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Investigation of Research and Development Subjects
for the Very High Burnup Fuel

- Development of Fuel Pellet -

Kimio HAYASHI, Hidetoshi AMANG, Yasufumi SUZUKI
Teruo FURUTA, Fumihisa NAGASE and Masahide SUZUKI

Advanced LWR Technology Development Program Team
Tokai Research Establishment
Japan Atomic Fnergy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

(Received March 19, 1993)

A concept of the Very High Burnup Fuel aiming at a maximum fuel
assembly burnup of 100 GWd/t has been proposed in terms of burnup exten-—
sion, utilization of Pu and transmutation of transuranium elements (TRU:
Np, Am and Cm). The authors have investigated research and development
(R&D) subjects of the fuel pellet and the cladding material of fhe Fuel.
The present report describes the results on the fuel pellet.

First, the chemical state of the Fuel and fission products (FP) was
inferred through an FP-inventory and an equilibrium-thermodynamics calcu-
lations. Besides, knowledge obtained from post—irradiation examinations
was surveyed. Next, an investigation was made on irradiation behavior
of U/Pu mixed oxide {(MOX) fuel with high enrichment of Pu, as well as on
fission~gas release and swelling behavior of high burnup fuels. Re-
processibility of the Fuel, particularly solubility of the spent fuel,
was also examined.

As for the TRU-added fuel, maferial property data on TRU oxides were
surveyed and summarized as a database. And :he subjects on the produc~-
tion and the irradiation behavior were examined on the basis of experi-
ences of MOX fuel production and TRU-added fuel irradiatiom.

As a whole, the present study revealed the mecessity of accumulating

fundamental data and knowledge required for design and assessment of the
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fuel pellet, including the information on properties and irradiation

performance of the TRU-added fuel.
Finally, the R&D subjects were summarized, and a proposal was made

on the way of develcpment of the fuel pellet and cladding materials.

Keywords: Light Water Reactor, High Burnup, Fuel, Pellet, Development,

Transuranium, Property, Chemical State, Irradiation
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WobTIF )4 PRV ELTEALTRUOETHEENEE LWEEILN D,

2.3 HAERBEBHTERINIEHE

CHETOBKEBBOMBORELROL LTS, T2y ATAF-REFTORA
Mﬁ%%l%#@&%\ﬁm%Nvamm%%ﬁﬁwanf%toL#L\ﬁﬁﬁﬁ
%ﬂ?@lOMWWﬂL@%%E%E%&Lt\@mfﬁﬂﬁﬁﬁﬁﬂﬁ%ﬁof%
Ty, MEREREEERT OB, SETCHU LR ORBERRL TH CHER
BB
ﬁﬁmk@ﬁﬁ@ﬁﬁ%é%ﬂ%mﬂﬁéntﬁﬁ%ifﬁﬁéﬁ5ﬁ§ﬁ£50%
OB T BEAFRIMNBICBIMULTRLE, COEIRRHABRELHEIEIL
bmﬁ%K%ﬂﬁﬁwﬁiﬁ@\ﬁﬁ@bav%ﬂmﬁ%m%#ﬁbh%®f§5oﬁ
SRR e TR & R B R, BUITOWBKE & AORBRER (W1 0F) B»
nt%éw+%%ﬂ®%éﬁﬁ%&ﬁ%éa&T&D\%@tbk@%¢ﬁ%ﬁ%ﬁ
(2x1022n/cn?, E>1MeV) LEpAgE (1 O OGRY/tRL L) RMA BUHESH D, T
OL3REETR., BEACHESE LCEBINATVWHEBELED T, #BAMTEK
M & o0t ST, BROEEORTSORRERT 5 BENXD D, BHRY
o FTIE. FPHARL OB, R ) v 7OEE, BERF vy v VO LR EHER
WEM&%Romf%ﬂ@%%ﬁﬁ&ﬁ?%%%%ﬁ?5%%ﬁé%oit\%%mm
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CCy BEMOMBECHFHHORE « UB2R o THTL T ERERIND, HFRT
BINLOBEEERGY ALY, ARRERRCBY IRHF - BLTHTHSL
rhoEETHEY. S, BHEF—YOEHEHOBALEHRLZ TV ZEBEL TV
HER BB,

PLEOBE»S, BEBEESEERRL T ETcHEELEX N IMRRELREA
Plbechat L, BHEY %,

254 3k

(1) WERZE, SHER, fIIEE. FEEE, "EEFGEKHHFLORIHE",
JAERI-M 91-028 (1981).

(2) B FHR, MR, EIEA. JAERT-N HF5 (1993).

Table 2.1 FBEMEEEF.LOEZTHR

If =] eI 2 X R PWR
FLEBE D (MW) 3, 411 3, 411
EHEANERE (KW, 1) 85. 7 105
i hEE (KW, m) 16. 3 1 7. 9
Kt MO X UOo.
PR &

BERL B AC A 20X20 17x17
EEY , F (cm) 1. 21 1. 26
EEE (RN ) UOo. Ag-Iln-Cd&x&

y=RTiRS
FELEE (em) 351 36 6
FOEMEZE (cm) 380 337
AL EE (m*) 36, 8 32. 6
BRETE & & 163 193
T W) TR A B 4T R B S R B 6 0 5 3
B E T IR EE S AR 133 140 {ED
ExBEFE (ton) 120 89

Fl1 N—FTNEAL S
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Table 2.2 HEMIEF S X CBITHORA]EK

o iv)
TH =
BWR (1) PWR (A 2) Eah=p eI ol
Eeat ) (10"*n/cm®s) 4. 2 5 1. 5 {<8. %eV)
EEEEFHR(E > 1 Me V)
(10'*n/cm®s) 4, 0 9 8. 0
EpiE TSGR (10%°n/cn®) 1.0 0. 4 0. 4
EEPPE TSR (E > 1 MeV)
(10%**n/cm?) 1. 0 0. 8 2.0
B Loy b
BREWE U Q. B U O Bk REBALYIBEFEE
<~y MR (mm) §. 19 10. 3 7. 60
ERE (%T.D.) 95 95 85
BRHAT. BRI W/ o) 4 30 1440 300
WwEE
PE kg4 PV R ) Py E !
LGRS T Bt FE L BrISEIERR
IR
HAE {mm) 9, 50 12. 30 8. 72
AE {mm} 0. 57 0. 86 0. 48
Al 1 7x1 788K (50G6GWd,7tH2)
*2 8§ x SHEEK (39GWdA, 7 tHHE)
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3. HEETERBERREI -2 L > F OB FEER A

3.1 e

EIEBIUBEOBERIERLEI I, THRBESE &, B TERNTBEERE
T RS TED, BHE<ry PORBREBVTD, TEABEEMA TNIET S
My o Es»y PuflARESHE, Bt TRURE T B2 b, ER R
RAMD B ERBRCIFRINTVRMOPEEEMRFLCEHDLNEILBEI LN %,

AECE, FTHEREFORBED2IEMT bk, BRBRBOT 7 F /4 F
BIUALIAERY (FP) oA HEL (3.2.13) , BRMNEYHHE 2 —
Fick o TALERBOFMAITS (3.2.21H) . HohHRE2 b i, BHOMEKER
MBS A MBEA M T B,

KVWT, PuBE{MOXEE~NYy t OBRBHEHOXMBEERTWY (3.3.138)
FOEEL L I, HRFPHFAME (3.3.2.1) BxU¥2x ) v (3.3.2.2) ONT
HAEMEEmE oBEE BT MT 2Ty, MEHRRRELRIYT 5,

B, BROTLERE, B TRUZ2ECMOXBEOBHEL >VWCREERN
5 (3.4f01) .

3.2 MBLEFUERYOMERE
BALRE N TSN EE 5 &, 0MEN EOF PHAERY 5. ANFENBAD
by TNBEOFPEZRAT S &N

@ BILLUBBhEBRT B0

@ Bt UBBLEARIEYEERTS2H0

® ¢BRRTHBBPEIZdO

@ HFM., Badcle., HEELEHABLLDZIERT RO
® HpUHFAERBELO

WHRETES, 205b, ODOORETAFPOBMALEBNLIIEHIATEY., ©
BB EZBEBBERITER, 22y vy 7F0BA»OMINKHEBEATY S, &
ey QBT s +y v a(0s)s 2 vHRD FAr(Te)FRE, BEBHNORER
AR M T A MBI EEE Y v v TRER L, BH, BEEISVRMOFP ERIEL,
BrolbtaPWE2ERT 5,

ChoOFPHEER, BroBBlECclol s BILER 2D O R,

a) MB-BESLPHHEAHECDEIABEEORE

b) MEO2x Y v ¥ '

o) Bl OMEEE
e METHOT, BHEoReN, HHTMETS> LTEREBANF A—F2EUD, £
e, RMETIE. BEBACRETZIRTOESBERY LB, HESEOHKET
BOFTANTEERULEE, Csy [ TeZ2dh & LABSHERMABED X S 31

— 16__
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2GR rREE. BEAF VY« VOBEKRE LT, 28RS SHORNFHTRE
ﬁc‘:&’)f%ﬁ’\‘f:o

3.2.1 BB oFHK

(1) BBl s o®RE

HERAVEREERERIEH TS B, FOMYMMETable 3.2.11KR T, MOX
WA FWBISE., GHE SV =y ARMARRE Lo THRSREIV Y =0 2 E
ERELT LN, BREEREL I vy — e v RO BLE,HENSE T
WP ARBRAELTVEED, T =Y ABEESRLTHLEND S, 100 G¥
d/t CEHMIESR) 2EETCLA2BELALGA, BET8.3%O TV b =7 A BILEMN
BT H b, BTy CTTWRE5% (Puf) 2HMBEELTHREL L (Table 3.2
I, #—22) ., £, £70 b=y 2BLERRAUAERRE & » TELL. BATH]
A% EHBDS5 2, Ly CCTREBHEAFLIZHEMEREE L, 2OHE. Pu
/(U+Pu) E®RI0.4% X755, UO MBo* UBMEK >V T, BN s
—220 7Nty aBELACHEBERSAL (F—2 1),

BAFER VTS TRUBHMOMBBNRTEETS 5. L L, MHEH LA FEREZ
LT3 E&ETE. MOXBHEHIZENLEATRUBEHBERE, HEERLLTR
UDai494 70 3E838aRrE, TRUBNBRIVIRERD, COREGRIBHO
A BASEEERR Y EMEESRE, LU, HHELR, FELHELITELE
S s TRUBMBR5%BEH/ELL (r—23)

(2) MptdtH

FRIMEOMBIEREICLOWTORIGEN-2 W 2HWTHREBGEZITY, FP®
YUT I F A FOERBR2TML 7. SBIBEEAS 150 GVd/t & T &
L L. 30 GHd/tH 520 GRd/tEOFERT o FREPWRE U HHINE40 K/t
ELT,

Table 2.2.21 XX MH O WA Hi B & O'150 GFd/t MR OM BRI 2R, BPEH
B k3BT — % 2Table 3.2.3Rm T, AR BT, FEMROH I HIEFH
B THoTH0, BMIBELRD S -HITE2500 5D 10 G¥d/te LTHMAEZTIL
Eﬁ%%oE%\ORIGEN-2m%m%%%ﬂwﬁiéﬁﬁﬁéﬁﬁbfmﬁmﬁ\
BRIEEORE LS ITVORBO ~BRE UTHAAL K,

(3) MIEEBSIUVPuBE/LoEE

ORIGENF2K$%ﬁﬁ%%bé\&ﬁi%%ﬁw—fﬁkgﬁb\%mﬁﬁ;
CHHBEEAROEEORELS B L, TOKRE2F18.3.2.1~3.2.587RY,
iy 72+ /4 ¥ (Fig.3.2.1)

PuzB<TRUKRSWTI, UO MHOEARINPMNEL, TORIMHBEE L &
Bt s, Ll BEBEEERSSENpOAKBOHMBETL. Am®
FUCmMmOAERRKELL B, 20, TRUBMBH TR, BECHEYCmEHEDT
ZHM. NpBILUAmMBAEIMA L, TRUOHEA AR LAMESIR B, MO
X ow T, NpOAERIRETE 24, SRBEEENTCmE LTAMDEN
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RPEETH B,

i) AR (Kry Xe) BLoHiyEc® (Bry ) (Fig.3.2.2)

FEHABLO OEREIR2VTE, MOXBETRUO MBLVHEFRADT B M,
KERERRADONTVREY, ERE&ELTE, WIFhoBH T X e HEHNK S
1AM
i) #&Mm (Fig.3.2.3)

Mo. TchktU&EEm (Pdy Rhy Ru) BBBATESRBITHEY E LR D B
Wil fh o THRENARMELY, BEAT VY + VHERKEBIEREL-TV S, TH
BOEBOLERBRUO B EEAMOXARTHEMT 52 EHHBR/RRTHRRES
ﬁ6oﬁKPdQ%mﬁﬁﬁﬁé%owﬁ\MoKOMTm\MOX%ﬂ@ﬁﬁ%@é
BRELEIrTDIRV,

iv) 5v 2 /4 FBLUY (Fig.3.2.4)

5y 4 FOREBRUOBEEEXTMOXBBONEOERE DIV,
FOERFZNEERELAV, —F, YR EREBEAKRAS ST VAH, MOXBHT
BERANBEORETERD LN S,

V) Rby Cs~ Sr. BaBXvZr (Fig.3.2.5)

cHoOEERREARAYMAERT S Mo N T VAN, MOXBR TR, FiK
7P DEBBHRDOE LB EBABRNTHS, TOMTEB a DERERDIE L -
TWARI ENGM B,

BECHR (3.2.110)
(1) K.J.Bell, "ORIGEN, the ORNL isotope generation and depletion code”, ORNL-

4628 (1973).

3.2.2 SOLGASHIX-PVa— Kz X 3 MM OLFRED T H

SOLGASMIN-PY = — K O~ O HEOME2ME 2 RFA T, UTid. BEMRHER
ﬂ@%#@ﬁ%bt(TRUM%ML(mmm)MOX%HMomT@%ﬁ%%%%?O
nH. TRUZRRRSOW TS BNEF— s BHSBMEN TR RO KRBT TRE
BLTHEW,

(1) k%

S =y AEALES wtiOPWRBKHET] c0RHNEROMAMOE S 2RO
S & Ufno BAMEREIE, 50 GWd/t& Lo Ry v FOFEE, HE, BHEATOA « MK,
&, MRS OMTEE2Table 3.2. 48R Y,

a»\ﬁmﬁ&&bfm\#éﬁﬁ%yﬁﬁk5éﬁb\8ak%ﬂ WEEF v v
FR1esyavELTHE L, BE-HWHEHEF+» 7 TR, BE~NV y FEROID
A\mﬁwmmmbwaﬁfﬁﬁﬁk%§?5%@&ﬁ%bto~

Fig.3.2.81c. £ DM ERT,

(2) ANhF—»2
i) U, Pu~ FPOEALBKOMBEREIKFT
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ORIGEN-22 — F 50 GRd/tF THE L R £ Table 3.2.5K 7T,
i) BERy o PHOBEEE ST

ﬁ#ﬂﬁ?kﬁ?‘%#%%&ﬁ@%ﬁsﬁ%mt&b BB ~L be&idﬂﬁ%ﬁiéﬁﬁbx
ol b, CORE—AHELCENTRFEFRCHES L LBEIEFL © 28H
Lo PEAZIRIERT,

F(r) = (Cy + Cir + Car?® + Car®)/(r-b)

7775 Uy Con Cin Cos Cas DIZBSE., MEERKTEITZERTH 5, BMRE 50 GH/t
FCMIEI RO, BIREOXR RSN OHEHEEL2Fi18.3.2.TRFT,
ODEEOEKRLI~S5ETOU, PustUESHEERYOE (EVE) 2Table 3.2.8
WiRT

(3) #NEF—7F
BMEI R BE T TEZIONEBY, BEE, BEOREBYOMTAERT 5L FET
NBLEMOBELZOMNFEF— 7 P %Table 3.2.TRRT, T TgEEM s
REM. | BEHE. c RERETH 2, FOERLPRHENSE LARERZLTERT,
St I2v Oz Xes Kry He .
& BT A Mo. Tecy B8RB (Ru, Rhy Pd)
HEEMAE FesCrs Sn.s Zr

() BESHOHEEZOBER
EESHIBEE A R, PR TFHROERITAORY —-FHE2ERL TRO &
EBAERL2WC L TR Y,

1 d dT
— —— {r k() —}+H71)=0
r dr dr
tffl/\ K(I’)&i#}ﬁﬁ%\ H(F)Li%ﬂ%gféﬁ 50
290w/ cn. 328w/cndBH A VT, HELAHEREFig.3.2.887F, ey, 2O

HEHEEH SO RD HMEHERES TOEHER 2 Table 3.2.81R T,

(5) MEWTHIR
i) Csy I, Telt&HoEr

@ H220f/cny 328W/cn® & X O BBBHEB TOCGsOLEYOFEELE, TR TNFI
£.3.2.9 ~ 3.2, 14 LU Fig.3.2.15 ~ Fig.3.2.20icRd, Fig.3.2.21 &%, #HE
ma ., SEERFRO2OOBHENOBE (873kE LU0 XY EVES (7000
woWT, BARERDENBEEORER LZARMOFELEZBRER T v » N
[TAG(0;)= RT 1nP0,] OB ELTRT, CHODOHREIVIKDIENEA B,

@ BETRC OB L UHHEIRZ ~ -500ki/mlEFTHETD 5,

® Cs.Teld ~ -300kd/molFTEETH %,

® Cs i ~ -150kJ/molFTEETDH B,

@ Cs:MoO.d ~ -600kJ/molp S LD B, ~ -400kd/moliciz % & C 52
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TednCs:MoOREBRLEFORBMNMAKT 5,
CsUO, & -550 ~ -450kJ/mol TR L~ BERrR ELXZTORBREY KT S,

@(SMZrosmmwu?\-£wmmMT%&?69%ﬂ—ﬁ@%¥?wfﬁ@

FOBEKREV,

ii) BaZrO:0BFER
iﬁ@ﬁﬁ%@@%&@ﬁ\Ba@&ﬁlOO%ﬁBaZroaabfﬁE#5oc
Oy BaZrO:DEESRIMRBEE R BEILAT S,

iii) Mo~ Tecy Zr OBRHBOBMERF v ¥ v VIKEHR
ﬁg&zm~&&um\ﬂﬂﬁﬁsﬁ®Mo\Tc\Zr®§m$&®@ﬁﬁ®ﬁﬁ
EFvy e VIRGHES2ET, ChOOBBREIVROIENFRL S,

®

@

Mo &Rz~ ~600ki/mol $ TEETH BN, ZO@EEPHASEC s Mo 0.0
WLy, ~ ~-500kd/molZ2HA B &Moo 0BT %,

Cs.Teld~ -400ki/mol E CLETH LN, COMEPBXD &AWL TxHER
DTedld,

® Zrid~ -B00kI/molBEHETC s:2 r O 2ERT 2H, EhlUATEIBaZr Oa

ZrO0:2UVUTHELET b,

Bk (3.2.218)

(D

(2)

(3)

(4)
(5)

(6)

(M

(8)

(92

G.Eriksson, “Thermodynamic studies of high temperature equilibria

II. SOLGAS, a computer program for calculating the composition and heat
conduction of an equilibrium mixture”, Acta Chem. Scand. 25 (1971)
pp.2651-2658.

G.Eriksson and E.Rosen, "Thermodynamic studies of high temperature
equilibria VII. General equations for calculation of equilibrium in
multiphase systems”, Chemica Scripta 4 (1973) pp.193-1384,

T.M.Besmann, “SOLGASMIX-PV, a computer program to calculate equilibrium
relationships in complex chemical systems”, ORNL/TM-5775 (1877).

MRE I, B E . | R AT ET 788007 (1963).

E.H.P. Cordfunke and R.J.M.Kornings ed., Thermochemical Data for Reactor
Materials and Fission Products, North-Holland (1990).

0.Kubaschewski and C.B.Alcock, Metallurgical Thermochemistry, Sth ed.,
Pergamon Press (1979) p.267.

D.C.Fee and C.E.Johnson, "Fuel-cladding chemical interaction in uranium-
plutonium oxide fast reactor fue! pins”, J. Nucl. Mater. 36 (1981) pp.80~
104. |

Power Reactor and Nuclear Fuel Development Corporation, PNCT 842-80-01
(1980),

R.G.J.Ball ¥.G.Burns, J.Henshaw, M.A.Mignanelli and P.E.Potter, “The
chemical composition of the fuel-clad gap in oxide fuel pins for nuclear
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reactors”, J. Nucl. Mater. 187 (1989) pp.191-204.
(10) @1 % !+ D.R.0lander, Fundamental Aspects of Nuclear Reactor Fuel Elements,
published by Technical Information Center of U.S.ERDA, TID-26711-P1, 1976

p.127.

3.2.3 WMHHEEERL ZRILYBHE BEEY + v TTOMREE

Potterb i, PWREFBROBEBE YIS TABRE /HHEY + v 7 TOBEER
% "SOLGASMIX” Z— FRHWVWTHE L, . Ho BILEEHRMA T, BOHA
ek AREMEIE AR D EFy "FACSIMILE” 22— Fiz dk - TREMICE WL 2%,

(1) PWRE B 2BIEMBH /" HEEEF + v T COHFE

PWR T, Table 3.2. 8RR LFEonh»r T, Mo ZrikidEBHLL, Mo & Z
rOEMESELBL -Table 3.2. 10RFTA42OHEGE2WMY LY, BBERF v+ L OH
L LTCsSs Cs2a Cs2Tes Tes Cs Iy [ OBSHE%Z"SOLGASHIN" 72— FiT
Yo THDFe Mo Zr OFEMRES TN TORVEEOHE RELF.3.2.250K, WERS
AFIEORE #Fig.3.2.2600 KT, NHHERE, YL rof4OSCCHRBMEha
CEBFEMRRLTH B, Fig.3.2.26& 0, HEEhkzasE7r vy MiE, YV AW
ADOSCCULEWVWE (P,=107"2atn) PIFTHB MM B, MoEE&EL LI VER
FU v e ilid. MoBBE VA L EANTFIg.3.2. 26l R T I RHEMT 54, T ORIEK
BWTE, IVBREFY Yy NVEINAIDIDSCCLEVWREMTTH 5,

BATE s BEDERND B &, BEY VRRFETE~Y Y ARTFABE S,
Ay v ABETECs . Cs:Te 2B FEOREMNMD BHR, Table 3.2.11
MR LS IvREFANOREARENL, FVERTF VY MBIV ATADSC
CLEWEAMA 22 &, "FACSINILE" 2 — FIR X BHBOFRD o T2,

(2) FBRizHB I 3BALYBE HEEY + v 7 TOILFE

FBRTR. BEESUSOWMATHE27uabiMbibiod, BRINELFHOHY
RN B, HERAVE2. 10, 20%EBE ST 2LZEOEE 2Table 3.2
12253, Table 3.2.18MCase 2 & 3wt L Ty "SOLGASMIX" 2 — Fiz & o TRD Iz
Log(Te/I)s Log{Te/Cs)s Log(l/Cs)OBEZBERAT ¥+ VO ELT
Fig.2.2.27&Fig.3.2. 28 mRd, MM o —EMESET TR, Mo DBEMNNT 2
L, BYREFNMIVORF YV e VRBEMTEIEREH B, Cr0.OHEHHBMH &
h, Te/Cs>0.5&H3s, BHEERMLRCsEtTeMEL, SUSETed
RIEHHET %,

Table 3.2.130Case 2 & 3OLKXB/TRBVT, ¥OBFR X 5HEHFMELND - &
DR 2 Table 3.2. ARRT . HHEHFER "FACSIHILE" 2 — Fiz & » THEL 7
Table 2.2. 1425, AWK I2HEPRIIMDLB E, 3 VRETVVORT V¥V v
HAROMINT AT LRGN B, UL, B B F 0o NE, BEXT VY
Ve AR EVWEREDII W,

B ik (3.2.3%)
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(1) J.H.Gittus, J.R.Matthews and P.E.Potter, J. Nucl. Mater. 166 (1989) 132.

(2) R.G.J.Ball, W.G.Burns, J.Henshaw, M.A.Mignanelli and P.E.Potter, J. Nucl.
Mater. 167 (1989) p.191.

(3) P.E.Potter, Pure and Appl. Chem. B0 (1988) p.323.

3.2.4 EEOLFRECET?HARRABER
(1) FLHK

BT RO AT I - T, BAOEAHAERY (FP) A4ERL, BEAKK
BV LN, PIUOREARCESWARER I VBENEED TS, 2RO
FPARERT HEBEE TR, BRE<L v tHTOFPOZEEPLREORMLERD
T, FORMBERMBERAKEBEEZRET,

FAFPi Az ) v 73FPOEEErEEXRIhS, BEEEFPLLGHOD
R, KEEALY v Fi2ouEMNDB, $hy BB ) v 7 2N0OEEF P ORE®
FPILEHMOR . BHoREHEROE T2 Lo TEEILRTVE, BHANL
FAAKBERTEEF P, BrEQEORVWHRERF PR, BREBAREABEL,
NERS Lo mEE 2R s e 3ERAE N2, —FH. KEFPREABIVNATS
M ELTHIHL, AERALY Y VOREERD, RBHEELBTE vy P —HEE
M AEEH (PCMI) 2LAT 5, ~Vvy FAAEBENRTLFPAAREEE
HORNEL PRI HBZLRNED, FPHRAFEH oWV COFMIE, 3.3. 20l s
NTVBDTEBEINT Y,

B F PO E 20BN ET 2 EBOHIEE, 1960FROBREISITR
b, 2RHOF— I BERINT =T, Kleykamp ‘13 19854Eic s h FciciBoni-m
AR LU E2a—WRFTEDHTOD, CI TR WOV E2—2FRE LT, EI1985FLIE
AR ESNEERE P OLFEHED - REES L OMFHHEER BT 2800 4 #&
R (PIE) #R2HhLREED 5,

(2) FE#EFPOSHE
KNWMN”@E%FP%ﬁ&&&%@%ﬁ%ﬁiﬁ&@d?&%ﬁbfm50

(a) WBE®E (Sr, Zr, Y, La, Ce, Pr, Nd, Pm, Sm)

(b) £E4ii48 (Mo, Tc, Ru, Rh, Pd, Ag, Cd, Te)

(c) Befu¥h#itl (Rb, Cs, Ba, Zr, Mo, Te)

(d) #ixtEFP (Br, 1)
Fubb, BALYBREHOF Pk, BREEXY y MARTRBVTHD
Q0CLFETHBT ENLS, B ELTHANFHMITC I OHET A LHTE L,
Fig.3.2.300 42, FELRFPRILYOBERT vy vV (HEH) 2U0:68&UUo. s
Puo 0 B (B4 LUEBLTRLESDTHE, BHOBERT v v M &
DEE WA b OF PRk E LTHiids, TcH¥XVRu, Rh, PdOoBEE:
FREFBELTHHET %,
Mo Q..0BFEXRT Yy v VEBUO2exDZREEVIZD, xOffilck-TMo ZERE
&@m%®20®%@ﬁﬁbﬁééﬁiéﬂéoit%ﬂ@@%ﬁ%VVvW&Dﬁm
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FPREIYELCHET B, S5k, Biwohc, Uto4 4 vEE (0.10 nn)
PEERAULA AV EREHOFEEARE, Zry Sr@UOT MY v 7 ZAHPEERL,
CsHBIUBalRERU, ZrE oMM ELTNT 2 UMEMEND 5,
COLAIBHAFNETIMTERIEERRFE., BHOBERTF v Y+ ¥ TH B, K
oy BRI VBB OBERTF Yy e W REOIIRENLT S 00, WEMZRT. B
B, B BEEEEE BT A BKEBREOMBERE <V vy bl T 1000~1200°CH
TrrhEEEL RV EIS, BABNREBEFELETD, [ i ik P A A W OIS AL
HALRVWI b2 BT AILNEND S,

(3) WHEMBOMERT v vV

RHEHUO.5LT (U, Pu) O OBEXF v v + L EO/ ML OHBEE, BE
£ OMWE LB BRI S h, Lindemerd @ P RADF—FILVE—INTY
5, U0 L+ 2~+AMORESRE ERFPEL&LEZ) B LOBBKO
BERTF VY vV F— 7 AFujino Mivake P i o T B a—Fh TV 5, TORR,
FLEAEE NN E LAERPHSEOEB LY, -0/ MIbTHEST S L, BFE
EF vy e VRERTBCEMNREN, U0V BLT (U, Pu) O P KHEEF
PR2EMULEBEOBELF VY v+ VRWMNEIRTEY, AROEREBONTV D,

1EOESZR VAR LE2EOREREE., BHOBERT vy + VEERTFLT
RMFPLEALT, 2O MMBENS, BAFRHFAETEF POLFEREZEAL
RELEBEORETMETCR., 1 UBERES-D0/U=0.001d0BEXRPL LD L
WhhTwd 9, BAFERETR, BERNOBFERESRINV A HEHEEL LT
B ENEBERAESKVAREED S 5,

FHc L VBB RNOBENEMERD, O/ MUEBEIUBERF VY Y2 MR EDLSD
R EBOM AFYVAMEBEEONEMBAELEHEL T (U, Pu) 0 0FFFHR
WoeHhoBREINTEXTHY, Redoxik, BRBEME. HTFEHMEET LY
W ohDMERBENRTWS T, Fig.3. 2.3 R OBEAEBMR X5 U0. Y8 &
B (U, Pu) DL v F QOBMERF VY v VOREHELRT,. BRHOHMO
/M2 005 L 51.98CH D, MEEOMMEXCHZEOBRRRT v ¥ + VEIHNLT
W5, COMELAFV Y+ VORME, O/MEOEMNR B3 b0 TEE L EFETM
FPOEBLHREMAINATVS,

BT ERONEERE»S, BEFH (U, Pu) OMBo0/MEEHNTI LW
54 (19 (Fig.2.2.32) &, WU BWwEWIHE ® (Fis.3.2.33) b3, 51
HAKEF U O ME OB TEROMMA» S, O/ MIBHHULEwE IR ¥,

GRRLELI RN Mo/ Mo O OBERT V¥ v+ VIIBAHBHO TN & RN
T, HweTs ABLAEMoAESRE LTHEET 500, MOBLYE LTHFLET S
OHERNRBILLE T BBOBERTF vy r vEFMT 2 EHTES (Red
0 X)) o Fig.3.2.34 Y B L UFig.3.2.35 P 1x, HEllFPMHE L CBKFRE <V
s P TR ENESBFPIHEYHOMo OB OMBIEKRFE®R2ZRENRT . |
S T, BIEE T ~8%F Mo /Rudttid, 2h6ORFEOHEBZEFLY
R, SUD FOSBEBETCIAREETLTVSE, COZE, BRHETHRBOBRR
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RF VY e AMNLERL, Modigdb shicl &2 HBERRLTVS, —A. Fig.3.2.35
DEASF I T2, PREEE K60 R/t TMo ORMILIX Z OINELIR —HLTH D,
FOMITU OB OMERF Y v+ VBAS S ERULNAH 2T EMRENT,

(4) FPOLZENET)
1) BB EEE

YBLUOHELETHE (Lays Ces Pro Ndy Pmy Sm) & UO &KW
G CEERNOBARE2ERTSE P, -7 ORI - TERLLHIHEHTEMR
Biwt %O, HEHECHBBHARUOv b v 7 ARBETELZEADL
RTeE B, 1000CL Eogstsh, BEXHAHBLCORBHEBEUO NV v F O
TR, BEFPR2RAIAEELRLV y FOMERS—BLTVWEI LD, & 7 ¢ O
BEBmHETxs (Y,

A h) FHETEETHES rBLUBa0UOPNOBBER, HLEITROETN
wHEARTIEY (Table 3.2.15) o S r OEBEERISONCTHItR THEI Eho. i
BRI B EALEETSEEALNRS, — . BaoREEKIE000CU LR
BleswedlatUlTcascehrd, T20ELRU0BEAFET, BEAERS
VA EIENAEILME LTIHET B, Fig.3.2.363, HNAREZRR UL LBKFHR
By y FHOERFHOB aliBEAHARLTVWS, Xy PRLEHTBa0E LT
EBHLEBa32HNORMMS i *RIELTBasSi0&%d, Rvy bkEOD
25 g 2R RTRRBLEEEZEZASRI Y,

7 rld. PuO.r4BEBEEMELM, UO ML TRIZCUTORBEER1 %
BFEThdcihrb, 2O0—HMIAEEEY. BaZothoFP LEGBIBDEERT 5,

FPOEBI L AMEMBENNOEEE LTV BHOMEHEELOETRET NS,
Fig.3.2.87WHEFTHELHE, Zr. Sre2EBRIHARBERHOREEELRT Y &
Wi, $HELBEBFPRBOMMNE L SZEEMNETFT L, 90 GHd/tHHEH T 1000K T
HSHRIET LTV B, SRBEEME TR, BERROBETRESCBREEO LRSS
ELTEBERD S,

i) &L

Mo, TesdusEem (Rus Rhy Pd) & UO::FOBEBEENHD TEWS
L. Fh, BERBALYOBELET Y Y » VEMo 2BV TU O . OBEL T Vv ¥
LNEDEBWS Ehd, BEALHSEEELTHET 5, Fie.3.2.38 Mo~ (Tec,
Ru) — (Rh, Pd) =R REK LT, 2 EhiceBFPHEYOMREZRT
s KRB TSN IR RERFONE LR —HLTYE, =4 @A
HAFT R TR o THERT VY v VAR B, Fig.3.2.84iRm L0 ETER
wAEPTOMoBHYT A, SHFRETEBERTF VY » VRRVARBEE TR, Mo
BEMALEN, BZFH5A Mo0:,0 4 RELTERBOF » » TEHERBIHL, Fig.3.2.301
T EHRC s EOEAMWILY (Cs Mo 0,4 BEET S, Cs:Mo O.DIEKIZE
NEHER LT FNMINTVE, LHEL, BRKERBTCIMo 0 ARAEHEHRE
INTVRY,

PAdB&BEFPIHEYOM, BEETECHOFPLASZELZ I EANMLRT
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W3, chid. PAdHBECHVEL T2 - TV A LD EAEINRTVE, ZOHIL
LT, SHFBETEPd-Ag—CdAaEOF+ v 7 O YL Pd—-Sn—S5b
—Te&ORLANDOHEMBRINTVE, T, PLATE (U, Pu) Pds
bEAEER TV, '

Ag, CAdRBILBMOBERT vy + VW ABHEOZRIDSEV &5, BE, &
ZVIEMOFPEOMAMELTHILT 5, Fig.3.2. 403 BARF SV ho 1 HHENE
EHYOBEXBER2RT ', Ag, Cd, UBKTFELTHD, U-Ag-Cd#H
SERBLTOVS,

TeDERBRPEVRE, TOEDRIEMTH B, Te/ Te O OFWMBELT v
e VEIBEOMIDIRIAEEVWI EAS, BESAVIBRMELELHOF P
LEBHEBICEARILDEES, BEFABHERN TR, TeX—% (U, Pu) 0.
2 Y w P2 REELTVWAIEIMRENTVS, Fh¥ vy THTRBa—T e B1{L
MOCs—TeltAYWRBEBONRTWVS, Fig.3.2.41F, BRFIS AV 7oA RHEAR
WTCseTeBRMBINTFEYOREOHMBEILOHEERLTWS ", Cs:T
etHEbh B oME, TeBERFTHLTOVWAI LM RBRENS,

iil) Bt 18

Ztry Bas Tes Moo®BitHirHE >0 TR, BRMBMOHETENLOT, &
TR Cs (Rb) oFEfr>vwciifd s, CsBUO PANOBABEENEVILD (
Tabe 3.2.15) \ M LHMOFPERIELTAL Y v 7PHBEOREBRZMAESI 2D,
HAASFOEMMPARLN TV B,

Csitatmelciks CsI. Cs:Tes Cs=U~(Pu)-0, Cs—Mo—-0
MBRASNTWVS, BleRLECs . Te2FAER, Cs I b rofBHEEALRN
KABELTVWLI2ONMRENLTVS Y (Fig.3.2.42) , Cs—U—(Pu)-O¥AR
*ﬂj%&:&i\ C82M4O12\ C SzMOtn C SaMOs.sa [M=U- PU] %@5(@4[’3
AYMAWEINTED . TOLERBMEAT v ¥ v VEHMCEEIN D, BFRT ~
Ve W HBOLVEHEARE TR, C S MO OTFREMRBREINT WV S, BELAF VY
ABEVBEKFBRE TR, Cs:Mi0,:TRBLCs:MO,®C s:MOs. ss DIERA
FERTwBEM, HORTBRITHRDATVEL, LAl BHNZEBRL LBKFR
HTCs—U—-0itan~ry rMEATcRBEh LGS 5 P (Fig.8.2.43) ,

MOESEALY. Cs:MoORBERFLULELIRBEAF VYV + VORVEEFR
HOo#¥ey o 7HTRHEESRTVS (Fig.3.2.39) , Cs:Mo O BRERTRAMEUT
C RETHY., WEETREECARL, ERLEEIEROMo Q5 ¥ v v TEHRET
LTC s00MOC s{tAWMERIBELTC s:Mo 0,283 LEXZLRTVE, BBFE
RFVv Y e VOEVWEBKFEBRHETRC s Mo Q. B3BEILTVIEY,

iv) HEEWF P

I B5LUBrRBIERBOEVFPEEZLONRTVWS, [Cs, Ag, Ba%o
FPERIBELTCa YL EPEMT B EMRBNERAELLRRINTV S, HHRAR
T, WEETHEHRRCs | OBEARBR IR TBD, YA hof BEEORNIERY
h (SCC) EELTHHARI M s a v STFOLEMRITINTVE, Brit
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SVTREEAES, CsBrokd REFEDIREZBBIN TR,

(5) WHEE oL ENHEIEH _
FPLimessoltemHERM, FPREZEETOMARRNOMSE LHEL
CTEECHB, Css Ter | SOMRUFPRLBAFVIVAHFEOBRI G H
52 OWPERD D, —F BRFBBE SISV AnAHEBELFP L OMEEN
oW TiE, BKFEREOMBEEMEVZ & EBNEERE CF PRIEBAEEE
MEBEOELRVWE EALEEDEZAHAMLTES T, vy bEVM AL EH
ELORE (XvFav ) BRGATVAHACBERV, BT, BAFRRTRLNT
WBERVYF 4 VT EWEBEANOFPOIABRKDVWTOF—52E LD,

iy RvFev s

Fig.3.2.44le VbV y PEUAARABEELORY 7 1 v ZHOAHIZRT Y,
BREL O BAMEIE 1235 GHA/tTH B, WEEMNL» S, BumOEEOZ r OLBLBA, 2
OFie@oumoU—Zr— (Cs) —Oh5RAKBHMERL, ~Vy F EHER
LRMEIRELT VS, KIGHAOUSICZ r oMEAREEENTE/LTY 2
crme. REMOLLZEEBEBIFEED (U, Zr) 0 FABETH ZafEENE L
ENnB, ZrO0.0REHER. HEENRERE O400~50CTERMARMNTETS
D, 2300CLLECUBRNRLEERSB, LL, CsHTOBERTMA A v 2EBILL
LUAFRBMNEEAL, BBV Ty (U, Zr) OMEENERTEI LR D,
FAETTCREEINTVERY 7 4 v JHOSHEMN, Table 3.2. 16 F Do
TWBE Y U Ao A HEENEEHOZ r O:MOEBES R RumA5104mTHD,
REMAOE S RBEARNIO~20umTH 5. RISHORDE WFhd U, Z r XERS
THD, FIRDEBOC sHEBEALTVWS, DIEOERENS, BEEEKS0 GRd/tETO
PHE T, RYF o v VHOBR I EATORAL LTREANIOumBEEES
FTBHEEV, T, EvF« v ZHBRC LI HEESBHANOBEFLRFPORAR
WALNTVEY, CHE, BELL IV A ARRARIBRULAZZ r OAHAFPE
W B AYF=LLTCHWTVEIDEEDbNR D,

ii) HHE~NOFPO{I#AHA
BEVNHAOAREE~NOFPORARSHRMLENTHE I N, Fig.3.2.45
(22> 35 ¥ (FFig.3.2.46 @9 13, MBEE 29% X U7 G/ tOBBEBEEARES» 5 O
SLAMFPRELOMBARLTIVS, WIFNIHEAENAL OB L mOEKTFP
WEARG S, 0emUEREEFPRBALTIVEY, ZORAEIR BORFOK
BRIEBE S B —FLTH D, LEFPORARLFHPRRIZbOTR VT ENRgH
%, foTs FPOHAZEEZ, BANOLMmEELTEIERY,
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3.2.5 BHoOLZEREBEFLIBEOILYD

BB O ERER 2 ) v 7PREENERES ERBVHRERT LRI, G,
MEREAHL P T L REERTETH S, ChETORKFRBTRBHER
MICWE S MATHRBEESEV LD, BROLFEREAZORLERBZEC T &
5m%%%ﬁiéc&m%i6nﬂmﬁ\ﬁ%%ﬁﬁmw&éFpoﬁﬁ\Pu@ﬂm
RS BERF VY o VO LREZERTEL, SBENNBINIERLRETS 5. SOLG
ASHIXS OB L2 MR, SBRTEREYRFREBVEBEEEISNDHMN, Wl
PRI EF— I RPFELTHY, RARZOBMATONDE L HBEN S, WK
SRR O F— 2 AER U CHE, - HARERABOMFREZEET S
IMUETH D, SBOP uRAREET AL, BRBERF vy v VEMBELTYF
— Y ERMENBENEETH S,
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Table 3.2. 1 MREEENSEREIIIERL

T2 IERHE T il 51
1 U O 8 PRUMSIE 1 8.56%
2 MO X 2 PuB{tE @ 8.5%(Puf)
3 MO X~ TR U#¥ f Pug{tE :8.5%(Puf), TRURMR: 5%

Tt 2B XU TRUCHAMEERZLTOLEED EREL 2.
TAr=m A PP uI0.1%, (YPPuITT.B%, **°Purl8.4%, **'Puii.2%,
EA2Pyi0.5%
TRU EITND:49. 4%, ¥ Ani26.5%, 2Pt Am0.1%, *'PAmI16.7%,
2a2C <0, 1%, 2°°Cm:0.1%, ®""Cwm:6.7%, 2'°Cm:<0.1%,
2O NI0.1%, TCmi<0.1%

Table 3.2.2 &RBEHCET ZREHEER

JLH U0, (8.5% 23°U) MOX(8. 5%Put) NOX(8.5%Puf+5%TRU)
0 0 1.097 E+02
Np $.880 E+C0 £.225 E+00 1.980 E+01
0 4.388 E+02 4.3868 E+02
Pu 6.201 E+01 1.087 E+02 - 1.981 E+02
0 0 9.423 E+01
An 5.154 E+00 1.384 E+01 1.827 E+01
c 0 2.708 E+00
Cn 8.181 E+00 2.109 E+0t 3.706 E+01
0 c 0
2FP | 1.289 E+03 1.260 E+03 1.288 E+03

¥E  OBALY @ GRAM-ATCM
BB R GIRAMIAEL. BT [ I50GHd/tEREER:
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Table 3.2.4 MHTICHOLIER

g4 17x17
Ly MEE 95%Th
PUELE 8. 5wt %
Ny FEE 8. 15mm
WRE
NE 8. 36mm
4% 3, 50mm
= 0, 57mm
B 6. 56g/cm’
Sn 5. BO96E-5 mol
e 1. 763984 mol
ir 2. T923E-4 mol
Cr 9. 0215E-3 mol

Zircaloy-4@%Hak (wt %)
Sn Fe Cr ir

14. 7 21 10 balance

ERERT R DAL (IR 184D O ELVED
FIEAEL Puf=8. 5wt %, 0/M=2. 00

Table 3.2.5 (a)

1, U, PuEILEL

GWd/t 0 10 | 30 50

U 3. T61E-3 3. T48E-3 3. 725E-3 3. 698E-3

Pu 4. 386E-4 4. 073E-4 3. 444E-4 2. 845E-4
Pu/(U+Pu)( %) 10. 444 9. 800 8. 463 7. 144




Table 3.2.5 (b)

JAERI—M 93--100

EARREL - Puf=8. 5wt %, 0/M=2.00

BRSO (FIHREE 15240 OE LR

2, FPD=ELEL
GWd/t 10 30 50 70
He 2. 332E-8 2. 336E-7 8. 809E-T7 2. 215E-6
Xe 1. 101B-5 3. 285E-5 5. 487E-5 7. 7T35E-5
Kr 7. 687E-7 2. 271E-6 3. T42E-6 5. 179E-6
s 8. 110E-6 2. 423E-5 3. 965E-5 5. 394E-5
8. 655E-7 2. 413E-6 3. 861E-6 5. 165E-6

y @ [. 960E-5 5. 857E-5 9. 753E-5 1. 366E-4
Mo 8. T26E-6 2. 8298-5 4,757E-5 6. 641E-5
Ir 8. 529E-6 2. 464E-5 4. 046E-5 3. 595E-5
NM 1. 960E-5 5. 885E-5 9. 845E-5 1. 385E-4
Te 1. 446E-6 4,151E-6 6. 789E-6 9. 339E-6
Ba (4) 4. 514E-6 1. 287E-5 2. 155E-5 3. 069E-5

(1) Cs=Cs—+Rb

(20 Y=Lla~Ce+Pr+Nd+Pm+Sm+Efu+ld+Y

(3) NM=Tc—+Ru+Rh+Pd

(4) Ba=Ba—+Sr
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Table 3.2. 6 SPHJHREERSSOGW/{DBEOSAETOU, Pu, FPOE

(FHEBERE ghic D DENED

REGION 1 REGION 2 REGION 3 REGION 4 REGION 5

U 3.7041E-3 3.7041E-3 3.7039E-3 3.7028E-3 3.6862E-3
Pu 2.9795E-4 2.9795E-4 2.9759E-4 2.9504E-4 2.6663E-4
He 7.3560E-7 7.3560E-7 7.3947E-7 7.6698E-7 1.3298E-6
Xe 4.9930E-5 4.9930E-5 5.005%9E-5 5.0995E-5 6.2435E-5
Kr 3.4120E-6 3.4120E-6 3.4206E-6 3.4831E-6 4,2256E-6
Cs 3.6120E-5 3.6120E-5 3.6281E-5 3.6916E-5 4.4459E-5
I 3.5360E-6 3.5360E-6 3.5446E-6 3.6062E-6 4.2998E-6
Y 8.8780E-5 8.8780E-5 8.9017E-5 §.0673E-5 1.1068E-4
Mo 4.3240E-5 4.3240E-5 4.3357E-5 4,4177E-5 5.3910E-5
Zr 3.6910E-5 3.6910E-5 3.7003E-5 3.7676E-5 4.5672E-5
NM 8.9560E-5 8.9560E-5 8.9797E-5 9.148CE-5 1.1193E-4
Te 6.1970E-6 6.1970E-6 6.2126E-6 6.3247E-6 7.6471E-6
Ba 1.9600E-5 1.9600E-5 1.9653E-5 2.0022E-5 2.4626E-5
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Table 3.2. 7 #H%E7—7%

Gibbs Energy of Formation

Temp.Range

Compound , Ref. in
(kJ/mol) (K) 3.2.2
Cs(g) 69.093-0.07314T 650-1200 | (5)
U0u(s) -1080.0+0.169T 650-1200 | (5
PuOs(s) -1047.8+0.182T 650-1200 | (5)
ZrOs(s) -1095.5+0.185T 650-1800 | (5)
Y:05(s) -190.5+0.30T 650-1200 | (6)
MoOx(s) -582.07+0.175T 650-1200 | (5)
Fel(l) -106.0+40.041T 860-1100 | (7)
Cs1Q) |403.43+0.121T 900- (5)
Cs:0(1) 455.3540.2852T i @®)
Cs:UOM(c) -1929.97+0.41899T 650-1200 | (5)
Co:Ua0n(c) 13203.18+1.18254T 650-1200 | (5)
Cs:Cros(c) -1498.2+0.452T 600-1800 | (5)
Cs:MoO4(c) -1607.6+0.455T 600-1800 | (5)
BaZrOs(c) -1777.140.2861T 600-1500 | (5)
CrOsc) -1221.0+0.2534T 650-1200 | (9)
BaO(c) 551.740.099T 600-1800 | (5)
NiL(c) 1135.0+0.126T 600-1100 | (7)
CrTe(c) 373.89+0.0669T -1000 (5)
Cs.CrOu(c) -1604.4+0.4453T 650-1200 | (5)
Cs:CrO«(c) 11545.1+0.4019T o (5)
Cs:ZrOs(c) 11578.2+40.3194T i ()
- Zr1(e) 1315.511+0.13301 i (5)
2r0x(c) -1098.0+0.194T i )
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Table 3.2.8 BREOBMERICE Y BEE S REEE

Cases for calculation of interaction between FP and fuel
(Average burnup=50GWd/t, LHR=220W/cm}

Case Range Region Temp(K) Burnup(GWd/t)
1 r=10 ~0.2 1 1313 45.51
2 r=0.2 ~0.4 2 1273 45.51
3 £ =0.4 ~0.6 3 Cum 46. 63
4 r=0.6 ~0.8 4 1023 16. 48
5 r=0.8 ~1.0 | 5 o 56. 73
6 | | GAP 873 56. 73

Cases for calculation of interaction between FP and fuel
(Average burnup=>50GWd/t, LHR=2328W/cm)

Case l Rangel Region Temp(K) Burnup{GWd/t)
7 r=10 ~0.2 1  m 45.51 )
8 r=0.2 ~0.4 2 1677 45, 51
9 r=04 ~0.6 3 1525 46. 63
10 b r=0.6 ~0.8 4 1293 46, 48
il r=0.8 ~L0 | 5 | 1016 56. 73
12 GAP 1016 56. 73

i
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Table 3.2.9 PWRICHIF B REEF v v TOLFEOHREICA L
LFEE L ZORE

The quantities of components used in the calculation of the
chemical constitution within the fuel-clad gap of a PWR fuel
pin. All figures are given per gram of criginal oxide fuel. Free
volume in fuel pin is 1.393x107° dm’

Component Amount (mol}
He 1.31x107°
Cs 2.07x1077
I 1.21x107¢8
Te 3181078
Mo 2.52%1077
U 3.68x107°
Cladding Zr 2.52x107°

3} Inventory at 2,9% burn-up and 1% release of fission product
elements in the gap.

Table 3.2.10 PWRICI51F AER{LARElL WEEF v v TOLEFOFTEIC
AW Mo & Zr DB

Cases for calculation of the fuel-clad gap constitution of a
PWR fuel pin. Temperature: 650 K; bum-up 2.9%: amount of
fission product elements is 1% of inventory in pin

Case Amounts per gram of fuel (mol)
Mo Zr

1 0 0

2 2.52x1077 0

3 0 2.51x10°°

4 252x1077 251%x10°°
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Table 3.2.12 FBRIZH % ER{LEMREL HAEF » v T TOLER DI HIC
AV ALFEEEDRE

The quantities of components used in the calculation of the
chemical constitution within the {uel-clad gap of an LMFBR
fuel pin. All figures are given per gram of original oxide fuel.
Free volume in fuel pin is 1.17989x 107 dm’

Component Amount {mol)
Burn-up Burn-up Bum-up
2% 10% 20%
Xe. Kr 1.87x107%  941x107° 1.87x10”*°
Cs 160x10~5 817x10°% 161x107¢
I 1.41%107¢%  490x107°% 892x10°°¢
Te 2354%10°%  1.14x107% 2.23x107°
Mo 137x107° 7.6 x107%  159x107°
U 257x107%  242x10”%  2.33x107°
Pu 1.07x107%  919x10”*  7.58x107*

Table 3.2.13 FBRICI} BME/Laikt WEEF v v 7 TO/LEROFEIIC
B Mo & IrDEE

Cases for calculation of the fuel-clad gap constitution of a
LMFBR f{uel pin

Case Temper- Burn-up  Amounts per gram
ature (%) of fuel (mol)
(K) Mo Ce
1 900 2 1.37x107%  2.15%x107°
2 900 10 7.64x107¢ 2.15x107°
3 500 10 764x107%  215x107%%
4 900 10 7.64x10°% 0
5 900 2 137x107% 215x107%™
6 900 10 764x107¢ 215%x107%%
7 500 10 7.64%x107% 1.16x1077
8 1200 2 1.37%x107¢  2.15%x107°
9 1200 10 7.64%x107% 2.15x107°
10 1200 10 7.64x10°°% 215x107°
11 900 20 1.59%107%  215%x107°
12 500 20 1.59% 1075  2.15%x107°
13 500 20 1.59%107%  2.15x107°%

) Fye| was not allowed to take part in any reaction.
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Table 3.2.14 FBRICH T 2BLARE, HEEF v v 7T TON ABD IS
TR

The effect of radiation on the pressures of the gaseous species in the fuel-vlad gap of u fast breeder reactor fuel pin a1 500 K.
Condensed phases Csl, CsyTe

Partial pressures (bar)

Cst Cs l 1, CsyTe Te Te,
Case 2 {table 6}
Go, = — 593 kJ/mol O,

Thermual equifibrium
18x107° 30%x107° 89107 '% 1ax10-™ 1.2x1073 38107 230

With radiution dose rate 21.6 W/g
28x107? 30x107° 1.5%107'¢ 3.0x 107 1.2x10°°¢ £1x<107" 22x10°77

With radiation: dose rate 30 W/ g
28x10"" 3.0x1073 37x10°" 1.8x107Y 1L2x1g7? 1ox18-4 1.3x10"7
Go,= ~312kJ/mol O,

Thermal equifibrium ‘
28x107° 74x107" 2.7%10°" 2ixioT'e 12x107? 56%1077 52x 1074

With rudiation; dese rate 2.6 W/g
18x107 74%x10° % 61x107? 6.6%x107 % 1.2%10"3 Bi1x10°* 1Laxin™!

With radiution: duse rate 30 W/ g
28x10-? Tax10" " 8.1x107° goxio? 1axin~¥ tAxip? 7=t

Case 3 (table 6)
G, = - 602 kJ/mol O,

Thermal equilibrivim
28xi077 64x107! C 32107 aex10-H raxio? 1xip? Loxi1n-"

With rudiation: dose rare 2161/ g
agx10™ 64x197" 51x10°% 9.6x i~ 12ax107¢ 9x107" 43%x10° ™

With radiation: dvse rate 30 \¥/ g
1Ex10” 64X 107} 9.6x1078 $.8x107" 1.2x1072 ixio-®? 2, 7x 107

Gos, = =424 kI/mol ™ :

Thermul equitibruem
248%x107° 16x10"" 13x107 5.1% 107" 13x 107" L ) Lix1p7?

With radiation: duse rate 21.6 W/g
18x107° 1.6%10°10 661073 18x107* 22x1070 g1xip-? 22% 107"

With radiation duse rate 30 W/ g
28x1077 1.6x10" M g9x107? 2.4xi07? 2211107 4%~ 61x107"

. 43i
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Table 3.2.16 MK - HEELR T+ v /BOELD

Thickness
{um) of Compasition
: Irradtatfon IrQ; of Berding
Reference Conditions Layer Layer
Garzarolli et al, 19,500 MHO/MTU 5 Cs/Ir/0/u
{1974} 270 W/cn
Bazin st al. 10,000-35,000 10 U/Zr/Cs/0; the weight
{1974} MWD /HTU ratfo was 37/45/4/20
450 W/cm at 32,000 MWO/MTU,
450 W/cm. The thicknesss
was 5 um,
fuhrman et al. 13,000 MWD/MTU 5.8 Cs/U/Ir; the welight
(1975) 300 W/cm ratio 1-17/43-60/22.
Also traces of I and Te
were present., The
thickness of the bonding
Tayer wa&s L-2 um.
Romeo and Wolff 12,000-16,000 1-4 Cs/ir; the weight
{1977} MWD /MTU ratio was <3/20. The
800 W/cm thickness was 1 um.
Jones et al. 44,500 MWQ/MTU - Ir/UfCs; the weight
{1978} 580 W/em ratio was 77-53/14-37/
9-10. The thickness
was 20 i,
Kleykang 41,000 MWO/HTY 3 Cs/Zr/0/5n; the weight
{1979} 430 W/cm ratio was 13/70/14/1;
IrQ;. The thicknass
w2s 5-10 pm.
0t (1979) 14,500 MWO/MTU - U/Irs0; Ir03z. The
480 W/em thicknass was ~13 wm.
48,000-56,000 5 Cs/Zr/0: the weight

Kohli (1984)

Ohuchi {1986)

HWO /MTU

3,800-25,1C0
MWO /HTU
210-390 H/cm

ratio was §5/24/11
(CspIrdq); Ir0p. The
thickness was 5-10 um.

Cs/Y/Ir/0; Ba/Ag/Te/Cd;
Csz-ngz.'.,‘; CSI; ZFUZ;
Udy. The thickness was
2-10 wm,
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Table 3.3.1 MOXRE: & U0 MK RUICESFHEERIR L 2 W EOHLE

Comparison of the failure thresholds
of NSRR standard test UQ; fuel,
Phase 1 test mixed oxide fuel and
Phase 2 test mixed oxide fuel,

(1) Fuel Failure Threshold Energy Deposition at Axial Center

Standard UQ2 Fuel: 253 - 264 cal/g
Phase 1 (U,Pu)O2 Fuel: 255 - 260 cal/g
Phase -2 (U,Pu)Q2 Fuel: 215 cal/g

(2) Fuel Failure Threshold Energy Deposition at Failure
Location Considering Axial Power Dist;ibution

Standard UO, Fuel (1.06): 268 — 280 cal/g
Phase 1 (U,Pu}0, Fuel (l.1): 280 - 286 cal/g
Phase 2 (U,Pu)0; Fuel (l.3): 280 call/g

Table 3.3.2 EEHRULEFPOZIRNE

(35U, BacptETF)
% Yield %Yield

Ge 0.4 Sn 0.1
@o 0.3 G 0.1
(Kr] 3.8 (Te 2.5
D) 1.3 [0)) 1.0
Sr 6.2 [Xe] 20

Y 4.8 s 20

Zr 36.9 6.7
Nb La 6.6
Mo 25 Ce 12.3
Tec 6.1 Pr 5.9
Ru 8.3 Nd 20.5
Rh 4.9 Pm 2.3
Pd 1.4 Sm 1.9
@ 0.2 Eu 0.2
(o)) 0.1

(J: #&FP (O fRHFP
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Temperature
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Linear heat generation rate (W/cm)

CENTRELINE TEMPERATURES* OF MOX AND UQ;

(*) Measured by W-Re thermocouples located in the annular pellets ; the central
hole is of low influence on to the temperatures.
At 200 W.cm-! in UO2, computation indicates a difference of only 3°C between
the maximum temperatures with and without central hole. (diameter : 1,25 mn).

Fig. 3.3.3 MOXEUQBREDERT ) & HuNEE OR&
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Appearence of HOX fuel, &) at o burn-up of 23,31 G¥d/t, b}
[ hurn-gp ot 6.8 GWd/t and ¢} after z transient tast
to 42 kW=~ 1,

Fig. 3.3. 4 MOXEBARlO < 7 nHIEEER

Microstructure of MOX fuel irradiated zo 21).3 &Wd/t undsr
noersal conditions.

Fig. 3.3.5 MONMABIO I / nEEEE (SAHE
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Hicrostructure of HEX fuel irradiated te JE.F GWd/t undsr
normal condlitiens.

Fig. 3.3. 6 MOX#ARlD 2 7 oEHEEH (KB

U AND Pu MICROSCOPIC REPARTITION IN
IRRADIATED MOX FUEL (DODEWAARD/B304).

Fig. 3.3. 7 MOX%##CD 17 nBEEE AR
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FENMBE OB 2V Tk, B/ b=y AEEMOXBB LR LIcEaE, K&
P X S B VAR E Y, L, BRER I IHUELEL2HARE, B
BHht e X B BIMSE 2 MEF 20, BRMETIRONTHWEMEDERZKRET ST
LEMAHTALERS S, AT, SFEOII BEREHAVT, EBEERTI V=
A TRURGHERBOZ VY 5 v e n#MT 370 A EOMENSBERREEEXD
ns,

3.4.4 F&®

CERREESEE L TR, BEBEDEAS Y TR BHOBLEYE OV TE T~
MOBVONREETH S, BLA, BUBCHTZPRIBHHERLID OB TR L
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Table 3.4. 1 BKFEHEOBEE A HLBICRITT -RNEE
BREHEIRDZAL — Rz B Ak EoxtE
F P#fEDEM REARERAEOHEMN BEERITIETOSBREDEL
MYETETODY 5 v FEROIE
B -7 IEHRER DN TR LomaE
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a FREHEE O B TETOREE{ILE L UKREE
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Uﬁ?ﬁﬁiu@ﬂ%& EEREIE roflotgn | EREERMOEMREL
DT
PulzfEO S RAL RSO AnDER e TR O &AL
BERITHEEOL e~ (L
HEEFOHIHERIEN | &R - BMIIRETOL o ~0HE1L
B DR EHF RO FEAL
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4. T R U EINKERAE o W 6d B EREH

4.1 HE

TRUMENE 2B (T TRUFRREE ofuEszfiNsiodicid, &8
OB, Wi EHBEDBEROVCTHEE LRI RERSBV, UL, ThETT
RUZBBELTHVWAEZFTRYMMLRM LU LHERBAE N, BEBEEN
BREROBE» > TRUBNEBEHO XM RS ME2BMHL, dHLETTRUGBNEEOD
S Bl 2R ME A H T ALEND B,

FOH—EBMELT, 27 V=24 (Rp) v TAV YT A (An) 8LTFF 2107 4
OB ITcnedTRUTLEEYS Y (U) , L& V=Y 4 (Pu) &
ORABLYORENF— 5. #Y%., FNEFNHESOBERNLHHRMEI >V T
MPABEET- . BB 0B, BAKFRUOBRBLUTI NV —<HMO
XBEOZALOTR, o EHEFAMOX BB OMEORREERT 5 &, B
WMRERAL RS EVHEEBR S &, YUEF— I RBEIEBLTVETHEAIE T
Hanftciicdd, MBEHELZUTOL. 288 Y .

TRUSZMEBEcILBE > T BB O —ER, L ZO0NBVE2>VTRHES
JUBERIEEETAHEA LV LYEO NS, 4.3 TRINSOMITEITS & &
bz, MEOFHME <L v PORKOSEES IO TRUBNZB O WIS BT 2 5
BB ER LU,

F 7o, WMgEEHie 2w, TRUADEB/EYBBEOMHAEREID L, ThETR
BoNTHBRRLINTH D, AT ISV ACEASIVECHY 5 v THBIR
(TUT) MEFTH-7~SUPERFACTAE, $XUKRE Ny 7 VIR & HEE
Harwe | ITF R AMIE CHE P F RFCHE UcdtiliAid 5, 4. 40T §TI—EF
BENSUPERFACTEHHEOBRECE S EHAEDHOMT 21T - 1o

1.2 TRUBt#o P

TRUBILBOMESATABET IS THREELAXHE, BBIINIS
(International Nuclear Information System) ®F—F¥<—xX2HLVWTHHEL, —I
ME L XMP ol (FR3l%) sHEug s LT, #38#OXMEZEEL . IN
[SHAHAVHXBERETE., NBERLATRUZERBEFEL AKNEF, S8, AXES%
FHR L, B MeEDcEE L A ERNWYESOHBE2MEHF L LTHE LT
sth, XIMOKRBEERLSMIEL, BHRVERBRFCLBIBZIXMEIDE Lo,
By SHORTAE T, AU« REDEFZOXMEBEEL I,

WEL M ONATILEE., Table 4.2.1 WRITABPBY A bR -THEL, &
HHSEOWHBEREEEo 0 U0 ED L XMAERR I LEDEI AR L L. 6, BR
)y, BLOBEERNES 2 LA E MBI LR, BN ULrMETCEEL 2T
L&, BMBELTOM I BEEMRELRZWE O XD, KEE» 56 EBHA L,
PDTFTrfEERE>wTidiR 5,
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4.2.1 ERFOMEE GRS, B7rER, BE. RERSE)

Np-0% O R FH SRR 2 Fig. 4.2.1a VB X4, 2. 1P R 2 Ulim (U0,
CRUBMEHE) | Np0eB L UNp 0 (BRE) BRERTFLTHE L ERMAMMB L L
TONpD (ZZHE) « Kp (V) 500 BB L UCRSBLREIT L - TEHES N B N0,
Ho0 (BB ©Npsls (RAR) RERREBRFAT S, £y Np20s (RAR) K
DWVTIE, Npl . 2T SEAEBEL L THRIEERTVWEDOOD, MIMNYWHE LTRaH
IhTsod, THMRMRBICEER T 2>0VTRAHTH S C0 NplBEETHFL
LBV ERMIPFNTMILOHMETERTVS O, BE, Np0MEERTFET LT
EERELNp-0R O FHMZIRER CP 3 EREINTV S, An0ROREX EFig. 4.
9.9(24 28) g ond AL R O A0z Al D E M. AN BELXUCH DO A0,
TERTHET 5.

Am20stEs A0 OKFDHBILK L - THL N, KR »SHCH (BCC, ~800
C) . B (HEAFH, 450~950°C) « AT (K&, 800°CLLL) BERET %o Al & A
m0; DHEAR I DV T F—~ ML, DFMIT250CE TR AR IH L THTFER
REFARER @ —Anlz_xs 250°CT a —Am0,, 71~ 500°CT 0 —AnC:, 5+ 28Ty 600°CUL
FTC —Anz0y (bee) HE SR EHE IR TVS 0, i, EEFREI ALK
FTBHELVAHAWERS D, BB, O/ nB2E2BIdORWEIN TR,

Cn— ORDIRER £ Fig.4.2.303% 25 2630 yropg An— O R & [@HRIC. Cm0ay A —-
B—y C—Cm0sy Cm0z.rc (@) « Cn0y. 545 (0) BEWEET B, TOEHI, M
&L Tm0,, 72 (T) &Cnly, 6y (§) MWE SN TV HH, XELSHFTRMLINT
WV EY D 2oMEMAELTE, PO e ETHRTRELZBOEHEIRTYS
2 Fk e, Ol 5ot OFIRFLVWHERRB IR LOBRECY 350, REMER
FRAME LTV, R FAEORE VWA P EERRMIRERINI LTS
LD PO RB B,

B —Cmy0sm 5 A —Cnz0:~OFEIEBERER, An0. 084 &0E16I5CTH 508U
28 [ [~54mol%®Gd.0; 2 FEHET 5 & 1700~1880C E THE %5 ¥Y, 56T, Cne0s
OEEML LT2000CTH ~Cnz0sA%, 2210CT X —Co 0 23E S h T g B9 28,
Cn0zlds 380CHERHMLT & —Cnlp_ & D B0 29 0 X 52500~600CT 7 -Crl,, 72
&:)’5‘.5 (24)0

1) HRFHNF—¥

FOF A4 FBAEHOREHEI T IR T ERBLIUEBEE 2T L9 Tlable 4.2.2 IR
4, NpOazy AmDzy Co0. D5 E K E, ThOz U0 FoOo 775 /4 VZBIEHEHU
HERTHE T B, S Wit ik. vy /4 FBEHMOEE LEKIE, A (R
H&E) s BE (BMASR) . CB (fLUAR) OXGEMESHENEET S, £y 7
2F 74 FIBALBON0. B LU0, (A, By CH) ORFEHRB. RTHESMHAEAL
BAWORTHDTSE Y, ZhaFig 4.2.4 WiRT, h, NpQ. D& FE#130.5432
(28) (. 5434 nm ‘2% T, Fig. 4. 2.5 WRmRT LS, O/NpDET L EBIRHEMAIR
Wins A, Fig.4.2.6 BBV =7 2 nF0=2"RIEPYOHBBEEZ XL O
TH DOV, NTRERMEAETOCE» S HEFEECOANANDOEBOAINR LN SO
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Ly MBPLUMTRCH>BRE>AYNAOEBEES,

NeR SLREGHAESE L TR (Npo. sle. 60025 X O (Npo. zoAmo. 25U, 5) 0H38 o
nTHY. BEE 10.50~10.60 g/cn®2E T, BAK (AUNEBLUGP SHK) P&
EoREnEshtwns Y,

F i, AnOBESE®E/AWE LT LD (Npo. 2shne. 250, 500D E A, (Amo. sUo. &)
01, 81-1. ss DB 2% (Ano, s4Cmo. as) 0¢ s B LT (Amo. 5Cmo. 7) Ox (x =1.52~2)
PHMIERPEEBRBEEILTVE, (nORABEYE LR, (An,Cm)0a- &

(Cmo. esPuo. 15) Do DHEDD B (28, C:J’LEGDJE%@{K%L&\ O/ MAL1.83 (HFH
BhE) »51.70 (FEAE) BEULEL(FCC) ¢&EAT S,

FOEN MOERE (7AaY, 7oA LE -1V EOEABILHMOHE R
G 72O TEHEBMRLNTVS D Fiz, A0 & UAne0s & Irla. HfO0. % & O
ThO, & OEBREEHEALBABEAVTXHEOFEIVARLGRTWS

2) BOWHBEEUR

Pus Amy CHERMLH O T EHRE. RHANBENMEFEL T L L2, 0¥ O
el kD ECEEHESE 22 Y. AFEMHcEaERHENL, 20k, #MIKAa/a
3

Aa/a=A (1—e ")

OFRM - THEMT BV, 22Ty A, BREBRTS %,

AmC, D T 5@ gy (20 24 28 20 i3 2 B BHBEHER - T, HiE®RS » AOE
120, 5377nmd 5 0.5395nmiz AT 5 2 & MBE IR TS (Fig.4.2.7) P9,

F 7. An0. OB TFER W T 220 HESHHREBHMRANL H, ZEHTEE0H
FTERBPEREHR L EERERORENT S L, BLE, KR (FEK) T
OHORE I L 2B PEMMNRESE SV THAMAREE TS EABD LR TY
% (Fig.4.2.8) ©9,

CROBE B 2O e B EBRMOBEHIT & » Ty 2 Ol DR FERBEERT
35%&ﬁﬁécam$@‘&mm#é&m%mR%M?émﬂ“o&t\“ww&>
BTSRRI MESO® (0.5357m) A5 6 AEBIC2EME TRBESNME LR
TN E R L. W6 » Hic 3 BFE (0.5385~0.5387nm) Lo CPLOWENS
5o

— . BRTENTSH S CHOn 0, HERAR LVAROARNTR © 2V H50vIAH
FH O wREET 5 EAMEIhBD, CH2Y 0,2 RECKRAMKEINE A
Wi LS % 290, 7z, Cn0,. sWiE WM TE C C 2V OfFEHAH0.5498nmiciE W
Lk, o (BCC, TI0,, s%) »5 A% (KF R, Lal,. oB) ~OHEERES
N, oK HOKRTERIECESMME H#ITFig.4.2.9 RIRTEIITHRKEL L -
FREBEDTLIEAWEEINTVE Y, CoBHE. FCCE L ORTTERM0.5498mm
H oK H B BA R & B, Fig 4.2, 1057 T &3k a BIEHAT)DN O BRITHS
HEEREShTWD B0,
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4.2.2 #oHHE
1) Hhe

Nps Ams CHES{LPI ORI O F & B % Table 4.2.2 R Y%, Npl. ORI G 2600K
EWVWS B2 L2g20+B0K EWn A B D PV RE B, HEIXFis.4.2.1 OREHERT
E3 w0/ Npk s B IETFTL, O/Np=1.75T2500K X TETF %, Np:0si& 20T
ZQUERMMNEY S 720, anlz (Andz-.) BLT AR A0, ORN R ENEHR2120CU
FBICIT0CHU ETH 2 2, TR L1 &V RRE, B85 {Heh THREPTERE
MSERERMBEE R EET BN TeRdDEEZ LN, Anl 23t L Tin#E
EAR0.3°C/minT i 1750°Cy 150C/ninTiR2120CTh o e &0 HWEMNRS S Y, T
RICLThy MBEPOF— RS2V TREEENZ LY, il XEFETRALET,
ATCn, 0.2 IR F 5, Cn0 OB ERBTFEAE T, SBL TOn0:17%8 5 2P, ABCne0s
Tk, 2265 20°CE VS B O B2 L 22T5£ 28K WS b D PV MNEH B,

choO - AREBILM oM, Schnidt 1 5, BRABMIEDORAZRHEL TV %,
F b5 (Ao, sUo. 8001, s1-1. 0232690K (Amo. 26Npo. 2500, 6)0:&2770K\  (Npo. 5
Up. 500z 0132870 K TS %, £y U—PuR&EEHI (Np—An—Cn) BABRIME I~
IOWt %I L 7B OMASHEE IR TV S, IwtB TRUBAYOEN L VB
B RAOCETFTT 3 EAEO LTS 1P,

2) Iz
NpOay AmOzs BKOBIER A WA EEXBENRIC LB FEBOIME, 5 26TH LT
900°CI BT BB EHRITMENTH Y, Table 4.2.3 K727 F /4 FRALYOF
— s B EHCRT P, B5CRBIIHBERKI. BTRSEPET(-9x107°
CHUCREIF—ETH50R L, OCOBERBIZERIETES L HITKREIND
fimics 5,
BH, cOEMT, Nplle 2V TEE» S700°COFHET
(9.5+0.15)x107°%C!
TREIF—-ETHD. 1000CTE
(11.0+1.0)x10°8C~"
EBBEVIF— I REEXBAUET - THBOATYS Y,
F i, B —Cn0; 2P O#MIER IOV TIE, 25~680°COBE M T0.60% 25~940
C0.85%. 25~1300°CT1. 4% & VWH@EMREBSRTW S 29,

3) Mz H

NpOoy AmO, 35 & UCma0, OMEBE L EE OB E L Tlable 4.2.4 RT %, NpO
. @B EWH I3 400°C A 5 1000°C O E EEHP ©0.0100~0. 0088kcal/en CsTH 5“6
Fr, Al B LA H a BMEEREITCHMEHREAOXY (JIEEE : 607C)
RPARSNTWVWS D, 3~5¢x10"%a /cn®DRIGII LD An05CTH40% . An0. THI30%
MEHERETT 5,

Cmp0a (95%4TD) W2WTE, V—¥— b A &V 100°CH & 1450°C D fEIR T H
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WEARMEINRTED,
(190 +0.0404T (°C) )} ~* [en?/s]

CHROLHIN 2420 MEHRLIEESI M & - TEM IR HEERZ, 0.015
~0.018 %/ cm-deg) THB EVHIMWEMND B 2D, T 0EH, Cn0,0BMEHEKIZ, 100
Ch 5 1400°C OMiIR T0.02452 50.0059 cal/cn-C-sicZET 260 @ (i Bfrid
keal®inh EEbi z)P, 500~1100CORBERBTTLORAMBMMEI LT B Y,
(87.79540.01859 T(K) ) =* (¥/ew'C)
X5, 24CnoMiBic L3 EHWTHEENLME LT
(35.42 +0.01556¢ (°C) ) ¢ (¥/cm-C)
MEZ LN TWVWE 8
FoEF,y (Ano.sUs. 5) Oo.s:-1. 02+ (Amy. 258pa. 25Y0. 50028 LU (Npo, sUo. 5)
0, cR2WT, I000KASHIHEFTOMBERBRNMTHREOHEE» S M IR (~
1800K) + 2V EENHEL X - TREINRL (100K ~RE) WERH B P,

4) Lh#

NpO, Dty 11~310K iz T 0.30~16.07 cal/mol C LML IR TH Y 2,
270K T #15.2cal/molCTH B, F7-. 350~1100K OB EFE TIRBMBI L5
SMEOHE CVABH Y, 300K BT BMIZHE0 J/mol kKTh b, ERUTOF— 4
L b¥TFig. 4.2, 11T,

F7ny Np2Osgie DWW T H ., 350~T50K OFEMH TR B & 2 LLBMPELBE ST
%G9 350K B BMIE241 J/ke K (Np0a, s & LTHET J/mol-K) THV. BEKR
LT

-

Cp(J/kg-¥)=179+0.178- T (K)

RABEBERR I TEDbDEINRB PV,

Anl. @ HE#IZ20~300K O BB TR U A W#BBER K VAE STV 3 ), BRE
B BAn0, D HEEILT0 J/mel - KTH D, Pu0 D68 J/mol - KERBBEFCTH - fuo F I
CHSEEASHZ D A TWREVERREHVIE T ~20KAER#RER LR
PR ABRERAE LN TVE D, X5K, C—Ang0sy Anl B X C ~Cmz05D LEH
FB.EhFRTRORTHAILNB 2P,

(Amz0:) C p=20.0+15.6x10"°*T C(ecal/mol-C) . (288~1200K)
(AmGz) Cp=1.40+ 8.8x107°T C i J
(Cme0s) C p=3.7x10"24+2.81X10°%T C(cal/g-C)

1 AN /i%ﬁ@{h% (Amo. sUo. 5000, s1-1. B2~ (Amo. 25Npo. 25U0. s)OzﬁckU‘(an. sUo. 5)
0z, ¢ DA 20T, 1050~ 1800K QRS HIGH I bz o THE R LB FMARME IR T
w3 (18)0

£.2.3 $NEOEE
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1) AG°«s AH®r « AS°s
HESNTVLESEENT vy VEAH B I UEEERT v PR EASOf2
Table 2.2.5 WiR$, B Gcal B Ui, EEEER 208K £/ B3208K &2
R, 12RPIKESh Ty, EXEVERBL . Fh, XHFS2RAYT

SO AR L i, :
Anz0: L An0, OE BRI B F 3 AH  BTRORTEZ LN TS 2%,

AH®: (Ame05) =—2.2x1073T +3.2x10"°T? ~2.8x10°T ' —419
Ckeal/mol) (288~1200K)

AH®: (Am0z) = 0.8x107 3T +1.05x10"°T%—1.9x102T "' —238.7
Ckcal/mol) (298~1200K)

EEAE AR 2V F—AG: (RIBAF°:) BAG,=AH°—TAS? THlIALT
Ny Table 4.2.5 TAH®: EASABALNTVAMER PV IRHAEHBHOBRK
BUBAGAHEINR D, 7. An0: 2l 20 TRERBEBT H5AF°HBROD
HEEKGRTHSALL TV % 29,

AF°; (Am:053)=5.07x10"°T logT —3.2x1078T 2~ 1.4x10%3T !
+48.1x1073T =421 Ckcal/mol)

AF°; (Am0;)=—1.84x10"3T log T —1.05x10°®T2—0.95x10%T '
+4.72x1072T ~240.1 Ckcal/mol)

ElERBALYON L, SEROLEEB B IUCBED T >V TE X B)DTable 11
RKapRrEh T b,

2) BhmEst, LB, #SEE

TIF /A FRBALYNO B X UN 0 ORIBBM A A v ERREFELT, - THRE
BTOREXICERELTE( TS, COBTR2ENETNFig.4.2.122F8 L U4.2.12bK 7R
07 BMEXENE. (19O ERD B,

Sib# (AEH) KoV, THROEMEEIR TS 2 25 20 (B3 kcal/
mol),

Np02 142.3% 1.4 (2050~2450°C)
Cmz05;  114%8 ~ 133£2.7 % 29

RAFPRFioRTcHE LN % (Bflldatn) .

NpQ, 2% 28: 28> ¢+ | o g P= (8.39£0.13) — (31100 £300 ) /T
(T =2000~2500K)

AmQ 2% ' logP= (8.19%0.41) — (25650 *780 ) /T

AmDg 29 :logP= (7.28+0.19) — (28280 £360 ) /T
(T =1800~2200K )

Cma0g $25- 2% 1 ] o g P = (7.32%0.26) — (29050 580 ) /T
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(T =1800~2600K)

NpO. DES TR IER L <\ 2000°CTH5x10 %atn TH 5,
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YO AIMT A DR, BE-HR-BERAF vy e VEANI AT L L ¥
MERENB ISR P AP ORRF— I RBBELRS S, SOEBBAOFP
T LT B I EMBOMRA AV OEH», BBRWOF POMEMAKOERTYML
EILOoND.

HoT, TEEBATHLAMEAEWEELRSTRUZECRBAZRLDENO
ﬁﬁ%ﬁ%b\%@@&@%%f%%ﬁ@ﬁsﬂ—&ﬁ~&4%%ﬁ%mﬁm\%%ﬁ
BT ORE R RED B SEND D, TOFERIED S LT, U0Thy, Pud b
WHELEREAENL BB OMEMSEE TR EEDRD, £ BRSNSV v b
DREYWAMET B YU 5T BB LAYEY X FOBFHERMAEBRNES 2
OTE L MR PRET, ULasU02 U, P00 BHoME RE(RTELET
MENRZEEPOETFITRETHS S,

bE DA, BONEWUEARICEH LB MR HARKREZTICE®
0. BHODYYEMNY ENERETH S, s LEBHEOES, HA TSI LM
A OWE ST 2 0 BESHDOSBEYE KRE, vy 7 4r—Yav
S) OF— S BBEEN DB, WERK LTy %O TR URMKK O 98 #ENE R,
MR RS LA SRR T T L. Fod R2RMUL TV Z EAYENTS D
EEILN B,

B2 mh (4.28)

(1) C.Keller, "The solid-state chemistry of emericium oxides”, The 152nd
Meeting of American Chemical Society, 1966/09/13-14.

(2) L.V.Sudakov, I.I.Kapshukov, "X-ray studies of curium oxides”, J. Inors.
and Chem. Supplement (Symp. on Chem. of TRU element), 1978.

(3) J.A.Fahey, R.P.Turcotte, "Thermal expansion of the actinide dioxides”,
Inorg. Nucl. Chem. Letters 10 (1974) pp.459-4865.

(4) N.Schmidt, ”Some remarks concerning the thermal conductivity of plutonium
and americium dioxides”, AERE-R-7961 (1975) pp.88-92.

(5) R.Hall, W.Muller, "Some preliminary results on the low temperature
specific heat of Am0.”, AERE-R-7961 (1975) pp.383-98.

(6) R.J.Ackermann, “Systematic thermodynamic properties of actinide metal-
oxygen systems at high temp.”, IAEA-SH-A90/44, vol.2, pp.3-25, Viena [AEA
1975.

— 123 —



(7

(8)

(9

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(212

(22)

(23)

JAERI—M 93—100

L.Manes, K.Buijs, "lInvestigation of actinide oxides by infrared spectro-
scopy”, 4th Intern. Transplutonium Element Symp., Baden-Baden, 1875/C9/
13-17,

J.A.Fahey, “Decomposition, stoichiometry and structure of neptunium
oxides”, J. Inorg. Nucl. Chem. 38 (1976) pp.495-500.

D.Filgus, R.Hecker, "Actinide production in different HTR-fuel cycle
concepts”, 1st Meeting on the Nucl. Transmutation of Actinides (EUR-5887),
Ispra 1877/04/16.

L.Xoch, R.Ernstherger, “Formation of minor actinides and requirements of
nuclear incineration”, lst Meeting on the Nucl. Trarsmutation of
Actinides (EUR-5897), lspra 1977/04/16.

E.Zamorani, J.Cametti, "Impact of By-product actinides on fuel behaviour
and fabrication chain”, 2nd Meeting on the Nucl. Transmutation of
Actinides (EUR-6929), lspra 1980/04/21.

%.Zmmorani, J.cametti, “Design of fuel pins containing by-product
actinides for irradiation in LWR and FBR power plants”, Znd Meeting on
the Nucl. Transmutation of Actinides (EUR-6929), Ispra 1980/04/21.
R.G.Haire, “Preparation of transplutonium metals and compound”,

Actinides in Perspective The Actinides Conf. USA, 1381/08.
J.Fuger,"Thernodyramic properties of the actinides: current perspectives”,
The Actinides Conf. USA, 1981/G9.

L.Morss, J.Fuger, “Enthalpy of formation and magnetic susceptibility of
Cm sesquioxide, Cmz0s”, Inorg. Chem. 22 (1983) pp.1993-19986.

¢.Sari, W.Bartscher, "4 thermodynamic study of the U-Am oxide

Uo. sAmo. 502 F ", J. Nucl. Mater. 188 (1983) pp.220-223.

L.R.Morss, "Thermodynamics systematics of oxides of Am, Cm and neighboring
elements (Am and Cm chem. and technol.)”, Intern. Chemical Congress of
Pacific Basin Societies, Honolulu 1984/10/16-21.

H.E.Schmidt, C.Sari, "The thermal conductivity of oxides of U, Np and Am
at elevated temperatures”, J. Less-Comm. Met. 121 (1986) pp. 621-830.
R.Morss, D.Sonnenverger, “Enthalpy of formation of Am sesquioxide;
systematics of actinede sesquioxide thermochemistry”, J. Nucl. Mater. 130
(1985) pp.266-272.

L.V.Sudukov, N.Lvalyushkin, "Effect of quarz on thermal stability of Am0;
and Cm0,”, Translated form Radiokhimiva vol.28, No.l (1986) pp.94-99.
C.Sari, W.Bartscher, "Oxygen potential of hypostoichiometric Np oxide
between 1470 and 1850K”, J. Nucl. Mater. 140 (1986) pp.91-93.

C.Sari, K.Richter, "Phase relationships on the Np-oxygen system”, J. Nucl.
Mater. 148 (1987) pp.266-271.

J.R.Naegele, “Surface analysis of actinide materials”™, J. Nucl. Mater.

— 124 —



JAERI-M 93—100

166 (1989) pp.bS8-67.

(24) C.Keller, The chemistry of the Transuranium Elements, 1971, vol.3.

(25) K.W.Bagnall, et al., Gmelins Handbuch der Anorganischen Chemie B band 4:
Transuran”, 1972.

(26) MM MR, ARATE_ER, EAEeFE X VII-3 MExET, A, 1974

(27) E.Schmidt, et al., “Assessment studies on nuclear transmutation of by-
product actinides”, Comission of the European Communities Joint, Ispra
1982.

(28) L.V.Sudakov, !.l.Kapshukov, "X-ray diffraction studies of the thernal
expansion of Np dioxide”, Atomnaya Energiya vol.35, No.2 (1973) p.128.

(29) V.A.Arkhipov, E.A.Gutina, “Enthalpy and heat capacity of Np dioxide in
the temperature range of 350-1100K”, Radiokhimiva vel.16, No.l (1874}
pp.123-128,

(30) L.V.Sudakov, l.].Kapshekov, "New phases in the systen curium-oxygen”,
Radiokhimiya vol.17, No.3 (1875) pp.446-451.

(31) L.V.Sudakov, 1.I.Kapshekov, "Stability of **%cm oxides at room
temperature” ., Radiokhimiya vol.19, No.4 (1877) pp.490-4986.

(32) G.V.Malinin, "Evaluation of the thermodynamic stability of NpOs and Puls”,
Radiokhimiya vol.18, No.8 (1977) pp.829-831.

(33) Y.1.Belyaev, V.N.Dobretsov, "Enthalpy and heat capacity of Np.Us over the
temperature range 350-750K”, Radiokhimiva vol.21, No.3 (1979) pp.450-451.

(34) P.K.Smith, D.E.Peterson, “High-temperature evaporation and thermodynamic
properties of Cmz03", J. Chem. Phys. vol.52, No.10 (1363) pp.4963-4872.

(35) U.Benedict, C.Dufour, “Low temperature lattice expansion of Am dioxide”,
Physica. 102B (1980) pp.303-307,

(36) Y.1.Belyaev, "Phase diagram of the Np-oxygen system”, Radiokhimiva vol.
25, No.6 (1983) pp.791-794.

— 125 —



JAERI—M 93100

Table 4.2. 1 FAFEHEE VX b

ER] HER! " E %
No. No.
10 (FEREE)
11 FE
12 T ER
13 EEEL A
20 (B SRE:E)
21 KEER]
22 Y=
30 (B
3 B R
32 Jie:
33 HiyeRE
34 ST R
40 (B FEHMEED
41 AEEE GEXUEST)
42 BEAT vl
43 AG, AH, AS
50 (se )
31 LERE
60 (e HEE)
61 GE::
70 ({LZFRHEE)
71 BMEDE
80 (WER), EHER
81 gl ez
82 Z0ih
90 (FD1th)
g1 SMB L UOREAHT
92 FRAFRRIL 2R T bV

- 126 —




JAERTI—M 93—100

®G 1 W0 0F SILE 005 Gv 9 7Y " (RO
02 R wIES|  Hm| T S0, W)
B FOL0IBER | 2 | Tres|  uw| KL (S 0.000) oy |
, °% 9 D061~ o CRH “E) 960 - -

SRR GG T R E oW, . | B 2.05L1 D ($8E)LIE 'S Sy
% | omle< | Ll WO 0FLES|  wm| KT & Fomy
T« ) %85S oI way
U | D0ELE 91 BVE G gy

| wwT cow-02D. 0BT (o) | 1 ]
XS W2, 006 Y (2 OND, 058 | 02 I 2 -2y
B 1% 6¥ 01 R D).
FROHRIRIIN] % 0TI P Q-0
. 008~ PWHED | 1% 511 1 10°0F C0°1T|  FCHUH KRNI ey
(O, 0%~ 05V BRBPEE | %% 6Tl 7001 %8 &t V| foms| SDy-g
B CREHEIRTER | R T Tws £8E ©y 0ay-y
(IR | 6 2000 GBS 9000 0F G518 € sgeay-y |
6 ess 818 % 2. R
COMBBIEETEY | 6% | 00Hi< 8l 20 0796 ¢ Toor soee| o] o sy
S % Lz 0
] (2 VEMX) PR | 92 o ) NN po0F S0s|  nw| 4T ] 0

wote| s 01 01 o
- gl 012 | (0145 9655 01 ) R L)
2ot gsli~tl | 8 | olsg] 080~ vt |-. B 0 one o) |
o 2w - wus] 95 6 059 wos] m-o] RbE 0% TN
] e || | cwo= s v] coo0F %0V| 0007 BESH|  0W| Al d-ncEs i
WELHEHD 0% 0N | 0% | £00F 2806 | £00°0F 980V | G000 PES| E000F TP bk ¥ sy
@ 91 06 00 % 759 81 i 0y
18 | o455 or'Ti s ~ 0dN
o ® 510057 7 1L wo0F S| wm| KX ¥l Ul
52 (@BST i1 WY 725 0N
N W@ | 0508 50 0 OFEF S 5T ] © i
(SRR 0 Tl e | - - S e = e
(900D B FEREO 0N - WEReAnE 00 | % N - ey | ey
- WEIREEE | % _ 1007105 | &I 05N
(98 "23M20) MIRBYIRO-ON| 52 ) 1 105 HE 0%y
e Ty Ld (]2 [vN []e
% [ wiag| v oW ETE IR ETY mEw|¥ B = % € u
& — LUFEE QU ENEL 227 21qe]

— 127 —



JAERI—M 93—100

[ !m.m I e, YT CEIG(51 0N gse o)
- @ | T T 8159 g oL IgEE! Ingee )
% 15 01 2} S Ip(s1 ongse omy)
L 5% 7 (B 6011 j B3E'S fad R
] 1t | D W 6011 £35S “gug
| (SO IS I | 02 T 8 G~08 G - )
aaaaa 9% e BII UES| BT & )
QlFormBene| 0 816 5156 G 4x () *~im
WO FAMRNREREMG TRV O W, | TR WG S | a]| LI Ty
Tt | 1E % £ G 2] (9)® im
T OH20,000~006 | 18 9 T T 1oy G W a0 2)om
% e 91 "T1~06 01 s () vy
~ B 1% | @nosie 99 01 - ¥6 0l 1u)-
% 801 WOTIOTT| 0| L5 | Byt XEd FpHI)-
- 5 66 1 P73 “0°)-)
o jz (0 99°01 £66 01 DY -
- ® LTI[S0°071E060 | S00°0F006R | €00 0¥zse | so0oTeme vl  fous|  Hw aR $)'e)-g
..... 5 12 59711 oo o8B 29% iRl W, Lo0¥ 074
L ©@E191~008) | 6l 26000 9688 1259t 9z 71 ks 0"m)-§
L2 RO TR D0GTHER | 9% | 00075928 611 L005009 WOFBE| o A Rt
T & |ogerese Y 66L 6L E iy ghu-y
L ) e | wevsics| ey wT| Y B6L € e "ty
| E 92 5 VR RIS | 8 W2 (%) 0121 _ 1 606 (ONYT o
. PO/ DST6~] S | N 56 01 9] I T
T - R U iree=o ’ 18979 3¢ ¥ I-BE (LA )
&0 0%~ @ | ’ B ers 22} £8 TR (g o)
} ] B D0k~ | @ T 89C ¢ 205 2e0 (e )
B SRR HRH 00061~ | & 616 @B 'E e Flogee gty )
w.,..,:_!m_mét__ - | < L1001 9268 589°C 126 71 E3: FUOEte tugre )
T T T e | ose | alkssr0s o - 26 188 I (s g )
‘ ) 81| wese] (s ol - M S 2
- W ] L] L [v)? VY e
% il Wres| ¥ # ¥R B X+ W% mE MY B 2 g G 7}

£ —LEEWH O ENL 92 27 319e]

— 128 —



JAERI-M 93100
T7F A FRAOBEESE (2 =B +B.T+B.T"

Table 4.2.3

©
=)
—
b
J&)
o «©3 o2 o3 o o o [ ]
= . i ] . |
o — oa (8] [ [ ] 1 ] 3 I
a — —i — — — — i 1 — I
w
©
—
4
& ] [ o o o — [ = Ly 1
W =] o e (=] — 2] o2 — [t ] “
o .
a o0 oo 0o oo oo oo (=1 -7 o
—
Py
=L [ [¥s) e -5) o o e o e o
N b oo — o3 o -t =] e — [ }
2 o =} e o o = o ic e f—
w L -t -t - o o o3 ] e o)
o .
L] [¥2] s Ly 7> o W w [¥=] [¥r] wr
L]
= [ o} [ — o — | | [ I
— o3 — (=] o~ o o { | [ 1
b . 1 | ]
0 =1 o — @ = - o
[2 =} — —_ — —t —
w e — 5] [ ] =] -+ -t - o2
o e (¥ [ oo [J=] o ~f n 5] |
— » _
b - -~ —~H -t —pt - (¥ —~f ~H 1
-
[-5]
o wy — 7] oo o] (=] o -H
ey t— (= — -~ e (7= (V2] [==]
=] o s [ o (25 o e [¥e) w3 (351 |
m o <t ~f - oD Lar) € 3 o |
. |
e [We] i 7] [T+ (¥ [V i (¥
o ] ] ~ o o o o
Q o o < (o] [an] (] <o [} o
- [ (a3 [=] = =] =] 2 = Y4
B — - - o, -l O L =] [

— 129 —




JAERI-M 93100

Table 4.2.4 #ERMCEYOYEENHE

MP (@) § TD ; L (Wem )

U0 2840 E 1C.96 ; 0.073 - (6.375 E-05)t + (1.64 E-08)t?
¥g0 2300 é 3.58 E 0.271 - (8.255 E-04)t + (1.246 E~07)¢t?
Zr02 2760 E .10 g 0.016 - (8.75 E-06)t - (1,582 E-08)1t®
NpCa 2550 ; 11.18 E 0.048 - (1.75 E-05)t + (5.47 E-09)t2
AnD2 2120 ; 11.68 ; 6.015 - (1.125 E-05)t + (3.81 E-09)t?
Cn0y, 2275 g 10.66 ; 0.022 - (6.25 E-06)t + (1.56 E-09)t2
Pul2 2440 i 11,486 é

MP -—— Melting point

TD ——- Theoretical demsity

A ——— Thermal conductivity
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BB T PO EASTE

1.2.5 Np, Am, CofR{t¥ofE#Edpic 5 LEAH S

By AH® f AS° f BE B
(kcal/mol) (cal/mol, deg) {(K)
NpzOatl® -364 298.15
" (63 -378 58 298
NpQp U7 -256.7%1.2 19.19=+0.1 298
" (283 -256.7%6 19,19=%0.1 298.15
n (28 -256.7=x6 298
" (24) -256.17 298
" (83 -256.0 40.4 298
N p2Q5 28 ~510%725 298
AmQO (28 7.2 - 208
AmaQa 97! ~-403.9=£3.8 298
" (e -404 =1.9 298.15
" el -404.0 64 298
1 {26) -420 37 , 31.8 208
AmO, 97 -222.8+0.6 298
n (25) ~239,9%6 298
" (26 -239.9 20.6 208
" (&) -233.0 42,5 298
CmO (28 -135 =10 208
Cma03 1™ -402,2%2.9 298
yo (18,19 -402.0+2.9 298.15
i (28) -429 =*8 0
n (26) -414 %30 38.4 , 528 208
" (8 -3396 58 298
CmQy 17} -217.7%+1.4 298
" t28) -238 =*8% 20.9 298
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Table 4.2. 6 ZE#IEEHRIHREL
CEZTEEE] 5 5 B IR BOCAREL
No. No. Am | m | N MR
10 (&)
11 | EE 3 3 | 4 1
12 1 TER 9 9 | 2
13 ERE 3 3 1 3
14 | | .
20 (A4 = BE=)
21 REER 5 ¢ 5 3 2
22 B 5 | 4 5 3
23 t
30 (BEMEE)
31 BLER 2 | 4 3
32 Jui | 3 1 5
33 B R 4 3 4
34 BYLHCE 1 1 1
35
40 (ETErEE)
41 L OREREN (BREE) 2 2 3
42 O BERTV YL 1 3
43 AG, AH, AS 7 6 6 3
44 f |
50 (FLEEE)
51 LA EL
52 l
60 (BfoEs)
61 SR 1
62
70 LFEMEE)
71 [ Eagan 1 I 1
72
80 (@R P ERAIEED
81 f, e 1 1
B2 Z 0 R
83 J ; i
90 (Z D)
91 SRR UFRIIT 1 1
92 L OFRINRIBUIN AN BV 1 1 1
53
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4.3 TRUBMSEOWE

¥ T ORI TR — B EEU0, 2 A LT W B A, TRUBIMAK TR
EA TSR (U, P00 TRUZEML THET 3 ERFHEN B,

O, RO S BRI AATET B, R b ORI BRI BV T,
BAREE LT A A, TRUBMEHCR—EERBREE S5,

() #Bpok—%

HRRLE S, BRI oG, S, EEARERERRES. NERE, o IE2E
TR LB FRERSE VY, COAEEAVS & MEOREANARRSORMB ALY
wnh, Wi, Brmns s iCEERY Mo 2EENDYD., KOKI
mwmﬁ&féo

@ ¥ T uwuﬂ}]i}:]

a)uﬁmmuﬁm At (EEt. WA BB AR EMER T 5)
b)) BHEIFOBE — SR RIS
@EHME -
a ) FEARMBMEA OEEN
b)) R 08 g TR D ) R A _
) [EMEH MBSO REREREORAE

(2) TRU, 7N b =2 af{ifkic &34 @EE8M
TRU%%M?%LIM&&WH(M\ﬁ@®ﬁ4¢»%§ﬁLt@m?é7wb#
ZAIHTAI EMRPHIND, O N b=y ARG BTFRORTERZED

&%ﬁ%m@@ﬁﬁwﬁwﬁ<mo\ﬁﬁ@ﬁ%%%HOﬁmﬁﬁﬁmﬁwﬁﬁﬁﬁ%
MI B ERTFHEND, ORRE, TRURKES TN A2 UAn3AN v v E2HETS
;&\wﬁ®ﬁ¥%%%oﬁﬁwuﬁm¥HM@aﬁ@\a%&%%?%®@¢ﬁ?®
FeAEHEMAKEWT EH D, WREMNHKRT %,

l)m&?m&

Table 4.3. 11, T b=wa (Pu) 57 2039 4a (Frn) $COELBMOER
B2 o], 1AHMY O T8, hEERAR, SoRE200RRNLE
B (Pulsy PuFs) @y (a,n) BEIGR & Z2PHFRERERT, COBR, TRUR
MBI I3 L ZAoNBMHOETFERF 2TV =Y Ay £ 2 ) 7 2ORME
(230p,, 298py, 240py, 242p,  24Zpy, 24%Cp, *MACm) CEHBEHANR L BT RE
Ak E <, afflBoEHNOBVET e (a,n) KRB & 3HETRELERNED
ENDbMB
i) Hreiibro X

AR M E R BB A v v BB L UCXBRTH 5, ARBGPu Thy Uy
Coy CIORMEAIIIT B v <, XBOZ 2NV F— L ZORMMAEG2Table 4.3.2
wid, TRUBIMBE D e Fas 5Pu, Cny Ffrdk (32°Pu, 2°%Puy 2°%Pu, 2*°Pu,
2alpy, 242py. 24lap. 24%0p, 2D S HhCHRGMEE BAHMEEB M mTH B, T
ORI A58 T a il W U ZRE B2 NpCEH 2. 2x10%4) B B4, Z OBE1TkeVD X
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A 38% OIS T, 59.6keVOH v T 2% OWATH I Ly TR URNAR DR
P e L B IRE e e B, TOMOBBEEE I ANF—ON v TR
G B A, PSPkl EOHER/NELBBERZL IV,

MR MBR TN %O 70 b=y 2@ mBagEhnvi s, Fv vl
OISR D T L R AT VA, RIRNSE T B (99%) F 524 Puk ¥ 24 AnAt
W EIEET B, 2O, HAMEOKBRMMAEV IV P27 2B E* AnOEH
A%, FOWKIG I AR ER R REE L R 5,

Ty ATRIPIOBEEME X A WRLHETS B, PPPPuO BRI £ Fig. 4.
SR T, PPIOTARERESLD CH TN TH BN, TORBMPMNEL TLREZOR
BITORHMAL V0, BREGOKETAE 2V E¥—0F v < (FRPPTIORK
Wid 22 6MeVO A v i) AAHWBRIcBEELREAE D O,

(3) I A M s PR 8 o b

Table 4.3.3W T 3y 2P PuDIERBIZPURMARERR, BXRTHhIV,

T b= A OANn OO TRUBHOBERERIARA TS M8, 2P URKA/NME
Vo kb TFMEND, FOBARIE. MIRBOKAGIRER -B/HE <m0, fERYEK
MEE L ERED,

(4) Frivpept2y v b O R TE O L YE

PRI R 2 LB S HAUAZOMEBIMEAT S, ok, BRI 2UARD
TRU%W%HT@aM%K&@«U?AﬁM$énéoLtﬁof\inéox%%
ShAINAT BEMEBENRESBRTRERS TV, 120HlE LT TdAL el K
Bl BEI0% L T ~ry FIATAI EEZRDTVE, THDALw) BE XD
KEVIEEE 2T 3 TRUBNBHETREEOXLUTOSY » by IZESL v by
HOPH ORI <Ly FOHBERMKELRLBENFHIND,

(5) TRUMB MK o84 %%

BRI R o — 1, O/ MBtolEic ERERI LRSS, FLTRU
LA b= AR E ST BN Y B XBOHRRROHIN, BLUHER
kAW HIEE AR T P2y BB L OD/NE BB EENRETH D, /- T
RSB LS TR, PLUONBWHREZMNITLART 2 LEND S,

F, MHEEOMMNBLUTRUOBARZHENEIEZ2DIE, B o OBSH
HABLOCER~Y 7 20N EMASKRENBETH 5, BEBORIE LT, 7
Vo AR ORN G F oA R T A BERD S,
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Table 4.3.1 TRUTHEEREMN S OPHFINH

Spontaneous Fission v Yield (a,n)Resctor Rate

[sotope Half Life n/fission n/gu-sec n/gz-sec Isctope
py23s 3.6X10%y 2.8 3.7X104
py23s 3.8X18y 2.33 3.8X10°
Pu238gpy 2.1X108
Pu23¥g, 1.4X104
pu2ds® 5,6X10'5y 3.0 3X 1072
Pu238¢ 4 4.3%X10°
Pu23%g, 4.5X10!
py4@ 1.22X 10"y 2.5 1.02X10%
Pu24@cy 1.6 104
Pu4®s, 1.7X102
pu242 7.1X10'%y 2.18 1.7X10°
Pu242g, 1.7X102
Pu2424, - 2.1
pu244 2.5X10'8y 2.3x% 5.1X10°
Cm?4@ 7.9X 108y 2.4% 1.67X10°
Cm24? 7.2X10%y 2.3-3.0 2,28 X107 max
Cm244 1.4X107y 2.6-2.8 1.1X 107 max 2.0X107*x*x (Cn?4402)
 24% 2X10°% to

1.5X10% 3.87 3.8X10°
Cre4s 2.1X10%y 2.88 7.37X10'%
Creke 82 + By 3.5-3.8 2.43X10'2max
Cras4 55 to 85 d 3.9 1.35X 10! % max
Fm254 200 to 246 d 4.0 3.82X 10" max

¥ Estimated
*x 0ORNL 4357
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Table 4.3.2 a (REWNRET 7 F= PRGOS
Camma Ray X-ray
Energy Yield Energy Yield
[sotope Half Life keV % keV % e/ T
py23s 2.85y 47 031 17 12.8 1000
110 012 17 .087 14
165 8.6X10"4
Pu2®"m 0,18s 145 5.38%10°%° 17 38.5 39
puddt 45, 6d 33.2
43.6
55.6
53.6
76. 4
96.0
Pu?3® 86.4y 43.8 .038 17 11 740
89 g§x10732 17 .035 11
150 1X10°2
203 41078
760 5X10°%
810
B75
pu23s 2.436X 104y 37 1.6X10°3 13.6 1.2
52 6.4X10°3 17.4 1.4
120 g.8Xx10°4 20.5 3.3
207 3.2X10°4
340 4.9%X10°*
340 9.8X1074
420 B.4X 1074
py24e@ 5.58X10%y 45.3 .009 17 4
Pu24! 13.0y 145 2.8X10°4 :
puz42 3.79X10°%y 45 .01 17 4.1
Pu24? 49, 8h 12.2
29.2
36.7
42.2 1 17 7.8 16
54
84 21 17 16.8 0.2
98
134
381 T
‘Th228 1.91y 84 1.6 16
137 0.26 1
169 0.08 1.2
205 0.03
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Table 4.3.2 b REMLT 7 F = FuREEOMEGHRLE

Camma Ray

X-ray
Energy Yield Energy Yield
Isotope Half Life keV % keV % e/ T
212 Q.27
Th23® 8 X104y 68 0.59 1
110 1x10-4
142 0.07
184 0.014
206 5x10°8
235 5x107®
253 0.017
Thes! 25,64h 26 13
89.8 11
99.3 2
136
148 0.2
163 0.2
180 0.06
218 0.05
310 0.004
The32 1.42x1012y
Th232 22.12n 29.2 2.1 2.8
56.7
86.9 2.7 0.8
171 0.7
195 0.3
253
359
453 1
580
670 0.25
751
8395 0.14
232 73.8y 57.9 0.21 150
131 0.075(1.78)®
268 4x10°8
326 4x1073
233 1.62x10%y 23 .
42.8 0.05
56.1 0.01
310 0.1
y234 2.48x10%y 53 1x10°8
118
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Table 4.3.2 ¢ RFBHILT 7 F= FLREORERRHE

Camma Ray X-ray
Energy Yield Energy Yield
Isotope Half Life keV % keV % e/ T
ye3s 7.13x10%y 95 8
110 5
144 12
165 >4
185 55
205 4
yese 2.39X107y 183 0.5
yes7 6.75d 26.4
33.2
43.5
53.6 38
65 2.3
114
185 3.6 17 0.19 0.13
208 24 17 22 2.3
287 0.9 17 0.22 0.83
332 1.4 17 0.22 0.04
335 0.2 17 0.016 0.2
368 0
y2se 4.5x10%y 48
Np237 2.2x10%y 29.7 14
58.8
87 14
145 0.8
175 0.1
200 0.3 '
Am2 41 4,.58x10%y 26.4 2.5 17 6.5 T
33.2 .15 17 14.3 >240
43.5 0.073
59.8 36 17 2.1 <1,b
99 0.023
103 0.018
113 2.5x10°3%
130 3.8x1073
159 2.9x10°4
210 5.8x10°4
270 7.8x10°%
330 2.5x10°4
370 1.5x107%
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Table 4.3.2 d REHLT 7 F= FuREEORUR R E

Camma Ray X-ray
Energy Yield Energy Yield
[sotope Half Life keV % keV % e/ T
Am?42p 152y 42.28
44.Bec
Anp242 16.01b
Am243 7.95x10%y 75 0.3
Cm242 16254 44,03 0.039 520
160 6x10°3
187 2.7x1073
210 2x10~8
562 1.8x10°4
605 1.4x10°4
830 9x10~%
935
1010 1078 >0.5
Cm?43 32y 106
210 2.1
228 2.6
278 1.2
Cu244 17.8y 43 0.021 760
100 1.5x10°¢2 11
150 1.3x107%
Cu24® 8x10%to -130 5
1.4x104y 173 14
Cr24s ' 35.7h 42 0.014
88 0.012
148 3.5x1073
Cr2s2 2t02.8y 42 0.014
100 0.01
others
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Table 4.3.3 235U& ¥ PR EOHE
235U 23_3U 2aepu
% & | B/NER | B &I RNER| B 5 BN R
BERER k¢
¥ O 0.35 0.82 0.25 0.58 0.22 10.15
& B 10.00 22.8 3.2 7.5 2.8 5.6 atf
3.5 7.6 518
MM B O ER”
B W (em 5.0(12.7)! 6.4(18.7)| 8.7(8.4) | 4.4(11.2); 4.2(10.7}| 4.8(12.4)
& B 2.7(6.8) [ 3.1(7.8) 1 1.7(4.3) | 1.8(4.8) | 1.4(3.8) | 1.7(4.3) e #H
1.8(4.8) | 2.1(5.3)5 %8
MERRTAR DR x*
B ® (e 1.5(3.8) | 1.7(4.3) | 0.8(2.0) | 1.2(3.0) | 0.8(2.3) | 1.8(3.3)
& =’ 0.5¢(1.3) | 0.6(1.5) | 0.2(0.5) | 0.3(0.8) | 0.18¢0.5| 0.24(0.6) «#H
. 0.22(0.6 | 0.28(0.7) S %A
mRERE (1) 4.8 6.3 2.3 3.3 3.4 4.5
KEHDORE 10.8 12.1 10.0 11.2 8.9 7.8
(EIfrAEr94/1)
HEKBEFED 0.95 1.0 - - - -
h5y D MIHE

*Bifyixinch (B ZAIEemEALD)
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238Pu 239Pu ZSEPH
86 ¥yT 24,380 yr 2.85 yr
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2 ' 224
zaopu 24 Pu ‘ Pa
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216p,
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i
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0.0023% 364
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4.4 TRUBEMEBRORHEE
MEOLTMAREREZOY L, BHOSUPERFACTHEARR T KIHHETE,

24 F—72F,4F (Nps An) 2EALEBEOMBZEEL, KNK-2F LU
PhenixFle BV T 2T - 2. RBRIEB OHKERTable 4.4 18R T, ChEHD3 B,
PhenixMH ML T3, ZORENERIERHBCHEINLZFR-9 128 TH
mx D O, DTh b ERBHEHERT,

(1) BB

FIHREE 2K OMB & RE Lz, Table 4.4.2R 2OWBRTF— 7 277, HAFR
15/15 % % v #R(15Cr-16Ni-Ti, RIEMHFHBEREA—2FF4 bAF v v AEDZHAV
7o

TRUDEGLDBH 2% EPBVEME WEY A 7 VA-—+E-) & BAEXN20
%r2BOBEA GEWBEIA 7 VH-~F7u-) O2MELAZRELHES L, BREO
20% —Np20 B BEBBOA— 3 V475 7 2Fie. 4.4, 1ERT,

(2) HAmEE
Table 4.4 SIEHBERE S 3, 1986F10H L V19884E 1 BETH Y4 7 VIS L o

B {E 759 dpa NRT (Norgett, Robinson, Torrensic & 5 HREMB @ 2HVWIE1ET
H0ORUEFUE) ( 383 EFPD (EHEEEE) | 8.0atBREL 1,

B EUNp R Z RSO BB X, EEdie, PTNpA 2Pz, H AP AR A 2 An
(LR sh, BrElfcRe Pl d s, KIBEMRRERY G894 %K
) cHmd s, chBFERT, TRUBAROZWHEHEG & 14, BLTDL & 16E,
Hi GRS hoMB e mMU Y4 7 v ¥2EHT s @dced, BVRBE ST T

(3) I &% ENER R

AFBRcEHLNBEAREREIUTORY TH 5,

OHBEENREIL
WREIEE 14 (Am20% . Np20%) TR P K, HEMNMVWPCMI AFAEL - (Fig. 4.
4.2) ‘

@F RGBT _
MEEZLESEBBTANY Y L OERBERK, HHEEBHOBEOHRBEEL T - 2
(Table 4.4.4) ,

@& W, HBE
NplE AREI 7 (Np2 %) Ty REHNOABABHBELD LR LILERMN K,
BB MERERPPECBEEALBELALEEDR S,

AR ZEIREALZEH (An20%, Np20%) &, NpEARHE XD PRHAREY
Kdhhbo T BUMIcRBNGEZ 79 7 BWATEERAEL, IBELELTERED
BAFTH -7 (Fig.d.4.3)

QW HEENHTE '

NpiR AEE (2%) Tk, Sl AP E Y (38kW/m) A, BEEENEO &I
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un (REOWIO%) ODEAR2EL ., COREE, HEROBERT V¥ v L
OHEOBEIR LB, PRBOBHEDORYE (B LPIURMYI LB LR
HBZOWNERE S LEW) . FHTSH %5,

(3) TRUEDMEHoME E8 T 2HE

BAH LVWTRUADEBEAHBEROBHHE 52 SUPERFACTHEOKE®

5y UTOREARES M- R, |

Dind AR RALEZBETRZEONY Y AEREBEBELCSZ, BECLVED
ZH A LD BB ENA S HETE LS TMEE S5, COFRERZBERTH»
BHLLEET A EABETH S, REFELA TV IRBEERY TR 2~ FOR
[GENZ. TRUBNBHBOBEFOHMETF A2 PVRHBTET SRES
HOBEBT I — F2HRTIHLERD S,

OMmEABRBALULBHECHEELZ ALY Y VBELCL, RHE LT, ~Y 7&K
OFeE X, HHZA, (Cubic = Hexagonal) O 2 2OMREMMN SV, RAHHLETSD
%,

ONpEAMB T, HEMNEVEATREEEONERMAREL 5, D& TRE,
NpAR2. 0P i B EA R LBV, ChREBRLTHEHERFORELT v v + LOR
LEHETHEHVEND 5,

ENpIBABBTOPREFEEERBEVAEERD D, AESLETH S,

@70, BMEBENES L, BRI EIAFAREERKHBALEL S, ThoBLlO&
SHBHMALER B, BEZRVOBHASLETH 5, HEL T, FRNZEEF
(45R) ORBEHBLEEZZ LN S,

SUPERFACTHE CRHRERBORSESRELN, —ILOEFEEEL, L L,

S B PO &SR AEHRENE Y, SBREIOF— IR & I 5B 2 HHAMHERL
BThH b,

2% 3wk (4. 4800)

(1) C.Prunier et. al., "Transmutation of minor actinides: behavior of
americiun- and neptunium-based fuels under irradiation”, paper No.13.Z,
pregsented at Intern. Conf. on Fast Reactor and Related Fuel Cycles, Kyoto,
Japan, Oct.28 - Nov.1, 1991.

(2) M.d.Norgett, M.T.Robinson and I.M.Torrens, "A proposed method of calculat-
ing displacement dose rate”, Nucl. Eng. Design 33 (1875) pp.50-55.
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Table 4.4.1 SUPERFACTEHE DMK

L 2gi Bl BRI

(Us. 73 Puo. 25 Npo. 01001 o7 KNK-2
(Us. 75 Puo. 25 Amo, 02)01. o7
NpQ,

(**'Amo. 5 Uc. 6J01. 02

(Us. 77 Pus. 2+ Npo. 0201 97 Phenix
(Ue. v+ Puo. 21 Amo. 02)01. a7
(Npo. 45 Us. 55)02. 00

(NPy. 2 Amo. 2 Un. 6J01. 65

H:ZIT A 32T “An TH 5,
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Table 4.4. 2 SUPERFACTEARIO BliEEs 57— 7

Pellets Smear Fuel
Fuel Data (% Pu/M{% U/MI%Z Np/M{Z Am/M densityllength| O/M

% dth|Diameter {ram)

Pin No.

7 —13 24.38 (74,12 1.5C 97.54| 5.363 88.08 849.6(1.943
4 —16 23.71 764,45 1.84 |96.27( 5.417 89.22 | 848,1|1.957
5 —15 55.18 |44 82 35.11| 5.414 88.98 401,311,997
6 —14 59 .64[21.18 |[19.L18 |95.953| 5.434 89.00 398.6|1.927
Standard 28.19 |71.81 g4 44| 5.428 850 (1.983

Where M = U + Pu + Actinides and dch = theoretical density

Table 4.4.3 PhenixJFiC3stt 5 TRUFRMBREID BATSRE

Linear Power Rating (kW/m)
Pin No. Fuel Beginning of Life| End of Life | Max. Burnup (atX)
4 - 16 2 % Am 38.0 32.5 6.8
7 -13 2 % Np 38.0 32.5 6.8
6 - 14 20 X Am 17.4 27.3 4.3
20 % Np
5 - 15 45 % Np 20.6 28.3 4.6
8 Standard 43.0 37.0 8.5
Table 4.4, 4 TRUZHIZEE > D RBEFROIP/ ZAEKE
T
Cas Kr + Xe Kr/(Xe + Kr)Z He
Pin b4 X
Standard 100 (235 cmd) 100 (10.3 cm®)
4 65 10 387
5 60 10 222
6 57 8 6127
7 ES 7 140
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