JAERI-Review JP0050735

2000-010

MR 20521999

() LiE &

BEXRFHDHRE MR
Japan Atomic Energy Research Institute




Ay B— M, BEEFNREFAPAEHIC AL T 2 FRBREETT,

AFORE L, BARFHHAEANFEERIFARERE (F319-1195 KR RMITE Hig+) & C,
BRLBL(ZS, B, ZoOEPCHABEARTILESEN Y 5 — (T319-1195 F 4B IRFTER
R BAFEFHRRAN) THEIZ LI ERFEAL B I -TEN %1,

This report is issued irregularly.
Inquiries about availability of the reports should be addressed to Research Information Division,

Department of Intellectual Resources, Japan Atomic Energy Research Institute, Tokai-mura, Naka-

gun, Ibarakiken 319-1195, Japan.

© Japan Atomic Energy Research Institute, 2000
mEMAET HERTFTHOHRM




JAERI-Review 2000-010

PREVZ2BF9E 1999
B AR T I e R ST e e BRI se b 7 — B TR 2 T A5
(R b &
(20004E6 A1 A <)

1999 48 4 10, BRHRBITE L 52— PO TR TON. SUSEZ ST, IREPARIE ah
DR N REL SR FTREO —HEMZ T, TR SRR SRS, ZHUCIERRC RS
ETORBIL IR —AFRE CHY T o7, IREVZ ST Tk, FRFVE T 2B T4 sk, +
72>% NSRR(Nuclear Safety Research Reactor), JMTR(Japan Material Testing Reactor)% U} JRR-3(Japan Research
Reactor 3)-MREHARRBNER 2L 2RI L= 2L O FEER - FRITITFE 21T - T, et Bk LT
AL TTFRRDES N—T % 7RT TN,

(a) FUSEFHEFHEEIAS L—7 (RIA 7L —7)

(b) NEMARER S EEZES L — 7 (LOCA 7L —7)

(o) BFEEREEFES )L —7 (JMTR/BOCA 7 V—7)

(d) PRELEBMRTIIZES L — 7 (FEMAXI 7 L—7)

(@) MAFIRED OO FP H - 81 T EhIFE S )L — 7 (VEGA 7 v —7)

AREEIL, BB LIEED 1999 A2 LA OBEL IR B DL D ThD,

BT T319-1195 PRIRWLARFURR#EH B F5 B4R 2-4



JAERI-Review 2000-010

Fuel Safety Research 1999

(Ed.) Hiroshi UETSUKA
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In April 1999, the Fuel Safety Research Laboratory was newly established as a result of reorganization of
the Nuclear Safety Research Center, JAERL The laboratory was organized by combining three laboratories, the
Reactivity Accident Laboratory, the Fuel Reliability Laboratory, and a part of the Sever Accident Research Laboratory.
Consequently, the Fuel Safety Research Laboratory is now in charge of all the fuel safety research in JAERL Various
types of experimental and analytical researches are conducted in the laboratory by using the unique facilities such as the
Nuclear Safety Research Reactor (NSRR), the Japan Material Testing Reactor (JMTR), the Japan Research Reactor 3
(JRR-3) and hot cells in JAERL  The laboratory consists of five research groups corresponding to each research fields.
They are;

(a) Research group of fuel behavior under the reactivity initiated accident conditions (RIA group)
(b) Research group of fuel behavior under the loss-of-coolant accident conditions (LOCA group)
(¢) Research group of fuel behavior under the normal operation conditions JMTR/BOCA group)
(d) Research group of fuel behavior analysis (FEMAXI group)

(¢) Research group of FP release/transport behavior from irradiated fuel (VEGA group)

This report summarizes the outline of research activities and major outcomes of the research executed in 1999 in

the Fuel Safety Research Laboratory.

Keywords : Fuel, Safety, NSRR, RIA, LOCA, JIMTR, BOCA, FEMAX], VEGA, FP-release
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13122 calig*fuel (0.51 ki/g-fuel), E"—Z7#REb=L 2L 1395 cal/g-fuel (040 ki/g- fuel), AR EA LI 186
cal/g- fuel (0.36 ki/g* fuely T,

19994 BE bR M AR NRBIERR |2 T L A B st BAAL 7=, BREARBRIZOOER Tz T35 1
ETHD, BIEETIIATFUI HsWRFEERE Photo 2.2-17>52.2-31275F, Photo 2.2-HEABIREIO B2
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HERRL TV TKTRREFCIE 7 7RI TOBOREHE T D, Photo 2.2-2BREHGENTTIO SRS
BETRY, 5, 7 VAR RIS THRL ALy MERITHRITE D2, TK-TRBF T L v Lok
BEFUTHBITE IR NEE Lo NIA 20l < BTV D, Photo 2.2-3I B A RN D KB VI S5 2%
Y. B30 ODD DI REIEEEIT1S w mREEL T KB B D720, LnLenss, BRIsE
IR TS TN, BRRE TR AN THI4S™ R CHERRL T BR{EASOIEN \HBO-1,
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Photo 22-1 Appearance of the test fuel afier pulse —

irradiation 1

2mm

Photo 2.2-2  Metallograph of the test fuel in longitudinal section
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Photo 2.2-3  Microscope image of hydride in traverse section

23 FREEE BWR RKEHED NSRR BHRER

231 #E

PRBERE 45~41GWdAU D 8 X 8Zr 717 fi+Z& BWR #REKStep DA AV TEK 10 4L E TIZ T2 FK-1~3
FEBR(BRELT 2L E'<145cal/g- fuel(607)/g- fuel)) Tid, Fe K 1.5%D JE H TR EEAN RSN T-bODORHRIT A
Ul t=®, ZhUCHiE | K0y RBERA 2ot iEL7- 355 H(Step IODIKERE IV =/ L ARRET 58k FK4, 5 51T
272, WD NSRR S5k Z TRV (76O TEFE BWR IAEIO R A TTE X775 NSRR F2587% Table 2.3-1
(ZEEDT, Step WIREHT Step THRBHZEL A~ MR (PIC) 7 DV NS Ly hOFEEED B, #778
BRI —HAETHHA, Ry MUZEDZNEDENDT=8 | 231 ZAHRERD R — RS OBREL R =1
TEIZED, PIC ¥ yo 73/ NS DB AR50,

232 EBRHE

FERRIHL 7 REN T, 1858 3T 2 ST 4 YA/ VBB S UBRBERE S6GWdAU (2L T- Step 1R
LT AN AE T EH) 106mm (BRI LLIZLOTHhD, ESIREHRIZIL, BREMNH SRR - imie G
BTAZHW NI T2, 24k . BWR OMiREEEN R4 HEERL 7= SR - REUEAKBEIZRE T L ARSI EENFK4,
SYEREMEL 2 VAR 4~6ms, B —7#REI 2 LE 140 K TN 70 cal/g: fuel(586 33418 293 J/g- fuel) D 5
T/ VARSI, Table 2.3-2 12 FBRGMF LR RO EA TEK O EBRIERL ML TORT,

233 EBRHRLEE
FK-4 FEBRTIIHEE Rl 2L K 140cal/g: fuel & 52 7=F5 0L, Fig. 2.3-1 1R IO Riniie | 1
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A 630°CIZTEL | BRBEAL » 7 5D 0.8%\ AR T DGR T OMIEM OIS, $90.5% DR EHAED

T, ZOREOPBEDMONIASL Y b ORI TEY | B E DO AT~V v hORERIC 90 DL £ 2 6
ND, o, BMREABROER, BREIAZ 7 HICIE 0T 1.25%0 BEAROHIN (2 OVARTERIZHLT)

MRONT, ZOZEL, Ly N FP AADARICERT b 0E £ 2 Hivh, AFERIZHV - Step TTHEEH,
PCMITERA A U7 PWRAEH Z HE~TRRBEEE I8 b DD | B LM O UAED AR BRI NSH o 7 (K
i PWR BB KAER 400ppm (2% LA 60ppm) . Z007- | #BEME( LoD FREE 7S sty NS< PCMI
BIZELh b0 B s,

FK4 FEBRTO/ SNVABREHNZLD FP T AMI AR ED 15.7% THEE L, [RIBEDSAET Step 1REM-FBERL
72 FK-1 SEER(U AN 8 2%) 2Lt~ T 2 {EfKRE W, RERT L 2L E D430 T0cal/g- fuel(293 Vg fuel)?d
FK-5 SBRIZISUVTh . FK-1 % Lal2 9.6%D A AN Rtz 2 OV A BRSO 27 AR S S ks
RAADBH THDHEZZ HNLIED G, MINEROZT, BEF Tt HTRESH, EHRBETIC 125%
HD FP HARUHA o7 Step TIRBFTIE, FESRRLITAT A S DT DR (2 $R) AL TV =Dz
ARV R TR S I, EEBRRBET A 1.5 RO 035%8/NSh 7= Step TEREFTIL, / SAAHRRE
FETHo-TmHEEZ LS,

Table 2.3-1 Specification of various BWR fuels and the NSRR test conditions

TEST NO TS-1~5 FK-1 | FK-2 ] FK-3 FK-4,5 FK-6, 7
Fuel type 7x7 8x8BJ 8x8 8x8
[Discharge (step ) (step 1I) (step II)
BU, GWdnU] [21.5] [33 (40)] [39.5 (50)] [39.5 (50)]
Irradiation Site Tsuruga 1 Fukushima |-3 Fukushima Fukushima ll-2,
11-2, 4cycle 5cycle
Cladding Dia. 14.3 12.3 12.3 12.3
mm
Radial gap, 1585 120 100 100
mwm
Fuel 95 95 97 97
density, % TD
Fill gas, MPa 0.1 0.3 0.5 0.5
Local BU, 26 45 45 41 56 61
Gwd/tu
Ep, cal/g 58~98 130 70 145 140*, 70* 125*, 125*
(J/g) (243~ 410) (544) (293) (607) (586,293) (523, 523)
Date '89~'93 ‘96 '97 ‘98 Jan/Feb ‘99 (Feb/Mar ’00)

[average, ( maximum )], BU:

* Preliminary

Burnup, Ep: Peak fuel enthaipy
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Table 2.3-2 Summary of conditions and results of high burnup BWR tests

TS-5| FK-1 | FK-2 | FK-3 FK-4 FK-5
Fuel burnup, GWd/tU 26 45 41 56
Peak fuel enthalpy, 98 130 70 145 140* 70*
cal/g (J/9) (410) (544) (293) (607) (586%) (293*)
Cladding surface 170 360 - 600 627 100
temperature, ~ C (600**)
Pellet stack (0.56) 1.4 0.78 - 3.9 0.45
elongation, %
Cladding axial strain, 0.44 1.1 0.3 09 0.8* 0.36
[residual] % [0] [0.3] [0] [0.2] [0.5%] [0.0%]
Cladding hoop strain - - - - - -
[residual] % [0] |[0.85-0.3]| [0O] [1.5-0.8] |[1.25-0.8] [0.0]
Rod internal pressure, 2.1 1.9 1.2 - 3.1 1.9
(initial) MPa (1.1) (0.3) (0.3) (0.3) (0.5) (0.5)
Fission Gas Release, 8.3 8.2 3.1 4.7 15.7 9.6
(base irradiation) % (19.7) (1.5) (1.5) (0.35) (12.5) (12.5)

*  Preliminary
*  cladding average temperature estimated from Vickers hardness

1000 50 5 5
[ Pellet

800 | 40 4r Stack 14
| Reactor (‘“—-‘M

30

s Ppwer

[2]
o
[=]

Rod

! Pressure
400

Reactor Power(GW)
Elongation(mm)

Cladding Surface
Temperature( °C)

200 Cladding

Fuel rod internal pressure (MPa)

Time(s) Time(s)

Fig. 23-1 Transient histories of cladding temperature, rod pressure and elongations in test FK+4.
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24 TR MOX #REHED NSRR FRATHAER

PUGEEFEEAT T 2B MOX #RENDZ58), FFIZ FP A AU RIS 27 5 R Lo AR
PRI D202, PREHRBER) 20GWA/tHM F CHRMAIET 508 A )13 T — RS 7- ATRIMOX #5EH%
PN =2V 2 B BRSO NSRR (233 T To77, RBRIREH T, BREHE RN, BREHENIERIE O
JI5t HERERMICIREE AEVERE3 A, REHE EITIZid L o bR & o 7 R OB Ol i O IlE
T VDT BURUGHAEERSIV TS, sHESH- BRI L0 72U c s, iR KT
ERRG FTRBRE I, ZIVETIZ 5 BI(ATR-1~ATR-S)D/ )L ABRE HEBRA L — Z#RELT L Z)LE 335 J/g
735 586 J/g D& TEMEL A3, RREIORHRI IBREIS A2 o7, 7V AR EAER Table 24-1 1575, LA
TITAEER Y — X CHRLNZERERATRT, ek, ME—-La=r A4 — BS4 /- ATR-S 5
(CRAL T, BTERR AR E TP ThD,

Table 24-1 Conditions of test fuel and pulse irradiation conditions

T Fuel Rod Internal Inserted Peak Fuel
est
D Burnup Pressure Reactivity Enthalpy
(GWdh) (MPa) ® )
ATR-1* 20 0.3 (He) 32 335
ATR-2 * 20 0.3 (He) 4.0 461
ATR-3 * 20 0.3 (He) 4.5 502
ATRA4 * 20 0.3 (He) 4.6 586
ATR-5 ** 20 0.3 (He) 4.6 586
*  Zircaloy-2 cladding ** Zirconium lined Zircaloy-2 cladding
¥ T I T I I |
9 ®| ATR/MOX (20GWd/t)
< A ,
c BWR/FK (45GWd/t) ® ATR-4
g 3 i -
@ ;
Q. 3
] /
o !
T 2 ! -
§ ATR-3@ /
2 /' AFK-3
[} ;
o 1+ s ,'/
E /A FKA
£ A
= o
S ol k2 AR gATRE L
0 100 200 300 400 500 600 700

Peak Fuel Enthalpy (J/g)

Fig.2.4-1 Maximum residual hoop strain of cladding as a
function of peak fuel enthalpy.



| JAERI-Review 2000-010

500 Yg LI EDE — Z8REb T O E R B2 1 EERTIE, PCMIIZLAREHED RN EUT-, Fig. 24-1 1Tk
ERTRIELTRE OB RBR KB LY — IR 2 B B3 L TR, BWRFK BREHRBR D %E
FELHBOT-9RT, ATR-1 RO ATR-2 EERTIIA N MO EAIFRE BRISN2D - T203, ATR3 B
ATR4 EBR CHESNIEAHRRKEHIZNEI 19%, 32% T ZLE DML SHIZAELUI-, -,
500 J/g VL ED @ 2V SER TIIAEROFE RE BWR/FK BREIEBRDAE R 0.85%~1.5%DIHL L+ 5L

REREE2STND,

PNV RBDH Z 2 F P RBRIEY K 50 —Y 77—

. . - B! ATR/IMOX (20GWdA
#20%0 FP A AMHAEIES =, 2V 2B R m
) ) — 40 [{88] REP/NA47.28GWd/t) =
HEO FP WAMIHFEFEGRZFUEL I AERE M
©
T NEERBEHELT Fig242 (I, % 30 -
BWRFK MHEB ORI, § NAS(47)
Fes. ~— ABHPOFGR 1T MOX #8Be, S 20 [ ATR® PATR 7
NE MR s ~1 8¢°, = S _

0.2%EL T, BWR/FK #R%HC 035~1.5%5\ 3 2 10 - Ao arka i
NORRER /NS A~ — RBBIR AR L 72 FP i P arry ARk
HARVFEE A E IR RIS TS E 0 0 ' 2l00 .m460 l 660 * 8100 l 1000
E 2505, BT AR TOD FGRIZFAY Peak Fuel Enthalpy (J/g)

e A3, #9 500~600 J/g DT AN S
HZBITA VAN LD FGR & LT 5
&, ATR BREIORERI . FKREID 2~4 {5 T
B, T, BT 77 A0 CABRI TERME N/ HRBEE 47 GWAAHM @ REP/Na-6 & 28 GWd/tHM > REP/Na-9
D MOX EBROFERE L TS, CABRI BT MOX #REHD L ARBHRERSEIDEKE LT, BV FP
A FERIRESINIY, Fig. 242 D6ALA2X51Z, REPNa-6 & Na9 OF — &% ATR EERFERDITRE
BECHD, SEORERL, BTUANAERBIZENT FP HAMHERY T ARELLEWE VIR TH-
77

Photo. 2.4-1 LT 2 IZ
ATR-2 & ATR-3 FAERIREHE
DN AR DL v
JafiiA T, FEMOIE
ALy MEYEEIZ B W T,
UO, BAREROFESRRL IR B
N~ (R RV S SEN
MEBITHYER 10~
40um F2EED Pu ARV A R,
BB, Pu AR MIE T,
FP HANERESNL TV S
Boha+irar R
RZERGRT) B ROND, F
72 Pu ARV MRIZFNT Pu

Fig. 2.4-2 Fission gas release during the pulse irradiation
as a function of peak fuel enthalpy.

Photo 2.4-1 Fuel microstructure of the tested fuel rod (As-etched)

\ ~10 -
i
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ARy N LR E LT 7o 7 DR, AR 100 wm (ZRBRELTRT O HEniigisng, Shiz, Ly hsk
JERRCIE Pu AR NELZ U LH# (R L2 FLUEAERR) HVBIES DAY, ZOKALPICIE FP AN -5 T
WOLDEFZ LD, Photo. 24-3171%, ATR-4FERBREND /UL 2B £ DL o - SEM S5 X #4271,
Pu ARy OZEALNTIL) MR R 72 Y 7 50 — M BES NS, ZodHis, = 7RO T b=
LR Pu ARy MDD TR L OZFLEDIHETERT 252 Hh LV ZAMBEIF O~ b7 a0 25
(LB hDATZY 7 ZF G LI LB A, T70bhh, BN LV E T UL A LI A1,
PREHED REZRTIA G 1 E L, FERANZEED FP VA A A LS H IR 2o L E 2 HiLs,

ATR-3

Round Slice
.

Photo. 2.4-2 Fuel microstructure of the tested ATR-1 fuel rod (As-etched)

SEM Image Characteristic X-ray image

Cauliflower structure

Photo 2.4-3 SEM image and characteristic X-ray image focused on plutonium
spot of the tested ATR-4 fuel rod
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2.5 ROXR%EHD NSRR B
BITE, BRI ZRE R 2 55 D L& 7 L b=y APy, HER T CFREIZOED  ARE
ﬁﬁﬁﬁﬁﬁ“ b BREREE 22 TS, JEMFCIE, ZOiEE e Pu A BT 572000 —TFEEL T, Dna=7HR]
HAHROX; Rock-like Oxide)REIDBIFEA D TD, ZOBKEHT, THETIRIIZEY Pu (28D
(U}238 BE TN, PEROIRERZ L, Pu AR CIHESNAEITEL D, LLEOKE, U-238 O
W HBIINL Z S AR 7T 74— RS I AMEI 2 2 | RFARO RS 05 (RIA) BRI BRI AL
DEE (BRI 2V E) ISRELAR DR TN S, ABRIL, ZOR DS RIA REOBREREENC RT3 R85
~ | ROX BRI Rl LA RO D= D DI RARL LA BIEL T VA,

ZNETIZ, 22D R HHAAD DU a=T R ROX BEHZ DU T, RIA Z2485EL 72 NSRR 7 VL ARUHE
B 4 3la), FHEIRIEMEL 7=, SEERITL YT 4Lh PuO, % UO, (JRHEIE 20%) THSEL 7= ROX RLvba L iia
AWEBEEINGED CYERIL - SR BB % | NSRR 12 TR - KREUE - FFIE AN GG T LRI LIZH 0
T BB 2L E R FEB R RT A—HEL TV,

BAND3ENT, AL L (MgALO,) ADD U L2 =T ROX #REKUO, : YSZ : MgALO, = 25 : 27 : 48 mol% ;
YSZA YN TRENA=T) = 210, + 19mol% Y00 2% 560 C, 1998 FEHIIBE B L UMK %8R
DRAAEFTTLTND, FOFE, E—RE L 2L 1.0 3100 1.6 MI/kg (240 3878 390 cal/g) CIAEHEIX
TEHRL 7273 o7 DIZRIL, 2.2 MI/kg(530 cal/g) THEAREE DO—EIZRD3H &L M DR E R LTz,
PREHHETE O SFBBRORERD D, AL LAY ROX BREIDIHEIL, U ORI D BTRE OIS
IRE THHEHEE TET-, 2T, U0, BREMDHHR) R E Ora i i K> TRZAD L IKEL R T
WD, 1999 FEIZE, EBIT/ IV AE DAL hOBHIKRRRE £ 2R E T BRI (SEM) B L OVE TR N
(EPMA LI, =2V E 1.6 Mifkg ULT o, DETET DR 7|<II/7FH<‘: YSZ *Hka)rﬁ%aﬁ@wﬁwﬂ

U0,
t =
YSZ
Mixture of
UO+YSZ
d Spinel
Spinel AP
a) reference c) 1.6 Mi/kg (1/r=0.9)
Dendrite
(UO+YSZ)

b) 1.0 Mi/kg (t/rp = 0.9) d)22Ml/kg (t/ro=0.9)

Photo 2.5-1 Microstructure of ROX fuels with spinel type after pulse irradiations
observed by scanning electron microscope.

*12 —
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RIS BT LN G373~ T2(Photo 2.5-1), F77, 2.2 MIkg Cit, IAHLZ2D 7=~ Lo hDAEE M 711
RAH& - BIIERL =2 LD YSZ MDD BRSO TF N B o T,

1999 21T, AL AN A G EROT A a=T R ROX BREHUO, : YSZ = 20 : 8025257 L A MRS 38043
WA To7m, ZOFER, ©— 7Bk 218 0.5, 1.5 Mlkg (125, 350 cal/gy i, #RENIRHEL A2 »7228, 1.9
MJ/kg(450 cal/g) CIIRHRD MRS, AR 7B O WS R T L BT~ TR, A )20 &
IR (FF LA 2100K ) ITEL T ZENBRTED, 2 OV ARSI CEVERNZ LD RIEL 7= 48 4t
WIOIREET, FmT 1930 KIZEL, ZHVEEAHT TS, AL AL RV ADBREIOBE1E 1760 K T, 20
BFEEREDIR T, AL AL ROX O (2820 KyDSAE /LAY ROX O si(3tiha : 2210 K) I 2
LIZEEL TS, 414, PREWTT O SARBIZ 0 & DR HIERE 1TV | AL LA UBREHD IR A = X
WZOWTHBBNIZT 5,

CIVECHT o T B0 L A BRI R B o | |
L. REIOBHBL O = I Z DN TEED T (Fig, 12 | Uos u °
2.5-1), ZZTHL BEDKRE S 2D UO, MREREHrEk T 10 Faﬂure
$ %728 (ROX : %16 glem’, UO, : 104 glem’), #REL 5 - & 5
BN ATED -0 DT 2NV TRLTWNS, 2FREED E 8
ROXREIORHRL &\ M, LbIZUO#RBR R S
BECHB LR ot TR, Sha=TE & O 0
ROX #AEHL. RIA FACRUDMEEEOBS BIE. 8 4
U0, BRI AL GEL XA bl O ©
VB, 2 I'| Solid: failed

SR, FThS 1D V=77 ROX 4%+ 0 | |
(RE RN AR50 %58 R 5, ZOMR 532 s
BRI, ARRDAE RV ADBRELD AL R LHEE YSZ 4R Spinel

PECREL TN DDLU, EEKI04m D Figas5.1 Peak fuel enthalpies for the six ROX
ERIRKI 0D YSZ MDA RUARHIT 3L T 5 fuel rods comparing with the failure threshold of
ekt 0, ZAUZED, Pu OB RTIZE DA XL D UO: el

BN AT YL 7 DERIRS LT D, ZOBRENZ DT, ZF CLIFIER, 3EID, IVAEBREATV N, 7 UL AREORR
BEEE), RO L XV L 2L E B LA =X AZOWTHRA TETHD,

2.6 TRIGA #3¥}0> NSRR R38R
NSRR CiZ, AR5 ISR T4 Cdhd TRIGA JFHOBREL L CHERBGICE STV, 0k
R 2= MEE(TRIGA #REND /L ARBST IBRAZHEIL, £ D E i~ T D T&/-, 20
TRIGAJAEHE, NSRR FEBAIC AL 23R L T TORBIREITHY, BRERRIED R~ Tl
SN TWBAEEHHT DY, BB DR R > T D, AFERO LIENT, TRIGA BREND HEFORERE
EEfRAL, LT EFRET DI EZE 5T, TRIGA FOMREN E R OSSN E 528 THY, 38 5RN
TIFILLTD 3 DI NKillsivd,
(1) NSRR O F— GERIFEO SRR, S WERNE , #0858 O K ORI
T (FEFARE: 100 ~175 cal/g- U-ZrH(418~733 J/g- U-ZrH))
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) TEHELEUMEOHE, BEHRTE —R O AR : 200~275 cal/g: U-ZrH(837~11513/g- U-ZrH))
() ARERIREMERI T LORERR B 3L X R AR ONE (FEENEL: 300~375 cal/gr U-ZrH(1256~
1570 J/g- U-ZrH))
Figure 2.6-1 {9 391, BREHERRIIK 307Tmm THY, #REIAY Y 7 i 3H) 140mm ThD, L L
ST IE, BREHERRTABEIED 2L A D BB T DT DO DWTEAAN L RO, 7L ARREFOBREAS
7 DIEERAR OERIE T D7D DR

frER a7 2L TV, Zhbig, Meat cemtep . 180
=} N Spring adaptor Alumina_spacer § & Alumina spacer Hf disk
A% 13.77mm, H/E 0.41mm DA =2 Lo b BRI aSPacer & A e ecer.
-+ Spring. lron core 3 3 pressure sensor
11-800H il CHEENn, HE ; ' 1

L&U% v*jj,—;“i_,f jﬁ%%’ct . ‘m‘l T : l’l‘

Uﬁ‘ﬁ* &UJL )u “T@—F%B‘ * c\— D 44-&,;,31i9-5,,,,ﬂ,20 .JL,,,, (146) 70 :Jmf 0
EHSIUS, PRy N s e -
X ey 7T 0.0Imm THY, A

BHENIZ K RUED T VA 2 AT AT Fig. 2.6-1 Schematic diagram of the test fuel rod
&N TW5, REBREHED k%

Table 2.6-1 {27~ 3,

Table 2.6-1 Specification of examination fuel

Pellet
Composition U-ZtH
Outer Diameter 12.93 mm
Height 140 mm
Enrichment 19.7 %
Shape . Chamfered
Cladding
Material Incoloy-800H
Outer Diameter 13.77 mm
Thickness 0.41 mm

EPRERNLT BRI EER 7 TR SRR KR F-EKRIF T ¢ ZHETIZ2EI(509-1, 509-2)07%
JLARE EER A T — ZHREL L 2)LE 75 callg (314 Jg)k 96 cal/g(402 V/g) DFMAETEMLI-, 1999 LFEIC
FHELTVBEROEME Table 2.6-2 17757, 2 LABE AT, SHERRT. SMBRIE, X #REIE, #RAIE,
HA DT — B, L O3 7 o4 £ O SEM BRSO IR %ABREIT TETHD,
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Table 2.6-2 Conditions of test fuel and pulse irradiation conditions

Rod Internal Energy Peak Fuel
1;)St Pulse Date Pressure Deposition Enthalpy
(MPa) (callg) (cal/g)
509-1 1999. Dec. 1 0.1 (Ar) 100 75
509-2 1999. Dec. 14 0.1 (Ar) 125 96
509-3 2000. Feb. 3 0.1 (Ar) 150 118
5094 2000. Mar. 3 0.1 (Ar) 175 140

Figure 2.6-2 3310 312 509-1 K T* 509-2 EB OGO E REEEO L, $F8E K LUy Ry
Y 7T UMD T — 2% 7~ 3, 509-1 ERRIZEBU T, #EE SRR T REH 450 °CIZEL DNB 2%
AT LHWEID, Ly RSy 7 OEGTRIRONE, 2 SV A TIZHIINL, B K TR 1.1 mm Tihol-, #78
EORGTHRNIAL Yy MEUD EFI0ER00@ N, EEORE EF Ll MOY3RAT 1.2mm
T, Ny MEOKDb O THNIREZfHiERUT, 5092 FBRIZIUTh, B RimiEEDRREL (LT —
Z735, DNB NECT-ZEDHALITHY | #E R R I 460 CIoELT=, 2Ly hAZ v 7Ol
fHONT, 7R ITEINL . FRTHI 2.1 mm & 509-1 EBROK) 2 (5D Tl 7=, HFE OB TR UYL
509-1 HEBRL[FHRIZA Ly MEUD LA X0ER0R08 N, IR ORE EF-LHTHIINL ., 1.8mm IZELA, ~b
yMRO% LRSI L3577, 509-1 & 5092 EEROE— 7B 2L E D7D 21 cal/g(88 J/g) T
DITHH 6T MERIZBITH L v b LU E O KEEB WIWELT-LZ A, 2BEREITH
0. PICHF ¥y 7 D BUER LIHT AR O ZEOFENREN QWAL DEE L DD, BREENEIZBIL
Thd, 509-1 & 509-2 EBR T, » L RBRE%3I2 8 0.16MPa & 0.47MPa (Z3EL , ZDHEW 7= AR U
WCIRZIZER LTz, ZOBBIEANL, PIC vy 7 3RS Z 800, JEAFHRO DI AN BEREL
bz Db DEEZ NS,

Reactor Power. 953.9 MW

Half Width :18.3 ms
E 1.0~ __500 T . . 3.0

&) Temperatur "
g 0-8 — 8400 | e\ /WJ M‘J\'\._f, - 2.5 —~
o T P \ Pressure £
5 0.6 o4 e oy d120 £
a2 3 S 300~ / Pellet Stack Elongation ™
(] = / i i A c
5 04L *g 5 ] Cladding Elongation \ 415 g
= 2 L 200 | ©
Q 5.0 ! ‘H L | o
£ oof 8"100 IR o5 W
g O
0O
-0.2%- 0 | . . 0.0

o 0.0 0.2 0.4 0.6 0.8

Time (s)

Fig. 2.6-2 Transient data in the test 509-1
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Reactor Power : 1.62 GW
Half Width :14.0ms
T 10 500 : : : 3.0
) Temperature N
2 7 R Van
< 08F P 400k s \ J25 =
o O yd % Pellet Stack Elongation =
5 06 o / R 20 E
0 o2 300 . Cladding Elongation
d © 3 ) c
& 0.4—"59_; y | —41.5 g
T n 8_ 200 Ve W‘ B Uil g
g 02 of | | ‘ TSRS d40 S
o % (] m o
e — 100 / Pressure B L
g 0.0 g 0.5
&) »

O y

-0.2%- 0] L 4 . 0.0
o 0.0 0.2 0.4 0.6 0.8

Time (s)

Fig. 2.6-3 Transient data in the test 509-2

2.7 EEMENA—ANRER

2L 2 BRI C R TR EL G A /2087 e PCMI 2B 7= Mt S — R harBivk /K R EV M A (F
BB (ZR LTI T C& T, BRABROD BRI, KEIRIN, B MR AN SRR 7oK T (W OKFR{ L) ) 2
WBE ORI RIT TREL T DL ThD, RRFEROFRERABROME R, T TITRELIZDOT
BRI, RIEABR T XX 620K TOEBNE S—ARREE FML 7=, FERA-REHT, £
IRERBRIAIR, #ME 9.50mm, PIEE 8.36mm DIERAX (13wt%Sn) /L HvA — 4 G SIBREM) 2 ~—RELT,
KBTI (T B0 EE) 3 KB — Akl KF ) 244D THD, KREVIR
EHD K SR ARG GREF ) 13 100~1100wtppm Th-o7, KFE Y L3N IV CIRE (S
50~150um OFEXIZEREL, I TORATAREREL 2000~3000wtppm (K#E{LHY LIONAIT 100~
200wtppm) Tiho7=, FREIDNIENIIFRIMRA A— T IFAAE L NIEERRE 1K/s THIRL . 620K THI 900s ]
{RFEFLT- . MVEEEER) 02MP/ms T/ 3\—ANRERE1T 572, ML) S/ N — ANECORFEIZ, 200~400ms
ThoT,

620K T/3—ARLT-2FED KK UL Ok BB — o3 A sl bk L K # LY 53806H DM BiZ Photo
2.7-1()EONTTT, BIRIZEBWO CEIARERIMAER 3T HRBASA B DI TR 7 T 263
RHI7=73 (Photo 2.7-1(c)) , 620K (ZHBUWTIAFRIMBAEHZ W ARV o /i TR0 o1, R
(L KRS AT AW TL, SR RO TR K OSHEIZ W OKRTRMNO B LD
g, — 5, KE) LFEHT IO TRE, AR DS 10mm LU T O 7 o ZAnfi s Hoid,
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620 K test

(@) Uniformly hydrided sample (364 wi.ppm)

(b) Sample with hydride rim (455 wt.ppm)

Room temperature test

(c) Uniformly hydrided sample (312 wippm)

Photo 2.7-1 Post-test appearances of hydrided samiples failed in 620 K and room
temperature burst test.

o AN JE MO ZET A e KE el R G MR 233\ CRRIARNTAA TV, PIAMAIS
B LE RO OT HEE U, SO AR BKRIBE OBIRE Fig. 2.7-1 1R T, #lkEbkHR
BT, B O T AREEREL A LEE BB 7 R EH SR U T T W AR 08, 05
b, Fig2.7-1(@)i TR CRRL 73D O3 A a /s L QD IR T, BUBIAKRIRE OB R
AR OTAHEIMETL, 300wtppm LA ECIXOT BB TGOS, F2, KR 2588128175
BREOTHEIL, T 1%L T CTHYIEFIT/NEVY, Fig2.7-1(b)id 620K Ttk Y L5kl &R E
FHIATOT B EATRUTOD, HITIE, ERUBROKE Y AOIESGAY, SBIKERIEEE 250wtppm, EX
S0um ORFAEA LTGRO BT 2R O B85 10% ThD, ZAUTKE D E— 5 fm 5k
BFCHIESNIRE OT AERIETHD, — ., ERERRED 400wtpp L1, KR LEEY 100um EA
ECHERABOBEEOTH BB NS, BUITERL TR, KB — S Ama Bl o888 f
FTONT - B, T AR SREEREBHC ., HK BRI OBBE H m O3 B B IR T35 843 o T,

LLEORRBRIL, ERBEREBRELD L ABRSHIFD PCMI TR Z W CIEBY VRS (K BB e silg:
I AREM DN RENZ LR D, BIRFERC, 0.002~34MPa/ms DOFEFH CHIFEEE B RSE/2&
5. BROT HORTIBIERS I, UL, COREIIBE T3 MU e OBHRss B R E R
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A R E47 K -l B A MR LT,

at room temperature at 620 K
T T T T T LA B L |
12 U”if"S’;",LVp,r;yd”ded 1 12 With hydride rim
pressurization rate 50um A 0.002
—_ 00.002 ®1.9 MPa/ms _| | A 0.2 MPa/ms
<10 <10
(9 o
L £ Thickness of
g8 [ 1 @ 8F hydride rim ]
n »
Q o
o 6 T - o 6} .
£ g
g g
S 4r ' 1 B 4F .
o | with - o
o hydride rim . s 110 um
2| press. rate ~d T 2r 7
A0.002 e 170 um
A 3 MPa/ms $ 140 yum 155 um
0 . 1 | " 0 L " " 1 i | 2 N N
0 200 400 600 0 400 800 1200
Hydrogen Concentration (wtppm) Hydrogen Concentration (wtppm)

Fig. 2.7-1 Residual hoop strain of samples failed in room temperature test (a) and 620 K burst test
(b).

28 BiREEL T A OB

PRBEDHEA TZIRELCLd., BB E DML AKFRIL, PHEF IS IO EL TE T | RUGEESHIRFD
ALy MDA AR &> THEBE DS ERE 5 PCMI(RERSL o R BRSO R BB ) BRI MEL
BREFT L 2V TRAELIDZEDRHEN 2> TS, ZRFETOEZA PCMI BEHEIL, ERBEEE PWR BAEHC
BB DR ARFERULA K EV AN DHFEAL TS, THIE, NSRR HREHFFIREN 28R T SRIB R ZUEARD
BHIGAETD BT T VHAS, PWR DFRFHEHEF I CHA BRI DO EFHCIT, S FIRAEN
FIRIZEATE O #EE O EHE L, BHEAAELICK W ATREMM SN TVE, Z0T-0 | JFFF
O EERIBFEFED OB EHE VR - 2) |23 DRFED FERED BAI T D, FRERHEIREL R A iR
JEA T, L TAROEERIRRE - )+ 1% SR T SR A A CRGH AR NSRR T L AR5/
DOME TN THY, EWFaFELGHZMS FTO PCMI BHBICKH D ERNREO R EA R~DHE
BRAET,
PRI B iR 7 e U3, B 1.2m OINBEIS SR, [ LRSS, 77 F v —T 427
SRR Fig 2.8-1 R & TEARRED, 1999 FF[EITIIH 7RV O AR ATV, RIEA 7 2%
B SABRHEARD TG 7=, B0 720, NEE 60mm, FEPIARITRES 70mm, K/E Smm ORERTA A FF
b, AZ w75 Sem RO FLR FRIARIA- Y35 C& D, SBHEEA TIIKIR 320°C, 160 TUED PWR OFFRS(

i18 —
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# P LT,

ARIEL T mniR sl A 7V Cid, BRI Ao breuy-
DIF L AFEND HPEL- DRI AA-43 2700 | BRER
BEMET 35280 FRIND, 20720, SiRiEEs 7
WDKK A DN TR - I8 « [E ) e/ 85 4
SOOI LA B O HEE AT\ RO F
x>, FRICE2KRTH E—FNTH A
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capsule for irradiated fue) tests.
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Fig. 2.9-1 Measurement system of eddy current type displacement sensor
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Table 2.9-1 Test Condition
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i

Radial Cladding hoop strain
Test No. jl;ueei Gap Enthaply (%)
YPe | (um) | (cal/gfuel) Analysis
356—-19 20 180 2.25
17X17
PWR
356-20 10 132 1.50
onventional method New method
| |
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Fix
E
"+ Supporting rod N Fix

Pressure sensor

Fig. 2.9-2 Comparison of the fixation method of the sensors
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Fig. 2.9-3 Eccentricity history in each fixation method of the sensors
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Fig.2.94 Measurement result and analysis result
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Fig.2.10-1 Transient record of Test TK-2
Fig.2.10-2 Mechanical energy generation

Table 2.10- 1 Particle size of powder fuels

TestiD Mean diameter
P-250 250 um
P-92 92um (63 - 125 um)
P-47 47 um (32 - 63 um) Crushed
P20  20um ( -32um) peliet

sphere

S i s foon

300 um |

Photo 2.10-1 Fuel fragments (Test TK-2)
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Fig.2.10-4 Dependence of heat flux on Fig. 2.10-5 Dependence of mechanical
fuel surface area energy conversion ratio on fuel surface area
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Fig.2.12-1 Geometry of the sample with notched part
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Notched part

B

Fig.2.12-2 Method of stretching the sample

B as—received

length of parallel part : 3mm
thickness of hydride rim : 100 m

Ohydride rim

A

Tensile method

Fig.2.12-3 Comparison of tensile method
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Fig.2.124 Change of plastic displacement with length of parallel part
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Fig.2.13-1 Temperature histories in test 356-12 measured and calculated with FRAP-T6 and NSR-FEM.
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Fig. 2.13-2 Radial temperature and stress profiles in test 356-12 calculated with FRAP-T6 and NSR-FEM.
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2.14 [HBRHS

FHEE TR | ik KER 7B ZERSENRO) R T T2 AR T4 et 4ei(IPSN) SR 72
FNIESFATHA TV . NRC OB SN WACHEHE, IPSN Ff#0> CABRI ERRL E'a— kil 5
I ALEHIZ, NSRR LE 2—255A BT, 512, NRC 23D T T BB RO EE SRR
% J(Phenomena Identification and Ranking Table; PIRTYEE) T, NRC DERHIIEL T/ SN AL S—F KD |
PWR (23513 B0 S8 3o\ vOREIRY 2 BIRO i BA DR O A HEESOREZE MY Dikin-
b, RS EOIERICE LT,

BEIR

(1) Nakamura T. et al. : to be published in Nucl. Technol. (2000 Feb.).

(2) Schmitz F, Papin J. and Gonnier C. : "RIA Tests in CABRI with MOX Fuel", Proc. of Int. Symp. on MOX Fuel
Technologies for Medium and Long Term Deployment: Experience, Advances, Trends., Vienna, Austria 17-21
May 1999.

(3) Nagase F, Otomo T. and Uetsuka H., JAERI-Research 98-064, “High-pressurization-rate Burst Test of Hydrided
Zircaloy-4 Fuel Cladding at Room Temperature” (1998) [Text in Japanese].

(4) Otomo T, Nagase F. and Uetsuka H., JAERI-Tech 99-071, “Design and fabrication of cladding tube burst test
apparatus with high presurization rates” (1999) [Text in Japanese].

(5) HHRE fl, JAERI-Research 98-052, "NSRR FRAHFHREL SR CORENERFAH” (1998).
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3. WA R IIR A ER T

3.1 BB

SRR A (LOCA I FZ RIS\  CE B & TARREHH DO DD Tha, M7 AT
i3, LOCA BHIHFREORMIREIL 1000~1400K [ JEL , #7855 IO RO KEGIRSN A L HEES
D, Tk, HEFEMIF LHHEEE N LOUKIZEY, BEHEARIAMEN S, ZD 157 LOCA FEITHL
TORREHE T T OSBRI DL E 2515,

IR FRI MREHRNED I TR —UCROD BRI E R K& HEW | F7- 9588 OMENME T+ 57
¥, BB IR 5,

- HREEIIKIERIC I TR S, BREAELVEAICIEME LT,
R LU 7= S B S P A D R Z LD ENETR - L > CRRHE T 2 FTHEM D 3 2,

EZAT, IREIOEIRBEREA I | B8 CIIBEB IR Ak e LK SBIRIN B P T- PRI R S K35, ~2
Lo NI IIE RN ZSEREL L DB E ORI IR T 4 TS, F-, EREEE
RIZSISL T, B E NERCEEDRBA A LU LT A B AR M T TS, T EREER L,
K73, LOCA ZfF T COBREREEN T RIE B HNTITAG ST VR, FHIEBE O IEVHE T
(DD R KT, - BREN T LOCA HHREHERHR SEh - 8% I F 4 FTHREME D 3 B,

T T, BAIFRBIO ZEMERFED—BREL T, 1 14EEELY SR BEREIREND LOCA FEsh| - BEL 7= 38R 3+
B BAIAL 7, BRI, SRBEEZIRDY LOCA SofF T COMEIEENC T+ 8% 3+ 5L T s,
ECCS VERERHIiD 7= DE2FEEHT. LOCA BEOKHBTOIEE R UMF LB HRERA 3o\ - THIE S /S
Z DI RRE R Z Ll SR I H FTREFARZ AR R LS8 T B L 2 AREE T 27012 BB ORRL
FMF (REIRELEELE) A HEL TOD, BATIEHOHITERIC B ZELEN-E8T — 213 RIS
BERWTHESNILDTHD, LInio> T, ARBEHE CRGL-50 L. S8 etic 5847
ECCS VEREFHllid R T (BLHE) D SRBEEE I ~ DM VA MR D70 O el 7 — 2 4705,

AR T,

(1) FRRBEEERRBID RE AR D7 O FEHI L BB 4 3B

(2) LOCA FRZFHESNHIR BB A MRER U7 B OBSEFERASR (0 51073 IERER 0V 2 8 3R ER)

(3) LOCA FpRbhssahic FLHEERH L 7B L C. () B e T K BRI S o e i RIS 4 s
RN A~ LR, (OB IEABR, (OLOCA HZfir 2 EnD A (REEL. Bk, HeEkKicLs
BN B USREHRO MR 2 T~ D 2un iR

EEMT D,

ARRERE T, ERRBERE N BB e dh = T T S5 Bl 2 h b T~ B 73012 . SRR g
B AVD, 37ebob | TREE, FlfiAFEL TI7EE JRR-3) B4 T o7 - il R e R o e
B PR BE) DARIRL 7- $B T D, SABREHEA Table3.1-1 (27597, 1999 4RICIE, T, AKFEFMA
L7-IEMRR B A a0 OB Lt BR L S BRIN RRA SEMEL . KRR SR b S0 A AR D ik HE
PR RUE S BN T DL TET =, 414, JRR-3 FBEEE 50 - Bl sk Skl e 4 Fl
ZHEORGE i+ 53HETHD,
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Table3.1-1 Schedule of LOCA test program at JAERI

Fiscal year in 1999 2000 2001 2002 2003
Japan
Pre-test | PWRISMWIKEU o BWR 41 10 61 MWd/kgU
characterization B e —T
__Unirradiated

Oxidation test

Unirradiated

Burst test

Thermal shock test

Mechanical testing [~

JRR-3 sample No.1 capsule >/ >/
No.2 capsule

irradiation _

32 LOCAES

321 #EERIRRCER

FAETHUIE VSIS Baker-Just RO&IUH LT BB E OB LBETERDO£<13, 1273K LLEOE
WA CROLNIZHD THD, 1273K LU FOIREEFIFRIZ DV TIE, ZAUH OB LR e ARIRAN - S48
LB L BORHEAM THoi T D, 1273KEL POV T bk Bl CaHl 270100k, B b7 L 12 B
L5727 — 2B THhd, oL, 773~1273K (500~1000°C) O Hr7 B AR 31 A i ik
FERREMLU =B ZEBI L D7, £2C, 773~1573K (500~ 1300°C) DAV NBEEIPHIZ DV THRE D AKZRR
R LI DFEAAT -7, SRRV V3 BH AR (13w1% Sn) 2V AaA — A b, Fig3.2-112
FRBIRE CRAON - EEHORIRERITA R, B BHI U SHRR b — M H — EEREL B0,
RESHORFEURTIH A BUS T2 TELH DS, AL TIL, 7 —# RSN A BB LA (R — W) (2
SUVTENFNBNEORE R AV TERREATTV . IWENE EEIZIELT, Leistkow HDFT —#@ %1t
BOT=DIZ KN TANT, 1273K 2 DIREGEH T RO B RONSH, £ LA T ORE TR L
BN o, A CALIL B L B 0y NS, AR TRV #EE L Leistikow 53-8
BETIL, Sn BRGSO SRR AN H DN, TOENBMUFEIRIETEBI SN EEZ LR
%, Leistikow 5723 To7 EEBROFERII A, [F—3EHI XU ERM L — v H - EEAEA IR 5
A OB B R 0N KE AR ER 40 SIS 5 wIREMED 8D,

B B H RS BB LR R U A RIS A KFRAY, LOCA REODEiRES L 358 - RIE
SO BN A DT 0T TOBB LA A FINU 72 B8 & KA BRI LT B | 23 L KZER TP 973~
1573K Ot TR Lakha S 72, TAmR(LIST Zie 7 A ) 720K (248U THIIIL , BE{KIBTESIL 40~
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50 m Ti~olz, TOMAIEAfTTT#BE T, SR boIoOH5— TR (B2 L, 1373K 1280 T
1800s) . FALDHNGIA RS, ET-, PR LI 25 o 2 (B A b sk LA BEE L NI & B R 2 e
BT HZET, MR DTHAL T ZED I/ R LIRS T2 o 7, 200~1600wtppm DK%
HINLT=REH T %1372 500~ 1300°C COME{LARBROAERA Fig3.2-2 (T, AR Tk RiRmo g8
VNSV, 950~1000°C CHIKFRHRIME LD R B L OAIRHMED RND, BEEOIREIT, KFERIEDHIK
W TRELD, 72720, BLEAY R 4 OKFERIE 800wtppm LA T, Fi{LAHH 600s LLF) % &% A2 KER
I DB O IREN LS 42 SHARETdhD, —H ., 1000°C LA b TIImaliEo K ETIN IR L2 B3 A Em e
0De ZOINRFERINA AL DO SRR I RIE T 880, KRB FLIRE, By LR
ZENVHIBHLTZ, Zr-H %0 Zr-0 ZIRTTRIKEEI S D0 | KT ECIR SR CIRTFEL T L DRI
DT, ZrH (5 NT Ze-H) 82X Zi0, B UIEO S E D L L BENRH L L E 2 b,

Fig.3.2-3 |2 1000~1300°CIZ B42 Bl e LI OO BR A7 37, 1000°C LA EOIRFEEFIRIZ RV T, FEK
FIIMB OVKFERNNE CRMMiS V7B b R (B ) LRl I HIE2 A ( W = KwXt, AV: BEEH, Ky
2FRANTEE, ¢ B (208D, BIRIDZ DU TR BN 25 A1 E 5 (BRI E 50 21RO B
LT Fig3.2-44T 7, IEKRFRIEREH OV CIEOIVZ SOSHE EHU T, Ky [g° /em® /5] = 0479 exp (-174 /
RD)THD, ZIZ T, IHHE LR FDOBAIT K/mol/K, KIAREELR (1 8.314 Jmol/K., IBEDHANIL K ThHD,
TSI TR LB B T8 Lol 4% & Catheart® = Suzuki & O DFER LD TNAEL., Leistikow HOREE
SIEF—HELTQD, I REIZ W T, IERERIIERR K S EITRE1600wtppm) & DRI RISHE
BEEBD N RONDH, ZDOET/IE,
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Fig3.2-1 Weight gain of Zircaloy<4
oxidized in steam for the temperature
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16
[ — e -1600ppm 1373K ]
| --@--800ppm ]
14 . --©--400ppm __
F - 200ppm .
- 12'_—0—10ppm ]
E C i
Q 5 |
o 10| -
E | ]
e 8f ]
© - ]
o - ﬂ
-t 6 ]
L + -
=2 r i
21 = 1123K ]
'.;’;:::—: 1073K
i !"‘I"——"——_———- 973K
o 11 1 oot v ea by ale sy

0 500 1000 1500 2000 2500

Oxidation Time (s)

Figure 3.2-2 Weight gain of pre-hydrided samples oxidized at 973 to 1373 K as a
function of oxidation time.

Temperature ( K)

’; 1773 1673 1573 1473 1373 1273 1173
:A_lsoo ,,E- T r Tt 1 T I T
N B e B S B

E’ [~ o 1600ppm 1573K NQ 108 ~

g, [ --©--800ppm h 3 ‘ .- Baker-Just

-~ [~ —o--400ppm 3 z Na

~ b —.%--200ppm 1 -6 .

= 1000 —e—10ppm - x‘ 10 Catheart

.c: N /2 2 _ ] € Suzuki

s - W =Kwxt ? B -

by - . 2 107"}

5 500 - . 1473KE it Present study

Bt - ] I :1600

o F 1373K 0 Leistikow

g o 1323K =

S C —-a 1273K 1 8 499 e

g_ 0 MR © 10

o 0 500 1000 1500 2000 2500 § 5 6 7 8 9

Oxidation time (s ) Reciprocal temperature ( 10*/K )

Figure 3.2-3 Correlation between square of Figure 324 Temperature dependence of
weight gain and oxidation time of parabolic rate law constants for oxidation of
pre-hydrided samples for temperature range hydrided Zircaloy4.

from 1273 to 1573 K.
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322 BEHERMTENIER

LOCA BFO KA I ZOERE TN LL . ZhyE LW BAITIE, BRI S AU A BE o2 -
FOWBE DT D e D, T LI R REBL L AT D I B O LIZ B D3 (R b
{BJ% 1474K (1200°C) | F{b.& 15%ECR* LAT) 23 ECCS DMRERHMHFRET O/ TED LN TS, NHFTILE
PRBEFEIRELD 22 23ISR D R R L S LT FR SR B SR T — B 245720 . ST
LOCA F{i4 B U7- REE SVA TN SR 21T QU D, FERITIZ, £& 600mm OFFEE O e va
LT 2 FA 800mm OFLREHFABIREHEZ V5, BHEREREIZIL, UO, XLy M RIZOBERBAFFOT
NF AU o hAERTL, #9 1050K TR T 255 Ar A AEMFE AT 5, FEERIEBEOEARXE Fig3.2-5
WY, AEEE IR ARV, RO A— VIR R LB RO T T OO EAKEE) ARSI,
LOCA HFOBRERZEE A Bl L TR CE DI LI EEE TH D, BlEREWEL 5 ISRV RO RIC o b
L. ARRIGE TEBY, ZORVEFRNRA A A THO A TV, BERIZBO TR, 3R T H0
FRRUTED, BB ZRIBER T3, IRIZ, FRIMEIC ZORREHER INZAL | —ERFHIREM L, 2
B T ELORAIT I THREFAEHEL R0 T2, IREEHIE R OB EIRERIE L., B REICARy N
BELT-RE AT OEGEXE RV TT,

14 X 14PWR BUREL CRIBETH) 2 FV v C Uetsuka 5@ 2 LARITFMEL 72 208 RS B Fig3.2-6 (07, BIZ
BT, SnHE SRR L 7R LA 4 BAL (@) T SR 7eh 7= S & A HL(O) TRL TV, LOCA I,
PR I B LR R X DB A AN AR L . SRR 5, IREHED TR0 AA—— LA
RS KO AR OUHED SRS, B 2D RV EAMER 2280t B 2 boivh, 22T, KR
FERTIL, MRS O L L 2N E LT SE AR T EHEEREHED | Pl 52 2FE) T, 4%
BEREER B LT, BUIL, K9 20%ECR DA RS A 52 -8B BB TR T A28 % "L T3, L
T3 T, MEHEMRA L ECCS MHRERHMEEH 31T 2 BAE(E (15%ECR) L0+ K& B H-072 28
FEAFFOZEDREI, 1981 FEDFEEHRE LIS T~ CRERERETE LT,

BIE, EABEERE CRIVL GBS 17X 17PWR B GREBSTAT) $B B 2- f FH L 7o ST S8R % e T D,
TNETICERL - iR CAOIVIRE — B (LR EORHE~ Y 7% Fig32-71Rd, Ma)it,
WL FED 17X17 BUREHEER 5 238 R T2 (IR, HRERO), 14 X 14PWR BUREHTEE
(ZHEA~EPY LS TNDA, RRHEBR AR LA TR D IR EEHEI THI20%ECR THY, 14 X 14PWR ML}
HAELIIFRETHD, 2720, 1150 CE B HEIRMITIIIEAR L RIME T T 2ERN RoND, H5
DU 300~500wtppm D 7K A RIS KRR -5 23 BREE R4 bW (R A L FEIRHBA) .
B D7 ARERIUE L B DR SR T E T3 23, B(L B 17~20%ECR F2EE CHAkHEG
MRGAL, BEEL 7 FEOHEE | A THHERAAME  ZE IO Th D, $70hh | AR BROBRIT, &
HEIRFD K FERINAY LOCA FEOMHRIRE R L BA IR TS T AIREMESH DA R TA, 414, B L&
(e LT TE | A LIS ROTR St (B LB SR | JEPIRTRE) 2 BA - 2L DFRE £ DL Bk
LI ST | AR AR A AL CORMERLERT 5.

* ECR(Equivalent Cladding reacted): B&{USEC /L AamaA W EMIN S LT BEFE DS & Eamfi Rk D ZrO, % R T
HEFUELT SO RWENIE T 2 ZrO S EIROFESOEE
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Load Cell Crosshead

Steam Outlet
Quartz Tube

infrared
Furnace

Burst

Water Inlet : , Steam Inlet

Fig.3.2-5 Schematic of thermal shock test apparatus

50

® 14x14 As-received(Failed)
40 - O 14x14 As-received(Survived)

@
- e & @@ ®
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O 20 } Ow%@'@ @'% o o
- .- g Qo---09---9-- '
10 +© © 5%ECR’

0 ] 1
1173 1273 1373 1473 1873

Oxidation Temperature (K)

Fig32-6 Failure map for 14X 14 cladding by thermal shock under axial
restraint condition relative to duration and temperature of isothermal oxidation
after rupture in steam.




JAERI-Review 2000-010

50 —
( a) ® As-received(Failed)
40 O As-received(Survived)
< 30 | °
5 . L ® ® o ® ®
w 20 o ®
...... 0-------O.C;--.
10 15%ECR .
0 i 'l ; 1

1173 1273 1373 1473 1573
Oxidation Temperature (K)

50

(b)
40 |

30

20

ECR (%)

10

& Pre-hydrided(Failed)
< Pre-hydrided(Survived)

r'S o 4 L
o o ¢ :
15%ECR’

L]
¥
L]
L]
L]
1

1 1 |

0

1173 1273 1373 1473 1573
Oxidation Temperature (K)

Fig3.2-7 Failure map for 17 X 17 cladding by thermal shock under axial restraint
condition relative to duration and temperature of isothermal oxidation after rupture
in steam, (a) As received sample, (b) Hydrided sample.
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33 RS FH R B MR

3SR DT, TRR-3 PRI BRSO B 2R O BRI D BB SR St 2 b
B E Fefid D TdHD, BUE, JRR-3 (23U THERATREIOX v 1 L A D H LA, BRI
SORTRABRI S SRR OB & | JEAIT - BOERIFFEIT SRR BRER T S W THED TV D,

33.1 JRR-3 K

WRBE ORELARR, MARFERER, /N — ANRER, SRR L PIET-REDAY LOCA HEEh- K
ETHEAT DD IRR3 LBV THEERBIOX v 7 e VBSAEIT> T D, By 7 L2k
THY, F¥7 N4 RGM-54H & RG-64H ThD, W T HUZISUVTHRGHERL I3/ 360°C, FREFFIRS IR
{EMECHD, RGM-S4HIZIT, P AnA — B (SM29.50, M1%8.36mm) , & 160mm % 144, £X 50mm
B TASATL TND, #BE RO —EICIX, FEARAINZH 400wtppm O /K FZRNMMEE L 72, A¥+ 7L T
SRR 730N T, B LaRBR, B ERR, N — AR5 T & Th D, RGM-54H D FRGHHRLAIE
1998 - 3 ATHY, BEHEHETIX 2000 £ 5 ARTHD I 15 $A27V), TRINAEEPHET BT 3.0X
10°n/m’ (E>1MeV) Téd, RGM-64H (71, SM% 9.50, PR 8.36, & 600mm 0O L /LA A — ARFE 4 A
L7, S REIO—IRIIE, BRI 400wtppm OAKEVNLBEAHEL -, A% v 7 1)L CREL7-3
FHE, FRRRRBRIC Bt AT EThD, RGM-64H 13 1999 47 A LV 16 A7V BBEEL, BERHE T
2001 4E 5 AR THD, 728, FARSNHEEPMET-REITH 3.5X10°0/m* (E>1MeV) TH5,

332 SRR

JFATF FFRREIERRHIRR 2 38\  CEMT 2 AN O 5 2 ikl o B e i a ) T D,
TIVETICEzAL T LTSS 2, SCBITREE -0 OBUBRENEE & OB AEE Lk eV iR
RETHD,

BUREEEE OBIEE Fig33-1 (IR T, B P IRGERE RO Sun il Zde T, BRESL v MeBR
KL, WBEOLAREHIANWD, fEsk, IRERRHEER 3\ v TORE T REZREHE X3 150mm Thho72
A3, ALEEZ T, RS 300mm OBEHED LOBURERS ATHEL 70D, Fig33-LIIRTIDIC, AEEIZ TS
ATER AT RV ITRUVF Yo7 B OBREER, SRV — | KGOS D, BBERLE —(Z
BE U B K REPNIZEEL & A 7T R a7 RULVEREHII~ AT AR S REHENO ~L o Mg,
BRES D, BigkEHE . Fig33-2 (O~ WEBIZEE 2 AV COREHIZB R Wl O A HER T2, NIfnBiEs
BEENT, AT 7 AN —E R UTR T R — T & BRERE - OB E I TIRAL . CCD 4 A7 % VTS E
WiliZBE T 2L D ThHD,

Fig.3.3-3 1278y MV RUGHBIEERER FH O SR A DRREHX A 73, BB L o MBRELT- B 300mm D#%E
BRI VD, FEBEWNIIT NI Ly MR-, B L n A RO A E T — AL Z
PUZAT UL ARBD 2 svarmy RERO T, RBRIK Mm%l 32 20n i@ o UiA A 4
EL, IS ISUY v 2 TRETE DG LT, kD2 RIT, 668mm Thd, Fig3.34 (kv L
{ERROD BRI E OBIIR I A7 R 3, SR T, R TR 51 B 15RABRIE AGS-SKNG, 77
URRE, LT T RN A (BLZEER T A EP-610, MIEMRAY 260mm) S 0700, N T
DUEAEHIEE AR, AR OV AN KR OB A OBEREAF5, JEANN I ZIERSREN 45
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NI

ABLEL R CHH, FH7 7 IMIEERE BRORFHBESICH T, RN TO~ =71 —4

AR m M ER BE LG oD,
HIE, BERANE SOkg/em® ETNELMIENE TIG HEE AT 2IEE AER L, BBt OREE i~

i B 7o VETE BB A U EL TUD,

"%_‘ Weight

-

(1000)

Machine
Support

Drain valve

(C1500)

Fig.3.3-1 Pellet drilling machine
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Isolation room | o Celishelterwall

In cell

Drive part (motor)
1510

Fig33-2 Apparatus of ciadding inner surface observation

17
@ (2realoy) 3) (Zircaloy diadding : OD 9.50. ID 8.36mm)
@ (aimina pellet : #8mm. L10mm. 28 pieces ) |
TIG welding
1) (stainless steel) (50kg/om? A) (Zwecaloy)
" . . 6) (stainless stoel ) s 2%
EB Ms Neos/ T
"‘, M5 E /— o $0. 2
.:: | i RIS : RRARRRRRAR 2
cos A 3-"‘T
10 15 10 8 40 5 13
M)
166 68 300 68 66
868

Fig33-3 Design of test rod for thermal shock test of irraciated cladding
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I
Load cell

Upper grip
(for axial restraint
during quench) VA

drain®@ @i; - i®
%= Upper flane

Fueli rod‘_{: =0

Quértz
tube e

! Infrared
i furnace >

660 to 800 mm ( cladding length : 300 to 600 mm }

Steam l Quench waterl

Fig.3.3-4 Schematic drawing of apparatus for thermal shock test of irradiated cladding
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34 EBEHAN

ERBEIERREED LOCA WFZEENZ LA CA HED TN 7R AR FEREII T K IE - 70 = o R ST ST T
(ANL) &7 72 AT Jy 24 Wbt 9tyI1 (IPSN) T, WL IPSN OFRITHE, TRFH 25y B o1
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Fig.4.2-1 Fuel Temperature and Rod Inner Pressure during Re-irradiation test of Oi unit 2 fue at JMTR
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Fig.4.3-1 Thermal Diffusivity of Gadolinia Added Fuel (6wt%, 28 GWd/t)
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Fig.5.2-1A,5.2-1B  Comparison of rod internal pressure (A) and calculated FGR (B) of the rod DK with
360 wm initial diametral gap. Calculations are made with the thermal conductivity models of
Wiesenack, Ohira, and Lucuta. WKS denotes the case with Wiesesnack’s thermal conductivity and
Kosaka’s swelling model.
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Fig52-2 Calculated gap conductance, gap size, and contact pressure for the input
average linear heat rate history of IFA-597 rod.
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BT DHSE RE) O PINEHEL TD, ZOET UL, 1999 42 A FTIZBHI/ERRE ADIA FIGARO
FT VA 1999 I CEHERLL . 2R B AIZE T LIsb DO THD, AT NVORGRHL T BT —FIZ
FORENTVAR, BB RIS R OBETH D, FATT /UEMOET L LK, FEMAXI-V (2
FA I, 2000 ST AT BGEEATTO T THD,



JAERT-Review 2000-010

4.0 N T v T v T T T T
k-] [ N ]
2 35F PIE at 63800 MWd/t k
2 : PLUTON model ]
< - 35 1
F U enrichment = 5,75 % 1
E 30f ]
° E
s s h
£ 25F .
g - 3
= 20F ;
_g L ]
E 15F °° ]
E! : A ]
=] [ A A ]
S 10F° .a o 2 8 a, an® ]
E P a e sy & 2% ]
0.5F a a 3
2 1 A 1 i 1 A 1 2 1 3
0.0 0.2 04 0.6 0.8 1.0
Relative Radius
4.0 T T . T r T T T T .
o F 3
2 3s5f A PIE at 39400 MWd/t ]
'-5 [ PLUTON model ]
£ . 5 inrichment = 8.25 % ]
e
-] - ]
s 2.5 - -
o - ]
2 20F .
= C ]
2 C
E 15F h
2 s Mf
= [ ]
g 10 N a A A ERY N 3
E il a8 BppB8T & 80400 a ]
L fay -
05 4
. 2 1 1 1 1 1 i ] i 1 3
0.0 0.2 04 0.6 0.8 1.0

Relative Radius

Fig.53-1 Comparison of Pu build-up profile in the radial direction of pellet between PLUTON prediction
and measured data.
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Fig53-2  Comparison of hoop creep strain of non-irradiated Zircaloy-4 cladding between BNR model

calculation and measured data.
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Fig.53-3 Illustrative calculation with BNR creep mdel for BK-365 PWR test fuel rod from
Battelle's High Burnup Effects Program in comparison with typical PIE measurements
calculation and measured data.
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ETHD, Fhbk 1 E/IBEISHE T, 4113, 2 A2 VEGA EBREE O EHHETAREE/RL. 3 A T
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1R, AR N 2 BB | 7 o VIR B O T B OB SR A i~ 578
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Fig. 6.2-1 Schematic Diagram of VEGA Facility
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Photo. 6.2-2 Gas Trap System in Isolation Room




JAERI-Review 2000-010

63 VEGA-1 B

63.1 FEB&pF
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KO Cs-137 3 ALHVRIREID ARIRFEIII D %465 | EBIE TRAZIIYIIOK 1/4 1K F L=, ik, 71
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% Kr-85 O $REIL, TANVZERPOIT ER L,
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63-1{ZF LT, HFEMEDEN Cs, SbET IFFTEROMHIIL, HHEHHERMEORL Y Ru, Ce DIAHERIL v
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Table 6.3-1 Preliminary estimation of fission product release in test VEGA-1
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Nuclide yray Release | VI Experi-
energy Rate ment*
keV % %

Sb-125 429 o6l 992

Cs-134 605 91 99.9|

fcs-137 662 87

Ru-106 622 7| 5

J(Rh-106) 1051 65

Ce-144 696 61 <02

(Pr-144) 2186 -

Ag-110m 885 71 84

Eu-154 724 g <00l
1275 o

* : Results obtained in ORNL VI tests at similar temperatures under steam atmosphere®®.

Train A Train B Train C
<‘,:%—
- - - - Fuel Temp. ) ]
— Qutlet flow

-+ Q2 after furnace

—— Furnace pressure x10

Cascade Impactor

TemperatureF,”

-

5.00

4.00

3.00

1000 2 200
. ,-.l‘u‘-'-‘-'v'-m..*.»..-/' : : . _\:
pall n Prssure ]
0 : = 1.00
Y : .
O, concentration [//\’_‘_‘

o )} i [} 2, . 4. ..l o . A e X ] 0.00

13:30 14:00 14:30 15:00 15:30 16:00

Time

Fig. 6.3-1 Temperature, flow, pressure and O, concentration histories in test VEGA-1.
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Fig. 63-2 Temperature distribution through the system during VEGA-1 test.
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Fig. 6.3-3 Temperature and gamma intensity histories in test VEGA-1.
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1.RIA

In order to study fuel behavior during a reactivity-initiated accident (RIA), research activities including
pulse-irradiation experiment in the NSRR and related separate-effect testing are being performed in Fuel Safety
Research Laboratory. In this area of research, particular emphasis is in advanced utilization of nuclear fuel in light
water reactors (LWRs), such as utilization of high burnup fuel and mix (uranium/plutonium) oxide (MOX) fuels.

In the process to extend burnup limit from 48 GWd/t to 55 GWd/t (maximum burnup of assembly average) in
Japan, applicability of the existing guideline was re-evaluated and new criteria were adopted in Nuclear Safety
Commission. The new criteria mainly based on the results from the NSRR experiment. In particular, PWR fuel
experiments in the NSRR has provided key information regarding PCMI (Pellet/Cladding Mechanical Interaction)
failure in significantly low enthalpy level, large fission gas release, fuel fragmentation and mechanical energy
generation.  Since the test program with high burnup PWR fuels available in Japan had been almost completed by
year 1998, pulse test with irradiated PWR fuel has not been performed for year 1999, and only post-test examination of
the Test TK-7 was an activity for PWR fuel. On the other hand, for BWR fuels, two experiments FK-4 and -5 were
performed with the Step II fuels having the highest bumup in the NSRR program, 56 MWd/kgU. For MOX fuel, the
Test ATR-5 was conducted with the fuel irradiated in the ATR ‘Fugen’ up to 20 MWd/kgHM.

In addition to the NSRR experiments, separate effect tests and development of sensors are being performed in
order to clarify modes and mechanisms of key phenomena observed in the pulse-irradiation experiments with high
bumnup PWR fuels. For the better understanding of PCMI failure in high burnup fuels, data regarding timing (before
or after an occurrence of departure from nucleate boiling) and intensity of PCMI loading has particular importance.
The information is important also to clarify and quantify the contribution of fission gas to pellet expansion. To obtain
this specific information, development of a new eddy current sensor is continued for performance verification in
preliminary experiments with un-irradiated fuels. The sensor will realize in situ measurement of transient strain of
cladding. Regarding integrity of high burnup fuel cladding, tube burst test and ring tensile test with machined
specimen are continued with artificially hydrided samples. As for mechanical energy generated in fuel/coolant
contacts, pulse-irradiation tests with un-irradiated, particle fuels are continued.

To improve test conditions in the NSRR experiment, significant efforts were made for the development of
high-temperature and high-pressure capsule. Performance of the capsule was examined with a mock-up rig.

As for newly developed fuel and non-commercial reactor fuel, the first experiment with TRIGA fuel (uranium
zirconium hydride fuel) was performed in the NSRR. The ROX fuel experiments are also continued.

In addition to the extensive experimental activities, analytical research is also being performed in the Laboratory,
and a development of NSR-FEM code was initiated in the year.

2.LOCA

Loss-of-coolant accident (LOCA) is a major postulated accident to be considered in the safety analysis. During a
LOCA, it is generally estimated that the peak clad temperature would reach to that in the range between 1000 and
1400K and the fuel cladding would be exposed to high temperature steam for several minutes until emergency core
cooling water quenches the fuel bundle. The following fuel behaviors are expected in the LOCA sequence.
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- Ballooning and rupture of the cladding occur since the rod internal pressure becomes much higher than the
system pressure of the reactor pressure vessel and the strength of the fuel cladding decreases with

temperature increase.
- The Zircaloy cladding is oxidized by steam and it becomes brittle when severely oxidized.

- The embrittled cladding may fail by thermal shock and thermal stress caused by the rapid cooling during the
reflood stage of a LOCA.

The fuel burnup extension causes oxide layer growth, increase of absorbed hydrogen content, and increase of neutron
dose in the cladding. Fission gas is accumulated in the pellet, chemical bonding occurs between pellet and cladding of
the high burnup fuel, and specification of the fuel rod is changed for the bumup extension, including decrease of
cladding wall thickness. The influence of these high burnup effects on the fuel behavior has not been clarified. Because
the cladding embrittlement is the key to the fuel behavior under a LOCA condition, oxidation, hydrogen absorption and
neutron irradiation, which might result in reduction of cladding ductility, are likely to have a significant effect on the
fuel behavior.

Then, an experimental program related to the high burnup fuel behavior during a LOCA has been initiated as a
part of safety study on the LWR fuel. The objective is to evaluate the influence of high burnup effects on fuel behavior
under LOCA conditions. The current criteria for ECCS limit the cladding oxidation conditions (peak clad temperature
and oxidation amount) during a LOCA to avoid significant cladding embrittlement and to ensure that the coolable
geometry can be maintained in the reactor core. The criteria were established based on knowledge obtained from
experiments for non-irradiated cladding. Therefore, the present study can provide basic data to assess applicability of
the current criteria for cladding embrittlement to an expected higher bumnup range.

The JAERI’s experimental program consisted of
(1) Pre-test characterization of high burnup fuel through extensive PIEs (post-irradiation examinations).

(2) Mechanical properties determinations of the cladding which experienced temperature transient expected in a
LOCA by axial tensile test and modified ring tensile test.

(3) LOCA tests including; (a) Oxidation test to quantify effects of pre-oxidation and pre-hydriding separately; (b)
Tube burst test; (c) Integral thermal shock test to determine failure-bearing capability. The integral thermal shock
test reproduces the sequence during LOCA (burst, oxidation and quench by reflooding) on the test fuel rod and

determines failure-bearing capability of fuel rod.

Several types of cladding samples are used in the present study to examine the separate effect of high burnup
effects as well as combination of the effects. They are simulated high bumup fuel claddings which are pre-oxidized,
artificially hydrided, and/or neutron irradiated in JAERI’s research reactor JRR-3, and the cladding sampled from the
spent fuel. The schedule of the LOCA test program is shown in Table 3.1-1.

Oxidation test and integral thermal shock test of the unirradiated cladding were mainly performed in the present

year and obtained test results successfully showed the influence of pre-hydriding on the oxidation kinetics and the
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failure-bearing capability during quench of the cladding. Various experiments are planned to be performed using

pre-oxidized, pre-hydrided, and/or irradiated samples.

3. Normal Operation

In the irradiation research at the Japan Materials Testing Reactor (JMTR), refabricated short length UO, rod
irradiated at Qi unit 2 was re-instrumented with rod inner pressure gauges and fuel center thermocouples and
re-irradiation test was carried out by means of Boiling Water Capsule/QOarai Shroud Facility -1 (BOCA/OSF-1) for
ramp test at JMTR. Test results supplied the data to clarify the degradation of thermal properties and fission gas release
during power change. Two short rods were refabricated from full length 17x17 PWR rod for high bumup use irradiated
at Takahama unit 3 to study the high bumup behavior and were transported to JMTR for bumup accumulation. The
irradiation tests of refabricated rods irradiated at Oi unit 1 for bumup accumulation have been continued at JMTR and
the maximum burnup has reached about 63 GWd/t.

As a part of PIE on high bumnup fuel, thermal diffusivity of gadolinia added fuel irradiated at Oi unit 2 was
measured from room temperature to 1800 K.

As cooperative researches, irradiation test to study the ultra-high burnup fuel behavior was carried out at JRR-3,
and other seven cooperative researches with many Japanese agencies and companies were conducted by means of the
Halden Boiling Heavy Water Reactor (HBWR) in Norway. These cooperative researches have been carried out on
schedule.

As a international collaboration, JAERI has participated the OECD Halden Reactor Project (January 1,
1997-December 31, 1999) and the irradiation data about thermal property degradation, waterside corrosion of cladding
and creep of cladding were obtained. The irradiation tests as a collaboration with Japanese organizations were carried

out at HBWR.

4. Code Development

In the activities of fuel analysis code development in EY. 1999, a new version, FEMAXI-V has been developed
through integration of the former versions such as FEMAXI-IV(Ver.2) which had been produced by the previous year.
FEMAXI-V has been verified with experimental data of Halden test rods. As a result, FEMAXI-V has proved to give a
reasonable prediction for FGR and internal pressure change up to the high burnup region, while it has been found that
the gap thermal conductance model of the code should de improved because it underestimates the conductance under
strong PCMI. It has been also recognized that a new model to describe the microstructure change of highly irradiated
pellet is required for more accurate prediction.

Meanwhile, a detailed description of FEMAXI-V has been prepared, and the source program of FEMAXI-V has
been released.

Dr.S.Lemehov has joined our code development activities since February, 1999 as a Research Fellow. He has

made a review of models and structure of FEMAXI-IV code, and developed such new sub-codes as PLUTON which
calculates neutronic burning, BNR model which calculates pellet and cladding creep, FIGARO which predicts pellet
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microstructure change and FGR.

5. VEGA

In the VEGA  (Verification Experiments of radionuclides Gas / Aerosol release) program, the fundamental and
detailed designs of the experimental facility were performed in FY1995 and FY1996, respectively. The fabrication of
the facility was done from FY1997 to FY1998. The facility was installed into the beta/gamma concrete No.5 cell at the
Reactor Fuel Examination Facility (RFEF) and completed in February, 1999. After that, in order to master the remote
control operation, main parts of the test facility such as aerosol filter or FP disperse protection box were disassembled
and built up again by using a manipulator and an in-cell crane. In the meantime, two heat up tests without fuel
specimen were performed to leamn the method for facility operation. Moreover, the installation of crucible into furnace
or the injection of epoxy resin into inner tube were mastered. A preliminary test using a cold simulant, cesium iodide
(Csl) was performed early in July to confirm the fundamental capabilities of the facility before the first test. The test
results showed that most of Csl was trapped by the aerosol filters and quite small amount of Csl arrived at the
downstream pipe of the filters as expected in the design.

For preparation of the first VEGA-1 test, construction of the test piping and its airtight test were performed in the
middle of July. After the gamma ray measurement from the fuel specimen (Takahama Unit 3, 47 GWd#, about 10 g),
the specimen was set in the crucible of the furnace in late August. The VEGA-1 test was successfully performed on
September 9. The maximum temperature reached 2500 °C under non-oxidizing condition and atmospheric pressure.
Outlines of VEGA program and the preliminary VEGA-1 results obtained from on-line gamma measurement were
press-released in late September and presented at the international conference (SARJ-99) held in Tokyo in early
November. After that, the piping of VEGA-1 test was disassembled and cut into several pieces. Then, those pieces were
delivered to No.1 hot cell for gamma ray measurement. A periodical check for the test facility will be done in February,
2000 and the second VEGA-2 test will be performed in late March under the same conditions as the VEGA-1 test
except for the ambient pressure equal to 10 bar in VEGA-2 test.

In parallel with the experimental works described above, the VEGA-1 post-test and the VEGA-2 pretest analyses
were performed with the VICTORIA2.0 code. The detailed comparison between VEGA-1 measurement and analyses
will be done after the completion of all the gamma ray measurement. Concerning the fabrication study of ThO, tube to
be used for experiments under the maximum temperature higher than 2200 °C and oxidizing conditions, it turned out
that the adjustment of ThO, powder size by calcination is important to improve the molding strength of the slip casting
and sintering, The stability of ThO, trial tube under high temperature condition will be investigated by the end of this
fiscal year and the tube will be used in the VEGA test from FY 2000.
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NUREG/CP-0166
Proc. 26th 'Water Reactor Safety Information Mtg.,
Bethesda, Maryland, U.S.A., October 26-28, 1998, Vol.3, pp.223-241(1999).

NSRR Pulse-Irradiation Experiments and Tube Burst Tests

Fuketa T., Nagase F., Nakamura T., Uetsuka H. and Ishijima K.

ABSTRACT

To provide a data base for the regulatory guide of light water reactors, behavior of reactor fuels
during reactivity-initiated accident (RIA) conditions is being studied in the Nuclear Safety Research
Reactor (NSRR) pulse-irradiation experiments and related separate-effect test program of the Japan
Atomic Energy Research Institute (JAERI). Recent results obtained from the NSRR experiments
with high burnup PWR and BWR fuels are described and discussed in this paper. In addition to the
NSRR data, the paper presents results from tube burst test with artificially hydrided cladding samples.

Phenomena Identification and Ranking Table 1st Panel Meeting,
Rockville, Maryland, U.S.A., August 31-September 2, (1999)

Experimental Insights and Future Testing Plans - NSRR Experiments -
Fuketa T.
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27th Water Reactor Safety Information Mtg.,
Bethesda, Maryland, U.S.A., October 25-27 (1999)

JAERI RESEARCH ON FUEL ROD BEHAVIOR
DURING ACCIDENT CONDITIONS

Fuketa T., Nagase F., Nakamura T., Sasajima H. and Uetsuka H.

ABSTRACT

This paper describes an outline of LOCA test program, and presents recent results from RIA
experiments in the NSRR and related mechanical testing, i.e. tube burst test for hydrided cladding.
The NSRR experiments with high burnup BWR fuels and ATR/MOX fuels provide information
regarding rod deformation and fission gas release during the RIA transient. The tube burst test shows

the effect of hydride on cladding failure at room temperature at an elevated temperature.

to be published in Nucl. Technol. (2000 Feb.).

BWR fuel behavior under RIA conditions at burnup of 41-45 GWd/tU

Nakamura T., Yoshinaga M., Takahashi M., Okonogi K. and Ishijima K.

ABSTRACT

Boiling water reactor(BWR) fuel at burnup of 41-45 GWd/tonne U was pulse irradiated in the Nuclear
Safety Research Reactor(NSRR) to investigate fuel behavior under cold startup reactivity initiated
accident(RIA conditions. Current Japanese BWR fuel, 8x8BJ type(Step I), from Fukushima I unit 3
was re-fabricated to short segments and thermal energy from 293 to 607 J/g (70 to 145 cal/g) was
promptly subjected to the test rods within about 20 ms. The fuel cladding was ductile enough to
survive the prompt deformation due to pellet cladding mechanical interaction(PCMI), while the plastic
hoop strain reached to 1.5% at the peak location. Transient fission gas release by the pulse irradiation

varies from 3.1 to 8.2% depending on the peak fuel enthalpy and the steady state operation conditions.
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Proc. 7th JSME-ASME Joint Int. Conf. Nucl. Eng. (ICONE-7),
Paper No. ICONE-7096, Tokyo, April 19-23, (1999)

MOX Fuel Behavior Under Reactivity Accident Conditions
Sasajima H., Fuketa T., Ishijima K., Kikuchi K. and Abe T.
ABSTRACT

Results obtained in the NSRR power burst experiments with irradiated MOX fuel are described and
discussed in this paper. The test fuel was irradiated in the prototype advanced thermal reactor
FUGEN up to a fuel burnup of approximately 20 MWd/kgHM. From year 1996 to 1997, four pulse
irradiation experiments with the irradiated MOX fuel were conducted. Larger fuel rod deformation
and higher fission gas release during the pulse irradiation in the MOX fuel were observed in
comparison with UO; fuels at the same burnup level. However, fuel failure did not oocur in the four ATR
tests up to peak fuel enthalpy of 140 cal/g.  The failure threshold of MOX fuel is not different from that of
UO; fuels in this burnup level.

JAERI-Research 99-060
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J. Nucl. Sci. and Tech. Vol. 36, No.11, pp. 1101-1104 (1999 Nov.).

Fission Gas Release Behavior of High Burnup UO, Fuel
under Reactivity Initiated Accident Conditions

Sasajima, H., Nakamura, J., Fuketa, T., and Uetsuka, H.
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Proc. 7th JISME-ASME Joint Int. Conf. Nucl. Eng. (ICONE-7),
Paper No. ICONE-7096, Tokyo, April 19-23, (1999)

Mechanical Energy Generation during High Burnup Fuel Failure under Reactivity Initiated
Accident Conditions

Sugiyama T., Fuketa T. and Ishijima K.
ABSTRACT

To investigate high bumup fuel behavior under reactivity initiated accident (RIA) conditions, pulse-irradiation
experiments on irradiated fuel rods have been carried out in the Nuclear Safety Research Reactor (NSRR). The results
from experiments suggest possible cladding failure at relatively low energy deposition level. In the experiments
resulting in cladding failure, fuel fragments dispersed into the coolant water were observed. Due to the low energy
deposition level, these fragments remained in solid, which suggested no steam explosion occurred in the experiments.
In tests JMH-5 and TK-2, however, mechanical energy generation was observed as the kinetic energy to raise water
column in the test capsule. This paper presents the results of these tests, and discussions on the dominant factor of
mechanical energy generation. Possibility evaluation for the two factors, rod internal gas release into the coolant water
at fuel rupture, and thermal interaction between dispersed fuel fragments and the coolant water, shows the latter is most
likely as the dominant factor of the mechanical energy generation. This speculation was confirmed through comparison
of evaluated heat flux in the irradiated fuel experiments with those from powder fuel experiments, which simulated

fragments of high burnup fuel without rod internal gas effect.
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Paper presented at The Third JAERI-KAERI Joint Seminar on The Post Irradiation Examination Technology, March
25-26, 1999, JAERI Oarai

Re-irradiation Tests of Spent Fuel at JMTR by Means of Re-instrumentation
Technique

Jinichi Nakamura, Michio Shimizu, Yasuichi Endo, Hideaki Nabeya,
Kenichi Ichise, Junichi Saito, Kunio Oshima and Hiroshi Uetsuka

ABSTRACT

JAERI has developed re-irradiation test procedures of spent fuel irradiated at commercial reactor by means of
re-instrumentation technique. Full length rods irradiated at commercial LWRs were refabricated to short length rods,
and rod inner pressure gauges and fuel center thermocouples were re-instrumented to the rods. Re-irradiation tests to
study the fuel behavior during power change were carried out by means of BOCA/OSF-1 facility at JMTR.

In the tests to study the fission gas release during power change, the rod inner pressure increase was observed during
power change, especially during power reduction. The fission gas release during power reduction is estimated to be the
release from FP gas bubbles on the grain boundary caused by the thermal stress in the pellet during power reduction.

Re-irradiation test of gadolinia fuel was performed by means of dual re-instrumentation technique (fuel center
thermocouples and rod inner pressure gauge). A step-wise fission gas release during power change, and the following

fuel center temperature change due to gap conductance change(thermal feed back effects) were observed.

Paper presented at The Sixth Asian Symposium on Research Reactors, March 29-31, 1999, Mito

Effect of Power Change on Fission Gas Release
(Re-irradiation Tests of Spent Fuel at JMTR)

Jinichi Nakamura, Michio Shimizu, Tadahiko Ishii, Yasuichi Endo,
Isao Ohwada, Hideaki Nabeya and Hiroshi Uetsuka

ABSTRACT

A full length rod irradiated at Tsuruga unit 1 was refabricated to short length rods, and rod inner pressure gauges
were re-instrumented to the rods. Re-irradiation tests to study the fission gas release during power change were carried
out by means of BOCA/OSF-1 facility at JMTR. In the tests, steady state operation at 40kW/m and power cycling
operations between 20 and 40 kW/m were conducted for the same high power holding time, and the rod inner pressure
change during the tests was measured. The rod inner pressure increase was observed during power change, especially
during power reduction.  The rod inner pressure increase during a power cycling depended on the length of the high
power operation just before the power cycling. The fission gas release during power reduction is estimated to be the
release from FP gas bubbles on the grain boundary caused by the thermal stress in the pellet during power reduction.
When steady state operation and power cycling were repeated at the power levels of 30, 35 and 40kW/m, the power

cycling accelerated the fission gas release compared with the steady state operation.
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Paper presented at EHPG Meeting, May 24-29 at loen, Norway

Re-irradiation Tests of LWR Spent Fuel at JMTR
Jinichi Nakamura, Motoe Suzuki and Hiroshi Uetsuka

ABSTRACT

Full length rods irradiated at commercial LWRs were re-fabricated to short length rods, and rod inner pressure
gauges and fuel center thermocouples were re-instrumented to the rods. Re-irradiation tests to study the fuel behavior
during power change were carried out by means of BOCA/OSF-1 facility at IMTR.

In the tests, the rod inner pressure increase was observed during power change, especially during power reduction.
The inner pressure increase during power reduction is estimated to be due to the release from fission gas bubbles on the
grain boundary caused by the change of thermal stress in the pellet. Then, a model of fission gas release to calculate this
phenomenon was developed based on the change of thermal stress in the pellet. The calculation results agreed well with
the measurement of inner pressure change during power reduction.

Re-irradiation test of gadolinia added fuel was performed by means of dual re-instrumentation technique (fuel center
thermocouples and rod inner pressure gauge). A step-wise fission gas release during power change, and the following

fuel center temperature change due to gap conductance change (thermal feed back effects) were observed.
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JAERI-Research 99-069
On the Development of LWR Fuel Analysis Code (1)
- Analysis of the FEMAXI code and Proposal of a New Model -

Sergei LEMEHOV and Motoe SUZUKI
ABSTRACT

This report summarizes the review on the modeling features of FEMAXI code and proposal of a new theoretical
equation model of clad creep on the basis of irradiation-induced microstructure change.
It was pointed out that plutonium build-up in fuel matrix and non-uniform radial power profile at high burn-up affect
significantly fuel behavior through the interconnected effects with such phenomena as clad irradiation-induced creep,
fission gas release, fuel thermal conductivity degradation, rim porous band formation and associated fuel swelling,
Therefore, these combined effects should be properly incorporated into the models of the FEMAXI code so that the
code can carry out numerical analysis at the level of accuracy and elaboration that modem experimental data obtained
in test reactors have.

Also, the proposed new mechanistic clad creep model has a general formalism which allows the model to be
flexibly applied for clad behavior analysis under normal operation conditions and power transients as well for Zr-based
clad materials by the use of established out-of-pile mechanical properties. The model has been tested against

experimental data, while further verification is needed with specific emphasis on power ramps and transients.

Submitted to Nuclear Technology in September 1999
PLUTON: A NEW MODEL FOR THE RADIAL DISTRIBUTION
OF PLUTONIUM, BURNUP AND POWER PROFILE
IN HIGHLY IRRADIATED LWR FUEL RODS

SERGEI LEMEHOV, MOTOE SUZUKI and JINICHI NAKAMURA
ABSTRACT

A new model (PLUTON) is described, which predicts the power density distribution, plutonium buildup
and burnup profiles across the fuel pellet radius as a function of in-pile time, parameters characterizing operation
conditions and reactor system as well as state of fuel. Comparisons between measurements and predictions of the
PLUTON model are made on fuels with enrichments in the range 2.9 to 8.25 % and with burnup between 21
(000 and 83 000 MWAd. It is shown that the PLUTON predictions are in excellent agreement with measurements
as well as with predictions of the well-known TUBRNP model by Lassmann et al. The new model is flexibly
applicable for all type LWR fuels, including MOX composed from reactor as well as weapons-grade plutonium.
Also, the PLUTON model can be applied for analysis of plutonium build-up and burnup distribution in fuels

irradiated under conditions of heavy water reactors.
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In proceedings of the TOPFUEL'99 Intemnational Conference on LWR Nuclear Fuel Highlights at the beginning of
the Third Millennium, Avignon, France, September 13-15, 1999

A BNR Model for LWR Fuel Rod Clad Creep Behaviour
S.E. Lemekhov, F. Nagase, M. Suzuki, and H. Uetsuka

ABSTRACT

Semi-theoretical model was developed for predicting creep strain under thermal out-of-pile and in-pile conditions
of interest for LWR type fuel rods. The results of model calculations were compared with an isothermal experiment
data and post-irradiation examinations as available. Discussion was also given to the difference in creep behaviour
between irradiated and unirradiated fuel cladding, indicating that model equations are applicable for predicting creep

strain of spent fuel claddings. Strain-hardening and fluence/time-hardening effects were modelled and discussed.

In proceedings of the TOPFUEL'99 Intemational Conference on LWR Nuclear Fuel Highlights at the beginning of the
Third Millennium, Avignon, France, September 13-15, 1999

Fission Gas Release Mechanisms in Highly Irradiated UO, under Base-load
Conditions and Power Transients

S.E. Lemekhov, J. Nakamura, M. Suzuki, and H. Uetsuka,

ABSTRACT

More economic utilization of uranium dioxide fuel as well as MOX fuel determines going to higher fuel burnup
without any loss of fuel reliability, flexibility or safety. However, the plain fact is that at extended burnup thermal
processes in LWR fuel matrix are enhanced and more sensible to radiation-induced effects. Fission gas concentrated in
polycrystalline fuel matrix accumulates lattice distractions and increase free energy that cannot be relaxed otherwise to
release excess gas to free volume.

Many of the high burnup effects are interconnected and cannot be easy distinguished or examined solely in
experimental tests. It means that with burnup increase the role of theoretical and computer modeling will increase
correspondingly because only models and codes of such kind can disclose potential issues and warnings that have to be
timely seen and properly addressed. Intensive extension of bumup in nuclear fuel cycles would be hardly possible
without development of mechanistic models and codes.

This paper formulates and discusses the particular role of fission gas behavior in LWR fuel due to zones, which

should be associated with low-temperatures and high local burnups where considerable volume of fuel itself is placed.
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Submitted to Nuclear Engineering and Design in October 1999, preliminary accepted in November 1999

Analysis of High Burnup Fuel Behavior
in Halden Reactor by FEMAXI-V Code

Suzuki Motoe

ABSTRACT

The author developed a code FEMAXI-V to analyze the behaviors of high bunup LWR fuels. FEMAXI-V
succeeded the basic structure of code FEMAXI-IV, and incorporated such new models and functions as fuel thermal
conductivity degradation with bumup, alliance with bumup analysis code which gives radial power profile and fast
neutron flux, etc.

In the present analysis, coolant conditions, detailed power histories and specifications of the fuel rods DH and DK
of IFA-519.9 irradiated in Halden reactor were input, and calculated rod internal pressures were compared with
experimental data for the range of 25 to ~93 MWd/kgUO,, and factors affecting pellet temperature were discussed.
Also some sensitivity studies were conducted with respect to the effect of swelling rate and grain growth. As a result,
it is found that the prediction is sensitive to the models of thermal conductivity and swelling rate of fuel, and
FEMAXI-V analytical system proved to give a reasonable prediction even in the high burnup region.
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JAERI-Conf 99-003, pp.211-218 (1999).
Current Status of VEGA Project

A. Hidaka, T. Nakamura, Y. Nishino, H. Kanazawa, K. Hashimoto,
Y. Harada, T. Kudo, H. Uetsuka and J. Sugimoto

ABSTRACT

The VEGA program has been performed at JAERI to investigate the release of transuranium and FP including
non-volatile and short-life radionuclides from Japanese PWR/BWR irradiated fuel at ~3000°C under high pressure
condition up to 1.0 MPa. One of special features is to investigate the effect of ambient pressure on FP release which has
never been examined in previous studies. As the furnace structures, ZrO2, W or ThO2 will be used depending on the
experimental conditions. In the post-test measurements, off-line gamma spectrometry, metallography and the elemental
analyses are scheduled with SEM/EPMA, SIMA and ICP-AES. The installation of test facility into the beta/gamma
concrete No.5 cell at the Reactor Fuel Examination Facility (RFEF) will be finished soon and four experiments in a
year are scheduled. The analyses will be conducted with the VICTORIA code to prepare the operational conditions and
to evaluate the results. Preliminary fabrication of ThO2 crucible and tube was mostly successful by using the
centrifugal slip casting technique. The FP release from MOX fuel will also be investigated in future.

JAERI-Tech 99-036 (1999).
Research Program (VEGA) on the Fission Product Release from
Irradiated Fuel
T. Nakamura, A. Hidaka, K. Hashimoto, Y. Harada, Y. Nishino,

H. Kanazawa, H. Uetsuka and J. Sugimoto
ABSTRACT

Fission product release from overheated fuel is one of the key phenomena controlling the source terms in hypothetical severe
accidents. In-pile and out-of-pile heating tests of the fuel have been conducted to study the release behavior in the world. In-pile tests
covered a wide range of accident conditions up to fuel melting under high pressure. The uncertainty and variation of the test conditions in
the in-pile test, however, made the interpretation very difficult. The out-of—pile tests under better controlled conditions, on the other hand,
was limited below 2425°C under the atmospheric pressure.  Thus, considerable uncertainties still remain, especially in the areas under high
temperature and/or high pressure conditions.

An experimental and analytical program, Verification Experiment of Gas/Aerosol release (VEGA), was initiated at JAERI to
study the fission product release behavior from light water reactor fuels irradiated in Japanese power reactors. A short fuel segment will be
inductively heated to high temperatures in a hot cell under simulated accident conditions. In the program, less understood release and
transport behavior of low volatile and short life fission products will be studied,

1. under high temperature conditions, covering melting temperature of the fuel, and,
2. at high pressure conditions up to1.0 MPa,
The program will be carried out keeping a close corporation with the NSRR RIA program, sharing the test fuel specimens and
examination results. This way, irradiated fuel behavior and characteristics under various accident conditions are studied comprehensively.

This report describes background, status and outlines of the VEGA program.
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JAERI-Rescarch 99-066 (1999).
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ALABRIHA T TTHY, FRBRORARDOFHRE S 2.5, Fo, FANTABIREELAFZEF JRR-3 F72i%
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A7) eye it 3 A5E2iX 4 BS (2000).
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HENaL TRY, BHR—DFESOBEIIL, o B BRI SN A FTREMAS D, 1979 45 3 AIC
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TDOW%, V—AZ— L BRI BHHES NS HEEE O £, TR OO A7) ZFERE B TR B
FEAMTOINIZ, Tl EF T, BEUBL T COERD TR LA 7= 54 BBORE (U A2) bl
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ROBEEY T — 42 BUFL, V—AZ— 2O FRREE A LS D L1 TS A AR 4 5 L4 BRYLL
T, RENEIRED DO B 281 %8k VEGA (Verification Experiments of radionuclides Gas / Aerosol
release) HEIZ BIAAL T2, ZZ TIEEHBEIR ORI THRE L TIT-72 VEGA-1 FEBROEE# A7,
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H AT J 9T i ®E O#kH 2! TiE R HE IEFH
NAKAMURA Takehiko HAYASHIDA Retsu KUDO Tamotsu FIDAKA Akihide
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Appendix 3

%23[H NSRR 77=0/L LE a— 2B RERL—E
List of presentations in the 23" NSRR Technical Review Meeting
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The 23" NSRR Technical Review Meeting
November 11-12, 1999, Tokyo

(1) “Recent Progress of Fuel Safety Research at JAERI”, Hiroshi UETSUKA

(2) “NSRR/RIA Experiments with High Burnup PWR Fuels”, Toyoshi FUKETA

(3) “RIA Experiments with High Burnup BWR Fuel”, Takehiko NAKAMURA

(4) “MOX Effects Appeared in RIA Experiments with ATR Fuels”, Hideo SASAJIMA
(5) “Post-failure Events in RIAs: Test and In-reactor Conditions”, Tomoyuki SUGIYAMA

(6) “Transient Measurement of Fuel Rod Radial Deformation during the NSRR Experiment”, Makio
YOSHINAGA

(7) “RIA Experiments with ROX Fuels of YSZ and YSZ/Spinel Composites”, Kazuyuki KUSAGAYA

(8) “Optimization of Sample Geometry and Experimental Method in Modified Ring Tensile Test”, Koji
KITANO

(9) “Summary of Tube Burst T with High Pressurization Rates”, Fumihisa NAGASE

(10) “Current status of LOCA Experiments”, Fumihisa NAGASE

(11) “ Preliminary Results from Thermal Shock Tests for Hydrided Zircaloy Cladding Tube”, Masataka
TANIMOTO

(12) “Current Status of VEGA Program and A Preliminary Test with Cesium lodide”, Tamotsu KUDO

(13) “Quick Look of First VEGA Test and Fabrication Study of ThO, Tube”, Takehiko NAKAMURA

(14) “Fission gas release during power change and thermal property of gadolinia added fuel “, JNAKAMURA
(15) “ Development of LWR Fuel Analysis Code FEMAXI-V”, Motoe SUZUKI

(16) “ A New Modeling for Power and BurnUp Distributions for Highly Irradiated Fuel Rods”, Sergei
LEMEKHOV
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Outline of the NSRR
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