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HTFP code is code for calculation of additional release amount of fission product (FP)
from fuel rod in high temperature gas-cooled reactor (HTGR) after stop of fission. Minory
changed FORNAX-A code also can calculate that, however, basic equations are different
from those of HTFP code. Therefore, release behavior of Cs in HTFP code was compared
with that calculated with minory changed FORNAX-A code in this report. From comparison,
it was found that release constants of Cs evaluated with minory modified FORNAX-A code

are rather different from default values for HTFP code.

Keywords: FORNAX-A, Fission Product Release, High Temperature Gas-cooled Reactor
(HTGR), Fuel, Fick's Lows of Diffusion, HTFP
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1.1 X C®»IZ

& A A4 (High Temperature Gas-cooled Reactor: HTGR) %, EHZ® T I v 7 A&
R & Uiz @i BWE O Wi B R EPRL 7-(Coated Fuel Particle: CFP), JFN#E&EW I Bén, mEM
(AU T AT AZ M, 1000°CHEWEIR OB Z fFAMIIY 5 Z E N ARERIE A TH 5,
1000°CIE VW EHRIC L 0 . MR FEE, KFMEFOROZ HMMMANTETH D, £z, Fl
DEEBENPKRE L, OMDEEMENTZD, mHIE ) OIEESE O FHITI L TH 00 E
EAEPEETHY, BHEHMAR L THELEGRAITE 5 V2 ENOEEMEN GGV, A AREF T
7B 3 HEA%E (Japan Atomic Energy Agency: JAEA)IZF 23EME— D HTGR T&H 5 il Lk
e 47 (High Temperature Engineering Test Reactor: HTTR)2% A L Tk Y, 2004 4|2 {5
THIO T 950 C D EIR DM HM Z R 4R = /) K DAMZER Y 9 Z LIk B L7z 9,

HTGR @ CFP 2B\ TliE, B2 (FP)D M UiAOFERE 2 1 5 ¢ 8 g 23 iR L7
CFP 226 1 IRIMHAMIZ FP A S5 23, #4272 CFP 226 bk g b 4 K L 72 FP 2354
WEKRHENS, Zhb{EES CFP K OMEE L7z CFP Wi 2 6 @ FP )IiL, 8% s
BEZIVFELILOH D, BB, FLERNSHD L, S TS CFP © 5 b3 72T
135 2 N RENIIN OB L TW DR H Y . o, EEESET T DL Tl i EERRF IS S BN
HENPEZV1ED,

HTGR OZ25Hli D72 H2I1X FP O EOFENZLETH S, HTFP =— K 9%, HTGR
D FUE LR O FP OBREHEA & B H B Gl H ERR R IS BRI i S Tz FP o &
EERWV BESREERIIKEHENA FPOLAOR) ZHHETHD0OHEa— RThL, — .
FH DL, AT EORIRIN S 203, EEO FP#EOMEBIS 2 L0 B ERT 572012
FORNAX-A =— ROZ[AR L1z, AfRICE W T, B H %2 L7 FORNAX-A = — ROEf
BAE R & HTFP =1 — F ORI R & G+ 2,

LUF, HTFP 22— R R OS2 A 2 Jii L 72 FORNAX-A = — RO EEZ R~ £ b%
B X CTARBED By %2 BARISR R 5,

1.2 HTFP = — RO

HTFP = — F 9, FP O#kEHE)H D HTGR O EUE L% 0Bl &4 35T 5 =
— FThH 5D, BHZUEIEETO FP R EOFRIZIT AR,

HTFP = — P2 W TiE, FP O & H o RS TREHE(=CFP & teihkl =
X7 R)H B O FP O g s ITREHEIR I AFE T 5 FP ®ICHAIT 5] Lo iEICHES N
THEY ., ZOHBIERREERD ZEET 120D /F 2 —2 % g4 CFP KOk CFP 4 4
WZOWT, FILHRTELICANT—F L LTRET D, ZONRTA—=FDT 74 /V MaL LTI
BT O RS MBGEBR I E S EAEH SN b2, Z OfEIEL CFP Of:Ak &K O HRE 4
HICIHRAE LA, £72, REMZRFP TH D Cs 2OV TIE, 4 CFP THAE CFP T
FRROTFT 7 MEE L TRUEZ AT D,
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1.3 Eh 72 Z8 W % Jifi L 7= FORNAX-A 21— RN O %

FORNAX-A = — 930 7 HHRRF & O 53 RU5 1% DR EHE T O FP Okt 7 417 5 =
— RKTH Y, HTFP =2 — K L Ak, HTGR O#% 55247 1L #% O848 FP OREHE) b BN
HHEOFHAENAEETH 5,

FORNAX-A =2— RiZ31F 5 FP ik o iR Fick OERNZIESWTE Y | IR GE
FERE) Z R T 272D DT A — 2 2 5580 EHEZ. Ny 7 7 &, IPyC/OPyC J&. SiC J&.
BBta v Ry N B A Y =P OK TR T EICANT —F L LTRET H, CFP OfEEES
FRETSh DBE A R ATRE T H 5, CFP MERD, HDWITHIE L TV AN EET 52 &0
T&5(Fig. 1 M), 7272 L., HEKICEWTERTE 2IEBERENA T X THEET S, b LL
X EANICRBER2VVMEEZ R ET H Z ENARER IR IC OV TICLIHET L Z ENTE 220,

F 72, FORNAX-A 22— R IZBWTiE, FP#ato HFERIT ICFP %) & TAEHER] @
2 DD R TED L D, CFP 2 DR RS FATBREHE R O FHRE AL RIZx L TMN. CThd 5, CFP
MO S 72 FP X, BREHERICB W T FP OAERIRO —i & L TR bbb, (e, B
BHERIZE T 22 DM FP OAERIRE LTI, MR OTEYRY T 0 OB RPIFIET D, ) 4
BHERIZIWNT DB )7 b FPIREE ] 121X CFP NIZRFFEN TV S FP O &EITEE
SR,

Z D FORNAX-A =2 — NIZBL FICR TR Z LT 24 2 LI2 X b kD FORNAX-A
A= FTEBRYFEAZRDVUTOL ) RGEEZWMOF O LN TEDLLIITRo720,

> TEHURED 1O ER TH HIEMH L= 3L ¥ — L BHER - TROERWVIGA,
B IEPE(L = %L X —and/or B R 7 AR OIEE OB TH 255,

> ER OB R GREE T L)

> CFP OiRENREIE R O T T & o84,
72720, 120 CFP OHFOIRESARITE Y &z 72y, 120 CFP HOEEIL—
HTh o,

777 L. WIS 2 L 72 FORNAX-A®) =1— R FEf e M OBl iR vE 1T A SE D
FORNAX-A a2— KL 2R L TH D, AREIZBOTL, B O L8 A %KD FORNAX-A
I — R ISR AR 72 B /e A8 26 L 72 FORNAX-A =2 — REZ W TEHEZIT- 72,

1.4 AWFFED BB
CFP O#EREIX FP O LIADHIEEZH S LD TH H7-, FP O LiAMEREIIHEE
DES, AMIKET 5, #2C, AREICHB W T, BRI BBHERE - BRI S5 2K
L. B/ E &0 L7z FORNAX-A 22— K& HWTHREF - BEZIMEAFICE TS Cs D
BHEZHET S, FofRIcESE, UTOETQEIT.
(1) £3°. HTFP = — RIZHBIT 5 T4 U5 115 O)RBHEIR > & ORZFE 1 O Jig HiH
W, BREMEIRIC T 2 1 OFFERICHAT D) EWIRE YOS oON
THeERT 5,
(2) ER(DT I#YThHD) &aniBmE, KIS, BMAEE 2 L7 FORNAX-A
a— RICEDRHERMEICESE, DT DER2)%ETI,
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1) HTFP =2 — RIZBIT 5 THHES]) (TS 2 B2 EE2HMn L. 2h %
HTFP = — RIZHIT 57 7 4 /L ME 9 L iR 5,

2) CFP O AR L TW 5540 HTFP 22— RickBiF 5 [iEsk) oy
PN DD G PRI ONTHERR T 5,

BRI 72 H &6 L7z FORNAX-A® 22— RZBWTiX, Bl X 91z, [FE T 5 ILlik
BOFE, ERERARMEERTE AR TH D ILRICONT LNFHRETERWVR, Cs TV T
ZE IR R OFFIMEH S IR A A T 5. 25 30k )ICB0V T FORNAX-A =2 —
R & FIBE, Fick OEANCESEHE L BHHENERE L B —H Lz tH®EIh TS,
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2 B AT 2 L7 FORNAX-A = — RIZ L 53 O S KOk

1 1T ®HIC
ARETIT BMRAE T Z6E L7z FORNAX-A =2— K 62X 5 Cs OgHEDFE O KM KO,
FHEIZ DWW TR RS,
HTFP =2— R & DD 7= 9H121%,. FORNAX-A = — NOFHERE R 2 8 BN 3 5 S 3N
LoRSWIAN %@ﬁﬁ_owfiﬁaquzgﬂibhﬁﬁf K5,

2.2 FHESME
2.2.1 RERINT — %

Table 1 IZFHHE S & L TRIR LIZREERSNOT — X Z2on T, dHEEROMIT 2R FH 12T
1=, HTFP 2— KOT 7 4L hE L TRESN TN D Cs 2 FTAEERSIT — 2 90 H )
5 Cs 134 DHD 6L D AR 28I L 72,

2.2.2 WA GAF - BRETE ISR
(1) M=
730 H (63072000 [s])i#EftiE it . — EIRE T 4000 [h](1.44 X 107 [s]) £ TR ZINEAZTT 9
= AEFE LT, B, 2T *@é@ifcs®$ﬁﬁmmijfmﬁ<F%bﬁﬁﬁ
BT D Cs Ot EH] T
(2) Cs-134 FEH ¥ g I
Fig. 2 (T3 E L7 Cs 134 ORAREGRIL LI OB Z /~r3, %Riko X 512, Bk
DOFRMEICBIT DEERGME LT IRE=0) L5%E L7729, Cs-134 OFA 3 E O cHE 1%
ARG T DR EMRITITHEB L 2N (SE I 6)fHek C H C-5 mHW), 2k, 20O
Cs-134 A MR IXIAEN b D TH D,
(3) VR B
T DR 2)0mby & Uiz, ZhoBEEMm - BEZMASRMGICESE, SHRICHVWSIE
EEEDIITEELTEZNITHOWTIZ TR 2.2.3 /MNiTiRR 5,
1) B
Fig. 31CBBl =87 FROEN R Y =T ORNAE D / 2 TV R T 2R R E 1 %
ERLLREORBRE AT, ZORERBREIL L 1(2) Cs 134 3R EEEE) & Rk
WARAER 2 b D TH L0, HTIGRREI DY AT~ T 4 v 7 5 0 & MRE DR LN E
EEOZNZKIET D /) I T NVIREDOREEZBELZHLDOTH D,
2) MRS nEL
FRE B I OREHEDIREEIX —EN > —#TH D & LTz,

2.2.3 RSy A O Bl
KHEICIIT D CFP K OMRBHE th I8 4541 D Bidl 2 Table 2 1284, AME IC BV T
IREHE DIRE A LY CFP OBREMETR OIRE DA 2 B[ U=, BARR 2R E 54 0 #5871k
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IZOWTIEBE ik 6)f ik B 2SR Z &,

2.2.4 BREFOEER
FHEIZHWIZBREL O HAE % Table 3 (24, 2k, /INRIEIR AT AIF S A5 - HTR50S @
HIHIE 1B LICEB T D CFP K OREME DA 92 ST 5,

2.2.5 THARBEFIREPRL - D Bk

FORNAX-A =2 — Ri{ZB Wik, [k CFP) & L T ISiC EfikiH CFP) & [ Ei@Ei#E CFP(=
BROBREL) ) O 2 FENRE SN TS 5, —JF, HTFP 22— RiZB W THES N T\ 5 CFP
ORI RIIAHATSH S 9, £ T, AgBEICB W TIX I CFP) = IEi@E4E CFP) T
L ERET D,

2.2.6 PLHUGREL
SHEICHE A U7 AR S G O K- % Table 4 (27”3, #EHURE & L Cidii /) HTFP =
—RNZBFL2T 7NV MEZHWDZ L& LT, L LAaRb, LITIZH~2 K912, B
W & B L7z FORNAX-A 22— FIZ K25 HEICHERINBHREGIHRHOR DI & A ER
HTFP =2 — R CiIfEH S22,
> BepARY—T7Hh
HTFP 22— RIZBITF 57 7 4+ /v MEYZHW -,
> BV —T7 L4t
HTFP 22— R 9B W TR A U — 7 LAMI BT 2 IEBUREIT AV S 7z,
ZIT, BEXBDTHEHAINLTWAEEHWS Z L & LTz,

2.2.7 DA
FHEICHER LT DMK F - 5% Table 512759, JABURE & R, = OfhoFHE S
HIZDOWTHARS HTFP 2 — RICBIT 57 74 /v MEZH WA Z & & LT,
(1) BEHERE
B L0 AERT 2= X —0—i% ﬁ%ﬁi*/lxﬂ?‘—& LTFPIZHEZBND, B
BHEORETICB W TESRNE Z > 1256, TOESRIC IV AR LIZEZD FP (I,
ﬁﬁiﬁwﬁ—%ﬁizw%—&nﬁ¥®%%mL@Izw% 2B Lo SR B T A
BT 25, 20X 57 FP OWEOE— RERBKEMES, 21000 FP O — IR EHE R
IGELTHRABICIFIEED Z &3, Ny 77 BHICROCHTEHKREEND), Z0Xk)
72 FP Ot e— R & KBk & FE5,
Fm%MXA3~F’£wTiFﬁ%E%J&W’<§%~&%Aﬁ?—?&bfﬁﬁ
. TEREMZ R O IOBREERE L U T WEIK CO AN LV AR LT FP I, Ty
77% IRk E D) EREL TWVWD 9,
ARHEIZBOTBKEEREX 0 um &35, 723, HTFP 22— RiZB W CIE X BkEEREX A
Iy,
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(2) FEBEESL
FEEEH L 1T, & 55w OSMU B HFIZIT AN O FP #REE D PRI EITRE 2> 5 53 W VDD
DENITKHT LD TH S,
1) CFP O & fHIEE
KFHIZBNTIE L & 95, 2k, HTFP 22— RIZBWTIIEMN Sy 9,
2) WREta X7 MBI A Y — TR
AREIZBWTIZHTFP =2 — RIZBITF 57 740 MEVICHET H L Lz, AlG,
B A Y — T AR T D FPIRE = o3y MMAREICE T S FPRE=0.1
L L7,
7272 L., ki M1.2 HTFP 22— ROME ] Tilk_7= L 912, HTFP = — Kz W\ ik T
g &% TCFP 25Tkl 2 37 b)) ThHY, BREt= 37 MZBIT 5 FP iR
1 ik, [CFP NIZIRFF Sz E £ FP) & [CFP bt S, B =37 b
MM HICHFEET 2 FP) L O 20 RETH S, —J. kit 1.3 B EH %
L72 FORNAX-A =2— ROMEE | Tik7= K 512, (BMREHE % ji L 72)FORNAX-A
a— ROLGE, REHERICEBWT Bt >3 R FP) 121X TCFP FICfRFFS L
TW5 FP] & ENR, > T, FORNAX-A =1— F{ZB W TiL HTFP == — R & [d
UBEWRAZFRED B2 7 MESA Y —THFICB T 2EBEER) 4R ETHI &
BIARTTRETH 5, 2B, EBEOENA Y —TNKMO FPIEE L RE 2 > 7 ML Em
2B D FP EEOBMRIZ, HTFP 2— NIZB T 2BV L0 & @572 2 it L
72)FORNAX-A 2 — RIZBIF2ZNOHBRENVHE D EE X HND,
(3) BEstSIt
1) CFP %
AHEIZBNTIEL [CFP REIZBWTRE = 0] & L7, 728, HTFP =2— FiZ W
TR S22,
2) Bp AV —7 S FKim
AFEICBWTILHTFP 22— RIZB T oHERAFKE 22 L7z, A, TERHAY —7
AREIZBWTRE =0 THD,

2.3 FtE L

FORNAX-A =2 — Rkt o 87 iz EiT 5 CFP OIRESAi 20 2 5 £ 5 IC8R%
RAEE 2N LI2(BZE R 6)F 4.2 fiz M), Z OBMRZEE 20 L7 FOTNAX-A Z v, f&
4 CFP100% DA & Eililfe CFP100%DHAIC DWW T, k72 REHEE IC I 1) 5 kg

%8I (CFP, CFP & £kl a v X7~ BEn A U — 7 BHICEIT 5 Cs 134 OfF
EEDEREZ15FT-,

AHEIZIB VT, Table 4 IZR L7z XL 91 THEHA Y — 7 A EKHEIZIH W T FPRE = 0]
CWIOBRSEME AR L0, — o CFP NE@KE L TV DA Cs-134 DIFfEREIX
4 CFP100% D44 & (HiE)ik#E CFP100% DA OF/EED W E V- TH 5, (BELHR 6)
4% C o C-5 L HR)
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3 BREME D D D Cs D it

3.1 [ZL®IZ

AH T, B A & i L7 FORNAX-A = — R4 VW72 3FERE R & v Tk (=CFP
EETREL a7 B b0 Cs-134 DRHEB 2T~ 5, £ LT, [(Bo2E L% O)RE
FEIR(CFP Z & TeREt 2 o X7 M) 6 OHE 1 O HERE 1T, BREMEIRIC B D EHE 1 OTFAE
BEICHHIT 5] L) HTFP 22— RIZEB T HE YOZ GOV TR S,

728, EFLORMEHIMEAS CFP 23 100% F 72 1L BlfilE CFP 28 100% D85 12453 1 TIT 9,
¥ 1ETik_7= X 912, HTFP =2 — FIZBWTIX FP O ERZHA T 120D/ F A —4
Z Mg & TR 4 IOWTHRETLI2NLTH D, (2L, F 1 mT_= X o1,
CsIZOWNWTDONRT A—=F DT 7 /L Mllx &S] b TR THLRUETH D, )

3.2 FHEAE R OMNTIE
3.2.1 (LI

A/NEITIEET . HTFP = — NiZBIF 5 TREHEIR) 206 O FP OB ORIz > T
fHELCHIAT 2, Wiz, TOEMRUCKSE | Cs-134 OB 2R 25 72 DI e B H %
fii L7z FORNAX-A 71— ROFHERERICHOW T ORI iz ik~ 5,

3.2.2 HTFP =— NiZET 5 HpfE

HTFP = — RIZBWTiE, REHRIT TDAKBBEIR(ECFP 2 G0kt = > )7 1)) TR K
ERpA Y —7)) AAM | © 3 FEkIZy 0D 9,

Z LT, TERBHEI(CEP 2 5 LBk o /Xy 1) D OREFE 1 OB EE T, BRBHEIRIC 3
FORERE T OFAERICHGIT 2 LESHTWD, BIh | RERZINEARER ¢ [scds i) 2 86
TS 31T 2 K HE 1 DAF(ER Np (O ENT. BfE 1 B R 2niha. TR TkDb
Shbd 9,

ANKDIAt = —{ 20+ 2 s {T(D+273.15)} Ni2) (1)

712U Aialis] - #5FE 1 O RAEEE S
T [C] : 1R
A fire l/s] : BREVIEIR > D OBEFE 1 Ok EEL
Fo. AsireIsIETFRRQATRDIND,

A ﬁre(T(t)) = (17Fﬁ) ipJ}”e,]N(Y‘(t)+273.15)+FFi pire, FA (T(t)+27315) (2)
72 L., FF: EEE

ipire,]N [/s] : f4> CFP 2> 0 O%FE 1 O EEK
Zpire,FA [/s] : fk#8 CFP 76 OFEFE 1 D i E K
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3.2.3 FHEAE R DML
PREMEI(CFP % & TRk 2 /X7 R D OFGHE 1 O E E 23 F O W aC ORI 2
BT DM 1 OFEEICHE L, 1 8B AZ RT3, RERINEUEE T XA —E0HE.
DXERNT, NADIZTFRE@WRTHDbEN D,

Nit) = Nuoexpt—(Lia+ A et } (3)
A fire7 = A firel T#273.15 ) (4)

7272 L. Nip UE] : HAS12 I0ZABH A IEE O BRBHEIRIZ 331F 2 856 1 DTFE(E &

2T, RNFA—% Ndar(D% TG TEHET .,

Ndir () = In { N0 exp(Lia* D} (5)

N LR cEbans 2 i,

Nds () = In(Ngo) — A fire.7 t (6)

Th b,

o T, BHE I NEERE A BT, RN BINBGEE T N —E0HA . BREHMEIN O 1
@ff%waﬁﬁwﬁf FINDHRTA—% Ndar(D%FHE L ¢ ﬁLT7DyFLk%
NESE T UL, Nz LR @R TcLREElTcx 5, b, HTFP =— RicBIF 5 Tk
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EICHHITDH] EWIIREITIRY TH D,

. R RIREICIIT %85 A —% Ndpg (DD EBMEZ i Lod 0 & 512, BRBHER
B DRHZEENC SV T DFERICIHBWTIE Ndar(HDTIEARL FRMMATERIND T A —

% Nddr(D% tizxtL <7 ay NLEMERWDZ & 2T 5,

Nddg () = { Ndf0) — Ndg (8}, {Ndgs 7(1.44 X 107) — Ndg0) } (7
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4.2 FHEAE R OMATIE
CFP 70 OFGFE 1 O E 2 CFP I I 1T DM 1 OTFERITHH] L B FE 1 23 B
R RINSIMBGEE TR —E0%H4E. CFP MO i OFEE Npd )X FL@®) X TH
bahd,
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7272 0. Npio HE] : BREZIMEABH4EEF O CFP M OEEHE 1 OFA/E &
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Nl O L)X TEDIN DA BIE,
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,10,



JAEA-Technology 2018-002
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@Ndpir(D% tizxt L TFa v M5,
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HH SN T TR 2 > 87 NHICHFET D Cs 134 1% TESRFEIR(EN A Y — 7)) ITFET D
& A 7ewiE, HTFP 22— K 9% AW CIRSFINZR M 21T 5 2 L N T& 5,

5.2.2 HREIREIRL 7 & U S VB = X7 RHITHEET S Cs 134 OFEIE

T 2T, BRSERINEBHARREIZ . TRBIE ) IZPRFFS LTV D Cs 134 D 9 H EDFRE D
FE 2 TBEIC SR TIRIC M STV D & BT ENRH D5 DO TR D,

HARMIZIX, 3. #6472 CFP O BBHHEEIG 23R E L, [(CFP 2 b it S 4Ok =
XY NHIZHFAET S Cs 134 OREDERE) & TREHEIR(CFP 2 & kel = o 37 MHIZHF
59 % Cs-134 OREDERE] ZEHR L7z, WRIZ, MiEOBRFICHT HOBEZEFHE L, /iE
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Table 1 Information on objected nuclide.

Nuclide

Generation Decay constant

Cs-134 No parent nuclide?. 1.06694 x 1078 [/s] »

Table 2 Treatment of temperature distribution.

During € Distributions of temperatures with consideration of
irradiation engineering uncertainty are used. (See Fig. 3.)
Fuel rod ] o
Post-irradiation _
) Heating temperatures are used.

heating
€ Temperature distribution in each CFP is not considered.
€ Temperature distribution in fuel rod is considered.

During Fuel compact is divided into 10 regions, and CFP

irradiation temperaute in each region is assumed to be average of

CFP

temperatures at inner and outer surfaces of each region

at each time step.

Post-irradiation

Heating temperatures are used.

heating
Table 3 Specifications of fuel
Fuel kernel diameter [pum] 600
Buffer thickness [pm] 60
IPyC thickness [pm] 30
SiC thickness [pm] 25
OPyC thickness [pm] 45
Inner diameter of fuel compact [mm] 10
Outer diameter of fuel compact [mm] 26
Inner diameter of graphite sleeve [mm] 26
Outer diameter of graphite sleeve [mm] 34
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Table 4 Factors for diffusion coefficients

Fuel ) Fuel Graphite
Buffer 7 PyC? SiC 7
kernel 7 compact ? | sleeve 9
6.75 6.69 6.69 6.75 9.00 9.00
Do [m2/s] _ _ _ _
X 10710 X1073 X 1079 xX10712 x1073 x1075
Q [kd/mol] | 1.77x102 | 1.98x 102 | 1.98%x 102 | 1.77X 102 | 1.57x10% | 1.57 %X 102

Diffusion coefficient D [m?/s] at temperature T [*C] is calculated as

D = Do exp(—Q/R/(T+273.15)) , R: gas constant

Table 5 Other calculation conditions

in CFP in fuel rod
Recoil distance 0
Cs-134 concentration at
Barrier factor 1 inner surface of graphite sleeve.”outer
surface of fuel compact is 0.1.
Cs-134 o
Boundary L Cs-134 concentration is 0 at outer surface
o concentration is 0 at .
condition of graphite sleeve 4.
surface of CFP.
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OPyC layer
SiC layer
] IPyC layer
Bufferlayer

(b) Crack Nothing

Crack
(C) ©

Fig. 1 Modes of coated fuel particle (CFP) in FORNAX-A code, (a) intact CFP, (b) SiC failed
CFP, (c) through coating failed CFP.
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Fig. 2 Histories of normalized generation rate of Cs-134.
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Fig. 3 Histories of surface temperatures during irradiation,
(a) nominal temperatures, (b) temperatures with consideration of engineering uncertainty.
Note: These histories are not “calculation condition”, but “irradiation condition”.

(See Table 2.)
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Fig. 4 Histories of parameter Nddscs-1347,

1.5

(a) 100% intact CFP, (b) 100% through coating failed CFP.
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Fig. 5 Histories of parameter Nddpcs-1347,

(a) 100% intact CFP, (b) 100% through coating failed CFP.
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Fig. 6 Estimated release constants of Cs from CFPs, 1 pcs-134re 7,

with defaut in HTFP code?.
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Fig. 7(1/3) Histories of parameter Nddpcs-154 7, with various failure fractions,

(a) heating temperature = 1000°C.
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Fig. 7(2/3) Histories of parameter Nddpcs-154 7, with various failure fractions,

(b) heating temperature = 1110.828°C, (c) heating temperature = 1402.57°C.
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Fig. 7(3/3) Histories of parameter Nddpcs-154 7, with various failure fractions,

(d) heating temperature = 1600°C, (e) heating temperature = 1850.165°C.
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Fig. 8 Through coating failure fraction dependence of maximum value of
(amount of Cs-134 released from CFP and exist in fuel compact)/(amount of Cs-134 in “fuel

region”) during irradiation.
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Fig. 9 Through coating failure fraction dependence of 2 pcs-134re, T,

(a) heating temperature = 1000°C, (b) heating temperature = 1600°C
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Table A-4 Specifications of CFP (Case 1) A9

Fuel kernel diameter [um] 350
Buffer thickness [pm] 100
IPyC thickness [pm] 40
SiC thickness [pm] 35
OPyC thickness [pml] 40
Fuel kernel density [g/cc] 10.8
Buffer density [g/ccl 0.95
Buffer theoretical density [g/cc] 2.25
IPyC/OPyC density [g/ccl 1.9
BAF of IPyC/OPyC 1.03
CFP failure fraction 0

Table A-5 Irradiation condition (Case 1) A-3

Burnup [%FIMA]

(propotial to irradiation time) 10
Fast neutron fluence [1025/m2] E > 0.18 [MeV] 5
(propotial to irradiation time)

Irradiation duration [day] 1000

Irradiation temperature

10 repeats of linear ramp from 600 to
1000 [°C] during irradiation length of
100 [day]

Ambient pressure [MPa]

0.1

Table A-6 Temperature history during post-irradiation heating test (Case 1) A3

time from end of irradiation [s]

Temperature [°C]

0 1000
60 1600
720060 1600

,36,
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Table A-7 Specifications of fuel (Case 2)

Fuel kernel diameter [um] 502.2
Buffer thickness [pml] 94.3
IPyC thickness [pm] 40.6
SiC thickness [pm] 35.9
OPyC thickness [pml] 39.8
Fuel kernel density [g/cc] 10.86
Buffer density [g/cc] 1.012
Buffer theoretical density [g/ccl 2.2
IPyC/OPyC density [g/ccl 1.87
BAF of IPyC/OPyC 1.02
Trough coating failure fraction 7.8%X1076
Fuel pebble diameter [mm] 60
Fuel zone diameter [mm] 50

Based on ref. A-3).
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Fig. A-1 Histories of inventories of FP gases, which released in buffer layer and cause
internal pressure, CO gas and internal pressure in CFP (case 1),

(a) during irradiation, (b) during post-irradiation heating test.
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Fig. A-2 History of tangential stress on inner surface of SiC layer (case 1),

(a) during irradiation, (b) during post-irradiation heating test.
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Fig. A-3 Histories of ratio of amount of FP released from CFP to amount of FP generated in
CFP until each time step (case 1),

(a) during irradiation, (b) during post-irradiation heating test.
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Fig. A-4 Histories of temperatures of fuel pebbles during irradiation (case 2) A3,

(a) surface, (b) center.
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Fig. A-5 Histories of heating temperatures of fuel pebbles during post-irradiation heating

test (case 2) A3,
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Fig. A-6 History of inventories of FP gases, which released in buffer layer and cause
internal pressure in CFP (case 2),

(a) during irradiation, (b) during post-irradiation heating test.

,43,



JAEA-Technology 2018-002

4 !
(a)
Pebble 3 /
S/
— 3
(@]
=
5 /
3 / /
=
g
= 1 7\ Pebbles
= Pebble 1
Op 05 1.0 15 2.0 25
Irradiation time [x107 s]
14
(b)
12 //
510
=
'8 8_.. ........................ Pebblel
= AN
§ 6 _;/ Pebble5 - _
C
()
S — %/
= -
——
2
U 1 2 3 4

Heating time [x108 s]
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Fig. A-8 Histories of internal pressure in CFP (case 2),

0

(a) during irradiation, (b) during post-irradiation heating test.
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Fig. A-9 Histories of tangential stress on inner surface of SiC layer (case 2),

(a) during irradiation, (b) during post-irradiation heating test.
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Fig. A-10 Histories of ratio of amounts of Ag released from fuel pebbles to amounts of Ag
generated in CFPs until each time step (case 2),
(a) during irradiation, (b) during post-irradiation heating test,
Note: through coating failure fraction of CFPs is assumed to be constant also in pebble 5,
because through coating failure probability in pebble 5 is much smaller than initial

through coating failure fraction.
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Fig. A-11 Histories of ratio of amounts of Cs released from fuel pebbles to amounts of Cs
generated in CFPs until each time step (case 2),
(a) during irradiation, (b) during post-irradiation heating test,
Note: through coating failure fraction of CFPs is assumed to be constant also in pebble 5,
because through coating failure probability in pebble 5 is much smaller than initial

through coating failure fraction.
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Fig. A-12 Histories of ratio of amounts of Kr released from CFPs to amounts of Kr
generated in CFPs until each time step (case 2),
(a) during irradiation, (b) during post-irradiation heating test,

Notel: Calculations of transportation of Kr in fuel pebble were failed.
Note2: Through coating failure fraction of CFPs is assumed to be constant also in pebble 5,

because through coating failure probability in pebble 5 is much smaller than initial

through coating failure fraction.
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Fig. A-13 Histories of ratio of amounts of Sr released from fuel pebbles to amounts of Sr
generated in CFPs until each time step (case 2),
(a) during irradiation, (b) during post-irradiation heating test,
Note: through coating failure fraction of CFPs is assumed to be constant also in pebble 5,
because through coating failure probability in pebble 5 is much smaller than initial

through coating failure fraction.
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Table B-4 Specifications of CFP B3

Fuel kernel diameter [um] 507.7
Buffer thickness [pm] 97.7
IPyC thickness [pm] 41.9
SiC thickness [pm] 37.5
OPyC thickness [um] 45.6
Fuel kernel density [g/cc] 10.858
Buffer density [g/ccl 0.99
Buffer theoretical density [g/cc] 2.25
IPyC/OPyC density [g/ccl 1.892
BAF of IPyC/OPyC 1.0418

Table B-5 Specifications of fuel compact B3

Shape columnar

Rarius [mm] 6.1345

Thickness of virtual non-fuel 0.01
region*! [mm] '

*1 FORNAX-A cannot treat bare vuel compact. Therefore, very thin non-fuel region is

assumed to cover fuel compact.

Table B-6 Irradiation condition B3

Compact ID: 332 Compact ID: 341
Burnup [%FIMA]
(propotial to irradiation time) 10-54 1062
Fast neutron fluence [1025/m?]
E >0.18 [MeV] 3.53 3.47
(propotial to irradiation time)
Irradiation duration [s] 48314880
Irradiation temperature [K] 1335.15 1286.15
Ambient pressure [MPa] 0.1
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Fig. B-1 Temperature histories during post-irradiation heating test.
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Fig. B-2 Histories of inventories of FP gases, which released in buffer layer and cause

internal pressure, CO gas and internal pressure in CFP (during irradiation).
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Fig. B-3 Histories of inventories of FP gases, which released in buffer layer and cause
internal pressure, CO gas and internal pressure in CFP (during post-irradiation heating
test).
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Fig. B-4 Histories of tangential stress at inner surface of SiC layer (during irradiation).
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Fig. B-5 Histories of tangential stress at inner surface of SiC layer (during post-irradiation

heating test).
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Fig. B-6 Histories of ration of amount of Ag, Cs and Sr released from fuel compact to
generated amount until each time step, during irradiation (all U is assumed to be

contained in fuel kernels of intact CFPs).
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Fig. B-7 Histories of ration of amount of Ag, Cs and Sr released from fuel compact to
generated amount until each time step, during irradiation (all U is assumed to be

contained in fuel kernels of through-coating failed CFPs).
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Fig. B-8 Histories of ration of amount of Ag, Cs and Sr released from fuel compact to
generated amount until each time step, during irradiation (all U is assumed to be

distributed uniformly in matrix).
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Fig. B-9 Histories of ration of amount of Ag, Cs and Sr released from fuel compact to

generated amount until each time step, during post-irradiation heating test (all U is
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Fig. B-10 Histories of ration of amount of Ag, Cs and Sr released from fuel compact to
generated amount until each time step, during post-irradiation heating test (all U is

assumed to be contained in fuel kernels of through-coating failed CFPs).
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Fig. B-11 Histories of ration of amount of Ag, Cs and Sr released from fuel compact to
generated amount until each time step, during post-irradiation heating test (all U is

assumed to be distributed uniformly in matrix).
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Fig. B-12 Histories of ratio of released amount of Kr from fuel compact to generated
amount until each time step, during irradiation. It is assumed that all Kr released from
CFPs are immediately released from fuel compact. Calculation of Kr diffusion in fuel

compact system was impossible because of too large diffusion coefficient in fuel compact.
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Fig. B-13 Histories of ratio of released amount of Kr from fuel compact to generated
amount until each time step, during post-irradiation heating test. It is assumed that all Kr
released from CFPs are immediately released from fuel compact. Calculation of Kr
diffusion in fuel compact system was impossible because of too large diffusion coefficient in

fuel compact.
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Fig. B-14 Histories of additional release ratio of Cs from fuel compact during
post-irradiation heating. (Compact ID: 332)
Note;

v' “Additional release ratio (calculation)” means ratio of “additional release amount

(calculation)” from fuel compact to “generated amount until each time step
(calculation)”.

v' “Additional release ratio (calculation)” means difference between “release rario
(calculation)” and “release ratio at end of irradiation (calculation)”.

v' Calculated values are under assumption that no CFP are failed and fraction of U

distributed uniformly in matrix is 9.66 x 1077.
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