@

JAEA-Technology
2015-040

DOI:10.11484/jaea-technology-2015-040

FORNAX-A®DI:FA

Application of FORNAX-A

February 2016

Japan Atomic Energy Agency

HHIR & fEH &#FF AR EX
Jun AIHARA, Shohei UETA and Tetsuo NISHIHARA

=E T RUFKER - BRI BRI E Y Y —
ISR AP RRARET £ a3 >
Small-sized HTGR Research and Development Division
HTGR Hydrogen and Heat Application Research Center

>
FT1
>
3
@
-
-
=
S
09
<

BARRTF DA AEE




ARV R — MIESLAFZERIFIE A A AR FI R ERR FERAE 05 A E NS AT D RIS & T
ARUR— b DOAFI N EEHEFRIZET 2 BV DLEZ, Titd TIZBHWEDE TS,
B, AV R— hOEIT A AR A IHIERE TR — L <— (http:/www.jaea.go.jp)
FVREFEESNLTVET,

FEINZAFZERRTEIE N B AR - S e B FepsAE AT Zesifs al SR R B AIF7E pk SR A% BRRR
T 319-1195 ZKIkIRINETER RVEAS K7 H 5 2 T4
ek 029-282-6387, Fax 029-282-5920, E-mail:ird-support@jaea.go.jp

This report is issued irregularly by Japan Atomic Energy Agency.

Inquiries about availability and/or copyright of this report should be addressed to
Institutional Repository Section,

Intellectual Resources Management and R&D Collaboration Department,

Japan Atomic Energy Agency.

2-4 Shirakata, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 Japan

Tel +81-29-282-6387, Fax +81-29-282-5920, E-mail:ird-support@jaea.go.jp

© Japan Atomic Energy Agency, 2016




JAEA-Technology 2015-040
FORNAX-A )iz H

AR T DWJEBIREMEM s RIS - BVRIRBTTE L > & —
AN T AP IR T 1 B a v

MR A, REE R PR PR
(01512 A1 H  =H)

FORNAX-A |%, BV - A v« 7oy 7RO EIRT A SF B (M 1) 2 & DR 5y HA R
FPHHEZFAET DD R a— N ThH D, AHiE. 2O FORNAX-A D71 /J LT
—YP—NREBREE ST 2 LICL Y EDO LD REENATRRICR 20BN b D TH D, Bk
BITIX, BD |z DILEARB OB OYRR, BRIR OB ER A~ OB | B T OB R
T DOIRESMEEICONTIRAND,

KYEHFZER S o % — ¢« T311-1393 ZRI IR BOKBRAR K UERT A% BT 4002



JAEA-Technology 2015-040

Application of FORNAX-A
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FORNAX-A is a calculation code for amount of fission product (FP) released from
cylindrical fuel elements of pin-in-type high temperature gas-cooled reactors (HTGRs).
This report is for explanation how to change FORNAX-A for enhancement of type of used
diffusion coefficients, application to spherical fuel elements and calculation taking into

consideration of temperature distribution of coated fuel particles in fuel element system.

Keywords: FORNAX-A, Fission Product Release, High Temperature Gas-cooled Reactor
(HTGR), Fuel, Fick's Laws of Diffusion
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1 Ui
AgD FORNAX-A (X, B2 - A2 - Ty 78 A6 HGERRORENE SR (B EHR) 2 Xt
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BIEZEA~OBEANFRETH D, (272 L, 32HI THBRD LY ICEMAFIMFIIRE SN D, )ARET
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3.2 FORNAX-A ZREI T WA S5 7d D7 v 7T NEE DL
3.2.1 FAE
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Table 1 Calculation condition: outline of operation and temperature history

Outline of normal operation and

accident

Stop of fission by scrum and increase in

temperature, after normal operation for

126144000 [s].

Temperature during normal operation

constant at 1500 [°C]

Temperature during accident

constant at 1600 [°C]

Table 2 Calculation condition:

information related to FP generation

Nuclide X Nuclide Y

Outline of FP chain

consists of nuclides X and Y.

100 % of decayed nuclide X becomes nuclide Y.

Rate of generation by fission™!
[pumol/cms3/s] 01 0-1
Decay constant [/s] 7.30% 1077 7.30% 10710
*1 only during normal operation, only in fuel kernel
Table 3 Calculation condition: specifications of CFP
Radius of fuel kernel [cm] 3.00x 1072
Thickness of buffer layer [cm] 6.00x1073
Thickness of IPyC layer [cm] 3.00x1073
Thickness of SiC layer [cml] 2.50%x 1073
Thickness of OPyC layer [cm] 4.50% 1073
Contamination uranium fissile exists only in fuel kernel
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Table 4 Calculation condition: input data related to transportation of FPs

Nuclide X Nuclide Y
Pre-expone- | Activation | Recoil Pre-expone- | Activation | Recoil
ntial factor | energy distance ntial factor | energy distance
[cm2/s] [J/mol] [cm] [cm?/s] [J/mol] [cm]
in fuel
6.75%x 1076 1.77%x105 | 7.70x1074| 6.76%x1076 | 1.77%x 105 | 7.70 X 104
kernel
in buffer
1.00x 1071 1.00x 103 — 1.00x107t | 1.00% 103 -
layer
in IPyC
6.69%x 1075 1.98 %105 — 6.69%x1075 | 1.98 %X 105 -
layer
in SiC 1.77x1074
1.77%x 1073 1.76 X 105 — 1.76 X105 -
layer *1
in OPyC
6.69%x1075 1.98 X105 — 6.69%X1075 | 1.98%x 105 —
layer
Barrier
1 for all boundaries
factors
Boundary )
o concentration = 0 at surface of CFPs
condition

*1 set to 1000 times during accident in program in calculation in chap.2

Table 5 Calculation condition in addition to Tables 1~4: temperature history

Temperature during normal

operation

Constant and uniform at 1500 [°C] in fuel rod (or fuel
pebble), in addition to CFPs

Temperature during accident

Constant and uniform at 1600 [°C] in fuel rod (or fuel

pebble), in addition to CFPs
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Table 6 Calculation condition in addition to Tables 1~4:

Specifications of fuel rod or fuel pebble

Inner diameter of fuel compact
] 5.00x 1071
(or fuel region of fuel pebble) [cm]
Outer diameter of fuel compact 130
(or fuel region of fuel pebble) [cm] '
Length of fuel rod [cml] 54.6"1
Number of CFPs in fuel compact 6117
(or fuel region of fuel pebble) per unit volume [/cm3] '
Profile of rate of FP from CFPs per unit volume in fuel com )
. uniform®2
pact (or fuel region of fuel pebble)
Through coating failure CFP fraction 0 (constant)
SiC layer failure CFP fraction 0 (constant)
Outer diameter of graphite sleeve
. 1.70E+00
(or non-fuel region of fuel pebble) [cm]
o ) fissile exists only in
Contamination uranium
fuel kernel
FP concentration is 0
Type of boundary condition between sleeve | at outer surface of
(or non-fuel region of fuel pebble)/coolant | sleeve (or non-fuel
region of fuel pebble)

*1 not used in program in calculation in chap. 3.
*2 FP release rate from CFPs in fuel rod system is changed into 0, in elements other than

the one which distance from center of fuel rod is between 0.85 and 0.90 [cm], in program

in chap. 4.

Table 7 Calculation condition in addition to Tables 1~4:
Information related to transportation of FPs in fuel rod (or fuel pebble)

Nuclide X Nuclide Y

Pre-exponential | Activation | Pre-exponential | Activation
factor energy factor energy

[cm2/s] [J/mol] [cm2/s] [J/mol]

in fuel compact (or fuel
. 1.00x 1071t 1.00 x 1086 9.00 x 10t 1.57%x105
region fuel pebble)

in sleeve (or non-fuel region

1.00x 107! 1.00x 103 9.00x 1072 1.57x105
of fuel pebble)

Barrier factors 1 for all boundary

715,




JAEA-Technology 2015-040

ok A BRI ORRBHE R RER 7 W 31T DR EE 3 DR 1k

H ¥

ArT BELBDIT rerermraresmrs e 16
ArB AFHELE AR woereseresserossssomsse s 16
ArB BFBIFHR wreresrermsre o 16

A-1 [TC®HIC

AFHRIZ. BROPBER RS T T B, 5 HANCE T HIREE O
BB HOTHD, £F A2 BBV CHHEONHRE 25 TANEWI given 207,
LEMEICEU B TR £, A BICEVCRE AR ER S,

A-2 ANTE EARUE
(1) AJMEIZLL R D@D Th b,
> REFT LA
o BRBHE RS
o HEPREHIE S
> EORZNCH T DB T LD
o HLLNEEE
o bR
(2) FHEICBI A IEITLLTO®EY TH D,
> RITERFR
> REZEMITERICPo D, EFRIRIETEE AR,
> BMREER - BUREITREI T L — R
o BREHE - HEPREHEE T2 T,
BREEROBWPE L 1X, CFP &~ hU v 7 A ZHDOEH R b D LT 5,
> FEENVE I
o JREBH T —EK,
o HEBRBHHIT O,

A-3 FHE
B HREANC BT DR OB L B O BEEER 7 [emlic B 2 IEE Tea() [FClIE.
EHEAGEE FRAADREE-T LT 5,

&Zmi§731$ :(;_%%1: —V (= AV(T#+273.15) + @

Cv

= -V (—AVTwH + Q=0 (A-1)

,16,



JAEA-Technology 2015-040

=72, Cy: HLIEFEH 72 0 B & [J/em3/K]
A B5EER [W/(emK)]
Q : BEEE [Wiems]
Fio. rr BRERRO¥A [em]
rz RBFE R O¥AE [em]
T - B ESFZ o R LEE [C]
To : BREMEE DR ERE [C]
LT 2,

0=r=r/ 2B\ TUEREHER)
REHTIZBWT AR~ THILET2L, A-DRFTA-2RcEET L2 BEND,

V2 Tew=—Q" 1 (A-2)
ERFEFE R BT,
2 2 2
V2 ~ a_2+%£+L2( 62+cot6 6 + .12 62) (A-3)
or- r or r- 06 00 sin” 6@ Op
. “ 0 0
KRR ChLOIGA., —=—-=072DT,
00 Op
2
V2 :6_2+33 (A-4)
or: r or
E-> T, (A-2)R0E.
0* 20
(_+__) Tcn = — 2 (A'5)
ot r or Q
05,
ZZ T,
Ton =T, + Ts (A-6)
0* 2 0
(—+= )T = — A (A-7)
ot ror P Q/

,17,



JAEA-Technology 2015-040

2
(8_4.% i) Tg: 0

ot r or

kﬁ‘éo
Flo. QIEFBREHT TR ThDL LT DL,

T,=Ar2
Te=Br 1+ C

7-721L. A,B, C: E¥
o T,
T., = Ar2 + Br 1 + C

Thd,
¥, AFERICB O TE @ KO AT ATEERER OfE) TIX7Z2 A3,

A=—-@/7621)
Th o,
22T, Tenldr=0 CHROEAZES DT,
B=0
N
Te0) = C = T;

TH 5,
UERIZEY, 0O=Sr=rilciBnT

Ter) = A2 +7T;

r1=r=ral2 B T EERENHT)
RN O THDHZ Enn, EiR(A-8)A-10): A5 £ |2,

,18,

(A-8)

(A-9)
(A-10)

(A-11)

(A-12)

(A-13)

(A-14)

(A-15)



JAEA-Technology 2015-040

T(x) = Drl + K

Tho, Fiz,
Telrs = Drz 1 + E= T,

SN

D= r; (T)—E)
UEIZEY, ri=sr=r2llBWnT

Tenlr) = re (T—Br ' + E
FiZ,
o JRBRE & HEREHTIIEE L CWD T2 Tanld r=r; CHfETH D, 1> T
(A-19):L D |

Ari2+T:, = I”Q(TO_EDI"Jil + £

o PRBHED &SRB 1T A BVRE R K OBERITE LW ERET S L.
d7.,/ drd r=r; CEEFETH D, H->T, (A-15) (A- 19 kv,

2A4r; = —rATo— E)r; 2

ThH 5D,
(A-20)0(A-21)F kv |

,19,

(A-16)

(A-17)

(A-18)

(A-19)

. (A-15)

(A-20)

(A-21)

(A-22)

(A-23)
(A-24)
(A-25)
(A-26)



JAEA-Technology 2015-040

ek B R OREHE R R 51T 2 LR L 2R A B 8 L IR E A OFHR ik

H
B R Y 20
B2 AFHE L ARTE --vererssremssseressorossr s 20
B3 BHEIJHR --eerrrerer e 20
T = N Y e 20
B-3.2 / X F VAR DATODFHEL womeemrmmemmemsme s 21
B-3.3 TR E EBT BT OMEGILD G -wrrerereemeesomeeroaeemaeeeas 23
B-3.4 TAEM% AR A BT LI DFFGE -oereresrerosreosren e 24

B-1 IZU®IZ

AL, AETRROBREHERZREHEIC BT 5. H DL 5 THRNL 258 E %
BLIZIRESHOHEEZRRD O THD, £9. B2 BIZBEWTHEORIRE 2D AT
AT given 72D 73| EFHRICKIT S RKE] 2, B3 EIZBW TR FEZLR RS,

B-2 ATl &ARGE
(1) AJMEIZLL R D@D Th D,
> REHEO ST
o BREBLm LR Y PSR
o HERV —TNIME
> TORZNCEIT D
o BRELT L %Y N OPSNEIREE() I FIREE - TR AR R E L T2 IR )
o HEMZY —T ONIEIREE() I FIVIREE - TR SAREE Z R L TR )
(2) FHEICBI D IEITLLTO®EY TH D,
SRVEH R, B 1A~ O VRS AL
REEZITIERICP > < 0, EHRIREE THLLTHE,
B R BVRRIIME 2 87 b B A Y — T E 2 ICBW TR,
eI 1T
o BREHET R
o IEIRBRIET O,

vV V V V

B-3 FHE 5L
B-3.1 (T U I

HS R DR R R OIRE A A R D XS AT 5, DET/ I FVREOSAEZFEHEL
(B-3.2 1), QTLH¥ML2EHAFHELB-3.31), 3)/ I F/VRE L TRNREFE LY, T
PR R E LR LREEHET B34 1), UTIc~@ iz~ 5,

,20,



JAEA-Technology 2015-040

B-3.2 / I FILVIREDOSA DO
B DL 51T D IREHE OBREHE L S OBEEEAR 7 [emlicB 135 7 I FiRE T )
[Clix., EwAMzE FERNB- )X 2T 45,

W _C, 887;1 = —V - (— AV(T4273.15) + @

= -V (—AVTY) + Q=0 (B-1)

Cv

72720, Cv: BIREH 7= 0 BEE [J/em3/K]
A BrER [W/(emK)]
Q : BEVEFE [Wiem?3]

(1) BBtz f
WELa R FHRIZBWT AR THHLET 5L, B 1DRIB-DRXicEE 12BN D,

V2 Tn = _Q/ﬂ (B-2)

722U Ten: BBt 27 Mo I FVRE [C]
I fE AR R B T,

1 o, 0 1 o o
)+

V2 = ——(r— —2—2+—2 (B-3)
ror oOr r 00° oz
o o 0 0
Hixf R ChHEE. —=—=072D T,
0 oz
ve - 10,9, (B-4)
r or or
E->TB-2)XiZ.
li(r 2) Ton = —Q/ A (B-5)
r or or

ZIT, QIEEBREta RS RHRT—RRET D,
(B-5) KD fif i,

,21,



JAEA-Technology 2015-040

T..(r) = Arr + BIn(p) + C (B-6)

72720, A, B, C: RS CTHRE D ERK
AN

A= —Q/ 421) (B-7)

T, a7 FNANEORESMEL Y

Ten (l"cz)z Are;2 + B 1n(1"cj) + C = Teni (B-8)
Ten (1"00): 141"002 + B ln(l"co) + C = Teno (B-9)

72720, e BREE=2 %7 FREE [em]
Tcni : %*’I’j VAV Wﬁ@ J ')‘/I/{EL}E [OC]

Teo : BB %7 WAV [eml
Teno : WREL = )7 RANE D 7 2 FViRE [Cl

itq:ﬂyﬂa}wmﬁm%ﬂvf%§1:0@®1i
v

2AI'01' + B/I'cj = O (B']_O)
- T,
B = _2A1”cj 2 (B'].].)

B-1D)% B-8)B-NIZfe AT 5 &,

He=r N 51
C| as-pyl-x «a T,

a = 1y A1—2In(re)} (B-13)

g =1 (B-14)

X = reo?—2r: 2 In(re0) (B-15)

0o =1 (B-16)

,22,



JAEA-Technology 2015-040

(2) Bep 2 Y —7ih
HM2 Y —7 BN TH LT EThHDHE L, FiT, BHA Y —ThicBWTIERAN
e LT, BHXESEBIC,

109G 9 1, = (B-17)
ror or

7220, Ton: BERA YV —T D ) I FVRE [C]
(B-17)R &g\ T,
Telr) = D In(») + F (B-18)
72721, D, E : BTk E 5 EHK
ZIC, EBAY =T EDOIRESMEL Y

ﬂn(l"sz') =D ln(l"si) + K= T (B-19)
71911(['50) =D ln(rso) + E = Tono (B-20)

712U, ry o BEA Y —T7 N [em]
Tonit HBERAV =T NHIZEBT 5/ I T VRE [C]
Iso @ BEA Y —T 48 [em]
Tono: BEHA Y —TSHEICEIT D /7 I F/VRE [C]

(B-19)(B-20)= & g T,

D = (]Ts'm'_ Tsno) /ln(l'sj/l"so) (B-21)
E = Teoi— D In(zs) (B-22)

B-3.3 LR EZ AL ZET D720 O EAEOFE
B Ry R ROBE R Y — TR D TR L SR EZ BT D720 O/ ER
B RO f1d, TitB-23)B-2)XTEbEIND LT 5,

fc = (nﬁ - 7101”0) /(Tcm'—T,cno) (B'23)
fs = (7751’1 - Tsfo) /(775111'—775110) (B'24)

722U, Tewo (Kl 0 TR L 208502 BB L 7oRE = 287 A HENRE

,23,



JAEA-Technology 2015-040

Teri [K] : T2 AR 2 B L7k bt 2 >3 7 IR E
Towo [K] : TR 2R 2 B LT B 2 Y — 7 S miRE
Tori [K] : TR BRI Z BB LB A ) — 7 WHEIRE

B-3.4 LHNEEREEEBE LI-IREDOHE

Z LT, BEHETORFANMEN r [m] ThAMEICEIT 2 TRNRSEEEEZE LT
W L%y R ROES R — 70 T (DK, Tor (DIKIZLLF O (B-25)(B-26)A.CFHE S
R

71(:1“(1") = Teto + £ (77011(1") — Tcno) (B-25)
ﬂf(r) = Tt + £ (ﬂn(r) — Tcso) (B-26)

,24,



JAEA-Technology 2015-040

ik C Kt Hs 4 B CTHlRATREHESE T 0 CFP O 5347 0 Hudl 51k D REFA

O
C-2 MBI FRICI 1 5 FORNAK-A OB, --roveemmeeomemssemssenssemaeseeseenese
I R Uy
C-2.2 EFEHSY -meerenmrmrerrmr e r e
C-2.3 I SY (B BRI RN 35T BBERGME) -reomremmrmmmrmm o rmm oo
-8 FIP JEAEIH(D Gy | rereereseroe oo
C-8.1 1 LB remsremseemseer e
082 HEFHAY r-esremsremsrer e
083 FEFLHEHLSY --erereremermmer e
C-3.3.1 MRBHESRA R 51T DEERAEM @) 2RI D 5O -rmmmrmmermomemeo
C-3.3.2 MRBHESRA R F51T DEEREMO) 2RI 55O -rmmmrmmmrmeeemee

C-1 iZC®IC

25
25
25
25
27
28
28
28
29
29
30
31
32

ALK L AR 4.2 81 CIRARZBREVEZE P O CFP OIRJE /AT OBAR O FIENIEL WS &

ZAEHT LD TH D,

C-2 EHEFRRRICH T 5 FORNAX-A O Rpf =L
C-2.1 IFL®IC

AN CIE, B FRIARIZI T D FORNAX-A O SRR CVIZHOWTEBT 5, Z DA

XDty DIFRES 2EEHY, EHLONEERIRTLZLICR>TVD,

ANTIEES. o 2FEOE v FOIBEBHZITOWVWTIE~(C-2.2 i), £ D%, ki

#0853 T 2 BHE SRS RN B 1T D BERRMIT OV Tk~ % (C-2.3 ),

C-2.2 LIS
[1] WEIEENICET 2 FP ko £#UI FO@Y Th 5 ¢,

aC, (r,,1)

ot __V'Ja'(rcvt)"'Z(”il'Ccl(rcot))"'Gi(rmt)
]

,25,

(C-1)



JAEA-Technology 2015-040

212U, ret BRBHERERICBIT D A0EREHER .00 6 O BEHE) [em]
t: W (sl
Cei : BHE 1 OPRBIEFRERIZEIT 2RE [1 mol/em?]
CFP HICHE ENDHAE 1 OEITE E 720,
D AEHE 1 OB AR RIS T D IEHEGR R [ mol/em?/s]
SN

f](,"

N

r]cj (l"c,t ) = _ch (lﬂc,t ) Vch (Fc,t ) (0'2)

72720, Dei: BREVEFZRRIZEB T DR 1 OIEERE [em2/s] GEEER 1,
TEPEAL T LR IRENR AN T — )
WREHESRRRIZRIT D FP ik ORHICIW TR, MBS
DR S A IR EE S D COD T, DoflE 1017 b ET 5.

U FPEME IORBEIC LS FPEME i OARKRR [ (I=10BE13ED =R )

ui= — A;

ujy = &A1 for i#1

A i FP A& 1 OfagE s [1/s] (M) 7 —4)
£l KRR 13RI 2 0 SRR 11272 B0k NN 37— %)
DGR ORISR RICIT B AEREEE [ 1 mol/em3/s],
CFP (KR} 5 FP Wpkat Bt R, RO CFP BHREI A AT — 57

LEFREND,

G,

~

PRBHEE R DN T ETEIR D55 5 ITIRBHEE R 0 T, BB R DS 28R O 5B IR B R N R
BT,

oC,,
or, ¢

c

=0 (C'3)

72720, reo P BRBFEFZENEHONME [cm]
REVEZ NI TH DHE. 1e0=0

BB X7 S (E T IRREHE R 2 U — 7 (F 72 13 BRI EH) B U I T

lhln(% Cei (1"01 +b, t) = ¢01hln3 Cei (1"01 _]1, t) (C-4)

212U, rert BREE= 8T b (E T IREHR SN A U — 7 (F 72 1T O ERREHD)
BEROME  [em]
G o B Xy B (E TR B 2 U — 7 (K 7 IR B IRBHI) 5L 5 oD [ B
it [, N7 —2%)

,26,



JAEA-Technology 2015-040

C-2.3 FEILIWE oy (REHE SRS R I 1T 2 BE R SAF)
(2] BRBIESRAREICB T 2 ERASLMITA T a L0 Tid(@W T in 2RI 2,
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