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Abstract

The behavior of fission gases such as xenon and krypton have a significant effect on the performance of
nuclear fuels, their active life, and the length of the reactor operating cycle. Two important phenomena,
including the release of fission gases from the fuel rod matrix and the resulting swelling, are currently the
main challenges points in studying the performance of nuclear fuels. In this regard; and in order to
multiscale modelling of nuclear fuel a meso-scale fuel performance code has been developed to analyze
Fission Gas Release (FGR) and swelling under steady state conditions. The obtained results are compared
with experimental data for low burn up to a maximum of 6.5 MWd / tyoz, Where good agreement is
achieved. In fact, this code is a bridge between data from atomic-scale calculations and macroscopic
scales in nuclear fuel performance codes. The developed code, has the capability to be utilized as a
standalone code, or to be called as a subroutine in other nuclear fuel performance codes. It is noteworthy
that the development of the code for high burnup as well as transient conditions is underway.

Keywords: Mutiscale simulation, UO, fuel, Fission gas release, Fission gas swelling, Steady state

Journal of Nuclear Science and Technology Sl 58 g pole alme
Vol. 102, No 1, 2023, P 28-40 FooVYA Lo O Fe) e oF o)lods N+ ¥ al>




ek 4 28,8 185 s Cd g yee Job g 0, Slee 18,30 doudo

S S 8 1 AU Glegls LS, (leand (Jds
@ Sgh o Camie S g 3 Sles Gl gl Sb> 4
slodke 55 S ey 5 Gle, anlp 598 Jae ez
odlatnl g 0,Sles IS ;0 oBs 50 Vgemo S gu
[7-¥] o5 oo
Gl b 5 Ygene Jae g5 0l ) (028 ~Aenod Jaa )
(a7 oold) 98w, Sl (sbrosls b alaly S oo
Bgden ol 0yl 5 SS9 Bras lad oo Jd
aS ogdice W B oyl yo Tl — s SVolee Y
2l sloalaf, Sl oslial b cbger 3 385 M5 oy
oy ol p oS (55nKen padlSe 5 Su5d 5l o
g jsl aSD )3 51 ek aSel slaaki gl wiile)
390 0310 gudgi (008 9 CSgm Holiil 5 Gl

S’%"-’“‘ EPE T LNON YL VO PS{ W KON RO - ¥
oBays ;0 aS Jige ;0 sl 3l om0 gleosls oSGl 4
ool Glasbiie Slasle 5l Jols glaosls agly —Sy58
ab —Sopd ladas 09 (025 Glaosls (3l Wl e
laas ;s oslinal 6lp (225 den Gladoe 4 o
oS ail e o bl g gy gl co g o, Slas
A3 S 550 )5 g 0 Shee £55 4 az i bl 090 5o
—dren laoe &5 S5 (lgiee B sk 4 0gd w8 S
L GYolee gl sl - S558 slaJoe @ Cond ()29
obey @ 5k g Jesls Jo slaei sl S (S
s il gl S o b ol asbse yinS Sl
Sly oy 0ols a5 glosgazs j0) oz slrools L oYL
laJos ol ,530 yb 5l Lol il e (Col 0sds palyp )]
i 65 bl g e S gw go So A g
O x5 4 0 Ble (RS g e Ceiz R s
5 Sibwosly lp (275 an3ay laosls agd 4 5L daJow
b -~ b sladoe blie 0 il by o
oz, sl 4 5l by T g5lwosly a5 axies by Jae LI
b as el ol doJow cpl slacuie 51o)ls g 5osumn J>
b aslgs oo 0o )5 Lyl 5 0ole gg5 51 Jauo (g090>
ooy g alie ple> b it sbacsgu gl Mol Sl
Sl Ygeso b Jow (pl uzee 26,5 L8 colaul 5,90
@b sl Ol 4 e 39290 (225 Sloosls &5 (g
e s ool G St 3R (Se s 08
Jlashslml sl 1) ool (lgiee o5 ol Gl a0l — 058 2

1. Correlation Base
2. Physics Base
Journal of Nuclear Science and Technology

Slodory g el Sl (bcew slaws glbcsgw
oyl (65l Gt 10 S, il gaog0 (ol 45 5)ls
S0 aS Jase (slaiws oS, SO bl 0wl e e
by S w)ls S13 LI 5 G99 VL L B 5
(oS sl 5 bl w) lains co g sads
I UUFIPUP ORI JP S SPVITRINK JUDNRN It B JICIPE TG PR
Cogw (phond 5 (SGillegey (ols> o slazg LB
o 5o Wilgs oo Hlilag S Ol s Syo cplply 05l oo
sal LSl ol 4 phows sl W whaw 5o
Jol> sloosls i3l Jelts Gowe a5 4185 &0 gosS|]
29STy Slite ) Lulpd lp o8 auien @
il

Fr il 96 Yo sl CSgw 0 aS plagl
2oy sk Ll oSl slaulie I Cigw pae
Syge b §ileand wies 56 555 sla b
sal)l ol wbidosir gilwand 09d pll wlide wix
Slwbre) ool wbde 3l Glas cogw sl oo
92 bde S 4 (¥ Sealus (S coal
(S o 4,5 51 Glass o) g S 4 la Slslons)
Slewls) (gsSwsSle wlide S & Gk o 5l g
oyl paiz 5l elal blod 5l e s )l ol ((owiige
2 (570) 95500 bl 51,35 L5 0al g9yl ((oodl uliie)
4 ey 0 (95 le wlide) ol (paiz wlide 4 Colyd
Wz b g ol wix U adlisSy o> 5l oogase cpl ¢ gloj Ll
g on 08 S Jlw

Nz Gilwdnd 0,859, a5 0,5 o Gl cud i
L oo animy slbooh 5,00 glra  owlis
Sz i a8 (6,15l wlae ple> 5l goly Luils (5.5 Sy
).:f)\) L)—‘ lJ uu)l.t o u.‘>5...u as On.\.JLu @L@O..b..\.a g)“‘l’u

g 5,Skae BaS jalite ol &l ol J o
arwg > 50 oolaiwl 5,50 49351, £45 4 daxgi b il
5 Selsdpsey loossy Yseme LaS opl ailis
P poedyly i g Jlid Lo b ke a5 SLilSege
B ewyp yge 1y adlige Gl Cod B S g CS g
Sls i gw b 550 sloassy oy [Y-1] aes
oo 4y CBlSL 5l ol a3l iule, sasay (b oo

9 ot sl Jole SO glaie @ Glge 1y ol 51 (56 ey

Sl (938 5 psle alxe

Vol. 102, No 1, 2023, P 28-40

FooYA Lo VF) Gl oF o)las )oY ule

v
2y



coGilednd 100 )5 50 wlide jo S I Lol sl LS o)y

I Gl wulyd oy sl S 0550 Joo (omy ¥
doddo V.Y
6@@..“...:&‘0 2y 6‘)4 as d,..a.‘?o u.a‘ 5O o 3,90 KLY
5o ol eolatul § BlSs 5l Jol> 55 iola, s p oS>
1wl 00l (5)'L..;ooL.,..3~
bl Gl Gle, ey eyp Ol 0Tl
Lls)lobnl L 1) bole 1 o0 pye8 o e 4y OIS
5570 Vb sloulie 5 (ool (wbiiie) b slogelde o
a4 oS ol yo b —SGd sl Joe 5l oolatul oads cols
S b lann slo,gxST) o Shee Eou yo a5 ol 51Y
drwgd OF quutand d>lge dluoly podr sloodsay 5l 5w
sob 4 o wilgn a5 cel sal b glasgS 4y adly
e g 03)S iledae | Sl 000 laanld Jies
plo 4 ogw oSlee ol OSSOl LiSe leae
Ol gl Lol gy s o plsie a4 Slslre slaas
28 Gl 5 p)98 Gliee Lolul &S] 595300 oS (255
\))S-LQ.C 6&&5 )\) ‘6‘55)5 ub...c L ‘..\.wl)‘SA u.‘>5...u 4\.1...0
(Slasn 6L€b)915]) 30 CS g 3,Slee gilwans lp
Srv e b loas ol E g oy9e 1) 4SS cal Wb
Oole it axlgo 95T, 50 S0 b Las o slaonsay
550 5 (58,5 S 50 (e ety S e Sileand S0
u;‘).aL..a MbLSA) )J..\JUKA‘ su.‘>5...u » ‘»‘,SL‘> 6L®o..b..b )JL...:
K3 Bl 0y90 CSgw 4 (959 9,95 alax)
su}}w )Q LQJL.JL..Jj)S...A k).AlS) 05.76 fu 9 uSlS...u u}’}.am
8 iy ol S L8 ey 0550 b leonyay pled
ol 51 S yo a5 ol alisee slalg; p; Jols 5l )90
l Somd sloossny ol 51 (o o3lop g (owyp adubiy
IRV RFRVYY
)50 95 0 (wyy Sy50 SlRoday (p ol 5 (et
el s
S8l ) ol slosl8 LSS e )
slcle wd; 5 6 Glaps! lal pls 4 anl B (o
slails g0

Journal of Nuclear Science and Technology

Slowlre cilies slo wlio 51 ool Cawsds slaosls
e 50 o e 4y 0l 1,8 oolasul 8,90 (5,5l U se3l)
A Cal oals W Cogw 0,8les sloaS 5l wus
&7 hed Glajoe Gl 4wl - Sops e Jos
o Jow ol 5l yeSoste b (5ol sloaS (55T 05 oolici]
SIFGRS [V] ;5 wla, Jow (Jle &lp 2lasl aswgs
FISPROY [1+] Jow BISON [4 A] oS s ssliial 3,5s
Jae  TRANSURANUS [\\] o oolatsl  o,40
Ja ALCYONE ['¥] I, CARACAS [\Y]
sy MFPR Jus 5 FALCON I, GRSW-A [f]
s 66 5l e |, BERKUT V5] 4 SFPR [10]

Oy Sy oly 4l SO e 4 alidS ans Wi b
il 5| oolitl b (glats slayeiST, o5 ()b @
o e oS5 L 5 sl 38,5 IS alSns s puliasin
oy (paiz plojes waly alny So e Gl (So5d
9 Siledde anz o eulal A8 (oo (lwancd 1) (S5
T slopg s si8) (smober e o yiST, (lodnds
I T S e e i
St 38 iluand Sy plnil gl &5 Cosl ppeo 292
Srae wile Sos (s sleonsy I )l ST, S
ol (Jlw (Gl L) s bt I, S gw
S5 B s 90 0 s 5 LS Sl 5 el ()1~
Gl 5551, S (g3l 5 s5ludoe cnlple [VA-1Y]
Sy o Ghey ) 5 (Sapd i Jls g s @
@l anug gline ,e5T) Gleand 5 gledse
sk 4 dbge (Sopd loje 5l o e sileoe sl
=9 ookl 4y 5Ls (IS jeb 4y sl ol il o alBlos
10 dgzs0 latuogaze U ooyl Slawlre jo (5,5 aladlxe
Sl 1) eoye35k 5l (LBU oyl 58,y Jae (ye
5555 s Sl s i 5 S il o 5 gl
@) CSgw OSlee g CSgw Bpae 95y Sply Al
53 (o o iz Sloosysy § o gur SilSage i Jlo (lgie
SoaS LsS 4 oy aler 5 el bl b
s MAMMDTH [4] &b ;! BISON 4 Rattlesnake
6l DOE gy Lags 4 canl VERA' l58le ;
odls ooy Arwgl « Sw ol glo STy ad i, osleans
Iv-] el

1. Virtual Environment for Reactor Applications
Slatad (138 5 psle alne

Vol. 102, No 1, 2023, P 28-40

FooYA o 0 F) lias; oF o )led )Y uls

'»‘
cg;“.’



AR

39 S 5l ol 655 3 0 slapsl (g3l eS als )
6B (Glol>) slaadss |LSis e

S laases wd) caa 0 oljates anls Y

@ iS5l g 658 slbadss 3l lagsl sase Ploul al,d Y
LS ge e ple 350

Coomw 4y dilogyg s 5l s (655 slaesl 585 coles jo
Aol o als; e
Y USE 5 saze Mol g aljaies s Iwl S slaayl 3

RGO PRI K QL..;

Gl gl Sl
Y
s gla €l g 4l g0 )88
(058 505))
* & il ala 2yl ji

gy p il a6 sl e

Jis Jasl

el 4l O sl s
‘ \
42 pa (i g i) P
4l a5
]
OB pla

B 390 Jae Lawgs oz 3550 ooy I (Sled ) S

00 .

A

00 . ~uxs
e

@ 8
G

anlp e laibyge G5 (ol sleasss Jso ¥ b
0 daze Pl 9 (B) 3llpls (V) oljains

Journal of Nuclear Science and Technology

sools 5l G sl saze Pl anld (¢
g e yile (4958 4 slilogyg o
G 4 0000 (35 ol 5 o35 slocls Jll (o
slaibysys ool LSas (3l )5 (o
ol 23 a5 laibon sbols LSas ) ¥
s slaola cdale ol s (!
labim bols ez g gled Ol (0
slol> hSes wald gl il ey Sless (2
slails o
B GRaley wald g ailsy e o 6B ool glodl 0
S g laganails vaze ol g Wl (Olysd gwyp F
ol 135 15T il e 4 alogyg,s layls Jnl 5 o a5
SLETIRCUL PRV
as o ool 8590 b —SG58 o o s ol o
Bgd e 03S prdgl paite job 4 B Gl Jol ln
Yl o Jeadd 4 b Joe ool Oluje a5 cal S5 a0 03y
SYolas a5 ol S a4 23 [YY (V] conl ons ools s gs
wgdieed Jols 1y Iy CdlSs 5 Lol sailss bS8
Ol ) USS 50 (o 090 sloosuny 5 (SSled iz

ol 00 o0l

a1 950 B gl s, Juo V.Y

S Sa g odgl sy jo cBS Glajls LS, (o5l ue
oy g ey Jod sl 5l sy sladae (Ll
CSgw 0,Slas loaS o CSgw a3l C8ls sloglE
sl (slelssss Jun ool 5 pre 45 53 bl
3 BU 5 s g Al e Caew 4 dilogyg s 5l L2y slaslS
slacl> 5l (26 ey il laiboye claol>
slacls bugte ojlal 55 g slaws JBa 4 wslailsgg)s
sole sojlal mie o Sis o)l Sy slailogyg,e
oolaiwl b lgs oo 1) St gus Bpan ailyd > 0 slailo g0
o ig, wezg cpl b ol plxil gladiegs Sl olFays
Slowlme Sl 5l gladgs Salns sluey Gds s3lu]se
Slp e Sz b slados Yoomo 5 Wil (Vb ansa
ooliiwl CE g o Slase Jlow cwaige loaS o o plS
wlie Guad cpl o colatul 0j50 Joo plply aisd oo
2 a8 Sl cnl badloe sladss Salus g Jge
loabgs ol bogie @is8 45 odgh Jao siloosly gz
aiile obodsay bl 5 Jow ol ol ool azd § L 1o

lated 38 9 pole alxe

Vol. 102, No 1, 2023, P 28-40

FooYA Lo VF) Gl oF o)las )oY ule

v
Lo



Yy

c Gl 00,8 1950 el jo CSS I el slayE L) )

slce,® 38 Ly, 0 Ol ks b @lhe
iy Sl s Josl WIS oo iy = () 55 30t = (M)
Lo Wloo Cawsty VY galaly 5l a5 (@) ) saze ]

Wbbse ) Oygo 4 Hoks

*

S50 R,=B) B =(rQ/t7)" )l ahal, ol o a8
sbole gl Ri guzee wilas s 135 colal
D] el Gl 0 8 @l oz Q5 by
@y (G55 S cuype lp selin dbaly Gz

Vg o0 g Dy

B,

B,=p; J{ } (n=n)+o(n)=
" )
v

+— 3
ﬁ(v vn] B =B
oSl polie mse ol o &5 sl lp ol yo
B L Pnm s Wnm cerd 90 il iy S 4 Sosp
9 ‘_995 LgLast.m )‘ oolazwl L) .Qj.g ..\.»Jb‘9> RSJ L5’9> )L».w.s

\)5....:‘50 ‘sm.:ﬁ.:)la ) g_))}.o L O Yol oKiws )51..4 Ja.m.a

N _aN

ot

oc .

E‘zDVC\—ﬂﬁN +a.m+G —yv )
om

—=w+8.N —am

- WHAN —a,

A e Gaiss opl o cobians Pdllasl 4 0,50, SO

5 55 sl GlalS @Sl ol g el eal a8 S

SYolee olSiws gl oo 485 Jlas o Jolad Ho sz Dl

3 wilioe 639l 5 0y slap s bl p S A el i
i lise Casoay iy lulis dolas 50 )50 4y ol

g(c&m):LﬂDLa—(c +m)+yF Q)]
o+ r

d

aNig=V_aNig )

Journal of Nuclear Science and Technology

L g 5l Ko (ols>) 655 sleasy> :\5qu R b
&8 oSk g Njg bols S clale s 55 ol wis

slads (19,5 35 slagil S i 5 g bag] ol

D9 oo Ly ya ) O ygo 4y (555

N i :ércn )
_ X' nc

ig= N (Y)
m=nN = i nc, ")

>
I
B

2 d9zee 55 (S glapil cale Kby ¢y Ly, cnl o
ol aiz gleasgs cdale 35 4 (N7 V) Cogw G yile
S e Gladses Sselus oYoleo o MLGA (n>y)

WSl e ) Dyg0 4 edbais S

— =DVt +G-vw-X fc + Zac,

oc, ;
o =D Ve +v—-(f +a,)C, +a.cC, )
ac,
at =D V¢, +p ¢,  —(B +a,)c, +a,.cC, .
S 5l 638 il sasme Plot Jlazs car, (57) Laly, onl o

@ &S Sl CS g i le 4 oy aly 5o @I N (gol> aigs
S (a5t o) izl B,(s7) e Sy S g mSle
gl SIS @5 N gl Al S by @l S
Az glaaiss 5y (SO slaedl d5a oo D(M'ST)
$lp S8 8 Shaie F5 v (@M TS ) ool
£5 GAMTS)) ol o 5 (abay sloabys LSis
slapl adgs g5 ol 2888 5l ol 58 slaes] g
Cro Jols O)go 4 Slaies Ci g SO ) Jol> (58
clus G=yxF (Y) 318 colSs o0 ,0 (F) célsls &,
D9 50

oo F alolee atws 0 ¥ LY SVoleo ol S5 L
g oo Joolo 5 il s SYoles

oN x

—=v—n§ ac,

a © ©

a—_n/+ Lpc,—IZnagc, ®)
oc,

— =DV, +yF —yv— Zﬂc +2nac

Slatad (138 5 psle alne

Vol. 102, No 1, 2023, P 28-40

FooYA Lo VF) Gl oF o)les )oY ule

0‘



Y

3585 i il e dilogyg el CAE slaylE Jlasl ol
Ly, 51 3585l onl el 5Ls Sl 0550 c g gl D
LYV] 0T oo sty 1O
D(,F)=D +D, +D,
D, =v,sx\- " exp(-f,Asx\ -k, T)
D, =fAYx) f”\/EeXp(—\,‘\\x\ kT
D =v.-x)."F

o)

5 Lo T(K) «cdlsls #5 E(fissm™s") asles opl 0 a5
45 dgdice 2R B9 e )0 el (peyiley il Kk, (JKT)
Rig g ol jo o 65,5 laibys,s slacl>

19 g0y y25 5 Do 4 (Gl glad)

Al
Rigz(%ﬂvigj %)

pz Sl Gl gy ol e Vig ally pl o
ol 5 D)ge 4 O)le 90 pe Jolb> 55 655 ool
p3d Oyl g AL (5 slaedl o Jsl ke ] y0 oS
DBbge Sl S5 e 0 4l sla el e

Vig=Q nig+on, Y
S35 @il lgyily o i 4 @ 9 Qg ally ol o
soaii 9 (5S35 09 sl e G Gl )0)
p9d ke 5l Gleor cu o b asdloe job 40t (9)0
@ Nig ez 05 Jad,e aS6d ()8 sbols ¢le
J5olass a4 Sl )0 Serge laesl olasd Cuns & 50
D9 g0 iy ya5 ool

m

AOA)
Nig

nig =

o V8 dolas ;0 VA Aolee 30> L O jso ol o

ad
R, | YO m
fz N,

3ol pye VP g VA Yol (05 oSS L coly o
Csday pj alaly Sge a4 slalygy slols JSis

(ﬂ} =i7Z'N i Ri;
ig Y‘

%)

Y-
v (RS

Journal of Nuclear Science and Technology

5o 5 cuale €y ool ST dgi5 o D A dolee jo oS
5 sl glacle o 58 clile M wdgw il
wile slailops,sls JS ckle i (M + €)) ggee
iy 5 D ygods Fhe S9hl cupd Olgie 4 Dot (eizes

VY] 00 oo

[

= AR
a+pf ('

Deff

Shabbioe glailagyg e slacls cdale Nijg ) e gdlolas 5o
g SO laslE cldale ol s A Ll s gddolee J>
Cawddy dilaygye 0 bole abale ol lss A gadoleo )
J> sl ysl hemilyins cYolee al o sl ol
Salaz adei Fy0 Ve gdlolae bl o)ls 052y (Jglae
T5 9 @has cupo b vl glailogyg e (bola) o518
5 el csliie s o] s b ol (53, s
@ g S g mile ;0 975 sl Olpss Ko Bk
5 (@13 50 Coonw ool sl JUl (l50) Fi50 S9d o p5
Slp o)l (S Gl cals ol 8 Jl e ol #5558
055515 sl a5 3sh SYolaa ;s saoma Pl £
St CE g lp lag] 5o IS A sl sas )l

[Y¥] sl oas oy ya5 5 5500 4 UOy

a(Rig’l:.):Y”ﬂeﬁ (Rig +Rff) ' F

My =#px)V-7 (M),
R, =\-x\-"(m),

")

gled g bawgio Job i @ 38 Ry g Mt adolao ()l jo
lo et 35 Rigaiiboce ClSs cladSs joene Lamgie
wlpe slp bily, (ppop)l5n puizee .l slalsyyg,o

VO] Wod oo iy 1) Ojge 4 pljains g 3l S

{,B(D,Rig,N ,)=f2D (R, +R N,
0"

R, =0x)""(m)

[¥7] asl oo 4ty 1o 655 @31 S glads Ryg

v (F)=YypF
{()n -

n=vo (bubff)

o, o il 4 ead adg Glaole S B dolee ol o
Wl asmin U gaole jo a5 joblen il o COS

Sl (938 5 psle alxe

Vol. 102, No 1, 2023, P 28-40

FooYA Lo VF) Gl oF o)las )oY ule

v
2y



Y

c Gl 00,8 1950 el jo CSS I el slayE L) )

(Agr) als slaazs 59, » Lok (nl ppal aeis ;o
2 odle laole wld) wulp o Guizes b 555
5 A rall pew o555 Sl moe 58,5 5050
g ge a5 550 ails)ye slacle LS5
o a aly anld p oedle lailon slaols F
Jlasl ol slogyg o 5l oo, 658 slapsl g5ll 5
L pbols S g albsje 9 jSess slols
slols Jlail b o cul ai)ls 551, 55,5 elad
50 00,8 oy il bols (pl lawsie o3l cglasls o
e 2l bl el a5l
25 sl gl Al e slacls hSis 5l A6 e
1995 o0 drlone
[ﬂj SALIVIN:Y (YY)
V )y avy
ol 5o g alsglaazry )5 ol cdale Ngpocgled Ry
clools glad ail o cogw cloails Liwgie o5yl a
139 o0 duwlie y 3 (gadolas 3l ailo;ye

\r
R, = Vo Y)
o\ tmp(0)

5 p(0) Grzpe sl alde glaols ez Vg
Sols 4 Cons s sl 4 by o owaia (S

1D9d o0 iy py Djge 4 a5 Sl S (59,5
#(0)=\—),6c0s(8)+-,6c0s" (¢) (Y¥)
slacl> pze bl wldjpe slools> g2gd 4l; O

Dgdge Slas a5l 50 als; e
Vgt =Qngs +@ny, (Y0)

Nlqujwlgm;Dme [0 SQ as
Ny abbige Hob Sl 3,0 slaali 5 (G5, 3 0%
Lailsazy 9, slole I 4 Conisall Gyl cos

cnl ) 8

n,=—— (Y%)

[YA] 998 o0 i 5 05 Ojgo 40 Ny riizen

dngf YﬂD o

S YA gb “gb
(ngf)( fxa Qs )
D' 5 Y
Y
+ gb “gb
STs k,TS )(R o)

of
Journal of Nuclear Science and Technology

Solle a8 s, (jidu ol o ol aogi S¥olas

el &Sl g g oS Wb
WS oo il e g sladils gy baze (sl il e
(N, (bubm™)) lacls slaws JK> oVoles opl J> b
slol> chle (m(atm™)) ol gy gbyls cble
(Rig (M) bole gl c(c(@tM™)) Co g G yile (59,9
slacls JSas 51 G0 )58 we)s S den g o
ol d sl i s & (VG Jig ) elatsig,s
Lol ool (g3lwooly (goaxie slapi ol cYolrs acgesne
Sl Sl syl oses Jelo ln Giios cnl 5o
Sl g goae o slagg, 5l (eSS A J e 6Kl
ool Jgud BB ol 1) Olawbre ey ( oYL 8o by g el

NI R WA P30 PR VX

14l 3 5Lis, .Y

S5 JLE, pwyp sl eolitul 5y50 Jaw al e cpl o
IR eon e dlsleie 3 ESse Sl ol
3 ol Jaw Glaie 4 a8 pl jo colaiul 8,90 Jow 0,5 oo
s BISON il cigw o8le sloos 51 Sy
sl 5l s el s gjlwesls 55 TRANSURANUS
Gojl5 slailogygys glacls JSis 5 e S
Sl RS g 00,8 IS Al lae Ce ay ol
@ Al gy ol S palply waes e slailoc
Wi yge alldyre 4y ailyiygys e 555 laesl L £
VY] oo cawos 15 salolas 5l a8 5l S

iq:—[i a Di(c+m)} “R 1)
r

R wdgw sloaly lawgie (glad) ojlail o dolre ol o

odpm) 55y lapsl £5 G 5 alsje jlead by 55 (e

O 398 sl Jo (sl ol oe ails 90 Sl als; e

139800 48,5 IS 0 )3

G0 il e 4 wlonyge sl eww, ylE clale S
@b wS e o858 slabon G slols S
Lot s g0 135 50 2 457 (535 sloaesl o & le
INCEL S RLA WP P LIS ST R

E5 5 YL Sl s 5pe 0 31 ol 3l 5 Y

PRERC S

@hgs ) s syl 4 655 slagsl cassl

Slamss jo g ooy ol sase Dl

g 53 10
09 J&u ‘5...4..\.(2 6“‘*‘°u5)° 6ng_)L._‘> as 05'“”&50 quB Y
Slatad (138 5 psle alne

Vol. 102, No 1, 2023, P 28-40

FooYA Lo VF) Gl oF o)les )oY ule

0‘



Yo

oley wmlp e She oy e 5l RS S
Lulyd 5o ohg 4 baailsy e jo 0l sl oS 59,5 I8
ol cde 4 (1,35 Cdl>) L e Lylis o abb e 1,38
Gy ols a5 sud sbml Cigw o oS
2 lgee Saleg o S 59 S0 (nl S (oo ol 5 la)
Slr S 55,Sen ol Sl 10 0% b Fyp s,
Ot el s Sl 1,38 Sl o 5B aley anl B o
Anlys )y 1,38 glaanlp ol jo a5 gan 5 50 bl
D g0 0318 Frisgl Jadd 4l

(ails Hokd 3 3 410 Wb ) b ylisls 3y y ol puais V.Y
Sl oy p e )l S S gw (o badls wl, a8
Ay anlyd 0,8 e 55 Gle, anl bkt a5
Sl s () o2ols )_..,l; 58 Giule, 0l 8 5 0500 90 0 oyl
@ 09,0 5l 5B Sed anlp 0 s Sl S g sl ol
3ol gy LMM“ sl o3l s (¥ 058 oo 4ilo] 50
o W oI35 e )’“"L’ Lails; e yo 55 sl fSis
Sk ol S Gle,y anl ) adllae gz p0 oy )
S llie cpl o Cogw 0, Sles 05 (o solaiwl Jaw ol

V] 0 oo i o5 5 S8 4 aS Sl gy2 —dend Joe

dt a a

m

da_ (L_g(bu)J

M =) %51 exp(—vY /T ) (*7)

a, =YY<\ exp(-vsy/T )

g(bu) =r+.--vxbu

silail @ als slaye mlraly upo M alsles oyl o a8
g ool T sloo o laasly o3lail wbin] o> @m daasls Lawgie
Al oo g Brae wlelpy o aed & S g(bu)
Shoe 35 CSgw Gl Gdyas 5 slp G55 Aol
g YL G as F 5 0 Ll ojls LI ST sole
aild S g glaails el 0l epdle (Gl sled)
s ) el ojlal Slas a8 wdl o 31 50 ails ks 5L
by sloJoe ;0 o3 sloal jo 5 il ol e o
Soly 13 sy p 390 SEse YL Bras sla)lSle 4
IS4 gl g by e galaly o cosl SS a4 pY 285

d(bu) F xEg o

"Mxveh/dxys--s/h)
dt 0

()

Journal of Nuclear Science and Technology

el 0505 (6551 7 e T ocpoydes ol Ky dlolas ol jo
Wlagigys 3 sy slagsl o G« Sslialyue 25 O
Ogh «ilsj o jo laaii 354 cuyo Dgy wils 5,0 a

WIS oo Sy ) bl 5l aS bl e ilo) e (b

S =—-ya[ (r=F,)x(—F,)+¥xlog(F,)] (YA)

)5.513 9o sLQ:U‘\)A:?ﬁ e LQUL} Slows 9 o)’l..b" g_)‘).....u
Dy dlise Cgm o 5158 Ltale, anls o 38,5k
Wboe lailoim ool 90 4 Al S8

V]

D!, =#ax\-"exp(—¥ A x)-"/T) (Y9)

rya mhe 0po Jols O)jgo 4 a5 05d e iy (Fyf)
(Ngf) 6L®gL¢_> cdale 50 L@:\Jb)’fo S9) (Agf) uL._'>

g sa h pai glalo

For =Not Agt )

elsl o> ol @ alin] v S Fgf CanS Glp mizen
3l am a5 05 oo i Fypoar ails sladzs oo b
T Cogu mhaw 515 (taley anld Glade Gl 4 (o,
oz 5l salize sloonay 4 goo Jade ol 0ed oo
3 Ol (K dilvazg sbaole clale g ojlwl Ol s
B Wi 5l Galey awlp 0 &5 alaesl cdale ol

:o.JGo Cewddy s adaly sl asel o

R=G -q-(c,+m) Xy

Wlog ey 38 cdale g (glailsyyg,e 38 clale (¢, +m) a5
il oo cdlSl 5l ol ouis odgs slajls Js cdale G

9G_y .k

Yy
™ Y)

JeSes s, cand ol o oad al)) a5l eslinal
bol> cbile Jold) als glaazy 69, 35 sl

sleole cpul 515U g, @ils gloazg s iubgy gl
dwlo ladils; e 51 55 ole, anld oles 4 (als; e

Sl (938 5 psle alxe

Vol. 102, No 1, 2023, P 28-40

FooYA Lo VF) Gl oF o)las )oY ule

v
2y



g

coGilednd 100 )5 50 wlide jo S I Lol sl LS o)y

aigld 5l ol ol slaxs adsl Sial53l ol sy ce pn
JrsS ) dolee 5l eoliul b ol 75 a8 aib oo oliaimn
slcle clile wogn Gras Al L 0gdee
Goym VY doles 5l a5 sases Ploul aslyd Jds a4 lailogyg 0
Glodsay a4y dazme Pl sl ol sl e atulS (S o
N gamo 5355 51 ol BLbl Ly obol,S alox 5l akize
Al (S ol @ 65550 laanidl g (55 (LIS
ol il S SVgame 0y53n ol e
Voo g 1 dolee 1 Gldiloyyg,e slols clale olss
A by CEgm Bras RIBIL Gulply WS oo s9me
dolee dN /At 50 o= Jb 385
oo 58 S 0 Joo N ov/am n/[vﬂyﬁ (Rig-i-Rﬁ)'J
@ il 90 slaols glad s Rig s bl ol el

Ceoms & Ve

3,10 0529 (G g B o) loj & dtsly purio S$ leie
S3lS w58 g S g SBrae Gl g Gloy XS L
Elad g ojlul oV dolee Blae S5 L) célls sboyls

Loy ol aabioe (il 50 lals (g, ol
cbale e aobee illas glalocys,s slools glad sl

boe 2l 58 ol

950 leite )3 5B Glaley Jae 5o ool 050 slo el )l (S0 ) Jguer

g (6 Al y-av. kg/m®

CSge B yas e £0 GWd tU”
CSgas (glood Wwee K
S8 ¢ Vx )"t fiss mTs
ails adol glads o3l o UM
sl oo glad o3l £YY um
(Vxe) 0335 S s oYY
(Yir) g S c8lSs el v
Fofsat 415 slaazs oo (b bl o o

F,E0AY T mT

€2) 535 @il (lgyil o

.5

o 0
h 3
j~ f W

)
B 3
) o
9. a
2 2
3 | 3
R €]/ T sl ol 651 v E
o 7 Bl ola o515 sl | 9
£ { —mm il ol glas 3
Y Foslalagsys JLogles ln AN
\ A\l ¥ f o 5
(GWd/tyor) e gus

Sypae b aloyyge glols gl o ol S ol ¥ S

il oo #0 MWd/tuoy

Journal of Nuclear Science and Technology

fiss/M's' o>y cdlSs 5 Foakl, opl e oS
pO-ay. Kg/m') (8o 5,50 Ep (¥ivxy """ I/ fiss)

Db e CS g JB

A5 0)90 05 (53959 ¥
Bras) yho abxd 5l Cosw wyp OBGl eal al) oS
mais SVolee U g 1zl gl adlso 1o 1) (i Egus
lrosls .ail co adgl slaosls a4y 5La ¢ B [isw ;0 oal ools
)5 el (ol dtws aw 4 (IS @ plgie ) 5le 9)0e
L) > o 8T, oS5 4 by sleeols ()
5 oolatul 590 CSgw plem 4 b e adsl (glaosls (Y
5 alorygys sloJae ;o soliiul 5,50 oS polie (Y 45T,
0551y 0,55 sl ki 0,50 sl yiall et slailocr
9 0y Cosu Bpan o 08T, glos W8S £
byeyo ads) slayally et 3 ool 45Ty 0,85 e
CS g sails Langio o3l § S gus adgl S g 4
w3l Ll sl (B85 13 b ces Sl S
alyo @ Ol 398 Yol U sl 5l 9550 slayuel by
o (S el litid IS (55 coomn Dl
5 3985 Y Culrd dagali (lg)uly x> G Glg
3,5 o)Lal gl o325 (63 1
a0 y90 ol alols bl f
2Ulgs oud ools arwg oS w6 lil S a5 jsbilen
gl 51 Galay g ey Jeld <88 5B sla)lid) s
or lp sl Lls 1, 135 5 bl Ll ol o9
Silwdd Caand (] 50 il 00ls dnwgi WS 5l Jol> gl
Sle 1 [VFL LG Ll o cogu Glaio slaaised 5 (S
Dgad )0 0,5 Sl Jlai 5550 05 293> bl o Lel
eled ojlail 5 cdale alax 5l LS 0,90 slaosls Hlai 540
5 2575 S98 QsSmg Sl osliinl b slailogygys ol
o digai Sy sl 3 bl Lyl sl e o ol
VXV FISS MTS! ol cdlKs 5 b celn 80 ¢ b b
5 5 (Sl 710 GWA tuoy 5 YxV -7 fiss M Joleo a5)
ol pelaid (Slivlgynee (A5 G 5 VY Kool sleo
]

gt g dlaw (JBa Slpess Wy, F S o
S kg odd ) SS9 Srae b slailaygys sl
Gpae o [V7] Ll Sen 5 S0 )15 51 ool ooy o)5
o> s 5l aS Cel sads awslie 70 MWAtUO, 55
3 el azrie 398 Sy AT w5 len el 0,95y
G Dyge 4 sl sleols clle (b gl
w2ly ol VO T e 5Sle e a5 aboe Gl 8

Slatad (138 5 psle alne

Vol. 102, No 1, 2023, P 28-40

FooYA Lo VF) Gl oF o)les )oY ule

'»‘
c?,?



Yy

@tm/m") 15 sue JK2

@tm/m") 15 sue JK2

(1) (G youS gy

Ol peal g glads I8l L slails o slools clale  als
Ol L colys jo g 0ol (e a6y, p ol

S s
P s 8 Jsls 5
e s ey o
oad olyl s 5l
o
f
Y e
\ - e ey M
T e mmmmm s
L s
— -
e
\ Y Y ¥ o 14
(GWd/tuoy) u’,.w

Wilscyg,o a8 «(Xe, K colsls 5l Jol> slasls ol s F gl

B g B puare Ol s b il e 3l oads by slajlE 5 g oy

Yo = Jsls Sl e g5
e Ul S5 js 0assly 58
—m sl el 5o 55

(GWd/tyor) e g

Sezg0 sa3lE Jolis wlsyg o calslls 5l Jol> sboyls ol pss O S

—

L 7{ +#
/
/ A
/ <@
¥ !,-
"' B
Sl
oyl /
7 3
’ v )
] — il S by // 3
i o il el S sy e 2
- L Sl ol dilaie I 2
9
IS
El

\‘

(GWdltuov) H’Q-N

S g B e Ol s b ails e

Journal of Nuclear Science and Technology

Olyss ol (658 laes! cdale ol § S o L
Gl g (g 5o o Al S byl S bl
9 S g il 9y sl L) slailagyg s slaslE
clale g g (Glalogyg,s lols o d9>g0 ajlE
Cooms 4 glaslogyg s slaesl JLo 5l Jols ails; e slaslE
Olie ez SOl ol 5 ale, Gliee 5 il e
adg S ol s sl o 0ols (i Cgu b puae
S Bpan Gl L kS Spe 4 IS lajls
Oiol38l T oo Cewsas YV g A laalolas 5l a5 sl o il
by cosm omb Srae o slabyge sbeyls cdile
sly5 JEsl oldl b w5 o> -0 GWD/tUOy
JS cdbale 0gd ozl b Cdb sl alsg e 4 lailogyg,e
Bl CSgw  Bpae U 8 slalye syl
e Lol b oo ialidl as Lo ek 4y V) GWD/UO,
ke b Chgw Bras wgdise <ol Loy® ke ol
35 Gela, anld o o oS cul glakis F)Y GWDAUO,
Iy ailsj e slocle clale onsay opl g 08l oo Bl ails; o
Byl o0 &5 Sl ol sog0>

5 S Pl 090 S e Ol 55 0SS
OLS Izme yob a1 lailsyg,s slocla ) 9250 slajlS
olPl (S g Bpae GRIBIL 3 lee (ol (699 2 4T a3 o
cely glailsnysye cbols lals sl Ll anl
Al walgs bols ol glad ]33l

Glabom slols clale Wbl 55 s, 56T 6l
Lol yo gldl v e wwy gl v S
=.0

Ff U‘J"'ﬁ‘” ! 00 u—‘-;-’-’ Fgf :Nnggf =F

g of ,sat

olis a4 ol sal 00yl FOSE 0 s CSgw Bpae b
5 9 Al il Cogw Bras (lEl L CaeS pl aes
il a5 glakais o (35 ¥)) GWD/UOy b gs G pne
oy Py =00 allin] Jlade 4y (F JS2) wdl o slast 518
ol odile 8L cols s 4 T 5l g
O als ey 5l eauw, slapsl slaws ol s VIS o
ol dacla slass gl ay wloye slagall 55 g ailyye
Lol 0wl ulidl 5y50 50 2 (gl a5 Cewl oulis oolo
sdls 00,9l A JSs yo a5 slaslo e slaols cdale ol poss
Wlojye lajlE olows ulid L 2> a5 s o lad ol
0alS Co g Bras il Lol e sleols cdale
Jdo a laml oldl o sl Jds g0 4 rals cpl ol oo
Ceb a5 wloje 4o 40 end S sbols Jlasl awl)s
g ailsjpe (59, y Lol mhaw pgal 559 glad il
wdler g 5l B Glaley anld s 4 pes g

lated 38 9 pole alxe

Vol. 102, No 1, 2023, P 28-40

FooYA Lo VF) Gl oF o)las )oY ule

v
Lo



YA

coGilednd 100 )5 50 wlide jo S I Lol sl LS o)y

SaSE o loged cnl o Geizes aBbioe (03,5 i e
CSgw Brpas 0 CSge Sy L8, i
sl el o a4 aS s4i e saslie Y\ GWD/tuoy
oo ailoy e 515 ala

Shosel cowsas gl 59y p boo i1 gy Sl eizen
5 g dlani (JBa plad Sl ¥ Jguz o Gl 3550 oS
VYVY 51 alizee glalos jo alogyge slocls 5l Lob a8
b oz gl ol casl oo ailoes (nolS a0 Y VY I
] 00 ML‘M [\ \] st)_‘)o )lS )‘ J..al} )lS

o3l et b e Sl iz Sl T Jgu o
elad Ll b Jgom ol Gub ol ool 00,51 ails glass
Gasl8 olaws JB> (9,500 F U 19,500 Tl S g (gl
Ol B3 b ass e lid cpl a5 cwl 4Bl ol glails g0
Ay 5l Jols> slalE u.....o‘b:\i &l Q] Cod b cails =
Er ol el ggoge cnl b (RIPL S8 ailagg)e
35 le,y doyo el dasil 10 g ails) e 4 oduw, sbajlE
wlogygys slawsl JUl g5 fals iz 35800 4ild) 5
sbols slaw JBs pald el wlojp e @
e py5 Sy ialS cel coled o aS ead slasls
ool S 4 Y gdi o0 )58 s 9 5 Glalay anl B pals
@LQL:QBJB‘ )| oolawl as ..maksa ul.m_v 6)5J.A‘ g.)lﬁ...ﬂ.‘?o
plygl G g gamails glad o8l el 15K6 g 04,5 iile
30 CSgw 2L Ll el ol o g ead wluSTe
b}mso g_))ds 6Lb)5.51)

_ \
T slalagg e 8 e
L o 5 g i
sy 79
o0
E:
@ L ’2'):
3, <
2 2,
« AP
3 <
P .
2
) -y
\

(GWdityor) e gm

skol> a‘_glddloos)o slols> b ey Ol A S
LS g Bpas b ails S p,65 5 g slailo

Journal of Nuclear Science and Technology

' T ol e sl sle : —?0
_ R | . Y
2 0 L 5o s gl JB sl | 3
2 T
3) AT Y0 '{‘)
. 2
é) \ YO, y 32
) | 9
2 ) . A
%, 9,
Yo
3 S}
) D
= LD ~
2 _99
4 -ve 0oy
3. )
° \ Y v ¥ o 7 \-J’

(GWG/IUDV’) W’-«)

slols Gl a4 als) e al olass 55 g bpsl slaws &lymss ¥ IS
S g B paan Sl posd 4 oads LSS

f 1 il ol sae (ST ;
. \--- Sl ol glas S
) S
9 -0
3 3
3 3
3 5
5 :
3 o
) £
- =
E o

° ) ¥ ¥ f ) $
(GWdtuoy) S g

Bpae Slpss b slalsn slbols él.ui: 5 cbale ol A SO

5 6 sleole LS5l 80 S g py anl )
5 slalopgys slole 5l AU G ey aex Jol>
ouls ool las 4 S o a5 Wil o laild e sleols
MIFL 636 slola 5l (86 )55 (JS2 nl Billas .ol
g Ebd Gl s 0 oS wbioe (lfl 8 S g Sras
e S5 sk & Ll el b s 90 ol oo
rhe 4 bgrye COSL lajl5 5l B0 S ey o Lol
slabygye ol pew 9 2ibe sllo) e slacl>
slaols Lulul a5 ol cnl ol ol s cenl 58 Lo
sole Sl )3 00,5 ad; 9,5ee (paix b Al e
Elad LS o0 ad)y gyl aiz sgax 50 L alogyse
Gl s Gl 4y s glailsyg,s ol Ko oS
Sgzg e dy aildyg,0 a5 albl co dasme Pl il 3 cle a4y
w1 wldgpe il ez @5l Ol slael

FB g a5 s alo) e 4o same Poul anl 3 aS 6, eba

Slatad (138 5 psle alne

Vol. 102, No 1, 2023, P 28-40

FooYA Lo VF) Gl oF o)les )oY ule

'».
c?j?



Y4

[V] ey ) ol Caddy 0,25 (glosls b calisee (slales jo ailayg,s lacla I Lol y,65 5 g dlaad S d(glad) ojlail &l avolie Y Jous

T(K) (AVN)ig EXP ‘S'MA‘SUD Rig (hm) EXP ‘S'Mf'gu” Nig\-™ (bub m™)  EXP ‘_;.MA&U»
) ) )
\YVYY .Y R4 Qe . O .00 80 BA AY —
VY 0 Y YAS “#) ¥4 VY oY VA Yry
VEVY Y A Yo 0 - £ vy \i4 v Yey
vy -9 . - A Y \Ag . h v
VY NY NY AY - Ay A YAy i oy S
Wyy N No £y ) - AA Yo Y o £10
VAYY A VA e \NF AA SVA¥ 0 FA Y45
Vavy i - Yf oY ha ) P YV ff YA
Yevy na 4 vy \Y¥ Yo A vs YA oy

Uil do 0 5 S 08 do o (sl ool slass I slaila g0 58 ezt liee dloz 51 a5 5 500 Jue slo el )l 5l (S (Siadls Y Jgu

S g ginails glad (5 o3l 4y 58

CS g (gmails glads lalogygys 5B ol JB

Gl il o ol slawy JBs IS e g8 2oy0

B AIESIRWERR

r(um) m+c (atm/mry - ™ Ng» (bubble/m™y - (AV V) otal
T Y, V¥ ¥ ViEY YA¥A
¥ ¥ YA AVY VO Y YFFF
5 Y ¥V AYA FY Y¥O
8 o AN - £ YYAY
- ¥ ¥a ViA# BAY YO FF
ond Jol> (05> By Cules yo &5l ad S 15 ol S5 4 0

@l A 9y50 05 B8 Sl 53 4 Y iz Sl
o o 55Ty I byl 5o g coge Vb slagiale b
Coles 500l wales wll (gog5as a5 el plosil s jo 1,38

9S50 Jloyny S olge @ S5 090 05 0l wleS e
258 Slg=1,8 FRPCON slaua i g o ,Sles

&=l

1. P. Van Uffelen, et al, Analysis of reactor fuel rod
behavior, Handbook of Nuclear Engineering (2010).

2. D. Olander, A. Motta, Light Water Reactor Materials,
American Nuclear Society Scientific Publications,
vol. 1, (2017).

3. P. Van Uffelen, et al, A review of fuel performance
modelling, Journal of Nuclear Materials, 516 (2018).

4. K. Lassmann, Transuranus: a fuel rod analysis code
ready for use, Journal of Nuclear Materials, 188,
295-302 (1992).

5. M. Cunningham, et al, Fraptran: a computer code for
the transient analysis of oxide fuel rods, Nuregicr-
6739, 1 (2001).

Journal of Nuclear Science and Technology

25 Gl Lo owbde Wiz Gileand o) p sl
3 e S slaosls o bLil b SO olel cee
S8 Gl g pye5 anld sy Caz 50 05 S5 55wy Sl
olagl 28,8 a5 5 b g 009y (gum oo AS Cpl Cewl oals ools
o glae cogw 0,Sles 00 laS o lgn; S
aS oS cpl el Sl 3 FRPCON oS wiile g,Sle wliie
~don Yol gl 4 Al SO Yol I ol o
éﬂ.‘ u.‘>9.u &5; LY 6&[4) ao B cewl ooy solawl ‘5>).7u
gz o3l obie S L ol LS Dhge o g anila
L plocsss ol Wgee Gl 9,50 slayell samlxe
oj.....é 9 UVOA ‘Uvsiy UN ‘UOY asle D tSJQJJ ua‘5.‘>
ley dld o) Sz 50 95 (pl 0250 18 eolinal 950
ol 5l b pye 5 (KE g XE) cdlSls 5l ol slasls
Co g b Bras 0 Glaloyn ¢ slaloyyge slbols
75 @l b 0,00 05 @l 058 oo )18 eolitul 9,50
@lly 9550 Ll cdls jo 58T, 15 Lyl (ol 95250

Sl (938 5 psle alxe

Vol. 102, No 1, 2023, P 28-40

FooYA Lo VF) Gl oF o)las )oY ule

v
Lo


https://www.google.com/search?q=1.+P.+Van+Uffelen%2C+et+al%2C+Analysis+of+reactor+fuel+rod+behavior%2C+Handbook+of+Nuclear+Engineering+%282010%29.+++&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsaB7WTFW0Txg_uX1L9oJLlkYXT-Fw%3A1662370189731&ei=jcEVY9WKLN6D9u8P_s2kwAY&ved=0ahUKEwiVhZPFq_35AhXegf0HHf4mCWgQ4dUDCA4&uact=5&oq=1.+P.+Van+Uffelen%2C+et+al%2C+Analysis+of+reactor+fuel+rod+behavior%2C+Handbook+of+Nuclear+Engineering+%282010%29.+++&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQvQ5YvQ5gshNoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=2.+D.+Olander%2C+A.+Motta%2C+Light+Water+Reactor+Materials%2C+American+Nuclear+Society+Scientific+Publications%2C+vol.+1%2C+%282017%29.++++&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsa0FWOoR9YuUYD5dfpqaDI8x5Sx-g%3A1662370238167&ei=vsEVY4fnCZCO9u8Pxrq_sAw&ved=0ahUKEwiHvp_cq_35AhUQh_0HHUbdD8YQ4dUDCA4&uact=5&oq=2.+D.+Olander%2C+A.+Motta%2C+Light+Water+Reactor+Materials%2C+American+Nuclear+Society+Scientific+Publications%2C+vol.+1%2C+%282017%29.++++&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQsAtYsAtgoBBoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=3.+P.+Van+Uffelen%2C+et+al%2C+A+review+of+fuel+performance+modelling%2C+Journal+of+Nuclear+Materials%2C+516+%282018%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsY9OQHXAOCbv5wIWjFCLFJVX94a9A%3A1662370256648&ei=0MEVY979Juzk7_UP8I6osA0&ved=0ahUKEwjepYflq_35AhVs8rsIHXAHCtYQ4dUDCA4&uact=5&oq=3.+P.+Van+Uffelen%2C+et+al%2C+A+review+of+fuel+performance+modelling%2C+Journal+of+Nuclear+Materials%2C+516+%282018%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQlA9YlA9g8xNoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=4.+K.+Lassmann%2C+Transuranus%3A+a+fuel+rod+analysis+code+ready+for+use%2C+Journal+of+Nuclear+Materials%2C+188%2C+295-302+%281992%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsYaf71MokFb91gCoEVatguRb9ZmYg%3A1662370289386&ei=8cEVY8naFuGDlQfjopZA&ved=0ahUKEwiJl9X0q_35AhXhQeUKHWORBQgQ4dUDCA4&uact=5&oq=4.+K.+Lassmann%2C+Transuranus%3A+a+fuel+rod+analysis+code+ready+for+use%2C+Journal+of+Nuclear+Materials%2C+188%2C+295-302+%281992%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQ-QpY-Qpg4Q9oA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=5.+M.+Cunningham%2C+et+al%2C+Fraptran%3A+a+computer+code+for+the+transient+analysis+of+oxide+fuel+rods%2C+Nuregicr-6739%2C+1+%282001%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsZh3p7ZvziNhPDEqQAv4OY1QVkJ1A%3A1662370306019&ei=AsIVY-1bhY_27w-Kx6TQBw&ved=0ahUKEwjt5Mz8q_35AhWFh_0HHYojCXoQ4dUDCA4&uact=5&oq=5.+M.+Cunningham%2C+et+al%2C+Fraptran%3A+a+computer+code+for+the+transient+analysis+of+oxide+fuel+rods%2C+Nuregicr-6739%2C+1+%282001%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQxAxYxAxg1RBoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=5.+M.+Cunningham%2C+et+al%2C+Fraptran%3A+a+computer+code+for+the+transient+analysis+of+oxide+fuel+rods%2C+Nuregicr-6739%2C+1+%282001%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsZh3p7ZvziNhPDEqQAv4OY1QVkJ1A%3A1662370306019&ei=AsIVY-1bhY_27w-Kx6TQBw&ved=0ahUKEwjt5Mz8q_35AhWFh_0HHYojCXoQ4dUDCA4&uact=5&oq=5.+M.+Cunningham%2C+et+al%2C+Fraptran%3A+a+computer+code+for+the+transient+analysis+of+oxide+fuel+rods%2C+Nuregicr-6739%2C+1+%282001%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQxAxYxAxg1RBoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz

coGilednd 100 )5 50 wlide jo S I Lol sl LS o)y

6. H.S. Aybar, P. Ortego, A review of nuclear fuel
performance codes, Progress in Nuclear Energy, 46,
127-41 (2005).

7. G. Pastore, et al, Uncertainty and sensitivity analysis
of fission gas behavior in engineering-scale fuel
modeling, Journal of Nuclear Materials, 456, 398-
408 (2015).

8. J. Hales, et al., BISON theory manual the equations
behind nuclear fuel analysis, Idaho National Lab.
(INL), Idaho Falls, ID (United States) (2016).

9. D.R. Gaston, et al., Physics-based multiscale coupling
for full core nuclear reactor simulation, Annals of
Nuclear Energy, 84, 45-54 (2015).

10. P. Van Uffelen, et al, Multiscale modelling for the
fission gas behaviour in the Transuranus code,
Nuclear Engineering and Technology, 43, 477-88
(2011).

11. K. Lassmann, C. Walker, J. Van de Laar, Extension
of the Transuranus burnup model to heavy water
reactor conditions, Journal of Nuclear Materials,
255, 222-233 (1998).

12. G. Jomard, et al, Caracas, An industrial model for the
description of fission gas behavior in LWR-UO_2
fuel, (2014).

13. B. Baurens, et al, 3D thermo-chemical-mechanical
simulation of power ramps with Alcyone fuel code,
Journal of Nuclear Materials, 452, 578-94 (2014).

14. G. Khvostov, Models for numerical simulation of
burst FGR in fuel rods under the conditions of RIA,
Nuclear Engineering and Design, 328, 36-57 (2018).

15. M. Veshchunov, et al, A new mechanistic code SFPR
for modeling of single fuel rod performance under
various regimes of LWR operation, Nuclear
Engineering and Design, 241, 2822-30 (2011).

16. M. Veshchunov, et al., Development of the advanced
mechanistic fuel performance and safety code using
the multi-scale approach, Nuclear Engineering and
Design, 295, 116-126 (2015).

17. H.G. Joo, et al, Methods and performance of a three-
dimensional whole-core transport code DeCART,
(2004).

18. J. Cho, et al, DeCART v1. 2 User's Manual, (2007).

19. B.S. Collins, et al., MPACT VERA Input User s
Manual, Version 2.2. 0, Oak Ridge National
Laboratory (ORNL) (2016).

20. J.A. Turner, et al., The virtual environment for
reactor  applications (VERA): design and
architecture, Journal of Computational Physics, 326,
544-568 (2016).

21. G. Pastore, et al, An effective numerical algorithm
for intra-granular fission gas release during non-
equilibrium trapping and resolution, Journal of
Nuclear Materials, 509, 687-99 (2018).

22. D. Pizzocri, et al., A model describing intra-granular
fission gas behaviour in oxide fuel for advanced
engineering tools, Journal of Nuclear Materials, 502,
323-330 (2018).

23. D.R. Olander, Fundamental aspects of nuclear
reactor fuel elements: solutions to problems,
California Univ., Berkeley (USA). Dept. of Nuclear
Engineering (1976).

24. J. Turnbull, The distribution of intragranular fission
gas bubbles in UO; during irradiation, Journal of
Nuclear Materials, 38, 203-212 (1971).

25. F.S. Ham, Theory of diffusion-limited precipitation,
Journal of Physics and Chemistry of Solids, 6, 335-
351 (1958).

26. C. Baker, The fission gas bubble distribution in
uranium dioxide from high temperature irradiated
SGHWR fuel pins, Journal of Nuclear Materials, 66,
283-291 (1977).

27. D. Andersson, et al., Atomistic modeling of intrinsic
and radiation-enhanced fission gas (Xe) diffusion in
UO2+tx: Implications for nuclear fuel performance
modeling, Journal of Nuclear Materials, 451, 225-
242 (2014).

28. M. Speight, Vacancy potential and void growth on
grain boundaries, (1975).

29. R. Singh, Isothermal grain-growth Kinetics in
sintered UO; pellets, Journal of Nuclear Materials,
64, 174-178 (1977).

COPYRIGHTS

©2021 The author(s). This is an open access article distributed under the terms of the Creative Commons
Attribution (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium,

as long as the original authors and source are cited. No permission is required from the authors or the publishers.

Ao oy 4 sl
FooVA Y (s CS g

DOI: 10.24200/nst.2022.1464 Url: https://jonsat.nstri.ir/article_1496.html

Journal of Nuclear Science and Technology
Vol. 102, No 1, 2023, P 28-40

Slatad (138 5 psle alne
FeoVA o OB e oF ojlad Y alx

'»‘
‘9‘4"



https://www.google.com/search?q=6.+H.S.+Aybar%2C+P.+Ortego%2C+A+review+of+nuclear+fuel+performance+codes%2C+Progress+in+Nuclear+Energy%2C+46%2C+127-41+%282005%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsb-YuZEmF0zKiMckSEwSsjkAgOY4g%3A1662369517413&ei=7b4VY-HdGN6G9u8Ppf2dyA8&ved=0ahUKEwihiMiEqf35AhVeg_0HHaV-B_kQ4dUDCA4&uact=5&oq=6.+H.S.+Aybar%2C+P.+Ortego%2C+A+review+of+nuclear+fuel+performance+codes%2C+Progress+in+Nuclear+Energy%2C+46%2C+127-41+%282005%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQrApYrApgxA5oA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=7.+G.+Pastore%2C+et+al%2C+Uncertainty+and+sensitivity+analysis+of+fission+gas+behavior+in+engineering-scale+fuel+modeling%2C+Journal+of+Nuclear+Materials%2C+456%2C+398-408+%282015%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsbZlG8RUUqPTCuwey_PdDyh5MF0ig%3A1662369537535&ei=Ab8VY8-YIMCM9u8PstSw2Ao&ved=0ahUKEwiPnZSOqf35AhVAhv0HHTIqDKsQ4dUDCA4&uact=5&oq=7.+G.+Pastore%2C+et+al%2C+Uncertainty+and+sensitivity+analysis+of+fission+gas+behavior+in+engineering-scale+fuel+modeling%2C+Journal+of+Nuclear+Materials%2C+456%2C+398-408+%282015%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQ3A5Y3A5gzBNoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=8.+J.+Hales%2C+et+al.%2C+BISON+theory+manual+the+equations+behind+nuclear+fuel+analysis%2C+Idaho+National+Lab.+%28INL%29%2C+Idaho+Falls%2C+ID+%28United+States%29+%282016%29.+&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsb8cCWo4aZBswAySfy55Jda74uevg%3A1662369663388&ei=f78VY4ygF-SO9u8PxuKIgA0&ved=0ahUKEwjM25XKqf35AhVkh_0HHUYxAtAQ4dUDCA4&uact=5&oq=8.+J.+Hales%2C+et+al.%2C+BISON+theory+manual+the+equations+behind+nuclear+fuel+analysis%2C+Idaho+National+Lab.+%28INL%29%2C+Idaho+Falls%2C+ID+%28United+States%29+%282016%29.+&gs_lcp=Cgdnd3Mtd2l6EAMyCggjEK4CELADECdKBAhBGAFKBAhGGABQmwpYmwpgtQ9oA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHIAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=9.+D.R.+Gaston%2C+et+al.%2C+Physics-based+multiscale+coupling+for+full+core+nuclear+reactor+simulation%2C+Annals+of+Nuclear+Energy%2C+84%2C+45-54+%282015%29.+&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsa_SNQnSc53cJ2-zn4rZMBSQOYFAQ%3A1662369696282&ei=oL8VY9TqEOSDlQe3h4LICQ&ved=0ahUKEwjUuu3Zqf35AhXkQeUKHbeDAJkQ4dUDCA4&uact=5&oq=9.+D.R.+Gaston%2C+et+al.%2C+Physics-based+multiscale+coupling+for+full+core+nuclear+reactor+simulation%2C+Annals+of+Nuclear+Energy%2C+84%2C+45-54+%282015%29.+&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQigxYigxghRFoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=9.+D.R.+Gaston%2C+et+al.%2C+Physics-based+multiscale+coupling+for+full+core+nuclear+reactor+simulation%2C+Annals+of+Nuclear+Energy%2C+84%2C+45-54+%282015%29.+&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsa_SNQnSc53cJ2-zn4rZMBSQOYFAQ%3A1662369696282&ei=oL8VY9TqEOSDlQe3h4LICQ&ved=0ahUKEwjUuu3Zqf35AhXkQeUKHbeDAJkQ4dUDCA4&uact=5&oq=9.+D.R.+Gaston%2C+et+al.%2C+Physics-based+multiscale+coupling+for+full+core+nuclear+reactor+simulation%2C+Annals+of+Nuclear+Energy%2C+84%2C+45-54+%282015%29.+&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQigxYigxghRFoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=10.+P.+Van+Uffelen%2C+et+al%2C+Multiscale+modelling+for+the+fission+gas+behaviour+in+the+Transuranus+code%2C+Nuclear+Engineering+and+Technology%2C+43%2C+477-88+%282011%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsYgQXzV4C6bnvHFbYV_esMD0V1zsw%3A1662369722985&ei=ur8VY5HgO72N9u8PnuCl6AQ&ved=0ahUKEwiRpcvmqf35AhW9hv0HHR5wCU0Q4dUDCA4&uact=5&oq=10.+P.+Van+Uffelen%2C+et+al%2C+Multiscale+modelling+for+the+fission+gas+behaviour+in+the+Transuranus+code%2C+Nuclear+Engineering+and+Technology%2C+43%2C+477-88+%282011%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQwAxYwAxgyxBoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=11.+K.+Lassmann%2C+C.+Walker%2C+J.+Van+de+Laar%2C+Extension+of+the+Transuranus+burnup+model+to+heavy+water+reactor+conditions%2C+Journal+of+Nuclear+Materials%2C+255%2C+222-233+%281998%29.+&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsYXfXQJ1K4OZ1yBFQKRn-XndMnZ4A%3A1662369743127&ei=z78VY4OtB56H9u8P2PufwA4&ved=0ahUKEwjD0Jjwqf35AhWeg_0HHdj9B-gQ4dUDCA4&uact=5&oq=11.+K.+Lassmann%2C+C.+Walker%2C+J.+Van+de+Laar%2C+Extension+of+the+Transuranus+burnup+model+to+heavy+water+reactor+conditions%2C+Journal+of+Nuclear+Materials%2C+255%2C+222-233+%281998%29.+&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQ8A1Y8A1g_xJoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=12.+G.+Jomard%2C+et+al%2C+Caracas%2C+An+industrial+model+for+the+description+of+fission+gas+behavior+in+LWR-UO_2+fuel%2C+%282014%29.+&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsZuPKDcxAPhSrt1CNl7MWDVkBr89Q%3A1662369641079&ei=ab8VY9upBPOO9u8PqZ6M8AE&ved=0ahUKEwibgsS_qf35AhVzh_0HHSkPAx4Q4dUDCA4&uact=5&oq=12.+G.+Jomard%2C+et+al%2C+Caracas%2C+An+industrial+model+for+the+description+of+fission+gas+behavior+in+LWR-UO_2+fuel%2C+%282014%29.+&gs_lcp=Cgdnd3Mtd2l6EAMyCggjEK4CELADECdKBAhBGAFKBAhGGABQsw5Ysw5g-hJoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHIAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=13.+B.+Baurens%2C+et+al%2C+3D+thermo-chemical%E2%80%93mechanical+simulation+of+power+ramps+with+Alcyone+fuel+code%2C+Journal+of+Nuclear+Materials%2C+452%2C+578-94+%282014%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsbH9gBmW526_OmQe8rCfqKf0q6_Qw%3A1662369618948&ei=Ur8VY_O2OeOH9u8P9buBkA0&ved=0ahUKEwjzp_20qf35AhXjg_0HHfVdANIQ4dUDCA4&uact=5&oq=13.+B.+Baurens%2C+et+al%2C+3D+thermo-chemical%E2%80%93mechanical+simulation+of+power+ramps+with+Alcyone+fuel+code%2C+Journal+of+Nuclear+Materials%2C+452%2C+578-94+%282014%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQqQtYqQtgyhBoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=14.+G.+Khvostov%2C+Models+for+numerical+simulation+of+burst+FGR+in+fuel+rods+under+the+conditions+of+RIA%2C+Nuclear+Engineering+and+Design%2C+328%2C+36-57+%282018%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsa6QgMqeUNK-FLm_56qh_etJDnXvw%3A1662369599018&ei=P78VY4FYn4r27w_7-JGAAQ&ved=0ahUKEwjB87yrqf35AhUfhf0HHXt8BBAQ4dUDCA4&uact=5&oq=14.+G.+Khvostov%2C+Models+for+numerical+simulation+of+burst+FGR+in+fuel+rods+under+the+conditions+of+RIA%2C+Nuclear+Engineering+and+Design%2C+328%2C+36-57+%282018%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQ9ApY9ApgiRBoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=15.+M.+Veshchunov%2C+et+al%2C+A+new+mechanistic+code+SFPR+for+modeling+of+single+fuel+rod+performance+under+various+regimes+of+LWR+operation%2C+Nuclear+Engineering+and+Design%2C+241%2C+2822-30+%282011%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsY5nDeLQcGP5yzHX-wG0fBmiru93w%3A1662369577755&ei=Kb8VY_HKLaP87_UPzY6iiAc&ved=0ahUKEwixg6uhqf35AhUj_rsIHU2HCHEQ4dUDCA4&uact=5&oq=15.+M.+Veshchunov%2C+et+al%2C+A+new+mechanistic+code+SFPR+for+modeling+of+single+fuel+rod+performance+under+various+regimes+of+LWR+operation%2C+Nuclear+Engineering+and+Design%2C+241%2C+2822-30+%282011%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQ4ApY4Apg4w9oA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=15.+M.+Veshchunov%2C+et+al%2C+A+new+mechanistic+code+SFPR+for+modeling+of+single+fuel+rod+performance+under+various+regimes+of+LWR+operation%2C+Nuclear+Engineering+and+Design%2C+241%2C+2822-30+%282011%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsY5nDeLQcGP5yzHX-wG0fBmiru93w%3A1662369577755&ei=Kb8VY_HKLaP87_UPzY6iiAc&ved=0ahUKEwixg6uhqf35AhUj_rsIHU2HCHEQ4dUDCA4&uact=5&oq=15.+M.+Veshchunov%2C+et+al%2C+A+new+mechanistic+code+SFPR+for+modeling+of+single+fuel+rod+performance+under+various+regimes+of+LWR+operation%2C+Nuclear+Engineering+and+Design%2C+241%2C+2822-30+%282011%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQ4ApY4Apg4w9oA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=16.+M.+Veshchunov%2C+et+al.%2C+Development+of+the+advanced+mechanistic+fuel+performance+and+safety+code+using+the+multi-scale+approach%2C+Nuclear+Engineering+and+Design%2C+295%2C+116-126+%282015%29.+&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsartp0U6p6a-M7ainbvgpmnlC_Slw%3A1662369554874&ei=Er8VY_3zNNaO9u8Pm8qRuAY&ved=0ahUKEwj9xLaWqf35AhVWh_0HHRtlBGcQ4dUDCA4&uact=5&oq=16.+M.+Veshchunov%2C+et+al.%2C+Development+of+the+advanced+mechanistic+fuel+performance+and+safety+code+using+the+multi-scale+approach%2C+Nuclear+Engineering+and+Design%2C+295%2C+116-126+%282015%29.+&gs_lcp=Cgdnd3Mtd2l6EAMyCggjEK4CELADECdKBAhBGAFKBAhGGABQqwxYqwxgvxFoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHIAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=16.+M.+Veshchunov%2C+et+al.%2C+Development+of+the+advanced+mechanistic+fuel+performance+and+safety+code+using+the+multi-scale+approach%2C+Nuclear+Engineering+and+Design%2C+295%2C+116-126+%282015%29.+&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsartp0U6p6a-M7ainbvgpmnlC_Slw%3A1662369554874&ei=Er8VY_3zNNaO9u8Pm8qRuAY&ved=0ahUKEwj9xLaWqf35AhVWh_0HHRtlBGcQ4dUDCA4&uact=5&oq=16.+M.+Veshchunov%2C+et+al.%2C+Development+of+the+advanced+mechanistic+fuel+performance+and+safety+code+using+the+multi-scale+approach%2C+Nuclear+Engineering+and+Design%2C+295%2C+116-126+%282015%29.+&gs_lcp=Cgdnd3Mtd2l6EAMyCggjEK4CELADECdKBAhBGAFKBAhGGABQqwxYqwxgvxFoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHIAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=17.+H.G.+Joo%2C+et+al%2C+Methods+and+performance+of+a+three-dimensional+whole-core+transport+code+DeCART%2C+%282004%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsa_9d3gp__-ME2yKwJGXyUGd8iH9g%3A1662369434475&ei=mr4VY5e_HOKDlQedpJnYCg&ved=0ahUKEwiX9IHdqP35AhXiQeUKHR1SBqsQ4dUDCA4&uact=5&oq=17.+H.G.+Joo%2C+et+al%2C+Methods+and+performance+of+a+three-dimensional+whole-core+transport+code+DeCART%2C+%282004%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQyw1Yyw1gmhJoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=18.+J.+Cho%2C+et+al%2C+DeCART+v1.+2+User%27s+Manual%2C+%282007%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsYgAejVmFNLEyIKejyHRWRkiIsKOQ%3A1662369463383&ei=t74VY8_-FrH-7_UPjaaDqAU&ved=0ahUKEwiPtubqqP35AhUx_7sIHQ3TAFUQ4dUDCA4&uact=5&oq=18.+J.+Cho%2C+et+al%2C+DeCART+v1.+2+User%27s+Manual%2C+%282007%29.&gs_lcp=Cgdnd3Mtd2l6EAM6CggjEK4CELADECdKBAhBGAFKBAhGGABQzgtYzgtgnRBoA3AAeACAAZYDiAGWA5IBAzQtMZgBAKABAqABAcgBAcABAQ&sclient=gws-wiz
https://www.google.com/search?q=19.+B.S.+Collins%2C+et+al.%2C+MPACT+VERA+Input+User+s+Manual%2C+Version+2.2.+0%2C+Oak+Ridge+National+Laboratory+%28ORNL%29+%282016%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsbJNCIqoDWnPVzyI3AiQJQk1_gP3g%3A1662369498669&ei=2r4VY5a3KPyK9u8P9Nm-mAQ&ved=0ahUKEwiWjND7qP35AhV8hf0HHfSsD0MQ4dUDCA4&uact=5&oq=19.+B.S.+Collins%2C+et+al.%2C+MPACT+VERA+Input+User+s+Manual%2C+Version+2.2.+0%2C+Oak+Ridge+National+Laboratory+%28ORNL%29+%282016%29.&gs_lcp=Cgdnd3Mtd2l6EAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsANKBAhBGABKBAhGGABQtw9Ytw9gkxRoA3ABeACAAQCIAQCSAQCYAQCgAQKgAQHIAQjAAQE&sclient=gws-wiz
https://www.google.com/search?q=19.+B.S.+Collins%2C+et+al.%2C+MPACT+VERA+Input+User+s+Manual%2C+Version+2.2.+0%2C+Oak+Ridge+National+Laboratory+%28ORNL%29+%282016%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsbJNCIqoDWnPVzyI3AiQJQk1_gP3g%3A1662369498669&ei=2r4VY5a3KPyK9u8P9Nm-mAQ&ved=0ahUKEwiWjND7qP35AhV8hf0HHfSsD0MQ4dUDCA4&uact=5&oq=19.+B.S.+Collins%2C+et+al.%2C+MPACT+VERA+Input+User+s+Manual%2C+Version+2.2.+0%2C+Oak+Ridge+National+Laboratory+%28ORNL%29+%282016%29.&gs_lcp=Cgdnd3Mtd2l6EAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsAMyCggAEEcQ1gQQsANKBAhBGABKBAhGGABQtw9Ytw9gkxRoA3ABeACAAQCIAQCSAQCYAQCgAQKgAQHIAQjAAQE&sclient=gws-wiz
https://www.google.com/search?q=20.+J.A.+Turner%2C+et+al.%2C+The+virtual+environment+for+reactor+applications+%28VERA%29%3A+design+and+architecture%2C+Journal+of+Computational+Physics%2C+326%2C+544-568+%282016%29.+&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsYZrh6MkhRxQfhEu5DkqS7D_dIoFw%3A1662370170291&ei=esEVY8SLEabh7_UPj6yz2Ak&ved=0ahUKEwjEsPC7q_35AhWm8LsIHQ_WDJsQ4dUDCA4&uact=5&oq=20.+J.A.+Turner%2C+et+al.%2C+The+virtual+environment+for+reactor+applications+%28VERA%29%3A+design+and+architecture%2C+Journal+of+Computational+Physics%2C+326%2C+544-568+%282016%29.+&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQ7A1Y7A1g_BJoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=21.+G.+Pastore%2C+et+al%2C+An+effective+numerical+algorithm+for+intra-granular+fission+gas+release+during+non-equilibrium+trapping+and+resolution%2C+Journal+of+Nuclear+Materials%2C+509%2C+687-99+%282018%29.+&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsYh21XcgTOgrN_lIXrnhmPIBci9TQ%3A1662370151952&ei=Z8EVY5_jOcuJ9u8PiJunkAs&ved=0ahUKEwjfspGzq_35AhXLhP0HHYjNCbIQ4dUDCA4&uact=5&oq=21.+G.+Pastore%2C+et+al%2C+An+effective+numerical+algorithm+for+intra-granular+fission+gas+release+during+non-equilibrium+trapping+and+resolution%2C+Journal+of+Nuclear+Materials%2C+509%2C+687-99+%282018%29.+&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQggtYggtgog9oA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=21.+G.+Pastore%2C+et+al%2C+An+effective+numerical+algorithm+for+intra-granular+fission+gas+release+during+non-equilibrium+trapping+and+resolution%2C+Journal+of+Nuclear+Materials%2C+509%2C+687-99+%282018%29.+&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsYh21XcgTOgrN_lIXrnhmPIBci9TQ%3A1662370151952&ei=Z8EVY5_jOcuJ9u8PiJunkAs&ved=0ahUKEwjfspGzq_35AhXLhP0HHYjNCbIQ4dUDCA4&uact=5&oq=21.+G.+Pastore%2C+et+al%2C+An+effective+numerical+algorithm+for+intra-granular+fission+gas+release+during+non-equilibrium+trapping+and+resolution%2C+Journal+of+Nuclear+Materials%2C+509%2C+687-99+%282018%29.+&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQggtYggtgog9oA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=22.+D.+Pizzocri%2C+et+al.%2C+A+model+describing+intra-granular+fission+gas+behaviour+in+oxide+fuel+for+advanced+engineering+tools%2C+Journal+of+Nuclear+Materials%2C+502%2C+323-330+%282018%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsb8fewrdC7j6wFmXtRzz49jCQaiXA%3A1662370126402&ei=TsEVY7X6F4SG9u8PrJmd2Ao&ved=0ahUKEwi12fmmq_35AhUEg_0HHaxMB6sQ4dUDCA4&uact=5&oq=22.+D.+Pizzocri%2C+et+al.%2C+A+model+describing+intra-granular+fission+gas+behaviour+in+oxide+fuel+for+advanced+engineering+tools%2C+Journal+of+Nuclear+Materials%2C+502%2C+323-330+%282018%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQgwtYgwtgixBoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=23.+D.R.+Olander%2C+Fundamental+aspects+of+nuclear+reactor+fuel+elements%3A+solutions+to+problems%2C+California+Univ.%2C+Berkeley+%28USA%29.+Dept.+of+Nuclear+Engineering+%281976%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsbguN_f2d35mZD2xNuU3GcxM4Mt0Q%3A1662370106844&ei=OsEVY9WOM5qL9u8P-7in6Ao&ved=0ahUKEwjVk9Cdq_35AhWahf0HHXvcCa0Q4dUDCA4&uact=5&oq=23.+D.R.+Olander%2C+Fundamental+aspects+of+nuclear+reactor+fuel+elements%3A+solutions+to+problems%2C+California+Univ.%2C+Berkeley+%28USA%29.+Dept.+of+Nuclear+Engineering+%281976%29.&gs_lcp=Cgdnd3Mtd2l6EAMyBwgjELADECdKBAhBGAFKBAhGGABQlApYlApgqw5oA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHIAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=23.+D.R.+Olander%2C+Fundamental+aspects+of+nuclear+reactor+fuel+elements%3A+solutions+to+problems%2C+California+Univ.%2C+Berkeley+%28USA%29.+Dept.+of+Nuclear+Engineering+%281976%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsbguN_f2d35mZD2xNuU3GcxM4Mt0Q%3A1662370106844&ei=OsEVY9WOM5qL9u8P-7in6Ao&ved=0ahUKEwjVk9Cdq_35AhWahf0HHXvcCa0Q4dUDCA4&uact=5&oq=23.+D.R.+Olander%2C+Fundamental+aspects+of+nuclear+reactor+fuel+elements%3A+solutions+to+problems%2C+California+Univ.%2C+Berkeley+%28USA%29.+Dept.+of+Nuclear+Engineering+%281976%29.&gs_lcp=Cgdnd3Mtd2l6EAMyBwgjELADECdKBAhBGAFKBAhGGABQlApYlApgqw5oA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHIAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=24.+J.+Turnbull%2C+The+distribution+of+intragranular+fission+gas+bubbles+in+UO2+during+irradiation%2C+Journal+of+Nuclear+Materials%2C+38%2C+203-212+(1971).&rlz=1C1GCEA_enIR858IR862&oq=24.+J.+Turnbull%2C+The+distribution+of+intragranular+fission+gas+bubbles+in+UO2+during+irradiation%2C+Journal+of+Nuclear+Materials%2C+38%2C+203-212+(1971).&aqs=chrome..69i57.643j0j4&sourceid=chrome&ie=UTF-8
https://www.google.com/search?q=24.+J.+Turnbull%2C+The+distribution+of+intragranular+fission+gas+bubbles+in+UO2+during+irradiation%2C+Journal+of+Nuclear+Materials%2C+38%2C+203-212+(1971).&rlz=1C1GCEA_enIR858IR862&oq=24.+J.+Turnbull%2C+The+distribution+of+intragranular+fission+gas+bubbles+in+UO2+during+irradiation%2C+Journal+of+Nuclear+Materials%2C+38%2C+203-212+(1971).&aqs=chrome..69i57.643j0j4&sourceid=chrome&ie=UTF-8
https://www.google.com/search?q=25.+F.S.+Ham%2C+Theory+of+diffusion-limited+precipitation%2C+Journal+of+Physics+and+Chemistry+of+Solids%2C+6%2C+335-351+%281958%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsaqYP7VDQl1YCEtEK87h2uAIZfBnQ%3A1662369797834&ei=BcAVY--7MqyQ9u8P5IGBwA4&ved=0ahUKEwiv0qOKqv35AhUsiP0HHeRAAOgQ4dUDCA4&uact=5&oq=25.+F.S.+Ham%2C+Theory+of+diffusion-limited+precipitation%2C+Journal+of+Physics+and+Chemistry+of+Solids%2C+6%2C+335-351+%281958%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQwQtYwQtgpBBoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=26.+C.+Baker%2C+The+fission+gas+bubble+distribution+in+uranium+dioxide+from+high+temperature+irradiated+SGHWR+fuel+pins%2C+Journal+of+Nuclear+Materials%2C+66%2C+283-291+%281977%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsbVAQ3jYdhPS6kGQ-FjUTFCGhpDBA%3A1662369763274&ei=478VY9ecEOuQ9u8PlZaYsA8&ved=0ahUKEwiXmub5qf35AhVriP0HHRULBvYQ4dUDCA4&uact=5&oq=26.+C.+Baker%2C+The+fission+gas+bubble+distribution+in+uranium+dioxide+from+high+temperature+irradiated+SGHWR+fuel+pins%2C+Journal+of+Nuclear+Materials%2C+66%2C+283-291+%281977%29.&gs_lcp=Cgdnd3Mtd2l6EAMyCggjEK4CELADECdKBAhBGAFKBAhGGABQ5wtY5wtg6w9oA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHIAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=27.+D.+Andersson%2C+et+al.%2C+Atomistic+modeling+of+intrinsic+and+radiation-enhanced+fission+gas+%28Xe%29+diffusion+in+UO2%C2%B1x%3A+Implications+for+nuclear+fuel+performance+modeling%2C+Journal+of+Nuclear+Materials%2C+451%2C+225-242+%282014%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsaPll8p-4_l93YQl6eVtTTfE5YOWg%3A1662369781871&ei=9b8VY9vPNNuN9u8PxOewoAg&ved=0ahUKEwibntWCqv35AhXbhv0HHcQzDIQQ4dUDCA4&uact=5&oq=27.+D.+Andersson%2C+et+al.%2C+Atomistic+modeling+of+intrinsic+and+radiation-enhanced+fission+gas+%28Xe%29+diffusion+in+UO2%C2%B1x%3A+Implications+for+nuclear+fuel+performance+modeling%2C+Journal+of+Nuclear+Materials%2C+451%2C+225-242+%282014%29.&gs_lcp=Cgdnd3Mtd2l6EANKBAhBGAFKBAhGGABQgwxYgwxgzBBoA3AAeACAAQCIAQCSAQCYAQCgAQKgAQHAAQE&sclient=gws-wiz
https://www.google.com/search?q=28.+M.+Speight%2C+Vacancy+potential+and+void+growth+on+grain+boundaries%2C+%281975%29.&rlz=1C1GCEA_enIR858IR862&sxsrf=ALiCzsb2B6QYkr6djkHVOtTDKLw34lumrQ%3A1662369353063&ei=Sb4VY5yYA7aD9u8P86WCmAw&ved=0ahUKEwjc4Ji2qP35AhW2gf0HHfOSAMMQ4dUDCA4&uact=5&oq=28.+M.+Speight%2C+Vacancy+potential+and+void+growth+on+grain+boundaries%2C+%281975%29.&gs_lcp=Cgdnd3Mtd2l6EAM6CggjEK4CELADECdKBAhBGAFKBAhGGABQkAxYkAxg2xBoA3AAeACAAeMBiAHjAZIBAzItMZgBAKABAqABAcgBAcABAQ&sclient=gws-wiz
https://www.google.com/search?q=29.+R.+Singh%2C+Isothermal+grain-growth+kinetics+in+sintered+UO2+pellets%2C+Journal+of+Nuclear+Materials%2C+64%2C+174-178+(1977).&rlz=1C1GCEA_enIR858IR862&oq=29.+R.+Singh%2C+Isothermal+grain-growth+kinetics+in+sintered+UO2+pellets%2C+Journal+of+Nuclear+Materials%2C+64%2C+174-178+(1977).&aqs=chrome..69i57.627j0j4&sourceid=chrome&ie=UTF-8
https://jonsat.nstri.ir/article_1496.html

	مجله علوم و فنون هستهای، جلد 102، شماره 4، زمستان 1401
	مهدی عباسی1، محمدهادی پرهمت2،1، یاور تقیپور آذر3،1، جواد کریمی ثابت*4،1

	2. بررسی مدل مورد نظر برای بررسی فرایند رهایش گاز
	2.1 مقدمه
	2.2 مدل رفتار گازهای شکافت ‌درون‌‌دانه‌ای
	شکل 1. شماتیکی از پدیده‌های مورد بررسی توسط مدل مورد نظر.
	2.3 رفتار گاز بین‌دانه‌ای
	2.3.1 تغییرات ریزساختارها (رشد دانه و باز تبلور دانه‌ها)


	3. ورودی کد مورد نظر
	4. نتایج حاصله از کد مورد نظر
	5. نتیجهگیری
	1. P. Van Uffelen, et al, Analysis of reactor fuel rod behavior, Handbook of Nuclear Engineering (2010).
	2. D. Olander, A. Motta, Light Water Reactor Materials, American Nuclear Society Scientific Publications, vol. 1, (2017).
	3. P. Van Uffelen, et al, A review of fuel performance modelling, Journal of Nuclear Materials, 516 (2018).
	4. K. Lassmann, Transuranus: a fuel rod analysis code ready for use, Journal of Nuclear Materials, 188, 295-302 (1992).
	5. M. Cunningham, et al, Fraptran: a computer code for the transient analysis of oxide fuel rods, Nuregicr-6739, 1 (2001).
	6. H.S. Aybar, P. Ortego, A review of nuclear fuel performance codes, Progress in Nuclear Energy, 46, 127-41 (2005).
	7. G. Pastore, et al, Uncertainty and sensitivity analysis of fission gas behavior in engineering-scale fuel modeling, Journal of Nuclear Materials, 456, 398-408 (2015).
	8. J. Hales, et al., BISON theory manual the equations behind nuclear fuel analysis, Idaho National Lab. (INL), Idaho Falls, ID (United States) (2016).
	9. D.R. Gaston, et al., Physics-based multiscale coupling for full core nuclear reactor simulation, Annals of Nuclear Energy, 84, 45-54 (2015).
	10. P. Van Uffelen, et al, Multiscale modelling for the fission gas behaviour in the Transuranus code, Nuclear Engineering and Technology, 43, 477-88 (2011).
	11. K. Lassmann, C. Walker, J. Van de Laar, Extension of the Transuranus burnup model to heavy water reactor conditions, Journal of Nuclear Materials, 255, 222-233 (1998).
	12. G. Jomard, et al, Caracas, An industrial model for the description of fission gas behavior in LWR-UO_2 fuel, (2014).
	13. B. Baurens, et al, 3D thermo-chemical–mechanical simulation of power ramps with Alcyone fuel code, Journal of Nuclear Materials, 452, 578-94 (2014).
	14. G. Khvostov, Models for numerical simulation of burst FGR in fuel rods under the conditions of RIA, Nuclear Engineering and Design, 328, 36-57 (2018).
	15. M. Veshchunov, et al, A new mechanistic code SFPR for modeling of single fuel rod performance under various regimes of LWR operation, Nuclear Engineering and Design, 241, 2822-30 (2011).
	16. M. Veshchunov, et al., Development of the advanced mechanistic fuel performance and safety code using the multi-scale approach, Nuclear Engineering and Design, 295, 116-126 (2015).
	17. H.G. Joo, et al, Methods and performance of a three-dimensional whole-core transport code DeCART, (2004).
	18. J. Cho, et al, DeCART v1. 2 User's Manual, (2007).
	19. B.S. Collins, et al., MPACT VERA Input User s Manual, Version 2.2. 0, Oak Ridge National Laboratory (ORNL) (2016).
	20. J.A. Turner, et al., The virtual environment for reactor applications (VERA): design and architecture, Journal of Computational Physics, 326, 544-568 (2016).
	21. G. Pastore, et al, An effective numerical algorithm for intra-granular fission gas release during non-equilibrium trapping and resolution, Journal of Nuclear Materials, 509, 687-99 (2018).
	22. D. Pizzocri, et al., A model describing intra-granular fission gas behaviour in oxide fuel for advanced engineering tools, Journal of Nuclear Materials, 502, 323-330 (2018).
	23. D.R. Olander, Fundamental aspects of nuclear reactor fuel elements: solutions to problems, California Univ., Berkeley (USA). Dept. of Nuclear Engineering (1976).
	24. J. Turnbull, The distribution of intragranular fission gas bubbles in UO2 during irradiation, Journal of Nuclear Materials, 38, 203-212 (1971).
	25. F.S. Ham, Theory of diffusion-limited precipitation, Journal of Physics and Chemistry of Solids, 6, 335-351 (1958).
	26. C. Baker, The fission gas bubble distribution in uranium dioxide from high temperature irradiated SGHWR fuel pins, Journal of Nuclear Materials, 66, 283-291 (1977).
	27. D. Andersson, et al., Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO2±x: Implications for nuclear fuel performance modeling, Journal of Nuclear Materials, 451, 225-242 (2014).
	28. M. Speight, Vacancy potential and void growth on grain boundaries, (1975).
	29. R. Singh, Isothermal grain-growth kinetics in sintered UO2 pellets, Journal of Nuclear Materials, 64, 174-178 (1977).


