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Tission Cas Induced Deformation Model for FRAP-T6 and NSRR Irradiated

Fuel Test Simulations

Takehiko NAKAMURA, Ryuji HOSOYAMADA *,Hideo SASAJIMA,
Toyoshi FUKETA and Yukihide MORI**

Department of Reactor 3afety Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, lbaraki-ken

{Received October 22, 1996)

Pules irradiation tests of irradiated fuels under simulated reactivity
initiated accidents (RIAs) have been carried out at the Nuclear Safely Research
Reactor (NSRR). Larger cladding diameter increase was observed in the
irradiated fuel tests than in the previous fresh fuel tests. A fission gas
induced cladding deformation model was developed and installed in a fuel
behavior analysis code, FRAP-T6. The irradiated fuel tests were analyzed with
the model in combination with modified material properties and fuel cracking
models. In Test JM-4, where the cladding temperature rose to higher
temperatures and grain boundary separation by the pulse irradiation was
significant, the fission gas model described the aladding deformaticon
reasonably well. The fuel had relatively flat radial power distributicn and
the grain boundary gas from the whole radius was calculated to contribute to the
deformation. On the other hand, the power density in the irradiated LWR fuel
rods in the pulse irradiation tests was remarkably higher at the fuel periphery
than the center. A fuel thermal expansion model, GAPCCON, which took account of
the effect of fuel cracking by the temperature profile, was found te reproduce
well the LWR fuel behavior with the fission gas deformation model. This report

present details of the models and their NSHR test simulaticns.

Keywords: Reactivity Initiated Accident, Fuel Rod Deformation, Fission
Gas, NSRR, Irradiated Fuel
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NSRR T IEHAJE 00 i A 7 SR A IR O S B RS O 2T & B~ 5 <L A IR E R
BN LT A, [FIRBHFREIERTIT. BHEBWRE L UPWR THRE Sz iitz
SRAEL TSV AR LTWS (BWREREIER[1], PWRIBBIER(2,3]) . F7o,
IMTRT T 088 L - R o BB A e (10%., 20% 184 2BV =X &R
SCOER UMER[4]. IMHER) LEML TS, ThbORIFREERTH
BRI ERIC R TRERBEFMELBAESNTND, E—7 =70
L 59200cal/g E TOMBTIT» LIMERTIZ, BR8N DEERLTMELN, E—7
PRELT 7 /L E108cal/g E TOFFE TIT - ZPWRIEEIERIZKE N TS, 4%EHAD
BRESLAAEINL TS, (Fig. 1) i, BiimoEBESIUHEASY 7O
MUBSENZ R E REER 5TV, (Figs. 2,3)

T OEWEERAT A0, BRETICEEENAFPV AL LD LT LA b
% UFRAP-T6 = — R[S|IZEA L7z, ZO&EFATH, HEKROFPFAEEREL.
AR LEVEERE AL FIAETAHAENICE 2T, FPHAFIZLDH
BEOLRNRESLE Lz, ZOL X, FPHARENZRAZEY BEER A~
A BITERNE U AEVERNTHER L, £/, BBTOMEICEL TS
MATPRO- ver.11[6] ¥ (B & 82 AP B R BRI & OUMER o U — X OB (2 R
(U 72E0RER) OFREEREL T LZ,

TR ECHBSRENS FRETAIMERTIE, FPAADRICESEEED
AR RE T X 7, . IRIEFEOERKIF R CIT, B BRI BV TS
Lo MVBSICPUS BFTMICER S, BEE S SOV ER SN D, JOBR
L R E T EVREICEEN TV S 00, RSV THEREC
EHAEETRENG, J0D, EERFMOH AT —F v 72N S IMIERE
TR TSRS T, BRSNS AEL, HBFORIREE L
7 LR B D, RIBAEI R o -NSRREBRICB W TR, BEDT 7 > 7 %
450 & LCGAPCONE F V7] KBRSV o bABER (P/IC) Fx v 78I
W TR ST B HET A 2 LR H 5TV AH[8]. BAFREERIZEV T,
B A R TR -, FPA AL L D ERITAR Y K& {72<, GAPCONET
LB Ly N EEERITEKI T o7, PWRILEIEBR THEP/CF ¥ v 7
T LA PN RERBEERE T Lin, BWRIBEER TIIRE 2PICF ¥
T L DHEEOERSEMSNAN, BEERICESEpo - bR LHE SN,
LTFiessd A BLUOHEFRE TR,
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2. NSRRENEAZROBE

NSRR T, EIRALRIEDKZEA Lin A 7/ (Fig. HIZEROEBRREZE AL
Fl(Fig. SYFPREOERIL T SAZBEFTLZ LI LY RUGEESZ AL E5R
BT TND, HEIERS~10ms? L R BRGH(Fig. 6)12 51 0 | EERBREHTAE 7 NE
éhéoﬁ%éﬂé&mﬁiﬁmf%éi\t— HARTHEHI 5 Eh-T xR
R LEFELNE LTERIIRD 531D ©— 7 > o # L E'(Peak Fuel Enthalpy) T
FxEhz,

MG AR EL RN, ORBEHBWRE L UPWRTHF S/ BE 29 L. #Hi-
UG, BEINEH S S EHE LR EE L2V, 0RBH (10%. 20%E
fi) BRELZIMIRTAH 7B L= 0, BH S (Fig. 7), FNTNOBEIORER
RETCETable W E DD, THOHOBREHIRABREOEVILY, HEEC Y
=E T, B, TS U APOOAERENRKE R TG, BREHEE SR
DRRBEE - OEMEME - BRESAIZ OO THTIHELMETE L H RS,

SV ARETEER T, BEBEEIERE., KR, BRENE. %Hx&/ﬁ/ﬁﬁgﬁw\
BT EARNE, BFEEIBA T4 o THEESNDS, BBEOBREER (E£,
é\@#@)\FPﬁRW&\%%%m@%k~i%%%ﬁ@f@ﬁéﬂé:%%
ZRBWTHE SN F2MFERTTable 2iIZ2F &0/, $/o, ERBEO —E4 BT
BRE L, Ba-140 CERM : 12.75d) B LUNd-148 (BF) BEEETHZ LI LD
EHF RS L OEHR O SHEZ RS, "V ZBEYHC I AREE S AEEZ ML
TV, @xDEBRIZODWVTDFELWRERIZT —F LR —MI, ZhE8h. 29
SNTVWA, [9-23]

3. #ires
3.1 FRAP-T6 OHf3L
FRAP-T6 = — F[5]i%, KIEINELTHSE S/l RIESH 2 WITEEREIIBIT S
BAGFREOFEHZHET L2 — N THB, B2 — NI 7, @ﬁﬂmg

SRESEE AR LT, i‘g‘\ﬂffﬁ’?@{mﬁf WIE., ZERONMEZHRT 5. [H
TR, O8I o THFICEA S, RETIThi o OB E AR E O
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NSRRCIL, ERKTLEDKZEA L0720 (Fig HZEROERBKEZEH AL
Pl (Fig. S)PREBORBITCSAVARFTAZ LDV RIGE S ZEEL/-E5%
AT TN D, FEIERS~10ms?D L 2B (Fig. 6)12 10 . EEREHT 2 2k
End, HIEINARIGEFROKRE 3, ©—7HAE IG5 ShzTx
FEFLNE LTERIICKRD bild ©°— 7 kT 4 /L E'(Peak Fuel Enthalpy) T
Ransz,

A FBREIERIZIL, OB EHBWRE LUPWRTHRE X /-BE 289 L, B~
WHUE, BEINERSELEFLAAmREBEE L LD, 0BBHE (10%. 20%#
HE) BELEIMIRTA 7B L= b0, 235 5 (Fig. 7)., FNTFNOBEIORER
728 C%E Table LIE & 5, ZhoDBEHIRFBEOE WL, #HBED I Y
— 7 H T BEE, TR =T LAPODEREDRKE BTV A, BERERER
DR - BOEMHME - BRRESMIC OV T ERFETHEL B D,

2L ARG TI, #EEIRE, KR, BRENE. BB v o SEBEED,
AT EANE, KFFHARLT 74 0 TRHIEENZ, BHOBREEY (BER, E
&R0 | FPAAKE, BEMEOELS IR ERARTHEESNS, £R
WZRWTHE SRR 4Table 2125 & 07z, £/, EREBE O MEREET
FRZ L. Ba- 140 CEEM : 12.75d) B XUNd-148 (KE) B2 EETH I EICLY
EHM B L OREMBOBSEEE RS, NSRBI L ARMAE SR ZITEL
TWad, HxDEBRIZOVTOFLVERIET 4 LR— I, #hTh, £&8
LTV D, [9-23]

3. \Bires5s
3.1 FRAP-T6 DO
FRAP- T6 = — F[5]iL, KEINELTHIZE S /B RIESH O WITFEIREIIBI S
BAFEBREOFEZFET 22— FTHha, Mo— FITREHERE 7. mild it &

SREEE AN LT, BEBORE, RE, BRoNMELEHET S, [
O FHL OB O Ko THMIZEA S v, KRETIT iz RS E I s ok
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22— KA B CHNT LB IR 28) IR & D AT D,

FRAP-T6 TIIAEHEZ Fig. QT £ 5 Wi B L OEEFMO /) — FICaEY
5. BFEOE /- RIZRIET 5 AT A4 Ak, RE - EREBIBNTEALHME
SSTHY . AR EOEITIEFR RS LT LA E LTHREEND,
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ME L HBEOERESAEHET S ERE T VIZIE. FRACAS- 1L
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DNBYS4A L., WEBFRENE LTS, Z0id, HBEERESSHIZETTDS
# WFRACAS- 112 & A B BT EUE#HE E R EEICR D DEIGTE TRV,
723, FRAP- T6OBGRE v 7 — VHEESEG TOBMEEAITAICAE S LTS
). T 7 — DK EVNSRRERE M IZENT D 7= D B RVEEI SR ORER
[29]2 BN LTS,

3.2 FPH AL L B ENRET IV

WA P I BRI R A LEFPREE NS, OO BERTHADS ]
f&ym@ﬁiﬁ%?/ym@@\Wzﬁ%%Ewwamwﬁwhg%tD%&m‘
molFTET 5, ¥EHeDEFITF0 I’ TH DO T, 20D LARBORBMIZEED
EES 5 EIRET D & BIRTOEMNINTIOMPaL 725, ERIZIE, FPHADED
A ARET R ) v 7 ARTERELTRY, SRR OKIEFILFAET LT AR
20-30%LL T & EZ b5, Lo T, HAEREFOHETT 528, HIGEFHIF
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Py =_L7 87
s, 7 (1)
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Pab 72h, T I TafVAFigl0Ds % e L, $BE DL L - TEADE
fanazedse,
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m&T 5, WEBEREEL, BEEONSPEERE, m, AEEEs, meTH L,
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- Tier 6 TS, EIERFIMOERTEFES LOMGEIE LY,
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MizEF A4k L, FRACAS-TIZ & L AEREEOP CEFCMIY 7 A —F AT I
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CBIEE R MBI E DT,

3.3 GAPCONFET /v

GRS &G OREESHZHMT S LTH B OME  HBEOX Y v T
DI EEC TS T & B EETH D, NSRRIZH VT 5 REFGRBROFERT
L BEOIEINA, 7T v s OREIEIBEBO Y nr—Y e Y EFIT LT
L F LT. CRACKE & "GAPCONE F/L[7) B3t SN TV 5 (8], Figl2iZ IET I
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Table 1 Specifications of irradiated test fuel rods for NSRR pulse irradiation tests

BWR PWR JM
Type 7x7 (7B) 17x17 (17F) 14x14 (14P) 14x14 (14P)
Cladding Zry-2 Zry-4 Zry-4 Zry-4
Material '
Initial 2.79 3.2~34 26~34 10, 20
Enrichment, %
Burnup, 26 38~ 50 38.9~42.1 13~ 26
GWd/tU |
Initial Fuel 12.37 8.05-8.19 9.29 929
Diameter, mm
Initial Cladding | 14.3 8.5 10.72 10.72
Diameter, mm
P/C gap, um 70~155 <10 ~20 ~80
Cladding <6 15-50 <30 0
oxidation ym (Nodular:<63)
Radial Burnup | 1.72 ~2.2 ~2.2 1.2
Peaking* _
Radial Power | 2.27 2.4~3.0 2.4~3.0 1.20
Peaking** |
Test Series T8 MH, GK HBO JM
(References) {1,9~13) (2, 18) (3, 14~17) (4, 19~23)

*Estimated radial burnup distribution by RODBURN code.
~Estimated power peaking by SRAC code for pulse irradiation at the NSRR.




Table 2 Test conditions and results of the NSRR irradiated fuel tests
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Peak Fuel| Cladding Cladding | Cladding | Fuel Stack
Test Burnup | Enthalpy | Surface Peak Residual | Peak Peak FGR**
No. Temperature| Hoop Elongation| Elongation
(GWdU) | (cal/g) {C) Strain (%) | (%) (%) (%)
MH-3 38.9 67 202 1.68(max.y 0.91 0.97 4.5
1.0(T/Cy*
GK-1 421 93 300 2.34 0.95 1.05 14
1.2(T/C)*
GK-2 421 90 280 1.056 0.22 0.59 7.8
HBO-1 | 50.4 73 400 1.5 nm nm 22.7
HBO-3 74
HBO-2 | 50.4 37 120 0.41{max.} 0.36 0.42 17.7
TS-4 26 98 150 <0.4 0.41 0.56 15+5
JM-4 21.2 168 780 6.5-3.5 nm nm 175
6.0(T/C)* (JM-8)
JM-5 25.7 158 330 3.0{max.) | nm nm 17+
2.1(T/C)* (JM-8)

nm: not measured

* Strains at thermocouple locations where cladding temperature was measured.

** F(GR: Fraction of fission gas release

«* Reference value in Test JM-8 in which a test fuel was pulse irradiated in a close

condition to Test JM-4.
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Table 3 Assumptions and conditions in FRAP-T6 simulations for the NSRR tests

Radial | Cladding P/C Gap Gas | Threshold GB GB
Test Burmnup | Power | Average| Gap Pressure | Temp. Pore*™* FGF***
No. Peaking! Temp* | ** ok ok Volume | (%)
(GWdIt) (C) |wm | (MPa) |(C) |(%)
MH-3 | 38.9 2.7 340 20 5218 1100 2 15
GK-1 42 .1 2.4 520 18 5218 1100 2 15
GK-2 42.1 2.4 410 18 0.101 1100 2 15
HBO-1 | 50.4 2.7 470 5 0.101 1100 2 25
HBO-3 {100]
HBG-2 | 50.4 2.7 250 ) 5167 1100 2 25
[100]
TS-4 26 2.27 150 110 1.1 1100 2 15
JM-4 1 21.2 1.21 950 95 0.1 1100 2 15
JM-5 25.7 1.21 550 - 95 0.1 1100 2 15

* Peak temperature during the tests.
** Aftar steady state irradiation prior to the pulse irradiation tests.

s Threshold temperature for grain boundary seperation.
o Fraction of pores in GB (Grain boundary}, (volume of GB pore)/(fuel volume;).

~+* FRF: Fission gas fraction, values in [ ] indicate the fraction in the rim region of

200um wide at the fuel periphery.
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Table 4 FRAP-T6 simulation results of the NSRR irradiated fuel tests

Fuel Center | Fuel Surface Cladding | Cladding Fuel Stack
Test Peak Peak Residual | Peak Peak FGR*
No. Temperature | Temperature | Hoop Elengation .E]ongation
(C) (C) Strain (%) | (%) (%) (%)

MH-3 770 870 0.25 0.72 0.81 10.5
[0.95]*

GK-1 1040 1150 0.77 1.07 1.15 22.0
{1.4]

GK-2 1000 1520 0.75 1.04 1.11 19.3
{1.5]*

HBO-1 | 850 1600 1.16 1.01 1.07 18.9

HBO-3 [1.9]* |

HBO-2 | 720 850 0.12 0.68 0.75 0.0
[0.9]

TS-4 1080 1860 0.0 0.64 1.32 10.6
[0.3]*

JM-4 2020 2130 5.2 1.08 2.95 15.0
6.1}

JM-5 1800 1750 1.23 2.22 2.44 15.0
[1.85]*

*Values in [ ] indicate peak hoop strains including elastic deformation during the

tests.

* FGR: Fraction of fission gas release which originally located at grain boundaries

and contributed to the cladding straining.
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Fig. 8 Power pulsings for NSRR tests. Thermal energy of 50 ~200cal/g proportional

to the reactor power is subjected to the test fuel by the pulsings.
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Fig. 8 Flow of calculation in FRAP-T6 (Order of general models).
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Fig. 11 Flow of deformation caiculation by fission gas in FCMI subroutine for
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Fig. 12 Fuel cracking models, Crack and GAPCON, in FRAP-T6[8].
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Fig. 14 Thermal conductivity as a function of fue! density modeled in MATPRO ver. 11.
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Fig. 16 Thermocouple fin effect(33]. Caiculated temperature drop as a function of

temperature and film thickness in the film beiling condition is shown.
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Fig. 28 Calculated cladding stress in Tests HBO-1 and 3.
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Test TS- 4 (Periphery, BWR(7B, 2.79%E), 26GWd/AU, 370J/g)

Test JM-4 (Center, JM(14P, 10%E), 21GWd/tU, 703J/g)

Grain boundary separation observed in Tests TS-4 (12) and

JM-4 (22).
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~1 FRAP-TO6DBMANT—FHHA
AEETEMLAATT —F 2 THITRT,
1. formart (%)
Mmodexp: GAPCON—THERMALEFADER
=1 : F=FAER
Omodpel "Ly FEMZEHETT LV
=0:FRAP-T6EFL (TDEMRVS, FXEEREEL2)
=1 : HRAEREOSHRERe LT+ L LTEE
=2 : HAWEODRZ H AMERK L DREHEEL LTER
Kr&XeDiEBtzZFEBE LT ARCERE
@modckm: FRIEHEOHIE
=1 HEZITD
@mUdtem:ﬁggiﬁhFﬁE
=000 : ANBEF—#%2L (FRAP-T6DERERZEA)
=001 774 MEE 1 LT —F 2HAR0 (ANERE
=011 : APEEICHLT, FRAP-T6 TROSNILEEE
Fom & Nl ?mJEE (AT) Z#iE
=101 : ANBEHLT, 74 »PRETHE
=111 :ANBEEEHLT, ATET 2 »2RZHEE
@i tgasn: HRAREFEOUFEE
®dtygasn: FANKFEOBERE
Mepgasn: TANRKGFEDIERM
2. modpe | =208 format (%)
Mf kr : Kr##ktk
D f xe : Xefrkik
HEI—RT, B LEnD,
3. format (8f10. Q)
Quastot: HRELE (k -mol/m)
@gastmp : AAHEE (K)
@gastim: FAEERE ()
@gasrel : HAT L+ LBEER ()
Guasrat HAKEL
4, format (i3)
Oir:BFEMAyL =
5. format (12f6. 0)
Dradburn (ir) : BFEBEESM
6. format (12f6. 0)
Oradgasc (i) @ BHENAREL
7. format (13)
Wiz WAHMA v 28
8 format (12f6. 0)
TDaxiburn (iz) :WHRBREELZSH
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BARLASF—# FE TFRICRT,

EEmOART—F .
- : 1 : ) + 3 + 4 + 5 + 6 + T t————R8

sedede Pk btk stk -k ok ks k-t ok sk stk kst skask-Hisioior Rk koo +
! 0. 0000000 00.70 0 0 < frap—t6 Control Input
jm=4 @ ria(0. 18s, 8. 5ms), expan{0. 7, 1. 13), pint (8. d7) < FA B
EEGEANT—F F
s -t 2 ‘ J———t 43 ; 6 r 7 -8
s sk PR R R ko ek R ORE ek bRk Faesieokek HoksikRetok ook ke R R Rl -
1 2 1 1Ll 9995 5.0d-3 1.0d-3 < 1
1.0 9.2 Jkr xe < 2
I 0. 0000000 00.70 ¢ 0 1 < frap-té Control Input
1. 370e-3 2000. 0 0. 6030 5.0 0.02 0. 25 < 3
16 < 4

0.994 0.898 0.911 0.923 0.935 0.949 0.963 0.977 0.892 1.009 [.028 1.048 <— 5
1,069 1,094 [.129 1.192
0.15 0.15 0.15 0.15 0.!5 0.13 0.15 0.15 0.15 0.15 -0.15 0.15 <— 6
0.1 0.1 0.152 0.19

10 < 7
1. 102 1.064 1.036 1.012 1.003 0.984 0.970 0.965 0.942 0.923 <
im-4 ¢ ria{0. 18s, 8 sms), expan (0. 7, 1. 15), pint (6. d7) < FA b

__54_
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—2 FRAP—-T6DNEREFE

77 A R
TrA it REERSNEZCBFLSUNY -7 AF—va VY EILERESN TN D,

(W Y—AT 7 AL

+ ‘export/homel/naka/fénew/new/sou/ HAREETTNMETE Y — A

- ‘export/homel/naka/tBnew/soua/ upfrap DIEIERR

. /export/homel/nuka/fbrew/upsoua/ soua 5 R 6 FEEIEEEIES — R
. /export/homel/naka/f6énew/upenvrl/ M= A

. /export/homel/naka/fénew/upfrap/ fEIERT Y — A

HZAT77VTrAn
- Jexport,/homel /naka/f6new/1ib/sth2xt

(No—RFETa2—NLT77AN

- /export /homel/naka/f6aew/new/dat/newfrap. out

() EITHE
- ET e FRIDRT,

echo ” << new-version frapt6 run $2.inp inp ”
date

In —s exptemp/33 fort. 1

$1. out input/$2. inp

rm fort. *

date

echo ” end >>»7

- 3o /ERBR
§1:a2—FEYa—N%
§$2: ANT—4 774N
3 ERHEHBEEREET —F 77 AN

AT —F 774
. /export/homel /naka/fnew/new/dat/input/
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6) ERBTHBEEE@RET —F 77V
- ‘export/homel /naka/fénew/new/dat/exptemp/
CF T AND A= BT = LIDWVTE TR AN Z TR,
shAEE— T, B BRI, 2500 8RETES,
Ox, yORTAATEEE
Bel (5 iRE (C)
0. 000 2. 87838E+01

0.001 2. 12319E+01
Q7 4 v T IREANTHHIE
fit AALID
0.0 0.2 20.0 1.001 mE - ERAER, ETREZ, RE (C)
EERERZ

7 W (BRK8WET)
7. 10240d+3 a

-1, 234539d+53 a,

8. 26567d+5 a,

-2, 76418d+6 a,

5. 11837d+6 a,

-5, 34507d+6 a,

2. 96028d+6 a,

6. TA455d+3 a

T=u,+a,Xt+a,Xt?+a, Xt +a,Xt+a;xt?
-'1'215><tr’-{'-aTXtT

v ERE (B . T RE (O)
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Noo By v Fayt HEIEBEE

; | ancstran, £ B estran, fERE (F235y ZPHICER) B LIV a-baastrain

Y anstrain FHUEM strain £ T (F 3y FEIZER) . B LY a—keouple
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5 cladf. £ BTy 7 H
6
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HEE 5 /3w 7 H
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11 estrni. £ ETE | F5HEED
12 deform. f 45E wapcon—thermal A7 a3 T3 B
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o

2l htltdp | EE ~L v FBGEMIEARERE

22 initia. £ EIE T3y 7 H

2% intinp. £ CfEIE TN H —
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23 plotwr. £ fEIE L_Hf/d JJTEH OEM i
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FRAP-T6 /2 ANF1 %At & iRHTFE SR
(Tests JM-4, 5, MH-3, GK-1, 2, HBO-2, 3, TS-4)

Inputs and simulation results of each NSRR irradiated fuel tests

(Tests IM-4, 5, MH-3, GK-1, 2, HBO-2, 3, TS-4)
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