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Nuclear Fuel Behavior Analysis considering burnup extension for small modular reactor
Keizo MATSUURA™ and Ai HARAKO
*I Faculty of Engineering, Department of Applied Nuclear Technology

Recently, small modular reactor (SMR) has been attracting attention in many countries. This is the reason why
SMR has less initial investment of building reactor and less potential risks in accidental condition than conventional
large scale LWRs. One of characteristics of SMR is that their simple structure of reactor and plant system. So, the cost
of operation and maintenance is low. This SMR design concept is relating with fuel management. The fuel enrichment
and burnup will increase. But we have less knowledge of high burnup fuel behavior. So, in this study, we have paid
attention to the SMR fuel behavior in high burnup condition. We used fuel behavior analysis code FEMAXI-8 and
analyzed SMR fuel behavior in high burnup condition. The analysis result showed that SMR fuel has little problem in
corrosion because of lower rod surface temperature but inner gas pressure has increased very much in 120GWd/tU

twice as much as current Light Water Reactor fuel because of high Fission Gas Release (FGR) in high burnup condition.
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Fig. 1 The core concept of MASLWR
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2.2 I4T PWR #R% & SMR Al D 5B E LD LLE

AREITHE, BATIEATSE (PWR : Pressurized Water Reactor) #REFE SMR BREFD 525 F D LEGA1T 9 72912
AV % FEMAXI-8 2 — RO ASNMEDOFREIZ OV TIRR%. Table 1 IZHIAT PWR REIDO AT T — % O OFLERR
WIZDOWTART . ANT —F DOFREITHOWTIE, FIZEWNEFIE ORRETF A ERFEEDI JOWRE A — I Dk
BHARKGHRATHGEEOZSBICRE LTz, £2, INOLOE TR SN T L APIIEIZEO AT
—ZZOWTIE, BREFR AR E CTEME MM EE OENSREE 2 bW O TS 5 E L TRELT-.
Table 2 1Z1% SMR RELD AT 7 — & e OV DFGERRIUZ SV TRT. SMR BREFO 6, MASLWR ORE&EREH#
3O K O NuScale #1235 K [EJFH 171 ﬁ?ﬁ”%é 2 (NRC : Nuclear Regulatory Commission) (Z#&Hi L 7= NuScale Power
Module DFXFHEAEEIOZSEIZ L TRE LT,

2.3 SR AREMRBEERDSHEL
SMR % Bi1T PWR BREHE I SRIRBERE O 2 15 Td DPRBERE 120GWAAU £ TRRBES &, @RBEE LI T
% SMRIREIORIEKL 52 EVIITIC BT 27 VOREEZ WML 5. 22 TRIE LIZALT =2 OW, &t
FIRBEE DR BHT 5.
Table | FEMAXI-8 input data for current PWR fuel

Input item Input data Reason or Reference
Axial segment number 21 Maximum number which can be calculated stable

Cladding material Zry-4 (low Sn)  Ref. (8)
Cladding outer diameter [mm] 9.50 Ref. (8)
Cladding inner diameter [mm] 8.36 Ref. (8)
Active length [mm] 3648 Ref. (8)
Pellet diameter[mm] 8.19 Ref. (8)
Pellet length[mm] 9.5 Ref. (8)
Enrichment [%)] 4.8 Ref. (8)
Theoretical density [%TD] 97.0 Ref. (8)
Dish diameter[cm] 0.6734 Ref. (4)
Dish depth [cm] 0.0343 Ref. (4)
Dish bottom diameter [cm] 0 Ref. (4)
Chamfer width [cm] 0.0001 Ref. (4)
Chamfer depth [cm] 0.0001 Ref. (4)

Plenum volume [mm?’] 10.978 Calculated using inner cladding diameter and 200mm plenum length

assumed by total fuel rod length, active fuel length and end plug length
in reference to ref. (8)
Initial plenum pressure [MPa] 3 Decided by the calculated EOL inner pressure which is less than

primary coolant pressure

Analysis burnup [MWd/tU] 60000 Decided in reference to the maximum fuel burnup of ref. (8)
Fuel rod LHR [W/cm] 171 Ref. (8)
Fast neutron flux [n / (cm? - s)] 5x 103 Decided in reference to PWR fast neutron flux
Inlet coolant temperature [°C] 289 Ref. (7)
Primary coolant pressure [MPa] 15.5 Ref. (7)
Core coolant velocity [m/s] 4.7 Ref. (7)
Relative axial power distribution Uniform —
Radial power distribution — Calculated by PLUTON program
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Table 2 FEMAXI-8 input data for SMR fuel

Input item Input data Reason or Reference
Axial segment number 21 Maximum number which can be calculated stable
Cladding material Zry-4 Ref. (3)
Cladding outer diameter [mm] 9.522 Ref. (3)
Cladding inner diameter [mm] 8.379 Ref. (3)
Active length [mm] 1350 Ref. (3)
Pellet diameter[mm] 8.153 Ref. (9)
Pellet length[mm] 10.36 Ref. (9)
Enrichment [%] 8 Ref. (3)
Theoretical density [%TD] 96 Ref. (9)
Dish diameter[cm] 0.6734 Ref. (4)
Dish depth [cm] 0.0343 Ref. (4)
Dish bottom diameter [cm] 0 Ref. (4)
Chamfer width [cm] 0.0001 Ref. (4)
Chamfer depth [cm] 0.0001 Ref. (4)
Plenum volume [mm3] 3.659 Decided in reference to PWR plenum volume
Initial plenum pressure [MPa] 0.5 Decided by the calculated EOL inner pressure
Analysis burnup [MWd/tU] 120000 Decide in reference to PWR maximum fuel rod burnup
Fuel rod LHR [W/cm] 175 Decided in reference to NuScale, NPM application for design
approval

Fastneutron flux [n / (cm? -s)] 5.0 X 10*®  Decided in reference to PWR fast neutron flux

Inlet coolant temperature [C] 216.6 Decided in reference to NuScale, NPM application for design
approval
Primary coolant pressure [MPa] 8.6 Decided in reference to NuScale, NPM application for design
approval
Core coolant velocity [m/s] 0.825 Decided in reference to NuScale, NPM application for design
approval
Relative axial power distribution Uniform —
distribution
Radial power distribution — Calculated by PLUTON program
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BRELD 52 ENERT EHERYIE L LT, FP U RS, EHENE, #EEN mEE, ~LU v LR
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FKOMIL, B 21 5EILTBRD 21 B 7 2 2 MOREL BB TOMEA /R LT Y, Fig.8 TIXHF 11 A b

(BREFED) A HhH L CTIRIAR LTV 5.

Fig. 5 |2 FP A AR Zmd. BRIV T, BlfT PWR BREFE SMR BREHIE & 1249 0.03%D FP A A
W Z R LTV A, Fig 6 IZREHENIEZ 73, BRSERIIZI W THIAT PWR 75 6MPa Th 5 DIZx L T,
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ERMIBEIE, BT PWRBREL & D L) 200CIRWFER & 72> TWvD. Fig. 8 12X L MRE Z7R7. Bl
1T PWR JTY SMR BAERE & IZBRBEFIHNTHK) 750°C AR 2 ITHIAN L T, Wi & HITBBERIIZ I TR 900°C &
725 TCW5. Fig 9 ICHEE N EBUIEE & 24, BEBERICRW T, WEDSD EWVIRE S EARY, BT
PWR BT 70um 27~ L, SMREAEHE 7um & K& < HE72p>T%.  Fig 10 ICHEENE L XL v MMRD
ZALRT. WFEDSDEVITERY, BT PWR REHIRBE P ENCHEE L XLy MIEL T D 00,
SMR SREHIBABER IS &Ly R L T D 00D, Fig 11 ICHEE RIS ) & 9 BeRG
HERT. BRI 5 2 VAR LTS OO, AT PWRIREHZISOWTIE, ~SLw b L giEs shs
filt 7=t — BRI LIS OIR TR A LND . XLy N R OB L2 RISIHETFREZ > T\ 5.

Table 3 Comparison of EOL (61GWd/tU) analysis results between SMR and PWR

Analysis items SMR PWR
Inner pressure (MPa) 2 6
Pellet center temperature(°C) 900 901
Oxide thickness (pm) 7 74
Cladding equivalent stress (MPa) 60 55
Cladding yield strength (MPa) 339 328
FGR(%) 0.029 0.26
Cladding surface temperature("C) 302 324
Cladding inner diameter [mm] 8.34 8.36
Cladding outer diameter [mm] 8.34 8.36
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PRIGEARM (120GWdAU) 12351 B REAEMERETOIE B OfFTHESRIZ DUV T Table 4 1R, F72, BREIO5SD F 0
LT, FP W AN, REWENIE, BEEINEIRE, Uy MR, EESMERIRE S, Ly R
I & A NS, BB YIG ) - SRR RIS INZ OV T 120GWAAU £ TRREES B 72520 T WA RIRT 5.
Fig. 12 {2 FP H A HHHERIZ DUV TR BRBERE A 80GWd/AU LA FIZ I\ T FP A A SR O 28 7 A i B 4,
FARINTIBN TR 11%E 2> TS, Fig 13 ITREHENEZ ~T.  FP A ABUHEROHEINC - T, BREHEN
JEDMRBEFEHINTHE R LT Y, 120GWdAU iR C 1 IREIBIE S K 0 vy 18MPa lZiE LT\ 4. Fig 14 128
BREFRMBE A RT. FPRE RV, Figls 220y MUEEZRT. XL v b OREE D35k L
72 LB Z BNDRFNCA Ly MR O FTAICEE U Cuvd. Figl6 [IZRMEIRE X Z2~9. 30GWdiU 1t
BB DB SN, T AEENEML TWAA, 120GWdAU IZBW T H#) 2lum Th Y, BIfTH%
KRB DI R B L T h 43/ SV, Figd7 ICHFEENE L~y MMEZE(LAZ7R . 60GWdAU 3T TH
BE LUy NI L T D23, 120GWdAU F THE A HERF SN TR —~ /L7 0 — Ry 7 1334 L T
RNEEZ D, Figl8 ITHEEAR YIS Z2R7. 60GWAAU LA ZHBE A 45 08 A 5 5 &0 EOL
23BN TH 200Pa FEEE Th D BB E PRSI A~ TH/ S

Table 4 SMR fuel behavior in EOL

Analysis item Analysis result
Rod inner pressure (MPa) 18
Pellet center temperature(°C) 1139
Cladding oxide thickness ( x m) 21
Cladding equivalent stress (MPa) 339
Cladding yield stress (MPa) 191
FP gas release rate (%) 11
Cladding surface temperature (°C) 302
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4.1 T4 PUR #R5H & SMR R4 D 5.5 F L D LB

FP H A =R, BT PWR & SMR & H1TH 0.03% & FHEF I/ NS UVME E 72> TWD Z & Oy, BREM G
IREEDSRBEARINC 900°CIREE CTH VD, N v MEELEI RN &b, FP HAMHERDOAI=ALE L
TiE, KBk X CEH Lo E B X 5. BREHERNIER, BT PWR LENS 6MPa Toh 5 DIZx LT SMR
REHT 2MPa & 72> TS, 2L, BT PWRIREIO XLy MEEE X v >~ 773 170um ToH 5 DITKF L
TSMRRELDOR Ly MFBEX v v 70 26um & REWZ LICEDEEZD. ZOXYy v TOREZED
EWIZ LD BT PWR BABHIIIT XL k& WFBE OB SMR & 0 KiEIZH < BREHEN O B Hi{E
FED N R L 72 o T2 T2 OBRBHENIE NN KR E v o T2 b D L E 2 . PR R IR L, BEME.OAN
TR P LRETE 2 5, BT PWR BKEHZ 289°C, 4.7m/s TH 2D D% LT, SMR #REHT 216.6°C -
0.825m/s & 72> CD. AHIREE TR 70°COZEEN B D03, JFLNHE DR = O FEE K i COBMBRERIL
INE LW R E TOIRE EFIE SMR IBEIO TR REWNH OO, kL U TAMREDEN DA K
=<, BT PWRIRBIOPFEE FK MR 20°CE < 72272, D 20°COENTE, BEICH LTIk <
BIFT PWR BRILIBE X728 74um CT& 5 D% LT SMR EEHT 7um E/h SV, 2Ly MHUDNEEIZ W T
WL, MEOBENTIRE LRV, ZHIEEREOEE I CERNH T2 ODX vy v T a X7 2 AN
SMRIRBI DT/ NS N edh, 2fRE LTI by MHNREIZHE D ZRORWFERER-T 2B XD,
BEEICINZOWTIE, BUTPWRIREIO R RZ D L 72 o TODNR L b & OB T — RIS
HMERFLTCWA., Ziuk, #EHFEERICBT2 alr—2 3 Y OOSNUZ LV ISTIOIKRTFREZ 72 H D
EEZD.

PLEX Y, BIFTPWRBRELE SMR BREFOREGHOE N E LT, XLy MEFEE X v v 7 L WERS AN DR
DENRH D, SMRIKEHIFAT PWR IZH~YREERIN B WO CREFORB IR E < 22 5 @i BeE b ol
BEMENSH D LW TE D,

4.2 SR OFBRBEERFDSDEL

FP # AfHRIE, 80GWANU Z#8 2 Th B2l N U TRBERIIC BV TR 1%ICEL TV 5. RE
HULNEEIZE BT 5 & 80GWAAU 12> HEREHFUIEEE 13/ 1000°C & 72 V) FP 4 A D A =X L
Sk - 1T EH Lo SIEds I B b L2 & b, SO0 LEE ORI LY FP T ADZANK s
Mz e otz LB 2 5. EMHRNIENY, BREERIIZISUW TR 18MPa IZ272 > CUVA A3, ZAUTSCICiB Lz
FP 7 A2 NN 2. C, XLy MFEE AN X 2B B Ao I LD 2525, —
77, SMRBRELOSE, 1 IRGHABTE 113 8.6MPa 1Tk L CNIED 18MPa L 72> TWAH D THEE D7 V) —
TT 7 MCEDY—< T 4 — RNy 7 EE I LTV AN S 2 ALY, 120GWdAU IZ3V\ T H o
Ly NEEEDOX v TI3ALTEEETHY Y —~L 7 4 — KRy ZIIREL QW EEZ D,
PREHROREEY, BRI BT 1150°CIZEE L TV 523, 60GWdAU FREE & Cld—EfE CHERE LT\
7273, 60GWdAU X 0 /D LRSS y MHDEENEML TS, 204 LRI SHEEIRILIEE X 0
IR B 5. ZOHEINESL > NRCREEOBANC D723 %, F7-, FP HAMHROEEMNIL, £y v/ 2
VHE R ADIKT LR DT, FP AT AMHERY S0GWAAU 2 T b Z2 TW\Wa . DL EOHS )N EE.
L TEREBHRONREOHIA R 6T 8B 2 5. EER IR S1X, BEERIIZHEW TS 21pm &/hEW
EEHERF LT 5. BB LI LI L 0 B SR DRI LR TREE DIR TN Z 5720,
TC& DPFEENIED 10%EZREFDOAZ L LTEZ TV, BT PWR BREHEER T, Z OEDER LK
JEET 950 TH DD TRHALFEE S I2OW T/ E S BERVIRIL E 22> TN 5.

SMR B B RBEEEIE D 5 5 FUWVNTOUW TS BIITHIMT 2 &, BREFFUCIREE, BALIE X 7 PIHE
DIRNL~YLTH o120, NEICOWTEI—</L 7 4 — KRy 7 REAE L TWARNE OO 1 RIGEIFE
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JEALITEE LWL B2 D08, ARIOMHTTIE, FHIWEET VO RE L 2 I 2550 L T 5720,
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W RBIOENZ BT 5 & & b1, B D mRBEEEMRIT 21T ERBEEEKIC 51T 5 SMR BB RIS
LS EVIRITICIT DT VOFEEMEIZT 5 2 L ThoTo, TOREE, SMRREID X 5722 @ik
BEFEAL N AIHE TH D Z & MR T 7.

— 5T, 120GWdAU F TOffMT A2 it 2 2 & T, FP H AKHIT X DBREHEN LA REHEE 2 R
RHE 7R DATREMEDN B 5 = L R ENT=. 72721, FP H AT T /WU N T Idom #6488 2 C ofdi 1
TONTTH D DT, SH%EHT FP A AT /L O EHOYLK, FEEER _EAS SMR BREND EREERE AL,
W THDLZ LI T A Z LN TE .

BEIHR

(1) s, “RUCIIT 5 SMR BAEFFEDELR”, = /LF—L ' =2—, Vol4l, No.12(2021), pp.7-10.

() JRFIEREHRE, CKHBIZE, B2 b7 240 HALEU MREHEGE THROK 20%0D 7 T ki 2 387,
https://www.jaif.or.jp/journal/oversea/8663.html (ZFfEH 202245 A 5 H) .

(3) S. M. Modro, J. E. Fisher, K.D. Weaver, J. N. Reyes, Jr., J. T. Groome, P. Babka, T. M. Carlson, Multi-Application
Small Light Water Reactor Final Report, (2003) p.iii, Idaho National Engineering and Environmental Laboratory and
Bechtel BWXT Idaho, LLC.

(4) Y.Udagawa, M.Amaya, "Model Updates and Performance Evaluations on Fuel Performance Code FEMAXI-8 for Light
Water Reactor Fuel Analysis", Journal of Nuclear Science and Technology, Vol.56, No.6(2019), pp.461-470.

(5) AR, FREAN, TR, KB, BAFEREM#T = — N FEMAXI-7 OF 7 /L & HE[SGETIR],
pp.9-10, JAEA-Data/Code 2013-014 (2014).

(6) Lemehov, S.E. and Suzuki M., PLUTON-Three Group Neutronic Code for Burnup Analysis of Isotope Generation and
Depletion in Highly Irradiated LWR Fuel Rods,JAERI-Data/Code 2001-025 (2001).

(7) KRERFEEFTS « 4500 BTFRERF IS, PR 2247 1.

(8) MARHMARREHBA RGEE (DM 3E/HTes 3 5% (2017), —ZEJRA%Y.

(9) NuScale Standard Plant Design certification Application , Chapter Four Reactor (2020).

(20224 8 H 4 H=#)



