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The Fuel Safety Research Laboratory is in charge of research activity which covers almost
research items related to fuel safety of water reactor in JAERI. Various types of experimental and
analytical researches are being conducted by using some unique facilities such as the Nuclear
Safety Research Reactor (NSRR), the Japan Material Testing Reactor (JMTR), the Japan Research
Reactor 3 (JRR-3) and the Reactor Fuel Examination Facility (RFEF) of JAERI. The research to
confirm the safety of high burn—up fuel and MOX fuel under accident conditions is the most
important item among them. The laboratory consists of following five research grodps
corresponding to each research fields ;

- Research group of fuel behavior under the reactivity initiated accident conditions (RIA group)

- 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)

- Research group of fuel behavior analysis (FEMAXI group)

- Research group of radionuclides release and transport behavior frofn irradiated fuel under
severe accident conditions (VEGA group)

The research conducted in the year 2001 produced many important data and information.
They are, for example, the fuel behavior data under BWR power oscillation conditions in the NSRR,
the data on failure—bearing capability of hydrided cladding under LOCA conditions and the FP
release data at very high temperature in steam which simulate the reactor core condition during
severe accidents.

This report summarizes the outline of research activities and major outcomes of the research

executed in 2001 in the Fuel Safety Research Laboratory.

Keywords : Fuel, Safety, NSRR, RIA, LOCA, ]MTR, BOCA, FEMAXI, VEGA
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RWEBE OERBIISBREERFHILL AR THERBIZKRENWIED D, KBEMILD AL T RE1
WA LD BB O B ENEE TERW I Eb T, F2, BEHFREE AV RS
EEBR Rl B L Z L E ORI A WARRAT I — R ORRFED T | FUIR B JIE A BE X
ZEILI- R BB EL BV IRBIERE ERL -, RBHBEEAWZERO—RE
Table2.1-2 {ZF&H7-,

BRI B OB O TEER L E X ONHWBE OB EO S L ERLT HHD
1P AR E R BR L LT AR ERIUZ L HE kA 5L 7= BWR B E K O PWRERBEZ AWV T,
N2 NRB R U7 BIRVARBRE TN ENER LI,

(PA ®E)

Table 2.1-1 Experiments of irradiated Fuel Rods in NSRR
(From Jan. 2001 to Feb. 2002)

Date of pulse
Test No. o Test fuel rod Objective Result
irradiation

Fission gas

PWR 17X 17 (type B) release behavior
UucC-1 Feb. 14, 2001 Takahama-3, 3cycle under No failure
irradiation, 50 GWd/tU unconstrained
conditions
BWR 8 X8 (type A) Tini=50C
Fukushima Daini-2, Cladding dynamic
FK -10 | Oct. 12, 2001 Failure
5 cycle irradiation, strain
61 Gwd/tU measurement
BWR 8 X8 (type A)
Fukushima Daini-2, Power oscillation,
FK -11 | Nov.17, 2001 No failure
4 cycle irradiation, 48kW/m
56 GWd/tU
PWR 14 X 14 (type B)
Power oscillation,
JMH-6 Dec.15, 2001 JMTR capsule irradiation, No failure
95kW/m
25 GWd/tU
Gas plenum

PWR 17X 17 (type B)
temp./cladding )
TK =10 } Feb. 25, 2002 Takahama-3, 3cycle No failure

. L dynamic strain
irradiation, 50 GWd/tU
measurement
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Table 2.1.2 Experiments of Fresh Fuel Rods in NSRR
(From Jan. 2001 to Feb. 2002)
Date of pulse
Test No. ) Test fuel rod Objective Result
irradiation
Measurement of
PWR 17 x 17
357-1 Feb. 6, 2001 PCMI deformation of No failure
Hydrogen : 400ppm
fuel with hydrided
Measurement of
PWR 17 x 17
357-2 Feb. 6, 2001 PCMI deformation of No failure
Hydrogen : 800ppm
fuel with hydrided
PWR 17 x 17 Power oscillation
563-1 Sep.27, 2001 No failure
Center T/C simulation test
Measurement of
PWR 17 x 17
357-3 Oct.15, 2001 PCMI deformation of No failure
Hydrogen : 400ppm
fuel with hydrided
PWR 17 x 17 Power oscillation
563-2 Oct.16, 2001 No failure
Center T/C simulation test
Measurement of
PWR 17 x 17 :
357-4 Jan.21, 2002 PCMI deformation of No failure
Hydrogen : 800ppm
fuel with hydrided
Measurement of
PWR 17 x 17
357-5 Feb.18, 2002 PCMI deformation of
) Hydrogen : 400ppm
fuel with hydrided
Measurement of
PWR 17 x 17
357-6 Feb.18, 2002 PCMI deformation of
Hydrogen : 800ppm
fuel with hydrided
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2. 2 ERBEHEE BWR BREHEER

2001 4EAZIXEIRIERE BWR BB V- 2 [AI0EER . FK-10 R T FK-11 #FHiL7=, FK-10
IARBEE 61GWd/t DRREHE AV Ta— VR RY — KT o7 G CO UGS E FHA R L - ER T
HY, FK-11 {Z 56GWd/t OBREHE W TH D IRBIZH TOREIOREMA TR R LH 12RO
EBRTHD, LL T, FK-10 EBRIZOWT, 2O BREFEROBELRT, FK-11 OF5RIZ2OVT
1324 BIZFELCEED T,

PRBERE 61GWd/t @ Step 1 5 A 7L BRETRENE AW THEFEE £ TITAT o7z 4 BIDO RS E F L
BUEERTIZ. N 3 BITHREHEIEN AU, OO EBR TSV ARN MR B EIRENA
Bl EREFREAIMIMMRNRARAAUMIALL 2P, ZOMIBOREREIE, KEHITTOR
B A R ONEL. ROQRBAELEHD FP # RO LRI, UL A RRHBEO L o N
IREOHMEERE IR T 2ATOEINNE LD,

INHDBEROEEEZXRITDIZHD, EEETOERNOLLUTOXIA A ZLiEs
nTWa, Thbb, ThHOMIBLZHEE 2 BAKRBRLUER, BHEERIIFAL EaTh-
oo Flo . ZDEBHRE R K O FRAP-T6 2 —RIZLAMMTIZ LY | BB R TOE M BITA 192
TholbDEHEESNE? , ZhHDRFRIT. HEE OBBELL LIV v MERIZHEV R
TS, FIZEEEL TORMEE CHOBBERALOTHY Ry SN ERsh Tz FP
HADEF AL/ NENZ LA R THED THT-, DEY, MIBOFKIZOREE OB R Offefbdd
SRR Ch o1l &R LT, LIt ZOBMERAAT TIZ L o MeflELREL 7eb D T
By WA SO RRMEOERBIZ OV T ERICHEIE T L ENDH T,

(1) FK-10 E£5%

IR O BA ERINIHIE TS5, FK-10 ER TIIHEEILEARAY —V R L, #
BEOBELE MO FAPIELZRBEFREIE LTI TEB L, ZORER, kit
BRHRIEIZ L AT A — D DR AR #E T D & K O VD BRI B B D58
VSR IC LV E SR THILT B0 ERB KA o 72b D TH DA, BREM O™ EIZLY
WheLeote,

FK-10 EERO T/ EREIIFE RS Table 2.2-1 (ZFEDT-, ZOERTIT, #EERE DK
A RITTEELY R D0, BT EARIZE LI —ZIZE->TKIREZH 40CIZ EREHE,
B REL T 2L EDE 417)/8(103cal /@b IR DM TV AR T o7, BOREER. Rk
UEIVEDK 340)/g(82cal /I EL T A TIREHIAN AL U, EAS —VICKDRER RIT
Fig.2.2-1 {4 XD CHEHBRE S COBEBE O A T METH 0.4 E ThHo 7, %Sﬁ&@%ﬂ
1 Fig.2.2-2 151230, ThETO 3EOEEBRLFROFINAAEL THIEL TV, ZORRIZ
BIL Tit. FP H AR A E R LI oW TGEIR REEZITO T E ThH A,

TOERTHREBINIMIERFOWBE R HMEMI, Ny hOBIFRIZE S TALIHHDT
HY . F L LA G AR E T DD THDM, MR SV TE, MIEDOFH M, 3F
Bz B Y - BEX vy 7 OFHRIEO B, ~L oy ORI DR BT 5
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BHRE A AT 5, F2, 2.7 ETRT EINTKBERIUT LM b S 7o R RS BWR #E8& D/ —
ANREROFE RS, WEEIRED 373K BEI LR T2LHEEIE ARG BICREI->TRY,
IHLT AR T BT DI EITKIRE ERIELERIZOV LA R ERERETL T15,

(PH )

Table 2.2—1 Summary of test conditions and results of high burnup BWR tests

FK-6 | FK-7 | FK-8 | FK-9 | FK-10
Fuel burnup, GWd/tU - '
Hydrogen in the claddirig, ppm 1o3~164 141~160 NA
194~220 |
548 540 272 377 430
Peak fuel enthalpy, J/g (cal/g) (131) (129) ©5) (90) (103)
Pulse width(FWHM), ms 4.3 4.3 7.3 5.7 5.2
, Top - - 338 - -
Cladding surface -
temperature, K mid - - 569 -
bottom - - 356 -

Pellet stack elongation, % - - - - =
Cladding ’ax1a1 strain, % [residual] 2 0 ol = 1
Cladding hoop strain, % [residual] ) ) } ) od

[<0.1]1 | [<0.1] |[<0.02]| [-] [-]

Rod internal pressure, MPa - - 4.0 - =

(initial) ©.1) | (1.5 | (5 | (15 | (159

Fission gas release, % 16.9 17.0 11.3 166 | NA
(base irradiation) (14.2) | (142 | (120 | 120 | ®NA)
Initial cladding temperature, K | 2932 2982 | 2982 | 2982 | 3132
Failure Yes Yes No Yes ‘ffi Yes :
(enthalpy at failure) (7T0cal/g) | (62cal/g) (86cal/g) | (80cal/g)

! Mixture gas of He/Ar was charged in the rods, which simulated thermal conductivity

of the EOL gap gas. The gap gas pressure was set to 0.1MPa, making minimum

internal/external pressure difference.

2 Mixture gas of He/Ar was charged in the rod at 1.5MPa, which simulated thermal

conductivity and pressure of the EOL gap gas.

FWHM: Full width half maximum

NA: not analyzed yet.
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— Time of failure |
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Fig. 2.2-1 Transient cladding hoop deformation measured in Test FK-10

by strain gauges for the first time.

Fig. 2.2-2 Appearance of the FK-10 fuel rod after puise irradiation.
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2. 3 FRBEEE PWR B EBR

NSRR Tit, B TAF mfaeleimcb @V REEE LA 728 HIF BN % PWR BEZHAWT, &
PRUERE PWR #RENZBR (TK EBR) W 21ToT\5, TK EERTHUVREHT, BRITORBEREEHIFR
TohDH 4BCGWA/t IZH L TREHEH., Bk 3 5T 3 Y A7V BEENRE THD, Table2.3-1
IZ TK RERO—5 %277, TK ERRITIEAR Zry-4 #8E (1.3%Sn) AV =R T 10 BlfTbi.
ZDHH 2 [EDHEER (TK-2 BN TK-7) THHEAA Uz, ThOBREHEDREIRL PCMIZX>TAL,
WREAFRRINOEEEWIZITTLDOTHHI LN RENTZ, 72 DNB 24 LEEN LR Th
EHEEOEMIIEETIHIEND, WIEREADOHE T, DNB IZEAUANCHBES IS NET
OBBHIARTIEZ Ly IMhOEITH, ELT KIRFRFIZEBENENETOESEEZEL TWVEMN
2 PCMI BB OB AICBE L ERRAER>TND,

2001 1T, FIEANED FP H R I 5 2 DR 8% 3025 TK-9 %%@%Wz’é?ﬂcﬁ‘ﬁkoﬁﬁ
BED FP H A HZF B AT 57-0HD TK-10 EERZ E ML 7=,

(#H HK)

2.3.1 TK-9 EE

TK-9 FERCid. REHENES 3MPa ZTHIVEL, VAR EIT o7, BB R OV UL 2 BRI 4
HANFIER —D TK-3 8k (TK-3 OFIHANIEIX 0.1MPa) LD ELBRIZLY | REHENIEAS FP 7 2
MBI RIETRBER~T,

FEREARBROFER | Fig.2.3-1 IR I0IC KA L MFREEIT 15%(TK-3 BEFTIX 6%) ThH
0. He HAQOBIZROEBIZEDLDEEZHND, —F ., Fig.2.3-2 {38912, FP H R E
1% 6.3% (TK-3 BREFCIZ 10.9%) &7e0) | MEIZ XS RRLR NS D FP TREDEDENBAL
7olodh FP HAOKIMAMBIIni-bneE2 LN, 5%t @MBEFERIINZ TLyhk
SEM,/EPMA BlEE R A BERL T, REZALNITETE THS,

2.3.2 TK-10 EB

2002 4 2 12477 TK-10 EERTiX, # IV ABRKEFO FP H AN ZE BN A 576 @K
REREHE T L T AR AR R ER ER LT, Fig.2.3-3 1T T X0, RBRIREHED B AR &
IIPEROBREIELE—L L REWE T AHTE D OB ELZEET52 8289, FE7
L AIRERIEROBES (TC) ZEE LK.

Fig.2.3-4 } (" Fig.2.3-5 (ZI@ERREHED T L F LERH RIRE R OWREHENTE DR VA
T, SV ARSBE R FP W AOFAEI YT F L5 RIRED E5H R OREHERNIED BN
MEONTZ, AEBRORINZEY, SV ABEh > FP HAOEIE IRE - E BB T,
SRIITNODT —F 2B FP A ADKH B8 E 47375 T & Th o,

(R HZ /B BlE)



Table 2.3-1 Summary of conditions and results of TK Tests
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Test | Fuel | Span | Oxide Fuel Fission Gas Peak Result
Type Layer Burnup Release Enthalpy
(pm) | (GWd/tU) (%) U/g)

TK-1 A 5 7 38 20 527 No failure
TK-2 B 2 15~35 48 - 448 Failed at 251 J/g
TK-3 B 4 4~12 50 10.9 414 No failure
TK-4 A 3 25 50 8.3 410 No failure
TK-5 A 2 30 48 8.7 423 No failure
TK-6 A 3 15 38 19.2 523 No failure
TK-7 B 3 15 50 - 397 Failed at 360 J/g
TK-8 A 4 16 50 5.86 273 No failure
TK-9 B 5 10 50 6.2 414 No failure
TK-10 B 8 10 46 * 360 No failure

£ 30

'§ 95 L|® TK(Atype) T;K'l

) s TK(Btype)

;§ 20 |

T 15 | A

T

rtg 10 ¢ TK-3

£ TK-4 .

E 5 SN o ‘_TK-S

i K-8, l

0 200 400 600

Peak Fuel Enthalpy (J/g)

Fig.2.3-1 Residual hoop strain of cladding

as a function of peak fuel enthalpy
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25
& ¢ TK(Atype) TK-1
» 20 | = TK(Btype) 2
L“; 5 L TK-6
4 TK-3
o TK-4 .
©
S 10 - \A .
L2
< v ks
B o5 | TK-8 ¢
] -
i2 TK-9
0 L i
0 200 400 600
Peak Fuel Enthalpy (J/g)
Fig.2.3-2 Fission gas release as a function
of peak fuel enthalpy
Elongation Sensor Magnetic iron Core l(r:rl:(cjiidaitr?ngube :;Laecgig:eeldlet ;‘r;e‘::\no;ot.ple | Pressure Sensor
i . , incone
\ Plenum Spring Hf Disk . Hf Disk Spacer shpath
R g\ e
| : e T T LT T ey es
Top End Fitting 126 mm (Active Length) Bottom End Fitting

316 mm (Overall Length}

Fig.2.3-3 Schematic diagram of the test fuel rod (TK-10)

\ “* Reactor Power

"~ Reactor Power ;«6‘
— T T T T > 25 T T T T
3 o
3
3
3 o
a
3 ©
£
3 £
3 3
0 1 2 3 4 5 '
Time (s) Time (s)
Fig.2.3-4 Transient histories of Fig.2.3-5 Transient histories of
plenum temperature(TK-10) rod internal pressure(TK-10)
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2.4 HHREBHER

BWR TiE, ABLICEDIF LR EDIKR T RRARORBAIZIDZHNME TEL20L ., F0% R E
OEE . BAROWERBIZEA N ERBSAL, ZOMBMARRENHZE TR FIFE DA HE T
HEVHEER BWR AL E LD MEEINEIHD, ZHL-FH)I, KE La Salle 2 572 Y
T EHEFIBBRESNTND, WTHOEFL R7T MLV EF RIS IEUREIORS M
FIRAIL AU o 7o, L Ledin, AT ACKBMUESEIZIE. OB EOEMFMICER T
D0 EREOHINRENAELIDY, ZOBRHNARLZEMICL2H R, £ORERERK
JCE RS R TEOIEDD, R FOR 2N EEERERLBHINL 2255, Ll
FIRBIFRZB T AR EHERNIZ OV T, 2B O EM CORBIZ AR CTERTIIENHL
WD HEBRIIZHA AL FIIR, £2T, ZOBBEIISX 5720, NSRR DB/ /L A&
HAIZFUW T BWR O D IRE AT BB 0O FIEEHEL L, SO BN ZBRA B/ (2 BRSAL
7=

ARETIX, ZOFRERICANDZO TR L/ NSRR Eiz FiAL BRI EE T LT,

(4 HE)

2.4.1 BEFIEORRKELNSRR VIoL—42D%R

NSRR T, 1985 FZ R FFEDOHMAAFIEL W B L, FNr Y= MEREMRER TREIZFI &K
PERDLDE— N EBERIZINZ  FABEE I P — LB BICHIET 28k EH N
RIFRIED R BER B TEH B VAR R, MBS ALY LIZLH /)R
RIENSD NG E Tz g CEH B UL REIRE THOZEN AIRs L2 o7, TRHDER/ ¥
—>% Table.2.4-1 {Z7R T,

BWR OB R ENEIZ LS B A HREO FHIL ., BEHE B RN TORA R DR A 280 % B
THEK S FHIMEE TRED, BATOBWRESIKRDERETIE, ZORBA TN 2 THHZ L
B3, RO R VEROTH LI oTD, ZHLIZ RV A TH 2 R EIREISE D721,
LRV E I TH XIRE FALRVIR T LENDHD, Fo, ZOFE NSRR OH TR EF
AEEEHO 1MW LU F IR ORER DS, O R BEICHL, ZEITEREITHIZOI
i, BRI > THORRBE T2l —a 21TV BB E  BREE 545 Tl
RO Y M EERTELERDD, ZHLT BTG DT SR EE-CREHRE 74— RNy
IEBD BB LD 32— DR B AT, BRE DT 1ol —a R EERFE
R& Fig. 2.4-1 ([ZHBLUORT, EEIT, ALERENCLOSIEEE —E85 | Sk EAT5, 7
FIPH DR EHICEL BRSO H ) BRI THITHBZ B8 35 AL — 7SI 10
ZTUHTH1b O ThDH, K RIZED . 3L H BT E ) R OB — 7 I EER O i iR E 0 F
FEENRE RO 2l =3 a il R TRER ELTWAI LR h 5, ZORER, EROBRIZY
Jal—lar KEREEL TRERREBELMDVLENERY | 22 THHEREEEEO
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REMNAIREL 20T, Flo, THOLTIEERIZ LY A A ERIREHI M U TERK D 2 f£25 4
EOm BN N %5 255046 TC, 2s FBOREE 4 [B)D 7 RHEE T 2EERN A fed /e T,
(P ®KZ)
Table 2.4-1 NSRR operational modes and reactor power shapes
Operational mode Typical reactor power shape
[
® ]
- O g . .
® 0| Steady state 2 Criticality check and
gE| operation 5 300KW calibration of detectors
8]
28 g ,
»o (' Time (s)
g 23,000MW
Natural pulse a Reactivity initiated
operation 8 Total energy accident at zero power
§ release 130MWs
o Time (s)
10MW
@
Total
§ rel :aseenergy Abnormal power
S 110MWs transient
c @
=] é Time (s)
5 Shap:tgl pulse
= | operatio
8 peration - | Totat energy 10MW
] 2| release
o § 110MWs Abnormal power
() o transient
S 9
*
o Time (s)
o 23,000MW
3 Reactivity initiated
o| omw J) Tolal energy  accident at power
5 110MWs operation conditions
m .
Combined pulse | * Time &)
operation 23,000MW
@
§ 10MW' Total energy  High run-out power
po) release after power burst
S 110MWs
é Time (s)
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Fig.2.4-1 Histories of reactor power and regulating rod position in power oscillation run.

Power oscillation of BWRs at 2s intervals is simulated after a short period of steady state.

2.4.2 BWR #REHE B

ERAE BN DR BN RO BRE BN A AL T A LA BRI BB H R+ HRBAT 2
B4 TR ST STEP IR EHIRBERE 56GWd/ 02BN LU B R EHE VT D IRENE R
% 2001 FEIZEMR LT,

BREL DR R Table 2.4-2 1273, $7-. FK-11 (211D H W IRBYEEBRFEFOBREHEOR I 1L
WRELT L HLEH Fig. 2.4-2 (R, SREHERE L L v hRAF o7 DI, R OBREHERNIED K
{b.% Fig. 2.4-3 |2, F/-, MEAMIRE, HBEIREX Fig. 2.4-4 (TF 7,

BREHEG T B0 E R ELRE AR L THO 25kW/m T B RIREFL . £ D%, JA 1) 2
B EICERE AXLTEH 4 BOHDIREE 52, F4H A7 O @ i 1135 48kW/m (2
BELT-, B 2REL 2 LR 250]/g ThDH A, #EE # EIRE I 340K T DNBIHEZDL
Fehaoto, BRELAZ Y2 B OB E O ONTREHE H O ZAZ R IS LT RO AL Z R L TR
D RN T UREA L TOAZEN DD, F-, U R KIEI 0.05%LL T THY,
MMEIIZEA LT A A 7L OEDIRLEEHIZ PCMI (ZEVHEEE DU RL TH
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L \WbWATF v T4 VRSN o, T REWENEIR, B AR
1.3MPa b i @) 2.3MPa lZEL 2 A DR T LEBIZRRIE T L7, LA EDFER LD, DNB A
FEZHRWERTH Tt BWR O IREIREIOREMIZ 52 5 F BT/ NSV EHEESND, 51
i, RA %R A ML T, FP U AR B CREHSHIARL AR S5 D H A IRBY O 8% BH S,
MZT B,

(A =)
Table 2.4-2 Specifications of fuel rod for FK-11 test

Fuel type BWR 8x8 (Step 1)

Cladding Zirconium lined Zry-2, Re—crystallized

Cladding Outer Diameter 12.3 mm

Cladding thickness 0.86mm(Zr Liner:0.09mm)

Fuel density 95%TD

U-235 enrichment 4.5%

Diameter gap 0.2mm

Burnup 56 GWd/t

50 0.30
_ l .
E 40 [ 025 %
= ‘s )
& 1020 <
= R . -
Q 30 o
8 ) —
- U 0.15 &=
) B 5
= 1 010
s =
g 101 | 1 005 =
1 i 1
0 - 0.00

0 5 10 15 20 25
Time (s)

Fig. 2.4-2 Rod power and fuel enthalpy during FX-11 test.
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cladding

fuel stack e
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Fig. 2.4-3 Fuel stack elongation, cladding elongation

and rod internal pressure during FK-11 test.
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30
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Fig. 2.4-4 Coolant tempcerature and cladding temperature during FK-11 test.
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2.4.3 JMTRRE EBR

EH DS TOHNIRBIFEOREIFENZHALNICTHIEE BRI, IMTR TREEIRE
(R 40 B 20%, BREEFEHO 25GWd/ )& W= H IR EV EBR%E 2001 SR IZE LT, BREHER
WORERR A Fig.2.4-5 1”7, DNB 2 ILR9 KT, b—FEFZBEL T, B 77— A% /P&
T BHEIGIZ REHETOVIZMBE LR T THHK IR BB L HIR L=,

PRELDHE RS Table 2.4-3 (TR T, Fo, MOV A A RO LA LREIHERBE RO, HBE
FEIRE . AHKIREZL(LA Fig.2.4-6, Fig.2.4-1, Fig.2.4-8 |{ZRT,

AHAIL, EREMETE—22BWTINEAL, 293K 258 319K IZE LA, b—F DEEH
BRALINEL BT 7 VB R/ NS T DI LT TE Do T, REHER IR0 —E H &
BRBF T 30kW/m, £0% ., BHIK 2 B TKRBICKRIBAZ KL T 7 B0 HR#BIZ 54, 7
YA 7N DR HINEH 98kW/m IZEELTZ, 7235, EEEO BWR TO H HIRENZ W TITIRENEF
OEAEH NTHE —E TH DN, NSRR OBERIZB W T HEES | R ZEE ORI RO H
REMEDO KESITHIRBA L A28, Fm i T ERBI A KET D720 KNSR T L5 DR
B P AR R LT, $EE FEIRFEIA 360K (2B EY DNB IR bleh o7, #HEE DM
VTS LI L Z R L TOB A, 0K KMEITX 0.4%L FTHY, BUERITIZEA L
Drofz, ZOFERNG, DNB OAURWEHE T, ZOERFAHBREOHARET., REloE2
PICREREEE 52 R WEHEESND, 5% b—F OB EBZRELTHT 7—n&/hS<KL,
DNB 234 UB 4 TOM RN ERA EM 5T E THD,

(P#r =)

Table 2.4-3 Specifications of fuel in Test JMH-6

UO, pellet
Diameters:9.29mm
Height: 10mm
Density : 95%TD
Enrichment : 19.5%(Center 10 pellets)
5%(Both side of 19.5% pellets)
0.71% (Outside of 5% pellet)

Cladding
Material : Zircaloy -4
Outer diameter: 10.72mm
Thickness:0.62mm
Fuel rod
Gap width:0.095mm(radial gap)
Stack length: 140mm(total length)
100mm(19.5% enriched pellet)
Filler gas:He(0.098MPa)
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Figure 2.4-5 Configuration around the fuel rod in Test JMIE6.
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Figure 2.4-6 Power history and cladding elongation in test JMH6.
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JMH-6
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Figure 2.4-7 Cladding temperature in test JMH-6.
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Figure 2.4-8 Coolant temperature in test JMH-6.
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2.4.4 RIBKREER

BWR THAIREIHNAE U5 A ORREHEBI A BA LN T2 B #9 T BEFEREIO H ) iR E) E5R
BERL VDN, IR EBREZITH B UL Ai#Ex (Shaped Pulse:: SP J&#z) & TO T
JVESEE (RED B RO FTAM) Z1TH728 ., ~ oy ML EVE X & FHEL TR IBEHREHEZ Vo
HHZE B EERE 2001 £ LVBIRALTZ,

AUy R OORERRIE T 570 P2y MIBER A 22 LIAATE . PLBVE T &R
HEASARIEL (Table 2.4-4), Zh b0 EH Fig.2.4-9 B XU Fig.2.4-10 1R 37 X912 SMW T
FISTL IR FF 4 B KOMW DHAIRBIE DI S5 — b FLKEMW TRISTRIR 409
MW TR IR R T A /38— D 28O RAHEIRIZ LD BN EREIT o7, KERT D
— XD EB<R v7 A% Table 2.4-5 (TR T, 2R T INIRANO2ERIZ OV TIE, KRJE
HIBIBWC2REEOE R 7 — LD BH EREITO, RO2ERITERE—FITLKIRE
# 90°CETHRIBLY 7 72— %&/IELL DNB AU W R TR iR 7 — LD BAEZAT
W1 EBRIZOW TR, B BB 0SS AW T B iR F— U 21X RKEZER TITV.
BOBEEOFENNILDEBEERDTETHA,

2001 4EIZ 563-1, 563-2 D2EBRAEM L7z, AFERIV—XIZIo1THFREHEEE | Fig.2.4-11
T, REROWBEREEE BRIV v LR E OB T ik% Fig.2.4-12~Fig.2.4-13
WO, EBR563-1IZIV VT, S IR IR A TR 380K R B TDNBIZAL TUavy,
~Lyh BRI e T 1000K Tho7z, KR 563-2 (2R W THIRBEE RERE I/
380K L T DNB [3/EL TV VRV, 2Ly b R IR T 1300K S5IREIC B E->TWVD,

2002 4E\Z 563-3~563-5 D IFEFRIZ OV TER TE ThHD.

Hk ERR, T -
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Table 2.4-4 Specification of test fuel

Composition

uo,

Cylinder with dish

Shape (including 4 pellets with hole of ¢ 1.8mm)
Pellet Diameter 8.32mm
Hight 11.0mm
Density 95%T.D.
Enrichment 41%
) Zr-4
Claddin Material (as received tube 4, Oxidized tube 1)
& QOuter Diameter 9.5mm '
Inner Diameter 8.36mm
Stack length 132.0mm
Fuel rod Radial gap 20U m
Fill gas He (0.1MPa)
T/C of pellet type Seath
center Material W5Re/W26Re
s °
E \
~ 8 :
. } |
o
5 6
Q
| -
o
L.
©
x
2 \
0 A \-——
5 10 15 20 25

Time (s)

Fig. 2.4-9 Reactor power history of operation pattern 1
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~ 8
L
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a or
. J
2 \
o 4 -
«
o fj \
2 j \
0 f X N
5 10 15 20
Time (s)
Fig. 2.4-10 Reactor power history of operation pattern 2
Table 2.4-5 Test ID
Test N Operation Cladding tube Coolant
©s 0- pattern type temp.
563-1 Pattern 1 as received room temp.
tube
563-2 Pattern 2 as received room temp.
tube
563-3 Pattern 1 as received about 90°C
tube
563-4 Pattern 2 as received about 90°C
tube
563-5 Pattern 2 Oxidized tube | room temp.
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T/C for
fuel center —™—o__ |

7.

%‘,\ Cladding
elongation

sensor

T/C
for
water

7 Pellet
\ elongation

7
sensor

T/C for
cladding
- surface

Strain
gauge

Fig.2.4-11 Schematic of measurement sensors and fuel rod in Test 563 series
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Test No.563-1

Cladding surface #1 (Bottom)

R
0 . *

oL——

Cladding surface #2 (Middle) |

Cladding surface #3 (Top)

Fuel center

1. 14

10
Time (s)

15

20

Fig. 2.4-12 Temperature histories of Cladding surface and fuel center in test 5631
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Test No. 563-2

500 ! ’ ]
400 ' ro— e e——
300 ]
108 Cladding surface #1 (Bottom) |
000 ————F———

400 . ~ S,
200 i ‘ - 1
108 Cladding surface #2 (Middle)
900 ——

400 — ———
300 oo .

200 [ » -
108 __________________ Cladding surface #3 (Top) |
500 : f ;

000 N
o0 | A ‘ N

Fuel center |
i

o

9 10 15 20

Time (s)

Fig. 2.4-13 Temperature histories of Cladding surface and fuel center in test 5632
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2.5 KEHMEBEE L PWR BREO PCMI FE&R

ERBERERFHZ 135 PCMI EHRIZ RITE T B E DK R RN B D L R~ D120 D 7y BiERh
HEER LT 2000 £ TIZ Table2.5-1 1R I8RO EBRAIT- TS, 2001 FF(ZHTITK
FRUL S % FV 7= PCMI IE £ 58 % Table 2.5-1 (R EER &M TABI To 7, AL
BT, 17X ITPWR RBHRREHE CERX v v 100 m) T, B E IKERIEE (400ppm,
800ppm) % f# Fl LR EHEE HERIHE L 7=, T2, RERBRIZIBITHHER Fig2.5-1 \Rd, &
BRERORFRFELTER 357-3 LB IHBERBREBIVOE S MEADBELERY
Fig.2.6-2~Fig.2.5-3 {7~ T,

FER 357-3 1BV T, #ES REIRAH 330~400 K OFRIE T REAT, K 7.5%2E
Ltz ZOEBREEHT 357-1~357-4 DAERT < TIZIBW T, BHRICESR) -T2,

Fig.2.5-4 (2 2001 FE £ TIZEML 2K RRINEBE & AV AR ERIE RE TLHIZHOETR
T, ZNHDFER LY AKFRRIED PCMIBEBIZ KT T HENRRENZ LD bl oTc, LrLgend
. BREHE IR L7 SIRBEESR B ER IVL BV T2V E TR L T, ZuT, EREEEE AR
OB KBRIEDTEIT T FPHRAOMR, HREEORANBEOEELZ T TNDHID)
Thod,

TNETIA T TEI K BRI BE & AT R B AR EER COREBTZREN @R Rt
ERICRONS PCMI FRBLRILLO THEH RO SMERE 2 ER - B RBE21To7,
Fig.2.5-51Z 356-15 EER D/ AV BHE OB EE% | Fig.2.5-6 |2, 356-15 ERROBEHRIMD &
MEHEAYTT, HEEERICEIMEINAEL TS, Zhut, EREEE PWR LRIEROBIETT
BEChD, - BRSO SMEREEL RAL RS R VT THEMMNT LR E NEHLEE T
MR OFAEETRL TRY . ZRHL ERBE R AR RTE R Th D, 22 T, RIS R
EERT I DN IS B LT SN T B3, PCMIUEHE &I E S iR KB R 7 7
HTHD,

2002 4E 2 J34Z., 400ppm, 800ppm FK7KFE UL BDOREHEIZ DWW T IRIER FELTEY, £
HEBIZBIABIBLENMEEZ LML VK FETHD,

‘ ok EMAK)
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Table 2.5-1 Test ID

Calculated
Cladding Radial | Peak fuel | cladding .
tvne gap enthalpy hoop Failure
P (g m) (J/g) strain
(%)
393 0.5 NO
Hhyride 443 1.00 NO
rim 551.76 1.50 YES
400ppm 689.7 2.00 YES
10 961.4 2.64 YES
288 0.45 NO
‘Hydride 382 0.75 NO
rim 443.08 1.00 YES
800ppm 551.76 1.50 YES
689.7 1.99 YES
Hydride 418 0.1 NO
rim 20
1000ppm 7152.4 2.25 YES
oY S 282.0+1.0 UNTT:mm
L 22 11, 22, 22 77__
=4y sl | me T
= I S
s ) mma
=Tl )\ T 15
135+1.0 52

Fig.2.5-1 Schematic of measurecment sensors and fuel rod
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Test No.357-3
Cladding surface temperature & water temperature

2600 . .
5400 N

3200

£ - — Mlddle #1 {
= 0 ————
£600 .
5400 —
3200

E t —— Middle #2 |
- 0 : '

~ 600 .
75?400 i
%200

Q B TOp 1
s 0 ' ‘
< 350

v

£ 300 ~

qé Coolant water ||
2 250 ' : : L :

0.25 0.30 0.35 0.40 0.45

Time (s)

Fig.2.5-2 Temperature histories of cladding surface and coolant water in test 357-3
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Test No.357-3

1.0 - - u - - - 500
Cladding AT ot
Hoop strain IR PN _I'\.\ -
Bott P A e N ]
08— - M?dd(l);n :_.-' !', N .\,-.1---..4 4509
—~ «=-=Top ; . =
R i o
S g custne st s00 2
L | Middle #1 2
© —-=- Middle #2 o
c",')’ 0.4 |- Top 350 8_
5
- R 1 300
0.0 = . . . L . 250
0.25 0.30 0.35 0.40 0.45

Time (s)

Fig.2.5-3 Histories of cladding hoop strain and reactor power in test 357-3

1000 ®
Fresh fuel

’b\ﬂ O No failure
. 800!l ® Failure :
< Burn—up fuel : ®
> B Fialure ® ®
2 600
< o I
& 400 9 o
Y= 200
X
©
(M)
(a1 0

0 200 400 600 800 1000 1200
Hydrogen concentration (ppm)

Fig.2.5-4 Relation of between cladding hoop strain and failure in Prehydrided cladding
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Fig.2.5-5 Appearance image of PCMI failure section in 356-15 test

Fig.2.5-6 Microscope image of failui‘e section in 356-15 test
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2.6 ROXREIEER

76 AR OOf i RO L BB RV &N 7 Vb= AP BFEHER T 1000 bt
QzDIFY B AL OB AL EXRRBEL 2> TVS, BT, ZHL@Re Pu 2HET
BlHO—FBELT, SAa=TEERRIROX; Rock-like OXide)REIDOBREED TV,
= OPEHT. FHFRIUCLY Pu ICEDBYTAUN-238 28 R 20, Pu SERHICIHRES
N5EFEZLD, L LUKE. U-238 OhHEFIEBRIIZLDR YT T —T 4 — Ry 2 H3@haun
78 BFRO RS EEH (RIA) BB DSE T DR BT AL ERERD R ABHY . Thos
BREMEEONF D 2 E D BED B S L 72095, LI=A->T, ROX BREIOREREE, £0
RIA Br DS BOIRRIZEE ThD, £2 T, RELOMMR - I 3ARMRD B2 5 3 EROKEH ROX
BREL(Pu % U (B XX AR EN (2D T, RIA 2H#E L 72 NSRR 7SV AR RER 21T TE
7=

2000 £ FTIZ, 2 FIED ROX #REH(YSZ HARENZ BDB XU YSZ/ AL RV EIATI(SH ) 2

T B NABRERLFORABRR, &5I2H) | BED YSZ/AE XVRLF 20 BA(SD
EDROX BREHZ T8 UL ARBFREBREZ T LTS, (ZZT, YSZIZA YN TEERI NA=T
AE T MgALO, THD, )
2001 4E4ZIE SD %! ROX MEIOBHR B RBRE ER LT, BAEKEHIVOL— 7R B 2L
(EN12.2 GJ/m® & 5 Z BB LT #RFHE(Test No.94T-2)DABIEE % Fig. 2.6-1 1T, BHHAS
SIS T AR BE AT IO RS RO N8 2 BURE CBIRSNIIOR#E
BOERIZRLh) T, L, SR EREAS 7O FiA oM 1 mm OALBIZ, FRED
BT TR LA LRI SN AREE O ABESI, BHR I 2D BRBELIOREERL v hs s
HA BTSN TRY., TOEBEIEIT 8% Tho7, BHESNBRBHIBRIFLL TW, &
BT DR BB F DY A X 4%, BEHELE Z BBXT SH BUREIORERLLLBL T Fig.
2.6-2 12T, SD BRI FARIE 1 mm LA T 2549 80%% d50D o> 2 L~/ PMRLIZI2> TV D,

Pl EDEBREL - T RBRO ROX BREHZEL T 1997 FEURBRIToTEL IV ARKEERIBL
URA % ABRIT., SD BURKID E BT E 7 BEMSIB ECEM B L OVE FRIU N T EPMA)Z BR
E AT TRTRET L

THETORBREERLBIETHL, ROX BRELD RIA B 38hZBBL EEL TUTOIERS DM
Of:(g) :

(1) BREIDOREBLENTZU AL, 3 FEELD 10 GJ/m® BE THY, Zhid VO, REtoLEn

fEEF% TH5 (Fig. 2.6-3),
(2) ROX RELOREIBIEIT . UO, BREILIZ B2 MBS v hOBE B D, Z RIS U SH &
FAE ERICEHBEOBIRME. SD EBIHEE O KAFTHRERIZLSLROoND,
(3) BREHE AR B IR T LR L o SR EIK P IS U S 723, RERE 7K L O BARIFE
HERIZ LA = XX RBA A BICRBRISh o7,

PLEDT b, D tbRBHEO ROX REHIBL Tid, BUTO UO, BREIDREHRL Z\ M

BT ROX MREIDO BRI B 720 F OB EHTER 2 E D RIBRIZZIUZERERNIEDHLNE
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ALY
UL BRBEDHEATE ROX BREIDIZ AT BB ETES L2 FP A RIA BEOREHE
A XVIRRENB Y DB B HMESIL, FP HAD K BHHELHIZ, BHRL XV MEDE T 3%
AEh5, BEEDHEA T ROX BREHI B85 RIA BB 2L TV LIS R OBEETHD,
(BEra )

Fig. 2.6-1 Appearance of failed SD
type ROX fuel rod after pulse
irradiation. The arrow indicates
the position of failure opening.

50 O Z (115 GJ/m3)
SH (124 GJ/m3) 16
a0 | & SD (122 GJ/m3)
8 UO: fuel melting threshold
p | U O S-St .
g 30|
Ld
= S12 b n ®
£ 20} & A
o o
= = failure threshold (UO,; = ROX)
10 B 10 F | eesseme————"
2 0 o A
)
0 5 8 |
=
&
: .
Fuel fragment size {(mm) 2 6L
O
Fig. 2.6-2  Size distribution of fuel fragments BOA failed
4 | OOA intact
released from the failed ROX fuelrods. = | | ccceee UO, threshold A
) | ! 1
SD SH YA

Fig. 2.6-3 Failure thresholds in peak
fuel enthalpy for um-irradiated ROX
and UO; fuel.
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2.7 AKFEWILBWR hEE — X NRER

ERBERE BWR VBN BRBEE 61MWd/kgU) % AV V= NSRR VAR RBRIZIS W TREHRL -
WkH(FK-6,7,9) T, /KFEEE L 150ppm LA ETHY HBE R H B ML KE LD R
Bz, BT, KFRRIRENSVRE CIIKEHEER B, V&SV KRFEEREELRL,
INEWEB TR THEMARONIZIENG KR OB RIS EREI O IE ZE B0
BB BT LA REMNH B ARSI T, 101D

FITEHEME T, AERMFEEE 0L OKF L FEREmBLELETILICEY, FK E
BR CHRRLIRE T RONIZ IR F ANCE R LI- KR LT I B A8 L 7= BWR AI#k&
BB VTN NRBREZITV., BREEICBITOARBED ERLEEE LR M~D
AKEHOB BB HEEOREMIZHIIZTTREL T,

WRETOKEDERT A MEEBT-0IZ, FHKFEE 200~650wtppm FANL7 BWR
FREHE B O L OKE LD FEL M BB R L7, Ziud, BIRTUAbasf vy 7 Ah
W ETAL AT — B80S, BRI 5 3RS 1 B LI A AR T AR A AL 2s A
FRSNTR L TREICHT T 2R 2 A LI O TH D, 12

KFE R BLERIZLA T O FIETIT o7z, KBRIERE L 623K T ERFRIREFLT
HBEPOKBELILRS %, BT B ABIRES 150MPa (S T5RNELZARLCE
F 623K DDA HEEE 100K/hr THHTBZLIZLY, Fig. 2.7-1 OB EEMESHEEEIIRT
LAk ELAT RO R B 2 /ERIL 72, Z0REHE AV T, IR FIEEIR (373K, 553K) /°
—ZANRBR & EM LT, 23— ANRBRIZISIT HINEFE B I 2MPa/s ThHD,

Fig. 2.7-2 {23 — A BB ORESBE R T, KT BERABLEL L I-EO RS
—ZMEDORFE OIX, BVEFMI 722 2L CHEHAL ThY . B EEF MICERLIZKE
b D M Dr 7y 7 ERBEREL-ZENHALH THD, —H . 653K N—AMEDORARB TIX,
KEHHE B EL L -3 EHIIE AR B IRMBEH RO D HMARLAE R N2/ RLTE
0. B MDITy I ERFEENIST KB OEENTHERLIZZEEZRLTND,

Fig. 2.7-3 (ZERICBITHKFRE LBKBEHOBFRER T, EiR TIIEBRENIIH 5K
FBREBLIOKELHERAOZEIRLN RV, /-, Fig. 2.7-4 [ZFRIZBITIKRREL
BE%REEROBFRLT T, BR T ARRED LR LLLITREE RSB T503, KR
{LHBERMOZEIIRLNLV, 20D, BRIZBW T AFRREOCHMIZREEED
ETF2LELTHAMBENTIIEBLRIFTSRVIE, BLUREF ANCE R UK LYISHE
EHBLUOBREERIIIREL RITERNIENGHD,

Fig. 2.7-5 {2 BRIBE LHRIE H OBMRE TR T, BBENTRED LR LLLICERIKT Y
BN KFREROKELHFEHOEBIIRONL, Fig. 2.7-6 (JRRIRE LAEIRRAE
ZEBOBEGETT, BEERIZBED LR ELLICHAIHEML, FIR~373K TROLIIZKH
Y DI LD 553K TIIARBEICBEOLTIRIFR AR E R THIRL, ZOIZ&iF, 563K
TRAZBECHMMILIBEERDOH Y BRIl l, TibbKERINOLEN
553K TIXHKRLZEERL TS,
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Fig. 2.7-T IZARHEMT O @ FEEL T T, BIR~373K Tit, AF /P EE MBLEIZL>
THBRERS RIE R LT KFIIR > TOTy I BB A BT A LI EVRERICE -k
MAIIB, —F . 553K CIt SR IE R A~ 122 22 R L TRY . KERERBLUASE
L FRE RO BN AL,

TNHDFERDG . IR ~3T3K {ZHBWTKFRIRE 650wtppm LA T Tik, KFREOHEMELY
IR RREEREORTARLNDN, BBENIELRNWIENS) T, T, HRER
FHENZEL AL KR IE, R0 ST v 7 ERERELIZIENHLNTHHY, MIRE /1
BHEEREERIIIREL RITSRNIERNI -7, BiZ, 553K TII/KFIBEOHMI KO/
BEBBEZEEOETRIVKFIYFEMICEDEH L M7y 7 ERBORE LV -1 K FERIY
DOFEBITHKTHIEN3h Tz,

- C, FK ERIZTIUT 323K~373K THEIELIZREITIE, B E R ANE R L=k FE L
VN R DT IR RELEERO— DO THEEEZLND, L)L, KFELBOVT
BOABIEHBERELL>TNWERCHBELZLEIZEXON T BT RESCRA LS
DL ODERNEEL THEZEDICREEL RIELEE LN,

LAEDESIT, 2001 FEDRFFUTION T, $BER I MIE ML TH Lk E kg3 sh 5w
DIFv I ERERET DM, BEECHEERBREERIZIIEL RIFIRWIEEZHALIIL
“o AT KRR ECHE MBI R ML RESENMSELREE AWV TA—XNBRE £
L. KB LD OBEROE G B —ANEMICRIETEBL MR THL 012, KFE L
FEL M BB i L7 BUEHE OV CU 7 B IRBRIRE ML . MM PE OO 25 (L RIS SATG

TEHFETHD,
(KA &)

(a) 211ppm(re-oriented) (b) 472ppm(re-oriented)

Fig. 2.7-1 Cross section of cladding after heat treatment for hydride re-orientation
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Fig. 2.7-2 Post-test appearance of cladding samples after burst test

110
100
é:
@
E l@ ® b1 0o e ® o
v 9
St
2
2
»
19
2. 80
E ® non-heat-treated
é i re-oriented
70
test temperature : Room Temperature
pressurization rate : 2MPa/s
60 L i il " L L
0 100 200 300 400 500 600 700

Hydrogen concentration / ppm

Fig. 2.7-3 Burst pressure as a function of hydrogen concentration at RT

100.0
test temperature : Room Temperature
pressurization rate : 2MPa/s
80.0
O\: ; ® non-heat-treated |
'% 60.0 'ir [ re-oriented ]
=
]
T 400 * ¢
=
. &
a 20.0 i
Dog ¥ ® i
0.0 L ] L il L 1
0 100 200 300 400 500 600 700

Hydrogen concentration,/ppm

Fig.2.7-4  Residual strain measured in failed samples
as a function of hydrogen concetration at RT
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100
m A non-hydrided
90 . L
¢ 200~ 250ppm (re-oriented)
g 0 400~ 650ppm (re-oriented
s 80
S 2
2
)
E 60 AN
-]
50 >
pressurization rate : 2MPa/s
40
273 323 373 423 473 523 573

Test Temperature/K
Fig. 2.7-5 Burst pressure as a function of test temperature

120

100
H
¥ 80 T A
P L{, A
g : I
5 %0 & T
:E Q N £ non-hydrided
3 40 T ¢ 200~ 300ppm (re-oriented) |
§ 0 400~ 650ppm (re-oriente
20 —E
pressurization rate : 2MPa/s
0 . . . .
273 323 373 423 473 523 573
Test Temperature/K

Fig. 2.7-6 Residual strain as a function of test temperature



JAERI—Review 2002—027

(a) 215ppm, burst at RT (c) 296ppm(re-oriented), burst at 373K

(b) 248ppm(re-oriented), burst at RT (d) 303ppm(re-oriented), burst at 553K

Fig. 2.7-7 Radial cross section in the vicinity of the failure position

2. 8 V75| RARK

ERBEE R BB DR MEE PCMI BBZEBIRAOBRHNG. FE S MO T
(PRBE . REWTSREE . TR O, BRA) 2 ELKHIE T BT ENRAI R ThHD, L LRRBLAERDY
V7 BIIRREBR CIX. T E— A MIA LA PCMI (2L A TAAB M ELBH TE
FE VSRR — U EN WD B REE AR THUR E ERNIZFH 52828
TERVEEN DT, T, BRERKICIOBRBUMIT L) SR B 7 — V8 ~TiEE /T
A—F YL RBRARL T, AEF AR ENMER AT OB L E'HICFIE TE 53
BV BRIk Fig.2.8-1 ZBARL M,

RIA &4 F . BBRBEEEREHED LR W R A TRV —T PCMI BHR 95 E2 R RN,
PRI TIZEO BB R DEMIK T THY, HIRERAERNAKEV PWR HEEIZBWVWTUL, &
BN RIIC AR BB E D) 2RO EEE RIFLTWBEEbND, 2000 EFEIZEB
WO, S ANR SRR T DK F ) LR E O 5 MR I R TR R
7209 FofER | BB T, —EREE (B 100 u m) L EOKEH) LYBHEBEOEMLIX TS
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HAZE 513K (o T, SER EMEOE TR A hOAFLHEEDHEE THD
BADITE BT ERALINC 2T, 513K RO R, KFR(LHEEHTH M AuAIC
. B KR ) LR KT UMD DM I BB T D L EWENFEL, KFE A L3
Bt S I IUT T 7 DR SR LIV R E DTN R TS EHTLERRL TWD, KR{LDY
ADEEE RNV TEMET BT, KR LORESEKFLHEEERATH
B AR IOLIBH. FDIIRREIOERIIREETHD, £ T H—RARBLIHIHEH THH0
Ba R AKERELETEINNO, —ARBERE AV KERELARRE L TA—FL
L= B 7B ERRE EH L7, REBICIVBON TR O DOKRIREKIF L Fig2.8-2
o, REMEET . RIR~5T3K Thb, BRI T, BT HONIARIRE 600wtppm LT
CIRE—ECTHBM. 800wtppm P ETARBITIE T 5, 373K IR\ T, BB OETIX
1000wtppm LA ETHZS, —H ., 473K LLEiCisW T, ARREDHEKICHIEMOEAITE
R ThBD, LHL. 1600wtppm THEME DR T ASELBRIREL, LA EDKFERE T, EHK
TABEETHHEEZOND, ARROFERND, AKFEARINLI- NV haAHEREIZBWT, K
Se 3 VIR IR AE LT BRI — RSB B AR I AT L MIRICRITHLEVKFIREILA
800wppm . 473K LA L TIEH 1600wtppm THHI LRI H D, Lo T, KFELHY LD
1600wtppm LA DK ERELZ A THHEITIL, BIRICBVTOARLS) O EEE OENEE
I F &85 AREM A D, BT T-o72 PWR ERSEERREHE R E P O KR LD LOKRIRE
S5 & (F. Nagase and H. Uetsuka, JAERI Research to be published) TiZ. KFE{LBV LF DK
FIEEEIT 2000wtppm B EEFH S TVD, ‘

H7E. NSRRIZIEWTEML T L RBB R ERER Tid, RBRBAAAFFOREHBIR LI =R TH
Y. PCMIRGHERRZ b 7 2 3T3K B2 IE Th D, EBEOEAF IV TR, EEIRE (PWR: A9 593K,
BWR: 4 553K) 23850 =  SEERARARED RIA 2B T4, LLEHIEIR COBBAEL 5T
LIFEEChHD, ARBROM BT, WEE LA, 800wtppm Bl EDEVAKREREIZONT
I NSRR 3RERZEMA+HRTFHIChHDHIE, —H BV KRB E T IREICLDR TN L
B NENWZEE R TVD,

A4%  FEM fRHHC LD EBRED FM0REN 18 EROBEROFE, RBABROREL F%
o, Lo EOBVIEE B 8T, £, B (RR-3) TRE LR CE A FREHENS
BRI B AT ARBREY EfT5FETHD, ‘

(Il H:2)
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Tensile tooling  Ring specimen
(‘half-mandrel )

50

Gauge section 25mm

Fig. 2.8-1 Modified ring tensile test

eRT [
A373K
XsraK
i A E&( AXD 0 Q ]
® X
30 [e e @ @/ VAN X
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Fig.2.8-2 Total elongation as a function of hydrogen concentration
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2.9 ERBEE PWR BREIOEAT = -V 7 AR

ERBEEEREL D FP A B E IR T B O NS R RREL T FAT=—V 73
Bak ERLT-, 2001 i3, KER1 SISO THEBERE A 50 GWd/tU TR —2BREhT
17x17PWR EIOBREHEN SRR LR RL ., 7 W07 =—) 7 HBRaARIBEA 900K~
2500K DEFHTEMTHEEHIT, REREIZHRBRIBEID SEM B2 EHi LTz, 2235, AABRE
IZ NSRR 12350 C HBO EBRL Y —ZXEL T UL ARSI L 72h D L[]~ ORREHE LRI T2
LOTHY  ~—ZHE O FP HAKHERIZ, 1%RHET<OTH T, ERShic FP HADIEL
A CIERBRATICIIRE AL v MICEEL TV, B FICRROBMER ORBRERE T,

Fig. 2.9-1 |TRTRBRERITAELRBREN, SURELBITRE O N E N FP T A& 4
LA TR TR LT T, FERDATTA B E R RS IR 2% Y 7Y 75
BB FOH AESHT L TOSIHIC, RIRIBEMNICRERTREDORBEZITHOTIE
PN EEE A STV, SO BIZEY JUBEOEWRIE NI REE R~ T, FEITARHEM
BB B I INBUE LB DI S FP o 2% T EARE R AT 51 CIRIE 3 HRIERIZEY
RS TS, BB ENEE IRy M AR B ST, B LRy MV A OBIERERC
ASRRATND, HEOMBY S ERIZEIAL Y RERR L, e MBS IHENATHY . K
7otk FCRkiE 27T3K ECOMBN T RETH D, HEOREIX, ARAFRAZN L THEART
& ORISR NI LV EIE R 5,

kB8 1T Table 2.9-1 (2T 9124 900K~2500K LAEHRE R /ST A—FLL T T RIDOERZ
HARELT CHRBEORVIEME SN T TERLZ, FIREEIIN 7 K/s THDH, fRkLL
T H8G1 HAER IR FE B L H B O B Fig. 2.9-2 (T, Kr & Xe ORUH BIE  JREHREEAS
— 0 BER IR ET S ETCOSRIBR T2 2O — 7R, RE—EITRoTHHIE 1 2O
HOE—2RRB6N5, FIREZOKHRY 2 A B OEIR TORHIIE, REL v bORELRLE
WA ELIZbOHDTR R L0 EE Z A, EHRE D —EDEL2-> THLIE, i
B & o EL0  REHEIER 2000K Z#BX TWDIENBAERRRINA LD H AJEHUK T A3
TRHE RS> TVDHDEEZLND,

Fig. 2.9-3 17 Kr & Xe DH A HEARIE DOWifiE /T A= 4L L ORT, BUHEOFHEIZI
Tl A2 N—0 FP 77 A4 fik ORIGEN-2 =—R99 B2 30K 7o, B IR K
ERTR I 900K T LVEVEE L0h BV MEA R L TUVBAS, Zhud Fig. 2.9-2 OABRRIBMFH 5
ST CORRTORILE — 7 b BONA IS, FHRICE DAL EEIZRELT Athermal
FoA) AR L E 2 BB, 1172K 2305 B RBRIRE 0 2469K iR LB Tid, MUHRITRED b
SLLLICHIL TV, 1664K B2 # 1900K THRIHENRBIZERLBED ERLEBIZ
IRIFRTIZ B2 DA DD,

172K ~1664K DIBEEEEDH T, 7 ABUHRIT, IRED EHEHBOHBERMRIZHD. Lol
PG AEVR AR T 2 b b — R BT RS SR O R T L REIO FESLRLR 1217
555 FP HARKELI-HOEE 2505, 1869K LA EDIRE TiE, TR ETHAEL TWHEdh
KR O H 2R TS TR L . BESRRIADLD LN ERE R o7 bDEBZLND, ThHT —
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ZOFERNG., FIRIBRE THE T35 FP R34 1700K~ 1900K O TR E O R BRIX
hiz, ZOMOBREZREREL T, JVRBRESBR THRIEAD=Z LN KERR>TNDLEE
Z 6B, Fig. 2.9-4 12 Kr OILEIR A REBRIE O % /T A—F LU TRT, EHREIZIE Booth
EFFNDK F=6(Dt/na’)°-3Dt/a &\ =, ZZ T, FIZBUHE, DITTEEEREL, al3ek~1L
RO R OEBRRT N LRDIAERPLER ¢ X7 =V T ORHREETHSD, AR,
J[E ORNL(Oak Ridge National Laboratory) THABEE 10~4TMWd/tU OREHE AW TEM L=
HI E8E VI EROBERE® LB EZLL GRLEZ, ARBRIZB T IE#ARIT D = 6.0X
10%exp(-71,383/RT) ,ecm?/s &F&N 5, ZZ T, RIFZBOER. T ITREHEE ThD, iEH b=
FIF—DAE 71,383cal/mol iZ ORNL A3HEE 3 51E 91,100cal/mol KOHIRVME TH D, Zhuid,
FP 7 ADFESRLNA S OIEBOR TR BEE DHEME LB IZEH LD IEE REL TS,

Fig. 2.9-5 {77 = — U 7 RER % D~ v hd SEM BEFERZ TR T, FERRLRDHH R HH3
FLZ AT EBX LNARBRIBER 1500K BOREITIE, N—ZBARTROIEV7RE L
RTIVOHBEOTRE L ETBONR WV, MR MDD AL T LEZ LN DR
IREER 1900K HORER 7ol T, bR CHRAEBRONT LORMPBEESND, XY
BIROK 2300K THRERUITRENTIE, LVRERAT VAL ELERBIPBRESND, ZhHE
BHERII T = -V TR R LIS L TV A,

: (5 KFK)

Table2.9-1 Test conditions

Fuel Test Effective Heating

ue

Test 1D Temperature Time Rate System
Type Environment

K (min) (K/s)

H5G1 1472 165

H5G2 1664 169

H6G1 872, 1172, 1472 17

H7gt ~ HBO 1869 178 7 Vacuum

H7G2 2050 168

H8G1 2268 87

H8G2 2469 21




Gas Release (mol/g)

Annealing test

device =
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Inside cell m Operation room

High frequency
heafing coil ™

Sample -7

Giass ﬂh"er

Reflection
- board (op)

.- Sample crucible

-+ Suscepter

Reflection
board (potom)

Quadra pole
mass
specrometsr

i Pyromater

conirol vessel

Fig. 2.9-1 System of out-of-pile annealing test device
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Fig. 2.9-2 Temperature history and on-line relcase data
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Fig. 2.9-3 Temperature dependency of fission gas release
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Fig.2.9-4 Diffusion coefficients for krypton

Fig. 2.9-5 SEM images of fuel specimens
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2. 10 NSRR RBR O & AL

NSRR T, ZHE Tl MRBEEE 61GWd/t ETOTFU % 20GWd/t ETOD MOX #REHT
FHLUTEIR  KREO RN LORISEF AR L - EBREK 70 RIEREL TE, Zhb
DEBROBEIT. BT HEEEBESOEHMTMiESH I KMENSRE | HHRICHL BB
R R B BB T S R B 2 BLD LS TD, LALRHRE, A% FESHHE
OEBREERE 60GWA/t(=L v MR ERRBERE ) 80CWd/ )& B2 5 KiBEmBRIEE(LL T L —< L
OAFBACIZR L, BHRICBI 457 — & OB R OBHEBHARAZIA 072 O ERITF 2 D TT
QI=DITIE. ERBENOBEBSLEL RS> TETWD, 2O UTD 2 g&POEBLLE
BEFEICE FLI,

(1) EEREHICHE L RHSRENLRUSEEH A SR T 2&EREN T vV OEMAL

(@) FAP—=CRHELTZA 13%ETOE Pu Bk MOX #REL, KIBEBREEEMEHIRHIEL

7= M TR S EBRER R D SGE

PWR IZ3W\ Tt 23 FE TOD NSRR EEBRSF ST MR FMED DO G EFRIIBESI AR
WV, — AR EE OEMITIEE O RTINS0 FIR TOERPLBLNHEVER
PRI R T AL VMEIL, RITHEAE T I DA RS ERINA TS, (1) IZZOFRBEITISZ
BI-HDOHEDOTHY , 2000 4FE TICHEARR G ERIEN 7L ORIELITV REOEERIZA L T
W5, 2001 4EIX, FOERCICLEREREN THDHEHEE-BHT 77 ORFERCRIF R
FOEDOH TR TFEFRORE (2.10.1 BR) | ERI T L OBEREFTON—RERD
HERE (2.10.2 BR) . T72bb  REHHERHC A LY DREEE S (2.10.3 BRR) ICBI 2R 21T
T, flF . MOX #REHZBT5 (2) (ZBIL Tid. NSRR JERR BHOREH2.10.4 BMB), BEES
DFEF(2.10.5 BR) EBR I T L OREFBR~DEBORTZITo7,

(P RE)

2.10.1 RBREITELDORFE

YR ODFE A TIRERD PCMI R IZ T B B IRE O R B LT 57= . REARFIF &
BED B HIADIREE R OE DA LT & T LA BREITHO O EIREED 7B A OB %
% 1999 FEL0HEWDT-, 1999 £ (T PWR DIRE - [E %18 T2 PWR A7 A OERREG KT
SAEH T A OBYE- REELITV., 2R 1.2m OEEF 200mm ORL-HEFIBRAN T, Kil
320°C.. 16MPa ® PWR D&z )3 X M EH kDT LA FEFR L7, 2000 FE T, ABREO
B JE % BWR OB THS 280°C, TMPa &L, SREREIOA EZ LT BWR 7 /V
DERREEER L2, BWR 27N DOEARFEED | KRR OE/ R P LEBROFHFHH
MR EHC L AR I, FiR - AEICKLERe— 2B EOFMELERL . A7 RN DKM
R LI,

1999 4EIZEM L= FERIEORIEN T ENMZEDA T vy h TNV EBEEPLORE ER
HL~DEERRBR IV T NSRR EBRIZKIT 55| R ETTEBIFRIE 1.5kN 28X TLE-7, £Z
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T, 2001 4E1E . FRIED 7 B FE AN —MB% Fig.2.10-1 (R T XOCHIE S L FEiE ZHRIL
LA Ty NEUE R BN R IT H RN - 5| Sk ERHER OBBLIRE R U, ZOW R
WORNED TN % FINT, A7 By NEHEE D LO I 7 V3R - 5| SIREHRE 1272, €D
g A E OHEHUR IR OFR TR 1.3kN &t 2 LA RN L~ L, NSRR 3%
BROB| X E R EOHI RMAMIZINEDZEDB DT,

Fi-. BIREED T v ROHET T ORBIZEF U, SHEEORBEICEON UL b
RIS ET Iy o % 1B BRI —FRE MW & e TRlEmE RIEL T, _waﬂ’mn%mmlﬂa
[EH TR BEET S DREHNRE ThD 250°C T ERER, He V—73ABR, #iE il
BRES R M LT, FOFER, BRI AL WA —RERIZ, BREHRAE 250°C T, %ﬁ%%ﬁmm
L TLEN BN S TLENZEN D) T, 2T, EELV—RRICRDVHEEN

TV % Ml 77—~ /L (Mineral Insulated Cable iR EHERME B~/ RV LED Y S —) T
REBLERE IO TLONCLBFHET 77 S ORREEITHITIETHD,

Fr | TR R B R ORRE B PR OB EOTH OUEFZPRIA LT,

K EAK)

Conventionally design '

Fig. 2.10-1 Schematic of cutting section in prototype high temperature/ high pressure

After cutting

experiment capsule
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2.10. 2 W7/ EARFHREK

NSRR EER 17 /L KB ARER L7 B s 36 4 L DR )it 2 L REHBEHR S A U BRIZH
B M B OB B R SRR SN A LR E - BUEL T B, ZOBE, MBI BHR LB R A
+ ARG L LT3, Fig.2.10-2 (ORT ERENED TR KROBE) - FEHRICLDKENES
BLTWS, 1. ZEUI N ETIAT BV T VBE RO T M=y A— T TR ERRIE
HMOXREHE FI\ V- B TSR D% Bk T 5#R(Fig. 2.10-3 KT Fig.2.10-9)%
S IANQAYN |

EERIE ST BB SR L7 B IC W TALS, BRI ECE —ZED R/ UL RRD
£ 13 ThY | BRBHEE S OREZUZ IV IREI N EDMR SN 72 A KD 2RI LZL O DN
1 L B TAL LT BRI HIK T S AL, KA B MBS KRR 5 - LI KV AL BES
W ThHEEZLN TG, T, KL, BRI AL LI RRE G AR IS R R A
F AL L o TSN EL EIFORFEAT L0, BHEITATE ICRRENTH 7 R/VIZER
4%, (Fig.2.10-5)

NSRR ClEE AN TOF B AAS D MOX BREHD /L ZREF EREATIT O MOX #EELD
Z A= NECEHIREEE TS, . SIREERETORSHFRE O RRE H/ITBMET
5, INLOEEN LRI T AR EFRKICRETRELRIILIS

(1) A= NELENREH Y LR EHE OB N RIE T8

NSRR EB& T A5 MOX B h o PuO, D EH BEI A (B{LE) OHIRRIES | BEIZFF A2 51T
TS 5% MOX #AED & U8 10%CRIA MOX REDALIEAKIE CHIFI S D MOX #RkHE
RSO 12.86CEE T2, OB TSI OV TUL L FORIZEZOND,

FNR= A= T RS BRI EHE ., UO, IR A SN PuO, DT WA= NRF RV T
VIR T LEERDA BRI ERGKERL ., U0, DML R CH A (CaF,) Bt IE (.07
) LA BT L F DI U0, DF N EAMITERILIzb D Lied, o, MBI > Th
UO, Bk MOX BREIOMIHE D FEFEEARINTINE, ZNHIZOWTIEREF IR EFRBEHIE
AR TR E A R OLNBRABIEWREHZ DV THZRWT, 7 b=U LE L
FEH 13%E TO MOX RELD MM A, LB, BREEE) IR ERENE TR T 5000
LT AR B R X T E NN EDHERSNTDY, Fio, FP H AR L O RS HELRE
b7 kL RER T EN,

o BREMEEREOTEIE N ORI, BB OFRIE | SRELO MR FAL O R E L REHRRL T
K ~DEBEEREETHLOLEZ LR TVAY, 20N, #BEITILETHY, BMEFE)IT
LAY 21720 b MOX JREH AR (L T ARBHDE R AE U0, F, IR MR R AT 2 8)1C
Jo AR MRV IR B O BB TALOTREE I BT AE LRV b DEB X LD, i FFRE
DB TALAE LT 38D REL O BA S AR OEE BALRER] PIZKIZIRD DR 1L 43
KRR DT R T BB INTREL L DEIN DDA, MOX IREHIBALE NS KEARDITER
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GEHEBRIIE T 450, P LNELE 12.8%FTO MOX BEIORKIE A ZENIL, Kk
DR LT T ARKRIR B LD MOX B LB L TRERBWVIZEVWEE XIS, Fo, Zh
FTIAT -T2 AL 10%8% U 5%E TO NSRR EERIZBW THERL Y 7 R RBRURIUOFS R
BOLNTVWAL, =D I3, PR A= T REBLIIREI LB LT T RE L DM IE
OEALRLBE HEBOBENIREIARWD, o T EERIZBWNTHIERPOANTWDS T Vb=
L—5 RABRENR OB 7L R ARR A B TE5EB 2605,

(P4 =)

(2) BREEOBHEEIREHEHREOMIR NI RETRE

HI7E NSRR 7R OBREHI VSN TOAREHRRIE, ERKRE L CORBIRERICHE
SNTEDHLNTVWS, 2078, BIERRETOBEKI T/ OW TR BESNDEIR &
TE DB D AT T B IR A E D BB KESIZOWTRETHEL 72%2,

NSRR B CBEINDLKENHDON, ERENTREHERE OBRIZIVRE NES MRS
NH T A KD EERLELD . HOVIE, R L LIRE SRR RIS L, KA EE
ICINAS IR T A EIZ EVAELBENE THHEZEZ LN TWS, 20T HHBEDIREN &
WEREEEM T, BRI THEE RE MR o OB E ORRREFENITRARY,
AT HERIENTELRDEHESND,

TKEE AT BRI TAL LR B S A K P SN FRZ R A TR KU > TRBNRED
EFon. H 7L EEICERTBEOEN RS T, AT OBRRIE, ZOKADBEORK
HEEDS RO HNDES) T R & RBIBEID O SN ABAT R F TERUI B = FL%
BEREON TRIN TS, FZTABORKEEIZRIET &REEHEDOEEL, ERIERBL
VB EF AL CEEL Iz, ZDEF AT, BRI 7L BHLLZHEROKRICE
WT. AL ERZOENCE-> THESSh LR L. 20BN E IR KO AR NEE L]
FHLLTND, 25T RRORARIT R RARFLBEUNRELL ET, KEAIOYME
ik GRRAR) E#BLTHIELE,

S s OB & LU F ISR, BIREEAN T, Bk KAERMICE A, KOWAET
DRIRIZETHRBEEB)BLOKOERICETIRBEHINSNIL BEOAKDRE
AN EIREID S K ~DBEBENFELIEND, BRAETIRIOERIT 5 FREITEKRTD,
Ll SET CHAROEENRAZOD, BELEZAZKOBRIIAEEOEZDRE. K
1/60 228z bhd, THERETHL, GREESRETOAREREEIL. FHRANZERE-
KEESEEOK 1002 I D L3 #E RE 5T,

LLEDREE ., NSRR EBRIZHWTARESNA ERIE /B LUK B A0 2RO ~D
BRSEOEE L LLATNOE LTS HMICHHIENRENT, LIhi> T, =il - KRKE
SMETOEREEALLTERESN TOBRERO N 7 EV R E | BIEKA T EADREHIAW
HZLIHRSF ThDH LA TE D,

(PR ®HE)
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(A) Pressure spike (B) Water hammer

Fig. 2.10-2 Schematic drawings of pressure spike and water hammer

generated in consequence of the fuel failure.
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O Un-irradiated UO: fuel (sound fuel)

< Un-irradiated PuO,-UO; fuel (sound fuel)
® Un-irradiated UO; fuel (water logged fuel)
A [rradiated UO; fuel

A Un-irradiated UO; fuel (pre-pressurized fuel)
in double container -ty pe capsule

SPERT experiments

NSRR experiments

B ) . maximum initial internal pressure

maximum ?mtlal internal pressure of irradiated UO, fuel and

of u?-lrlradlatje(fi UIOz fuel / irradiated PuO,-UO; fuel

(water logged fuel) / ~
| @

L
e
© o 0 °© maximum initial internal pressure
A o of un-irradiated UO; fuel (sound fuel)
O and un-irradiated PuO,-UO; fuel
L
l | | |

0 500 1000 1500 2000 2500 3000 3500

Energy deposition (J/g *UQO,, J/g *(Pu,0-U0O,))

Fig.2.10-3 Relationship between initial internal pressure and energy deposition
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O Un-irradiated UO; fuel (sound fuel)
< Un-irradiated PuO,-UO:; fuel (sound fuel)

® Un-irradiated UO; fuel (water logged fuel)(~ SPERT experiments
A Irradiated UO:; fucl
A Un-irradiated UO; fuel (pre-pressurized fuel)

in double container-type capsule NSRR experiments

maximum energy conversion ratio
of un-irradiated UO; fuel (water logged fuel)

5
maximum energy conversion ratio
of irradiated UO; tuel and
irradiated PuO;-UO; tuel
1 F
)
o~
E 05
=
=
L]
§ 5
% @
Z o o
8
> A O maximum energy conversion ratio of
20 o un-irradiated UO; fuel (sound fuel)
8 and un-irradiated PuO-UO:; fuel
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3
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g OO0
= 0.01
@)
=
~ ¢ (0.0002%)
Al I ] 1 J

- oM oL
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Energy deposition (J/g *UO,, J/g *(Pu,0-UO,))

Fig.2.10—-4 Relationship between mechanical conversion ratio and energy deposition
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Fig.2.10-5 Quantitative prediction of destructive power at fuel failure
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2.10.3 g5

BTN B RIHTHBOC, BRI T EANERICRYIBE | RBREHI RO e R B
Bh B2 5NN BYAMREHI LA L 2 ATRERR RV AL T A ENEELY, A
DOHF LA OBERFICEEL T, AHM P RA T HE R ERICN T2 7 2N ORBHE
%A EL, R FHO KBS E BT ENNELR D, £z, BBHRIEZITOH ST, MHER
BRIz LN T BN OBELHERTHILNFERBTEDLNTVD,

SEGEN T M. RBKE RREOENGREHNIERDORRJEKRI 7 LR
AL BRI T AR EIRITIRORT L A5 OBEPME T 22805, MRREBRIZ I OREE
MUELRE, £12 KREAD T EMICEN T, PHETREFHELDTICARAERROR
HIREVER AT DI TR RN MEL RS, 20T, 2001 Fid, &iBEET—FRIE
DI=DDOTF — 2 e BB LA T 2L OBBHREZITIHO TRREEL T MEREIT 'V
R OKEGEADT KT BEHBEAGERRICLDENFERE, SBRSEIT LV RTRR
JEAK A7 BN % T EH BRI ER A YRR AR A ML 72,

[ENBRGERBRTIZ. 17 vV NORETOENEGEEDLIRRET 0, BHEEHIE
ZHRWERORME DT B O TIERREZ TV SIREEN 7R LIENRIZETS
v —ZE 77 200,300, 400 kg/cm?, KEIEAD 7 EMATHLE—2EF] 130, 400 kg/cm®E72 545
KBS OIE B EAAT 12,

FREHRR T, BIRBEY 7 A ERET L (Fig. 2.10-6) ROKKUEKS 7 EAHEA -
£51 (Fig.2.10-7) % IV TR T £ B S 2 T, BIRBED 7 N OBREHL KR T
11 EIBIZBWT 573K DRT L ASHL MR B OBME R 2R Monel 400 2RV TRIR
EEN T L ERTT AL BEL  BIE TI3RIDEREFRBREITV., A7 L NEERMOE
NIRE ERE-BEECLIER S 0T 7 AN ERDT, Fig.2.10-8 {2, &iRAEN 7L/ EA
5L OFRLETREBRFE (A — 2 EH 200 ,400 kg/cm?) DET a7 7 AN DHlERT,
F7- . KEJEAD 7 OERIETFRER TIE, EEFRO SUS304 TRIELIZKRUEAA T &L
HHEFAEAVT, BRC2RIOEHRERRBRETV. VT BNV AREMOENRRE--ER
- LA T a7 AN BRI, THHDFRERIZOWT, T 2—NR Autodyne |2 XD #
WM EMERLT.

2002 FEiT. HIRETN T RA TR TORYTREE DR 21357285 Moneld00 $ D5 | RFH
ZEIS DR — B RN E R a—RORIEB LU 7B RIEORELTI, FZ,
A [E| O iR ER ORE BABEE X T, Monel400 M D& IR EEN 7 /L TOMMRRBRLL IR
FEKD 7 ENA DR RE SO EEFEOTR - MEOHT & O IERBRZTO,
HOMET I AX =L EHEOHEL ROIRRIBL 1B DBERE T2% 2 LB R 2
2 HRBREREMT D,

(KA %)
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Fig.2.10-6 HTHP capsule thin wall model

Fig.2.10-7 Test capsule thin wall model
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Fig.2.10-8 Deformation profile HTHP capsule thin wall model
(Test No.D858:200kg/cm2, Test No.D859:400kg/cm2)
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2.10.4 NSRR fa %k 0¥k a% &t

NSRR CILEIREERE 7 S5 AR E R O V=0 b — 7T IR A B LR MOX #RENE %t
LTRSS SEA SR OV ARK EBRE 2004 F£L0ERT55HE THD, Al T
i+ MOX #kEh o PuO, HEEIA (S = NEALEE) OFIFRIEE . RIBHIREO% &8k
IZHF R A TS 10600 12.8%7 . BEFREOBAIBRICFFI2ZITTVD S% b
12.8%12. %

NENEE

45, LI

- T, 5

DEE LR

sk NSRR T
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W R ~ A'Hi Y 75 un
b eh i T R B! e
VR 75 —1 =
N =7 A 0 50
MOX %% K

B2F
\ ® RAGE
EEAITIR N\ o

DO, Fig. 2.10-9 Schematic drawing of Semi-hot-cave and Semi-hot-cell

NSRR Ji-F

R D —EChD IRy h AR —T S ORBR AR T F L LT 79V
DM TR A G s % E R 5, 2001 I AYSEICBIL, ARG R DHERGEH R E1T
Sty ZAUCEY, T HERRE S I3 10em THHEDERERT,

B3Ry ML R O —T7 OERS% Fig. 2.10-9 12T, BREEDHEATE MOXBREOEE
b= NEACE . BB R BRI 23R — Ch I A = ARERALER FTOMFE AT
I O BT Lo CTHRVEH R O HOH P B DR A B2 D728 | HREROD Hh i 7 BRIFSRIE
1 — BT RES AV, LTS5 T, IREHD TR R DVRBEE S (IR A 3R T 52 Ll &
BTV, 2D TIVESRENT MAHREBIEFE 2 NI IR LY ET 5720, #
40 BEB LD LAY T 6 1 Sv/h BLT (BB M : K 45 1) L2 B B A BIIRIEL 55, HEik
S gt o Clt. T OHIPR{EZ T I8 2 40 THERH L2 QS W TN, IREH O BB #ABE
i B e I A R T 3D, ~OZEF T A= LB R R P RS AYE RS
BB AL LIRE O AR DRI OV TCERL 1148 6 A 28 BRTFHEEZRAR 1K)
K O TERANE MOX B EHDMRAH £ 3B M R B ARRaT [ERR 12 4F 3 HJMMIEA J-f
HEAFRBD) ABELL ., 12.8%E LT, A R=T AOERIFTNETIC NSRR KEBRTH
Ui BREE ATR/MOX BAEHO TR LRIL 130.77g ELT=, AMaX S RIZIOBOMREHT, &
DR /N ESU B DT BT b, IRVIEHIBRELE B 130.77g (XRRLTRREND, RRBEEE
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NSRR EB 2 FIV V5T ORREHED B BRBERE (100GWd/ D) XD 10%E VY 110GWd/t ELTZ,
BHMBIEEBIFEH VI T LR TORE K TR» OB R CERNRE XL ~T
B SR R R~ DA . T OHORBIREHEL L TOMI - LR UREHRES
7> NSRR Mz ~DBAF TEEBLI-KRBEO B THD 90 HLLiz, ZZT, 7/ b=U A
LR PRI R O AR S 0 - NbE B 22863, RBRRHER(CT V=L &)
BEEL, X4 1 OREAERE TRISHEN TRREITIZEET D,
RBRIREL O BUR R TSR E SRV EZ LA TICELD D, MR IZIZORIGEN-2 71—k %
BV, £ BEBRFE I PHEFRRE O~ RICK T 2R RIT—RTiE R EL.
BRI~ L v 8 EHOEEL EDDH, SLyb 1 BYOEREIZEUWERBRIFCEE:
0.72099 cm)& 7=, HE = —Ri%, ANISN-JR =—F % #%5 —#7A47 7Y% DLC23/CASK %
BV, 2B, PHEFERERRIZOVTIL ICRPT4 ORBEBRREE RV -, SHRORR,
AR TP IR 7.026 X 10° n/s, HAHRE 3.685X 10" Bq &7, K4y 1IZRZ4¥5
B ORI B THETF ROV < ROBRBENRKRERDEITIEIRY b7 — T
REBEORIE T 4.514 1 Sv/h 2720 BHEED 6 1 Sv/h &+ 3 TRIBfEEE o7,

(R *XK)
R BRI E H B RV
(a) ARBREEIR
A ;12,40 mm
k& © 104.0 mm (XU h8fE%Y)
(b) RBREEER 1 130.77 g (#EE:0.95 T.D)
(c) BIEGIHIOREHTRR
U-235 JBAEE (w/0) : 0.2
Pu B{LE (w/o0) . 12.8
Pu-fissile B{LE (w/o) . 8.18
Pu [RI{C{A#HRL (w/0)
Pu-238 :21
Pu-239 . 545
Pu-240 . 25.0
Pu-241 : 9.4
Pu-242 : 6.4
Am-241 . 26
(d) PREIEEE
B B : 342035 H
FH . 3.033kW (200 W/cm)
B KPR NE FE : 110 GWd/t
WA : 90 H
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2.10.5 ERRBEE MOX ¥4 A ik A 25 (NR-10F) D3R it

ALPS 3 (7 HE (L B2 K KRR SABR 31T TIIBERIEEIE MOX BRI DA SO ik 2 FHE L
TEY. ZOEBEIIT A SEOEEE L NR-10F RURE A 25 (Fig.2.10-10) 2 W5 TE Th
%, UL, ZOBERIIIIER U0, BEHH THY, PHFREDOIVEV MOX BEEHOIZIX
HERMERENRZL TS, 2T, PHFEREEOBRVRY = F L ROMERM &2 | PRI
W R T BT ART b ERESE IR AL IR R EM T8I 72 (Fig.2.10-11) . B, £ D
IR ERE A ED TVB (2002 F 3 ARET TiE).

UL THDIREHEL S 2Ty hDORRFHEROBEEZ LU TR T

(1) Wtk -

UO, 3L T MOX #REH #REEEE 110 GWA/tHM LU, 90 U #85EE 10%LATF.
I Pu-fissile FA 8.2%LL T, BEHEZIKR #9565 mm LA
(2) NARryMikk -
KB SUS-304 GERA ITBE 4 FERYF L) | Ik EHE 8 4 H & 500 kg Kiifi
AEM B L OB EAROBRHEFICYVEOLZEEEYZITDRENDH DI FERFHT
Tt AR MR R MR L BT L TERL TUW5, REMATIZLL T O EIChIZ  BHO
FEREERBLOE T K KR EEHABELBE KT TES L0 RT3 o2 HER
5,
(1) HEERRAT .
NELEBRIZLED— RIS BEUOBUE L2 BEL . Ba K OB KIS F 2.
(2) BMAEAT
BRELR SN RSN OBVLE, A DO BEE R FREEHOIREZ T,

(3) BERANT © [EORIARFANAEL, BE0OO BN ERIRELZET LIZFHE,

@) JEFRANT @ BRBRREZIBILFHETRIO y BOKRE S BREFHE,

(5) BERMENT © ABROKEEEZBITDHUFENEERE M,

F- ERM ELTRWARYTFL AT, RS L O ERAT IO L BRI T — & (51T
SRICBIBE) ICZ LU=, KEES A BOMME ., WMIERE, BWRER Y ORIERRE
1T>TU5B,

IR RN RBL UM B ABRIZ, T 3T 2002 F 3 AKIZETEFELTE
D, FO%., 2002 EREITIR, BIZLB L 2FA L AR Y OBRYERFEIL TWD,

(Brgy =)
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A
R et

Fig.2.10-10 NR-10F type shipping container. Fig.2.10-11 Rough design of new-type basket.
(hatched region : neutron shielding material)

2. 11 R R CEBEG D

(1) BRIz dar5Esh

NSRR E8% .02 L7 RIA BHREA BT 2 D DIZHT-o Tid, MBS R T D8NP TfE
FSHIEREHIINZ T, E ORI B A B R k2 0T — IO AF BRI R THD, b
|7 PEERDHE D DB KPR EI DR FH T BB LB LT L — < L O AR LITH I
L. FhOREOZEEEIZB O TENLELRH FHEFERL X VMES OB EET — 7%
BB T DL ENR DD, ZOTDIIT, FEERLOREIEHE L) OO BB O
BEORIH R BE BAEOREFB OB HLREIC BT 2RH OmREREX TEHAF
EBNDRRTE A ED BUEN DD, ZDOEHR b, RIA BHRERSBIFF 725 5 Tld. NSRRIZI1)
% BWR BAEHEER I DWW T B RUE DR SE R 7R E RS O IR R OUR-F#R%H TR
SN E OTER 2 ERBEEERELD NSRR EBRO % I LER T —FORRC, BA%R
RO ER R E1To7-, PWR BB EBRIZHOWTIE, 228 T MK OURFRRE TR L3
RIRFZE 44T\, Kk % 72T — 2 OBROBHTE OIREE 21T T 5, Fo. MOX BREIO FHHF 2
T DF —F_—REIERT B8, ATR SIFA TR SN MOX #5810 RIA HEBRE1TH
1o OB A 7 LB ONC) L O SRR A2 F /RS L RBRICHL T 2R EH 018 E S O R
Bl e T,



JAERI—Review 2002—027

(2) EBE%H

RIA BRAEHR BN B T1, KERFHRHIZEBSUSNROR U7 7V A RT W &2 EY
SR ZEATIPSN)O 2 B8 A .0 FERE W 1 &8 T VD, USNRC 1 BLHHE BROWERLHIH D&
ZHIZANTY—F =y Fh AR L TRY, —7F. IPSN % PWR #REE i GL L7 Cabri RO
ERE22 Y RIA BRREE BT 224 B I BV TRERIFFRRE D A2 F T DR LS OME—DRBI T
5, 0 2 B BRI NI E O B e Y 2@l CTRERB NI ED TV,
7235, USNRC LD WBERER 13 FR THRETNLLARo7or2 | Fl R EL R S <
DTS, —F . IPSN 2% OECD 7ud=Zhe L TIREL T D Cabri 7KA—7FHEIZ DUV T,
BETE LU EARDS IPSN &, HHE RO 52> TTAURZDEVIEHF ORI KE2
B ROEVSHY, OB INCET DRI FRICEEEL TS, Ll Cabri K/—78HE
DG . EREEHNDLE X T, RN TRERTFIEZ TGO T LB L2,
RN BB PRS2 R U Ve R B IRIBE B D T L R R DY MO X SR LD 3 i e 6 B BRXBR(ALPS Bt
)& ERT D70 . PWR 752 KT MOX $REHD BB SN U7 = 258 T EMREH7 /e dt
FIRFSE R 2 RERE LT, AIERIRFZEIC D | R - R T uRip CRFSNIEREEY
AREL R DRAA R~ E TR SN SR MOX #RRH NGO 7 — 2 F 2 AT T
B, ACEL TR, SEETERE AL THHBERELDANALES) ENDESA, AA R H}
A—H—ENUSA, AL RAE S NOK, ~AF—RELA— T — L = 2— 7V T (BN L GIAEHRTE
BECET OB HEED T, BWR BREHZ OO TR, RAARFAT > a2y ME TRE SIS RGE
FES S ARE A AF T BT DI AL ZBH KKL #E R O — L = F—FFZERT(PSHE , KA -7 K
LI AR TR S ERBEEE MOX B2 AT T30 (BEEH AHBATTROSRER
HEBEE TV REHEHZ L THEAM A E LB/, ALPS FHENZLVRRTHINLOME
1t AT T RERE v 74T ED | 2003 EERIZEED TRA~THRTD, FHLITREE
DB SRR 2 - SR A2 LT, LB L300 ALPS Sl ATRRH A+
Bl DL IT-T=, T, THLEEIE B CORBRITEA T 570, HE 2R 572

Y OREBNE T, |
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3. HHIMTE K S R Eh I 5T
3.1 WO

B OB Z LEBOM 0L, FOEEMHEBAESBHINTRY, BAR, KE, 75
AR EVZBWTHIERED B TS, BOKIZIRITDHFIEIE. @R E 2 IV LOCA B
LEMTHER T DO ORI EREIBVTNAN, FHFHE, BREEEIEHhS LOCA £HETTo
BN T T B A TN T 528 RN LB T — 2 G THZ 64 BT, IR

A DORER G A T S — T BIRR AR PR 2 1 5D TD, ARFFREHETIE, PR,/ T
TR/KSEERIN,/WEFENE (JRR-3) BRAS 2 i L 7= R B8 & 38 TR P PR BB DR I L T 4 28 8 %
WT, mRABEREAL SR ORI E | I &R O ZAEIE . WO MRS o T
WBEER T2 REBRAREIT> TS, TRRRABR L OCRRAY P a— L%
Table 3.1-1 {Z/R7, 2001 FETITKRBINEFEOIEREH 2 H VTR ZTITHE TL, 2002
ARSI IRETR 2 AV BRBRIC AR 3 95, 2005 4EABIZRN TAFLE T0GWd/t B0
BRBELE 277 9 DRREHR et 3 BB 2 18 BE LB A P R BR R ] (ALPS 3181 1238\ C 32t 9
Do SHITHIFED—EEL T, LOCA REREEBIRAT—F FURBEL OPAREEAT > C\5, #REHE
DAY, AIETZ T BB FEOEET O FIEMEE T HIT 200 TH D, AfEifra—FRico

~ Table 3.1-1 Schedule of research program on high burnup fuel behavior unde)
LOCA conditions

I

Performed in ALPS program
with higher burnup fuels

T, TR O[S (BE55) 1z W\ Tk 25,
ERBEEEMREL D LOCA RS 2 MR TR 5 F CREET B, b L EEg oL/
MR RS Cd D, LOCA S F Tk, WB S I Igi%1z w%m%ﬁéﬂtﬁn@ a3 s




JAERI—-Review 2002—-027

FFTROe @R E DK FRRINA DT | BRFE OB S TR A THE T 28813 . Bk
TRKFRRIDEBENACEER T DLENDHD, BT, h BEL N iR L%
e LOCA SUEEHEL I-REHEOBE AR (RATENTAR) 2 EML . #8% AR
ZRHIHL TVD, #BEIX FREBLEDO R R VB H I E L ARIBHIRUIEE 3578,
REBER TR ARFOWBEWREILS VY FILE TO B B EIZ L0 A 21T BEHER
HDHVITREHRL HIHIFER NE DR E (NMEOE) 12Xy, B MO8 | ERESIES IR
TORREMN DD, 2B, 2000 FI2i, SERMEEM: FEIEMREML T CORBRA . 400
~600wtppm DKFEIRMLID AT o, — AEBEICH L TEML, TLWREN F T, kE
ERPUZEY RS BFORERT IR A VB E IR T T2 EE2HALMIILEYD, UL, EROMES
HIE 2 REN T LM REBOMIZHDLEEZLND, £2 T, 2001 Fi2it, AEEHEE
DILFEBFEEL T, PR ESRITORBEERL . KEBRELHEFEICKTETS
AR RFE AR L 72, ZOBREEIRBR O RICELNAIOC, HBEOWI L2 MEIC R
ETRRADOEEIIREN, 2072 BENRPRFGOHELITMT 5 L EECHD,
LOCA &METFIZIWT, HEHBENEOIREIX, —RITREHEIZ L~ 7Yy REREHE R
LOHIEERNE OO EEERET DL, BEHELHI BRSO RO LN 2AREDH)
RARAEDRRE 2D, BREHEIZ@B<EBRVTTEIT, SIHEBERNFICLTEILNB, s
RNEDRDREHEIC LT FWERFICB<EIIFEERNE TREW, LEN-T,
PREHBROREWNZSESL > T, B RNE DS EMRH EIC X > THHE GRIE) T2FTREMAHY . =0
Ba . REHEICE <R R BIZHEERANE OMRMN BICXVEIRINS, 72 C. &R CRL.
BRNLIZHIEBERNE IS [ERRBREITV, BIESN- B ES . REHEICB< 3T
HO FREHELZ (B2 2H),

FRRBEEDREHRR & O RIN R R R M A 37§ 572012, LOCA &4 F COmLiRE
BB RBRUT- @R R B E OB T — Y OREBRLETHS, TN E TICREHE
PWR #B& 4 MO CREEBICL OB OELICE T 2RBRIFROE 1T o743, BEH 4
OB TR SRR BB H BRAH DT80 | IKOF IOV TR AR DIEN
TERV, B HEREELHOERBRYS, RRBEOWETEMEOLEL, Bz rhag
DIV AR BEAL KB DT H I IEDO BALIZ KBS N DT EARENTWS, 22T, BREED
T2 KB IRMEIZIVEEL  RBE XA KFIRE . MBEE  RE . BB ES <5
A=FLL IREEBROBER OCEEOEETH (3.3 3R),

HARE O IL, FITBILBITRET D, LN > T S BHEOMIbE ELEHET 572512
B LEEAEE RGHOIT 2L ENDH D, 2000 FEETIZ, kT — 2R AL+ Thot-
1000°CLLF 2 & 7 KWREFRFIC DOV TEM L EZ B ML -0, £7-, EEathic 4 U a7k
JE R (RIHIBALIR) ok RN A, B O SR B L IO R B2 B R ERR I LY
A, BALABRE RN | BIRBAC AN = X LI BIT 5 LR ARG 572012
RRALICLDERA LA ERANCIE CELRRIA AW LR L TV5 (3.4 BIR) .

Ok#E 3TA)
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3. 2 AHHEKRER
3.2.1 BB E OSMm IR AR

JFRFIZ. LOCA Siha i A I AR L7 BAVE R SRBR (A IRWTaAER) 2 £ ML . SR RFO SR
BE BRI EHE O THI R B A S T 570 OB T — 22 BUS L T, 2MMEARIZIT. ks
# 600mm DHEBEIZ U0, Ly b RESDBRRBEZFFOPEDOT NI R v b ERL,
5MPa O T /LA LA R AT g e A A5, RBREBOHE A% Fig.3.2-1II7d, K
FEBIT. 5IIE0 KR, RAMRAA— VIR, EDFARR OAB OO EAEBHHERS
TW5, REIZIBWTIE, EEEREEZ /KRR TIMEL . FrERH, MR TBLLRIZ, &
KizkVAaKB35(Fig.3.2-2), 235, SBHEEREHEIL. FiRP. 8 1050K THET D0, HEE
IIREBIE NN T BB b END, ERBEEEIREED LOCA BRHER AL, #08E Ol h
ThHEEZLND, 22T, B LEEBE IR THRBRITELD | FOM LR+ THHKRE
TR (K HRHE 400~600wtppm) (L VIRBEL HE L 7B E I T DR RE1T 7, REBE L
HIR LRV G T AT o7 BRI 0 R ORI AR (L BRI SRRAE T B0 8 TIRA L7
HEACEICEL Tt KB BB ERZALMILE, 2AT, AIETHRAZEINT,
AR MO8 R ESEESICER T IRENENHD, ZOZLEZEL ., BMFFHIHEE
B OIS AR LSRRG R LT, ZORMCIBTRBRORE . MTRA L
AL REFIIAGREOEEMFIZIVELE FL, ARRMEREE CIIEIERTI52L
ZEAOITL @) |
UL, ZRMREMTIBESBEIRSFHITHD, 2001 Fiix, PRBRMAG ERET
TORBNIRBREIT 72, STEMERNE T THREESHEE 2558 . MITRFO5] RTEI,
800~1800N T 5, EREDOWMKF &L, IFHRLELMHREHBOPH THLEBEZ LN LN
5. P ML T 390, 540, 735N D3RRI, FHKERITIX, 100~1200wtppm DK R
WML PWR AHUER X -Dvhaf —Ag@EEZ Rz, o, KB EIZ X DA A RGEL
WEBEONEL 10907, RERPICHIE LB FIC@<Es M BEOE OB % Fig.3.2-3
T, SRR AT Tl IUEORFRIZLY ., FEIER K 2000N BE X THKR TS, PR
PR EMEAER T D012, BIRVRBRBEO W EH— ERFHEELZFI AL, EEREHED ik
B E LR B O 70 A~y R BTN BIS B DI LIV BE OIUE RAFEL  BREHEIC
B<RED TORDAZBZ VI,

350~700wtppm DK FE A GA T HHEEF I T HRBROF RE . ML & (ECR*) LIMRAFHIZ
B3 ARk~ 7L LT Fig.3.2-4 |TRT, 2MBHIINTL - &4 B (@) T, B L2d -7
S ARL(O) TR, BT EVMEIX, ERWRSEMET TIEA 10%EARO 23, FR A EOKT

* ECRIZ. BALEIS TN A ZRIRESH-BENE UL FEEHRBEKD Zro, 2 £ T5&
RE LB A0 2WBRNEICRTTS Zi0 BN ESOF| S THY R R IR Hm kb
RO EDHER D EZEL TS, B, PA oA KRRAORSEEITEH TEDLR
TV A Baker-Just DA HUVNTUND,
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EEBIZ EFT D, TP RIS T T WO hosEH(350~T700wtppm) b 20%ECR B F
TREETL T, BUBRL 722 CORUBHE 100~350, 350~750 & TF 750~1200wtppm (D350 7k 3
REEL AT T RENIC DV TORBL R (ECR) SR EIC BT 31~ 7 %
Fig.3.2-5 {29, RIM D, BERTLEUMER, AT BT T KR IR BT H IR AE T D2 LA
Do ETORFEL IS T, FIHREAHE KT DO ORI X MEIZIS T35, $7-.
KFRIRE DOHIRIT L Th | BT MENE T35, 100~350wtppm Tl 1R H) s B 2k
TGl SERMAGMTH, IGYECR LUTF CREMTL7=308HE 22V A8, 750~1200wippm Tl
800N LA_ED IR B CRETL 2V MEIZA 10%ECR T, (BAR k)

Cross head

) Grabbing device
S« and Load cell

600mm cladding
Alumina pellets
Filled with 5MPa Ar
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farnace

Steam Flooding water

Equipped on tensile}
testing machine

1666
Double side oxidation 1200
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1260 / (cooling)' ~ 900 |
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Fig.3.2-2 Example of temperature history ;
rest

Fig.3.2-1 Schematic drawing of
test apparatus for integral

thermal shock tests
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~
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3.2-3 Tensile load control under

raint conditions
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ECR (%)

Intermediate
restraint

Oxidation temp.
1223 - 1523K

Pre-hydrided :
350-750ppm

0 500
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Axial load (N)

Fig3.2.4  Failure map relative to oxidation amount and axial load

based on the test results under non -, intermediately and fully

restrained conditions

() 40
o g @) | (®)
I— 'Q'K?'. ................................................ 30 | .‘
® 9
8% 8 .
e SR . @. ............... 20 |- g ................................................
s o oy’
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0 500 1000 1500

Axial 16ad (N)

750-1200wtppm

()

0 500 1000 1500
Axial load (N)

0 500 1000 1500
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Fig.3.2-5§  Failure maps  relative to
oxidation amount and axial loadvbasec’
on the test results under the fully
restrained and the controlled load

conditions;

(@ 100 to 350wtppm, (b) 350 to
750wtppm, (¢) 750-1200wtppm.
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3.2.2 HIHERNETOIGBE AR

BRBBTRBROERITR I HBE ORI LE VA RIE TR EO RS
IEFEFITRE, 2O, ERFIZEBT B MR HEE O AR DS TEY, V220
AR R DM ESN T, LOCA BEDIRE FHEBLEORRRIZ I D80 5 b & LA HIC
PO BB B2 TRSHEBRANFTIZE VL THREZS, MEHEIZ I BRL ., SlfER
PE TIHRBEZELAVNEL, TEOMBBITIIEN DD, 7V R E TOBEBBMCEENEL
Nid, ZOMFEOFED  MHAIREOREHEIFEZ R LS IR MO ENELDRERELLS, F.
HEBRNEIZBW T ERTENELS, £EAEAN T, BEHE /SIHBERERNEOLIT A
ELEB BRI IR ENELDLTHE, 1ARDHI-VOR BIXHEBERNE TREW, 20
O, HIEBRNE S LA BRI ERT EIC KOS BE) T 5 e eSS 5, Z0HE . BRE
RIZB<ERME (515R) &I, SIEERNEOBBEREICHRINS, £2 T, LOCABKOE
RELE M EZRRUHIHERNE I T 2IEMRARE TV, BIER B DIREHEIZ #<H)
R EZ AL, .

R &K 550mm OHIFHEERAE (SM2 12.2mm, EX 0.41mm) ZAE L. 1000~1200°C T 150~
1800s FFRMILL21% . FAKIZEV BB L, BIIEEFER, Baker-Just & AV =FEIC L
I, FRBCIZEVIIIARED 13~240 L LI-Z 8225, [ERRBRITER CITVIazAy
F#EIE 10mm/min Th-o7z, ERERBRIZLVHE LB - 25 REOS B % Fig.3.2-6 107 T,
FRILEAREVHEITT, RARHIBL UL 7=, ERERR TEBLN-BL- AR REONESE
frah#ps . B SR ERRLL2VREOLOL B, Fig.3.2-7 IZ7T, Bk - 2452 RBRLA
WREHZ DWW TRIES N = BR R EIT, 1500 ~2000N THY ., XM BB O EOE T3
BOMPBIZEDbDTHD, MIBBILEABIZIVOTHRNELL-DIZ, Bb-2ARE I
BR{b - SR ERBR L WEEBL LR VR E (59 500N) THAWRAELD, ARER THRIESN - BL -
SRR OB IREE L, 1000~1400N THY, Bk - BAHERBRLALVEREILVBALINTEND, L
DU BREHZBI<5 | R BIZBURSFRVR B A 357212, A FF I T, Bt - 22 RR L
WEREBHCHRIE ST E TR E 2000N % VN5, 17X 17 ZA 7D PWR BREHE A A TIIREHE L 5
HERANEOLLIZ. 11 : 1 ThHD, ETOREHELRIHBRNERSYyRICEZE L., REHERE
IR TOREHBIZBWTE — CHIEBRERANBTDRE IS THoRINET S, 5L HiikE
ENED 2000N (ZFWTHIE T HRFIZBAEHE L AIZB< M EIT 190N LB TX3, 9742bh, &
FEIZ BV TREHBII D DA EIX 190N ZBZ eI 8i225, AFEIV 00 R E
DFATbDOTHY BREHEROIRE A, V7V yR~DOFEEARK. FIHEERRNE Ok E
BVEILE > COR R EITE TS,

Ck# XA)
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Fig.3.2-6 Post-test appearances of pre-oxidized guide tubes

2000

1500

1000

500

As-fabricated

! I

0 3 6 9 12

Displacement (mm)

Fig.3.2-7 Load-displacement curves in compression tests

for guide tube specimens
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3. 3 B EAR

DRI R EOTERC R E BER OB S TMOT-OIZ, IRE BRI LD 5 MR
EHERE OB OEILIZ T 57 — 2 ORBNLETHD, T ETIZ B K PWR B S
ZRAVWICRBROZAT o703 BAEME ARy ML SRR TR OB I IR A D,
BEFHRELHOERBEID, FRECHEBETRMEMOEIE, T IasDIrum
BMEACLAKBD O ML RBO LI XESNAZ EASTRENTNDIEN S JEEOHEFTA K
FIMBIZLOEREL | RBHO BWR R T PWR #RBE IOV, K EIBRE . MBVE B (R E5EE
B, EFRIREE N TA—ZLL  IREEB % OME R DT DLt E: BRI,

AABR T, 400wtppm ETHML7Z BWR #BE (A4 F — 1% Zry-2 &) K U 800wtppm
ETHMLIZ PWR #BE (IRAX - Zry-4 HBE) 2>5. 18 2mm, BE 4mm DFATFHEH 5% R
Vo7 HRBRAZEIHLE (2.9 2R), Zhbzk, Ar FEXRICREWT 773~1273K £ THIEL 0 &
M I80sHIfREFL 7% . BRUPIMZ THHILTZ, 0s1REFL 1T, BAZREEIZEL - BRI /A H% B ks
FTHIETHD, 51 RARIT, BRIV ST3K BN TI/ORNYRHE 3.3X10° mm/s TERL
7
 REEBRO Zry-2 HEBEL Zry-4 HEE OS5 RRS LN RO | MBVREORIKLLT.

NN Fig.3.3-1 & Fig.3.3-2 |ZR 7, ZHOHD RN FER13, INBYRFFRER 180s, 1IER

BRIRE 573K DR TROLNZLD THAD, Zry-2 #BEE DOBI3ERIIT. 1273K TTOMRL -
THIREAEE L2V, — 5 BB ONZ, 773K LA EToMmevz ko, MIEL 0K 5, i
R UMD RIL 873~973K b —22 L. ZH LA EOMBIEE CIIMMBMNEELLLIZIE T3,
ZO X2 IMBN L DI OOE(IL, AFRBENEOREHIL SV, Fig.3.3-1 & Fig.3.3-2
DI D, INBGE D5 RIS LAEWH O DEIT, Zry-4 $EBE THRHICRE NI L8
B, Zry-4 HEED5|RIRSIL, 973K TOMBUZLVRK 50% TR T L., BEEHH OUT B R#2
fEIZETHRT D, Fig.3.3-3()iZ, 973K T 180s IMNBAL 7= Zry-4 #BE OWEI 7 aiihs =
T, EERBEET DL, O hafD< Ny AREERLTEY, BiRT— B AL kER
P DHESRRLFUZ AT L CODDOPRBETED, Lizhi> T, 873~1073K T BMEDIE T &
EHDHERIZEITV NI OBRERDEITIZEDLDLE 25N, Zry-2 TIBEDELIV I
VDI Zry-4 JE DI BRFALIRAFI R LT Zry-2 NHFS LI ThHT L THTX5, 173K UL
ETRLNDETORE ERLBCOK T, MBGEEICRIIATAIOAD o + B H~DE
L, TSI KFIEOT U BOBEREICLDLDO THEIEN, I7u B R
(Fig.3.3-3(b)) b b S, Zofh, MBVEE 1T DIREREINEI DL, BB
LT LB RUVIRE TR L INBR B ITIRIF T DS OB T FRIZBIT 2R8I
BOTHBRRLHERICH DT EBARBIZIIBIDH N 2o,
OkF# Hh)
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1 O As-received 60 o E‘
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Temperatute (K)

Fig.3.3-1 Mechanical changes of Zircaloy-2

cladding after temperature transient (Heated

time : 180s, Tensile test temperature : 573 K)

1000 100
O As-received Q’: -
[ A 200wtppm O\ —
800 B 400wtppm 80 >
*_800wtppm ‘E
600 K
7]
©
400 5
+~
N o
y o
L
200 | Tensile strength ] 20
0 & i A i - i il & Il n o

213 473 673 873 1073 1273

Temperature (K)

Fig.3.3-2 Mechanical changes of Zircaloy-4
cladding after temperature transient (Heated

time : 180s, Tensile test temperature : 573 K)

Fig.3.3-3 Microstructure of Zircaloy-4 cladding
tube annealed at (a) 973 and (b) 1273 K for 180s.
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3.4 MMLEER

3.4.1 BRI LoRILER

BRRL, BEIZ LD ER B EGRICRIE T, BRODBIEFRBILAN =X LDHE
BIZH S THD, MR EEBE OBICEBRBIZEATI-00BERREED -, ¥
T RRPORICOEZELHRT LM T, AEMFHR P CTFoREE BERE I TNAL
T RIZ KEREEATOBRICRRE T o7, BERBRITIE 17X 1TPWR RIS (b f-
4, ¢ 9.5mm) BHEN S RIA 5Smm DU IREEEEIVHLIZEOF V-, BR{LIREI, 870
~1270°C ThH 3, BILDOEITH2RA (AW=KwX At, AW: I EEH-VOEEHEM. Kw: 2
FRTER. At BRALRER) (ZTES R EEEE KA KEBAE 100~1000s) (22T, BRBRIBEIC
BI52RAUNEHEKwZ RS, EOREERFEHEEZVONOREHROERLLEL
(Fig.3.4-1) , AR CTHOLN-2FBIELIL, Baker—Just™E Moalem® b0 Bk BAITIEH 1T
<. Cathcart®, X#A®, FZFEOLOERIZERTRKEVED TH-7-, Moalem HIZEAKREA FV
THY, FRBCREIZEL OO KRARE R T %, ERFIEIARELLUTEIFRL THD, — 5.
Cathcart RRKMODERAIR TIL, TOKERILBEALZRRBICAB 2R ALLRBRLETT
S>TEY, FIRPIZHBENEZD, FRFPOBILORELFASL-012. SEBILIEELY
100K {EV VR EE (F1213, 1340K FBRTiZ. FHRIBFE T 1240K (ZFELZFER) & 553K 2 BKRER
DEAZFAL, FIRBICFFORICEEL ML, RO7-BIEEEROREKRESES
Fig.3.4-2{Z7 7, BEEBR{LIREO A THRILIE B A, HIRP IS5 oL
HEIETL, BRIPZ AW ESRIEIC LB AT S LA oz, () SR B IR BEITEL T
MHRAEKEBEALB LS E-3E, OFRBIGEELY 100K BWEEPDKAREEA LR
{EESRTRBE (TERIEITBNTTOKRARLE AL RBREI A A A LB L7308
TSN ZB{LBEDOI il Fig.3.4-3 TR, BRI TRILL-RED) B L D)
Ti&, BAEEE S W O AR BN BRE TED, — 5 SIREBEE COLBILLZRE
TiE, FER B O RIZARE T, FiRPIZERESN-BLEA, SiRB L P OB LR R
(7ufE) IZ B E BT FiRBIEDO S TRRINA G AT, REEEZIHIL TV
HLEZOND, EBRD LOCA ZfF T Tt #BE IREITH K/s~3 10K/s TERTHLME
TRy, REBRE THIENRID, BRFAFWT, LOCA BB E B 4 35+ 25
3. FHRIBREOEEL+5IEHE, BRI ETITHLERHS,

BHIKEHK)
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Fig. 3.4-1 Comparison of oxidation rate constant in steam
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Fig. 3.4-2 Comparison of oxidation rate constant in steam
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Fig. 3.4-3 Microstructure of oxide layer of Zircaloy-4 cladding; (a) Oxidized only
at 1353 K, (b) Oxidized from 1453 K to 1553 K at 50K/s and at 1553 K for 180s,
(¢) Oxidized from RT to 1573 K at 10K/s and at 1573 K for 180s.

3.4.2 BILERVBORESR

RiBTOBLOEEBL IR BT, MEEFHK H THREL BRREETMRALIZRIZ,
KEEEEALEE . 7L vafPnhuf bk REN A RN L DRI C, R TIEH
ERRENREN ERT5, Z0EREOEE EAS, BILRIZBIITTRELHALL, H~
B LB EHFIL. 1275~1583K ThD, MlESHIZIREELOFIZ Fig.3.4-4 |- d, REEHN
ZHTHI 13T0K IZ BV TEEL TOZRBHREE S, KRR AL FIC AL RERFA VAL
i, BEA R LRI 30s THY ., IRE L BEIZR K T0K THD, Fig.3.4-5 i2, FAR
B AR AR ESN IR E L b b8 L7, 1275~1423K D& Tidm K 90K DR
B EBARLLIN., 50s HBITITE FL TS, 1473K BLEOIRE Tt IRE EFITH 50K THDHA3,
EEME T 5 F TORERMAHK 100s &R RN,

BIELEREHE B  Zr-H,0 RSN Izl —iara—K PRECIP- TV THETL | K&
SMABRORIE B AE L BICRITTREA AL 2. AFITIE, Fig.3.4-6 (TR T IOITRER




JAERI—Review 2002—027

BRHBEE (X :Case-1) E22BE (A :Case-2) ITOWTEHEL. LLBEITo7, FHROKE R,
EEASNEEHEMCRITTEEIT 1270~1530K Tib KX\ A3, 300s LT oLERH#{bo
BATCHREARICIVEEMNDIIE X105 ThH-o7-, -, BILEE I RITTREIL, Fig.
3.2-T IR T I NEIRTER TEHIEN DT,

(KK e, R #)
1500 v r v T v
1371K
Q Heating .rate
~ : 10K/min
@ 1400 | \ Furnace )
2 Specimen
(L)
o
']
3
|‘_”_ 1300 | Introduction of steam 4
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1200 : ) A 1 .
1000 2000 3000 4000
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Fig.3.4-4 Temperature history measured in oxidation test with thermobalance

Introduction of steam
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Fig.3.4-5 Temperature escalation caused by steam introduction observed at

various temperatures
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Fig.3.4-6 Measured temperature escalation at 1526 K and assumed temperature
changes for PRECIP-II calculation
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Fig.3.4-7 Estimated influence of temperature escalation on oxidation rate.
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3.5 MAFLRABORRIIETLHEM

AERFHENZ IV TIE, JRR-3 FRHTEURE R OB ) 45 R 3 R EHE D LRI S 4 B 3k
(R D R TR ABR 2 E R T D FHEI THD, JRR-3 (21T DR EHR A LIREEABR IR 2\
TOMEREBHOER L LU TIZRETD,

3.5.1 JRR-3 Bt

LOCA Zft T i3, REHEIREAGEE BRI BEORELY HCEL<R50, BRKMEZD
FEITHEATIEZEZLNTEX, Ll BEMEZBWTREEBRZ OB L T8~ 235k
DFRERNS, BEBBERLRAORENERBTHILNRINT, 2070, EREEEREHED
LOCA BEZEENZIFE 57201213, SFSMI KRR OB kA M L7z FE A EH 0 353
BRIZI TR+ ThY, BRELEEBE I TR RLLETHD, RFEORBIZETL7—
B xR BAFT B0, A BRI RRTPICHDOFEE JRR-3 IZB W THHEFREZIT>TND,
B F 722 THY, Fv 7/ 4AIL ROM-54H & RG-64H THDH, WTHIZEB W THE
SHREIXH 633K(360°C) . A FHRIIRENE THSD, RGM-54H (ZiE, P vmf — A BE
(42 9.50, NEE 8.36mm) . &S 160mm & 1474, £ 50mm Z 7ALERL T\D, HEE ABD—
i, BIEENTH 400wtppm OARIRMLEBEZ KL, A%+ 7L TRELZREHT, Tic
B LAXER, U IERABR . R —RANRBRIZHT DT ETH S, RGM-54H X 200012 5 Iz %
LTLGIL6 AL BRI R LRBROEREHED T5, TRINSEE DT
B34 3.2X 10%n/m? (E>1MeV) T 5, RGM-64H (ZiZ, #MR 9.50, PR 8.36, =& 600mm D
N — AEBE R TABER L, HREO—THIZIL, BHERNIHN 400wippm OKFEINLE
EHET LT, AKRRRINEBICEIHMBHREANDLIENTED, KX+ 7L TRHELER
BHI. FIo A RBRICH T 5 FE THDH, RGM-64H (X 1999 4E 7 A XV 16 A7 /V RS,
BT 2002 4228 Thb, 72k, TRIhSEHE P EITH 3.5X10%n/m? (E>IMeV) T
0D,

3.5.2 A BMRER

B REHI R T DB MR OO ORBREEL Fig.3.5-1 (T, EEIX, BERER
Mo F3IEREE AGS-5KNG, FEIZIL Y, A, LB T3 RAMRAA—IIF (2
H T 48 EP-610, MNEARAD 260mm) FA57e5, TEIZ T VITAEHEE A REREE. K&EX
R O2mBmHKOEAOBIEL FFo, FEARITIZIERAREHI N T 2B E B L RIS
ThHHNB, TE7T7 - PELAE LIDRFREFEIIEV T, ¥V ATO=71L =7z A
rERREE ZEEB LR o TNVD,

HERTIE. REMSL MR E LR &K 190mm O BE B2 VD, HEERICTAITR
Ly M dihio ., iz N A OB EEFE —LBEH#EL, ZHUIAT L AR O RS
SarayRERVAHTS, REBRIA T3 % R+ 2m N R EBICRUIAREEL ., Eiids
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BISL 72 I CREE TEHHmEE L, (Fig.3.5-2),

ZDIEH, 300mm FREETORIOBEHEDDIREIAL o M BRE TEOBUREER | BAE %
DHBENERESM LMD T OO ONEBERE, AENLER TEE T HOEBSY

BlEL 7,

2002 2BV TIE B EHBREO RO —REL T, Bk 3 5 TRELRE (R EE

FER) 48GWA/1) ORI L ARBE REHIN L THRBRERR T 5T E TH 5.

Fig.3.5-1 Test apparatus for integral thermal shock test with irradiated cladding
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Design of test rod for integral thermal shock test with irradiated cladding
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3.5.3 BLAR

R REHI T BRIRBLRBROT- O ORBRE B LR RBRERUIBRL, BB, *
ICEEP R OIS, SR L& — KRR R LB D25, ALEEE AV BLER OFF
it FOABRTEZEALZRBREICAREBALFRBLET oo % EERCRLER
FEERITH. VDB RERETHS, JRR-3 BEEEE VT, PHEFRERUOKRRINABRICE
B RIET R EBY ., BEFEREOOERBLEEE 2 HO TR ORBERENICHET ST
ETHD.

Ck# XA

3.6 FEHAERCEEE#HN
(1) FEFZE

EBRBEEEMRELD LOCA BR@hZ 5701213, AP RN FREHEEZ AV ZRBR R
B R ThD, 2T, MEEHRLILRHRROEHEEL . BEENTAFLALRLEVRLE
B2 15 PWR BEHEDRMA ST, LOCA BEERRE 1T, ALRFETIL, BEEHE
Bk 3 EHTRESN SREEE PWRIREHE (REEEA 48GWd/t) VB E LYWL, 8%
RN ER A E ML CEREE R EHED 2 B R 2 S 3 57D D X T — S 2 TG T 5,
2002 FEORBRIZFENTHEB/EZED TVD, T, BREERIHERE T 2RRIELL B
HEABRINOREEZASHICTHODOEREEEEEHKRE R I CHRY T KERINE
B2 - RBAREHERE) (I T oRBRE KL (3.2 BR),

) EBREAN

ERBEEERELD LOCA BFEENCRIUIRZ S TOHERPF R, XKE - T XE
SERRZERT (ANL) &7 7 RIRT- 12242 - DR 78T (IPSN) TéhD, JRBEL IPSN O TIiL, TRF
HREHES IR D IR 1% 1994 £ 6 FITREREL TVD, SHIC, HEIZEE LR
BE 2 DRBEZ OV TE MBS E R RLITI 0, ZOBRBED Tz, FE W REIZE
THWE (STC) ZLBEIRL THEREL . IR NEAT-TETND, 207, MIREEE D LOCA
BEEEENIZHOWTH, B E /7388 (STC8; Cooperation agreement on behavior of high burnup fuel
in case of Loss-of-Coolant Accident) Z#5#5 9528 & L., WMERFETDH M TRBEZED TS,
ANL ¢DRIZIWTYH, ABREE, REREL T, B RO FIZ >V THRRBRZIT> T
ZoN

BEXM

(1) F&FE &R . REHZ 2252000, JAERI-Review 2001-013,2001
(2) Nagase, F., Otomo, M., Tanimoto, and Uetsuka, H., “Experiments on High Burnup Fuel
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Behavior under LOCA Conditions at JAERI”, ANS topical meeting on LWR fuel performance,
April 10-13, 2000, Park City.

(3) H.Uetsuka and F.Nagase, “Progress in JAERI program on high burnup fuel behavior under a
LOCA transient”, Proc. The topical meeting on LOCA fuel safety criteria, Aix—en—Provence,
March 22-23, 2001, NEA/CSNI/R(2001)18, pp.197.

(4) K. Honma et al., ANS Annual Meeting, Milwaukee, Wisconsin, June 17-21, 2001.

(5) T. Murata et al., ANS Annual Meeting, Milwaukee, Wisconsin, June 17-21, 2001.

(6) N. Waeckel et al, OECD/NEA SEG/FSM LOCA Meeting March 22-23, 2001,
Aix-en-Province, March, 2001.

(7) L. Baker and L. C. Just, Studies of Metal-Water Reactions at High Temperature, Argonne

National Laboratory Report, ANL-6548 (1962).

(8) M.Moalem and D.R.Olander, Oxidation of Zircaloy by steam,].Nucl.mater,182(1991)170.

(9) J.V.Cathcart,R.E.Pawel,R.A.McKee,E.E.Druschel,G.].Yurek,].J.Campbell and S.H.jury,
Zirconium Metal-Water Oxidation Kintics IV —Reaction Rate Studies, Oak Ridge National
Laboratory Report ORNL/NUREG-17(1977).

(10)H. Uetsuka and T. Ohtomo, J. Nucl. Sci. Technol. 26 (1989) 240.

(11)M.Suzuki, S.Kawasaki and T.Furuta, JAERI-M 7720.
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4. B ERL Ry XA 5
4.1 MEOBME

JMTR(Japan Materials Testing Reactor)% F\V /= FBIHAF 4 Tid, K1 545F TRE SN UO, R
B BT - B aHE L TR+ 7 L (Boiling Water Capsule, BOCA ¥+ 7+ /L) % BWTH
BRI T HRERE 1T o7, T, BREESRIRO 17x17 BURE THAEIESSREHENLFE ML
ToREHES IMTR TBMBHL TERBEELBA-DORBRE ML 7, RITOEAFE COF
AR EABZOREEEBLIOORR SR O EEH X v 2L 5B MBHE KT
L. B RBEEE R 63GWd/t ZERRLTZ,

ERBEE R B O BEHRR T, K2 B CRESNEZT R =T B R (R
28GWd/t) & T UO, BREHIABERER) 36GWd/ DD BB R ORIE ATV, TR D 1800K (7=
S>TDT —2%E,

H£FBFFREL T, JRR-3 2 AWz =2 E T (BR) L TE R BE A PWRERELD B H R M (2B
THRFGE) & AT AR AW ENGERBEEOTHO T U ERF R E ER L, W o
ERBFFELMAFRICETL TV,

EREH 4 TIE, B128 L7 R HE (20004 1 B2>520024 12 A) 25| ke R
L. BRBE B O BV ME DA b, MOX #REND BRI 8, BE OIF REEh- 7)— T 5%
(BT A RABDLLELIC, ENGEMELOLFRLL T 7 HOREH MR AR L ERL
7

4. 2 JMTR ZHWi=BHHZ

PREFL o MO BMES S TREEE OB LLHIC PP OB, BEHABOEREITLY, K
FHaHIENEMmLNTIY, —F. HAHEBRED FP AR DN T, A TR 20
EHENIED ERRRLNBHINGDZENE, HAFA2LEED FP 4R8I OG-
TD, BEHE 2T E Tt BRI C R S i 3 20E 2 RN T A RALLC, WhkH
WIE 354 HaHEL . JMTR O BOCA ¥4 7t/ % BV THBH L REIOBEEEOH L H
HEBEEO FP A AR LIS Ba EHL CV5, 372, BB ORI 22 5
REEHE TOMBIO BV ST L O D EBIBED FP AR B A BB BT, BT
DEERBEE PWR BREHEZ B TL, SOICRREE L BL-DOBMEBHEZ JMTR (21T
ToT5, 2001 FIZiE. KR 5P BAPREIO B RHRREZITO., o, BEELHODIC
BESERREIO FANTHREHED IMTR TOB MRS AR T HEEHIT, KA1 ERREREIO B
TRBEZSET L, BEBBEER) 63CGWd/t ZEERK LTz,

4.2.1 K154 B UO, REHD BOCA MR AR

KA1 54 CRESN-, 17x17 B PWR BREHEL FRAFOMREABR gk TR RALL 7%, JMTR
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Fig.4.2-1 Linear heat rate and pressure of He—3 coil during re-irradiation test

of Oi unit 1 fuel in JMTR(141% cycle).

o 508 56 & boe
1o 400! [T 1 1 sseh F P
_ : SPND
00 1300 & 81 [1:7:] SRR e e e 1 .................. GMbeA :
tacn 1208: LI N L1
o NB 3 BEL e
100 1000, 1500 855 ase Linear beat rate
f L 290 Wiem:
L X PR - Gt |
L :s«é g5t asaiPWRL il ]
sopi 393 W 44 208 s ; k
T N YU . Pressure of He<3 gas
L o 0.83kg/em’ N fi
S0 (11 ¢ 93 o8t . el ‘
Csge . 439 ‘5 ¢ 25 5ol . : SSUUSRRHRSE S SETNRPON SRR SR
» Coolant temperaure(top of fiel '
ABB: 358 A % 8 BN, e pera (Op) FESCRRURRPSOUS SN O SHORURURRTOOOONPS | RORTRTPR
nic .
W 18 B8 -8
BE M N2 R F e F e
Bt & 15 g% R A i :
2o . Conlant temperaure{upper plenum) 5
W@ W W ' : '
Q 2 4 6 .8 10 12
Time (day)



JAERI—Review 2002—027

4.2.2 PRYEEIE (R OO 7= 6D D MR BE IR EHE N R B

FRBEBE R IR 1Tx17T BUREFCHD MRS S REHED DB T L7 2RO H R EH OB N
PR A ke L7z, BUATOMMAP TOFFR AIRBEE 2B DRBEE LB OO ORI SHMT
PREHME2ARDE I EEX v 72T K DIBMBRZH T L, e BRBEEEK 63GWd/t 2R LTz, X
HETIX, BIESTREIZAD BN G T 5L LLIZBN R RRE K45,

4. 3 HRLEERBOBILHR

ERBE BB D BT RBR O VL DL LT, KER2BAF CREIN ARV =T HIMRE R Ut
UO, BREI O BIL R DRI EZRIT o7,

BEHEO MBS E A AE T LM THEAINITRI=THM U0, MEHT, W‘%Ez:
U0, REH L/ INEL, A—H A3 DB DR EEAS UO, BREHT L~ TE 7225, — 77, Bt
PMREE T RBEREL LI FP O, B RO EE, FP AU NIBDAEMRFIZIVIET
FTHIEREBNTERY, HRV=T ADVREHEORBE A RIZIDBREDE(GIZ, FP AT
B, PCMI SO ZEEN 4T 5 ETHEHE ThHD, €2 T, MAF TRAESNIH N =7
ADEHFEREN DRI 723 B AW TBIEB R ORI ELZ 1T 7=,

EBRFIELLTIE, KER2B45 TH 24AMWd/kgU ETHRHF SN RV =7 6wthi il PWR £k
RO UO, REHLTx17 BDA D 49 Imm EEDSL vy hADHL, 4 3mm DR EFOREE
BRIz, ZOREHE BV CERE AL o MMEECRREEBICIY . L—F—T Ty aikTE
187526 1800K DRI TBILERORIEE 1T o7, WEITRIE R &RELREIZE
AIERMREIRLITW . IREREOZELZ#H T,

Fig.4.3-1 \ZHRV=7 AVBREIOBIERERO—FlERT, LBO7H | KRBH U0, KUKR
5 ewthH RV =T ¥R UO, DEYEHFE AR T, RIBH 6with A RI=7¥01 UO, DBVEEEEIT,
FKBH U0, IVEIRMAI TREIURTL TS, 4 EHRIE L7 A SRE O BILBERIZR BT 6wtk
HRY=TF AN UO, DEILBUER LVIRIBMT 30MEE/ N0 TS, MIERARESY EREH
RRLAEERORL 7L A BELECRITRIRN TR BB R T o mE R~ U, Zhid, B
REaOREIEE, /RO RE T OEHEESID,

Fig.4.3-2 (ZH RV =7 ADIRELRICBREHE A AN TRET X172 UO, BREHB6GWd/t) D BVIL#Y
FE 7T, BEE U0, DBEBRITREHN U0, OBMLRBRIZLE R TREUE FLBY, AlEE
BIRLTZB A ARV =7 AR Rk BB R FEDORIEIZHEI L EZONDBIL R DO RIE
73 EE‘W:O Fig.4.3-3 \ZHRU=7 B ELE UO, MBI D BMEHEZ L L TR, METFELIA
B BB E TORAMOBE & BIRATOBILHELL TRL, BRI TORIEEROBILERL
LTHEL TS, RIBFOHRY =T EHRIMB B OBILEERIL, T TITRBH U0, I~ TREK
TFLTWA, KMEHEIE I HE SR =7 UIRE O BLRCRIZR BT TR =7 IR EHI L
RTELINES e ffize m LA, BENZED T R =T RIMRE O BIEBCR I T OF &%, UO, #4
EHI EE R THERTB S NEV, ZHUTH R =7 EIRENCid, ARV =7 O R HiHm e Ricky U0,



JAERI—Review 2002—027

Ny MNOBRDERTH D74 /o 2 RESBELSE TS0 BEHIZLD FP EE. ARt
DR AFER AN NS o b DEZE Z BN,

0040 M T r T M T A T A T M L v T T T M T v T v
| —— Unirradiated UQ, i
0.035 —+— Unirradiated 6w/o GO,
—=&— {strun
—_ 0.030F —0—2nd run 7]
NQ —&— 3rd run :
g 0025F —O—4th run 4
o | —&—5th run )
:§ 0.020 } —A— 6th run |
@
é 3
;U 0.015 E
[+]
£ !
2 0.010 -
= i _ ]
0.005 |- -
0 : 1 2 1 " 1 ) 1 i 1 L 1 L 1 i 1 5 1 2 1 2
0 200 400 600 800 10001200 1400 1600 1800 2000 2200
‘ Temperature (K)
Fig.4.3-1 Thermal diffusivity of gadolinia added fuel(6wt%,28GWd/tU).
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Fig.4.3-2 Thermal diffusivity of UO, fuel(36GWd/tU).
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Fig.4.3-3 Comparison of thermal diffusivity of gadolinia added fuel(28GWd/tU)
andUO, fuel(36GWd/tU).
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E77 | FESRIEEY A XD rim ALRRALRINFIZI RS By DIE T LL T, By OERINPITHA
Atr,
ZHLT rim SRER R TR T D1 F MR T (R RBRIRE . A, FEdRhiE R,
etc) & By PEHRRUTHAAAL ZLIZEY  REFHIE T4 rim MR R OERERIUTE
BRSO B L ERET | FAX R BEL TRET TE D L5125,
RRA ORI S R EIRBEE RS E D,

@ Rim MR =THE SRR

157 EH T Vo (REDYEE B,y) PIICTEE T rim MO F O AIER [(H/5) EL
O ISEIIEE By OEH V, W CERKIZ R T HLBEL  rim ALMRITBERL 1= RV, &
AT,

@Rim AEART OHE
— %, rim ARV 12 ENTWD FP HADILH AR T A2 D85 DD, ZHUTLHR
Y 74 RBRREERXEBAL TR S,

(4) Rim #L6%= FAE BN LD FP
Rim A%~ N v 7 APPIZEST TV D FP A AR, BN Lo T RERIZAE LT T R %
o T HOVEBHRE THABRM LML SRR Oy N — 7 2B ERITE > T, Ny
ROARER Ty 772 O BRIIZEEL, BHICREHERNZERMICBHEND FREMEL DD,
ThivT. FOHEBRITRIHI L TIZ7al ~ L TINESN - BILRE B X HTENTED,
UL, BUR CIRFOBER A =X LNFHETHY, BN EB ALV BETHLOT,
Cunningham HORERKO%E A 75,
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5.2.4 PLUTON 77 A/VftHiA - BERE

FEMAXI-6 {7 . BABEEFE 2— | PLUTONOD SHE 7 7 A )L % i A+ IA A TREEICH W HI86E
AL,

5.2.5 HRAE

FEMAXI-6 {Z48Z45A /7 5.2.3 T8:HBS &7 /40 BWR BREHZ BT 5 Ial—Tafa R ELL
TR, ek, FOMOBRIEFHEIZ OV T 6.4.2 TRIDRT,

HBS 5 L& PLUTON 77 A LG AA I KO FHE LT IR R OIRBEIE 7 017 7 A /2
(%R 5.1 127, Nodel~Nodel2 {ZEAFF M0 12 27 AL MIRFEL TS, XLy MR THBE
ENKELS B35S,
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S 51 BB 12— RICBI SRR OB 7 0T 7 AV

B 5.2 1. [€ 5.1 OBRBEE 7077 A VinbE L= [ FEREEEE | 7 a7 7 A L THY, ~Lvb
FL U O TR HEE SR VER 49 CHE L IR RS FRGE T 2B TV | rim ABARIZ \ZERET BT
WABEA AR JEE NI TR F R E NS,
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SRR
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80
70
—o—Node1 |
60 R 2 & Node2
¥ \:E\YQ\) 2 Node3
3 S S
z w - Noded
g 50 —3—Node$
<
@ Node?
_g 40 ———Node8
H
5y, Node10
Nodett
Node12
20
10

Pellet Radius(cin)

52 ABOETTIM 12 /—FICBIT ¥R MO EMRBEE T a7 7 AL

5.3 13, EIMRBEE DT 07 7 AALE S rim ABEE RS, 4720 h rim AR Ak R
L

VLA BBE

Transformation ratio(%)

Node12

0 01 02 03 04 ek}
Peliet Radiuslom)

06

53 BREtOETR 12 /—RIZRT RS MO ERBERL IR LR
HENT rim fAE~D LR T 771,
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Ay b ELR
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« Noded

- Noded
—%~Node§
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- Node7
——Nodes8

Pellet Porosity(%)

Node12

=
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Petlet Radius(om)

54 BRBOET 12/ —RIZBT ¥R F R OR T 15340, ERRBEEIZREL
THARLTZ rm MR D @R a L T4 0VREN TV,
5.41%, Ly bR F ORI T4 KON, K 5.3 O rim AR KA (RBREUT KRS
SEIROL T AT T 7 AN ERT, Rim $AER TR 7408 F BIZHEINL Tha,

FPH 2%

~&—Nods 1
f-Node?
Node3
Naded
H-Nodeb
—-—Nodef
~—+~Node7
——Node8
w--Node9
*» Node10
Nodet1
Node12

FP gas ral (%)
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Pellet Radiuscm)

5.5 BRElo#EN S E 12 /—RIZBIA¥ER RO FP U AR T 17 74 /b, Rim £
MEOEINE FP S REN TS,

5.5 1%, Ly NMERFMOBNLE BT DT FP A AR O 5% 739, by hp e

TIXEIROT 6 FGR AKX, rim #5 THARBR TU M IS S BB M A B S, FGRIZ
K&lleb,




JAERI—Review 2002—027

LI EXY . HBS FF /UL rim MO A R R R A RIMT DI LRI LD, EEEORIET —FIZ
IR O REOBGERIIRIFTHRORILITIS ZOFETHD,

5. 3 HYEHRESIFVET—FORZE
5.3.1 LOCA HiREL 55 FVWEHT=2—F FURBEL DBH3%

2001 4E1T. 8| XX FURBEL D EABERB LI NET L ORRELIT>7-, FURBEL OB E%L LT
IR, el AMEREIE FURBEL IZXBERMATICE FLIEZN. TORREB/DIETIUIEST
Y% N,

(1) 2EELeT IV

FURBEL =1—RIZBEAFO ERBEEMREL 55 F\ T2 —F FEMAXI-6 DET AV EILRL TH
RE&hi-a—RThd, 7235, FURBEL =—FR Ti, LOCA 1 FP H A, _LyhRT =Y 7|
RELEVEFEREE T, FXF vy T BRAVERIIRL v MY T B RO EELR,

(2) fRAT DRI S

QSN  LOCANK X HEATI0 DIREHK BB | @ H EEROKR DY ORELL TA N THRE
+%, EEEB X BREE 54 . FNETOFGR%), ONRT—RIEOREHETIE, RELF v
FH AR NESNERICEE R, &BAE~OKERINE, 7L LB, 2ETHD,

(3) BAMEMT:
@ BEEEHEIT. FEMAXIERIERIZ, Ly b BL O BE (SR E OFRESEIZLY, LT D28
n&45,
DB EREREZ ANTE, BLU

OEREIHEFE BN+ RELAP5-MOD 18k hEF VO L AN ~DIn B~ B ERELHE.
@<L o MR BRI IR IR N T 5, ANIEEL LT B,
@y xLF rxF T D FREER A S THEEL. Reflood heat transfer correlation®% ]
W5,

(4) JIFFRAT -

DRy NEFHE:
1) 55 M10EOFEMERIZ LS, BIERF B EZFEMAXIO 2 & T L EARIZRC
EF LTI, Uy MNFPH ZADBIEZRIZ L DL v MOBFEIZRITE Z 720,
2) HLLOCABE RO EEIZ IV TE v v 7 NAL T34 . LOCAOFHITIZPCMIR AL
AHHEMNDHD, LT=hi-> T, LOCAHIHIZIZPCMIZFHEL . #EEE SN T—EXF vy 7 M
BB, FHLARR AL v MO BT B2 BBFROAIIREL . PCMIGHRBL OV —T7 8
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Bixfrblen,

@ HEEEWIHERE
218 5 UTFEMAXID & B 1 RAT & AR L& 15, 72720 B B RNX B2 A

R NXIEA SIS E . 1<=NX<=40) | 4R MBMAD2K TTFEME F & &5, WA I EFRITMALE.
NG EEE L BT S, ZOFNEhDAYY 2 TR HHEE (B e E . 2rHHE) &
AN THEETRE. BLOFEIZIVIRETTREL T 5,

D) SHE LI, BHER. R, o 8 ERICKOHRREEL BWEREE() . NE

121D 5 (S —= 7)) 2V —F ROUREE (7 = FREOBE ) 2 5D D,

9) BIEOEEEIT. &BREBOL THET D, BALEIX. KBEF LB HOES R T (#

MEFRIIVI)—7) COLEBTIL0LT 5, bbb, OO EL, B

OHMEEREZEOTHETS,
3) dh 7 B R A A (B ML A MR T 5 Jor[8 5 ML L TN ECER I Z
Bz23), D2LEVETD,

1) AWEIL. FEMAXIO FIEIC LV EHET S, T7bb, HHF A LAT v 7BV TEMG Y
7R MBI BH ADENNCENHDEE . B 7 AL MNE CHREHOEE AR T HEREL.
WREHEROE DI — L5, Thit, Fxy 7 E COHRRBOAL & 75 A3 537 E
FTAEVHREIZESNTND,

5) A MORHNR, FHOAHT —F THESNIA (/37 A—F£4IZRUPT) IZELIES AV
BRI L B, — BRI SREHE RO EIZAEI B LN ET B, Fry T B
GO EIIAERAY, . BB L7 A ML T ET 2R AN, N bz
PG 5,

6) ML EDWmBE AR E L. BRRBE . KFBE, ERSE KR PMELL TORK
WAIEE (BB & VD,

(65) HBEOKEIBILHE
@ KR SR SRR IE TOBLRIEL L T, LOCAE RTOH) IS ERA LI, o FEE 2
& B EREN R ANIEET S, CkEBETIEBATHRETD)

@ LOCABIIETIL. BeROILI S BRL MRS MERENT. OESL, FHOBRRROG
BA4TY. 12171, EE AR A ECRAmBIED AR LT D,

@ W@EEERHI AR LA IR DDA LOCARF B 7= 72 AL B 44 11 B IBEOD
AR T D,

@ WL A REFD ETF2ET ANE, ZARE SN E B LA BRAT 5,

5.3.2 PRECIP-1ID % {H

LOCA B35 /L h A B B R 3+ o — I PRECIP-II®% /32y ECREB) rl A/ IR IR L
7-. £/~ PRECIP-II IZ LR B RS OAR LS ILER ORI T ERMT 2R L
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7:—
—o

5.3.3 RIA BFpRELSDEVERTa— R OB % RS

RIA BED PCMI (2 LA L& MTL . BIRICE SIS S LB IEICFHET A7 i, AF
REACBEOFEESIZIVEO IR 2O EL R OHBE L BRVROIZ L, BIORHRIEE -
OB T AT ERMLE THD, 2O, a—FBRIZE W T LOCA figtfa—F
FURBEL L REI&kiZ. FEMAXI-6 £ COEBEFIFIATHZLET S,

2001 4EiT. BEOLERBIEER ORI T 55 R HiEZ RALI-#E R, FURBEL &
BOFENBRTEETHIED FRNCEL, Lo T, A% OMAIT FURBEL O EA#IEY
NR—RELTITH FIE T D,

5. 4 3LFEIBFAR
5.4.1 BFZefE4 - HBWR (2361 5 @R BERF OB A RN EHEE Bh I B8 3D P50 (BB h h RBFZERT)

ZOWFRIT. MOX BREH & DB REEREL D B B A AT 35— FORREEFEDO—IREL
T B WABALT AREL R B T — X — AL R T 542012, FAfF D FEMAXI-6 2—FE
FOVESIFD EIMUS2 I—ROEELEZXKHZ a2 BHYL TS,

HRARLLTIE AT U BENOATLLT — 2L ETHRARE LB B ERE
FAEERL. BESER L2 —F FEMAXI-6 & EIMUS2 (258 F L CE O S RO E
B EITHIEEHIC, RBRT —F N — AL EHT5,

2001 FEOEHRINEL Tix, BRI, BEEFHBRETH OL—Y =759 2 BT I LD8
ABILERBNE T — A E SO TH 2B BB ERE T NVERL . Z0E7 V% EIMUS2 =
—R~$%AA T Halden B CHALNIREHRE D ERF —2% A\ - ERART & BAIE LI,
IOEFACIE rim MBOERICLIIBMEEREMBMARAENR TS, ZOET L E
FEMAXI-6 (Z#RZ%iAZx, EIMUSZ L0 LLBARIN EATI LIS R DORE THD,

5.4.2 BIFeft4 SRR EEEBOMTIIR  (RFHRBELINERS)

CTORFRIE. BMAREF CHATOREBRBET — 4 RUOBREART —Z2AVTH
PRBE HE R BLA BT — R FEMAXI-6 (ZEARRFEFT HAITHZ LTI, AP REID 55500
1A RRAT L . BRARATES | [FIREIZ FEMAXI-6 O EME M2 HRETIIEEBHET 5,

2001 FEOEBKRIREL TIL, PWR, BWR % 2 f, 3t 4 AOREHERK T —FZ2HWT
FEMAXI-6 |Z LA 21T 72, FORER . ARINZBH T — 2N IV ER R RIREHEOM
SR IO BT HE TREE CEITIIRE THDOI LA MR T HL I RENRE B L OB
DEFOTHRIZ DWTIE, Ry DAY BT BET ANEEREE R 28 B
HRBRT — HEDFMR BN LB THHI LR EZRRLT,
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(1) BWR & REREHEDE FZf#AT

FEMAXI-6 =2—R (2L RS BREIZIN ST AT OFE R A | FITBREIOEFZE RE Y TTER
F B LSRR L ST ET L OZ Y B I OVEER N P OBEIO B hFHSLFEND
I EAT T,

FEAT IRV TIE, SGERHREHEMR. B NBREBRLOGEAM &HEL 52 BRHETEFET
—B LI E1TV., H A2V EO PIE JIE T —2 L RAL A L& LT, #fAT Ti3, R RBRE
Brah s 12 /—RicpBILCsrmob ot 52 ERFROMOWEESHITIE
RODBURN —RUVDEEFE R % 5 % 72, #2#r— AL T, BEEYREIZ1T Halden £7 1L 19%
Ry yhREY AR RELESHET L (5.2.2 IR M) RO Studsvik £7 A% Ry ARE
B~ FITIEMATPRO-11 EF VR ENEN G X 7=, BT FRIZEN T —F2 AL
T3, ARHRER A IR DT ST,

FORR. BRLEFET VT, HETERE kOB mT a7y ANVEL, b bRA R
HOBHMENCEIDHEBEDI)—T LT nh, ZOHEDOSNU Y DOAT) 7 IZEH ML HL
WRAITERRTLILNTE,

MATPRO EF /LD L57e — AT 2 -3< FEMAXI-6 O F IO ) X EBEREE 55
FENDEWZE, BEECOFER R HREO7)—T RSO REBINDN, ALy
AT P EBERNEL XA THEIENTRIND, LIED> T, ERBEE TII_L yhD R
VS OFHEREELRD,
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6. MHFREPLOMSEME BN - BTN
6.1 HFROBE

SETTIVT R CORBREEE UO, BB R NE A B{L4 (MOX) BB DL DU 14
BHREHESHT 2 RBLY—AF— 20T HEELXR EXEnL LI, RHBEOMAAL H
#L1LC. VEGA (Verification Experiments of Radionuclides Gas / Aerosol release) 3BV 2% 1
TWb, ERBRILT. ARKBHA TV THARREZREH 3,100K FTHIELT
1.0MPa FTOMERER T CTHREZEEBZFSLL, INETT —F03HENH/ON TV RWE
AR - RBERMEER OT 7 F =RORBZEDZRARDLILENZTOND, FiZ. FEXE
HOEBEFRHERITHRA THD TTHY, AEBROFRKOKFREE 2D, :

FERRIEBY |3, AR -FYVTHAEAE R RBRRE 2 R IR T 2R A RFEMBYR, Mt
YELHETHREARE, 2T/ VT NE— AR —RA 308 —  FiH AfE%ERENE
Ry TR Ge HH A y BB HIFENOBREN, 1999 4 2 B ITRERBRM R DRy b zv
HN~RBEENT, MBUFOMIBHE AT 2HEML. BAHIRERVFEHITAOERIZL-
TEZBZLICL TV, FRENROYEOHERLEIRMESEND, FEMFEHROBEIF TR
T (W) %, BIEERBROSHEIEN T (ThO,) 2EH 15,

ChETIZEBOREMEE THhoH 3100K, 1.0MPa 25 o564 T T4 Bl VEGA B % Eif
L=, FNHDOEREHOEES Fig. 6.1-1 1T, 5 1 Bl H D VEGA-1 EEBRWIZ, B DOMRE
FEREHN T, BSIRER 2,750K, 0.1MPa, FIEHE: (He) ZAET 1999 48 9 BITiTo7z, EERRIC

OVEGA-1 Test (Sep., '99)
-Max. 2773K, 0.1MPa, He
-Ref. data and facility capability |
-Cs:85%, Eu:No release

O®VEGA-2 Test (April, 2000)
-Max. 2773K, 1.0MPa, He
‘ -Release under high pressure
®Test Fuel
"PWR 47GWd/tU -Cs:61%, Eu:No release

N T

-6 years cooling

®No re-irradiation OVEGA-3 Test (Oct., 2000)

-Max. 3123K, 0.1MPa, He
-Release under high temp.
-Cs:99.7%, Eu:No release

OVEGA-4 Test (June, '01)
-Max. 2773K, 0.1MPa, Steam
-Oxidizing condition (ThO, tube)
-Cs:98.9%, Eu:No release

— ¥

Fig. 6.1-1  Summary of VEGA tests
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FAWTREHT . BRBEE 4TGWd/tU @ PWRBREIL b 2, #9 10g THEBEEZDVRWELO T
5D, 5 2 M B D VEGA-2 EBRIZ, REAKEI% 1.0MPa LL7=LISME VEGA-1 EBRUFIZRIL
ST 2000 £E 4 BICiTo7, 5 3 B H O VEGA-3 E8I, RSIEEAE# 3,100K L LS
VEGA-1 EERIIFITF US4 T 2000 4E 10 H1Z1T-7-, 5 4 BB ® VEGA-4 EBiL. N 78
P L BB EOBRBEFERL, FEKEKERLLZLAMNT VEGA-1 ERUFIFRCEKHAET
2001 4 6 AT o7, |

INHOEBRFEROLLEDND, BED VEGA-2 BT, KRET D VEGA-1 EERIZLERT
ERLUETOIRERT Cs DRHEAHK 30%HD> 528, mIRD VEGA-3 EBRTIX, RER
EtORRBALAL FIREZ Cs O2BAHASBRBIS A, EERMO Eu ITERVKEERZ K 20 1R
L% THIZEAL B L& KEKFEK[TO VEGA-4 ER T, BREtO®B{LIZLY
Cs ORBUHEIEAHML ., Ru O EFISLHERBEO SV EBRILY AT RSNSOI 5L
BB IR o7, Fi2, Cs HHHZEE45 VEGA EBRO#E E% UO, #SRRI RO BUR M TEL
T ORNL EBRDOFERELEBUIHE R  BERFEITOR0RIRDD LR BT E LIz TV
=y ZRUTIRIEREI T EHBALMZ 25T,

VEGA EBiZ, HiZ 2 [OMHE T 2005 FEEFETERT D TE THD, T2, P F05E A
BHA A RSB OICHRFE LY AN TERIRHAZITILELIC, FHIEGEZZERRKEICE
ZBZLIZEY, B UO, R U'MOX BB LD IR R MR R O 7 7 F =R i % 8%k
RIPNZTARDZELIZIL TS, IHIZ, ENORBLZER LI ERHET VAL, K
B>y — 27— AMENTT—F THALES-2 IZ#A AL T E ThD, '

(A& #B%)

6.2 EhHOEE

YETTIT v N B ERENL OB S E M FEBICEL T, TRETRERES
BT TEREERMTONTEXN, FMe T —2BRIN TR P A ERICBWTEESRMET
DT —ZIB/EN TR ol FI T, EHOEESY RHZEEBHELT, 1.0MPa OENT
VEGA-2 B & EHiL, JEHLIMIZIE RIS TIT>7 VEGA-1 ERWELLB L7, VEGA-2 %
BRCid . RBEIE 4TGWd/tU @ PWR #REF<L- vk 2 fll. % 10g % 1.0MPa(VEGA-1 TIEIARKIE)
~VTLFRER T, 2,000K (20 43) . 2,300K (20 43) . 2,750K (20 43) (VEGA-1 Tl 2,750K K#Z 10
3YDT T =% THEMBLT-,

VEGA-2 ERRIZBW T, vy AT MVHIE CRE N7 REFEIT '°Ru, 'Cs, P"Cs KU *Eu
ThoTo, EERATH CIEREREM ThD Eu OERPIZHITS y MAEBREIXIZEA LT
28D, Eu OBHITARWEDREIZE SO TEHEL - FP i E| A% Table 6.2-1 1I2FE
7z, 2L, NGO MBS, ERPIZEITS y BB LBRE MW TRLNIAI MU R
BHEORBIZLV T XN X — RNV | ERATRICHNBIT 74771 y BRERD
FEREAWTIMELZ, £ OB, R0 (1°Ru:1.024 £, 'Cs:2.062 4, "Cs:30.07 ER
19Ey:8.593 ) A B L7, Cs & PCs OMHEIGLENTNDBREIE SN TERFHL
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Table 6.2-1 Preliminary data on fractional release estimated from intensity changes of 7 peaks

(Assuming no release of Eu-154)

v -Ray VEGA-1, He VEGA-2, He VEGA-3, He VEGA-4, Steam VI-3*
Nuclide | Energy (2773K,0.1MPa) | (2773K,1.0MPa) | (3123K,0.1MPa) | (2773K,0.1MPa) )
e Released Released Released Released Released
[keV] %) Error[%] (%] Error[%] %] Error[%] (%] Error[%] [%]
Cs-134 605 85 01 62 0.3 99.5| 0.08 989 | 040 99.9
Cs-137 662 86 0.1 61 0.2 99.5| 0.03 934| 0.13
Ru-106 622 47 7.2 0 85 0 19.0 52 18.7 5
Ce-144 696 0 538 o 17.2 <0.2
724 0 4.4 0 5.0 0 5.0 0 71| <0.01
Eu-154
1275 0 3.0 0| 2.0 0 2.0 0 3.8

*ORNL Test VI-3 : 2700K (20min) in steam

TEH LI VEGA-2 EROFHA Cs OBHEIEIX 61%Th-72, VEGA-2 KERDHKY 2,750K
(I BIREFEERNE VEGA-1 LW ED - Toitbd bbb, VEGA-2 0 Cs DR EIE 13 VEGA-1
DF I (85%) 1T EL_THY 25%/ hEWZEASHERRE MUY, (RIEFEMED Ru OBUHEIR I, VEGA-1 K&
T VEGA-2 EBRHIZIZIE 0% Th o7z,

EACE AR ERICBIIARHEBOEVE ERILT S0, MIBREEFRHEEHWTT —5F
BRI, R EEREIL. BRERNBIEAL VRGO | S0 RItEI G TERSN
%, 3 DORETFM—IZB1TD Cs O RFEEIEEHE Fig6.2-1 (O~ §, 22T, 77b—IRE

Temperature [K]
2400

2800 2600 2200 2000
o1 —t+——+—+—+—"+— ~+ n + }
= -
£ i
~
o I VEGA-1
" L
c
0 -
)
&
o 0.01
(&) r VEGA-2
] I
Q
0: L
()]
2}
3]
3 |
o)
o
0.001 - !
0.00035 0.00045 0.00055

Reciprocal Temperature [1/K]
Fig. 6.2-1 Comparison of release rate coefficients of Cs between VEGAL and -2 tests
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A7 BIHREOEHEICF LY, RIRETTM—IZBWT, @ED VEGA-213, KE
O VEGA-1 (ZH A~ THHEREEAR I S0 BIESME TIRRED L O MY R A3
Ml S AEBAS Rbh i, TORKREL TE, RERFHFIZRT DM OEEERIT UO, #ishhL
NILEUZH D, ZOHE THIBRENEKRIL P OEFIIIER I/ NEVD | BET THRX
LA ORI BN E L BOE D DS R E 2B BN RRT S 720 O [ B Y B IR 3RS
FBLPIL B 3B E R T5, ZIUC XSS BIRE OBA D ERE LN 5720
ERRIP DR 7 MR E ARSI L, SRR LTI P ~OBH BN BT HRER . BEDD
ORESIMZONEB ZHNEY,

(TiE %)

6.3 BEOKSE

BRELD AL (K 3,100K) FHE TORM BB Z TS50 | NEHRER - KRKET TrEE
BEE# 3,100k ¥TLIFS VEGA-3 EBREIT-o1-®, REMEHT. B E L BRI BEE
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Fig. 6.3-1 Comparison of release rate coefficients betweenVEGA-1 and -3 tests
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Fig. 6.4-1 Comparison of fractional release history of Cs between VEGAL and -4 tests
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Fig. 6.4-2 Comparison of release rate coefficients of Cs between VEGAL and -4 tests
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VEGA-1 ERRCELIE Cs B 7 —F & SE RS k1O T 5 & Fig. 6.5-2 DX
WRTENCIRIET L S A e o T 08 &I AT YRR ELI o7 (BFE R OE R E %
T ERE R2=0.52), — . BT —%% Booth 7 WINZF-S UO, i dbL N OHL R
D CHEIEL-A . Fig. 6.5-2 OA IR T INZIEHERE O 7L =7 23~ O [Alii iR i3 1)
FU (e =0.86) . ZDTZENE VEGA EERD Cs tiE UO, fE SRR N OLBud i 3

— 107 —




Release Rate Coeff.(1/min)

JAERI—Review 2002—027

HThHole B OIS, 4%, FATRITC LD MR RO R E S EREIT .
ENOOfFNT 2R TET /L ORRGE, BB AR A DS,

(H&E ME3%H)
Temp. (K) Temp. (K)
2800 2500 2200 2000 180C 2800 2500 2200 2000 1800

1.E+01 p—+ttt— f—t—— — I 1.E-09§ ;::;;];::: —t

F - ORNL-Booth

- . |CORSOR-0 o~ N\
1.E+00 E < ~1.E-10 E ¥

3 CORSOR-M g E \ g‘Regression from VEGA-1

i / \-’ & $ g . ]
1.E-01 o m® '4.,,0-_' 1.E-11 & o |

5 A\ o - VEGA-1

- VEGA-1 ¢ : &) - N
1.E-02 g 1.E-12 |+ ORNL-VI(H20) \ M~

. Regression|from VEGA-1 g » ORNL’VI(H?) \ ®

) = ORNL-VI(Air)

1.E-03 E = =1.E13 o

é k=1.44xexp(-9280/T) (] E D=1.16E-7x XP("21670/T)

- Multiple Colrrelation Coelffic ient=0.52 - Multiple Correlation Coefficient=0.86
1.E-04 bt At Lttt 1.E-14 bt et EE—

0.0003 0.0004 0.0005 0.0006 0.0003 0.0004 0.0005 0.0006

Reciprocal Temp.(1/K)

Fig. 6.5-2

Release rate and diffusion coefficients for Cs release in VEGAL

— 108 —

Reciprocal Temp. (1/K)




JAERI—Review 2002—-027

6. 6 MEHEHEBITEBRNT

KE NRC 13, L ET T 7Y 7o M I DIREID SO B Y E UL . AR R T 2/ v
W HUR A T DBV LS AR BB L BT SR A AT 3 572012, VICTORIA2.0 =1— U2 fFL
T 5, VEGA EHEITIE. fE LRI IE B s b R B KL P IE U SV TS M E i &
R BRI — R e ERAATICAE R 35, 22Tk, KEKERFHEIE AV VEGA-4 EEROD Cs
e VEGA-1 ERICBIAEREBANO Cs BAT-ILEIZHT T OVWTERTD,

VICTORIA2.0 T—RiZ, BREID SO BAME B HHIC oW T, B SRBL L #E Booth £
F NS R R B RIL R L 2 s RAADHE#IZ BB Chapman-Enskog &7 WV TE
B45, VEGA-4 EBNHELN Cs MiHEIAYL VICTORIAZ.0 IZESATEL OB E Fig.
6.6-1 {7, ARHTCIE . SREHEIMD Cs SEEIREEL T, VEGA-1 EBF — 00 L =R
. (Fig. 6.5-2 £8)% AV TND, S EITREHRE O EFIZEb2e) Cs BUHEIGOMANER
BB TEY . ERE TR EIE0RAEITN 2% Tho7z, VEGA-4 EERIZEIT
% Cs Wt EE ASIRATAR L0 i BREBIO B LI KOS SRR N O BUR E M B IL B M E S
izt EZ LD,

4000 100
VEGA-4 g v @
3200 | Fractional Release 80
g (Mcasured) \ / 2
~— 3]
= » ‘// 60 5

5 2400
= Fuel Temp, ? / -
Lol e
g / w pc
g 1600 Fractional Release —{ 40 .g
g // ,/ (Calculated) é
800 - 20 w
&)
0 " | [ 8 0
0 2000 4000 6000 8000

Time (sec)

Fig. 6.6-1 Comparison of Csfractional releasc in VEGA-4 between measurement and VICTORIA2.0

Fig. 6.6-2 i=. VEGA-1 EBIZ 31T D EBREBIN~D Cs ILHE I LMTRERLOLLBE T,
IIEVENTE R B A R ONREAEE (TGT) ~DILE BB I 2V Tl & B —KL T8, ##
W ClEAL T e—4 | TE R OKEEE ~DILF NI A LTS KGRI T ANH—~ILHE
L=, Shud. fEafic i A7 e/ L OB B8R (MMD) 3 0.14um &/h&< KRR A~V A
HADENEEHIZ RN ERBLITD Tho, ER T, EREINAL T b—F FE T
FIZEM KL X T Tt . A2 TALE— B TOLFE BN, Fo, MBS L CEILIZ

— 109 —



JAERI—Review 2002—027

T7 T ANDRLA-DBRPURALTEB 2 DI, TN AL LI R BRI A L0 Bk ke
C+Cs =7/ NEFML ., FICHNLBIZIVB P ORE ~LE L -LHllsSn D, B,
VEGA-1 EBRIZIUWT, WA —R ARy 7 —THS -7 2 LG &b % (MMD) |3
Tum THY | R DK 50 5 Th o7z, —F TCT ~DILEEEN B —FK L TCWHBE0IE, =70
Y ADLELDG, Csl 28 Cs ALEHORERENTEAN2T-bEE 2 Hhb,

SR, =T VR E BB LT & BT LU, ERT — 2 L O B LA T
IWDBEER T T AOB RELED | BUREYE O i M RIC R CAFECTHH,

(&R )

30

[\
()

Vertical Horizontal Tube [ -
Tube
g 80 (] Inline TGTs
v70 1 Heater -
E » |Cascade
‘7 60 Fuel Impactor
g =
5450 4 | [Furnace %
= 40 T Filtery
9
3]
S
St
e
7]
&)

—
o

Fuel, Inline Vertical Horizontal
Tube Tube

Furnace Heater

Location

TGTs Filters

Fig. 6.6-2 Comparison of Csfraction deposited in VEGA-1 between measurement and VICTORIAZ2.0

6.7 F&oH

VEGA RIHEITHL, ZNECICERED A YERE ThD 3100K, 1.0MPa & TedefE T CRIENR
PR KR Z 3 0], ARARSIRIARFERRE 1 [BIEM L7, 1.OMPa O] F TfTo7 VEGA-2 ER T
13 RRET D VECA-1 ERRITH AT, EBRLZ 2 TOIREM T Cs O A9 30%E0 3
HIEEMRTHD THM U7, 3,123K FTHIELZ VEGA-3 5 Tid, BRBHARIFAC Cs DIiF
EERDPHH L2 AKIEFMED Bu & Ce lX &< L2712, KFREIRFIK D VEGA-4 E8
T AEEF RIS~ T Cs ORUHAMRE L7z, RuD ML | SRR E OB LW L0
B NEMEFHB KU ~THEINUT, BEAFo FP T F V3, VEGA-1 RO Cs K 2684

— 110 —




JAERI—Review 2002—027

BT TE, LLRSh, RS0 VEGA-1 ERTIE, MEILHEE L0 RIEH
HURPoTD, TNEZELULEEFET VT, 2,400K LA EIZE1T 2 %8 KFPmL 7=,
VEGA-1 EBR T —#0bHRT UO, fESBRINDIEEHREITIZIET L =v AR —H L1, Zof
¥, Cs BB OESEBRRIIERBADIERRR Tho7mdB 2605,

S%IE, JRR-3 FORF TR THBH LICEREEE U0, BB MOX BRENDOERER M -8
R FP RO T 7F =R O ZE 8% <5 TE Ths, -, BEEWH 1 TIE, RE7 7 R0
JRF H4 2 - BB ZERT (IPSN) O T TR SN TWBTRF H R 2 # D B BT 5
FEED N THBEBED Tz, BRFRENLOBHEDE KRB ODFIZBNTHLRE R
HBRBIZETAWHE (STC)  #lE P THY, 14 FELIE, il H2B6BT5TFETHS,

(B& BE%)

BE IR

(1) T.Nakamura, et al., “Research program (VEGA) on the fission product release from irradiated
fuel,” JAERI-Tech 99-036, JAERI, (1999).

(20 BREEE, f, [VEGA RRFHBOPMER TV Csl ZAVEBOMEREHRTER)
JAERI-Research 99-066 (1999).

(3) AREZL Ml BRE FREID OO E M (VEGA) RERIEE OFER - (R TEHRE
JAERI-Tech 2001-029 (2001).

(4) H&EBEZFH, f’/l:*'/’?ﬁ“/?‘/}*%#Twﬁﬂﬁ%iﬁ%ﬂﬁx%wﬁ%‘ﬁ%gﬁﬂj%@
[VEGA-1 EBD#E R ] JAERI-Research 2001-055 (2001).

(5) M. Kajimoto, et al., “Development of THALES-2, A Computer Code for Coupled Thermal-
Hydraulics and FP Transport Analyses for Severe Accident at LWRs and Its Application to
Analysis of FP Revaporization Phenomena,” Proc. Int. Topical Mtg. on Safety of Thermal
Reactors, Portland, pp.584-592 (1991).

6) T. Kudo, et al., “Influence of Pressure on Cesium Release from Irradiated Fuel at
Temperatures up to 2773K,” J. Nucl. Sci. Technol. Vol.38, No.10, pp.910-911 (2001).

(7) B, e 7770 TN Cs MIICBITAENFBET VORI A ARTF A
£ 2001 FHEOFES BAL. J33 (2001).

(8) A. Hidaka, et al., “Enhancement of Cesium Release from Irradiated Fuel at Temperature above
2,800K,” To be published as Short Note in J. Nucl. Sci. Technol. (2002).

(9) D. J. Kuhlman, et al., “"CORSOR user’ s manual,” NUREG/CR-4173 (1985).

(10) R. A. Lorenz, et al., “A Summary of ORNL Fission Product Release Tests With Recommended
Release Rates and Diffusion Coefficients,” NUREG/CR-6261 (1995).

(11) M. D. Allen, et al., “Fission product release and fuel behavior of irradiated light water reactor
fuel under severe accident conditions,” NUREG/CR-5345 (1991).

(12) LR I ARREHR - BIE FIZB T 5B EREN L0 KA Y E R R

— 111 —



JAERI—Review 2002—027

(VEGA-4) | BARRTF NHFR 2002 FHROFLRERTIE

(13) U. S. Nuclear Regulatory Commission, “Technical Bases for Estimating Fission Product
Behavior during LWR Accidents,” NUREG-0772 (1981).

(14) BEBRH IS ETTIo 7 MRt FTOBSEYERINCETS VEGA-1 EEBROMAT
H AR T /%% 2001 FHROKE, 11 (200D).

(15) N. E. Bixler, “VICTORIA2.0, A Mechanical Model for Radionuclide Behavior in a Nuclear
Reactor Coolant System Under Severe Accident Conditions,” NUREG/CR-6131 (1998).

(16) A. H. Booth, et al., “A Method of Calcu]ating Fission Gas Diffusion from UO, Fuel and its
Application to the X-2—f Loop Test,” Chalk River Report CRDC-721 (1957).

(17) R. B. Bird, et al., “Transport Phenomena,” John Wiley and Sons, New York, NY (1960).

— 112 —



JAERI—Review 2002—027

7. BFRERR— R

RIA Group

(1) K. Kusagaya, T. Nakamura, M. Yoshinaga, H. Akie, T. Yamashita and H. Uetsuka: "Behavior of
Rock-like Oxide Fuels under Reactivity Initiated Accident Conditions”, Advanced Reactors
With Innovative Fuels Workshop(ARWIF-2001),Chester, UK, October 22-24, 2001.

(2) K. Kusagaya, T. Nakamura and H. Uetsuka,: “Behavior of particle-dispersed ROX fuel under
reactivity initiated-accident conditions”, 7th Inert Matrix Fuel (IMF) Workshop, Petten, the
Netherlands, 25-26 October 2001. '

(3) A f-—. Hk EAKR, Hys fnd MLE - A RE. BT T BR B
“BWR H /1R Bh A REH#E L 7 8P R FHO NSRR BBRFRER”, B AR FHHES 2002 EROFE
=, #77(2002,3)

(@) ®ME B.k# XA, LEFE B . KFEHBHERRADIERIBWRREHEEE O/ —Z}
BYEICRLET RS, AARRTHEE 2002 EROFER, F17(2002,3)

(5) T. Nakamura, S. Katanishi, Y. Kashima, S. Yachi, M. Yoshinaga, and Y. Terakado, "High Power
Transient Characteristics and Capability of NSRR”, J. Nucl. Sci. and Technol., Vol.39,No.3,
pp.264~272, March 2002

(6) T. Nakamura, K. Kusagaya, T. Fuketa, and H. Uetsuka,: “High Burnup BWR Fuel Behavior
under Simulated Reactivity—Initiated-Accident Conditions”, Nucl. Technol., VOL.138, June
2000

(7 A RE, By % Sk BEFRR. BE B SREE (41~61GWd/tU) BWR RE D
R EHE =58, , JAERI-RESEARCH 2001-054

(8) D. Setoyama, M. Kuroda, T. Takeda, F. Nagase, H. Uetsuka, M. Uno, S. Yamanaka,:
“REORIENTATION OF ZIRCONIUM HYDRIDE”, International Symposium on Metal and
Hydrogen Systems Annecy, France, 2-6 September 2002. '

) BErp i, hF RE, &k BEFR /MEA —R BER E SR ERBORTES
Mt Tz 5%8)”, JAERI-RESEARCH  2001-010

LOCA Group

(1) H. Uetsuka and F. Nagase, “Progress in JAERI program on high burnup fuel behavior under a
LOCA transient”, Proc. The topical meeting on LOCA fuel safety criteria, Aix—en—Provence,
March 22-23, 2001, NEA/CSNI/R (2001)18, pp.197.

(2) F. NAGASE, M. TANIMOTO, and H. UETSUKA, “Study of high burnup fuel behavior under
LOCA conditions at JAERI”,JAEA Technical Committee Meeting on Fuel Behavior under
Transient and LOCA Conditions, 10-14 September 2001, Halden, Norway.

(3) k#E A, HF B REBEBLRRLEZOAIOAREHEEE OB IEEL()-RE
FRBE ORI, BARRT/1FE 2001 £ KD KE, FLIE(2001. 9)

— 113 —



JAERI—Review 2002—027

(@) A Buh, k#E XA, EE B REBBLRRLU DNV AOREHEEE OB R
1@2)-KBEBMLUIZRBH NV HaA-2 ROV af-4 SR E OBBEEEL-", BA
T 154 2001 FERRO KL, FLIE (2001, 9)

(6) #Ak EAK, K# XA, KK B, EF B BREERAWEVADOAHRE OBRILE
FEERAR”, H AR T /%4 2001 FERKO KRS, FLIR(2001. 9)

(6) F. Nagase and H. Uetsuka,”Study of High Burn up Fuel Behavior under LOCA Conditions at
JAERI: Hydrogen effects on the failure bearing capability of cladding tubes” 29" Nuclear Safety
Research Conference, Washington, U.S.A., chober 32, 2001.

(1) B4 B, kil XA, LF B KBRBRERVSFARRNKFLLY L Ia(-4 #
B D LOCA RN, B AR FHFR 2002 FROFR, #77 (2002. 3)

JMTR/BOCA Group
()P ATT PRETIE IREL O BV R 7R | R H E 2 R I — R OR FF RN EY —7
ayTHIEE JAERI-Conf 2001-008(2001) p.125-137

FEMAXI Group
(1) Sergei E. Lemehov and Motoe Suzuki, PLUTON—Three—-Group Neutronic Code

for Burnup Analysis of Isotope Generation and Depletion in Highly Irradiated LWR
Fuel Rods, JAERI-Data/Code 2001-025 (2001)

VEGA Group

(1) AREZL, TS FIRED DO U P4 B U (VEGA) ZREB O E - RTEBRE)
JAERI-Tech 2001-029.

(2)T.Kudo, et al., “Influence of Pressure on Cesium Release from Irradiated Fuel at Temperatures
up to 2773K,” J. Nucl. Sci. Technol. Vol.38, No.10, pp.910-911 (2001).

(VR EIE, I T T oo 7o MMt T ORSMHEBIIZE TS VEGA-1 REROMAT| H
ARF 142 2001 FEIKOKZ, 11(2001).

(1) BEME. T Ty b tE T OREFBREIDLO MRS VM E I ZEB) [VEGA-1
EERD#E 5] ) JAERI-Research 2001-055 (2001).

G) TR MIAESEER R TICBT2REFRED»LO KA EDE ML KRR
(VEGA-4) | B AR T /1%% 2002 FHROFES, J27(2002).

(6) A. Hidaka, et al., “Enhancement of Cesium Release from Irradiated Fuel at Temperature above

2,800K,” J. Nucl. Sci. Technol. Vol.39, No.3, pp.273-275 (2002).

— 114 —



JAERI—Review 2002—027

Tkl
Appendix 1

BB OBMEDIER

English translation of the outline of each research activity

— 115 —



JAERI—Review 2002—027

1. RIA

Extensive study on high burnup fuel behavior during reactivity-initiated accident (RIA) is
being performed at JAERI for verification and optimization of safety margins in RIAs of power
producing light water reactors (LWRs) in the course of burnup extension and uranium-plutonium
mixed-oxide (MOX) fuel utilization. The study includes pulse-irradiation tests in the Nuclear
Safety Research Reactor (NSRR) and mechanical testing of the cladding. The objectives of these
experiments are to investigate the failure threshold of fuels at the wide range of fuel burnups and
to clarify its mechanism and influence.

The pulse irradiation tests with PWR fuels at burnups up to 50GWd/t and BWR fuels at
burnups up to 61GWd/t by year 2000 indicated possible low enthalpy failure of high burnup fuels.
The results on the failure thresholds, its mechanism and influence were used to modify the
Japanese safety -evaluation guidelines for RIAs. However, in order to confirm the safety margins
for the burnup extension to 55GWd/t (assembly average), which is being in practice in Japan,
data on the rods at about 7T0GWd/t (pellet average) is necessary. Therefore, in addition to the
tests to clarify the failure mechanism of the fuel at conventional burnups, preparation of the tests
of fuels at higher burnups started in year 2001. Furthermore, a new series of tests was initiated
to investigate fuel behavior under BWR power oscillation conditions without scram. This type of
power transient tests was conducted for the first time in the world in test reactors.

Cooling water flow reduction would cause increase of void fraction and subsequent power
reduction in BWRs. Then, the power could be increased decrease of the void fraction due to the
power reduction could generate subsequent power increase. This nuclear and thermal-hydraulic
coupled oscillation could grow extensively under certain reduced flow and relatively high power
conditions. More than ten incidents of this type, e. g. one at LaSalle Unit #2 in the US in 1988,
have been reported over the world. In these incidents, power oscillation was terminated by
reactor scram and integrity of the reactor fuel was not threatened. However, in anticipated
power oscillations without scram, the peak power could grow by a factor of ten of the nominal in
several minutes. Possibilities of the anticipated power oscillations without scram are higher than
that of rod drop accidents in BWRs. Integrity of the fuel under such power oscillation condition
has not been examined. Therefore, in order to investigate high burnup fuel behavior under the
BWR power oscillation conditions, a new type of power transient tests using the Shaped Pulse
operation of the NSRR were initiated.

Two pulse irradiation tests of irradiated fuels under simulated RIA conditions were performed
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using a BWR fuel rod at burnup of 61GWd/t and a PWR fuel rod at 50GWd/t. In these tests,
transient cladding hoop strains during the simulated RIAs were successfully measured for the first
time. Plenum gas temperature, in addition to pressure, during the transient was measured in the
PWR fuel test to evaluate transient fission gas release. Two other tests of irradiated fuel rods
were conducted under power oscillation conditions of BWRs. A BWR fuel rod at a burnup of
56GWd/t and a 20% enriched test rod irradiated in the JMTR to 25GWd/t were subjected to 4 to
7 power oscillations of peak powers up to 2 to 4 times of the nominal. Data on pellet expansion,
cladding deformation due to PCMI, and fission gas releases were obtained in these tests under
power oscillation conditions without transition boiling. Conditions and results of irradiated fuel
tests are summarized in Table 2.1-1.

Separate effect tests with fresh fuels demonstrated that brittle failure of the high burnup
fuels could be simulated with PCMI loading due only to thermal expansion of the pellets and
embrittled cladding by hydriding. However, fuel enthalpy and hydrogen content of the cladding
that caused the failure was higher than those observed in high burnup fuel tests. These results
suggested that neutron irradiation played a certain role for the cladding embrittlement in high
burnup fuels in addition to the hydriding. Fuel centerline temperature measurement was
performed in fresh fuel tests under power oscillation conditions to obtain verification data on ﬁel
temperature and enthalpy calculations. Conditions and results of fresh fuel tests are summarized
in Table 2.1-2.

In order to quantify degradation of cladding strength, out-of-pile mechanical testing of the
hydrided cladding was performed which simulated embrittled high burnup cladding. Burst testing
of BWR‘cladding was initiated, in addition to ring tensile testing of PWR cladding, to investigate

mechanism of the high burnup BWR fuel failure.

2. LOCA

Effects of the burnup extension on the fuel behavior under loss of coolant accident
(LOCA) conditions have not sufficiently been clarified. Therefore, research on the high
burnup fuel behavior under LOCA conditions is one of the most important subjects in the
fuel safety research. The Japan Atomic Energy Research Institute (JAERYI) performs the
systematic research which covers a wide range of testing conditions, intending to evaluate
the effect of burnup extension on fuel behavior under LOCA conditions and to acquire basic

data necessary for the regulation. In this study, various fundamental experiments are
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planned for> evaluating oxidation rate, mechanical property changes after 8 -quench,
ballooning and burst behavior, and failure bearing capability on the quench of cladding tubes
which are pre-oxidized, pre—hydrogenated, and/or irradiated at a research reactor (JRR-3)
as well as those sampled from spent fuel rods.

Concerning high temperature oxidation behavior of cladding tube in steam, separate
effects of pre—oxidation and pre-hydriding were examined on high temperature oxidation rate.
To perform the oxidatfon test efficiently and acquire basic knowledge on the high
temperature oxidation mechanism, we adopted a thermobalance which enables continuous
weight—gain measurement.

Under the LOCA condition, the cladding tube is oxidized from inner and external surfaces
near the burst position. The inner surface oxidation causes significant hydrogen absorption
and influences the failure-bearing capability on quench. Then, “integral thermal shock
test” are performed, simulating the whole LOCA sequence including burst and subsequent
double-sided oxidation, to evaluate the failure bearing capability of the fuel rod. The
Zircaloy cladding tube is axially extended with the temperature increase and oxide layer
growth in a LOCA, while it shrinks with the temperature drop. The shrinkage may be
restricted by lockup or increase of friction between fuel rod and spacer grid, and tensile
loading is possibly generated in the cladding tube. In the test performed in 2000, a short
test rod with pre-hydrided Zircaloy—4 cladding tube was tested completely restraining the
shrinkage during quenching in order to conservatively simulate the possible occurrence of
tensile load. Obtained test results showed that the failure threshold is lowered by
pre-hydriding under the restrained condition [1,2]. However, the fulvly restrained condition
is probably too conservative, and realistic restraint load conditions can be between the
non-restrained and the fully restrained conditions. The integral thermal shock tests under
controlled restraint loads were carried out as the collaboration program between JAERI and
Kansai Electric Power Co., Inc. and variations of the failure threshold value were evaluated
as functions of hydrogen concentration and restrained condition during quenching.

The influence of the restraint load on the failure threshold is large as indicated by the integral
thermal shock tests. Therefore, it is also required to estimate the realistic range of the restraint
load. The temperature of control-rod guide tube is generally lower than that of fuel rod, and
difference in the extent of shrinkage between the fuel rod and the guide tube is one cause of the

restraint load during quenching, under the assumption of complete lock-up at fuel rod/grid and
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guide tube/grid contact positions. Tensile load in the fuel rod is supported by the guide tube.
Since the number ratio of guide tube to fuel rod is small, the load is so higher in the guide tube
that the guide tube may fail earlier than the fuel rod and maximum restrained load in fuel rod is
limited by resistance of guide tube to compressive load. To estimate the maximum restrained

load in fuel rod, compression tests were performed for guide tubes after oxidized and quenched.

3. Research on Fuel Behavior under Normal Operation Conditions

In the irradiation research at the Japan Materials Testing Reactor (JMTR), refabricated short
length UO,rod irradiated at Oi unit 1 was re-irradiated by means of Boiling Water
Capsule/Oarai Shroud Facility—1( BOCA/OSF-1) for ramp test in the JMTR. 17x17 PWR rod
irradiated at Takahama unit 3 to study the high burnup the re-irradiation test to attain high
burnup was continued in JMTR. The irradiation tests of refabricated rods irradiated at Oi unit 1
for burnup accumulation have been completed at the JMTR and the maximum burnup has reached
about 63 GWd/t. |

As a part of PIE on high burnup fuel, thermal diffusivity of gadolinia added fuel and UO, 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 Qas
carried out in the 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 an international collaboration, JAERI has participated in the OECD Haldn Reactor Projecf
(2000.1.1-2002.12.31), and the irradiation data about thermal property dégradation, fuel behavior
of MOX fuel, waterside corrosion of cladding and creep of cladding were obtained. The irradiation

tests as a collaboration with Japanese organizations were carried out at the HBWR.

4. Code Development

In the code development for fuel behavior in normal operating condition, verification
calculations and improvements of fuel performance code FEMAXI-6 have been carried out. In
FEMAXI-6 code, new models such as swelling by FP gas bubbles and high burnup structure have
been installed, and function to read the result file of neutronics code PLUTON has been added.
Verifications have been extended to analyze the data of commercial fuel rods. A code package of

the PLUTON code has been prepared for the purpose of code release.
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In accident conditions, development of a code FURBEL for LOCA fuel behavior has been
further progressed. The first version of the FURBEL code with a basic structure and models has
been completed, and experimental analysis with the code has begun.

A conceptual design of a code for RIA fuel behavior analysis has been also carried out on the

basis of the experiences obtained through the FURBEL code development.

5. VEGA

The VEGA (Verification Experiments of radionuclides Gas/Aerosol release) program is being
performed at JAERI to clarify mechanisms of radionuclides release from irradiated fuel under
severe accident conditions and to improve source term predictability by accumulating the release
data from high burnup UO, or MOX fuel. The release behavior of short life or low volatile
nuclides and actinides of which data are not sufficient in the previous studies is mainly
investigated by heating the fuel specimen up to 3,250K under conditions of steam atmosphere and
elevated pressure up to 1.0MPa. One of special features is to investigate the effect of ambient
pressure on the radionuclide release from fuel which has never been examined in previous studies.

The facility mainly consists of a steam/gas supply system, high-frequency induction furnace,
thermal gradient tubes, aerosol/charcoal filters, noble gas trap, cascade impactor and on-line
gamma measurement system. The test facility was installed into the beta/gamma concrete No.5
cell at the Reactor Fuel Examination Facility (RFEF) in February, 1999. The material for the
VEGA furnace is selected depending on the maximum temperature of induction furnace and the
carrier gas species. In the case of unoxidizing condition, tungsten (W) is used as crucible
materials while ThO, is used under oxidizing condition.

Up to now, four VEGA tests were performed under various conditions including the highest
temperature and pressure among previous studies. In the first VEGA-1 test performed in
September 1,999, about 10g of fuel at 47GWd/tU without cladding was heated up to 2,773K
under atmospheric pressure of inert helium to obtain a reference data and to confirm the facility
capabilities. The second VEGA-2 test was conducted at 1.0MPa in April 2,000 under the same
conditions as VEGA-1 except for the ambient pressure. In the third VEGA-3 test performed in
October 2,000, the maximum temperature was raised up to 3,123K. The fourth VEGA-4 test was
conducted in June 2,001 under the similar conditions as VEGA-1 except for use of the fuel with
cladding and the ThO, furnace in steam atmosphere.

It was clarified from these tests that the fractional release of cesium (Cs) in the elevated
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pressure VEGA-2 decreased by about 30% compared with that of VEGA-1 under atmospheric
pressure. In the case of temperature above the UO, melting point, 100% of volatile Cs could be
released but almost no release of low-volatile Eu. In the case under steam condition, the release
of Cs is enhanced due to increase of the defects in UO, grain by oxidation. The release of Ru
could be also enhanced by formation of ruthenium oxide with relatively high volatility. It was also
found that the diffusion coefficients of Cs in the UO, grain obtained from the VEGA results
agreed mostly with the ORNL’s results although there is a slight difference in the temperature
dependency between them. However, both of them follow the Arrhenius form.

Two VEGA tests per year are scheduled up to FY2005. The re-irradiation of fuel specimen
will be performed in near future at JAERI’ s research reactor to accumulate the short-life nuclides
such as I-131. The behavior of short life or low volatile nuclides and actinides released from high
burnup UO, or MOX fuel will be systematically investigated under various kinds of carrier gas
such as air and hydrogen. In parallel with these experimental activities, a radionulcide release
model that can treat the pressure effect will be developed and incorporated into the JAERI’s

source term analysis code THALES-2.
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Advanced Reactors With Innovative Fuels Workshop(ARWIF-2001),Chester, UK, October 22-24, 2001.

Behavior of Rock-like Oxide Fuels
under Reactivity Initiated Accident Conditions
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J. Nucl. Sci. and Technol., Vol.39,No.3, pp.264 ~272, March 2002

High Power Transient Characteristics and Capability of NSRR

Takehiko NAKAMURA, Shoji KATANISHI, Yoichi KASHIMA,
Shigeyasu YACHI, Makio YOSHINAGA, and Yoshibumi TERAKADO

Abstract

In order to study fuel behavior under abnormal transients and accidents, the control system of the
Nuclear Safety Research Reactor (NSRR) of the Japan Atomic Energy Research Institute (JAERI) was modified to
achieve high power transients. With this new operational mode, called Shaped Pulse (SP), transients at the
maximum power of 10 MW can be conducted for a few seconds. This new operational mode supplements the
previous Natural Pulse (NP) operation at the maximum power of 23 GW for milliseconds. For high power
transient operation, a simulator using a point kinetic model was developed, and characteristics of the NSRR in
the new operational mode were examined through tests and calculations. With the new operational mode, new
types of fuel irradiation tests simulating power oscillations of boiling water reactors (BWRs) can be conducted in
the NSRR. Reactor characteristics and capability, such as control rod worth, feedback reactivity, and

operational limits of the NSRR for SP operations are discussed.

Nucl. Technol., VOL.138, June 2000

High Burnup BWR Fuel Behavior
under Simulated Reactivity-Initiated-Accident Conditions

Takehiko NAKAMURA, Kazuyuki KUSAGAYA,
Toyoshi FUKETA, and Hiroshi UETSUKA

ABSTRACT

Boiling water reactor (BWR) fuel at 56 to 61 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, 8x8 type (Step 1I), from Fukushima Daini unit 2 was re—fabricated to short segments
and thermal energy from 272 to 586 J/g (65 to 140 cal/g) was promptly subjected to the test rods. Cladding
deformation of the BWR fuel by the pulse irradiation was smaller than that of pressurized water reactor (PWR)
fuels. However, cladding failure occurred in tests with fuel at burnup of 61GWd/tU at fuel enthalpies of 260 to
360)/g (62 to 86cal/g) during early stages of transients, while the cladding remained cool. The failure was
comparable to the one observed in high burnup PWR fuel tests, in which embrittled cladding with dense hydride
precipitation near the outer surface was fractured due to pellet cladding mechanical interaction (PCMI).

Transient fission gas release by the pulse irradiation was about 9.6 to 17% depending on the peak fuel enthalpy.

— 128 —




JAERI—Review 2002—027

JAERI-RESEARCH 2001-054
BRI EE (41 ~61GWd/tU) BWR R8O K I BE B e 8)
i RE.Sr8 S EKERX. LEE
3

LIRS O RS E AL - &0 TRERIEE BWR BB VAR L, BRBHOIRE ., 2. ki,

FPIAH 84 T8 ~27-, AR TRV -BREEE 56GWd/tU £ TOEPE BWR BRENClE, #BE O/KBRINE
1359 100ppm BL T THOME LA I & | B — 8RB 2127607 /g (145cal/g) £ TO TR DOFPH T
T2 h— B AR A YEA (PCMI AR 13 24E U7 o Tz, SHITHRBEE DR\ ABERE 61GWd/tU O
BWR #RE Gk ERIN & 43 150ppm AHE % . BREF T /L E 260~360)/g(62~86cal/g) T PCMI BEHE A4
Ute, ZOBREEEE BWR BREIORHEEEN AR ERICIVID TRINENTZHD ThD, Eiz, RFHARD
FER BWR BREFCII KBS A LRI T # B3R L T2 PWR BRBHI EL A~ TR KRR
BCRHANEUL OSSN, £ ERUBNT2—RICEDHEAROLEIZIY . PCMIBBHEOL 5
THBEOEHITEII LY ORISR L > Th-bENAT &, R EOREN LR LG EIZITFP AR
W EAEHNEE IR DIEERHLMI ol

International Symposium on Metal and Hydrogen Systems Annecy, France, 2-6 September 2002.

REORIENTATION OF ZIRCONIUM HYDRIDE
D. Setoyama, M.Kuroda, T.Takeda, F.Nagase, H.Uetsuka, M.Uno, S.Yamanaka
ABSTRUCT

Zirconium alloys have been used in nuclear industry for several decades and have been the most reliable material
for the cladding of fuel rod. In recent years, a comprehensive understanding of the transition of orientation on
hydride platelet i zirconium is one of the most important issues, since hydride in radial direction reduces the
ductility of cladding tube and the high bumup of fuel for light water reactor is accompanied with high
hydrogenation of cladding. In order toclarify the mechanism on the hydride reorientation, the hydraulically
pressurization tests for Zircaloy tubes were carried out. The results suggested that the tensile stress, the temperature

and diffusion length of hydrogen are closely related to the reorientation of hydrid
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IAEA Technical Committee Meeting on Fuel Behaviour under Transient

and LOCA Conditions, 10-14 September 2001, Halden, Norway.

Study of high burnup fuel tehavior under LOCA conditions at JAERI

Fumihisa NAGASE, Masataka TANIMOTO, and Hiroshi UETSUKA
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LovRENT,

The topical meeting on LOCA fuel safety criteria,
Aix-en-Provence, March 22-23, 2001, NEA/CSNI/R(2001)18, pp.197.

Progress in JAERI program on high burnup fuel behavior
under a LOCA transient

Hiroshi UETSUKA and Fumihisa NAGASE
®2E
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29th Nuclear Safety Research Conference
Washington, DC, U.S.A., October 22-24, 2001.

Study of High Burnup Fuel Behavior under LOCA Conditions at JAERI:
Hydrogen Effects on the Failure-bearing Capability of Cladding Tubes

Fumihisa NAGASE and Hiroshi UETSUKA
G
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2001 EKDKRE KA E IV e U NV A A B ORR LS BERHR(1)
L31 — BRBR COMLABIR COMLEREI- RITTRE—
3valuation of oxidmion rate of Zircaloy claddi mg tube with thermobalance (1)
Influence of pre—oxidation during heat—up on the oxidation rate
BARTFHHERT O HXER/K SKERSTA KEPE ERE
YOSHINAGAM Makio NAGASE Fumihisa OTOMO Takashi UETSUKA Hiroshi
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I B 2 RER U= 2V O A MR E OB 2 (2)
—IKEZ TN LT RIS DV b A — 2 KU — 4 9528 8 Ol e 2t —
Mechanical Property Changes of Zircaloy cladding tube after Temperature Transient (2)
-Mechanical Property Changes of Artificially Iydrided Zircaloy-2 and Zircaloy-4 Cladding-
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KR K O TR AR U UL O 1 -4
BEED LOCA RSB SE O 3T

Evaluation of failure-bearing capability of Zircaloy-4 cladding tubes under LOCA conditions
as functions of hydrogen concentration and axial restraint force
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JMTR/BOCA Group
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— 2 ¥ ay 7#E%E  JAERI-Conf 2001-008(2001) p.125-137
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FEMAXI Group

(1) Sergei E. Lemehov and Motoe Suzuki, PLUTON —Three-Group Neutronic Code
for Burnup Analysis of Isotope Generation and Depletion in Highly Irradiated LWR
Fuel Rods, JAERI-Data/Code 2001-025 (2001)
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JAERI-Data/Code 2001-025
PLUTON - Three-Group Neutronic Code for Burnup Analysis
of Isotope Generation and Depletion in Highly Irradiated LWR
Fuel Rods

Sergei E. LEMEHOV* and Motoe SUZUKI

PLUTON is a three-group neutronic code analyzing as functions of time and
burnup, the change of radial profiles, together with average values, of power density,
burnup, concentration of trans-uranium elements, plutonium buildup, depletion of
fissile elements,and fission product generation in water reactor fuel rod with standard
UO, , UO,-Gd,03 , inhomogeneous MOX, and UO,-ThO; . The PLUTON code,
which has been designed to be run on Windows PC, has adopted a theoretical shape
function of neutron attenuation in pellet, which enables users to perform a very fast
and accurate calculation easily.

The present code includes the irradiation conditions of the Halden Reactor which
gives verification data for the code. The total list of trans-uranium elements included in
U0 N2 o PuB 2 oA m*!?* (including
isomers), and 0sCm**> % Poisoning fission products are represented by s XeBh 133 135
WO, oSmM 151 152 GIStI60 g 1S3 155 g 8885 Mo iTe®, 4sRh'®,
oAg'®, 51712 8L Cs™P, gLa'™®, P, oNd“*1%° ( Pm'™. Fission gases and

. s . 83-86 129-136 125-130 127-131 133-137
volatiles included inthe code are 3sKr~ ", s4Xe , s2le , 53l , 5sCs

the calculations consists of o

b

and s¢Ba®* 1. Verification has been performed up to 83 GWd/tU, and a satisfactory

agreement has been obtained
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VEGA Group

(1) REZY, T RS F RSO B TEME R (VEGA) BB O R (R T EHF | JAERI-Tech
2001-029.

(2)T.Kudo, et al., “Influence of Pressure on Cesium Release from Irradiated Fuel at Temperatures up to
2773K,” J. Nucl. Sci. Technol. Vol.38, No.10, pp.910-911 (2001).
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AR 1545 2002 FEOFER, J27(2002).

(6) A. Hidaka, et al., “Enhancement of Cesium Release from Irradiated Fuel at Temperature above

~ 2,800K,” J. Nucl. Sci. Technol. Vol.39, No.3, pp.273-275 (2002).
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Influence of Pressure on Cesium Release from Irradiated Fuel at Temperatures up to 2773K
T. KUDO, A. HIDAKA, T. NAKAMURA and H. UETSUKA
ABSTRACT

The radionuclides release from fuel is a primary issue for evaluation of the source term in a
severe accident of a light water reactor. After the TMI-2 accident, numbers of experiments have been
conducted in this domain of research in the world ™. However, information is still insufficient for the
precise source term evaluation, in particular such conditions of very high temperature and Apressure.

In order to obtain the data at such conditions, a systematic research program, VEGA
(Verification Experiments of radionuclides Gas/Aerosol release) 45 was initiated at Japan Atomic Energy
Research Institute (JAERI). VEGA program aims in particular to clarify the effects of pressure and
temperature on the radionuclides release. This article describes the effects of system pressure on the
cesium release obtained in the first two experiments, VEGA-1 and VEGA-2, which were conducted at the
same maximum temperature of 2773K and different system pressures.

The release rate coefficients of Cs from fuel pellets became large with temperature increase
regardless of the pressure. The system pressure influenced the Cs release; the elevated pressure. could
decrease the release rate coefficient at temperature of severe accident condition. The present data clearly
indicates that the development of pressure dependent release models, for which a little attempt had been

made in previous studies, is necessary for precise source term evaluation.
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Enhancement of Cesium Release from Irradiated Fuel at Temperature above 2,800K

Akihide HIDAKA, Tamotsu KUDO, Takehiko NAKAMURA and Hiroshi UETSUKA

Abstract

The behavior of radionuclides release from irradiated PWR fuel in inert He gas at temperature
above UO, melting point was investigated in VEGA program at JAERI. The experiment showed that the
release of volatile Cs was enhanced at temperature above 2,800K and almost 100% of its inventory was
released from fuel during the experiment while the fractional release of some low-volatile radionuclides
such as Ru and Eu were equal to zero. The release rate coefficients of Cs at temperature above 2,800K
became larger by several factors of magnitude than the extrapolated values based on the Arrhenius
equation fitted from the release data below UO, melting point. This indicates that the release behavior at
temperature above 2,800K should be modeled by a different approach from the extrapolation of existing
models such as CORSOR or diffusion in UO, grain in which the integrity of UO, lattices is always

assumed.
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