC
B RGP MBRBR GITo 72, BRBREEOF L ER24~2.7T7RT, 2, 2 ORER
HE OFEMIZOWT, LLFOHEIZRT,
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#£2.4  BEL OFEEGRER K OV F AR EE R O S:44:(SiR7 — 7 /L (B))

Table 2.4 Conditions of pre-aging and accident test for the SiR cable (B)

No %jé:? %;ém"m TRR IR TR A IS
=R S| 211 " .
o | A | m | s [eem | L BF B e G
(h) (kGY) (OC) (MPaG) (h) (0 24 h) 'I?&j:l%
1 0 1,600 171 0.60 | 336 | "EFE7/2 L | HI 2 |MBEMOH
p_y— e A BT
2 6,241 1,600 171 0.60 | 336 | "EFE/ 1L | HI 2 | pranm
3 0 800 171 0.60 | 168 | "EFE72 L | HI 2
4 6,241 800 171 0.60 | 168 | &g/ L | HI 2
5 0 800 200 0.62 | 168 | "EFE7/2 L | HI 2 | THH O F#
o R
6 6,241 800 200 0.62 | 168 | "EFE/ L | HI 2 | sxnm
7 0 800 220 0.62| 168 | Mg/ L | H2 1
8 6,241 800 220 0.62 | 168 | Mg/ L | H2 1
9 0 800 200 | (K&UJE) | 168 | TR L | W 1 ;: Eﬁf j‘iiﬁ
= it
10 6,241 800 200 | (RRUE) | 168 | gL | W 1| s
HI: A7 &RH St o R REEE 1 B
H2: A7 & RMA At o R R REEE B

W: PRE N RFGH RO [E IR

2.5

AR5 Al D FELHE FR K OV B Xk D 45 {1 (FR-EPDM & — 7' /L (B))
Table 2.5 Conditions of pre-aging and accident test for the FR-EPDM cable (B)

%szm %;457"1:' AR T AT RIS
ot A1 Z 11 .
No| “wymy | g | mE | Eh | e | 197 |gm o] 6B
(h) (kGY) (OC) (MPaG) (h) (O 24 h) %lﬁ
1 0 1,600 171 0.60 | 336 | "EFE/A2L | HI | 2 |M4HMO%EL
g7 BT 5 %
2 6,990 1,600 171 0.60 | 336 | "ZFERL | HI | 2 | zzsm
3 0 800 171 0.60 | 168 | "EF&E2 L | HI | 2
4 6,990 800 171 0.60 | 168 | "EFE2L | HI | 2
5 0 800 200 0.62 | 168 | "EFE/2 L | HI 2 | 7THEOE
— R %
6 6,990 800 200 0.62 | 168 | "FE/RL | HI | 2 | zzg
7 0 800 220 062 | 168 | MiFERL | H2 | 1
8 6,990 800 220 0.62 | 168 | "L | H2 | 1
9 0 800 200 | (K&JE) | 168 | ®FERL | W 1 |7THHOE
— — BRI 5 K
10 6,990 800 200 | (R&UE) | 168 | "EFE2L | W 1| s
Hl: AV & RERSHORKRBRFEIEE 15

H2: H @Bkt ORI AL H 25 5%
W: ZERE N AR AR O R
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#2.6  FRAESL OREE R K OV B BR O S (SIRT— 7 /1(P))

Table 2.6 Conditions of pre-aging and accident test for the SiR cable (P)

%jzm %;257%1 RGBT TR NS
ot 2] 211 = " »
Noo| “wymy | gemnenm | mE | En  [msm | S0 Lgm | n%) 6
(h) (kGy) (°C) | (MPaG) | (h) 024n) | @
1 0 1,000 155 044 | 336 | MEEDHY F 2 | 14RO
T R B
2 5,549 1,000 155 044 | 336 | EEHY F 2 | znm
3 0 500 200 0.62 | 168 | MEFE/L | HI 2
4 5,549 500 200 0.62 | 168 | MiFE72L | HI 2 | THMO %%
oy BHUE T B
5 0 500 | 220 0.62| 168 | Mg/l | H2 1 | 5o
6 5,549 500 220 0.62| 168 | MEF7/2L | H2 1
7 0 500 200 | (KR&KJE) | 168 | "&FEARL | W 1 | 7HF O
y= — BHUET B K
8 5,549 500 200 | (KR&JE) | 168 | mEFE7 L W 1| s
F: MRS T U0 T - 4% r—T A0 RG R R
HI: BidBHAL KR REEE 2
&2 5

H2: AL At o B[R FELE
W: 2R vE N ELRR H R 2 0t IRAY

2.7 RAESLOFEE

AR K OV OB RUBR O 55 (FR-EPDM & — 7 /L (P))

Table 2.7 Conditions of pre-aging and accident test for the FR-EPDM cable (P)

%jzm %:éhfu TR IR TR P NS
=R 211 =~z " "
Noo| Cump | pemem | wmee | s | wem | BT [eem | 0¥ 85
(h) (kGy) (°C) | (MPaG) (h) (0-24h) | %
1 0 1,000 155 044 | 336 | EEHY F 2 | M4AROF
— % KT
2 4,003 1,000 155 044 | 336 | EEHY F 2 | rnanE
3 0 500 200 0.62| 168 | MEF/2 L | HI 2
4 4,003 500 200 0.62| 168 | MEFE/ L | HI 2 | THH O Fi
— BHET S
5 0 500 220 062 | 168 | "EFH72L | H2 1 | xnm
6 4,003 500 220 0.62 | 168 | ML | H2 1
7 0 500 | 200 | (KXJE)| 168 | MEFERL | W 1 7% E';fﬂ ;3 j‘if
4, P
8 4,003 500 200 | (K&E)| 168 | MEFESRL | W 1 ﬁ%ﬁm

F: MRS T V0T - 447 r—T LK

HI1:

BNV =8 V=L AP S S
H2: A& Bk artoR K RGEIEE2 5
W SRR N AR K2 O fE A

B 151

= B

AR R e E
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(1) Hst a8

FHIRIZTB W T CCo H o~ AR ER 10kGy/h T — 7 VR E 21T > 7=, BEREWRRAER
168h DJF TN A RN OREF M EIL, EANO BWR LT PWR TiE, £ E 1 640kGy.
500kGy & SN TWVD P30 “ b &BE 2. 168h OFH 2 FEET 2B Tk, BKEHHREZ
BWR fl 77— 7 /L ClZ 800kGy, PWR 14— 7 /L CiX 500kGy & L7z, 7238, BWR (oW
T, 2B LRLIBERPRONATEY  SBRITOALHABILEE~OBEEEEFEEFICBITD
FEICB W THRE SN OIHEEMENKELS RIAEELH D LB X, B E G AT R
BAEBRE L, £, 336h OFEEEE T 53 B TIX, 168h DA OFEOME L L, BWR
M — 7V Cl% 1,600kGy, PWR 77— 7 /LTl 1,000kGy & L7z, LA, 25 Ot
RBORBREHZ (Hb7vetEX1] v,

(2) ZAREE
O BWRM# — 7 L (SiR”7 — 7 /L (B). FR-EPDM%* — 7 /L(B))

E N OBWRIZ 33T 2 B R EUIRF D Ji -7 B M 25 25 N O AR B8 O IR EE K OV T D figi i 2%
% Z N ZFHK2.40) K NI RTINED | = & DT B, %75 v s O3 ERIR T
JFOREFTF IR D HFFFIORSNTCERFRENOS L, IREXOES Z EITRROSE
HEREEIND TS —F7 A (AR ZEIE - EEER) O 2KRLTWnWa, |
FEEIZDWTIE, B24@UITRT L9112, WTho 7' v MZBWT S FEF A2
BEEFEMETCLT NEEEY—27 1 L) )R HY, —HOT 7 MIBW T, &iE
IR EE1Z200°C % #2584, Zauid, ABE T 2 FR(RABLOCA) T A B4 (AT 1 7> & it
T HWMBERIC L DIRE LA L SN T2, BELOFSEICE W T, 2RRE L%
P9 R ZRIRE ALY =T VO EHI R IETREIZOWTIHAE SN TR Y | #
WEIVEE  EEREMEEEICH L TR EAEREBL X RN ERREINTNDL®Y, E0,
REC—7PERMTHDL L L BT, AR THEXIG L LZEBWRH 7 — 7 /L DSIRT —
7 )V (B) & UNFR-EPDM 7 — 7 /L (BN W THERRMERE &2 1 9 Mifx R D X — AR U <~ —DESy
RIS 1X, £ N400°CLL ETH D, IRE E— 7 O @mIREGI207°CY) & i L TH+
TE, TNHDZENDL, FIMOREY —7 OB T/hENnWEEXLND, £, I
DIREE— 7 O%IT, —H 2R, IBEIIBQ170°CLL FTHRE T 5, 207D, RIS T
X, BEMIT e 7 s A0, WIHIOEE Y — 7 DS OE oy 2T 2B & L
T, a. 171°C + 0.60MPaG— & D154 T336h, b.171°C - 0.60MPaG, c.200°C + 0.62MPaG &
. 220°C + 0.62MPaG— iE D35/ T168h D &R BT 21T o 7o, T HITIHEGRKIT L D7
R[REFETHDL, B, M24BWTIE, AT D), FFakUbDOAGH LTV D,
Fo. ARRBRBE T, K258 AN EREAESHORKRBEIEE 2 iz,

) [ 2.4 FOKFEEANCE T D ERKFBEREO R TR NR ORI L CEAOHBICOWTIE, 25303 It hi
MEHEICERLTWD 70, MICBW TS T L EfE CIERWETNH 5, sEMIC OV T, 2530k ™ 2%
iz,
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= =1)-1220°C for 168 h
1)-2 171°C for 336 h
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Fig. 2.5 Steam exposure chambers (Hitachi Metals, Ltd.)
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Fig. 2.7 Steam exposure chamber and cables before the exposure

(Fujikura Dia Cable Industries, Ltd.)
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Fig. 2.8 Apparatuses used for the cable heat exposure test in the air
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Hi#)  T. Minakawa, M. Ikeda, N. Hirai, and Y. Ohki, “Insulation Performance of Safety-related
Cables for Nuclear Power Plants under Simulated Severe Accident Conditions”, IEEJ Trans.

Fundam. Mater. Vol. 139, No. 2, pp.54-59, 2019 *
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Fig. 2.9 Schematic diagram of the configuration of the steam exposure test and the circuit for

electrical insulation resistance measurement
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Fig. 2.10 Cross sectional structure of the tested cables
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Table 2.8 D and d of the cables tested in this study

Rk (mDm) (mdm)
SiR &7 — 7 /1 (B) 3.8 0.80
FR-EPDM % — 7 /L (B) 3.2 0.80
SiR 77— 7 /L (P) 2.8 0.63
FR-EPDM % — 7 /L (P) 3.2 0.80
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Fig. 2.11 Voltage withstand test
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Fig. 3.3 Insulation resistances per meter as a function of time, during and after the steam

exposure at 155°C for 336 h, measured for the cables used in PWRs
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Fig. 3.4 Insulation resistances per meter as a function of time, during and after the steam

exposure at 200 and 220°C for 168 h, measured for the cables used in PWRs
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Fig. 3.5

Insulation resistances per meter

in air at 200°C for 168 h,

as a function of time, during and after the heat exposure

measured for the cables used in BWRs
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Fig. 3.6 Insulation resistances per meter as a function of time, during and after the heat exposure

in air at 200°C for 168 h, measured for the cables used in PWRs
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Fig. 3.7 Relative permittivity of cable insulations as a function of time, during and after the

steam exposure at 171, 200, and 220°C for 168 h, measured for the cables used in BWRs
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Fig. 3.8 Relative permittivity of cable insulations as a function of time, during and after the

steam exposure at 200 and 220°C for 168 h, measured for the cables used in PWRs
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Fig. 3.9 Relative permittivity of cable insulations as a function of time, during and after the heat

exposure in air at 200°C for 168 h, measured for the cables used in BWRs
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Aging process II and steam exposure at 200 °C
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Fig. 3.10 Relative permittivity of cable insulations as a function of time, during and after the heat

exposure in air at 200°C for 168 h, measured for the cables used in PWRs
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7% 3.1~3.4 [T+

3 TMEERER

RIRORER L R, AR TH

RBEBEEATOT2E2TOr—7 VI,
INES A R 2232 ERER & L CHLUET % JIS C 3005: 2000 (235 < it F5 7k Bk 3760
(G Lo, MPEERBRE O — 7 MAEEIKOREDO I 2 X 3.11 1R T, ¥ — AR A
T A TH D SIR 7 —7 N B)&RE, Hb7m A LIk Hbzfth LI —7 1
BT, v —RADOBENBALND,

#3.1 M ERBA R (SIRT — 7 /1 (B))
Table 3.1 Results of the voltage withstand test for the SiR cable (B)
Al + KR IR =
No i?{g ﬁ%ﬁ%ﬁ% RRIRBESF T ﬁ@;@é}j—:
g | mwee | m | En e | 5T B fifi %
(h) (kGy) (°C) (MPaG) (h) (0-24 h) "
1 0 1,600 171 0.60 | 336 | FERL | Ak | 4HHO%L
— Z RLBES D 7R
2 6,241 1,600 171 0.60 | 336 | MEFERL | G | a5E
3 0 800 171 0.60 | 168 | "EFE/2 L | A&
4 6,241 800 171 0.60 | 168 | "EZFER L | A&
5 0 800 200 0.62 | 168 |MFERL | A | 7HHO
— EREET DK
6 6,241 800 200 0.62 | 168 |MEFERL | G | 352E
7 0 800 220 0.62 | 168 | "EFERL | A&
8 6,241 800 220 0.62 | 168 | MEFHELL | A
#3.2  MiE LR R(FR-EPDM 7 — 7 /1(B))
Table 3.2 Results of the voltage withstand test for the FR-EPDM cable (B)
i} 5 RRBRTES -
No i?lﬁj 755;%7%? R IRBRIE - @E = -
WiR | RGEeE | RE | JEH e BT ;ﬁ fiti5
(h) (kGy) (°C) | MPaG) | (h) | ooy |
1 0 1,600 171 0.60 | 336 | MiFTRL | A |[14BHHOE
— W % AR T
2 6,990 1,600 171 0.60 | 336 | EFERL | B | 2RKEE
3 0 800 171 0.60 | 168 | T2 L | &
4 6,990 800 171 0.60 | 168 | lEFERL | &
5 0 800 200 0.62| 168 | "EFEARL | Ak | THHO R
— ERE T D
6 6,990 800 200 0.62 | 168 |MEZERL | &K | KXBE
7 0 800 220 0.62 | 168 | EFERL | &
8 6,990 800 220 0.62 | 168 | EZERL | Ak
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#3.3 (i ERERAS R (SIRT — 7 /v (P))
Table 3.3 Results of the voltage withstand test for the SiR cable (P)
S == Sz L
No %%{HE )%Z%—J‘ﬂ&% ﬂﬂ%ﬁﬂ%ﬂgﬁ: - f@%}f
Bl im‘ﬁ‘ & 71%5 S} Féﬁ 2 7°i/f %E fi=
(h) (kGy) (°C) (MPaG) | 1) | (024 1)
1 0 1,000 155 044 | 336 | EFEHY | Afx |[HEOF
5 2 L4
2 5,549 1,000 155 0.44 | 336 | "EHEDHY otk | pIRK RS
3 0 500 200 0.62 | 168 | WEFE L | B
4 | 5,549 500 200 0.62 | 168 | WEFE L | Ak | 7THHO R
— ZHLET B
5 0 500 220 0.62 | 168 | WEFEeL | B | HZE®
6 5,549 500 220 0.62 | 168 | WEFERL | &
#3.4 [ EERES S (FR-EPDM 7 — 7 /L(P))
Table 3.4 Results of the voltage withstand test for the FR-EPDM cable (P)
A S KR RBEL
Noo| ging | migm | mi | gEs (e | UE | B B
(h) (kGy) (°C) (MPaG) (h) (0-24 h) "
1 0 1,000 155 0.44 | 336 | EHEHY | B | 4HHOEK
RS Dk
2 4,003 1,000 155 044 | 336 | "BEFEDHY | B | 55E
3 0 500 200 062 | 168 | TR L | &
4 | 4,003 500 200 0.62 | 168 | "EFsL | Ak | 7HMO L
Z L % 7K
5 0 500 220 0.62 | 168 | "EFZERL | &K | K52%
6 4,003 500 220 062 | 168 | "EFTRL | &
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(%7 1 & 211 1 1,600kGy.
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==

171°C, 0.60MPaG. 336h)

Fig. 3.11 (1/4) Cable specimens after the voltage withstand test
(aging process II: 1,600 kGy, steam exposure: 171°C and 0.60 MPaG for 336 h)
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Fig. 3.11 (2/4) Cable specimens after the voltage withstand test
(aging process II: 800 kGy, steam exposure: 200°C and 0.62 MPaG for 168 h)
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2 2 —7 )L (P)
) RBREONH O —7 Nk I L7 %I

B43.11(3/4) THEERBRE D7 — 7 AR

(#1712 X110 : 1,000kGy, 785 %8 : 155°C, 0.44MPaG, 336h)

Fig. 3.11 (3/4) Cable specimens after the voltage withstand test
(aging process 1I: 1,000 kGy, steam exposure: 155°C and 0.44 MPaG for 336 h)
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Fig. 3.11 (4/4) Cable specimens after the voltage withstand test
(aging process II: 500 kGy, steam exposure: 200°C and 0.62 MPaG for 168 h)
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(1) SiRZ7—7 /1 (B), SiRT—7 /L (PIZDWNT
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TNAP)D T —AMEHT, TN, BMEOZWEETH D H 7 AfwM, kL FEICR
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V—AEFEBL, SOICHRENEZILRL TS EE X B,

WIT, ARK[BBERC, REANZIERT 2&KKN, EOXSRREBIZHLDONE R D,
¥ 3.7(a). X 38R T L DIT, MEEDOLFEER 1L, ARBRBERGRIHENT 5, &
FHOBHEDOH Y - 72 L, AREBIRE L ORFFIC L o TR DD, & 3R K0 25 B E
b, —H ., X 3.9) kX 3.10(a) F OILRIKNZ AT L 51T, 200°C DRKFEZEIZBIT D
BAND I DR A R L 72 200°C O KK ANEAREIZ X, & 3T, b nicEdb 35,
2O XD EFEX, RO — T L Ok L RlLA O v — FREHI X 2 HEEE
FRETHBLEINTEY O BERLOREIC L5 0BoEhe, BRI X 5 i
EORFAFRNTHD ESNTNWE B, Z b0 Enh, RREEBIFO g OHEINL, &
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Fig. 4.13 Equivalent circuit model for a thermocouple circuit
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Error of measured temperature (°C)
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Fig. 4.15 Error of measured temperature as a function of insulation resistance of the

thermocouple circuit
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Table 4.2 Calculated measurement errors due to reduced insulation resistance of a thermocouple

circuit
"y 200°C D e e

No. @ﬁgﬁ ﬁﬁﬁzf Eo(uV) wﬁgm »ﬁ%T i@%g
1 10° 8138 8137.9 199.970 -0.030 77 A1
2 10° 8138 8137.1 199.950 -0.050 77 A1
3 10* 8138 8129.1 199.749 -0.251 77 A1
4 10° 8138 8049.5 197.758 2.242 7T A3
5 10 8138 7331.5 179.797 -20.203 -
*1: JEIRE 200°C DOFFR 7% ¥

75 2 1: £0.004 + |t|= £0.8°C

75 A 2: £0.0075 + |t|= +1.5°C

75 A3 £0.015 ¢ |t|= £3°C
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