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

Abstract

Fragmentation and pulverization of fuel pellets followed by their relocation to the
cladding burst location and release from the fuel rod (FFRD), were observed in the loss of coolant
accident (LOCA) simulated experiments conducted in international joint experimental projects.
Also, a fuel failure at an enthalpy lower than the current Japanese pellet cladding mechanical
interaction (PCMI) failure criteria as well as a failure due to the internal pressure rise for high
burnup mixed oxide (MOX) fuel, was observed in a reactivity initiated accident (RIA) simulated
experiment conducted in the research project of NRA on advanced fuel and cladding materials.
These failure behaviors are different from the conventional knowledge and expectations. Since
the current regulatory criteria were based on this conventional knowledge and expectations, it is
necessary to review the current regulatory criteria by considering the conditions and mechanisms
of such new fuel failure behaviors as observed in the LOCA and RIA simulated experiments.
Hence, this safety research project has been launched in order to obtain data on the new fuel
failure behaviors of high burnup fuels under RIA and LOCA conditions.

Regarding the FFRD phenomenon, we conducted tests to investigate the behavior of
high-burnup fuel during LOCA, and found that there is a significant correlation between
microstructural changes in fuel pellets as combustion progresses and fragmentation behavior,
and that there is a significant correlation between the microstructural changes in fuel pellets as
combustion progresses and the fragmentation behavior at the time of high-temperature rupture
of the cladding. It was suggested that the pressure within the free volume of the fuel rod strongly
influences the shape of the burst opening and the fragmentation behavior of the fuel pellets.

Regarding the evaluation of core cooling performance after LOCA, we conservatively
applied the load to fuel rods during an earthquake in a bending test, and tested the bending rupture
of fuel cladding tubes that experienced the temperature history during LOCA. The strength was

evaluated and it was confirmed that the effect of repeated loading was not significant.
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In cases where the enthalpy at failure is lower than the PCMI failure threshold, which
is one of the current regulatory standards (RIA test OS-1), the test fuel will be subjected to post-
irradiation tests, analytical evaluations, and comparative RIA mock tests. Based on the results,
the most important factors for lowering the failure limit were the large radial proportion of
hydride in the metal layer of the cladding, and the higher level of transient FP gas release than
in the case of conventional fuel, which contributed to large cladding deformation. In addition,
regarding the case (CN-1) where high burnup MOX fuel caused an internal pressure burst failure
that had not been seen before, post-irradiation tests of the same fuel rods and additional RIA tests
for comparison revealed that in the case of MOX fuel, after the initial PCMI, the cladding
temperature rose due to boiling transition, and the cladding, whose strength decreased, was
driven by the internal pressure that increased due to transient FGR, resulting in large deformation
and rupture. Furthermore, we investigated the wrap-around behavior of cracks through the
cladding, which can occur when PCMI failure occurs in high-burnup fuel, and which is
accompanied by an increase in the rate of fuel pellet ejection outside the rod. Tests revealed that
the conditions under which this occurs can be determined from the degree of deformation at the
time of failure and the biaxial stress level.

In this project, except for the cladding stress analysis during post-LOCA long-term core
cooling, the tests and associated analyzes on the fuel failure during LOCA and RIA were carried
out as a project commissioned to the Japan Atomic Energy Agency (JAEA) and a collaboration
with Osaka university. In addition, the research on the mechanical properties of fuel cladding

during LOCA was conducted in collaboration with JAEA.

v



L R e 1
| S 5 - QOO O OO 1

L2 B oo 2

13 R TR e 2

2 BT 2+ eveesseesseeseeseens e et e e teeaseeteeheeabeeRe e he e st e Rt e eaeeabeenseeheeabeesbeeReebeenb e e st e beenbeeaseebeenbeenaereeneas 4
2.1  LOCA FEREHBAR DMF D EEIC 52 DB v, 4
2.1.1 FFRD F&EBR O A K O O EIMEIC BT A 3 oo 4

2.1.2 LOCA % ORI D HIMEICBI T 2 8- .o 8

2.1.3  LOCA IR DBRE 8 G BRI BT D R v, 13

2.2 RIA RREHE R NP L RYEIC 5 2 D BRI oo, 16
221 ERBEEEIINRE D PCMIBKARIZ BT 2 8- oo 16

222 ERBEE MOX RED @i A BT 2 M e, 19

223 RIAEERBRICHIT A RAEITEMICEIT DM oo, 22

224 SERBEEEIRED PCMIBHRTEREZAIZBE ™ 2 R A ..o, 24

2.3 B REHED B AT BT DR o 25

B AT cvveveee e ee ettt ettt n e, 27
3.1 FRIED B oot 27
32 HAIDFERRIRTIL coveeoeeeeeeeeeeeeeeeeee e 28
3.3 FRIAEDZATREE (oo 28
331 JRF BT ORRE N EFIZE EILD DR e 28

332 FHREHBITE DT e, 29

3.4 FRIEDTEHEE oo 31
3.5 BFEDTRIESE oo 31

B SRR B oottt ettt 32
BB oottt ettt 40



X 1.1
X 2.1
X 2.2
X 2.3
X 2.4
%] 2.5
X 2.6
X 2.7
X 2.8
< 2.9
X 2.10
¥ 2.11
X 2.12

X 2.13
X 2.14
X 2.15

%] 2.16

X 2.17

X 2.18
2.19

% 2.20
X 2.21

ARHIFFE D AEIRTTTR <ot 3
LOCA Hfak R K OVEMF LD Y 2 = L—3 3 (2 X D FFRD B HNAFZE ...... 6
LOCA FFENE IR INEGRBR T2 DBREF < L MR ORAE AR B2 RE A 7
I BRBEEE BRI (BRBERE 73 GWd/t) % 72 LOCA FBERRBRAE R 7
LOCA 73— MRFD A R FHREH ZE TR SR e 8
LOCA HLHERRBR 12 3B D AMBL & BB FEM B 7 /b i, 10
RENH O—IKE— R & BB TV EBDIE T AT oo, 10
4 ST BRBRAE R (LOCABEERT) oo 12
4 FH T RRERAE R OKSEUIN LOCA BLEEA) o 12
RO S AR B K O S A3 A ERE T DB oo 14
LOCA 73 B 45 5 AU T2 S PEAEFEEIA O 23T oo 15
RIA BHEAER OS-1 TH UTCHHERFUR T D A I = X LHEH e, 17
B~ LT KRB R S O KIEOWIE I3 2 E16 & g a Wi o
TEARIE T OVT ZR D BILR v 18
RIA #H#EER OS-1, OS-2 FTOHEE JHEZJEHE (RANNS FEHTHRER) o 19
CN-1 FEBRBE R B FUEBAMBL oo 20
CN-1 EBT — 4 LBATORBIEE L L THO LR TV D EMEE L & v E
(RBFFARRREIBRIL) & DEEBE oo 21
BB E SR IR DBV AR L S~ DL KT /NT A —HIZL D CN-1 (fi
Zr—2) . TK-1/BZ-3 GEMR —R) MRHTAER OB s 22
PR 2 3R BRI L D SEBR A % OVIEAT 22— RIC X BB O HEE (1) 23
PR 43RBT X 2 FEBRAE M OVIEAT = — RIS K D23 E O bLlE (2) o 23

(a)ith 2 D RIA f5#E NSRR iR IZ S 1) DALHEIZEE « REERE - Ak Z L v
Wy OB, (o) —dils AR ERIC I SR D IALTEA L& VWVE &L

ITRFFE D Hel . (c)RIA HsERlBRAE S L AR 0 IALFA LS VWEDHE ... 24
T KBHARIRE 2 7R T A= & LT FBEHTI oo, 26
W IR E 1300°CIZB W TCTHAKEZ RNT A —2 & LT oo, 26

vi



ADOPT

BDBA
BWR
DBA
ECR
FFRD

FGR

FP

JAEA
LOCA
MELCOR

MOX
NSRR
PCMI
PWR
RELAP
RIA

B R OR

apl

Advanced Doped Pellet Technology (—fig{t.7 7 > (U0 )IZ 7 & X 7 (Cr,05) &
TN F(ALO)Z WIS D U = AT U 7T Atk D RBLEALBREHZAIT)
Beyond Design Basis Accident (BXaHAESF 4 H 2 5 Fi0)

Boiling Water Reactor ({#ifi§ /K 5 1-47)

Design Basis Accident (F%#tFEYETF )

Equivalent Cladding Reacted (& fi# 72 e (b &)

Fuel Fragmentation, Relocation and Dispersal (AR 1 > s O (b, #h7m

DR E K OBREHE IS~ D Ji )

Fission Gas Release (FP 7 A JigH})

Fission Product (B2 RkH)

Japan Atomic Energy Agency ([ENZWFFEBRSEIE AN A ARG )40 B & #A#)
Loss of Coolant Accident (¢ EIHF 78 2= if%)

Methods for Estimation of Leakages and Consequences of Releases (fEAT = —
K)

Mixed Oxide (Fuel) (V7> &7V h=v A&RE LY (BRED)
Nuclear Safety Research Reactor (J5i-1- 7 2 &= MEWFFEHF)

Pellet/Cladding Mechanical Interaction (XL v NHZFEE RO AAEH)
Pressurized Water Reactor ()£ 7K B 5t 7-J7)

Reactor Excursion and Leak Analysis Program (fi#fr = — )

Reactivity Initiated Accident (it~ Fif)

vil



1. Fi#

1.1 HFx

JRF DT X, SCRBREI A ENICEA SN DO AR OBIWRIL & 72 5
A B0 L D B e OV R e B 2 CEETEAL T 2 F IR R B O A MO MR O . 1
ARSI WD TERBERE £ THRE SN BB 2 6 512, Rk 30 FEET TR
S AT AL R ) SORBRIIZE Y E i L T 7,

WA CHEBERE Y 1Y 7 b e UCEM SN 2mEM 8 (LOCA) H#ERBRICEk
W, BB Ly b o b, 7 o FRECE & OREHESL~ O it (FFRD) 7e &, %€
KORE L1372 5 LOCA RpREH IR ZE 3 Bl S v 7z 1%

Fo. BT JIHEIT O LFAAFE TEM L 7o ROGEER (RIA) SERBRICs W T, <L
v MBS E/ER (PCMI) BB O TH 287 m@azioimx, BRNE
(A Y AT Z & TR O DD/ D AVERBRET OB EHE D TR & e+ S8 7,
BREFS Ly R D O RERY (FP) T AT HEVBREENIES EH L, #EEN
JRFTRNC AL TR L7 L B2 DD FER N & 16k & 1T 2 BBk 8 25 B A3 8l
HINh T35,

I, R ADREITAER LT 72 RIA BEEERRICB VT, — 5Ol BRIBRE S,
BEOBKEED—>TH D PCMIEED L EVWME X VKW= Z L E TR ICE > 724
NEZEINTEY 1, ZOERZZLEDRTAE2 726 L FRERIC W T RaZ izl
NROHNTND,

D OEREHEZEN L, FIORE R OV O DI A IS R A BT T R REE DS B
LDl MBERT —F ZWG L LT MA ER T O LENDH D, £, [FEPHE
FIRTIF & O O sk DL, Ak & O 0 FEHEIZ B3 2 BRI O MR CFERk =+ 1
FERTIRTEZEESBAEHE) | BV TBIHESh, BIEOHEAEFEEICHV LT
DN B 2 HIlr R 2 o) L7 FREHE B M, BT IZEZEBSNREL RO M FLIC
EOWTREEZIZTALIZL D THY, LEIZSUTRELOESZRFT 2 LE N H
Zals

ERofM, REHEEFKEZBLX DL RFEENELLEA. BUEIR, X EEFRK
(DBA) T® % LOCA OO LmAMEMaR 2 B & Lo REZRFRIICET L, Pl
DE LWHEEO B & IR IER OA I Z BT L TV D23, 1L LW RSO 9 B
BEZBE T DRI 2 < IRSFIEDRE 2 HZB T 2 72010iT, BRSO HRE S &0,
REHEMER MG A B 2 D IEF ICE WVIRE TCOMEHAG R B OW TR 2T 205
b5,

T PRBEIE L1, SR ST STTRER N B ENIET O R F =30 Stz
AR RET, MW/t ° GWd/t 72 EOBL TR SN D,

1



FTo T, FEmHERE (ATF) OBIRNBENSTHED S5 Tnd, ATF OHIZIE,
Cra—T 47 Lt B@WEEDO LI, 1RO ULy FEHT 200D,
ZD XS ATF OFRFLZRMEZFHIT 28R TH . EFICEWIRE TOREHEE 2 H)
DHRILTIIHESL OB D EEZBND,

1.2 BHH

RTa Y=l N T, Bifi TRk OAE L I3 B2 5B O X o2, Bl
THRSHER E YR ICIIBE I T LT, o, FLEEE~ORENE S5 R
BEIZOWTMAEZRSET 52BN ET D, T, FOBEREBIEEORKEILO -
DIT, S HIZIE, FRERIZANIT 72 ATF Ol RAEEEE D 72D I1C, LOCA KEELEB X 5 X 9
IR IR T ORBHR G I O W TH R AL T A Z L2 B LT 5,

1.3 2&T7E

AWFTEIL, SFTEEN LS SEEICHT TEBML, BONME S 2E L0
DThDH, EERTEZK 11IIRT, ZROOHEAD I B, [LOCA REERBH R 2MF 05
HMEIC 52 588 122\ TIT» 72 LOCA #% O RWIF.O G EMEIC B 5 98 % I 1 gt
T T TIBEIT DT o 7o 23, F VLIS OB L OEAT I, ESLAFFEBR S IE N B AR5 77
ZERHIEERE (JAEA) ~DOEFLHFE K OE N KFENRBKRSE & 0EFRAZEE L CERf L
7o F7o. TLOCA RHBREHEHE N IF O EMEIZ 5 2 2 28 12BE L7 LOCA RFOBREHE
TEE BRI B 2 WF TR R & D JERIBFIRIC F T EEME L 72,

RIA HHERER i O LOCA BEBERRBR 1Tt L7 BB 1X, FERT T o P oRIRLEb D%
JAEA OREFRRBR G BV CREBIREHE~INT. L (K72 Y= 7 b THO R IT,
AN U ALE AL A AT =2 —F U OFBER IS TEREHE S BRBE SR 49~84
GWd/t £ CTHRE SN BERE LRI LD TH Y, Rk 22 FEIZ B ARICHE L
% BEOFE LB WTER) LEborAnk) |

LOCA #EERBRIZ DWW TIL, XUy hOArEXIGR E LT ER A 9 =, BREFL v b
ZBREL7Z2WVIRIED BIRBERE AR 2 xf G & L2 FEREEA Y LOCA ffEakih 2 2 [A15E0E L
Too EBREIAD LOCA HfERBRII AT n =7 FTHZICA Yy MEAWICE L 725
HEEHNTITo72, £70. LOCA KA RER Lo B E 1Tk L, HUBRFICTEREHR 2N D
B0 R U AT 2 Lol PR & S [mIE e L7z,

RIA BEABRIZ DWW T, JAEA 3 A T D PR 2 rEmi5E7 (NSRR) 2 MW T, 7
D7V AR 21T - 72,

IHHORER LT LT, BREREEENT = — K FEMAXI Gl JE iR R & OV 1 IRF 2% B
FEAME ) KX UYRANNS (FE#REZEENEHEH) . BURENf#HT = — N RELAP, Y77 7 7
v MM — F MELCOR £y I 2L —3 g Y — & HWT, HESE T okl



B DT, SO EIE~ OB, BTS2 5 B4 C OBREHEIS X Bh A &
DT,

Fio, FLDOFELWEE OB & FHPL K 1K O A P @ H S 4 Tv D BT
LOCA ¥ (B i 1473 K (1200°C) ) &2\ T, LOCA A M2 5 mils
T OREHRE BN B3 2 SCIRFA A K OV 5 1 7 T 217 > 72,

AR T 1 2 3 4 5
IHH

LOCA FFMARY | el A ) LOCA HEfieptise e v i

CA o
B FFRD %/ S DA (LOCA BRI

AT . ; . o
FFRD #AEEKOFHAE (XL v MINEGER)
WO LTRER - F AT T —va VAR
fiF AT A EA N
RIA ReREM g g
RIA R
WA L5 PR
PECH 2558 T R P PR B
LA '
fiEHT BEAT
AR
JED R YE

ORECET | B OMAE, REBRIF 2 W BRI OB, TR
% | | | |

1.1 AWFEO2FTH

Figure 1.1 Overall schedule of the research project.



2. A
2.1 LOCA RBRBHMER NP L AT 5 2 5 Bl

/KD DBA O LOCA FEDOBREIEE) & LT, BBREEREE R O #3512 B T FFRD
BN BIE SN TV %, FFRD [ZBUTEYE - 15EHHE Y RICIIAE STV iYL, £DT
¥, FFRD &AL EME & OBIfR, I ONT, FFRD ZEIFEMHICER L 724 LOCA HiEER
DOEFRFRMEE R Lz, £/, LOCAZOBREIO BMMmAMEIZ OV TRE L7z,
AEITIX, 2.1.1 1BV T FFRD IZ2W T, 2.1.2128W T LOCA #%oEHm AR IICE
BB ENE O EEIC IETEEBICHOW T, 5 SEE £ TICEM LT & AR
Bl ORHTRFmIC RS < Mgt 2 £ &0 5,

ek, ARIEIE, 212(HDEWN2.13 ZRE, JAEA ~OEFEICL DR 532 Lot
DTH D,

2.1.1 FFRD #AZERFOHFHEKR OF.LmAMEICE T 5 7

FFRD S RHAROTE (30 1 38R - MRAT 5D LA D 2R 1 2K 2.1 127”79, LOCA
R IR DR R B R OV BT L 0 REHR IR E S R L, T 2 Z L fES NS,
—J5C. FFRD SBATE LT 2 E R BE RS Sk CIREHE M XK T3 2 e 5, £ 0z
¥, FFRD 2MF LG HEIEIC RIET 852 ABNICTHET 2201, £, OFLeke
LT, BRBHERZIC 2 2 BBHES RIS OF T (FX(a) . O L 72 EHE T D FFRD
X ABEHRHEOFM (FXK(®Db) « & 51, @F D@ EIE~0 RN T 5 BRE
B EOFN (FXK () ZATHO>RENRH D,

KEFEOFMD 5> B, ORO@IZHNWTIE, ENOREHN T T bEFEE LT, LY
H U E A RIRBERE 55 GWd/t D 4 L— 7 PWR FHiF LR BEE CASMO-5 22— RIZ XY
FEMTREAG L 72 18 21, e Ty R LIC 31T 2 Kk LOCA %A Rf 02 #) 2 RELAPS =
— NI X D RIFEEm L7= V7, & 512, CASMO-5 7532 ) 7= H ) @ IE 2 F v Cal ) i s
RERREH R B ARAT = — N FEMAXI-82 2 L 0 | £EIR T L O @R R 28 8 4 51
Lic, ZOREREE L LTORERKAEE S RELAPS 205 1F 72 LOCA o BRI BE R 41 %
FERHRRL ZZ BT 7 — B RANNS?® OffffrGefh & LT, #BE A B S LOCA
IRF DIREFZEE) 2 AT L 72 24, OIZ DWW TIEBAT RIA RS ORI 225 & L, FRFIFET
BEREHSCEAERNAAL—T « 71 v RO FHREIHER A 1E O b, HERUREE O m A
PEDS I3 ICHERR S D B FRATIC & 0 G- L 72 1518,

ST B W CEBERBREHR R TRIE T L (FAR(c) IZoWTiE, EEERH S 252
O ROHESS  FATIIED R 2 A LT T — 2 _X—2 31 ([AK(d) &, WATLTH 54
JEE TITFEM L7 & F LOCA HEEERER T DAL/ M LIRS X IRE Lic, BREE AR
DIREF= L ML BSBEEL T 2 DX, BB L 4 7 - RBRIERICBWTH,
HOLBRERVFEORBEE 2B -HATHL P EnmbLNTND,



AT TIL, BRBEEEIREES Ly b/ NRBR A I3 % LOCA e DO EVE R A FidE L 720
BGABR A R L, PREE IS L DI AR KEERIR R OB A R L 72RO T, [l —
DEF M ERSENTh > TRARDIFONLED DRI LT R 2 R E (73 O 81
GWd/t) O~ L METHIA LB 2B Lz, ZOBRBEEIX FFRD AEL D L SR
% L EWRBERE 65~70GWd/t IZIENWHDTH D, T OFEF, LOCA KRRl 24 B
TOMALEIGDRBEE L & IR T 2 Z LR Sz, £7o. RBRBEORENL v
R AR ORI IC L . B L LI/ MRON Ly M RIE S, B BEEE RS
L= )=V HEOEIERREN & 2RI (K 2.2) . ZAbiE0nd s REE
TV BB Ly F ORI L L. MAERAE TR T < b 2 L 2 BT 5 A
Tho, ZDId, BREEE (B7 A2 MABEE) ZBHETFRET VOFE—OHAZER L
L7z,

s, MBGRERHEERN L b (73 GWdt) & RI—BE 7 2 v M DEE - BEL -
ARERIREHE 2 T2 SRIREEA D LOCA #fERBR Tk, BB v 2D LB
DHERBIRE LT L7 LOCA HHERBRIC I~ SRR OB E L, R N
RS/ (K 2.3) o BBV NI LR T MO FRES DT Thol, F
oL BB Ly FROBEBIIAEZRLOTIERhoT, 61T, TN X R WREEE
(47 GWd/t) DB TOIBREIA Y LOCA AR T b RO\ TH - 7=,

BE AR R ONBR S 5 X by ML OBEAT O 23 0l S AU/ BRI & LT, R
AN OB BRTEICE U i 7 A & &R N mfE /N OFEBICB T 2 & @RI
Folf S BRI & OGO A E 2 D L. UREFEMEIA Y LOCA HLFEHER
T, VT RN NS T AEN DW=, HEE OIS A RERREEIZEY
B A S E CTICRBHENENME T LA Z E N B2 b5, £ 2 ClRIBETHET VIC
X, BB AR ORREMENEZ S OB EK L L TEHEA L,

RIZ FFRD 72V E# PWR 77 > MTBIT DM AN G 2 2 2B 4 i TRl L7z, £,
LOCA fEHTIZ V72 PWR S LR, SRS IR EEIRBERE 259 10~55 GWd/t DFPH & L |
Fio, BRI LR N Z — 0 L LT, ERERBEEE SR TR A< TR
BEEEGHRTIIENEZRLSHEELEZ, ZOFLICHT 5 LOCA 217\, & bR k
ANEETHT-EARTHEERAIREN 1073 K (§ 800 °C) ZH 2 7=HlIlc >\ T,
ANA ZRREFHER T T 7/ 1078 L) OB R A R TR LTz, RIS, A R
BEBCGE T HE 70 160708 ([ 2.4) 12X 0 | BREHES 72 0 OBEHEEIA K OYFE DK
TOMEH B E Z O S & ILIZFHE Uiz 24, i S RER= L o Nl A ES R
N (7 FAR—=HrESE) R ORFFEEEGESICS W CHRRICHER L7256,
OREIMEIZREE N A U 22, 3l S v 7 B BIS R OV &1, BIli&. Lipinski &7 /LT
K0 FEAM L 72 EIWE D e DI D BRERS Ly MR HERE & 1510 & TR El o 7o, AREEAT Tt
& L7z PWR FHF LMZ2W T, LOCA o> FFRD B4 & 0 F DG HMEICE BB &N
ALDHHDOTITENEEZIOND,



722U, OISR T DL EOMBET T VIR, REHERE RO T HIT T LW EmE O
AT W T AT HIRFEN E &2 /R T A—ZIZIVIALTWD D, ZNRLSD S DIT
PREFEENC BT 2 Fcill ATAM € 7 L I OMRSFRY 72 LOCAFRMT S 2 T, 207
FEMTHRE RO ARNHEN S 2 K10 EMECRE S 2BLR TWHEORMME DD L EZBND, o,
FFRD 28 FHRICOWTIEBIR P EMETH Y | 7 —F _X—2OBIBIIRTE/N S < BRBEE
VSO LA 2B L CIRFERICH D, LR >T, SRITT —FX—RICEHFENT
WIRWHRE SO B 2 1 7 B2 X T — % DD 7y MOX BREN~D i FAME % MEsR 95 =
&b O, #EEE L 72 FFRD S22 RH A T 15 O AE S ) 105 A PHAE RIS ) 72 B 0 #7708
HETHD,

BRI B (R B 1E) 0B 2 7 < B/ ETHR
FhBs - Bo s mﬁ(t/HtH%DB ﬁ ‘ n}I; ;
5 g —
% ‘ © @ L
DD
PARI I 2 (FRAfffE) )
= Jé"’*ﬂ/u.‘l‘.ap% BHTK
WE T LOE w2
' EV (P R N %EHWZ
a_— cppiE ) | 51— pm BHE e
: (EBHh) 5 2 WRBEE WRBERE LI O gﬁ%fﬁg%
IR OMHER . BIRNG A —a L R, NaE
: - s 4 YT . BEORS
CFELEE BEEE sy EREEA~OBR
FORTE BEEHE Epamsiptey BREGSonm

MOXER#L?

N QPR

F@ﬁﬁ@mﬁﬁéa

iR 4 — g (&)

JRTF Tt e S By S R et (VB AR

i)
o
I3 THSH3 H 8

ﬁ

7)1
X 2.1

(b)PCT%;§*$ﬁrEfwb
BH=EE T/ etc.

[ENZAFFERE FEIE N B A1~ 0 BiF 52 B FE AR |

Rt/ SHREOES

TRTHHER
= O
REICESE L
27, DB
YT —&24E
%380

j — %Mﬂ)\ Y LOCA—tsﬁ

(AN 4 4RI 0 BT Z2RERl R i

(2B 2 Ml m AL IE) S (5 4

LOCA BifgR B K OVEMIE LD Y I = L—3 g 12 & 5 FFRD S22 31 #fF 22

Figure 2.1 Overview of FFRD study: integrated approach of LOCA testing and core-scale

simulation.



2 = Microstructure A m Microstructure A

o ® Microstructure B ® Microstructure B
10
R
) 5 I I LP( | I
o N O -l = @ l l . I

50-250 250-500 500-750 750-1000  1000- 50-250 250-500 500-750 750-1000  1000-
ALy MY A 2 (um) Ly MR A X (Um)
(a) Specimen No. 1 (b) Specimen No. 2

Hi#) Narukawa, T., and Udagawa, Y., “Study on mechanism and threshold conditions for fuel
fragmentation during loss-of-coolant accident conditions,” Proc. TopFuel2021, Santander, Spain,

October 24-28,2021. 32
<] 2.2 LOCA W2V @g RN EGRER T4 D BRER L NI S80RIRE Rk 8 22 15 2R

Figure 2.2 Fuel fragment size distribution sorted by microstructure.
1) WOALRE = & IS B S VTR R A XA, O A - BUERPRIAE(~10pum) &
MERE L 7o, BOMHRAR B« & — 7 V' — » E I ERBE EE O O R T o 2 R 7 035
(TR S LTt 3E)

A

0°+

10 mm

Part A magnified

Opening part o
(Pin hole type) 10

Hih) ESZAFZEB S E N B AR DT FEBR S A . T Fn 4 47 BEJR - ) BRI T 25 RE R R ¥
HE R IERRED KRR ER GO (BRI B3 2 B b gE) = (B 4
EESY) I, BFSE3

X 2.3 ERBER AR (BRBERE 73 GWd/t) % FHV - LOCA #fE sl Brifs 4L

Figure 2.3 Result of LOCA simulated testing using high burn up fuel rod (73 GWd/t).

7



0.8

0.7

0.6

0.5
it O
0.3

02

O

08
0.6
EDLE §a

0.2

) [ESZAFSE R JETE N B AR - F) W JE BH JE 1A | &=
Tl R SR R R RE R ORBMERICBE 2 Bl M BEAL AT SE) #53€ (Sfn 4 4EE53) ). A0 5

ﬁg:;ﬂ 24

o

o EBT—H
FialfE2.5/ (-5l
FiRIfES0) 1Tl
FiEIfES7.5/ 25l

®e
@
[ ]
[ ] ®
® %
o
S
> i)
& ‘ kG\NdJ
@ it

(& 4 SEEIEF DB RFERCR IS E R

24 LOCA /N—A MRFDASA ZHEFHEEH =7 IS R

Figure 2.4 Bayesian statistical model for fuel release fraction at cladding high-temperature

burst under LOCA conditions.

2.1.2 LOCA % OEHF LEHFEEICEE 3 5 70

(1) B ISR AT

LOCA%-ZT”H%%"}E’?JRIA*ET%%%%“G X EZHE G RIS &0 B E THRICE 5 25

HEFEIZ L FISHPMER L2

. WREE MW T A RN S D, T2 T, I

LDOEET—RFE2XBIT 5720, Eﬁa FIS NI K 2B 2 TR sz & T 5,
LOCA OREHEEE CTlid. RFTIRIENCHZIC L W B ERIEN L 2o TnDH Z &,
Fo, BIRBIEDPEA TS Z EIZLVMEHREME T LT Y, LOCAKEWmAHM

HHCHUE N A L2 a . s 2 2 &2

e A7
25129 K9

Ba I d, 22T, HITHW O A ReE %

. IRENREICA R U IR B (SR AT DI I B RATIC K D sk 734,
’\%%X%ﬁ%&Efﬁi§MTm5uxmﬁﬁﬁ%%@%ﬂ%%%®W
IR BB 2, RS DR IREE SR %Tw%W&Ltoé%
I X o TRAET IS OEBELFHR L5720

(2. XFRE T & O AR
. BBHES RO A IRERIEET T VBB L

Ieo BT MBIV TITK ZSL/T‘J“EB?”*B% REFOMITIS A RELI D EEZLN



2 BB 7 [0 B I AL E S FREHEE T VA BRBHE SR E T VI A L, REHE
BT T VKT AN — T — REBICIE L7,
KFHE T ORFF IS 1 BE47-0 35 N & LT, BB IS O 2L A 60 mm (23 L7z
& & ORGP O AT O #h 5 s ) O fENTRE R A2 X 2.6 (D)IZRT, e, PREFD 35 N I
LOCA BLHERBRES 3 (ZHE SR N 22 B2, £o, IR 60 mm 2OV T,
WEIZITOITE 17x17 B PWR REHEG R 2 W IRENEER ° 22512, RTFHIRME S L
TRIE LTz, BB N2 2.6l RIEEEOSMA A (oA MITHE) 12 mu 7z
. FEICERT 2808 RBREL R ZTOKRE Z1TK 100 MPa & 72572,
FEBTAS % BT, BRI E B MO KGN ZHE T XM 2 |ET L L BT, X
B 7 OMRFEE N SON & T2 HE NS 572720, XEHE TR S0N L ORI ZENT 60
mm DIEFITRTFH R LT, FMEERXE AW CTRRIGNZFHE Lz, TORE, RE
PRFBE B MR D B KIS /1% 120 MP & 72 > 72, LOCA HtEE R % D98 oo ih 17505k 212
BT, 15 %ECR LA F OER{b & TIEHEEE 1L 120 MPa X 0 @B iF W E 2+ 95 =
ERRINTEY | RBFIE T O AT RBHE B B 1 0 5 KIS TR IEE ISR ST 72 5o
(2B T 100~120 MPa TH V. BIENRFHETRETLISNEFTENLVERNZ 005,
LOCA % O EMIMAMM P IC AR A L-5E T, B & 1Tl P i 3 I i EIR
RO LFHITE 5,



(a) LOCA FfEaBR1% OB E (b) MWRWEEET NV
(a) Cladding tube after LOCA test (b) FEM model of raptured cladding tube

Hi#)  Kitano, K., Ozawa, M., “Analysis of stress applied to a ruptured cladding tube under
horizontal vibration”, J. Nucl. Sci. Technol., Vol 57, Issue 9, pp.1051-1061, 2020. *’
2.5 LOCA BfEak B4 sk O SMEL & BREE FEM £ 7 /1
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the maximum bending stress and M-ECR.
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Figure 2.12 Cladding inner surface circumferential strain at failure as function of the ratio of

maximum length of radially-projected hydride to cladding thickness.
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Figure 2.14 Appearance of the rupture opening after the CN-1 experiment
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Figure 2.15 Comparison of CN-1 experimental data and fuel failure threshold (fuel permissible

design limit) used as current regulatory standard.
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Figure 2.16 Analysis results of CN-1 (rupture case) and TK-1/BZ-3 (non-rupture case) using
parameters that represent the proximity of the outer peripheral area of the cladding to the

plastic instability condition.
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