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Fuel Irradiation Research of Japan at OECD Halden Reactor Project
— Achievement of Joint Researches between JAERI and other Organizations

in the Period from 1994 to 1996

The Committee of the Halden Joint Research Programme™

Tokai Research Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, [baraki-ken

(Received December 2, 1997)

JAERI has performed cooperative researches with many Japanese agencies and companies
by means of the Halden Boiling Heavy Water Reactoer (HBWR) which is located at Halden
in Norway. These cooperative researches are carried out based on the contracts of the
cocperative researches, which are revised every three years, in accordance with the renewal
of the participation of JAERI to the OECD Halden Reactor Project. This report summaries
the objectives, contents and the outlines of the achievements of the cooperative researches
during the three years from 1994 January to 1996 December. During the period, ten
cooperative researches had been carried out, and two of them had finished during the period
and other eight researches has been continued to the next three year period. There are
many research items, and most of them are irradiation test researches of advanced fuel and
cladding concerned with the high burnup utilization of LWR fuel or MOX fuel irradiation
researches to prepare for the introduction of Plutonium utilization in LWRs.

The researches of fuel irradiation usually take long time because of the characteristics of
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these kind of research work, and three years are usually not enough to obtain some
achievements from the irradiation tests. Threfore, eight tests have been continued after the
three year period. In this report, the achievements of the continued researches to the next

three year period are not final one but a kind of progress report.

Keywords : Halden, Cooperative Research, Fuel Irradiation, HBWR, Progress Report
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1. Fz205%

OECDINEA DA AT v RFFRE (LT, ~"7FUaBeid. ) ik, / vy=—
AT AT BT RNAXE—FERFER (IFE) O LT HRE EKIETF(Halden
Boiling Heavy Water Reactor, HBWR) % ¥ F 4 2 [EE G A T, 1958 FIlFRta s iz,
FHEIZYOOEFEMEFNAL LT, ZOREIFEFECHELZEFLEFLE-T 5,
At 1967 €I B ARF AR (B 2AFEEL UCTKHEICME L, BHEZ
§5if1o@®¥%ﬁﬁ%§h\%ﬂ%%ﬁ%&z/tam5fﬁﬁ%#6%%btv
Ve UG R T o TR, AFEICIE. MEEEORE - BBO T AT T aY
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RERER L L LI ERF L B, T2bbENF - REEREEDR B | EFH%E
BT (BHEEE) SCRESEEOMOERPES LTORREBREER L TE 7,
ThoORBREIT. B0 KRB ELMOKTIRETHD 1996 F 12 A L TOEEH T 56 %
# x5 (Table 1.1 BH) ,

L AT, BREBRREIFEII-RICZEOTE LR ET S, B, #EEEHEDKF
HRAEEOICER L TCWADIL., HRZDENIEDDZHTHY, 20X D RERET
HEFEOHEECHAEEEICLEBEO LD THD, £, —DHKREMETEHELNDL I
Bt oXFFRICE > THROTEATHLIBERE, ZOXLIRFFNL, FffzT
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1994 £ 1 B 426 1996 ££ 12 A o 3EMICHEE L5, Table 1.212739 X 5210 %
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MEX EARERICHTHENOCHEENZLOTH SR, o 9 FEFHIZRB SN
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Table 1.1 A7 AP0 B BRBEOEERE
(1.1 97 5ELARTREBEGD L @)

S 2 HREEHE

No | &F i %R =} # BEARE | (GWd)
I [1FA | B F | IPDR-T B ORERE (ER) 11/67~10/69 113

106

2 | 107 | B B 11/67~ 8/68 42
3 | 149 | R B | JPDR-I AR OREERR (RR) 5/68~ 5/69 7.2
4 150 | & i 5/68~ 4/70 11.5
5 159 | & # | UO:-PuO: 7KIFIREIOFENE 6/68~ 5/70 9.4
6 160 | & B 3769~ 5/70 5.3
7 | 206 | & | ATRRE ORI HER 1/71~ 9172 50
B | 207 | &R A 571~ 1/73 7.2
9 { 208 | ¥ | BsEhToSry b 77 FIEEER 1/71~ 971 6.3
10| 209 [ R B | KBRE(EBRESEOZES 5/71~ 5/73 10.1
| o210 | RO\ LT | BRI FOBREER 171~ 5/74 26.7
12 | 211 | A SL | RN—=FT AR R, Sy b 77y FEREER | 71-574 18.0
13| 212 | = # | PWR HERETORMBR 171~ 973 28.6
14| 23 | = E i A—F IR UBE, ALy b 2Ty FEEER | 5/71~10/74 22.5
15 | 224 B | BEZESEOSLV Y b 77y FHEEER 2/72~11/73 1.8
16 | 225 | & o | BERARSOE 2/72~ 6/72 3.5
171 23 | B #% I |~Vvy k- 27y FERER 1/71~ 3/74 22.0
18 | 410 | B3 /HGE BB B BR 11/73~ 277 11.3
19 | 411 | B/ HRE | - 77 v FHEFRR ! 'R 11/73~10/78 25.6
20 | 412 | ®E Zz | REMBHE (AT RS Ul 7 -HhRR 5/74~ 8/78 9.3
21 ] 421 ) = # | Ly oI LEOEYE 10/74~11/76 5.4
22 | 423 | B # | ATR A UO: -PuO: B O REME 6/75~11/76 4.4
23| 44 {FE B T | ~“vybofExlLIEond 10/74~ 5/77 9.3
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Table 1.1 ~AFAFIZE S BARBEORSHES
(T.1 97 6 ELIERERBEOLD)

199 7#1ARE
No | %% L5/ S g ;3 - BHERA | (Gwdn
24 | 501 | B /HWE | IFA-5 1 QBBAGEEER 12/79--10/84 25.0
25 | 502 | B/ EE | HAOEE L FERERAE 9/77~ 979 2.5
26 | 508 B B | FRERMEICLESU ke 2Ty FHEEIER 677280 | 230
27 | 510 [ = £ | BEEEMONR 3/78~ 3/79 5.0
28 | 514 | & B RAIER UOr-Pud: <Ly FOBEZX LT Y, 7/79~11/88 40.5
29 | 515 | H B | IFA-5 0 8 AR EEEN 9/77~ 3/81 17.0
30 | 519 | HILHE | ERAE (BWR LBEE 9/79~10/84 14.0
31 | 520 i & | BWR B 2R EER 6/82~ 1/85 23.0
32| 523 | & BF | BWR ~— 2 B} 2/80~ 1/85 23.0
33| 524 1 E T | PWR ~-— 2B H 2/80~ 1/85 20.0
34 | 525 | & B | PWR RHNSEFE 6/82~ 1/85 20.0
35 | 529 | ®h # | BAFE A Pu0: UO: B IRE 6/80~10/86 254
36 | 530 | E F | ARV =T ADBREOREN 11/81-- 3/84 8.0
37| 539 | = # | ARV =T AREEOBH 2/84~ 9/85 10.0
38 | 551 | REERERER | BeEsmE o5t 12/86~10/95 45.0
39 | 554 ﬁb # | IFA.5 5 5 fA~<— A& 11/85~ 6/93 31.0
40 | 555 | B B | ATR EEEFREOARHEERER 11/85- 6/93 | 327
41 | 559 | = # | PWRH U0:Pu: m‘sﬂb%f& 12/87~ 2/93 33.9
42 | 561 | = ZE | BREHFY =T A RUUBER OB 6/90~11/92 17.8
43 | 365 | ® | AL UCPuO: KBS (IFA-514  JER) 10/90~11/93 49.9
44 | 566 | BAHBERE | SPEEEmERY 4/90~ 3/95 75.0
45 | 592 | ZEEFH | V=t -F—DREH 8/92~12/93 12.3
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Table 1.1 ~AF AR L2 BAEE OB

(H. 199 3FLERHRADLD)
199 7%1A#HE
R PRIERE
Ne | &= A & wmOx® H gl A | (Gwdd)
46 | 594 | BRURERE | MOX #REH 58D 7/95~ B4t
47 | 595 | AXBERAE { MOX BEHES 7795~ B o
48 | 596 | = # | MOXBHOSDEW 6/93~ mEtsh
49 1 601 |E 1 #F | EEREEY PR 1/94~ 5/96 102.0
s0 | 602 R O L | KRE~Sry FoRE 1/95~ 28 E Y
st | 603 |E B T | XEHEEFOR A 1/95~ il C s
52 | 604 | H R I | XREMEORANL 1/95~ et oy
53 | 607 | Btk # % | BWR HEBEOKREER 1/95~ BB o
54 | 608 } i & 1% | BWR BEETOKAER 1195~ Byt
55 | 613 ﬁ?%’ﬁfﬁi B B R 6/96~ Fgd
s6 | 616 | JB B M #% | PWR R HBERHEORS 6/95~ 3 S
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Table 1.2 /AT EFAHFRE—E
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MOX - Gd:0s #R$+> HBWR B 20F - BRI BEREE R | B 64 1 H
(2R 5 AR B AT At SRR TR 8;12H
HBWR {7 £ 2 m Rk BERy K | &7 R TERT TR 64 1A
pab oy S il aa = S h el 5 A AR A 0T Fe i K 8;12E
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BE OB R EEICMT A8 | BERRFHER P 5K 8%12%
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REBIEE (MOX) OB | ZFETE T 64 1A°
FrtEiZ B34 2 HBWR T REAT ~
B B AR DS Fk 84F12H
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BB B BT TR | BARR T AR YRk 8;12ﬁ
R B A OO HBWR | JRUT- I3 E R IR TRk 6% 1H
231 2 ME B A A F T A8 5T Frk 8;12ﬁ
EIAKEE PWR B WERE | EF R ELITHE ERE 6% 1H
D HBWR (2817 2 B | AARTF TR 2854 8; 12H°
HBWR LB A BERKES W R & H /R E e 6% 1A
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2. MOXEREIDHBWRIZBITAH HERRAER
Power Ramp Test of MOX Fuel in HBWR

(B - EAEIREE )

2.1 FREH
RELZBELTLIIBITAMOXBEOBBLEVELRS L &I, THII A TRABEEELZRE
LEAZERBHOLE T VEEFML. BEXHRIT 2 - FORIELT> T, MOXBHOELMEF
MEEDOREIZET 5o

2.2 HFARE

SEA S Ul EFig2- 14T T. MOXBE (114) OBRNEEXBRBLI A ¥ FEABTEL
6K TR —HEOHEBESE L EEL 2, BEAE T Table2-110, BBEEMER £ Fig.2-21008
+, IOBEHEESEE [ATA] UTESETHBMBEFELISGWINT TR-ABE L &%
oLy Ay FEBIEB 3 Fig2310, N— ABRHHEREETable2- 210 R T ~N— ABEKR, LI 2
MAHESIIREL., FREOBRSHRRICI D SARESRIHALLLET, MV T YRES
WTHHSRARBYPER L, EHER -4y 213, BEROIVFRAT v TEY ¥ TN AT
Yy 702 EE (Fig2-4) 50, §L/ AV PEAHEFCGHEENUHES LV IEIAERED
PEohd RN, HASAROEGEFH R L

2.3 BE
(1Y BB L EVHEBT (Fig.2-5~7)

B8~ 68kW/mE THAER S TN, L7 AV FERBEZRIEBRRATII L2 (.
BHHELEVWENIALAETHE I EERL,

(2) PCMI%¥E (Fig.2-8~11)

EFAYVIREEZIRIAI A REEBCHENA VI A v F- b, HOSRHICHER
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izt 2 SoE—Y 3 vElalE, BIEERLIAFOFEL LRI ENTh ol Fil,
SSKWmAEBAAERMEATE., ToFSE0RNEERY, KBELY T ZE-Y 3 XITLD
Pmmﬁ%ﬂéﬂfw5:&ﬁ%#oto7»%1%77&09?7»1?v?®mv—&yzf,
Fe-T 74— KNSy 7RSI AFHERLEIBRFEEOHUIFBRESI NI,

(3) FPH AR EE (Fig.2-12~14) :
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WAFPH ARM. 2) BERICHDEREL TSR HEb 6T, BHSRIEEOEILIE AR
M2 b OB LFPH ARE, 3) FRABETHO LT LEANDLATSH S,

(4) 23— FEHFEE (Fig.2-15)
Um%ﬂﬂéﬁﬁﬁﬁﬁ%%éﬂtﬁﬁﬂ—FﬁMM@m%wammmﬁﬂ%ﬁ%ﬁAﬂ

— B —



JAERI-Tech 97-066

. MOXBREOPIEF— 7T ERBEL., MOXBHE OZEEEMI— F (FEMAXI-ATR) M
Lic, o —FxBwWstBE-E8BESL. B8 oBESbiiowTb L —F L

SETR

1. WE H{EI). ATREZFPBRHOENEFZRER (1) -REBHE. - ABHRUBEHEHE..
BHEEFDEES 1995FEFNES L39

2. i FAZD, ATREZFHREOHDSERAE (1) - BREEBBOINVFRT» 77 ¥ 7R
B.. AEEFHES 1995SEEDES L40

[#47

£ S-piih, ATREFFHEHEOHHEFEAR (1) -BREEHRBEOV YT VLAT 77
yTHE., BREFNES 1995 KOKAE HIS

4. MIEE EANES, ATREEFHKE O M DB F R, HHIEH 94-3 1995564
5. H. Ohara, et a!l. "Fuel behavior during power ramp tests," Proc. 1994 Int. Topical Meeting on
LWR Fuel Performance, West Palm Beach, Florida, April 17-21, 1994, pp674-686, American

Nuclear Society, La Grange Park, Iliincis (1994).

6. K. Asahi, et al. "Irradiation and post irradiation testing program of BWR MOX fuel rods,”
ibid., pp726-733.

7. §. Kohno, et al. "MOX Fuel Irradiation Behaviour in Steady State (Irradiation Test in
JHBWR}," ibid., pp256-263.

[# ]

CNE EEIES, RO RTFERAMOXEEEET 2 — F [FEMAXI-ATR] OBEROBIE, HAE
BEFH%E 1996F#H O K& E6O

9. S. Uematsu, et al. "Development of High Burnup MOX fuel for ATR.," Prec. 1997 lIn1
Topical Meeting on LWR Fuel Performance, Portland, Oregon, March 2-6, 1997, American

Nuclear Society, La Grange Park, Illinois (1997).

10. S. Yano, et al. "Power Ramp Tests of MOX Fuel Rods For ATR (IFA-551)", ibid.



JAERI-Tech 97-066

Table 2-1 Design parameters of the segment fuel rod

fem IFA-591 fuel
T Fuel Peliet Table 2-2 Achieved burnups of segment rods
Type Sintered MOX
Form Solid with dish and chamfer Max. Linear Ramp Test
Outer Diameter 12.4mm Segment Bumup ax. Lnear = : .
Height 12.0mm Rod No. CWdtM He:':lt Rating Ramp T;‘.)r(‘)nx:;ﬂ Loading No.
Density 95%TD kW/m Sequence | | o
Pu Encichmen: A7i% {FA-591-1 155 [8.1 Multi 65 ':n [FA-591.1
23y WP Pu+U - - 2 . ulti o - .
(FPursiPuli(Pucl) 2% 155 18.1 Multi 663 [FA-591.1
2 Fuel Cladding -3 212 237 Multi 632 IFA-591.1
Material zry_z ! ZI’}'-Z with Zr liner -4 16.3 ig.1 MU]!? 66.4 IFA-591.2
Outer Diameter 14.5mm -5 16.3 8.1 Multi 68.4 IFA-591.2
Wall Thickness =0.82mm -6 222 237 Multi 66.8 [FA-591.2
21 Liner Thickness 0.075mm -7 16.3 18.1 Single 65.5 IFA-591 .4
’ -8* [4.8 18.1 Single 68.0 TFA-59T 4
9% 6.6 18.1 Single 65.2 IFA-591.3
3F
vl Rod th $20mm -10 212 23.7 Single | 594 | IFA-5913
Pellet Stack Length ﬁgimm -11 2272 23.7 Single 58.3 [FA-591.3
He Pressure 0.3MPa : H
* . Zr liner cladding

Fig.2-1 Program time schedule

M '86]'87 ]‘as l'lw lvu |v1 ]‘92 ]93 Im "95 J'-,m |w
HfQ2-Y203 Pellet

Fuel manufacturing D

(PNC) Hf Sleeve MOX Pellet \

Irradiation (Fugen) E !

PiEs I 'i'[ =
B P 365mm —‘

(JAERI & Kjeller)

Ramnp tests (Halden) IFA-591] 4 D et 520mm -
PIEs aft test . .
ek D Fig.2-2 Schematic of the segment rod
(Kjeller)
Y direction

X direction  [>

S ; Segment Rods
S8; Spacer Support Tube

Fig.2-3 Positions of the segment rods in the
assembly



RAMP SEQUENCE A
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=z W0 N
= L . -
= 60 P=1kWimisec
£ s p 4
Z 4 £ P=SkW/m -
£ .
8 20 -1
g
£ 10 ~
=~ 0 1 S T Y I
0 2 4 6 8§ 10
Time (hr)
RAMP SEQUENCE B
80

70

50

30

T Tpmax 200%sm - Lordne 1 1 T T 1

L e [ i

20
10

Lincar Heat Rating (kW/m)
&

§ R AU I Y T S N OO I e

1
Q 2 4
Time (hr}

Fig. 2-4 Ramp Sequence
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Fig.2-6 Ramp Sequence for BWR UOz fuel &
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RAMP SEQUENCE A
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Fig. 2-5 Ramp Test Results
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Fig.2-7 Ramp Test Results for ATR MOX (IFA-591)
compared with BWR UQ2 fuel 8
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Fig.2-8 Linear heat rating and cladding elongation
' of IFA-591-3 as a function of time
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Inner Pressure of Fuel Rod (bar}
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Fig.2-12 Linear heat rating and pressure of
IFA-591-6 as a function of time
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Fig.2-15 Validation result for rod internal gas pressure
of IFA-591-6
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3.  MOX-Gd:0:8K8} OHBWRIZ 3317 5 AT 3AER
Irradiation Examination of MOX-Gd:0: Fuel in HBWR

(B1F - BRE AR )

3.1 FfR B8
EHREEMOXBHEBEARO—ELE LT, MOX-GhO: BBOZEERFARBTIT v, BHERH %L
BT 5,

3.2 FRAF

KEEAMOXBE 2 EHBBELTI2ES. BREVBONNE-F BT ILESYH 527,
SHOEEHFEELTNA—FTARAL Xy THBGh0: 2MT2HENH D, T TIZTEXIFUO:
BE TG0 2Ly PRIIH-EBE S EAREANERILEL TS, —H. MOXEH T
G0 MU BEOFEREERII 2V, G203 2 fMT 2 HEL L TH—BEEFOM, #ZEMOX
ALy MIZGA203 ¥ E AT HDuplex® (Fig.3-1) #7#¥ 26N b, DuplexBliTiz, H—EEEIC
EXTUTRRTAY v B 5,

DHEEEL, BEEE 1AL YVORTCENFHDRINE (. GO OBRENRL I THLL
B, BOFEBFII v ANEBETIRBTAIILNTE, BBRCEIHNE-F Y IDEIL
BhEwv, o, £SEROEFMORNIFAEFEETLIEHNTE B (1] (2]

D HEOEALLIE, PEMOXEREL T, BEFLAETHR, PERCCROs ExHFAT
RIFEVOT, MOX-GhROs BRI A 2R ALEN 2, TAMERIEIEN S,

N EEEHOBES S, DuplexBhZENL y P EAVE I L RUGARO3 FEMISED BRIZERE
DETHEZVIEPS, BHEETH—BHFRICESTE(TE, FPHAORBELI2
ZENBEEINL,

Duplex® DR HE T HEL, 406Wir T TRHTLIFHE TH S, BHABTEIBHEZ IR
DTt B L D BREBUSOF— 7 L, BEEE LT - FEHET 5. BEdHRE
Table3-112R o RE/3T A — ¥ X, Tabled-2IZRT & BYGARE (G203 RUZTAHRL -
Gdo.405Zro.595 Oy D 2 B8) RUNRL vy MEEEY v v 7 (3KHE) &L, DuplexBEDOUO:-
GhO3% V77V AL LTRABEH TS, BV IFIFOIT7AF &, ET2207 5 A5 —
PHEERERTWE, THRIFAY -, BB, GadlELTLE o427 A5 — (LCI)
PHERLy MEEEX Yy TOHRELAL LD T A~ (LC2) I, TR TAHETH %,
BEEMEIR. BRRKHEEH439W/em, BHFERE240C, SHHENIS. 5kg/cm?2TH 5o

3.3 RE
(1) BEHEB THFEE

BAEETYRBEIOGWY I TORRB OBREET T EMOXBEERISBHEF2—F
[FEMAXI-ATR] #* BVWTEREL., A~ L v ' BE, #HEELCHRVESORFMEL LHER,
NUVFVIRCBVWT, ABHOREMFRARLEBELEE7 (3] Fig 32l BB R LBREOHK
BERE % DuplexB LW —EBE THB L TR L7, DuplexB A MBI« U TH150THE
EHLRENBNZ X5 D,
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BEITEREEESY UERUBHH) FORELZRT LA 47 (6]

=E T
_Ei B2iid. Duplex MOX-CABAE OB FHFME. BEXEFHFESR 1996 kDK E E61

T. Yamaguchi, et al. "Neutronics Analysis of a Duplex-Type MOX-Gd Fue!l in ATR," ANS
Advances in Nuclear Fuel Management II, Ocean dunes Resorts & Villas Myrtle Beach, South
Carolina, March 23-26, 1997.
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1996 EFEDEL K17

CAE #FEE S, MOX-Gd:03 B RE RS EE RS0 BE L B RBREE-. SR
96-7 1995512 8

M. Kato, et al. "Development of Duplex Type MOX-Gd203 Fuel for Water Reactors,” [AEA
Technical Committee Meeting on Advances in Pellet Technology for Improved Performance at

High Burnup, Tokyo, October 28-November 1, 1996.
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Table 3-1 Specification of fuel rods for irradiation test

H H MOX 2%} - UO: 25
PELAL v b
Ik REG 4yvatrIrit &) /R Eip=
B fx 9.05. 9.10, 9.15mm Ep
HE (FZEOH) 1.9mm (Gd#) /2.7mm (Gd-Zr#) 1.9mm
5 & 13mm Eiy
F E 95%TD EiVad
HoHEMYE 6.8%Pufiss 10.5%EU
BEE
R Zry-2 SR A
VA E 10.8mm Ei s
S 9.3mm Rl
, 74+—E 90« m Eips)
WAL EE
BEATE 338mm B
~RL oy PHEEY Y v TR 0.15. 0.20, 0.25mm 0.20mm
FHAHNA He# A Skg/em? /e
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Table 3-2 Test Parameter

L ) NPT
B r70-% £F | B oEE Wt% GAOEH (HEEH|BEE| #HE
No. 1 xy7”
+ No.l [MOX (%) [1.9mm - ' PF, ET
bra sy
2 No.2 {[MOX (#Z} |1.9mm - PF, ET
” No.3 { MOX EDup]ex; 1.9mm Gd203 PF, EC
= No.4 {MOX (Duplex) [1.9mm Gd203 PF, EF
; UC | No.s | MOX (Duplex) |2.7mm| Gososzrnsssay| SN0 [0-20mm pe’ Ec
4 No.6 [MOX (Duplex) |2.7mm| Gdo 405Zr0.5950y PF, EF
| No.7{ UO2 (Duplex) |1.9mm| - Gd203 PF, EC
No.8 | UO: (Duplex) [1.9mm Gd201 PF, EF
No.9 | MOX (#¥1%£) - - PF
No.I0| MOX (#HZE) [1.9mm - ET
No.11|MOX (Duplex) |1.9mm Gd203 PF
No.[2|MOX (Duplex) [1.9mm dz03 EC
* LC-d No.13| MOX (Duplex) |[2.7mm| Gdo 405Zro.5950y SRH10.20mm PF
£ No.14]|MOX (Duplex) |2.7mm| Gdo.405Zro5950y EC
o No.15| U0z  (Duplex) [1.9mm Gd203 PF
; No.16§ U0z  (Duplex) | 1.9mm Gd20s EC
2 No.17{ MOX (H15E) - 0.20mm| PF
5 No.I8 MOX (HZE) |1.9mm 0.20mm| ET
| No.19| MOX EEF'%) - 0.15mm{ PF
No.20| MOX (9728} [1.9mm 0.15mmj ET
LC2 No21| Mox (%) - SR# 0.25mm| PF
No.22f MOX (7%} [1.9mm 0.25mm| ET
No.23| MOX (&) - 0.20mm| PF
No.24| MOX  {#ZE) |1.9mm 0.20mm| ET
PF . RIEHZE
ET : 40.0imfE
EC . #EEMHV
EF: ##l2 5 v 7k
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4. VT R LB @R BERE OB IPIREL BN BT S TR
Study of High Burnup LWR Fuel Behavior making use of HBWR

(BOYE 71 REFFPT)

4. 1. BFEEM

BAFRE O mBABERH I L v FRDICEELEO ) LERBEET D, ZOH LVOSRE
FESERE A RELREN - 5 2 AREAME T A7, RERENR L THOBRBER S 3Eh
BOAZENRBEE LY, FLTCAATUFEERGT A7 BROGRAEE 7 7 HREHE KRB
B TR P OEE ZISIF—FEICELIEN B L,

4. 2. FENE

BRSTSBHEER Smm B & Imm O (F 4 A7) 8, BFEE 26%U02 L L, T 77 HE
T R v FRICEE I HEORAY v 7 HBE L Lz, BIERES I UWRBEE X 600, 800, 1000, 1200
C. 55,70,85, 100MWdkgU, @1 6, BLUMEFEMEx ¥ 7024, 51 8#& L
Fro TALLOEREIRA Y v 2 % BBHED L ICHEHEEN —E L 2D L ORRE L7 4 ROBREHEIZ
R L, FOLTRMICAERZER L, REBES Tabled 1 IR, ~ATFT RO ESIZEE
Li-BEF % Figd ) 1T77, BEPOREHBEEEZHE T 5720, FBEHEO ik L TiROBE A 5
o 7 OFE Y TF BRI E LS EC L O BERNICEE Lis, SREEOE ANLFA DGR
IZRMBWEEE L, HRAOT AT/~ U ARSKEOFREICLVIBEOREZITI & &b, &F
GORBENTFP HAEZRTET A2 L TREBORRAHESVIOREEE(LEHEARE L,

HEHANOBBEE SR B HETH -0, PHTHERT o — FIC L2 RERT 2 EE Lz, B
U SHROEGEM EREEREBORES AN E L. T« 27 ABOES R L WEm O T A & REE
BSR4 TR, BRSTROFEHRE #3HT 5 D AGEZ M E RERIEC L0 Blafgir
L, 4 AZRAKOBAMEMFMOBRESAEZHE L,

4. 3. B
4. 3. 1 ATUFEIIETLHEE

F oo A7 OB O VO, BREHI ECHEB Y 7 o nEER (MEHI—LAL—x) TTEEEN
72, BHEUZIFA—601EAATFVCCHESHBE RS v 7 OM& BT LR ~OHE A
LU Z~OED T T F EKjeller) (2 TiThhi, BHUY ZZ1993F1 2V T R
DR AL 9 9 64E5 A, HHHMNOREEERGE 100MWdkeU 1 LBEEKT Lz, R
AR O EHEE I — BRSNS, FRA7o—F 4 »EAG, —EREERR TREHE
TEIIREO SV EEHEE LR,

4. 3. 2 fETHEAEH

BEREER I L7 4 A7 REHIOWT BB RE KO MR A 07 ) 543 AR O R AT
R4 Fig 4.2, Figd 3 |R$. £ F 412 3— F VIMBURN 2 A1 5 mmERE, 1 mmEO U0,
B 8. 26 mmERE, 3mmEOEYSFOoAMCLY ETFTREENEELEBLAREL
o ZOBBRFOT 4 27 ROEHTES L 05 %HBAMEVD, £ OEITREERIZEOR
pEA, F4 AT OEOHETIRERTEICE] 0%RELEN LY EVHANED LI, o TH
HERB CIERTACREESHTOZENEE LW FHREINS, BFAOHAELITT « A
SRLGETERD 1 %BETHY., T4 AZO I FRERWTFODRIBETEDHLHEES
iz,
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4. 3. 3 hxIHHBEREICLLEERT

PEHENT A S AHIKICEL GRSV THEEHEZRE L, BRETLIEB U0, 7T 1 2725
FYTF M A~OEMEEE, HBE L VO, TAABLICEY T HREOX Y v THO
H AR L UBEHEEES MARC o— FEROTHEIF L7, HARAEFE LT LT i DmAKE
F240C, BIUBHTBIZIHAESAZ®Y 75 AEEEE R, FHREEEXHFERTLH LD
Koo TG ERLRE L7, RE U0, B OBRE R OREEE(LOMBERIL, RISOFHE, &
ST CBREHRE S R T — 2 h HEN B O L0 E BT,
BEREECZELARBOI b, REREICHREL-AZ v 7541 (Figdl, BEHEN4, &
T IConT, BEKTHORESHFHEFERY Fig 44077, BHOBRSPSHIZLH
b od, FOBEVEAEE L BEEEOR TOLS, RN RERBEENE LD, FIZ
#AM (EAHHE) 0. 25mmEOBEZIN200CEHHEESNS, ZOREEITY LM
DREBBRIILERT L L PHIND, Lo TBRHERBR TARBAROBRESMEZSEL
FRBESSYEE AR oT,
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Table 4.1 Rod design of [FA-601 for irradiation of eighteen disc stacks

Rod number 1 2 3 4
Nominal fue] temperature (°C) 500 700 950 1200
Fili gas composition He 100% | ~75% He | ~45%He | Ar
+Ar +Ar 100%

Mo disk diameter (mm) 826 8.16 8.01 7.76
Mo disc/cladding radial gap (mm) 0.05 01 0175 0.3
Mo  disk  thickness [ 1 Bottom | 3.0 3.0 3.0 30
(mm)® 2 2.4 2.4 24 24

3 1.8 1.8 18 1.8

4 top 1.2 1.2 1.2 1.2

®Pposition 1 is the bottom of the rod placed at the mid height of the reactor elevation
targeting the highest burnup. Position 4 is the top of the rod.

Target Temperatures (C)

-
#Ho
4 500 700 950 1200
<
= —_ — _
= h i -
% 55 bt s
x H
3 T — - \
3 - dis¢ stack
E |
~ 70
0
o
= e - L
=
.
n:: — — — _
- 85
]
o))
h —
(3] -— —J -
|_
— I —_ _
£:3 w 0
5 45 o ) N 1 I
P & Roc- 4 Rog-2 Rod-3 Rod-4

Constraint Effect
Capsules

Fig.4.1 Fuel stack composition and nominal temperature and burnup
(Rod and stack numbers are indicated).
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Fig.42 Radial power profile in the fuel disc between 3 mm thick Mo discs
at the highest bumup stacks
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Fig.43 Axial power profile in the fuel disc between 3 mm thick Mo discs
at the highest burnup stacks
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gas (Ar/He)

/ conductance

» radiation
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temperature analysis
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|

Calculated temperatures at circled positions (°C)
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Fig.4.4 Radial heat flux through gap and cladding in the argon filled rod at the highest rating position
just before the discharge (102MWd/kgU)
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5. ~"LVFUHBWRICEIT2FAEBRBORBSEEHICET SHE
Irradiation Study of Advanced Fuel Behavior in HBWR

(B BB BE 32 0R)
5. 1 WHEEH |
FANLVy FERBRBEE (BE, £9506Wd/tU L UH91006Wd/tU) £ THRE L, BT o
FPHAAMHBRRIETZ2ZLICLY, SREETTOF PHAEBZFTMT D,

5. 2 HWREANE

BFHABWRYA XORBREEFRBRNTLEHNY 7146, BLUBEZIEL, EHiCE
BREETIIRBT ABEEHLIEMTI I LA ENE LEHRREEL BT 28 7

1EEFRGVT, FlRLy FEBH L, BREEIIBTSF PV AREEEZFTME+ 2,

PR BWRSE Y A AREHERESEIZ, £, T2275 270640, 64K, 6518%F
CEBBREHENERTE D, INLBEBIIBEERAEHBEREINA TS, BHTIC
BT HBEHENTEL Y - 85 T35, HBRBBERESEIE. k. . T3 725056
72V, 6K, HISKNERTEE, TRTOBREBEICHNES, 28I 7228
BeADHNIRIIAZ vy 7BUHBEBINTEY, BHTOF PV AKHBITRSY v
B UER AL T A L TEHE - e T A, FENVy MI, BBV 7 (BRBWR
A APREHE  BRES 8 %, MRBREREE  BEEMNII%) ZHAVWTHERLA,

5. 3 BE

EABWRY 1 XHRBBEEL LT, 8 X SBHRIKENELZ GFH12AKER LT, 1986512
BbEBEZESE L, 1989F11812, TEo 7 2 7 BREHEZ AR EKI23CWd/tUTERE L,
THREANBZIC, 9 X 9RIMEREE (EBREHE) 6 ALERL. 1990FE3 AR
B R RE LT, 1992485 BT, LE 2 5 X ¥ REHES BUIEERIB0GKI/tUTERIE L, »S2 7
FrRBEYER L, LH7SAZITR, FERRESVy MR BNBHEEEL LTE
HiL. 1993FE 3 ALBEELZHIE LT, 1995510810, EFREEL RIEERI456Wd/tUT,
FBMBA RS BB EF200Wd/tUTERB L, BREEBLRT L, £k, BE
BWR YA Xk & FSERBEHEE T, - oREEZINETS BN T, BEREELER
ISAZER LT, 199084 B LV BEHZRRMA L, 1991F10RIZTHZ 7 A FHEHE (AR
EEXI306Wd/tU) A, 19924E 5 BiothERs T A X #hEbE (BRBEE60CHd/tl) ZHRHE L, &
Bio 7 AFITiE, BB S LT, FrioniBmEsiE e s,

19934 3 B A LRETABEA XN, 19954E 3 Bio, kIR 7 X ZREHE (BRBEEAITSCWd/
) BLUHEHY I 2 ¥ OIBINEFBEHE BEEEM60GHR/tU) #IE L, BHEHERZK
TLE, BHETHE, BHERBREZERL, B TV EAFEMITHE L,

BHRRIZG L BENLy FOREHE, H#RBBLIUEELTable 5-1IITY, ik,
HEMEMEO M A Table 5-2127RT, H7 T AT, FEXLy bR 588IE LD
IR L y AL RSB L FERICER I TV, 7 7 AFOHNBEREEZFig 5-18
L UFig 5-210 7, ST, BHEAP20~45kW/ nOEH TR S, && THREHEE
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PIRRBERETSONA/t. by MRESFEESECRd/ LT BE LT,
FPHAKHEEDERY, Fig. 5-322bFig. 5-5107d, BRI TRT L 91, O CRTIEER
BHoxt L, REE{ELUZFEBREIIF P AKEANGE IR TWAZ EMXbMs, Fig.
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Table 5-1 additive concentration, grain size and density of fuel pellets

8x8 tvpe fuel rod 9x9 type fuel rod Small diameter fue] rod

f Pellet type Grain Relative Grain Relative Grain Relative

; diameter  densitly diameter  density diameter  densitly

! (um) (%TD) fum)  (%TD) {um) _ (%TD)
Undoped standard grain 15 96.0 10 96.8 9 97.2
Undoped large grained 42 96.5 63 96.4 51 96.9
0.025w1%AI-5i-0' doped large grained - . 45 98.2 37 97.8
0.1wt%AL-Si-O' doped Jarge prained - . 58 974 56 973
0.25wt%Al-Si-O' doped large grained - - 54 §7.1 46 97.8
1.0w1% Kaolinite doped 15 98.7 - - - -
0.5w1% Bentonile doped 28 95.2 - - - -
0.7w1%Nb;05 doped large grained 110 99.3 - - - -
0.2w1%Ti0, doped large grained B3 98.5 99 99.4 68 99.5
0.25w1%Ti-Si-0? doped large grained - - 153 98.6 135 99.5
10W1%Gd;0; doped standard grain X ) 5 972 5 964
10w1%Gd;0; doped large grain - - 59 96.5 46 97.1
10w1%Gd205+0.025w1% Al-Si-0' doped large grain - - 35 96.5 31 96.3

1: Synthetic alumino-silicate
2: Synthetic titania-silicate

Table 5-2  Fucl rod specifications

8x8 type 9x9 type Small diameter
fuel rod fuel rod fuel rod
Quter diameter {(mm) 10.4 9.6 5.5
Pellet e (s T g g
“Enrichment (%) 39 8 11
C]addiﬂg Claddlng [ypc Zryfl%;-r Zr Zryll%c-!l-' Zr Zry! ”21'(':'1: Zr
QOuter diameter (mm) 123 11.2 6.5
Stack length  {mm) 500 400 240
Rod G s s R 51
Free vquch"('Eﬁ.{.J) 5 9 o 3
He pressure | (bar) 5 10 10
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Fig.5-1 Power history of 8x8 and 9x9 type fuel rods. Fig.5-2 Power history of small diameter fuel rods.
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Fig.5-3 Fission gas release for 9x9 type fuel rods
irradiated up to 43 GWd/t.

QO: Standard, @: Un-doped large grained,- A: TiO;
added large grained, O : Al-Si-O added large
grained, <: Ti-Si-O added large grained.
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Fig.5-4 Fission gas release for small diameter fuel

rods irradiated up to 60 GWd/t.
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O: Standard, @: Undoped large grained, A: TiO,
added large grained, 0J: Al-Si-O added large
grained, ©: Ti-Si-O added large grained.
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Fig.5-5 Fission gas release for small diameter fuel

rods irradiated up to 75 GWd/t.
QO: Standard,
O: Al-Si-O added large grained.

®: Undoped large grained,
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Fig.5-6  Grain size dependence of relative FGR.
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Open marks: standard, undoped large grained and Al-
Si-O added large grained, Solid marks: TiO, added
large grained and Ti-Si-O added large grained.
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Fig.5-7  Dependence of rod average burnup on
relative FGR.

O: undoped large grained, [J: Al-Si-O added large
grained, A:TiO, added large grained, <: Ti-Si-O
added large grained. Data marked with an arrow
correspond to rods irradiated under high power.
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Fig.5-8 FGR of small diameter rods containing UO,

with 10 wt% gadolinia.
O: Standard grain, A: Al-Si-O added large grained.
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Fig.5-9 Profilometry results for small diameter fuel
rods irradiated to rod average burnup of 75 GWd/t.

: Standard, Undoped large grained,
—— : Al-Si-O added large grained.
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Fig.5-10  Pellet swelling during steady state
irradiation.

O: Standard, A: Undoped large grained, O: Al-Si-
O added large grained, <: Ti or Nb added, X,* -+:
estimated from profilometry data for standard,
Undoped large grained, Al-Si-O added large grained.
Open marks: small diameter fuel rods, Solid marks:
8x8 type fuel rods.
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Fig.5-11 Grain size dependence of fractional burst
release of ®Kr during post-irradiation annealing tests.
(Small diameter rods irradiated up to 60 GWd/t).

Q: Standard and undoped large grained, O: Al-Si-O
added large grained, A: TiO, added large grained,
¢&: Ti-Si-O added large grained.
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Fig.5-12 Grain size dependence of bubble swelling
during post-irradiation annealing tests.

(Small diameter rods irradiated up to 60 GWd/t).

O: Standard and undoped large grained, [J: Al-Si-O
added large grained, A: TiO, added large grained,
{1 Ti-Si-0 added large grained.

Fig.s-lé Ceramdgrabh-‘ and SEM images for standard
pellet of small diameter rod irradiated to 60 GWd/t.
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- accumulating region $

Fig.5-14 TEM 1magé ggpellet periphery for stanard
UQ, of small diameter rod irradiated toc 60 GWd/t.
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Fig.5-15 Grain size dependence of recrystallization

ratio for small diameter samples irradiated to 60
Gwd/*

O: Standard and undoped large grained, A: Al-Si-O
added large grained.
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PERFORMANCE OF IMPROVED UO,; PELLETS AT HIGH BURNUP

M. Hirai, T. Hosokawa,
S. Kashibe and K. Nogita
Nippon Nuclear Fuel Development Co., Ltd.

2163 Narita-cho, Oarai-machi, Higashi-ibaraki-gun,
Ibaraki-ken 311-13, Japan

81 (29) 266-2131

R. Yuda, K. Une,

T. Kogai,

Toshiba Corporation
8  Shinsugita-cho,
Yokohama 235, Japan

T. Kubo,
Hitachi, Ltd.
Isogo-ku,

ABSTRACT

Fission gas release (FGR), swelling and
microstructural change were studied through high
burnup for several types of modified UQ; pellets with
controlled microstructure. The modified UQO,
peliets were loaded in fuel rods equipped with a
pressure gauge and irradiated in the Halden Boiling
Water Reactor after which they were subjected to
post irradiation examinations. It was concluded that
enlarging grain size in UO; peliets suppressed FGR
and swelling during base irradiation and temperature
ramp. Alumino-silicate addition was suggested to
be effective against PCI due to the increased creep
rate of pellets, On the other hand, it was shown that
niobium or titanium addition enhanced the intrinsic
fission gas diffusion even in higher burnup fuel and
the pellets with these additives showed higher FGR
and swelling, especially during excursion to higher
temperature,

1. INTRODUCTION

Fuel discharge burnup has been gradually
extended as a means to reduce the nuclear fuel cycle
cost for LWRs. The increase in fuel rod internal
pressure due to higher fission gas release (FGR) and
the increase in peliet cladding inleraction (PCI) by
gas bubble swelling are key problems affecting fuel
reliability at higher buraup. Moreover, micro-
structural change becomes remarkable above a pellet
burnup of 40 GWd/1, with many coarsened bubbles
being observed, especially in the pellet periphery.'
This microstructural change is considered to be
caused by accumulation of radiation damage.” 5
FGR and bubble swelling have been considered to be

1-1 Saiwai-cho, 3-chome, Hitachi-
shi, Tbaraki-ken 317, Japan

Y. Shirai and H. Harada

Tokyo Electric Power Campany

1-3 Uchisaiwai-cho, 1-chome, Chiyoda-ku, Tokyo
100, Japan

J. H. Davies

GE Nuclear Energy

Vallecitos Nuclear Center,
Pleasanton, CA 94566, USA

reduced, in principle, by expanding the diffusion
distance of fission gas from grain interiors to a grain
boundary and/or suppressing the diffusion rate of the
fission gas and vacancies. Therefore, enlarging the
grain size of UO; pellets has been considered to be
effective for suppressing FGR and swelling.6

Many studies have included both irradiaticn
tests and post-irradiation examinations (PIEs) to
clarify the effectiveness of enlarging grain size of the
fuel pellets as a means of reducing FGR and bubble
swelling.“j The large grained peilets were
prepared in several ways,™*'* which can be classified
according to controlling powder characteristics
and/or sintering conditions, cation accelerator
addition and using liquid phase sintering. A cation
accelerator, such as TiQ. or Nb,Os, dissolves in the
U0, matrix to enhance cation diffusion and
accelerate the sintering and grain growth. While
alumino-silicate forms a liquid phase along the grain
boundary during the sintering process and enhancss
the grain growth.®

Previous results showed that the FGR was
smaller for large grained fuels than small grained
fuels during base irradiation up to 27 GWdn® "
Also the burst release of fission gas and bubble
swelling during post-irradiation annealing tests were
distinctly lower than those for standard fuels® ™
Furthermore, Nogita and Une'® reported that the large
grain structure accumulated fewer irradiation induced
defects than the small grain structure. By contrast,
TiO; or Nb,0O;s doped large grained fuels showed
acceleration of FGR and bubble swelling at relatively
low burnup of 23 GWd/t during post-irradiation
annealing tests. However, their behaviors at high
burnup have not been clarified yet.
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Table ] Additive concentration, grain size and density of fuel pellets

88 tvpe fuel rod 9% {vpe fuel rod Small diameter fuel rod

Pellel type Grain Relative Grain Relative Grain Relative
diameter  density diameler  densily diameter  densily
{um) {%TD) {um) (%TD) {um} {%TD)
Undoped standard grain 15 96.0 10 96.8 9 97.2
" Undoped large grained 42 965 63 964 51 96.9
0.025w1%A)-5i-0' doped large grained - - 45 98.2 37 97.8
0.1wt%Al-Si-0" doped larpe grained - - 58 97.4 56 97.3
0.25w1%A1-Si-G' doped large grained ) . - 54 97.1 46 978
1.0wt% Kaolinite doped 15 98.7 - - - -
0.5w1% Bentonile doped 28 95.2 - - - -
0.7wt%Nb30;5 doped large grained 110 99.3 - - - -
0.2wi%Ti0; doped large grained 8 985 99 994 68 995
0.25w1%Ti-5i-0% doped large grained - - 153 98.6 135 99.5
10w1%Gdy0; doped standard grain - - 5 97.2 5 96.4
10w1%Gd,0; doped large prain - - : 59 96.5 46 971
10w1%Gd01+0.025w1% Al-Si-QF doped large grain - 35 96.5 31 96.3

1: Synthetic alumino-silicate
2: Synthetic titania-silicate

In this study, several types of modified UQ,
pellets have been developed for the reduction of FGR
and swelling. These fuel pellets were irradiated in
the Halden BWR (HBWR]) to study the effects on the
fuel performance through high burnup of grain size,
solution and grain boundary segregation of additives.
The evaluations were made through PIEs.

transducer andfor a fuel stack elongation gauge).
Several types of improved fuel pellets were
fabricated and lcaded in these fuel rods. Main
pellet characteristics and fuel rod specifications are
summarized in tables 1 and 2, respectively. The
composition of the synthetic alumino-silicate was 50
wi% Si0; - 40 wt% Al,O; and that of the synthetic
titania-silicate was 50 wt%Si0, - 50 wt%TiO,.
Alumino-silicate forms a liquid phase during the

II. EXPERIMENTAL sintering process and enhances sintering and grain
growth. After sintering, alumino-silicate segregates
A. Fuel rods and pellets along a grain boundary, while, TiO; and Nb;Os

BWR 8x8 type fuel rods, BWR 9x9 type fuel
rods and small diameter fuel rods were previded for
the irradiation tests in the HBWR. Each rod was
equipped with in-reactor instrumentation {a pressure

dissclve into the U0, matrix and enhance the
sintering and grain growth by accelerating cation
diffusion there. Titania-silicate forms a liquid phase
during sintering and part of these titanium ions are in

Table 2 Fuel rod specifications

Ex8 type 9% type Small diameter
fuel rod fuel rod fuel rod
Quter diameter {mm) 10.4 9.6 5.5
Pellet Height {mm) 10.3 9.6 5.5
Enrichment (%) 39 8 11
Cladding Cladding type Zryl-i?ﬁcﬁ; Z Zryl-i%ct o Zry!-i%ct a
¥ TGuter diamoter (mm) 123 113 g5
Stack length  {mm) 500 400 240
Rod Gap {mm) 0.2 0.2 0.11
“Frec volume (cm”) 5 9. 3
He pressure (bar) 5 10 10
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Fig. 1 Power history of 8x8 and 9x9 type fuel rods.

solution in the matrix. The uranium was enriched to
3.9, 8, 11 wi% U for 8x8 type fuel rods, 9x9 type
fuel rods and small diameter fuel rods, respectively.
The gadolinium (*Gd)used here was depleted in the
high neutron cross section isotopes to avoid
uncertainties in the power estimation.

The powder and additives were blended
mechanically and pressed into green pellets, having a
density of about 50 %TD. Most of the green pellets
were sintered at about 2000 K for a few hours in dry
or wet H; gas. Undoped large grained YO, and 10
wt% Gd,Q, added large grained UQ; pellets were
sintered in 60 %CO - 40% CO; mixed gas and
reduced in Nz -2 % H; gas.

Grain diameter was evaluated by the linear
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Fig. 2 Power history of small diameter fuel rods.

intercept method. The average linear intercept was
converted to the three dimensional value with a
multiplier of 1.56 and the value is shown in table 1.

B. Irradiation history

The fuel rods equipped with in pile
instrumentation were loaded into two rigs, one of
which was for 8x8 or 9x9 type fuel rods and the other
for small diameter fuel rods. The former rig had
two clusters and six rods could be loaded in each
cluster. The latter had three clusters and again six
rods could be loaded in each.

Fuel rods were irradiated at a power level of
about 20 to 40 kW/m up to a rod average bumup of
43 GWd/t for 9x9 type fuel rods and a rod average
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burnup of 75 GWd/t for small diameter fuel rods.
Typical power histories are shown in figs. 1 and 2.
During irradiation, rod internal pressure was
measured by a pressure gauge, which signal was
acquired through a transducer, The data from the
pressure gauge were finally corrected by PIE data.
Fuel rods were retrieved after reaching the required
burnup. After the irradiation tests, most of the fuel
rods were shipped to the NFD hot laboratory for
PIEs.

C. Post-irradiation examinations

FGR during base irradiation was evaluated by
pin puncture tests and retained gas measurements by
a dissolution method into nitric acid. Swelling
during base irradiation was evaluated by profilometry
and density measurements. The profilometry was
done at four orientations of 0, 90, 180 and 270
degrees. The results were averaged to cobtain a rod
diametral profile. Fuel cladding expansion was
estimated by subtracting the diameter value at the
plenum region of irradiated fuel from the results.
Post-irradiation annealing tests were also carried out
for 8x8 samples of 27 GWd/t and small diameter
samples of 34 and 60 GWd/t to evaluate FGR and
swelling during temperature transient. Details of
the annealing test have been described elsewhere. "
Samples were heated up to 2073 K in about 20 min
and kept at that temperature for 5 hours. FGR was
determined by continugus measurement of the §-
activity of *Kr released from a sample during the
annealing  test, After the experiment, a
ceramographic examination was made to evaluate
bubble swelling during the annealing test.

Ceramography, SEM and TEM studies were
performed to evaluate the microstructural change
induced by irradiation. In particular, TEM using an
ion thinning method was done for small diameter
samples of 60 GWd/t to evaluate quantitatively
effects of the microstructure as fabricated on
resistance of pellets re-crystallization.  Details of
the TEM experiments have bheen described
elsewhere."”

D. Steady state creep rate and thermal diffusivity
measurements

Steady state creep rate and thermal diffusivity of
almino-silicate added UO, pellels were measured by
using un-irradiated samples.  Creep rate was
measured by a uniaxial constant loaded compressive

method. The experiments were carried out at a
stress of 12MPa in the range of 1700 to 1820 X in
N;-8%H,. Thermal diffusivity was measured by a
laser flash method. Experimental details of the
thermal diffusivity measurements have been
described elsewhere.'®

II. RESULTS AND DISCUSSIONS

A. FGR and swelling during base irradiation
1. FGR

FGR during base irradiation is shown for 9x9
type UO; fuel rods with several modified pellets in
fig. 3. The power history of these rods is shown in
fig. 1{c). FGR is shown in figs. 4 and 5 for the
small diameter rods. The power histories of these
rods are shown in figs. 2(b) and (c), respectively. In
figs. 4 and 3, the data indicated by solid marks at the
highest burnup were obtained by PIEs. All large
grained fuels show lower FGR during base irradiation
than the standard fuels as shown in figs. 3 to 5.
Relative FGR of improved pellets to those of pellets
with standard grain size was calculated from PIE data
and is plotted against reciprocal grain diameter in fig.
6. As shown in this figure, FGR clearly drops with
increasing grain size at both burnups of 30 and 60
GWd/t. Fission gas release to birth ratio (R/B) can
be expressed approximately by the followiag
equation,”’

(RIB)= D" d, 1

30—

20+ -
- < .
R Y- |
-gjéf-- 8 )
q 0¢ q 10 1 I | L

0 10 20 30 40 50 60 70 80
Rod average burnup (GWd/tU)

Fig.3 Fission gas release for 9x9 type fuel rods
irradiated up 10 43 GWd/t.

O: Standard, ®: Un-doped large grained, &: TiO,
added large grained, U : Al-S5i-O added large
grained, <: Ti-Si-O added large grained.

FGR (%)
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Rod average burnup {(GWd/tU)
Fig. 4 Fission gas release for small diameter fuel
rods irradiated up to 60 GWd/t.
(O: Standard, @: Undoped large grained, A: TiO;
added large grained, O: Al-Si-O added large
grained, ©: Ti-Si-0 added large grained.

where D is the effective diffusion coefficient and 4, a
diameter of Booth's equivalent sphere. In this study,
it is assumed that d is equal roughly to the grain
diameter as-fabricated. Simply stated eq.(1) means
FGR was expected to be in an inverse proportion to
grain size. However, the data were not so. This
inconsistency may be mainly caused by a limitation
of the region where enlarging grain size is effective
for FGR suppression. In the center region of the
pellets, almost 2! of the fission gas has been released

Relative FGR (-)
T ”"I
38

o
0.4 |®
0.2 r
0_0 PR L PREEEE W S S T S | — 3
0. 00 .05 0.10 0. 1%

Reciprocal grain dizmeter {um™)

Fig. 6 Grain size dependence of relative FGR.

O and @:31GWdh, & and A: 60 GWd/L,

] and M: 75 GWdi, < and #:43 GWdl,

Open marks: standard, undoped large grained and Al-
Si-O added large grained, Solid marks: TiO, added
large grained and Ti-Si-O added large grained.

20 T i I ] I T T
15k -
o
e
a)
bl ° N
o
u‘—"_ C 4 & g
5k a) .« o i
o 0 o0®
£ Pﬁ-}n%e EE 1 ]

00 10 20 30 40 5D 6C 70 80
Rod average burnup (GWd/tU)
Fig. 5 Fission gas release for small diameter fuel

rods irradiated up to 75 GWd/t.
O: Standard, @®: Undoped large grained,
O: Al-Si-O added large grained.

from the pellet, and in the periphery, almost all of the
fission gas has been retained in the pellet even if it
has been released from the matrix.'"® Therefore,
enlarging grain size can be considered to affect FGR
suppression only in a relative radius region of r/r, =
0.4 t0 0.7 in the case of this study. Moreover, eq.(1)
is only suitable below a local FGR of 10%'" and at
higher FGRs, the grain size effect becomes small.
Considering these corrections, FGR for the large
grained pellets in this study is expected to be about
60 % that for standard UQ,.

1.2
L High power
f—‘\]D e o = em— v e 4 dmR A oW S ‘ '''''
- L o A 8
= 0.8 p------00-- Lo L il
] [2]
o 0.6} g o F 4
N L s o -
= 0.4 <
=2t
00 D L1 g I L "
¢ 20 40 60 80

Rod average burnup (GWd/tl)

Fig. 7 Dependence of rod average burnup on-
relative FGR.

O: undoped large grained, O: A!l-Si-O added large
grained, A&:TiO, added large grained, ©: Ti-Si-O
added large grained. Data marked with an arrow
correspond to rods irradiated under high power.
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Fig. 8 FGR of small diameter rods containing UQ,
with 10 wt% gadolinia.
O: Standard grain, &: Al-Si-O added large grained.

0. 15

Puncture hole
0.10 ¢

expansion (mm)
o]
[a=]
w
T

Cladding diametral

0 100 200 300
Axial distance (mm}

Fig. 9 Profilometry results for small diameter fuel
rods irradiated to rod average burnup of 75 GWd/t.

: Standard, Undoped large grained,
—— : Al-Si-0O added large grained.

The relative FGRs are plotted against rod
average burnup in fig. 7. FGRs of farge grained
fuels are about 50 to 80 % of that of the standard,
except for a few data, fe., those for the rods
experiencing a high temperature. Enlarging grain
size is considered to be effective for FGR
suppression up to a rod average burnup of 75
GWwd/tU.

For gadolinia added pellels, grain size effect on
FGR suppression is shown in fig. 8. The FGRs of
large grained UQ; fuel with 10 wit% gadolinia are
iess thana that of 10 wi% gadclinia added UQ; with
standard grain size.

2. Swelling
Cladding expansions are shown for rods

15
> i
0 ¢ X
‘g? 3 & gk
Z— 5 L o
= C
& | $ Qé
0 C ,«:—~‘T‘i’f—“rﬁ’f. ] L
0 20 40 60 80 100
Pellet burnup {(GWd/tU)
Fig. 10  Pellet swelling during steady state
irradiation.

Q: Standard, A: Undoped large grained, (1: AI-Si-
O added large grained, <©: Ti or Nb added, X,* +:
estimated from profilometry data for standard,
Undoped large grained, Al-Si-O added large grained.
Open marks: small diameter fuel rods, Solid marks:
8x8 type fuel rods.

irradiated to a rod average burnup of 75 GWd/t with
standard, undoped large grained and alumino-silicate
added large grained pellets in fig.9. The cladding
expansions of rods with large grained petlets are
smaller than that of standard rod, indicating that
enlarging grain size suppresses PCI due to pellet
swelling reduction. In fig. 10, pellet swelling is
shown for small diameter rods.  The pellet swelling
was evaluated from density measurement results for
the samples of 30, 34 and 60 GWd/t burnups and
from cladding expansion data for the sample of 88
GWd/t. Solid marks indicate the data for 8x8 type
fue! rods and open marks are the data for small
diameter fuels. Solid line indicates solid swelling
for the fuels irradiated in a commercial reactor. The
results for small diameter fuels are higher than the
solid line even at lower burnup. This is considered
to be caused by gas bubble swelling during
irradiation.  Up to 60 GWd/t, no obvious difference
appears in pellet swelling among standard, undoped

large grained and alumino-silicate added large

grained pellets. At 88 GWd/t, however, standard
peliet shows higher swelling than both large grained
pellets. These results indicate that enlarging grain
size is effective for bubble swelling suppression, and
consequently reduces PCI, especially at high burnup.
On the other hand, large grained pellets with titanium
and nicbium atoms show a little larger swelling than
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Frzctional burst release of

Fig. 11 Grain size dependence of fractional burst
release of ¥Kr during post-irradiation annealing tests.
(Small diameter rods irradiated up to 60 GWd/1).

(: Standard and undoped large grained, C: Al-Si-O
added large grained, &: TiO, added large grained,
&: Ti-8i-0 added large grained.

undoped large grained and alumino-silicate added
large grained pellets.  This is because bubble
swelling is enhanced by titanium and niobjum ion
dissolved in U0, matrix.

From the results of FGR and swelling during
base irradiation, it was concluded that enlarging grain
size was effective for FGR and swelling suppression
during irradiation under the steady state condition.

B. Fission gas release and bubble swelling during

temperature transient
1. FGR

The fractional burst release of *Kr during post-
annealing tests is shown for the samples irradiated up
to 60 GWd/t in fig. 11. The trend in results is quite
similar to that for the sample of 30GWdit.® The
burst release of fission gas is roughly proporticnal to
reciprocal grain diameter for undoped UQ; pellet.
The data for alumino-silicate added UQ, pellet are
similar to those undcped large grain pellet.  On the
other hand, TiO, added pellets show very large burst
release. In this type of pellets, it has been reporied
that titanium ion dissolves in UQ; matrix and
enhances cation and fission gas diffusions™ at lower
burnup. From the present results, it was confirmed
that the FGR can be reduced by enlarging grain size
and that the effect of titanium on fission gas
enhancement is maintained in the pellets irradiated to

0

25

Bubble swelling ratio (%)
=

0 n i L U R i i N " L L i L 2
0. 90 0. 05 0.10 0. 15

Reciprocal grain diameter (um™)

Fig. 12 Grain size dependence of bubble swelling
during post-irradiation annealing tests.

(Smal! diameter rods irradiated up to 60 GWd/t).

O: Standard and undoped large grained, 0: Al-Si-O
added large grained, &: TiO, added large grained,
<1 Ti-5i-0 added large grained.

higher burnup.
2. Swelling

The bubble swelling during temperature ramp is
shown for the samples irradiated up to 60 GWd/t in
fig. 12. The results are quite similar to the previous
values.® The bubble sweiling is in proportion to
reciprocal grain diameter for undoped UO; and
alumino-silicate added UQ, pellets, while, titania or
titania-silicate added pellets show very large swelling.
This result also shows that the titanium addition
enharces fission gas and vacancy migration.

From the results of fission gas burst release and
bubble swelling during temperature ramp, it was
concluded that enlarging grain size is effective for
FGR and swelling reductions during a transient and
that cation accelerator (titanium, niobium etc.)
addition in the fabrication process is not suitable for
transient fuel performance.

C. Creep rate and thermal diffusivity of alumino-

silicate added UQ; pellets

The steady state creep rate at low stress level is
in an inverse propertion to the square of the grain
diameter.* ‘Therefore, enlarging grain size by four
times the grain size of the standard gives a creep rafe
of about one tenth that for standard UO,. Although
the grain size of alumino-silicate added pellet (40
um) is three times larger than that of standard (13
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Fig. 13 7 Ceréfhdgraph and SEM images for standard
pellet of small diameter rod irradiated to 60 GWd/t.

um), the former shows a similar steady state creep
rate to the latter, In other words, it becomes
possible to enlarge grain size by alumino-silicate
addition without an adverse effect on creep rate.

In order to determine the effect of alumino-
silicate addition on thermal conductivity, thermal
diffusivity of unirradiated 2500 ppm alumino-silicate
added pellets was measured and found to be the same
as the reported value for undoped UO,.'"  Since heat
capacity of the 2500 ppm alumino-silicate added
pellet is considered to be similar to that for undoped
UQ,, the effect of alumino-silicate addition on
thermal conductivity was concluded to be negligible.

D. Microstructural change induced irradiation

A ceramograph is shown in fig. 13 for standard
peliets of small diameter fuel rod irradiated up to 60
GwWd/t.  Dark zone is ocbserved not only in the pellet
periphery, but also in the mid radivs region.  In the
dark zone, many intragranular bubbles and sub-
divided grains appear, similar to those reported in the
literature,”  These structures are not cbserved in the
small diameter fuel samples irradiated to 30GWd/t,
The microstructure was studied in detail by TEM.

3 Radiation damage
. 2ccumulating region ===
Fig. 14 TEM image of pellet periphery for standard
UQ; of small diameter rod irradiated to 60 GWd/t.

A typical TEM image for standard pellet is shown in
fig.14. There are coarsened bubbles, and re-
crystallized grains surrounding the coarsened bubble
and many tangled dislocations. The same structures
are cbserved in the mid radius dark zone. This mid
radius dark zone may be due to a high fission density.
The mechanism of microstructural change is still
unclear, but a proposal has been made” A
recryzsltaiiization ratio R was defined by Nogita and
Une,

A,
Reserr—r—, (2)
Arm'Ab

40
°
S b
Egzo :
20t
5 I

0. 00 0. 05 0. 10 0.15

Reciprocal grain diameter {um™")

Fig. 15 Grain size dependence of recrystallization
ratio for small diameter samples irradiated to 60
Gwdn*!

(: Standard and undoped large grained, 4O: Al-Si-O
added large grained.
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whete A, is area of recrystallized grains in TEM
images; A, total area examined by TEM; Ay, area of
bubbles. In fig. 15, the results are summarized for
the pellets (standard, undoped large grained and
alumino-silicate added large grained pellet) of small
diameter fuel rods irradiated to 60 GWd/t against
reciprocal grain diameter. The recrystallization
ratio is in proportion to the reciprocal of the grain
diameter, suggesting that enlarging grain size
suppresses the microstructural change regardless of
alumino-silicate addition.  This is considered
possible because a large grain has better resistance to
accumulation of irradiation damage, which causes
lattice expansion’, and because the effect of
alumino-silicate addition on matrix characteristics is
negligible.®

IV. CONCLUSIONS

Fuel performance was studied by irradiation,
post-irradiation and out-of-reactor examinations for
several types of modified UQO, and gadolinia added
U0, pellets with controlled microstructure.
Enlarging grain size was effective for suppression of
fission gas release and swelling both during steady
state Irradiation and temperature transient up to a rod
average burnup of 75 GWd/t. On the other hand,
additives enhancing cation diffusion, which were
added to UQ, powder during fsbrication process to
enlarge grain size, accelerated fission gas release and
swelling up to high burnup, especially during
temperature  ramp. Alumino-silicate  addition
enhanced creep rate of enlarged grain UO,. This
suggested that alumino-silicate addition was effective
for reducing pellet cladding interaction. In high
burnup fuel, some microstructural change was
observed. The recrystallization area in standard
grain UO; was wider than in large grained UQ,,
indicating that large grained UO; had higher
resistance to microstructural change.
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6. HBWRIZ 35 7 A BWRAIR & B (L Rk (MOX) DB Z BN T 55
Irradiation Test of BWR-MOX Pellets in HBWR
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Table 6-1 Specification of fuel rods
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Fig.6-2 Rod configuration
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7. IBAE{CAE (MOX) DRI EEICEI T B LT LR TORERER
Irradiation Study of MOX Fuel Behavior in HBWR

(ZZETER)

7. 1 HEBEH _
PWRICHIT 2 MOXBRE O BEER HEZBIE L. NV TF VHBWRIZBWIEANIA—BD T
BGE U -MOX#EE 2 BB L, MOXARIEDBHEHICODWIFMTS2Z L 2B E T 5,

7. 2 FEAR

(1) IFA-596

BRIARL v POAZEZEFAL (5.9mm) UJzBritish Nuclear Fuels (BNFL) 5 & OMOX #ik 48
3EBLUTL 775 AA0UMRRRE 3 EZ 2, FHROES AL VBHNEMS L. BREEN
80GWd/t Z EEEICTERL 1 1 FrhtE S TR T 2,

HEEAMOXEER OPuE L EIZ6.7%PulTH B,

FOIRE (ED) « BEBAKE (PF) BIURBRERY v 7 E (EF) Ot ¥—%& BEHZELAT,
BB OREEDT—2 2RI L.

) JOREEFig. 7-1 12, BB~ MU 7 2 %Fig. 7-2 IZRT,

ZRBIEIPWRE EAEZRAMRL LTEBLTWEEDTH B,

(2) IFA-609

PWRA17Tx 17THBRR L AFOMAH THREBEI N -MOXBEE L, BLULIZ 75 Y XIHOD
UOKREE 3 AR, FRRTETHX Y BHREEE L = BBREH70GWIn Z BEEICT AL 1 3 FEaiH
HECTEHT 3.

{iEEMOXIR I BNFLEE L TF"COMMOXBITH D . PuETLEIZ61UPUTH %,

UGB (ET) « BEEAE (PF) BLUBEZY v 7 R (BF) O+t ¥ —% SBEHTHR .
EHRhORBEHT— B L.

a7 O EFig. T-3 10, BBRREY M)V 2 %Fig. 7-4 KTRT,

ARBIEPWRS B/ BRI T OREHRE UTEBLTNWBEDTH 5.

7. 3 HR
(1) IFA-596
FHOF4BEREITORENICL D, BIERREENOGWY 2ERT 2 FETH 5. BRlFLE
EORES &L LRI OBE%Fig. 7-5 ICT§. TROBRIHERINTED, 20
RRRIZDNWTIZ 1997 3 A, kEHA L T2 MWAR— b5 > FCHfE & h/-American Nuclear Society
F 4 DInternational Topical Meering on LWR Fuel Performance IZBW T HR L1z, BRAXEXRED

REH7-1 & LTHAT B, Can



JAERI-Tech 97-066

REORE

BRAS b IR (L — ) T L7 58, MOXER RO LR EIX#I870°C &\ VORI
DUBOCITHABV. chid~L v FEEREAL Y MEAHEEASHFORNILD L
Zxb6h%, |

SEMPEENEIO— F (FINE) 12X D MOX#khs o 0iRE 25 L2 #3R, FINEZ —
FIRREMICIHET 3 2 L AR T i,
BRIz v IR

25w 7 EOHDH ST 2 L MOXERRHI URBRI K h K&, #E~L v M, U0
BRE I B00 LmBlE OHBHIK & SRS L RSN H DIz L. MOXEBRE O SFLIZ AL v
e MY ZBICIETE—ICABLTED. BECRERAILZRASNRVWREEZELTY
2o TO~L v MUHEGO BV, EHECAW LA RFEOENWIC LD B DTH S D5
OBV LD, UORE X MOXIRKID 2 ¥ v 7 REED (BE(LEH) OKERIED
FHDLEZIEND, —FH. ALY U VBBIIERIHALNRN.
- HE

MOXHAEIE CIAFPH A MBI X B L EX LN ZAELRMA LA T 3, Thid, &fad
OB EN T L ENERCH D LER N5, SHb YT VRN OB L OHE TRER
gL T <,

(2) IFA-609
FR8E1 1 BRI TtOBRICLD., BREENIGWY 2ER U, BRFOREDEES X
RSB TIEH HOBE 2 Fig. 7-6 IR T, SHEO—BICTRAYH D, HLWERY JITK
HErB LBI2TETHDL. TRERE LTUTHHEESI L.
CRREHLERE
MOXEAEI D U ADEN T 212 & b MOXEERHED LB EIZ UO2RRRNC [~ $#9100~150°C
Bl
BRI R _
37— 5 CIHERENH B, BRLHORASLNTVRN,
- BN E -
1 F— P CHEREDSH DD, BERIOEXALN TNV,
- R O
HERHICLDT—IREIBTH 0



JAERI-Tech 97-066

— #REE (64)

IFA-SSGERET 1) 7 BEngiE &

Fig. 7-1



JAER]I-Tech 97-066

wn

91

W

Y 4 (1 2R EEYE965 VAl

¢-L 814

TAANKED S L eANG Y

Hyrton:n

IRy -

HWXOW W

f._ L

Horgxe iy 43

TS 7 &

4

€ #

1
T
[$ 9

NI

S it

DTS QAT

VXTMLE (1D

rM\M\—

I #

— M

—— ON$HA ¥



JAERI-Tech 97-066

HOES=HEEREAREN 2E)

BOR S — €V iREst

#ryligstiE (6f8 . ET,EF)

REREESR (MOX,UO2)

BREEEHE (6fF @ PFEC)
— =277 FEFME [ 73mm¢)

BREHESTEE (6f8 | EFET)

BERBAESAR (MOX,UOz)

BELEETE (618 | PF)

ACESHHBZHERRES 2@)

A0y — ¥ mEst

Fig.7-3  IFA-609HE& ) 7 HIRRIEIE



(k7524

ET ET
SBR MIMAS
MOX MOX

PF PF

(T2 %7)

ET ET
SBR MIMAS
MOX MO X

PF PF
PF:RE

EF : BHFHERY
ET : 8 E
EC : phsigE{mU

Fig.7-4

JAER[-Tech 97-066

EF

MIMAS

MOX

EF

EC

Uo.

EC

EF

MIMAS

MOX

EF

ET EF
SBR
UO.
MOX
PF EC
ET EF
SBR
UQO.
MOX
PF PF

PF

U0,

PF

IFA-609REBRRRIET P T A




JAERI-Tech 97-066

1073d°L 1965 -v 4
S0'9L BEZ/tE/96 Peliold

97 57 9 £7 27 b ESE

— N —
SHHXOW: 3
il
r hB | ::__
_ F i _
d] Wb _ _
i oy
f & _
Pl & e th W Ap !
— Iy u\ﬂ | .ra.p._..
il ¥l XOW: b
—W—1

R S8
! L
oW b
e
}
i i *¥m ] !

YV 7 £ G 1

=,

..h.—-_-_—_.—._.— J P N T T B AV N S S

T O LTI Al SRR P S T T ik 965 -V AL

(XOWBN/PMW) dnuang Ajquessy

G-, 814

1€ OF 62 82 L& 82 52 .rmlmmlmm [YALVAN A qod_ Gl q.n_ E

VLA L N B |

110
1l
! W

-. i

H

I
\

—

]
_
-
o @
01 2
,
o
iz @
—
z
o

(W/ M) 830y

[
o

00%

[=]
o
2
=

(vNB) XOWDi/pPMKW 1BE'SY
E£Z/11/9661

(vN\e) XOWBA/pPMHW DODY
1¢/80/E66I

0]

N

I eunB)y

IHW S85-VI

joefoag Jojopey uepipH gJ30
HNINXZLI9UINT u04 LIN1ILSNE

{2y sumpuedwe) ebrisay 1endg

1§ HEilla




JAERI-Tech 97-066

10d:d-11 316Q9-vdl
£5:61 S2/11/96 PHIICLY

B O OF RS (5r 2 s L2 TP S BN 0N ek Y609~V

(XOWBN/PMW) dnuang Ajquessy

9-4 814

9. Y 59 o__ .59 5 v,
_ 4 : P
a
Y 1 . {
g ) -
L 1 3 Q
” L b @1
. s m-zlm ]
| S . Ik J ] =
Wflrr.\ﬁm.lm_;llf e UiV eriny g.m_ 1, z
L N fl] ] ~
EYHY — E— | N 1 3
2 ——2— [ L, ©
JHHY —— | —— | ]
b ]
d Jog
3 i 0z
_J Z b i 3 J
¢ w ] At n
- 4 1 d 0y C
b4 4 { - m.
L ] N 009
Z | | g_ “h 1 m
L : 008
b L-{d Illlm(k f L f..m\ 1 m_
613 —E— | }LN wtﬂ_fr\“ :J ;a\wL ;}w?i_,}_,lL - ] 3
013 — 22— [ ; \ oo P
L1 —— — I S
h_wu).,../ X —.,M. R REEPU NP R DS A O U TR TN SRR B TS | ._ Jcmpl\
Q.Kn\fs A\
s alr R
B -—
T e XOWOU/BRA v2eL eL eJnbid [HA 609-VdI
(vne xoxfxuhm\_ﬁwmwmm, ! 190f0ad Jojo0eY uBPIDH 0730
L0/L0/5661 woad MHINMNILIBYINT U0 LINLILISNE

[ ALTIRITY



JAERI-Tech 97-066

Rt 7-1

S.Doietal,,
High Burnup MOX Fuel and Fuel Rod Design Improvement
1997 International Topical Meeting on Light Water Reactor Fuel Performance

Portland, Oregon March 2-6, 1997



#
F
%

JAERI-Tech 97-(66

HIGH BURNUP MOX FUEL AND FUEL ROD DESIGN IMPROVEMENT

S.Doi
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1-1-1, Wadasakic-ho, Hyogo-ku,
Kobe 652, Japan
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ABSTRACT

Plutorium from re-processing plans to be used in
PWR plants, In PWR usage, Plutonia is blended with
Urania powder 10 be mixed oxide (MOX) fuel. Pu content
is about 13wt total Pu and within these low Pu content,
characteristics and behavior of MOX fuel is considered to
be almost equivalent to ones of UO2 fuel which has many
experiences.  However thermal conductivity and melting
point of MOX pellet drops down with Pu content and
stightly more fission gas might be released from MOX
pellet and these features are considered adequately in MOX
fuel rod design. Fission gas relzase behavior is one of the
most important and is strongly affected with Pu in
homogeneity rather than Pu contenl.  Some more
homogenized MOX irradiation experiments have been
under going in order to grab MOX fuel behavior fabricated
by improved current process and to exclude such a
conservalism.

I INTRODUCTION

MOX{Mixed-OXide) fuel used in LWR has low Pu
content and therefore MOX fuel characleristics is very
similar to ones of UO2(Uranium de-oxide). But MOX fuel
has several different features from UO2 fuel. One is that
both of melting point and thermal conductivity drop down
with Pu content. The other is that fission gas tends to be
released from pellet slightly larger than UO2. The latter is
very relaled to MOX fuel fabrication process. Generally,
MOX fuel is fabricated from PuO2 powder and UOQ2
powder and a! first step of process these powders are
blending mechanically. As the result, some PuQ2-riched
regions (Pu spot) are observed cerameographically. In such
regions, power, temperatere and bumup are higher than the
surrounding homongenious (U.Pu}O2 region and it makes

K.Yamate

The Kansai Electric Power Co,, Inc.
3-3-22, Nakanoshima, Kita-ku,
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more fission gas release from there. MOX pellet fabricated
by the ¢ld process has more Pu spots but recently PuQ2
powder and UO2Z powder are very well-blended under the
current fabrication process and then MOX has fewer Pu
spots.

In this paper the high bumup imadiation behavicr,
especially fission gas release of MOX fuel from new
process is expressed and fuel rod design improvement is
described.

II. MOX FUEL PROPERTIES

PuQ2 and UO2 powder form solid-solution (o MOX
during sintering. Crystal structdre is similar to UOZ and 1t
is estimated that its material properties are similar to UO2.
The following three properties of the most important
properties were measured under one of our MOX fuel
development.[11[2]
follows.

The results are summarized as

1. Melting Point

About 10wt%Pe02 MOX fuel was encapsuled in tungsien
capsule and was heated up over melting. During heating up,
the temperature rising of capsule was recording and phase
change peoints were determined from inflexion point of
recorded curve. This tesult is illustrated in figure | with
measured UO2 data and cther published data . The melting
point of MOX fuel drops down slightly to UO2. These data
are very consistent to cach other,

2. Thermal expansion
The thermal expansion of MOX fuel was measured
comparing with UO2. The result is shown in figure 2 and is

very close to UO2Z.

3. Thermal Conductivity
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The diffusivity of the same PuQO2 content MOX fuel
was measured with the laser-flash method and the thermal
conductivity was calculated using the measured specimen
density and the published specific heat with the following
equation ;

A=k- p -Cp
(A ; thermal diffusivity, k ; thermal
conductivity, p; density, Cp ; specific heat ).

The results are illustrated in figure 3 and a small
degradation of thermal conductivity from the UO2 design
model is szen.

In the MOX fuel rod design code, FINE code[3], this
degradation of MOX thermal condnctivity is considered
and the ather material properties are assumed to be the
same as UO2.

111, MOX FUEL IRRADIATION BEHAVIOR AT HIGH
BURNUP

Two Belgonuclear {(BN) MOX fuel rods of which
PuQ2 content is 10wt% were irradiated in BR3 reactor and
BR2 Callisto in-pile-section up to higher bumup of 45,
S57GWd/t (Pellet peak). The other 3 BNFL {British Nuclear
Fuel Limited) MOX fuel rods of which contained 9 wi%
PuQ2 are being irradiated at Halden reactor and have
achieved the burnup of about 47GWd/t. These MOX fuel
peilets were fabricated through new process at which PuO2
and UQ2 powder are well-blended and these have well-
homogenized micostructure. It is expected that the
irradiation behaviors of these MOX fuel are more closer (o
ones of UO2.

1.BR3&Callisto Loop Irradiation Experiment

(1) Fuel Rods and Irradiation History

Two MOX fuel rods were fabricated by BN and
PuO2 content is |Owi%. These rods are |7X17 PWR fucl
rod design except that stack lengths arc only 1000mm. The
overall fuel red is illustrated in figure 4 and the abstract
specifications are summarized in table 1. As these pellets
were fabricated through MIMAS (Micronized MASter
blending) process, the homegeneity of MOX pellets are
beuter comparing with MOX pellet from the previous
fabrication process. The averaged and maximum size of
PuQO2 particle are approximately 21um and 190um. From

this microstructure of pellet, it could be expected that
fission gas release from pellets is low. These two rods
were irradiated through two cycles in BR3 reactor and then
continued to be irradiated over two years in Callisto in-pile-
loop of BR2 reactor up to highar burnup.

The final achieved burmups are 45 GWd/t and 57GWd/t at
peliet peak. And the power levels at final period were quite
high, around 30K'W/m.

(2) Post-Irradiation Examinations

After irradiation these rods were examined at Mol
hotcell. Visual inspection showed no anomalous
appearances. The rod profiles are shown in figure 5 and the
crezpout is seen at the center regions. These feature can be
explained by high power at final irradiation stage. The axial
4-scanning is shown in figure 6 and it is estimated that
pellet dishes are filled with pellet gas babble swelling
and/or peliet creep at center high power region. The fission
gas release rates are plotted in figure 7 with other MOX
fuel(4] and UO2 fuel data[5]. These fission gas rates stay at
upper band of fission gas reicase data because the power
was higher than that of corhmercial reactor.

2. Halden Reactor Irradiation Experiment

(1) Fuel Rods

MOX fuel pellets of which PuO2 content is 9wi%
were fabricated by BNFL through SBR (Short Binderless
Route). These pellets were loaded to three rods and these
were assembled to one rig with three reference UO2 fuel
rods. These pellets diameter is 5.9 mm and smaiier than
usual PWR 17x17 design. This smaller diameter design
means smaller amount of Pu and U loading in fuel rod, that
is, it is possible to obtain higher burnup faster. All of fuel
rods were equipped with the instrumentations for fuel
eenter temperature, fuel stack length change and fuel rod
internal pressurc. The data from these instrumentatiens are
obtained continuously on power. The specifications are
summarized in table2.

Three MOX and three UQ2 rods werc arranged at
hexagenal configuration into one rig assembly and are
being irradiated in Halden reactor. The achicved bumup
wis about 45GWd/t (Rod) at the date of May, 1996. The
maximum power was about 30KW/m and the averaged
power was about 20KW/m. At the latter half of irradiation,
the power dropped down Lo about [OKW/m.

(2) Irradiation Experiment and Analysis
Both fuel center temperature of MOX and UOZ are
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illustrated in figure 8 and figure 9. Both of the irradiation
power history are very similar each other. The MOX fuel
temperature tend to be slightly bigher due to the
degradation of pellet thermal conductivity by Pu content.
At middle of irradiation, the power occurred jumps and
maybe some fission gas might be released. If so happen, the
fuel temperature might be increased more than power jump.
Before these temperature jump, the fuel rod design code,
FINE code analysis was performed for both of rods and the
results are illustrated in figure 10 and figure 11. In these
figures, the prediction bands means the pellet relocation
assumptions. That is, the measured fuel temperature might
be sometime affected by pellet fragment movement in
peliet and cladding gap. This occurs at randem and it s
difficult to consider its influence in analysis. So in this
analysis, the gap filling by pellet relocation was assumed to
be between 0% to about 70%. These assumptions are
corresponding to the upper and the lower prediction. In
these figure, it is observed that the measured temperatures
are laid down within prediction ranges. The next figure 12
and figure 13 shows the same comparisons with bumup.
The same features are observed but after power jumps at
middie of irradiation the upper predictions tend to be more
conservative. This is because significant fissicn gas
releases were predicted in FINE calculations. The lower
predictions tend to decrease steeper than the measurements
and this might means the irradiation degradation of pellet
thermal conductivity. However it is difficull to find out the
degradation from these data because of the influence of
some fission gas release.

The figure 14 shows MOX fuel rod internal pressure. Twe
large pressure jumps and one small pressure jump are
vbserved corresponding to power jumps. It is estimated that
the significant fission gas is released. On the other hand no
significant fission gas release is observed for UOZ fuel in
figure 15. Both of rod intemal pressures were analyzed
with FINE code and the results are illustrated in these
figures. In figure14 of MOX fucl, FINE code in which
MOX fission gas release is assumed Lo be higher than UC2
predicts higher pressure, But when fissicn gas relcase is
assumed to be the same as UO2, FINE cede predicts
slightly lower pressure as shown in this figure. It could
mean that the fission gas of MOX fuel is released slightly
higher than UO2 but that the current FINE code for MOX
fuel predicts MOX fission gas release conservatively.

The figure!é shows both fuel stack lensth changes of
MOX and UQ2 at zero power level. Both of them shows
stack length shrinkage due 1o densification at lower bumup

and then growths due to swelling. The amount of MCX fuel
densification is larger than UC2 and this is corresponding
10 the arnount of out-of-pile resintering test. The density
increase of UO2 at resintering test was smaller than MOX
pellet. And the maximum jn-pile densification of MOX fuel
is estimated to be about 0.24%AL/L. When the
densification is isorropié, the maximum densification is
calculated to be about 0.7%AL/L and this is consistent to
the density increase, about 0.6%TD at out-of-pile
resintering test. At the latter half, both of fuel stack lengths
grow approxima[cly' proportional to bumup. Both of
increase rate, that is swelling behaviors are very closer each
other.

From these observation, it is concluded that the
densification and swelling behavior of MOX fuel wasn't
affected by Pu content.

IV.MOX FUEL ROD DESIGN IMPROVEMENT

Fuel rod design code, FINE code has been verified
by a large amount of UQO2 data and used for UO2 fuel rod
design and evaluaticn. FINE code has been mnodified for
MOX fuel by MOX fuel from old fabrication process, of
which achieved burnups were higher. This old type of
MOX fuel doesn't have 50 good homogeneity and has quite
a lot of Pu-ricked spots. This feature could affect
particularly fission gas release.

Recently MOX fuel data from the new process, for
example MIMAS process and SBR process, which has
good homogeneity has been accumulated up 1o higher
burmup. These type of MOX fuel tend to release lower
fission gas. When based on these current MOX fuel data, it
is impossible to improve the fuel rod design and to employ
the reasonable fuel rod design.

|. Fission Gas Release from Pellet

Fission gas release comparisons of measurement
and prediction by FINE code are illusirated in figurel7 with
U2 fucl data. It is observed thit FINE code could predict
larger fission gas release fraction to other all of MOX fuel
except old process MOX fuel. In this figure fission gas
releass of MOX and UO2 in Halden were estimated from
rod inlemal pressure. From these comparisons and the
previous Halden internal pressure figure, it is found that
current FINE code for MOX fuel has conservatism tc
fission gas release and that fission gas release of MOX fuel
is closer to UO2. Tt is estimated from this Halden data that
MOX fuel would release fission gas slightly larger than
uo2.
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2. Rod Internal Pressure

FINE code for MOX fuel also considers more He
production in MOX pellet. Rod internal pressure
comparisons of measurement and prediction by FINE code
are illustrated in figure 18 with UO2 fuel data. The
predicticns to MOX fuel rods are laid down within the
scattering of UO2 data and have conservatism. This is due
to the over-prediction of fission gas release.

3. Densification and Swelling

Densification and swelling behavior is similar to
UO2 as descrihed above. FINE code assumes the same
behavior for MOX fuel as U02. The predictions. for peliet
density changes are illustrated in figure 19, The
predictahility is laid down within the scattering of UO2
fuel.

The current FINE code for MOX fuel is based on the data
from the previous fabrication process and it has
conservatism paticularly to fission gas release of the current
process MOX fuel. There is possibility to improve the
design model and to reach more reasonable fuel design.

V.CONCLUSION AND FUTURE

One of the characteristics of MOX fuel is the
degradation of pellet thermal conductivity and the larger
fission gas release. The latter one might be related to Pu
spots of which amount is dependent upon the fabrication
process. The recent process produces less Pu spots pellets
and therefor its resluls intc these release less fission gas
release. When based on the data from the current process, it
is expected that MOX fuel rod design is reasonable. It was
confirmed that densification and swelling was very similar
to UO2Z.

The above Halden MOX fuel is now being irradiated to
higher burnup and the behaviors will be foliowed
continuously. Including these data, more MOX fuel data
from the current fabrication process is necessary and the
more accumulating could derjve more reascnable MOX
fuel design.
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Table 1 BN MOX Fuel Rod in BR3

Pellet
material (U, Puy02
Pu0?2 (total} 10wt
geometrical density 94.6%TD
diameter 8.0dmm
length 0.22mm
Cladding
material Zircaloy4
outer diameter 9.50mm
inner diameter 8.23mm
Fuel Rod
fuel stack length 1000mm
total fuel rod length 1136mm
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Table2 BNFL MOX Fuel Rod in Halden

9,100
Pellet -] MOX Feel (9.5w% P02}
R U037 Fuel Detign Mode]
. g oeors |
material (U, Pu)02 H S
Pu02 (total) Owt% &
geometrical density 95.5%TD Z o00s0 | g
diameter 5.80mm 3 °"-\,€.
i o9 .
length 7.08mm g g
center hole dia. 1.90mm E 0.028 i
Cladding 0000 L ‘ ' .
0 500 1000 1500 2000
material Zircaloy2 Temperatuee  (deg ©)
outer diameter 7.00mm Figure 3 Therma) Conductivity of MOX Fuel
- inner diameter 6.02mm
Fuel Rod
fuel stack length 400mm
(U PurO2 fx] pack
%00 - T Plenum spring Cladding Narura UQO2Z
1 . o Sman Upper eod Plug Slecye Lerwer esd plug
2000 B2 S Lt ACSMION /
: w f::u:sf:ru J"-" \ _[
T e Ry . f AR = e - 1
e DT L T B 2 24 77
. !
'E b 1200
g 100 1 113§
2450 a Dhmcniien 40t is mm
o e T e % W Figure 4 BN MOX Fuel Rod
Puld, Content n MOX (mole’s)
Figurc | Meiting Points of MOX Fuel
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Figure 2 Thermal Expansion of MOX Fuel

Figure 5 BN MOX Fuel Profilometory
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8. HBWRIZI3IT ABWRHL BRI O BHEENZET 505K
Irradiation Study of Advanced BWR Fuel in HBWR
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9. ERMEERNEFEOHBWRIIBI 2 EHER

Irradiation Test of High Burn-Up Fuel Cladding in HBWR
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