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Influence of Plutonium Contents in MOX Fuel on Destructive Forces
at Fuel Failure in the NSRR Experiment

Jinichi NAKAMURA, Tomoyuki SUGIYAMA, Takehiko NAKAMURA,
Toru KANAZAWA and Hideo SASAJIMA

Department of Reactor Safety Research
Nuclear Safety Research Center
Tokai Research Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

(Received January 24, 2003)

In order to confirm safety margins of the Mixed Oxide (MOX) fuel use in LWRs, pulse
irradiation tests are planned in the Nuclear Safety Research Reactor (NSRR) with the MOX fuel
with plutonium content up to 12.8%. Impacts of the higher plutonium contents on safety of the
reactivity-initiated-accident (RIA) tests are examined in terms of generation of destructive forces
to threat the integrity of test capsules.

Pressure pulses would be generated at fuel rod failure by releases of high pressure gases.
The strength of the pressure pulses, therefore, depends on rod internal - external pressure
difference, which is independent to plutonium content of the fuel. The other destructive forces,
water hammer, would be generated by thermal interaction between fuel fragments and coolant
water. Heat flux from the fragments to the water was calculated taking account of changes in
thermal properties of MOX fuels at higher plutonium contents. The results showed that the
heat transfer from the MOX fuel would be slightly smaller than that from UO: fuel fragments at
similar size in a short period to cause the water hammer. Therefore, the destructive forces were
not expected to increase in the new tests with higher plutonium content MOX fuels.

Keywords : NSRR, RIA, MOX, Plutonium Content, UO2, Fuel Rod Failure, Destructive

Forces, Pressure Impulse, Water Hammer, Coolant Temperature, Coolant Pressure,
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1. ¥ B

B OB TAFZ S HIZF(INSRR: Nuclear Safety Research Reactor) Tid, B/KIFHREID#REE
DTN —TINDOERLICEN, BEIBHILERT— 2 IUEFT 27= D OiRBETEZ ED T\,
Z DEHE T, UO MBI DERBEE (LIt U TR THTRNC IS S - BB s 2 v
IOV AR RBR AL . RISEESEEOREIORIR L 2 VVEPHIERBICEL TZ2FEOAR
ERBHEERETNA[L 2, il BARIMMOX: Mixed Oxide)MREIDEENTDWTIE, #illix
HUF(ATR: Advanced Thermal Reactor)” 5T A7 TS S N/z#REHE VY. MOX BREID RIS
4B R 9 A HENA B2 G T\ 3(3].

Zh 50 NSRR /%L ARHRB T ERICIT L7ZRATFEREIZBIR - RUEDKZHZ LTz
AT 2L ABOBSH SIVcER U, RIGESSEEHLZHDREREITRL., REIOGIEEE)
BERANRTND, ZOBRH TLINIRBRREER L 2B E CRSBIENAICE A, BEEmE
AT 5 NSRR RB e L2 EMT 5 L TR THEEREEZE L TW5, Z0kd, BT
U, BETHONENORRICBNTRELEED K EBBIEAICHA 5 L 5 IRERFIVR
IhTnha,

54%. NSRR T2 7N —< IV OERGICHIEL T, fEROD ST A REIORERIZ LR TENW )Y
k= NEEED MOX BREIOFRBREZITY TETH BBl AMESETIE. INEL2TTI720,
T k= NELEOEEA LB NI R R EOEMIRE £1To . T T 18RO
NSRR FKIBSHAEERBR COBLED LR TH S 10% K HBHERERREICHT 25 ERTH S 5% %,
TIINAH—TIVREID LR TH D 12.8%ICEE LI-HAD. Ytk CHRHEETN I 282 RF
RRICGEEL. IhEECHEBHOREIIKIZTIHEEZEREL

2. FOGEERSOROMEIIRIC X DRET SRR

RSO EER I & D IREISHE T B ER. EBh TSR U THRENS 1S 7a O BRI
VERT BAlREEN D B, Tk LSRRI [HRESH) RO KEH) O 2@ETHSFig 2-1.
UTIENTNOREA N L LERL, F—EBRFEG@HK, BRRREICOVWOIHMLIIV T
LNECEOEADBIEHORE SITHEE RG2S HEHERHT 5.

2.1 HEES

BT NTSHKD T 27OV ARICRETHENKTH D, TOREZERIT. REHRIRFHTEC
BEEENSOEBEHABLEEZ 5ND, Lo T, BETHEREHOKE B EICARNE
UB S TORBENNEERIKET 5. JI T HMEGHAEINI )V S =T LB I3
BTHD, T, NWEERRET ZEROUEDTH HREBLERE 2 IZEMTROBAT ZAED T
= ABALE EIIHST LT /ST A—F TH B, —H T NEERETZH D —DOEHTHHMREL
M5O FP HZABHERIL. BEIOEFZDHDIEET 5. o T IV U LABLEDHEAN
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FP AABEEEIC B E 52 250, BREHNORESITOHERFAG.

JENBIIFAER N SRR E UTKPEERT 5700, FAE— 7R EEHITET L. XKim
WORDH TEINVNREEZL <72 7R TOENDH TRIVIRERICIER Y % SBES D, —7.
H TV EF AR OWTIESEE QTR —E RTINS 120 (1 TRIVNEN—EDHE). £
HPNIERE I DB TRIVNBRICE LU 8-> R COENE—VEZMER Lo E X g s U
TLETHEURES S (Fig 21 (A).

2.2 K€

AR TR ABRDRE T 5 LR AKO—FEHAKE L BiFshn, 2iith 7l
BADEHRICESTBE, BHKBOER TRV FIISECIKEN(T 4 —F =N\ ODRET S
(Fig 2-1 B)e I T IIVINTIEE I NS/ ARZRIE TEENS OH AR R HREHRITITX
HESFE] O LEETH DN, BEOFHFNXDXEMITH S I ENON> TNEDEREDHZ
ZRT 5[4l

RIETCIRAR/= L DT, REHERHCISHBEICE C-RRN S BIEH A B ENSN, ZDEE
—EROIRBH DNRHIARICHIE SN D EE X 51D, RIS 2RI EN FP BEIC XK DRSRRLRR
THEEL S WIRERICH B 720, REHIIEERRIC X DAD IR LIS, RIGEIWEE T S LA
RIS U 7= 358, BAKFICBEH I N B DRI FI3F R Lt T, BOASIC K5 &RSELE%
S5, (8% OB TEID TORKFAEIINT U BB TIARWLAL, MBS 1T
PTG LT 2 & TREMBENEAL TS0, 2R TORSFEERIIGHAKRIZ H70ES )b
FE2EZBLNIUTET B[], ZOERIZBNT, AROEE TR FOKRE I ZRETHERIL
PRELHR, BRI TLY 1 X, BB SBHKNOBYDER TH S, ThTiusdl,. IV bZU L
FALEL. FP A ABHES). kit 1 X, BREHARUBMERZEH L THEBE2E5A55,

23 £&0

[ BT BT D IR HER OBIR NI R AEA N =X L &R I L. TV F = AB(LED
BRIZE D FP A AMHEE), #EMRIT1 X, B BMRERPR(ELIZEAIT, RET DR/ O
RESHREIND LRI
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Fig. 2-1 Schematics of pressure pulses and water hammer forces generated
in case of fuel failure in the NSRR tests
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3. IREELUREIORIHEICRIZS TV b =D LABALEEDORR

MOX #REHZ. UOMNIES SNz PuO DT IV U WRFNY T VIRT EBESBRDLHER
BIEARETR L, UO: OkEMIEERIUHA (CaF) BE (FINLHR) Lizd7D). T0Y)
i3, U0 DENERARNTEM LIz bDEMRD, Eie. BB TH UOMEHE MOX #4
BLOYHEDZEIHAARNT NS W,

LITFIZ, KEY A 7 RES THEHFH TR I Nz, BRFREWEE/ Xy & —° MATPROI6]
THOE. MOX MREIOBWHEEICKIZT 7)) b= LBLEOZBII DWW TR Y 2.

3.1 Al

UO: & PuOzid. CaF:BOEOLIRRTH O, HiEH SAMAE THERSEERT. mWHED
BALEEA-HAETH, TMHEISTERICEB LS. 2REREREZRT 5. Fig3-1 iZ. UO:—
PuQ: ROWREERZRT, BIRENTNBLDIZ, R (Liquidus) RUEHERR (Solidus) I
UO0; DRt E PuO: DRSO THELANCEILL THEY. IS OHBRITHEERIIASNT, UO:
& PuO: DEBKIIBRICRE TH S,

MATPRO Ti. BRI L DR ZFEEH L. PuOBEKENE 2RO L S MR TEL Tna,
T =3113.15-5.41395C +7.46839 x107C* 3.1
ZZT.

T: REHEEX)
C: PuO: DEIE (EEX%)

TH5, Zhickiud. PuO: DEIEAS, 0. 10. 15 KU 20% DHFA DRI, TNENRDL DI
AEIhD.

0 % :3113K
10 % : 3,060K
15 % : 3,034 K
20 % :3,008K

AU IZ RIFTIRIEE OSRIZOVTIZN S DO OBREDH 5, Christensen[7,8] 1. #BEE 10,000



JAERI-Tech 2003-008

MWAAM 7D, U0, DRI 32K (K T3 5 &#its LTV 5, Krankotal9] %53, 50,000~85,000
MWAAM ETHREEL =TV b= A= 5 VRSB TIE. BRiZ50~100KETTHELTW
2%, ¥7-. Bif Konno and Hirosawal10] 1. Bk 125,000 MWAAM £ TREEL 7=V h = A —
5 ARSHALY T, BUIIREEIC L VN0 KETTHEL TS,

MATPRO Tid. BADRHENE S5 25 Christensen DT —F ZH AL TV,
Fig.3-2 iZ. PuO; DEFEN, 0,10,15 KX 20% D4 —AIZDWT MATPRO DR DIREEE kP E
7R 10,000MWdAM TD PuO: HHE 20% DIREIORLAUT, FHREHC LTI 320K K T L TH 0,
Konno and Hirosawa OF—# 12T MATPRO DRI, MRESEEIC K SR O T 2Bk L C
WA ENHND,

3.2 Lh#

MATPRO Tid. UO: KU PuO: DHEUINTNHL T DX TIHE S 15,

K,6% exp(0/T) YK.E
Cp =—+ K,T + —>2expl- E,/RT (3.2
b T*[exp(e/T)-1] F Rt TR expl- £, /RT)

ZZT

‘Cp: H# (Jkg K

T : REHEEE(K)
YRRt

R : HA5&¥(8.3143 J/mol-K)
@ : Einstein iRE(K)

T%éo UOZ&U Pqu L:%j‘—g_é K]\ K2\ K3\ 9&{)‘\‘ EDo)ﬁi'i\ uT@iﬁf&%@%ﬁﬁﬁbT‘/\
B

ER U0, PuO:

Ki 296.7 347.7 kg K)
Ke 2.43X 102 3.95X 104 (J/kg K2
Ks 8.745X 107 3.860X 107 kg

0 535.285 571.000 ®

Ep 1.577X 105 1.967X 105 (J/MoD
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MOX #REHZDWTIE, BALTFOL 57BN Z A5,

Cr= CKUO2) X (1-f) + CHPuO2) X f (3.3)

ZZT fi3PuO: DEREIRTHS. Fig.3-313. £270. 0.1. 0.15 KT 0.2 DFENFNDEAIT
DWTHRBHEE OBER S U THBERLZHDTH S, REHEEMN 2000K LA EOFEBICENT,
PuO:IBE DEEIZX D HBOETRASNDA, BFE TN,

3.3 By

MATPRO (25 5 BURERDOHBENIIATOKL D725 DTH 5.

k

D
Cv

NN

Thb.

D C

| 4
1+ (65-000469T'Y1-D) " (A+BT" Y1+ 3¢, )

2
+5.2997 x10°T [exp — 13;358 Hl + 0.169[(#) + 2] } (3.4)

BLER(W/m-K)

: HRREEICHT HEIE(0)
P ERHBICHTE T/ L DEFE. G HERKOBE 1EH. TNV RZU AT 5 RERY

RELOEEITIE. U0 KU PuO: DFENTNOEREIES DEAHEHEEEFNWS,

 BPIRIC R DRIEER. TV F 2T LU 5 VEERAUREIOSEITIE. UO: KT PuO: D%

NETNOEBEEOEATEHEZEZ RS,

: REREE(K)
. 1.364K CA T 72 5 1X8REHEE

1,834K LU ETIIR O 5 1 BF DA+6.5-0.00469D) %- 1 &5 3,
1,364~1,834K Tid. RO 71 RFENIEICXDIHMET 5.

"1 1,800K LA T TIIREHEEE.

2,300K BA LTI, T3 2050K &35,
1,800~2,300K TIIAFIZ L DT 5.

D 7%/ OEHEBBITRICHT 2 ARMOF ST DR T

0.339+12.6X |2.0- OM [t |

274/ COPIEBEITRRIINTS T+ /- T 1 /) CHELOFSICEIT HE T,

0.0687 X (1+0.6238 X PuO: DEHEZ|S)
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Fig.3-4 13, PuO: DEREIGA0. 10, 15 KX 20% D 4 r—AITDNT, BMREEZRERRED
B E L TRLIEHDTH S,

MATPRO 12 &% & BYRERIS PuO: DIRAHAMETICONTE T I 2EHRINES NS, £ D~
E, RERRE O£ hz > TRENZ DD TH S,

PRERSENRHT 1 — K FRAPCON-3[11] 12&%. UO REIR U MOX ##H (PuO:2 DFIS : 10, 15.
20%) DIMUEEROMMBEEKENEZE Figd-5,-Figd-8 IZRT . U0 KU MOX BREIOEZERIT, R
HERE DRI L7223 FP O¥FECHE RIAOBHIC L DE T T BRERTH UO: & MOX #R%}
DEIRERRE 2Oz D /N E N,

3.4 BUZARIREK

MATPRO 12 & 5 BIF R OFHIENL. BEADFS. UO2 KU PuO: DWW IUTH L THRAZ MW
60

=K.T +K, + K, exp(- E, /kT) (3.5)

SR

ry
ry
~

ALL, : BRI X AR

T : BREREE
k s NIV EE(1.38X1023J/K)

THD., UO: R PuOIZHTAEH. Kiv Koo Ks KU Ep DIZLAFITRT EBD TH S,

£ %  _ U0 = __PuOs

Ki 0.1X10% 0.9X10-5 K
Kz 3.0X 103 2.7X103 )
Ks 4.0X102 7.0X10? ¢
Ep 6.9X102 7.0X102 @

MOX BREI D71, U0: KT PuOs DENTNOEREIS OEAM BB, 528iis
AU LT ROK S B EHNLS,

(T, )+0.043 +3.6x10°[T - (T, + AT, )] (3.6)

AL
LO

=
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ZZT

AL/LSTw : T=Tu& UTEHEL ZEHEOREZREEK

T : Bl LS (K)
ATn : VRAHIRE — EHEEREEK) (Fig.3-1 DIREEXIZ )
THd,

Fig.3-9 13, PuO: DEEEIAH 0. 10. 15 KU 20% DT —AIZDNWT, BUFRAEERERRED
B E L TRLEDDTH S, BIERRENL. BEOETOETICE2FHSERTIE. PuO: DRE
L AREBERESIIRNWI ENbMN S, bbb, EELED MOX REFTIE. BZRIE PuO: D
FEREICH S U0 DEZIRICE > THRERESNTLE D,

35 ¥&®

LU ERRTE &L DI, PuO:1d UO: & BIRAERBE. L bREBRKEFRL, HERERS
THENZELFOHEOELUL-HDTH D728, MOX BREIOBIHEEIT T )V b = LABLEDHE
IS TREICELT B HOD, BEBEGIREBN, IV MU LAELE 20%ETO MOX
BT, RUSASERH- 100K, HEEUIHK 2000K 2B A S TRAR-10%. BEERIRKRK-5%
DELZERTHOD, UOREIDBYEEN S KE TR SN, INSOEEN S, MOX R
DE RO ERFREIIC OV TIE. UOREIDEFH L RKEIEBEDS T, TOEVRINSYE
DEFBEERL T UO: BEIOEEN SBHTTRETH S Z ENVFREINS, B, KTFHELERES
HPRRAERE [RERBKFERERICHN S NSRRI DN T I2licBnTh, Vb=
27 LWEILER 13% £ TO MOX BEIOREIL UO R & K ERENENZ LRSI TNS,

4 BT, EROBHFARICE > TRONEHROEERICE D MOX REIORHEIL U0 REIDHR
HEFOFLWEZHEET D,
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Fig.3-1 Phase diagram of UOz-PuOz2 system
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Fig.3-2 Burnup dependence ot meliting temperature with Pu
concentration change. (Pu03:0,10,15,20wt%)
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Fig.3-4 Temperature dependence of thermal conductivity with Pu
concentration change. (PuQz2:0,10,15,20wt%)
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Fig.3-5 Thermal conductivity change of UOz with burnup.
(Pu02:0%, burnup:0-110GWd/t)
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Fig,3-6 Thermal conductivity change of MOX with burnup.
(Pu02:10%, burnup:0-110GWd/tM)
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Pu content: 15%
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Fig.3.7 Thermal conductivity change of MOX with burnup.
(Pu02:15%, burnup:0-110GWd/tM))

Pu content: 20%
| |}

10 | 1 1 1
3 —0 ----80
E gL —20 ----90 | _
S — —40 ----100
z
= 6 r -
©
=
g 4t 4
o}
(&)
[
E o2 -
o
L
| -

0 | | 1 | 1 |

0 500 1000 1500 2000 2500 3000 3500
Temperature (K)

Fig.3-8 Thermal conductivity change of MOX with burnup.
(Pu02:20%, burnup:0-110GWd/tM))
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4. BARICYREIORSERNCRIZT 7V b= AELEORE

41BEELEDEATY 2T

BEE L E DI PHFIRE-OHORTICE T BUERHIY R Y v 7 AT S U IVES&AL
DHEHL - T DBRTH D, £z, ALY 273, BERUSGHRRD FP IZXHFBIZRTHD.
BALD 5 B E TN N 2D L= 5 VIRGHAYIREI ORI TEN S 5 n[REEDH 2. LrL.
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Fig.4-2 Fission gas release of PWR type fuel with burnup.
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Fig.4-4 Fission gas release of BWR fuel with power.
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Fig. 48 Ramp tests result of PWR fuel[20]
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Fig. 4-10 Fission gas release during NSRR pulse irradiation tests
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Table 5-1 Analytical Conditions

Fuel Particle

1000, 1800, 3000 K

” t
Initial Temperature for UO2 fuel (Pu enrichment 0%)

Pu Enrichment 0, 10, 15,20 %

Burn-up 0, 20, 60, 100 GWd/t

Diameter S50 L m

Initial Temperature | 300 K

Thermal Diffusivity (x10¢ m?%/s)

Water
Initial Pressure 0.1 MPa
3.5
0{ \ Pu Enrichment
3.0 LX 0%
\\ ---- 10%
2.5 [ —— 15%

204 \X — 20%

2.0 A
1.5
1.0
0.5
0 i A A i i
0 500 1000 1500 2000 2500 3000
Fuel Temperature (K)

Fig. 5-1 Thermal Diffusivity of Fuel
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Fig. 5-3 Temperature Increase of Heated-up Fuel
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Fig. 5-4 Typical Analytical Results (Fuel temp. 3000K, Burn-up 0 GWd/t)



Ratio of Total Energy Transferred (%)

JAERI-Tech 2003-008

Time (ms) _

oof —1—2 3 4 5 6 T B _9__l0
-0.4
0.8 7 Pu Enrichment (%)
W
Ay 7L 10 15 20
-1.2 7. ,:{: 100}~ « « | === | —-—-
_1_6l r:‘ Burn-up | 60
g Gwdmy| 20] — — | —— | ——
-2.0 ol - | eeealann-
(a) Initial fuel temperature=1000K
Time (ms) _
0.010—-1 2 3 4 S 6 J 8 9 10
-0.4 e .. - —
0857 42 / ’
,{‘ Z
-1.2 7
16)f
-2.0

(c) Initial fuel temperature=3000K

Fig. 5-5 Total Energy Transferred Ratio of MOX to UO, Fuel



JAERI-Tech 2003-008

6. R W

JEF « AR 2EIFEAINSRR) 2 Va2 MOX RO S E B SEURER T, BIE, RIRH
BRI LTIV b= SEARE 10%. ERBHREHC DWW TIXEILE 5% £ TOF Al 2/ L Tha.
510D MOX SREFIFH OARALIZHIN U T, BILE 12.8% £ TOH MOX $REID Ui FEBHEEER 2
12856, WBRIEIOBIBRIC AT 208 (@RIEHBIOKEN) ITRITTIRARIRE S
{LEDFEIDNT, EREFHEBASE{LE 20% X TORPA TR L 1=,

MOX BB OB T ELEE DM DN THRZ 1AL T B8, 20% F TOHPF TIE U0 DEW
HEDENVIINE L, BOFEBORENYRERTEDEL 5% EETHD. D7D, FP HAK
7z EORBHEENCONT S U0 EEAMICEDLSRNSDES 2 5ND, ERIGER HER KO
RIGEESESEF ORI OV TIIEBLER 10%E TOHEB THEBRT—INEONTHD., AER
EWIBE I TR,

MO S BEERE NI DN TIE. MOX B0 FP /J AN IELEIKGEE T, UORE
EEENRTHEERNIED R0, REHENIEICENEZE LRV, 0D, BLERBROZRE TR
BRIRE R BB RN E D B S NN TRAE T A ERENITE L /R0,

BORETAL U 7248 S H K DB EVER TRAET 2KBHIZDOW T e M EEA Z
FRHTS B 1= FEBARE L7z ANDES O— RZERWT, kb L7z #RERIT-7 & I RIK A\ DBAFR
ZEEL. BILEOBICL2ZELMA LT, TORKE, MOX BERIT0 5 OEFERIL. U0
BRI FOBEITEARTHTMINE L BRI F O SBIBANRA T HBER BN TR
BRI T 50 TV OBHIKIEEE NAERRITDTMNUE T2 2 EAVREN, L2 5T,
T = LEALEORIME, REHHEROKE ) 2N B EER S iz,

w B
AWERERT BIHI 0, PET—5 OBE, KEERIZDONWT, MLEE—K, HHEBERIC
THHENWEEEE LTz, RSBEHOEZERLET,



1]

(2]

4]

(5]
(6]
[7]
(8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]

[16]

[17]
[18]

[19]

[20]

JAERI-Tech 2003-008

BEITR

T. Fuketa, H. Sasajima and T. Sugiyama, “Behavior of High-burnup PWR Fuels with
Low-Tin Zircaloy-4 Cladding Under Reactivity-Initiated-Accident Conditions,” Nucl.
Technol. 133, 50 (2001).
T Nakamura, K. Kusagaya, T. Fuketa and H. Uetsuka, “High-Burnup BWR Fuel Behavior
under Simulated Reactivity-Initiated Accident Conditions,” Nucl. Technol. 138, 246, (2002).
H. Sasajima, T. Fuketa, T Nakamura, J. Nakamura and H. Uetsuka, “Behavior of
Irradiated ATR/MOX Fuel under Reactivity Initiated Accident Conditions,” J. Nucl. -Sci.
Technol. 37, 5, 455-464 (2000).
T. Sugiyama and T. Fuketa, “Mechanical Energy Generation during High Burnup Fuel
Failure under Reactivity Initiated Accident Conditions,” J. Nucl. Sci. Technol. 37, 10,
877-886, (2000).
T. Nakamura, F. Nagase, H. Sasajima, J. Nakamura and H. Uetsuka, “Outline of ALPS
Program,” Proceedings FSRSM2002, JAERI-Conf 2002-009, (2002).
SCADAP/RELAP5/MOD3.1 Code Magnual MATPRO-A Library of Materials Properties
for Light ~-Water —Reactor Accident Analysis, NUREG/CR-6150, EGG-2720, Vol.4(1995)
J.A.Christensen,” Irradiation Effects on Uranium Dioxide Melting” HW-69234, Mar.1962
J.A.Christensen, “Melting Point of Irradiated Uranium Dioxide”, WCAP-6055,1965
J.L.Krankota, “Melting Point of Plutonia-Urania Mixed Oxides Irradiated to High Burnup”,
GEAP-13515(1969)
K Konno and T Hirosawa, "Melting temperature of Simulated High —Burnup Mixed Oxide
Fuels for Fast Reactors”, J.Nucl. Sci. Technol,36(1999)596-604.
FRAPCON - 3 Code Manuals, NUREG/CR-6534.
EFHEREFER. "BFHRLEZEARLELRME" KRHiR#(200D).
W. Goll, et al, "Irradiation Behavior of UO2PuO: Fuel in Light Water Reactor”,
Nucl. Technol. 102 (1993)29-46.
S. Doi, et al,”High Burnup MOX Fuel and Fuel Rod Design Improvement”, ANS Topical
meeting, Portland,Oregon(1997)p.46-53.

K Asahi, et al, “Irradiation and Post Irradiation Testing Program of BWR MOX Fuel
Rods” ANS Topical meeting, West Palm Beach, F1(1994)p.726-733.
S.Kohno and K. Kamimura, “MOX Fuel Irradiation Behaviour in Steady State’, ANS
Topical meeting, West Palm Beach, F1(1994)p.256-263.
C.T-Walker, et al JAEA TCM, Newby Brigde, UK, July,(1995)
P. Deramaix,et al, “In-pile Performance of Mixed-oxide Fuel with Particular Emphasis on
MIMAS Fuel”, Nucl Technol. 102(1993)47-53 |
PBlanpain, et al., “MOX fuel Experience in French Power Plants”, ANS Topical meeting,
West Palm Beach, F1(1994) p.718-729
J.N.Morgan, et al, “Siemens’ Experience with Large Scale ixed Oxide Fuel Assembly

Insertion in Light Water Reactors”, ANS Topical meeting, West Palm Beach, F1(1994)
p.711-717.



[21]
[22]
[23]
[24]
[25]

[26]

JAERI-Tech 2003-008

Y.Shirai, et al., Power RampTests of BWR-MOX Fuels, ENS Topical Meeting, Brussels(1996).
W. G. Lussie, IN-ITR-114, Idaho Nuclear corporation (1970).

T. Abe, et. al. “Failure behavior of plutonium-uranium mixed oxide fuel under reactivity-
initiated accident condition”, J. Nucl. Mater. 188, 154 (1992).

PR R, B = ; ANDES: /KSR O AR T TOREL - BRI O— R —
AT ET N KRN I— R =27 )b~ JAERI-M 9306, (1981).

Breen, PB. and Westwater, J.W. ; Effect of Diameter of Horizontal Tubes on Film Boiling
Heat Transfer, Chemical Engineering Progress, vol.58, No.7, p.67(1962).

FRRRIFER ; (C3WaR. BEEHE. p.164(1985).



EERBAR O EHmER

*1 SIEAH{ B LUOMBIHAL &2 SIEBtRHchBHL *&S SI#EsRE
& EZI i 5 % 73 i 5 [ 5 BORE i 5
K A = b oW m 5. #, O min, h, d 10 = 7 % E
1 R i+o75 L kg B, %, B 0~ 5 P
B f&l 177 s ) 5 b L L 10| 7 5 T
& |7 v T A 3 vt 10° | ¥ H G
whrEE |7 v e Y| K I Y 0| 4 Al M
W OB\ v | mol RTHRBEG | u 00+ el k
¥ Elh v F 3 cd 10? ~ 7 b h
¥ @ M5 v 7 v rad 1eV=1.60218x10'°J 0] 7 #A| da
g W A7 IT ] st 1 u=1.66054x 10" kg | F v 4
1072 + v F c
) 100 ¢ m
£3 EHORHE b SIATHE B AR
F4 SIEHIHENIC _
. - y 107° + Y n
g % w |es |0 HIFShaHl 0] e a3l g
= i g |~ o~ V| Hz| s ) 5 N A
7 Za2a-+Fv| N | mkg/s AVTZIFD—L A 0" 7 b a
it h o, W h|/» & A i Pa| N/m? 5 - v b
TiE— fHE BBl 2 - | J N-m 5 - v bar GE)
T %, W4 &7 Y N w J/s H n Gal 1. %1 513 MEBEBAR] FB5 Mk, EHE
?-E = .?.‘ ®E |7 — o v C A-s ¥ a2 0y - Ci FR&E 1985 FHiTIC X B, 1FL, 1eV
L %_EH:. wEH | K h» \ W/A P N % R BEU 1 uDiffiid CODATA D 1986 FFEH#E 2
5 & B _ g7 7 7 F F Cc/v 5 S rad Bick -1
E % K Hi|f - 4| Q| VA L &|  rem ' ;
avF s s vA|Y— 2| S A/V 2 RARBBR, /b T A0y
i #|w 2 — | Wb| Vs 1 A=0.1nm=10"""m AT NTVABEEORMLNTL
@ = = 2 Y .
& ;E 2 -3 A 7 ; zb;l’: 1 b=100 fm?=10"?* m? I TIRERL I,
. - . ~ 0N o_ I - B
1 v &' 7 % ‘; 2 / ) I b 1 bar=0.1 MPa=10°Pa 3. barld, JISTRHEEDOEHEEDLTIE
vy RBE |vryarEl C | Gal=1 cm/s*—10-* m/a? AKBDE2DHF T ) —IC BRI T
* Flw — 2 v| Im cd-sr al=lcm/s = mss 2
i B 7 = 2 1Ci=3.7x10"°Bq o
v Ix | lm/m " B 4 ECMmMEELISS T bar, barnkd
e gt B~ 2 Lo Bq s! 1 R=2.58%10 C/kg . . .
) B e U IMECR | mmHg2&20h 5 7Y
® N & ®||r v 4| Gy J/kg 1 rad=1cGy=10"%Gy R ANTY S
wos Y B|r-~<uL| Sy J/kg lrem=1¢Sv=10 *Sv °
% =} &
/)| N(=10°dyn) kgf Ibf £ | MPa{=10 bar) kgf/cm?® atm mmHg(Torr){ 1bf/in’(psi)
1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 ! 2.20462 h 0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
¥ B 1 Pa-s(N.s/m?)=10P(# 7 x)(g/(em-s)) 1.33322 x 107* | 1.35951 x 10~° | 1.31579 x 107? 1 1.93368 x 107
FIEE 1m¥/s-10St(R k=27 2) (em¥/s) 6.89476 x 10* | 7.03070 x 1072 | 6.80460 x 10" 2 51.7149 1
x| J(=10"erg) kgf*m kW= h cal GFE#) Btu ft « Ibf eV 1 cal = 4.18605 J (it #:)
Fa
Y 1 0.101972 2771778 x 1077 0.238889 947813 x 1071 0.737562 6.24150 x 108 =4.184J (L)
e
| 9.80665 1 2.72407 x 107° 2.34270 9.29487x 107 7.23301 6.12082x 10" =4.18554J (15°C)
f% 3.6 x10° 3.67098 x 10° 1 859999 x 10° 3412.13 2.65522 x 10°¢ 2.24694 x 10 =4.1868 J (HBEE AT L)
. 4.18605 0.426858 | 1.16279 x 10°° 1 3.96759 x 107* 3.08747 261272 10" (148 | PS (M5 )
& 1055.06 107.586 293072 x10°¢ | 252.042 1 778.172 6.58515 x 10?" =175 kgf-m/s
1.35582 0.138255 | 376616 x 1077 |  0.323800 | 1.28506 x 107 1 846233 x 10" = 735.499 W
160218 x 107" | 1.63377 x 1072°| 4.45050 x 107%%| 3.82743 x 107*°| 1.51857 x 10°22| 1.18171 x 10°*° 1
& Bq Ci ?&i Gy rad ;’3 C/kg R g Sv rem
gl 1 2.70270 x 107! @ 1 100 ® 1 3876 * 1 100
fig & & 8
3.7 x 10% 1 0.01 1 2.58 x 10°¢ 1 0.01 1
(86 % 12 A 26 ORE)




ZocofELLTeEXEBTCBERRHLURB L BOESKSETHIWMORMO R

...L_ g
ypiram 2

Q!

BeET0YBEREHEALTLETY

SEESE



