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Study on the Behavior of Irradiated Light Water Reactor Fuel

During Out-cf-pile Annealing
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Department of Fuel Safety Research
Tokai Research Establishment
Japan Atomic Energy Research Institute
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Using the pre-irradiated light water reactor fuel (burnup: 35 MwWd/
kgl) and the slightly irradiated NSRR fuel (burnup: 5.6 x 107°% Mwd/kgl),
FP gas release rate up to the temperature of 2273 K was measured through
out-of-pile annealing test. Results of this experiment were compared with
thoge of ORNL annealing test (SFD/El-test series) performed in USA.

Obtained conclusions are:

(1) Maximum release rate of Kr gas in light water reacter fuel was 6.47%
min~! at temperature of 2273 K. This was in good agreement with ORNL
data. FP gas release rate during annealing test was increased
greatly with increasing fuel burnup and annealing temperature.

(2) No FP was detected in NSRR slightly irradiated fuel up to the
temperature of 1913 K.

Keyworks: FP Release, OQut-of-pile, Anneal, Light Water Reactor Fuel,
Burnup, NSRR

+ Department of Reactor Fuel Examination
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Photo. 113, MAEBRICEM L -7 > Ly ASUSERD 191 3K FTogMcA L i
KSUSHONHESEMBTHE. AR L, MBECERSHHOH, BENTT3IKITNRS AT
&, Hel KEZORGHADBEHIUIE S EINN I EHICH ST TWAELBDNE, V77 VR
EOBENWLEETEMIAiT-7E 25, Fe, Ni, Cr, Mn, Mo, Sotetant, —4, 773
KA S USEOBREGRE TEMTET-7/E A, Fe, Ni, Cr, Mn, Mo, S, Si ot &
nice 747% (S1) 2Fp3E, mECLBICRE SRR, SUSHMORS THS, MAEH
R aniSiid, EFCHETHRLY Photo. LIURTHENT, BEREmMITIRIECOEL T,
Sifd, MEF - AHBEETORMME LTI TORLEDH, F 4+ ) THR SHIZEE L THE
LicbDEFELLND,

ZOMESUSHICDV T, S5 3RO ZHET 2DOEMTEER LI, 3w
FIEOD S -1,

3.2.2 mdiEHoAE - 2HEEHE

Photo. 2%, L 77 L ¥ R85, BEMBEREOBRYICNEETH 5. SHD, (bIZ187 3
KEStBRE S Th 505, WHBEESMOMICER LTV A &89 5, BIE, BidiiEid, BEE
DTLLFIREGDHFIP Pt— 1 3% RhAFTHTAUE L-FATRE TH 5745, EEEOMER
HoORERIniobS Mty o4 HETOMS2 1 2 8K LG s &Eflan b,
e, SEptlE R, BENCLIHRLMOELD S 1 36 2RFEEVHEELH-1EFAL N5,
BHCHE, 1913 KEmRae T a0, WETIKBAHRD b ESBES AL, R
BRI A & EHIRORRIC /N85I - Tt S DFHETS - 72D, Photo. 3 ICm U crk
i, NI oNGICE S TBEEEORFITEEC 2 S mBEEOENAEE L TWETH L, Thid,
Photo. 3lciDx » F ¥ 7B oan H8kIC, FHEE00 0 9 mEE DRBERALTH L ASI N2 3E
LT, CORGENEREZ, 187 3KOBEHAEICEE SNl -1,

A IR O o AR C B 4 A S AR RO EEE R, 3 & THENCE L 7.
CNOABRESHESEEREDP S, UO MEEHBERTAELOMIICE, EENLUHEMER LD
U-ZrRIEOBEERIFEL TR &85, $7z, EBRFBHEZHSHel/D » fofodd, HE
EAmIC, Zr0, OFELNBILEBOTEREED oA, L LEBIANSHE ORISR
MEH LIS,

WEIIC LTS, LWRERTHONLHELEREALTOF PAROEBPRMRTOANARE
DR S Vo fo, FPHREOBRT2MH R 2R, NSRREBEOARBECRBONLL -
1oe

3.2.3 gpsklo SEM XMARER

SR« BRI TR, SR, ERBEEBREIC TS EM / XMARERCIE L7,

Photo. 44, 18 7 3 K THIAEM Lo RCHEEDCSEMER (480 &, BE#itiTh
Wipofob 77 VY AOBBOSEMEE (AT 1K) Thb, mEERML TR, H5Em»H-
foZ &, BEEONEEOME EAMBMOESGICERIELTOEIRENLEH LT EENN 5, 4,
BRENCB L T, PRERUMT & BB OSILEE v 7 7 b v ABEHC A~ TD LRDHERNIC &
B EMSND, COBEHDREICHT, Zr, Cs, Ru, MU BanHicH T2 XMAGH&IT- 1

o
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0, bR TEEh -,

Photo. 53, 19 1 3K$THEMEML, 602MERECRFESSICHe L AERORES
FRU 2 0 SR AN BRI RUCHBE DS EMEETH 5, BHEATHE, WHEEARMERS 1/3
DEIAHT, HBZLCERT A EEbNARMSE N D, SEMBEBREZOEREHCH L,
FRREH O ES R LB L b OTHL L EBHE T s, THbL, TOE
MBIk ENSGE CERO 1 23, MEBOEEAPhcto, 1 45585056 &91C, ZOMBRKOH
nOWH GERNEHD T, ERICAKESEEESGET 28T, TN FEARAD T,
BEICRERRSNS (- TOEELEENS B L HICBbh b,

BEASL y DN TRFEH > T LE-RFEP AL, LI, By b EEEMEDR O
RIE—-F72E3 U0 - 28— 32 2 ThE U EEBbi b,

19 13KFTORMERTIE, 191 3KHERG AR, 2050MHe L KEBRZDOESGSH

CEME S5 Lice WEEAMTE, LoLABSEENRZr0, D&k ) SERERB AR s hiad
S 7ol &, BHEEBRDINUZDIAREEELD S D
%ﬂﬁﬁﬁ&mowfm,%ﬂﬁ%?@%ﬁm%@&&ﬁgbfmawc&ﬁ%%btoﬂ%ﬂ@
tha BT, Zr, Cs, Ru, MU BancHKIKHdT 2 XMARMFEIT» 7205, WINbEHTEL
Mot CORERE, ORIGENZHREDLSFAILA®E o, NSRREBHICEKRINIFP
ENganclbit v LRBERL TS PR S,

e
E&P'F
ulf

(1) B3 S MWA, " kgUDLWREEIA 2 27 SKTIHAMML#R, KromiigFide
Fmin E1lotn, COFRE, KEORNLOHIT —EHY ) - ZX0fFERESEE - L 5
SO F PRUEESRE, BEoBER SEMREORNE TN 5 C &0 RERLKE
ORNLEBREOUELSIHLMITIL -7
(2) FABERE 5.6 < 1 07° MWd./ kg UDHEENN SRR A 1 9 1 3 K& THAMES L7275,
T ¥ b Ty TEHTRIEICHE L - Gt i ERiT i, ﬂb@FP%@héﬂm@ﬁtoit,ﬁ%@M
B LASUSERENHICS, 5 F PEMHE L TOR -, BEEROBEEIROBET
FPﬁX%@®%%®ﬁC%HﬁbFPﬁzbﬁﬁémt$%mﬁ&m%EWﬁ%iﬁﬁéﬂﬁﬂ
=720
(3) NSRREE T, #E-GETHOMEER Fl, U-ZrBR) d#Eond, 7SN
DR G370 hS, BET IS ERME U T, NSRREHOEREE L, SIEBTFTT20
AR Heb H, 0 Ok#ER) OBEIR S SEich, HELVZrOBolmEaEs Uiih -1,
WEREIAE» SEENKEEZBCL, ZORESEILLAERT, $EECHBRROE N4
7o
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B, WINSRHTEUL -7,

Photo. 5i%, 191 3KETMEMESL, 6 02MHERECESESLICHe L KERORSS
BRI 2 0 SRMEE SN RO EEOSEMERETH 5, SRIATI, #HEEARM»S 1/3
DE AT, HBELGENT 2 Ebh aMNRFEON S0, SEMEBBRU % DIEKEECH o,
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NORAl GEEREAD T ERCAKEFUERNAEETLZ AT, FOEhONAR HEEARA) T,
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R AL IC D0 T, BT TR RTLO B U T O &R Lo, SRl
Py EIE T, Zr, Cs, Ru, KU Bam&FicBld 2 XMASETT 7248, Wi bRINTED
moti, TORIG, ORIGENZEEN S FElLc®¥E i, NSRREMSBICAKSNILTP
BAEHEICLEn I RERLTH2 EBh s,

(1) #AEERES 5MWA kgUDLWRERE A2 2 7 3 KTHABESL/ofER, KroHEE6.4
%minT Lo, CORE, KEORNLOHIT —ERY ) — XOERESEZEF—H LI #
SEBEL O F Pt E, O OB & BESRRE ORIN S RITHINT 5 &A%, RIFEH & RE
O RN LZEE & DB G S - o,

(2) MRBERED.6 X 1 0°° MWd. kg UDEEENNSRREEZ 1 91 3 K& TIHEASML 7,
3K b7y TERCRIEICHE L 7o Getr i ER T, ﬁ%UjF Pt aniims -7z, =7, EEEEE
CEHELAZSUSEEAEIE G, MoF PEMEL TOEh -, FHEOHEBHBOBETH,
FPHAZEOHBEONCHRE» S FPHANKREB SN TE2 RO ENERERIHES LD
=7,

(3) NSRREKTH, #BE-LHBEEMOEEER B, U-ZrEE) dEohd, FfaEi
DNE &SP -7, BEEIRKBHMEMSEL T, NSRREBEHOEEBE R, SETT20
ST HeH,0 OKER) OBRBICE S af/ods, ELVZ10BollEidd Uil -7,
WEERHE» SEBRNKESBC L, TOREPEL LCERT, #BEICHBROERSE L
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Table 1 CHFTIITHNILUO, BEOIEA SR L O

KBS

EREMERBER

BEXR

ANL
XEH

LOCARLUPCMBOFPHAKEREHHT

FPHARKRBRIIBUT TS - 1. PCMEQFPHAKRHEOA I =T L ERENARY
WNALEDFPHIANTLO Y2 LERBRIIAETL 2,

ERIEE 1222C~3E

MEEE 5~300Kk/s (DEH: BERRERMBAR)

PEIBHETIF H.B. Robinson No.2(PWR)

BHENEE  18~23kW/n

PA4ERE 1.3~3.1 at.¥

Q4):

1982

SFDROFPHAKMBEHHI (SFO/HIV Y —X)

BSKr& VT CsOMP BT IFEFA U. ®5Kr.'37Cs. 1255h. 11 0a g3 H Y QB ANT b A b 1)
THRETE L. 1900CE TOMB TKr, 1,Csl3892%, 1700CE TOMEBTHS0IOKENS -
2. F8E (9SXELL) DI, BMARBEIFPHABERS T LY —TH>Z SR P,
g 2000 CT200RELLET A, 0L EDKr, 1, CGCOBED S > 1,

Teld. BAEORILBHBLLIKICEET I ENHELINDIR R,

HWIEH I Cs1,Cs0R,A8.Sh. RUCs & SnDTe{t MR 2 » > 1=,
HBRETOFPOKRBEIWR. REORANBET I EBSh- k.

KERIEE 1700CE T

MEHAE 20enE

MEIBEHEFI H.B. Robinson No.2(PWR)

L 40MWd/kgU (2K)

(15):
(16):
(19):
(20):
(24):
(25):

1982
1382
1984
1985
1387
1987

Californiak
XK E

Te& HCHT 300 NLy b s OREERBHOFSE

HOOTIK B ATe- 1220 HFERIZI-131L 010U ERE - 1,

X-133. - 131 DB RIT F{LEIRMALE (Stoichionetry) OB A xh - 2.

HoP TIT50C £ TR L 255, 1400-1700°COEET. Tel 1OBEREIXed V@ -,
BEIBEBSFELIF UCB TRIGAHE 10~252BE383(5X10'2fission)

(18):

1883

UKAEA
KE

BSKrOF PIRERW0.13~29 xS o h, BERNOBERRD -2, EERNE LT
FPHANTANEHZUTN=-ZAPEBIULHANED > 2, .
PHRERMELCSTIFPRBE. FREEHHECSTAFPREEIDDAREH -,
IZMISE  1400°C & 1650TC (He-H., 62h)

PAEIBBEIE F1F  WAGR fuel

PRAEE  5.5MWd/kgU

an:
2D:

1382
1387

[icgtit

FPHARER. SEOEN. FEGRIRURGEOE NS LML 2, BIEE0.9Y
DU B Z2000C TSRUISARBH U= & 2. WRUSIIOFPIEN S - .
PCMESFDROFPHREEHA, SASCHAZHVWTHEF LRSI 2, XELE—}
WASH-1400{2. Te&SHITHIL TXIAAFM. Ba,Mo.ZF,Ru,La,Ce,Pr NdRU NP DWW T
WNFEBLUTWEZ EMNBE MRS,
IESIERE 1200~1600TC (8~2404)

1700~2000C (2.5~40%)
MIEEE 0.3~3.8 atZ

(23):

1981

—13~14-
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Table 4 Result of anneal test on NSRR fuel

(1) Test:i750-1 :

Stepwise annealing

Temperature Holding time Petected FP Remarks
4 (min)
To 773 ND @® - @
- ih Fig, 3(a)
773 3 ND @ - Q@
773-1273 - ND @ -
1273 10 ND @ -Q
1273-1473 - No Data logging Q@ -6
1473 24 ND Q@ -®
1473-1623 - No Data logging @ - @’
1623 18 ND @' - @
1623-1873 - ND @ -&
1873 60 ND ® - ®
% ND ! Not Detected
(2) Test:750-2: Mono annealing
Temperature Holding time Petected FP Remarks
(K> (min)
To 773 - No data logging | © - @’
in Fig. 3(bh)
773 5 ND % @ - @
773-1913 - ND @ - @
1913 90 ND @ - Q

¥ ND © Not detected
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High frequency

Stanless steel

g nerator ! heater pipe %
% DENN Vent §
a
8 [rel ’% -
9 2 Ge Detecto
w3 Segp 1Ly
b gl r No
eam, [ & NSRR Cold’ i trap (liq. N2)
enerator % fuel specnmenﬁ
B, Carbon specimen 4
Water coolant ic - N
tan Helium ﬁ;%_ &5
gas supplier
Fig. 2 1In-cell anneal equipment and FP gas detection system

used for NS5SRR fuel anneal experiment
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TEMPERATURE {°C)

2200 1800 18600 1400 1200
10°
SEEEN _1 T | ] -
i ]
$
o-1 L \ U HI-6 |
= \ O -
= - \} -
£ - # -
E - HI_B{ \ $ HI-2 -
’3 - A -
g HI-4 ¥ \\
: 1072 = HI-5'8 -]
> - N\ .
ad - ]
e L
2 u Ref. 31 N
-
E B KRYPTON,
10-3 Hl TEST DATA
- e KRYPTON
= HI-1N
- a |ODINE N
- = CESIUM
| JAERI DATA
(O KRIPTON Cesium
10-4 ! | ! | | |
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

10%/T (K}

Fig. 4 TInverse temperature dependence of LWR fuel test data
(JAERI), HI test data (ORNL)(25) and NRC review
data(31)
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(a} Inner surface of non-heated SUS tube and

(b) that of heated SUS tube to 1773 K used for
750-2 experiment, where steam was injected after
60min. heolding at maximum temperature
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,'(C) :

Photc. 2 (a) Non-heated reference fuel, (b) heated to 1873 K, and
{c) heated to 1913 K, where fuel speciment was fragmented;

white spots marked in the photographs show fuel zero

orientation
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CLADDING
OUTSIDE

ZIRCALQOY
CLADDING

Photo. 4
(l.eft) Detail cladding condition of

annealed specimen to 1873 K.
{Right) Top twe show the center and
edge fuel condition of specimen
annealed to 1973 K and bottom one
show the fuel condition of non-
annealed reference.
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Photo. A.l1 C(ross sectional overview of annealed fuel specimen to 1873 Kj
white spot mark in the macrophotograph is indicationg zero

orientation, as-polished, fuel center location at zero
orientation



JAERI-M 88-223

H0um
5“‘*‘%&*[?

W D

Phote. A.2 Cross sectional overview of annealed fuel specimen to 1873 K;
As-polished, fuel middle location at zero orientation
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Photo. A.3

Cross sectional overview of annealed fuel specimen to 1873 K;
white spot mark in the macrophotograph is indicating zero
orientation: as-potished, fuel edge location at zero
orientation
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Photo. A.4 Cross sectional overivew of annealed fuel specimen te 1873 K;
as—etched, fuel center location at zero orientation
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Photo. A.5 Cross sectional overview of annealed fuel specimen to 1373 Kj
as—etched, fuel middle location at zerc orientation
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Phote. A.6 Cross sectional overview of annealed fuel specimen to 1873 K;
as—etched, fuel edge location at zero orientationm

__34_
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Photo. A.7 Cross sectional overview
of annealed fuel specimen
to 1873 K; where radical
cracking at fuel edge
location is shown
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Photo. A.8 Cross sectional overview of annealed fuel specimen to 1873 K;
lots c¢f white spots at fuel edge location are observed.
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Photo. A.9 Detail condition of cladding annealed to 1873 K or mere;
photographs were taken at representative four different
orientations: as-polished
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ORIENTATION: 0°

a0e

270°

Photo. A.10 Polarized cladding condition, annealed at 1873 K or more;
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Photo. A.11 Cross sectional
overview of an-
nealed fuel specimen
to 1913 K; micro-
photeographs were
taken from marked
region in the
macrophotograph
(right bottom);
as-peolished
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Photo. A.12 Cross sectional overview of annealed fuel specimen to 1913 K;
as—etched.
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— ORIENTATION: 0°

Photo. A.13 (Left) cross section of etched cladding annealed to 1913 K and
(right) macrophotograph of the cladding, in which white spot
is indicating zero orientation
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Phote. A.14 Representative cladding condition of fuel specimen annealed
to 1913 K; as-polished



