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Abstract

Continuous safety research on fire protection helps minimize fire risks because fire is a
serious initiating event that results in common cause failures. In the preceding fire research project
in the fiscal years from 2011 to 2016, quantitative methods were developed to evaluate the
effectiveness of fire protection measures. Specifically, fire risk evaluation methods were developed
and experiments were conducted to obtain necessary data. Further, the fire propagation mechanism
caused by high energy arcing fault (HEAF) events that occurred in the high-voltage (6900 V) metal
clad switchgears at unit 1 of Onagawa Nuclear Power Station (NPS) was investigated.

In this project, to enhance the fire safety regulations on NPS, experimental and analytical
studies have been performed for evaluating HEAF, for thermal deterioration of electrical cables and
for developing fire hazard analysis methods and computer codes.

In the HEAF evaluation, it was found that there are two kinds of pressure source, i.e.,
initial pressure spike followed by the stable pressure. These pressure behaviors might be caused by
the thermal expansion of air and generation of metallic fumes.

In the thermal deterioration of electrical cables, the experiments were performed using
several cables used in the NPS. The results showed that the insulation resistance of cable was steeply
deteriorated by the failure of insurant due to the radiation heat from fire, and the rate of degradation
is expressed by the Arrhenius equation.

In the development of fire hazard analysis methods and computer codes, a model has been
developed for burning cable bundles on the trays. The model development has also been initiated
for the HEAF explosive phenomena and the first results of comparison between the analyses and the
experiments showed some insights on the phenomena.

These findings of this study could be expected to give effective information for enhancing
the fire safety regulations on NPS.

Part of these studies were conducted by University of Tsukuba, Yamaguchi University and
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Kanazawa University under the auspices of the Nuclear Regulation Authority. Also, part of HEAF
tests were conducted in collaboration with U.S. NRC at KEMA in U.S.
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2. 2. 2 HEAFRR
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Too ARBRITIBHRBARIHRDIAAAIGT2EHEZRR CTH D70, EERBRZ B L2 E
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YD A4 XL LB 2K 2.2.2.1 187, fBREIT#ERIEO 7L —F 4+
P - EEPREIEA. PO : A2 M) ZHWTIERIL 72, BRI 7 — 7 B A RAE S
HLH72OO/T VI =7 AEHREZTY i) 7o, Fo, EERRERY 7 N B R L2
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Fig. 2.2.2.1 Reference size test box
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F9, B _RAOEBRER i, ZAMAHET W EAOEEETLE Vo b L TR TRE
2o
Io=W/ (N3XVg) = ¢ o o o o oo o oo (2.2.2.1)
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L=Igx 100/Z + = « = « = ¢ o ¢ o ¢ o o o (2.2.2.2)
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DT — 7 EOREFIET, KEEXE 52 (IEEE: Institute of Electrical and Electronics
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YU LIEREET, REBHZWET Z LICE D 7T — 7 MEE A SET,

(5) FHHITEH
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DHRERDIZODOT — 7 WEROET], WONZEA~OEBICET2MEAE/L700
RERIREHOBMK TH 5,
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Influence, AT [ZO1] &\ 9H,) ZFHEL TEY, KAHEAF RBRICEWTHENESH B
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Table 2.2.2.1 Measuring items of HEAF tests
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2. 2. 3 ARBHER

(1) HEHEY A XORERIKZ V72 HEAF 3R

BEUEY A4 X ORI % 72 HEAF Bk O — il % [% 2.2.3.1 12777, HEAF @B Cix, &
BRAKNOJE 3 2z L B (RN 8) hHER, BB o — DEREHT 553,
JETJRBIC K o TR IR EE SN D Z LT o7z, BR{IK%Z V% HEAF 3Bk Tl 7
— 7 ENFAE L TV DB OFRBRIKN OE J) & 5 C JIE L C HEAF OB FBL5 4 51T
L7z,

% 2.2.3.1 HEAF B D4
Fig.2.2.3.1 One example of HEAF test

FEYEY A XORRRE AN CT — 7 MEZRAE ST THE O, BRIz 7 2 R K
WNOENEALD —H %X 2.2.3.2 1277, K29 X 912 HEAF OBEFEEITITITHIHI D AR
A 7 WRET) ES(b~e) & Z D% DRZEMIRIEIOD 2 BENGFET D Z ENmnoiz,

(d)
/
3
L (c)
Bl
(e)
&/
(a)
TN
0.0 0.5 1.5 2.0

1.0
B (s)

¥ 2.2.3.2 HEAF OERET O —f
Fig. 2.2.3.2 One example of HEAF explosion pressure
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WHEEZOLND, IKENEMITICREGELIZEDO@E) TIEIRKEDE B = — L O H 2358
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X12233 X2232DFKEN@~NICBIT2EEEET 4B AT OMmE
Fig. 2.2.3.3 High-speed video camera images at each pressure (a~f) in the Fig. 2.2.3.2
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SR —LDEEEE
-~/ zol
: | ZERPEBEO PR

X12.2.4.1 HEAF OBERBLIRITE U LR BHIFH O — 1§
Fig. 2.2.4.1 One example of the zone of influence (ZOI) in the HEAF explosion phenomena

12
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2. 3. 2 BRY—7VOBRLILHAE

LUFIC BGOSR O A4 503 20, 72, B2 L 2R B — 7 rizon
TIE. 90°C~130°COTEIRAEN T—ERFMREF LA LA RIET 5 Z LIk 0 | BREH L
BLAHE L7,

AL T Lo BR Y — 7 VSR BR i 4 X 2.3.2.1 IR” T, BR7 — 7 VEg 1L
RBEEEIL, a—r e ) A—FRBPEELZGRE L CERLE, ARBREE T, 7¥—7
LR L AICERE LERETERr — 7 LVOBPILRREITH 2L N TE D,

X 2.3.2.1 R — 7 NVELLRRBRERE 2
Fig. 2.3.2.1 Thermal deterioration test equipment for electric cables

(2322 ICERT — T NVORSRBRO — 2 Rd, ARBREED a2 — e — 2 ([3E
££200mm ThH Y, b —HXH.LEHI G E S F5M 150mm OFLFHN T HIVZMBIRE 2 —EIZ
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X, BR7—7 VAR OBEEZ L —V—EEFH TR L, RBREOBEELE %5 &
O b — ZIRE A LR IR BT & B L e,

X 2322 ERT— T VAL LERERD—F] 20

Fig. 2.3.2.2 One example of the thermal deterioration test of electric cables
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(1) BERT — 7 NV OMRIR T RAZ TS IR E O 2
HliE o — 7 L OBERBRE R O —Fl &2 X 2.3.3.1 ([ d, BFLIEE £ 200°C~550°C
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Fig. 2.3.3.1 One example of the thermal deterioration test results of the control cable
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(2) HEFRAR T3 O R

B4 2331 (IR TEP B RO T L=r 27wy & 2332 17T, KIZRT X
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6 — < %
ST R LT —
o FEi% i
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4
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3
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Fig. 2.3.3.2 Arrhenius plots of the figure 2.3.3.1
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LClE. AR OB R X DA DB N E 2 bivd, EBE. BRENEEE LT
BRIV TIEEHRICHE_REEN D L TWD I ERMHERINLTWD,

—xaEE (G —xanes (BE{eEE)

— s (&) wrae (BEEEER)

20 0.4
'§ 15 1. (0.3 s
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X 2.3.3.3 Hrih &AL B REE L ER T — 7 L O BRBERER 2

Fig. 2.3.3.3 Combustion test results for new and aged electrical cables
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4 2.3.3.4 Hrah & RE L 2R LI2EBR T — 7L O SR FF O MRS HLHIE
Fig. 2.3.3.4 Insulation resistance measurement results for new and aged electrical cables at
elevated temperature
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2. 4 KKEEFMFLE - T2 — FEOERE
2. 4. 1 <F)— b KkERBREN

OECD/NEAPRISME 7’1 ¥ = 7 h 0%\ ZCTHEEINTWD, RSN T2 2 E KX
DK SRR ARG & LT, KERST 2 — R (FDS) 12T~V Fb— A KRBT % T2
L7, X 2.4.1.1 IZEBIXE O KSR Z FDS I TET ML Liz—fFlZrd, BT,
FEADOHBIZENENAREREEZRE L, TNOEZREISELZ LICX0, BET
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% FDS IZ X B EOFHENRILZ . £72, X 2.4.1.3 21k, BB 80 AICHIT D y 2% 3.0
m (2B D xz Vi O OFH RS R A R, RO KSR TIE, AR R 3R BE
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ZFENFG R A FEh L. FDS & W 72 AT IR (A K SRR D MG, 4 PEREsR A D 5 2
L L,

2.4.1.1 FDS 281} 5~ LT — L KEfRHTET L
Fig.2.4.1.1 Modelling of multiple room fire test in FDS

X 2.4.1.2 fRHTBALG 80 B 1% DO FE D ENK L
Fig. 2.4.1.2 Smoke propagation at 80 s
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2413 fENTERLE 80 #0114 0D WINIRE /5 An

Fig. 2.4.1.3 Temperature distribution at 80 s in multi-room
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Fig. 2.4.2.1 Modelling of multiple cable tray fire test in FDS
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Fig. 2.4.2.2 Heat release rate as a function of time
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Fig. 2.4.2.3 Temperature as a function of time at center of individual cable tray
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Fig. 2.4.2.4 Temperature as a function of time at individual measurement point to x direction in
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Fig. 2.4.2.5 Velocity field around cable tray at 350 s
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Fig. 2.4.2.6 Heat release rate as a function of time in each opening ratio
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Fig. 2.4.2.7 Velocity field around cable tray at 350 s in case of opening ratio of 50%
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Fig. 2.4.4.2 Time variation of velocity field on liquid surface burning in case of glass pan
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Fig. 2.4.4.3 Time variation of velocity field on liquid surface burning in case of stainless pan
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Fig. 2.4.5.2 One of the analysis results related to the amount of evaporation of metal electrodes
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