*
tadlalk. 0

* % %
*

****

Action
Grant Agreement #

Project name

Project Acronym
Project start date
Deliverable #

Title

Author(s)

Version

Related WP
Related Task
Lead organization
Submission date

Dissemination level

Horizon 2020
European orizon

Commission

REDUCTION OF
RADIOLOGICAL
ACCIDENT
CONSEQUENCES

Research and Innovation Action NFRP-2018-1
847656

Reduction of Radiological Consequences of design basis and design
extension Accidents

R2CA
01.09.2019
D3.4

Rod cladding failure during LOCA- Final report on experimental
database reassessment and model/code improvements

Tatiana Taurines, Sébastien Belon (IRSN), Brahim Dif, Asko Arkoma
(VTT), Tadas Kaliatka (LEI), Katalin Kulacsy (EK), Matthias Jobst
(HZDR), lurii Ovdiienko (SSTC), Paul Van Uffelen (JRC), Jan Klouzal
(UJV), Rolando Calabrese (ENEA),

01

WP3 LOCA

T3.2. Evaluation of the failed rod number (IRSN)
IRSN

28.02.2023

PU

This project has received funding from the Euratom research and training
programme 2014-2018 under the grant agreement n°® 847656

European Union funding
for Research & Innovation



A

D3.4 Final report on rod cladding failure during LOCA

History
Date Submitted by Reviewed by Version (Notes)
28.02.2023 T. Taurines (IRSN), S. Belon (IRSN) 01
N. Girault (IRSN)
GA n° 847656 Page 2 of 218




% D3.4 Final report on rod cladding failure during LOCA

Contents
COMEBNES ... Rttt 3
L 1o o [F o TSP 14
2. Cladding thermo-mechanical models reasseSSMENT..........cccovicceeiiiie e 15
Burst database re@SSESSMENT ..........c.oiriiiceeee ettt 16
IRSN CONTIDULION ..ot 16
EK CONIIDULION ...ttt s ettt nn s 24
NEW DUFSE CIIEBIIA ... ettt ettt ettt 29
IRSN CONTIDULION ...ttt 29
EK CONIIDULION ...t bbbttt et s nn s 37
Modified phase transformation and Creep [AWS ............cccceiiiiiiccctce e 37
EK CONIIDULION ...ttt s et b et s nn s 37
VTT CONIDULION ...ttt ettt 40
ENEA-JRC CONTIDULION ....vveieeee ettt 47
Code validation tests with new thermomechanical MOGEIS.............cccouierirrnirniese s 54
IRSN contribution: test of the criterion on DRACCAR validation tests ..........cccouervinnninnennescenns 54
VTT contribution : M5 validation case : IFA-850.15.........cccoviirrenreeee s 57
3. FUITCOrE MOUEIING ... 67
Fuel performance code chained to a system thermohydraulic COdE............cccvrrinniiincreee 68
JRC Summary of methods used with TRANSURANUS .........cooiiiresee e 68
UJV MEINOAOIOGY ...t 74
SSTC MENOOIOGY ...t 85
=T == o] o] 0 o TSR T ETRT 106
LEI': ASTEC and TRANSURANUS CalCUIAtIONS .........cevereiririiiicicieisissisesseeieisie s sesesesees 106
IRSN : DRACCAR New LOCA MethOdol0gy........cueurrreririririeiririieieesieises e esssssssssesnsns 135
HZDR : New 3D core modelling approach with ATHLET-CD ........cccovvvvriceeeessceeessssse s 152
FINAI CONCIUSIONS ..ottt ettt e et et s s 192
RETEIENCES ...ttt s bbbttt R sttt E bbbttt et et b 194
AADPENAIXES ...ttt 203
1. VTT contribution appendiXes..........ccrvriicirirernnreeees e 203
Appendix A Validation CaSES MESUILS: .........ceuiuiriiriieirceiree e 203
AppendiX B Error CAICUIATIONS ..ottt 207
Appendix C Code MOUIfICALIONS .........vuiveiiriiriieires s 209
Appendix D: IFA-650.15 rod PreSSUIE FESUILS ........cueururereririreceeieieiei sttt 210
2. SSTC codes used for full core modelling and developments ............cccccoceenenee 211
APPENGIX REFEIENCES ..ot 217

GA n° 847656 Page 3 of 218



% D3.4 Final report on rod cladding failure during LOCA

List of figures

Figure 1: Histograms of selected parameters. a) Engineering burst stress (MPa), b) Heating rate (°C/s), c)
Circumferential burst strain (%), d) Burst temperature (°C). Blue all data base, orange tests
on AR received cladding internally heated. ..o 19

Figure 2: Maximum circumferential burst strain versus burst temperature compared to NUREG-0630 strain
envelopes. a) All heating modes, heating rates between 1 and 10°C/s, b) All heating modes,
heating rates higher than 25°C/s, c) Internal heating modes, heating rates between 1 and
10°C/s and d) Internal heating modes, heating rates higher than 25°C/s Marker size is
proportional to the heating rate. ........cccvvvicceees s 21

Figure 3: Engineering burst stress versus burst temperature compared to Chapman criteria. a) All data with
colour map on pressure difference, b) All data with colour map on heating rate, c) Heating
rates in the range 1-30°C/s with colour map on pressure difference, d) Heating rates in the
range 1-30°C/s with colour map on heating rate. ...........cccocveeeiriiecceee e 22

Figure 4: True burst stress versus burst temperature with colour map on heating rate and EDGAR criteria
DUIlt from CreeP tESIS[2]. .v.vevviieiicce et 23

Figure 5: True burst stress versus burst temperature with colour map on heating rate and EDGAR criteria
built from creep tests [2] a) For heating rates in the range 0-0.5°C/s, b) For heating rates in
the range 1-5°C/s, c) For heating rates in the range 5-10°C/s and d) For heating rates in the

FANGE 100-223%C/S. ..ottt 23
Figure 6. Left: sample No. 13 [8], right: the local cladding wall thickness along the circumference............ 26
Figure 7. Delimiting lines between burst lips, local balloon and remaining (‘thick’) part...........cccccvvnenee 27
Figure 8. Left: average strains at mid-burst, right: strains omitting the balloon.............cccovvvviviirnnnne. 27
Figure 9. Average strains in different axial POSIIONS ..........ccoeriierier e 28
Figure 10. Ratio of the average strain at the edge of the burst to the average strain at the middle of the
DUISE... e 28
Figure 11: Impact of cladding hydrogen content on burst temperature from literature and fitted during this
WOTK. oottt 30
Figure 12: Circumferential burst strain cumulated frequency for all tests and for internally heated tests (left)
associated percentiles (FIGNt).......coerrr s 31
Figure 13: Maximum, minimum and mean values of true burst stress versus burst temperature .............. 32

Figure 14: True burst stress versus experimental burst temperature, best estimate fit and exponential
BNVEIOPES ...ttt ettt 33

Figure 15: Calculated versus experimental burst temperature with the criterion on engineering stress. Doted
lines correspond to £50°C from the biSector liNe. .........ccoveerierrienieeeeree s 34

Figure 16: Burst temperature error (calculated-experimental) versus a) the heating rate (°C/s) and b) the
engineering burst SreSS (MPA)..........ceriirireer s 35

Figure 17: Engineering burst stress versus burst temperature for 1, 5, 10 and 30°C/s and data points.... 35

Figure 18: Burst criteria on engineering stress developed during R2CA, Chapman criteria and Meyer criteria
for heating rates of 1,5, 10 @Nd 30°C/S........vvriirrirre e 36

Figure 19. Available cladding burst Strains............cccociiecciissccce e 37

GA n° 847656 Page 4 of 218



% D3.4 Final report on rod cladding failure during LOCA

Figure 20. Temperature dependence of the strength coefficient K ..o 39
Figure 21. Temperature dependence of the strain rate sensitivity exponent M..........cccoovveeeeeesinineenee. 39
Figure 22. Temperature dependence of the strain hardening eXponent N ..........coocovverreenncenisnenens 40
Figure 23: Zircaloy-4 and M5™ phase transition at 0, +1, +10, +100 K/s (left) and 0, -1, -10, -100 K/s (right)
............................................................................................................................................ 51
Figure 24 : Zircaloy-4 phase transition at 0, +1, +10, +100 K/s (left) and 0, -1, -10, -100 K/s (right); effect of
hydrogen concentration (1000 PPM).......ccoiiieieiiieieeee e s 51
Figure 25 : Phase transition with concentrations of hydrogen in the interval 0-500 ppm (every 100 ppm):
comparison of models at +10 K/s (left) and +100 K/s (right) [41].....cccccovvriieieeinieieene 52
Figure 26 : Creep rate of M5™ as a function of temperature and heating rate: +10 K/s (left) and +100 K/s
(FIGDL) 1ttt b ettt 52
Figure 27 : Phase transition of Zircaloy-4: comparison of model B and model A (mod.) with experimental
MEASUMEMENES [D0].....vviiiecicieieir ettt 53

Figure 28: Calculated burst temperature versus experimental temperature on EDGAR test on Zry-4 with
DRACCAR true stress criteria and R2CA Engineering burst criteria and linear fitting (y=ax).

Dotted lines correspond t0 £10%0. .......veueeirrririririereenee s 54
Figure 29: Calculated versus experimental burst temperatures for Halden LOCA tests with DRACCAR

reference criteria and R2CA Engineering burst criteria. ..., 55
Figure 30: Calculated versus experimental burst temperatures for SCIP [Il LOCA tests with DRACCAR

reference criteria and R2CA Engineering burst Criteria ..., 55
Figure 31: Calculated circumferential strain versus experimental circumferential strain for temperature ramp

L] 7SSOSR 56
Figure 32 : irradiation POWET NISTOTY .........c.oviuiiieirie e 58
Figure 33 : AXial DUINUD PIOFII .......ceeieiieieesce e 58
Figure 34 : Overall results of validation cases CalCulations. ..............coerrnennieneee e 60
Figure 35 Calculated versus experimental burst temperature for simulated validation cases.................... 60
Figure.36 Calculated versus experimental max residual hoop strain for simulated validation cases......... 61
Figure 37 Calculated vs measured residual hoop Strain reSURS............cooieriivnennceee e 62
Figure 38 calculated vs measured burst temperature reSults ...........cooeerrnninesrr e 63
Figure 39 Comparison of absolute mean error for utilised deformation models............ccccovevrivnininenne. 64
Figure 40 Comparison of absolute mean error for burst Criteria............c.oeerirnennnneseseis 64
Figure 41 FRAPTRAN stress calculations with different deformation models and burst criteria for IFA-650. 613 g
Figure 42: Cladding temperature history in 10 axial nodes during 2F-LBLOCA by means of a RELAP

ANAIYSIS [DB]....vrvveeeereeieret et 69
Figure 43: Fuel rod clusters as a function of burnup applied in the LB LOCA analysis by E.ON [61]. ....... 70
Figure 44 : VVER1000 primary system configuration (V320) [79].......cceovirrniinniennieneessceseeisens 75
Figure 45: Fuel centerling temMPEratures ............cvieriiencecc e 81
Figure 46: Peak Cladding TEMPEIAtUIES ........c.cceuruieriiriieieirieiseieeeiseie ettt 81

GA n° 847656 Page 5 of 218



% D3.4 Final report on rod cladding failure during LOCA

Figure 47: RO INTEIN@I PrESSUIE .........ouiiiiiieiiciee e 82
Figure 48: RO BUISE TIMES ......c.cuiviiiiiiicctcte sttt 82
Figure 49 : PCT as a function of rod relative POWET ..o 83
Figure 50 : Correlation between the PCT and the burst ime ... 83
Figure 51 : Standalone Gas Flow model results for LOCA conditions ............ccvreernienncnnieeneeneens 84
Figure 52 : Radial fuel — cladding gap predicted by the TRANSURANUS code for LB LOCA VVER-1000

case in the statistical analysiS.........cccovrviirirrrsccecr e 84
Figure 53: TVSA fuel assembly, stiffening angel plate and fuel pin ... 86
Figure 54: Pin layout of fuel assembly type 398GO..........ccceiiiiicccee e 89
Figure 55 : Pin layout of fuel assembly type 439GT ..o e 89
Figure 56 : Reload pattern for all CYCIES.........cocciiiiiiiicccc e 91
Figure 57 : Core loading pattern of the all CYCIES.........cccieviiicccc e 92
Figure 58 : FAs years of operation for all CYClES .........ccoiiiiiieicc e 92
Figure 59 : COore NUMDEIING ......cviiiieiieisccte ettt bbb bbb bbb 93
Figure 60 : FA NUMDEIING .....vvviiiiieiiceie bbb 93
Figure 61 : Maximal Kr dUMNG CYCIE .....cueueiiiiiiiiisi st 94
Figure 62 : Distribution of fuel rods with different relative power Kr for a cycle time T=10 fpd................... 95
Figure 63 : Distribution of fuel rods with different relative power Kr for a cycle time T=105 fpd................. 95
Figure 64 : Distribution of fuel rods with different relative power Kr for a cycle time T=303 fpd................. 96
Figure 65 : Burnup of fuel rods with relative power Kr=1.4...1.5 for the beginning of the cycle.................. 96
Figure 66 — The general calculation SChEME ..o 98
Figure 67 — Power history of a fuel rod before the LOCA ... 101
Figure 68: Boundary conditions - the temperature of the fuel cladding during LOCA of layer 10 and 12. 102
Figure 69 — # of failure fuel rod during cycle (Keng=1.20) ........cccourrrerrierriesneeesee e 104
Figure 70 — Gap Gas release activity from failure FP during cycle (Keng=1.20).......ccoeovrivniinniinnnnn. 105
Figure 71. Cladding burst time: a) the second ring, b) the third fing ..........ccccecveevirinnieireeeeee, 109
Figure 72. Fuel internal pressure: a) the second ring, b) the third ring ..., 109
Figure 73. Peak cladding temperatures: a) the second ring, b) the third ring...........cccevevrrcinniieninnnn. 109
Figure 74. Total hydrogen generation .............cooerienicienicisee e 110
Figure 75. Fission product release to the environment: a) Cs mass, b) | mass, ¢) Xe mass................... 111
Figure 76. Fuel Rod hydraulic cross-Section [[B7]]........cccoeerrrriririreerrneseeesissisesese et 112
Figure 77. Fuel Rod hydraulic cross-section [[93]]........ccuuururerirmiriiniiereeisieissieise e 114
Figure 78. Fuel assembly region locations in reactor core [[93]]......cccoveurrnrireennrrrseceeeer s 114
Figure 79. Axial power profile assumed for irradiation ...............c.ceeeeniieenissnsessee e 115
Figure 80. Linear power during the LOCA QVENL. ... 115
Figure 81. Quter cladding temperatures at different reactor core ring locations (14" segment). ............. 116

GA n° 847656 Page 6 of 218



% D3.4 Final report on rod cladding failure during LOCA

Figure 82. Temperature profiles in different axial SEGMENTS. ...........cccorveriieivniiiniere e 116
Figure 83. Axial temperature profiles for eXamined CaSES. ..........cccveeeiiiviiieieeeseseseee s 117
Figure 84. Pressures inside gap (141 SEGMENL). .........ccvveurriernieinenieesies e 118
Figure 85. Outer and inner pressures (141 SEGMENT). .........ccvvveveeeeeeiiieeeee st 118
Figure 86. Average equivalent Stresses (141 SEGMENL). ...........cvernierieirriesnesee s 119
Figure 87. Burst streSSeS (141 SEGMENL). .......ceueviviiieiceeee ettt 119
Figure 88. Gap width Size (141 SEGMENL). .......ccevvviieiceeee ettt 120
Figure 89. Relative horizontal distribution (a quarter of reactor Core) ...........ccoevneinniennciencen, 123
Figure 90. Coolant flow rate versus relative poWer of FiNGS .........ccccceeiniiieiecee e 124
Figure 91. Axial temperature profile during peak temperature. ...........c.ccceeeeeeessssseseeesssssseeees 124
Figure 92. Cladding oxide layer thickness (141 SEGMENT). ..........cccceeeevieiieiecee et 125
Figure 93. Gap width Size (141 SEGMENL). .......cceviviciieeeeee et 126
Figure 94. Outer and inner pressures (141 SEGMENE). .........cvuvuvriernienieesies s 126
Figure 95. Average equivalent stress and burst stress (14t sSegment). ..........cocoeevevvvevccevevessnsnsene, 127
Figure 96. Outer and inner pressures (14th SEGMENT). .........cvvrrnienieeses e 128
Figure 97. Average equivalent stress and burst stress (14th SEgmMENt). ...........ccocevevvvevcccevesenensene. 129
Figure 98. Average equivalent Stress (14th SEGMENT)..........ccovveinierineenee e 130
Figure 99. BUrst Stress (14th SEGMENT). .........cviiriierieeries e 130
Figure 100. Gap Pressure (14th SEGMENE)..........cccvvereeriesseeesee s 131
Figure 101. Gap Width (14th SEGMENT). ........ceviiiiriiirice e 131
Figure 102. Outer oxide layer (14th SEGMENT). ........cvvririerierieeesee s 132
Figure 103. Spearman’s ranks for gap pressure (14th SEGMENL). ...........ccovvevviirnieirnienceree s 132
Figure 104. Scatter data plots for gap pressure (14th segment), at the beginning of the LOCA transﬁeg?f
Figure 105. Scatter data plots for gap pressure (14th segment), 340 s after the LOCA transient............ 133
Figure 106. Spearman’s ranks for average equivalent stress (14th segment). ...........cccocvvveenireenenne. 134
Figure 107. Scatter data plots for average equivalent stress (14th segment), at the beginning of the LOCA

BTANSIENT.......cocveveieieie ettt b b s bbbttt 134
Figure 108. Scatter data plots for average equivalent stress (14th segment), 340s after the LOCA transq'e?)nt

.......................................................................................................................................... 5
Figure 109: Example of heterogeneities of a PWR core loading map with respects to fuel assemblies’

average characteristics (power factors, burn-up and rod internal pressure)...................... 137

Figure 110: Cut view of DRACCAR core meshing with 2D equivalent fuel rods and associated CPU cost.
.......................................................................................................................................... 139

Figure 111: PWR 17x17 MOX type fuel assembly configuration with 3 distinctive Pu enriched fuel rods and
associated rod internal pressure evolution with burn-up computed by FRAPCON 4.0 PNNL-
O R o tuturereeusteeasanese st seas s st e st ee s ne e afee e e s e e R ee e e e A e S ee s R eea e e a e e e s At enaran 140

GA n° 847656 Page 7 of 218



yﬂ D3.4 Final report on rod cladding failure during LOCA

Figure 112: DRACCAR 3D modelling of one eighth of a PWR 17x17 fuel assembly (a), 2D single equivalent
rod model in square cell of side the fuel rod pitch (c) and schematic view of the DRACCAR
model network and boundary conditions (10). .........eeureirneie 140

Figure 113: Distribution of rod maximum strains for MOX PWR 17x17 fuel assembly cases using equivalent
rod approach and 3D meshing with idealized or realistic assumptions. ...........ccccccevvinines 142

Figure 114: Thermal field and rod deformations simulated with DRACCAR 3D detailed PWR 17x17 fuel
assembly model highlighting cold region close to guide tubes and non-symmetrical balloon
(670] 11 (0 U TR SRTPSTTRRTPRPPRN 142

Figure 115: Three cases based on 1D slice of subchannels representative of 2 neighbouring fuel
ASSEMDIIES......evtetctceiie ettt bbbt beberens 143

Figure 116: PCT for each rod obtained when max circumferential strain 33% is reached for first time by one
rod (a) PCT for each rod when rod circumferential strain is 33% (b) ......ccovovvvvrireinenne 144

Figure 117: Example of DRACCAR fuel rod simulation using the 2D equivalent rod model with previous
mode assuming free development of balloon with circular clad contour (a) and the new model
which limits the clad contour extension to the rod pitch (b). ........ccooevveirneriiiries 146

Figure 118: Shape function approximating the clad contour all along its deformation (at left), corresponding
algorithm to evaluate contact surface ratio when using a 1D(z) equivalent rod model as in

ASTEC €ode (At FIGNT). ..vvieciicerc s 147
Figure 119: DRACCAR new core modelling approach to evaluate the number of failed rods during LOCA
for LWR developed in the frame of R2CA Project........cccoevvviivcceinsseccee s 149
Figure 120: Nodalization SCheme 0f RPV. ... 154
Figure 121: Detailed core configuration (location of 193 fuel assemblies with assembly numbers and
ASSIGNMENT 10 COME MNGS) ...vuvuvvvrcieiireiei ettt 155
Figure 122: Detailed core configuration (assignment of 193 core assemblies to 49 channels of lower/upper
PLENUM). ...t bbb 155
Figure 123: Nodalization scheme of primary and secondary Side............cccocovvirrnirinneennsencee e, 156

Figure.124: Top: reactor core with 193 assemblies. Bottom: ATHLET-CD nodalization scheme with 6
concentric-rings, the inner most ring is visualized on the left side of the scheme (PV-COR1),

the outer-most ring on the right side (PV-CORB).........cccccvurirrninrnerseesees e, 157
Figure 125: Local phenomenon using the new custom nodalization (azimuthal sub-division) [22].......... 157
Figure 126: Example of spent fuel pool nodalization (2x3 sections) [22] ........ccccevvierrrenenenncreenennn. 158

Figure 127: Distribution of rod internal pressure PRODI calculated by ATHLET-CD for two bounding cases.
Left side: initial pressure value 2.25 MPa applied for all rods (fresh fuel). Right side: initial
pressure value 3.6 MPa applied for all rods. ........ccccocerirriennineeeseese s 159

Figure 128: Typical evolution of the primary pressure and rod internal pressure of high power rod during
the first 40 s of the LB-LOCA tranSient............ccccvirrinnicnnesseeeee s 161

Figure 129: The different stresses computed by ATHLET-CD for the peak power location of high power rod
(hoop stress STRESU, radial stress STRESR, axial stress STRESA, and equivalent stress
STRESV) ..t 161

Figure 130: Creep rates calculated by the four creep rate models implemented in ATHLET-CD ............ 163

Figure 131: Comparison of four creep rate models implemented in ATHLET-CD. Evolution of the azimuthal
(hoop) strain of selected high power rod during LBLOCA. .........ccoovveeeniiereceeeeis 164

GA n° 847656 Page 8 of 218



yﬂ D3.4 Final report on rod cladding failure during LOCA

Figure 132: Comparison of four creep rate models implemented in ATHLET-CD. Number of burst rods
computed for a LB-LOCA case with top-peaked power profile. ..........ccocvevvveiicccreennnn, 164

Figure 133: Study of strengthening effect due to oxygen. Evolution of the azimuthal (hoop) strain of first
burstrod / selected high power rod during LB-LOCA (Rosinger creep rate correlation applied).

.......................................................................................................................................... 164
Figure 134: Study of strengthening effect due to oxygen. Number of burst rods computed for a LB-LOCA

case with top-peaked power profile (Rosinger creep rate correlation applied). ................. 164
Figure 135 Local relative power vs. local burn-up for all fuel rods (57900 rods at 32 axial layers). ......... 166
Figure 136: POWET diStrDULION ........cocviiiiiicccces et 167
Figure 137: Rod power factors with indication of high power rods (red RPF = 1.6, orange 1.5 < RPF < 1.6,

GrEEN RPF K 1.5) ettt bbbt 167
Figure.138: Assembly average rod POWET faClOrS...........cceiviiicicicicce e 167
Figure 139: Assembly averaged rod power profile (assembly with maximum power)..........ccccccvveurerenne. 167
Figure 140: Average rod power factors for 4 rod sections per assembly ...........ccccceevviricccieesneieeenen, 168
Figure 141: Four rod power profiles for assembly with maximum POWET ............ccccvvrvreeereesnnrienes 168

Figure 142: Four top-peaked rod power profiles constructed for the assembly with maximum power..... 169

Figure 143: Hot leg ECC injection by application of a special injection pipe (Hutze) [136] ...........ccc.ce..... 170
Figure 144: Evolution of selected reactor parameters during the zero transient.............cccoocovvrinninne. 173
Figure 145: Steady state distribution of core inlet temperature.............ccoovevverneinnereeeee e, 174
Figure 146: Steady state distribution of core outlet temperature (in upper plenum)..........ccoocovvirninne. 174
Figure 147: Simulation case #1. Maximum cladding temperature of the 772 representative rods............ 175
Figure 148: Simulation case #1. Primary pressure and RIP of the fuel rod which earliest burst............... 175
Figure 149: Simulation case #1. Hoop strain of those 58 representative rods that reach the burst criterion

(B8 %0 SEFAINY. ...t 175
Figure 150: Simulation case #1. Progression of the number of burst rods.............c.ccovvieniininicniinn. 175
Figure 151: Simulation case #1. Cladding temperature distribution at 6 different elevations 5 s after

beginning of LOCA tranSIent ... 177
Figure 152: Simulation case #1. Cladding temperature distribution at 6 different elevations 20 s after

beginning Of LOCA tranSIENL ........c..cviuiviiieiircirieese s 178
Figure 153 Simulation case #1. Maximum cladding temperature distribution (maximum cladding

temperature of each of the 772 representative rods) at selected times............c.cccevunee. 179
Figure 154: Simulation case #1. Time course of the azimuthal strain distribution (maximum strain of each

FOA) 11ttt 180
Figure 155 Simulation case #2. Maximum cladding temperature of the 772 representative rods............. 181
Figure 156 Simulation case #2. Primary pressure and RIP of the fuel rod which earliest burst................ 181
Figure 157: Simulation case #2. Hoop strain of those 58 representative rods that reach the burst criterion

(B8 90 SEFAIN). .. e 181
Figure 158: Simulation case #2. Progression of the number of burst rods............ccocvvneninencninen. 181
Figure 159: Simulation case #2. Distribution of maximum azimuthal strain at the end of LOCA ............. 182

GA n° 847656 Page 9 of 218



% D3.4 Final report on rod cladding failure during LOCA

Figure 160: Evolution of PCT for two different scenarios (pressurizer connected to intact loop vs. pressurizer

connected t0 BroKEN [00P). ......ccueviiiiiicccss et 182
Figure 161: Evolution of number of burst rods for two different scenarios (pressurizer connected to intact
loop vs. pressurizer connected t0 broken loop). ........ccccveceiiiiccce e 182
Figure 162: Simulation case #4 with pressurizer connected to broken loop and initial RIP = 2.25 MPa.
Cladding temperature at top of the core (layer 17) 5 s after beginning of LOCA............... 183
Figure 163: Simulation case #4 with pressurizer connected to broken loop and initial RIP = 2.25 MPa.
Distribution 0f PCT @ 20 S....ecveviireieeceees st 183
Figure 164: Simulation case #4 with pressurizer connected to broken loop and initial RIP = 2.25 MPa.
Distribution of maximum azimuthal strain at the end of LOCA. .........c.cooveevvvvirccicennnn, 183
Figure 165: Simulation case #3 with pressurizer connected to broken loop and initial RIP = 3.6 MPa.
Distribution of maximum azimuthal strain at the end of LOCA. .........cccovevvrvninnriens 183
Figure 166: Simulation case #4 with top-peaked power profile. Evolution of PCTS. .......cccccccvvivvvirinee. 184
Figure 167: Simulation case #9 with realistic power profile. Evolution of PCTS. ........cccccocvceienniiieenee. 184

Figure 168: Simulation case #4 with top-peaked power profile. Evolution of hoop strain of those rods that
reach burst criterion (38 % hoop strain, rod labels excluded due to too many burst rods). 184

Figure 169: Simulation case #9 with realistic power profile. Evolution of hoop strain of those rods that reach

burst criterion (38 % hOOP StraiN)........coieiiiiee e 184
Figure 170: Distribution of azimuthal strain at t=80 s (top-peaked vs. realistic power profil).................. 187
Figure 171: Core model with and without core cross-connections. Comparison of CPU time. ................ 188
Figure 172: Core model with and without core cross-connections. Comparison of PCT ..........ccccceveee. 188
Figure 173: Core model with and without core cross-connections. Comparison of the rod internal pressure
Of SEIECtEd fUBI TOT. ... 188
Figure 174: Core model with and without core cross-connections. Comparison of the number of burst rc;c:gsé
Figure 175: Simulation with pressurizer connected to broken loop, initial RIP = 2.25 MPa, realistic power
profile. Distribution of maximum cladding temperature at 80 s (end of simulation)............ 189
Figure 176: Simulation with pressurizer connected to broken loop, initial RIP = 2.25 MPa, realistic power
profile. Distribution of maximum azimuthal strain at 80 s (end of simulation). ................... 189
Figure D.1 FRAPTRAN predicted and measured rod internal pressure for IFA-650.15...........c.ccccevenee. 210
Figure D.2 FRAPTRAN input and measured rod internal pressure for IFA-650.15...........cccocovvieieinnnne. 210

GA n° 847656 Page 10 of 218



% D3.4 Final report on rod cladding failure during LOCA

List of tables
Table 1 : Fuel failure rate considered in radiological assessment in safety analyses from [1]................... 14

Table 2: General overview (cladding alloy, test type and number of tests) of complete collected burst tests.
............................................................................................................................................ 16

Table 3: Main Burst Database characteristics described with independent lines (for each testing
characteristic, the number of tests, fraction of the overall database and constitutive cladding
material are provided — In green more than 50% of the test database, in orange more than

25%, i DIUE OthEr tESES). .....cvcvivcreec e 17
Table 4: Main Burst Database characteristics of burst tests performed on Zy-4..........cccocveevvvivccrenennn, 17
Table 5: Some statistics about main burst parameters. ...........ocouovverrriicceeee e, 20
Table 6 : Matrix of samples for the detailed geometrical assessSment...........cccceeevivivevcccce e, 24
Table 7 : Previous and new circumferential strains in the 2" part of the BALL dataset...........c.ccccovureneee. 26
Table 8: Parameters of the exponential correlations on true burst stress for various statistical parameters

and the best-estimate MOEI ..o 32
Table 9: Engineering burst stress fitting parameters for internally heated ramp tests on as-received

(012 T o 1T APPSR 33
Table 10 Kaddour et al., 2004 creep [aw Parameters .......c.cocoveeeeerirnn e 43
Table 11 Rosinger 1984 creep [aw parameters ... 43
Table 12 Equilibrium phase transformation parameters............cocovverrvniceceinesseeee e, 45
Table 13 Coefficients of IRSN true hoop stress limit COrrelations .............cocovveiervnierceesssceen, 46
Table 14 Coefficients for Rosinger optimised stress limit corelation .............ccoovvvreneinnienncnsieens 47
Table 15 Coefficients for Forgeron et al. 2004 stress limit corelation ..., 47
Table 16: Nominal composition of M5™ alloy (WE.%) [46] ........eeerirerererieeirsseseee s 48
Table 17 IFA-650.15 initial calculations reSUIS.............ccceerriiiiccecr e 65
Table 18 IFA-650.15 LOCA results with Kaddour et al creep deformation and different burst criteria....... 66
Table 19 IFA-650.15 LOCA results with FRAPTRAN original deformation and different burst criteria ......66
Table 20 : Summary of approaches used to evaluated the number of failed fuel rods during a LOCA......67
Table 21 : Main plant PAramMELErs ...t 74
Table 22: Main COMe PArAMELELS ........c.iviueirireireriieirieret sttt 74
Table 23 : Fuel rod parameters varied in the statistical @nalysis..............cocccrirniinnicnnces 78
Table 24 : Burst probability as a function of rod relative power (15 — 20 MWA/KgU)........ccocvivrnieniernninen. 80
Table 25 : Basic design data of the fuel assemblies TVSA and their components ...........c.cocoevvivniriinnnes 88
Table 26 : TVSA FA types used in the reactor core loading patterns ..o 89
Table 27 : General data for core Operational .............ccoeerirnre s 90
Table 28: Length Of CYCIES ... 90
Table 29 - Some data for the moment before LOCA..........coiririerecrses s 99
Table 30 - Some data for LOCA........coeces e 100

GA n° 847656 Page 11 of 218



% D3.4 Final report on rod cladding failure during LOCA

Table 31 - Information on failed fuel rods during LOCA .........coiiirnircceeesee s 100
Table 32 - Gap Gas release from failure FP, LOCA calculations.............cccoccureeniiiviiececescceene, 101
Table 33 : Initialization parameters and key models regarding cladding burst used in SSTC methodol;)g%
Table 34 - # of failure fuel rod for different Keng..........coveriienceeseee s 103
Table 35 - Gap Gas release activity from failure FP .........ccooovoviiiiiicccee e, 104
Table 36 : Initialization parameters and key models regarding cladding burst used in ASTEC LEI

CAICUIALIONS ...ttt 107
Table 37. Different parameters for the sensitivity analysis............cccccvvviricieieieinicece e, 108
Table 38 : Initialization parameters and key models regarding cladding burst used in TRANSURANUS LEI

CAICUIBLIONS ...ttt ettt 113
Table 39. Cladding failure event (homogenic temperatures). ............cccvveveeeeneseiesecee s, 120
Table 40. Cladding failure event (heterogenic temperatlres). .........c.c.ccvveveeensisissessssssseeeeeens 121
Table 41. Cladding failure event (ring 2, oxide layer (OL))..........ccccueenniiceeeniieceiece e, 121
Table 42. Groups according to the selected relative POWES .............cccvveiieeeeinniieisee e, 122
Table 43. Radial power distribution through the rings, for nodalization with 4 rings..........c..c.cccccevveeueunen. 123
Table 44. Cladding failure event (heterogenic temperature Profile). ..........cccvvevervnineeeissnsisseenenn, 125
Table 45. Uncertain parameters and selected uncertainty ranges for the uncertainty quantification ....... 128
Table 46 : Main characteristics of DRACCAR fuel assembly CaSES ..........ccocrveenirirererceeesceeeveeenenn, 141
Table 47 : Comparison of 3D detailed meshing to an equivalent rod approach on an idealized single fuel

aSSEMDIY MOTEIING. ....vvvieicrc e 141
Table 48 : Comparison of 3D detailed meshing to an equivalent rod approach on an idealized single fuel

asSSeMDbIY MOGEIIING. ......vvviirrircie b 143
Table 49 : Description of the new DRACCAR PWR modelling approach proposed in the frame of the R2CA

project and used to predict the number of failed rods.........ccccovvvieieceieisccee s 150
Table 50: Creep correlation parameters applied in ATHLET-CD for Erbacher and Rosinger model ....... 161
Table 51 : Assumptions for the ECCS applied in the DBA LOCA SCENAI0........ccovvvvriereeeriiriririiereeeenn, 172
Table 52 : Comparison of selected steady state key parameters calculated by ATHLET-CD with design

VAIUB ...ttt 174
Table 53: SUMMArY Of FESUILS. ......c.oviieeric s 191
Table 54 Validation cases results with FRAPTRAN original plastic deformation model ...............cccce.... 203
Table 55 Validation cases results with Kaddour et al. 2004 high temperature creep deformation............ 205
Table 56 Validation cases results with Rosinger 1984 high temperature creep deformation.................. 206
Table 57 Absolute mean error of employed high temperature creep deformation model ...........c.cc.c...... 208
Table 58 Absolute mean error of employed burst CrIterion ..o 208

GA n° 847656 Page 12 of 218



A

D3.4 Final report on rod cladding failure during LOCA

Abbreviations

AME Absolute mean error

ATHLET Analysis of thermal-hydraulics of leaks and transients

ATHLET-CD | ATHLET with core degradation modules

BOC Beginning of cycle

CCO Cross-connection object

CL Cold Leg

cv Control volume

BU Burn-Up

BWR Boiling Water Reactor

CT Computer Tomography

DBA Design Basis Accident

DCH Decay Heat

DEC-A Design Extension Accident

DNB Departure for Nucleate Boiling

ECCS Emergency core cooling system

EFPD Equivalent full power days

EOC End Of Cycle

EPR European Pressurized Reactor

FA Fuel Assembly

FP Fission Products

FRAPTRAN | Fuel Rod Analysis Program Transient

LB Large Break

HL Hot Leg

HPIS High pressure injection system (Safety injection pumps)

KWU Kraftwerk Union (former German joint subsidiary of Siemens and AEG for construction of nuclear power
plants)

LOCA Loss Of Coolant Accident

LOOP Loss of offsite power

LP Low pressure

LPIS Low pressure injection system

MA Maintenance

PCMI Pellet/cladding mechanical interaction

PCT Peak Cladding Temperature

PRZ Pressurizer

PWR Pressurized Water Reactor

RCS Reactor coolant system

RHR Residual heat removal

RIP Rod Internal Pressure

RPF Rod power factor

RPV Reactor pressure vessel

RSK German Reaktorsicherheitskommission (Reactor safety commission)

SF Single Failure

SFP Spent Fuel Pool

SG Steam generator

TC Cladding temperature

TFO Thermofluid object

TH Thermal-Hydraulics

VVER Vodo-Vodianoi Enyergeticheskiy Reaktor

WP Work Package
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1. Introduction

To have a more realistic evaluation of the radiological consequences into environment following a LOCA within
DBA or DEC-A conditions, the work carried out within the R2CA project aimed at improving :
- The global release rates of radionuclides and their transport from the core to the environment through
the primary circuit and the containment
- The evaluation of the number of rod failures at core scale
- The complex fuel pellet behaviour.

In Task 3.2 to which this report is dedicated, the focus was on the prediction of number of failed fuel rods during A
LOCA within DBA and DEC-A conditions. Indeed, various methods, approaches and assumptions are currently
used for existing reactors in different countries for the LOCA source term evaluation in their safety analyses, as
shown in the methodology review performed at the very beginning of the project. These methodologies often used
for DBA analyses, conservative assumptions and often dealt with decoupled approaches to predict the FP releases
into the environment. In particular, assumptions on a fixed amount of failed rods are often used. A first review was
performed in 2016 and was summarized in the OECD FFRD report [1] (cf. Table 1).

Country Failed rod rate for radiological
assessment

Belgium 100%

Czech Republic 100%

Finland 10%

France EPR 10% (proposed)
Other PWRs 33%

Germany SBLOCA 1%
IBLOCA 10%

Hungary SB and MB LOCA 1% (changing)
LB LOCA 100% (changing)

Japan 100%

Republic of Korea | No explicit linut

Slovakia No explicit limit

Spain 100% for American design NPPs
10% for the German design NPP

Sweden No explicit limit

Switzerland No explicit limit

UK. 100%

USA. 100%

Table 1 : Fuel failure rate considered in radiological assessment in safety analyses from [1].

As a consequence, most LOCA radiological consequences are assessed with an assumed proportion of failed
fuel rods ranging from 1 to 100%. Very few methodologies are suited to evaluate the number of failed rods due to

several limitations:
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e Predicting clad ballooning and burst during a LOCA is complex and dedicated models are needed to
better evaluate the number of failed fuel rods. In particular, new burst criteria are needed since most of
available ones were developed to predict flow blockage for reflooding evaluations

e Modelling a full core pin by pin is very computational-time consuming and original methodologies have to
be developed to propose adapted nodalizations.

The main objective of task 3.2 was than to better estimate the number of failed rods during a LOCA transient within
DBA/DEC-A conditions by developing/updating models and methods. It included:

o Improvement of the clad failure models and elaboration of a new clad failure criterion,

o Whole core modelling by model extrapolation or statistical approach

The work consisted in first revisiting the existing experimental databases for Zr-based alloy clad bursts and the
existing associated models in the different simulation tools used within the project in order to identify gaps where
improvements could be made. Main part of the work then consisted in developing and or improving the clad burst
models as well as in refining the calculation methodologies that will allow to perform updated reactor calculations
with an improved prediction of the radiological consequences of LOCA within DBA and DEC-A conditions.

Nine organizations were involved in this task using different simulation tools and methodologies. As a results, the
update and improvements made by each of them also differs a lot. However, the outcome on failed rod number
prediction was generally associated to the improvement of the initial methodology and associated codes.

Both clad failure models and whole core modelling are addressed in this report. More specifically, section 2 is
dedicated to thermomechanical database and model reassessments and code developments. EK, VTT, IRSN and
ENEA/JRC contributed to this section. A review of methods with TRANSURANUS (by JRC) and new full core
methodologies are presented in Section 3. SSTC and UJV proposed approaches based on a fuel performance
code using data provided by a system thermohydraulic code. LEI, IRSN and HZDR proposed integrated
methodologies with one code.

2. Cladding thermo-mechanical models reassessment

During the project, several partners worked on reassessing thermomechanical models, in particular burst criteria
and creep models.

IRSN work was dedicated to several topics:
e burst database reassessment and comparison with existing criteria,
e new burst criteria development,
e test/validation on DRACCAR validation test cases.

The work performed at EK with respect to the cladding thermo-mechanical models consisted of the following steps:
. reassess part of the LOCA strain database used to establish the burst strain criterion to see the effect
of the inclusion of the burst opening into the strain values,

. assess the importance of the local vs. average cladding thicknesses,

° establish a best-estimate burst strain limit,

. make a best-estimate fitting of the parameters of the plastic deformation of the code FRAPTRAN,
. establish a conservative burst strain limit.

The result of this activity is a best-estimate code that can simulate the burst tests with the minimum error, but when
used with the conservative burst strain limit for safety analyses, it gives reliably conservative predictions.
The cladding material studied in the project is the Russian Zr1%Nb called E110.

Work performed by VTT consisted in implementing models in the FRAPTRAN code :
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e new cladding creep models

e new phase transition models

e burst criteria from literature and developed by IRSN during the project.
Validation tests were then analysed to assess new models performances.

ENEA and JRC contributed to the review and the analysis of existing creep and phase transformation models for
M5™ and Zy-4 alloys relevant for the TRANSURANUS code.

Burst database reassessment

IRSN contribution

A large burst test database was built with the aim of collecting the test controlling parameters, listed hereafter:

o Cladding state: alloy, internal/external oxide thickness, hydrogen content, burn-up, outside diameter, as-
received thickness, corrosion layer thickness;

o Test conditions: heating method, conditioning temperature and duration, heating rate close to burst,
azimuthal temperature gradient, free volumes.

Unfortunately, only a few datasets with all parameters are available and, for most of the datasets, a lot of
parameters are missing.

General characteristics

About 1440 LOCA burst tests were collected from literature and IRSN data with more than twenty experimental
programs.

Currently 1409 burst tests were selected for burst criteria definition. Aimost 80% of tests were performed on Zy-4
samples under temperature ramps (rate controlled or semi-integral tests) (cf. Table 2). Main characteristics of
collected tests are gathered in Table 3.

Creep

1053 5 7 1
pamp [ 9 : o
1202 tt6 79 12

Table 2: General overview (cladding alloy, test type and number of tests) of complete collected burst tests.

Detailed characteristics of burst tests performed on Zy-4 are gathered in Table 4. About 90 % of the tests were
temperature ramp tests mainly directly heated by Joule Effect (46.4 %) or by internal electrical heaters (39.1 %).
Most of the tested claddings were as-received ones (~90 %), about 10 % of the tests were performed on pre-
hydrided and/or pre-oxidized claddings and only 3% of the tested claddings were irradiated.
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Joule Effect Internal Electrical | External External Nuclear
Heater Electrical Heater | Infrared Heater
Heating Mode
585/41.5 % 509/36.1 % 104/7.4 % 126/8.9 % 85/6.1 %
Zy-4 M5/E110/Zr-1%Nb | Zirlo/Opt Zirlo Zy-2
Alloy
1202/85.3 % 116/8.2 % 79/5.6 % 12/0.9%
T ramp Creep P ramp
Test Type
1239/87.9 % 90/6.4 % 80/5.7 %
As-Received Pre-hydrided Irradiated
or/and pre-oxidized
Cladding state
1197/85 % 161/11.4 % 51/3.6 %
Single Bundle
Rod
configuration | 1013/7199% 3960281 %
Steam Inert
Environment
1160/82.3 % 249/17.3 %

Table 3: Main Burst Database characteristics described with independent lines (for each testing characteristic,
the number of tests, fraction of the overall database and constitutive cladding material are provided — In green
more than 50% of the test database, in orange more than 25%, in blue other tests).

Total number

of tests

585/48.7 %

427/35.5%

31/2.6%

80/6.7 %

79/6.6 %

Total
number of
tests
1093/90.9 %
78/6.5%
31/2.6%
1051/87.4 %
115/9.6 %

36/3%
888/73.9%
314/26.1%
1025/85.3%
177/14.7 %

Table 4: Main Burst Database characteristics of burst tests performed on Zy-4.
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Burst parameters
The minimum mandatory set of burst parameters to select a test to build burst criteria is composed of;

Cladding geometrical data (outer diameter, as-received thickness);

Heating rate;

Burst temperature;

External and internal burst pressures;

Circumferential strain at burst opening mid-height (usually maximum circumferential strain).

Uncertainties on burst parameters are often unavailable and may be significant since both temperature and
pressure are never measured at burst location. After most of the tests, burst temperatures were estimated using
thermal axial profiles and/or TC measurements but very few details are usually available. Concerning the heating
rate, given values are usually mean values that may be far lower close to burst time in particular when burst occurs
just before the device reflooding in semi-integral tests.

Burst pressure is a complicated concept, in particular for irradiated fuel rods when axial gas communication is
impaired by fuel/cladding bonding in areas where cladding strain is small. It is usually measured in plena (lower
and/or upper) and could be very different from the pressure in the balloon at burst in some cases. For some tests,
burst pressures were unfortunately not reported in available references, therefore correlations between filling
pressure, maximum pressure and measured pressure at burst were built when data are available. These
correlations were then used to deduce burst pressures for some experiments (less than 10% of the tests). Of
course, these correlations can only be used when the test conditions and tested rods are similar in particular
concerning plena characteristics (location, volume, temperature). For most of the tests having a sufficiently opened
gap between pellets and cladding, and using internal pressure regulation or with a cold large plenum, internal
pressure variation during burst tests (from ballooning onset to burst) is quite limited.

Finally, strain is sometimes measured by approximated techniques using diameters without opening corrections;
this issue is very important when establishing models on true stress or circumferential strain.

Histograms on main burst parameters are given in Figure 1 and percentiles are given in Table 5. Engineering burst
stress (0.) and true burst stress (a) were calculated as:

Pi(re—to)—Per
g, = Dille=to)=Pere t°) fand o7 = 0,. (1 + &,)?
0
, Ce—Cd
with g, = eco £
e

Where Piis the internal pressure at burst time, P.is the external pressure at burst time, r. the cladding external
radius, fo the cladding thickness for as-received geometry! and ¢ circumferential strain at mid-burst height
(generally maximum circumferential strain). Ceis the maximum cladding external circumference at burst and €2 is
the initial maximum cladding external circumference.

_ (Pi_Pe)(Te_to/z) ) Th|s

In some references [2] [3] ,the engineering stress is approximated by o gpprox = ,
0
approximation leads to an overestimation of the engineering burst stresses by (P; — P,)/2 compared to eq. (1).

In the following, when data or criteria from this work are compared to literature references using this approximation,
engineering stresses are corrected to allow comparison.

" For irradiated or pre-oxidized claddings, zirconia layers influence on burst stress and strain is not well described in literature.
In this study, as-received geometry was used for true burst stress evaluations.
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Figure 1: Histograms of selected parameters. a) Engineering burst stress (MPa), b) Heating rate (°C/s), ¢)
Circumferential burst strain (%), d) Burst temperature (°C). Blue all data base, orange tests on AR received
cladding internally heated.

75% of burst tests were performed at heating rates (around burst) lower than about 20°C/s. 80% of bursts in the
database occurred at temperatures higher than 710° and lower than 1000°C with a median value around 810°C.
In some tests, very large circumferential strains were reached (maximum value 155%), the median value is 43%

and 10% of the tests led to strains lower than 16%.
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; 0.5 L
. 0.75
Parameter (median) (max)
525 710 757 889 993

Burst

813 1330

temperature (°C)

Heating rate
(°Cls) 0 0 1 6 19 71,4 223

Engineering
Burst Stress 21 8.9 26.9 38.2 56.3 75.4 144.7
(MPa)

Engineering
Circumferential [ 16 28 43 66 89 155
Burst Strain (%)

True Burst
Stress (MPa) 3.8 21.7 428 80.7 144 1 204.5 436.9

Table 5: Some statistics about main burst parameters.

Comparison with existing LOCA burst criteria

Maximum circumferential strains at burst are plotted in Figure 2 for all heating modes or only for internal heating
modes with two heating rate ranges (between 1 and 10°C/s and above 10°C/s). The NUREG-0630 envelope is
also plotted for comparison [2]. These figures illustrate the following statements:

Maximum circumferential strains for burst tests with similar heating rate and pressure difference are
significantly scattered;

The higher the burst pressure difference is the lower the burst temperature is;

Maximum strain reached with internal heating methods are lower than the ones reached by external
heating methods;

Highest burst temperatures (above 1100°C) only occur for heating rates higher than 10°C/s;

For bursts at temperatures higher than ~1000°C, higher strains are reached with high heating rates;
NUREG-0630 strain envelopes could be considered as upper envelopes in particular for bursts at
temperatures higher than about 1000°C and with internal heating modes, since several tests lead to
higher burst strains. This criterion cannot be considered for predicting burst.
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Figure 2: Maximum circumferential burst strain versus burst temperature compared to NUREG-0630 strain
envelopes. a) All heating modes, heating rates between 1 and 10°C/s, b) All heating modes, heating rates higher
than 25°C/s, c) Internal heating modes, heating rates between 1 and 10°C/s and d) Internal heating modes,

heating rates higher than 25°C/s Marker size is proportional to the heating rate.

The same kind of analysis was performed on engineering stress to compare burst data with the Chapman criteria
[2]. These figures (cf. Figure 3 a) to d)) illustrates the following statements:

The higher the burst pressure difference is the lower the burst temperature is;
Generally, the higher the heating-rate is the higher burst temperature is;

The Chapman criteria seems to be in agreement with some data points however some burst stresses are
clearly over-predicted.
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Figure 3: Engineering burst stress versus burst temperature compared to Chapman criteria. a) All data with
colour map on pressure difference, b) All data with colour map on heating rate, c) Heating rates in the range 1-
30°C/s with colour map on pressure difference, d) Heating rates in the range 1-30°C/s with colour map on

heating rate.

True burst stress was also analysed to look for trends and to help building a new burst criterion. The data are
compared with the EDGAR criterion proposed in [4] from creep tests performed on Zy-4 (cf. Figure 4). The EDGAR
criterion is fairly consistent with collected data. Data dispersion is very strong with burst stresses differences

varying within a decade.

To evaluate the impact of the heating rate on true burst stress, data were plotted for several heating rate ranges
(cf. Figure 5). As for burst engineering stress, the higher the heating rate is, the higher burst stress is. However,
for heating rates lower than 10°C/s, the impact of the heating rate is limited and the trend is exponential in the

range 700-1000°C.
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Figure 4: True burst stress versus burst temperature with colour map on heating rate and EDGAR criteria built
from creep tests[2].
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Figure 5: True burst stress versus burst temperature with colour map on heating rate and EDGAR criteria built
from creep tests [2] a) For heating rates in the range 0-0.5°C/s, b) For heating rates in the range 1-5°C/s, c) For
heating rates in the range 5-10°C/s and d) For heating rates in the range 100-223°C/s.
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EK contribution

The code FRAPTRAN used by EK for LOCA simulations has two LOCA-specific burst failure criteria: engineering
hoop strain and true hoop stress. Due to the nature of high-temperature clad ballooning, even samples tested in
similar conditions may suffer significantly different total strains at burst, which gives rise to a large scatter in the
experimental data. This scatter makes it extremely difficult to define the burst strain limit, which in turn increases
the uncertainty of code calculations. In order to overcome this difficulty, in the framework of the R2CA project the
geometry of ballooned and burst samples (produced outside of the project) was studied to investigate whether the
local ballooning can be isolated and the burst parameters can be set up based on the remaining, uniformly
expanded part of the cladding, or some other convenient method can be found. The samples were made of the
Russian cladding alloy E110 containing 1% of niobium.

Since the behaviour of the cladding depends on the temperature, pressure increase rate, material, thickness, the
following matrix was set up in order to see the geometries of samples of two different variants of the Russian alloy
(denoted as E110 and E110G or E1100pt) tested at the largest possible temperature range and at two very different
and LOCA-relevant pressure increase rates — taking into account the availability of samples. The ballooning-and-
burst tests had been performed at constant temperature and constant pressure increase rate.

dp/dt = 0.5 bar/s dp/dt = 1.5-2.6 barls
T=700°C | E110G slim E110G
T=800°C | 3xE110G, E110G slim, E110 | E110G, E110
T=900°C | E110G, E110G slim 2xE110G
T=1000°C | E110G E110G
T=1200 °C | E110G E110G

Table 6 : Matrix of samples for the detailed geometrical assessment

Here the basic geometry of the cladding is: inner radius: 3.88 mm, outer radius: 4.55 mm (these are the present
day fuel rods), whereas ‘slim’ denotes the new fuel rods (under testing in lead test assemblies) with inner radius:
3.88 mm, outer radius: 4.45 mm.

Two types of geometry data were used in the project that in the following will be called engineering-level data and
local data. At the engineering level the geometry in a certain axial position is typically given by the total strain, from
which the average thickness can be calculated, whereas the local data contain local thicknesses.

The total strain is typically provided in the experimental datasets, but it is not always clear what it really refers to
and how it was determined. Some experimentalists [5] [6] define burst strain as the strain at the tip of the crack,
whereas most others [7] [8] as the strain at mid-burst. Here crack tip means the end of the crack in the axial
direction. For the crack tip the total strain is unambiguous, but for the middle of the burst it is not. In the cases
studied within the framework of R2CA the following types of total strain measurement were identified (here the

edge of the crack means the edge of the crack lip):
outer circumference of the sample measured from one edge of the crack to the other edge of the crack

— - ie.
initial outer circumference ’

not including the gap between the crack lips

total outer circumf fth le . o .
o EOTTCTTIMETONTE Y "230TPY ie. including the gap between the crack lips

initial outer circumference
o other complicated definitions, e.g. involving the cross-sectional area at mid-burst and a radius defined
based on this area, compared to the initial radius

Obviously from the standpoint of strains and strain limits only the circumference of the metal counts, so all the
strains that include the gap between the crack lips are wrong. In the framework of the R2CA project an effort was
made to reassess at least some of the available burst measurements.
The other part of the work performed in the project was to compare local strains to average strains at a given
position, and strains measured at several special points along the sample: outside of the balloon, at the edge of
the balloon, at the burst crack tip and at the middle of the burst crack.
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Measurements made on the samples and data processing

Two series of measurements were made:
1. Oneto assess the effect of the inclusion of the burst opening into the cladding strain at mid-burst position.
2. The second one to map the strains at different axial positions along the samples.

In the first series twelve samples from the second part of the experimental series BALL from the database [8] were
reassessed. All of them had been cast in resin and cut at mid-burst earlier. Now a high-resolution picture was taken
from each sample and points were determined along the inner and the outer circumference, opposite each other.
The coordinates were recorded and the thickness was determined in each point. This was done manually.

In the second series nineteen samples from previous ballooning-and-burst experiments (not done in the framework
of R2CA) were subjected to a computer tomography (CT) scan. The resulting gigabytes of points were then
processed for each sample:

o The axis of the sample was determined manually. The parts above and below the burst were often tilted
with respect to each other, in these cases two axes were determined.

o The points were distributed into 0.1 mm thick axial discs, and within each disc into 0.5° azimuthal angle,
practically triangular segments. Most points were naturally at the rim of these segments (where the inner
and outer surfaces of the cladding were), but due to reflexions some were seen inside the segments as
well. The coordinates of the points close to the surface were averaged, so that one point was obtained as
the inner surface of the cladding and one as the outer, in the given volume of 0.1 mm x 0.5°.

o As the resulting points were still rather scattered, a 20-point axial moving average was applied to them
for each azimuthal angle.

e Straight lines were fitted at each azimuthal angle to the inner and the outer cladding surface and the
distance between these was determined as the thickness of the cladding.

As a result the cladding thickness was obtained at intervals of 0.1 mm (axially) and 0.5° (azimuthally). This was all
done using scripts and programs written specifically for the R2CA project.
In the last step the axial positions of interest (non-ballooned, edge of the balloon, edge of the burst, middle of the
burst) were determined manually and the cladding thickness data pertaining to these positions were collected into
separate files, also by a program written specifically for the R2CA project.

Effect of the inclusion of the burst opening on total strains:
The choice of the samples (the second part of the experimental series BALL from the database [8] was made for
several reasons:
o they were from an earlier batch of cladding material than the other samples used in the present work, so
they added to the variety of the data;
o theyhad been castin resin and cut at mid-burst, so they were ready for these measurements and unsuited
for many others;
o these experiments were carried out at constant temperatures ranging from 800 to 1200 °C and pressure
increase rates between 0.6 bars and 6.6 bars, which covers the ranges of interest to this work.
Figure 6 shows an example (sample No. 13). In this specific case the circumferencial strain given in the database
was 58%, whereas 37% was measured.
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Figure 6. Left: sample No. 13 [8], right: the local cladding wall thickness along the circumference

Table 7 shows the strains given in the database and measured within the R2CA project. These corrections were
applied when establishing the new burst criteria.

Sample number | Strain from [8] (=) | New strain (=) | New strain / strain from [8]
13 0.58 0.37 0.64
14 0.18 0.15 0.83
15 0.49 0.21 0.43
16 0.36 0.26 0.72
17 0.34 0.18 0.53
18 0.15 0.14 0.93
19 0.26 0.11 0.42
20 0.66 0.58 0.88
21 0.46 0.41 0.89
22 0.41 0.37 0.90
23 0.41 0.28 0.68
24 043 043 1.00

Table 7 : Previous and new circumferential strains in the 2" part of the BALL dataset

Effect of the local vs. average thicknesses

Classically the total circumferential elongation at mid-burst (or at the burst edge) is measured and the average
strain is calculated from this. Considering how variable the shapes of the bursts and the burst lips are, there was
a hope that excluding the local balloon or only the burst lips from the measurements would reduce the scatter in
the burst strain data. This exclusion would mean e.g. in the graph already shown in Fig. 6 but complemented with
the delimiting lines in Figure 7 that only the part between the dotted lines would be kept if only the burst lips were
to be omitted, or the part between the dashed lines would be kept if the whole part that could be tentatively identified
as the local balloon were omitted.
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Figure 7. Delimiting lines between burst lips, local balloon and remaining (‘thick’) part

Figure 8 shows the strains obtained taking into account the whole cross-section (left) and only the part without the
local balloon (right). The results are not dramatically different, and, contrary to expectations, the scatter is not
significantly smaller. Considering the amount of extra work necessary to obtain the local data for the reduced
azimuthal length and how arbitrary it often is to determine what could be considered as the local balloon, it is not
worth processing and reassessing masses of samples with this method.
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Figure 8. Left: average strains at mid-burst, right: strains omitting the balloon
Effect of the position where the burst strain is defined

Moving from the unballooned part of a sample towards the middle of the burst, the strain increases. The samples
subjected to CT were analysed from this point of view as well. For further usability only the average strains were
compared in all axial positions, so that the results can be used without massive CT scans and data processing.
Figure 9 shows the results.

The edge of the burst represents the area where local instability starts, therefore it has been decided to use it as
an alternative to the middle of the burst.The scatter of the data is not reduced by using the strain at the edge of the
burst instead of the middle. Only the absolute values are, as summarised in Figure 10. If the edge of the burst is
considered instead of the middle, the reduction in strain is in almost all the cases above 60%. This value will be
used conservatively in the following.
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Figure 9. Average strains in different axial positions
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Figure 10. Ratio of the average strain at the edge of the burst to the average strain at the middle of the burst
Additional outcomes of the measurements

In addition to the correction of the strains, several features are of importance regarding Figure 6, which also appear
in the other samples:
o The thickness is very much non-uniform, even far from the burst.
e The circumference cannot clearly be divided into a thinner balloon region and a thicker, ‘uniform’ region
that would be the non-ballooned part of the cross-section.
o There are local minima in the thickness. This sample also shows what is even more pronounced in others:
the burst could have occurred in several other locations as well, probably due to local weak spots in the
cladding material.
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New burst criteria

IRSN contribution
Different types of burst criterion were selected and tested during the R2CA project:

o Chapman-like burst criteria on engineering and true stress versus temperature taking into account the
heating-rate,
B Ocp D (opY:]
T~ T dr
1+ 4L 14+ 4 yEg,

Thurst (OC) =A-

Where Thustis the burst temperature (°C), o, the engineering hoop stress (kpsi) and % the heating rate
(°CIs).
e Simple best-estimate exponential burst criteria on engineering and true stress versus temperature and
various envelopes (lower, mean, mean =+ std, upper) applicable in a limited heating range [1-20°C/s],
Ogpurst(T) =k * e~d”
o Exponential burst criteria on true stress versus temperature taking into account the heating-rate,
(o
T (°C) = ln(Te)+ch<1+D>
burst - B dt g

Where Thustis the burst temperature (°C), gy the true hoop stress (MPa) and % the heating rate (°C/s)
For each type of criteria, various fits were performed on selected burst tests:

o Al burst tests;
¢ Internal heating;
o Internal heating and as-received cladding.

During this analysis, several key observations were made:

¢ A significant impact of the heating mode was observed on burst temperatures, in particular at heating

rates higher than 15°C/s. At a given engineering or true stress level, burst temperatures tend to be higher
for internally heated rods.

The higher the heating rate is the higher burst temperature is.

o Burst criteria based on engineering stress lead to more accurate burst temperatures than criteria on true
stress and are less sensitive to cladding thermomechanical models.

o Burst criteria based on engineering stress lead to strongly underestimated burst strains.

¢ Cladding hydrogen content decreases burst temperature but available data is scattered as illustrated in
Figure 11.
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Figure 11: Impact of cladding hydrogen content on burst temperature from literature and fitted during this work.

From these observations, it was finally decided to only select Chapman-like models on tests performed with internal
heating on as-received claddings on engineering stress. About 520 temperature ramp tests were selected, there
were performed with heating rates in the range [0.8-38 °C/s] and pressure differences in the range [5-190 bar] (see
Figure 1). With these test conditions burst occurred between 670 and 1170°C (mean value 771°C) with
circumferential burst strain between 7 and 155% (mean value 47%). The strain distribution of all tests and internally
heated cases with associated percentiles are given in Figure 12.
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Figure 12: Circumferential burst strain cumulated frequency for all tests and for internally heated tests (left)
associated percentiles (right).

Envelopes on true burst stress:

As a first approach, envelopes on true burst stress were fitted based on an exponential trend to allow sensitivity
studies. To build these envelopes, data were filtered in the range 700-1000°C with a 25°C temperature step,
outside this range there were not enough data. For each group, statistical data (minimum, mean, maximum values
and standard deviation) were calculated and then each one was fitted as illustrated in Figure 13. The exponential
envelopes ogpurst(T) = K * ™97 K and q parameters are given in Table 8 and comparison to data is
illustrated in Figure 14. The extrapolation of the models outside the 700-1000°C range seems acceptable even if
a slight underestimation of true burst stress is observed. The best-estimate (BE) model was fitted on all the data
and not restricted to the 700-1000°C range. The “mean envelope” is consistent with the BE model above 900°C,
at lower temperatures it overestimates burst stress with an increasing difference for lower burst temperatures.
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Figure 13: Maximum, minimum and mean values of true burst stress versus burst temperature

Omin Omean-std Omean Omean+std Omax (8):13
11015,44 18658,15 31817,96 46916,15 75541,69 9080,44

0,007472 0,007351 0,007106 0,007075 0,007022 0,005817
Table 8: Parameters of the exponential correlations on true burst stress for various statistical parameters and the
best-estimate model
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Figure 14: True burst stress versus experimental burst temperature, best estimate fit and exponential envelopes

Criterion on engineering burst stress:

The Excel solver with the nonlinear GRG (General Reduced Gradient) resolution method was used minimizing the
sum of (Teaic-Texp)? With Tearc the calculated burst temperature and Tex, the experimental burst temperature. The
fitting process beginning with the Chapman model led to a simpler model. The change in the function is mainly due
to the addition of Quench LOCA tests.

B 0'6,9

Thurst (OC) =A-— dT
min (E' 38)
I+ —¢—

Where Toustis the burst temperature (°C), o, the engineering hoop stress (kpsi) and % the heating rate (°C/s).
This model is only valid for heating ramps from 1 to 38°C/s.

+D 0-3,9

A (°C) B C(°Cls) D Mean error
ksi-1 ksi-1
( ) ( ) |Tcalc - Texpl
11452 | 1885 16,5 0,335 26.7°C

Table 9 : Engineering burst stress fitting parameters for internally heated ramp tests on as-received cladding.
The comparison between calculated temperatures and experimental temperature is illustrated in Figure 15. The
mean error is of 26,7°C and most of the tests are predicted within an error lower than 50°C. However, for a few
cases the error is significantly higher (above 100°C).
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Figure 15: Calculated versus experimental burst temperature with the criterion on engineering stress. Doted lines
correspond to £50°C from the bisector line.

The analysis of burst criteria performances showed that:

e The absolute burst temperature error is lower than 50°C for 88.6% of the tests in the database.

o 85% of tests with absolute burst error higher than 50°C were performed in bundle configuration, for these
tests burst conditions are not well known.
The error versus the heating rate or the engineering burst stress does not follow any trend (cf. Figure 16).

o The higher the heating rate is (in the range 1-38°C/s), the higher the burst temperature is with an impact
up to +150°C. (cf. Figure 17).
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Figure 16: Burst temperature error (calculated-experimental) versus a) the heating rate (°C/s) and b) the
engineering burst stress (MPa).
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Figure 17: Engineering burst stress versus burst temperature for 1, 5, 10 and 30°C/s and data points.

The criteria fitted during the R2CA project was compared with the Chapman criteria and the Meyer for various
heating rates (cf. Figure 18) and the following trends are observed:

e The stress limit versus temperature from this work and the Meyer criteria have a similar behaviour, with
a sharp decrease of burst stress in the range 700-750°C. In particular for heating rates lower than 10°C/s.

e The differences between the three criteria decreases with increasing heating rates.

e At high engineering stresses (above ~80 MPa), burst temperature predicted with the R2CA criterion is
between the ones predicted by Chapman and Meyer criteria.

e At 1°C/s, the R2CA criterion predicts lower burst temperatures than the two other criteria.

e For low stresses (< 20 MPa) the R2CA criteria predicts higher burst temperatures than the two other
criteria in particular at 30°C/s.
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EK contribution

Using all the available measurements ([5] [6] [7] [8] and further, unpublished data), including those corrected for
the burst opening in the framework of the R2CA project, results in the following graph of strains at mid-burst:
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Figure 19. Available cladding burst strains

The data exhibit a significant scatter, without convincing trends. In addition, in the language of the FRAPTRAN
models, the failures at low strain are probably due to high stresses, so using the lower envelope of the points would
result in unrealistically low strains, which is counter-conservative from the oxidation point of view. Considering the
fuel rod pitch of 12.3 mm of the VVER-440 assemblies and the outer cladding diameters of 9.1 mm for the previous
and 8.9 mm for the latest fuel type, the maximum possible strain (assuming co-planar ballooning) is 0.35 and 0.38,
respectively, so using the upper envelope of the points is also unrealistic. Some suitable middle limit has to be
found.

Here an important point has to be made. The temperature-dependent parameters of plastic deformation
implemented in the code FRAPTRAN are fitted using the failure criteria in such a way that the simulations agree
to the best possible degree with the experimental results. Unless the failure criteria are really wrong, the set of
failure criteria plus plastic deformation parameters will give good validation results even if the failure criteria are
not perfect.

Based on the above, a constant best-estimate failure strain limit of 0.35 has been adopted for the FRAPTRAN
parameter fitting, and a reduction by 60%, i.e. a strain limit of 0.21 has been used for the assessment of the failed
fuel rod number.

Modified phase transformation and creep laws

EK contribution

The best-estimate failure limit of 0.35 mentioned above has been implemented in the code FRAPTRAN and the
best-estimate parameters of the plastic deformation have been fitted. The fitting is an iterative process based on
the Levenberg-Marquardt method, where in each iteration step the actual values of the model parameters are input
to the code and the code output is compared to the measurements. The programs necessary to do this fitting were
partly developed, partly finalised in the framework of the R2CA project.

GA n° 847656 Page 37 of 218



yﬂ D3.4 Final report on rod cladding failure during LOCA o

The code FRAPTRAN [9] describes the cladding ballooning during LOCA as a plastic deformation governed by
the equation

m

é n
o= K(10-3) €

o is the true stress (Pa)

€ is the true total strain (-)

é is the strain rate (=)

K is the strength coefficient (Pa), model parameter

m is the strain rate sensitivity constant (-), model parameter
n is the strain hardening exponent (-), model parameter

The data selected for the fitting are from three sources and only include samples from the Russian E110 alloy:

e  Experiments performed by the Russian Kurchatov and RIAR Institutes for the US NRC [5] [6]. The reports
contain data on ring tensile tests and ballooning and burst tests at constant temperature and increasing
pressure on as-received and irradiated samples, and on a few axial tensile tests, carried out at different
temperatures.

o Ballooning and burst tests performed by the German Forschungszentrum Karlsruhe at constant pressure
and increasing temperature in steam atmosphere on as-received samples [7].

o Ballooning and burst tests carried out in EK on as-received samples at constant temperature and
increasing pressure or on sealed tubes at increasing temperatures ([8] and so far unpublished data).

A total of approx. 290 data points was selected.

In order to achieve the best simulation results, we did not fit the three model parameters to obtain the best
agreement for burst stress and strain data, but for burst times and pressures, following the methodology described
in [10] The fitting is an iterative process based on the Levenberg-Marquardt method.This method is widely used
for the fitting of non-linear models to experimental data. The problem to define the unknown parameters of any
relation is attributed to the minimisation of an appropriate y? function. Due to the non-linear dependence, the
minimisation must proceed iteratively.

The N experimental data points, (x;,y;) i =1, ..., N, are modelled by a non-linear function y = y(x, a) (the
FRAPTRAN code) with M adjustable parameters (a = [ay, ..., ay]). The x? function appropriate for the

minimisation is defined as follows:
z ( y(xu a))

i=1

=

where o represents the individual measurement error of the it" data point. In each iteration step the actual values
of the model parameters are input to the code and the code output is compared to the measurements for the entire
set of experimental data used for the fitting.

The fitting procedure took tens of thousands of FRAPTRAN runs. The results of the fitting procedure are presented
in Figure 20 to Figure 22, together with the first set of parameters implemented in the code FRAPTRAN by the
Russian Kurchatov Institute [5] [6] and the previous set implemented by EK in 2018 (unpublished in international
journals).

The large difference in the strength coefficient at low temperatures is caused by the very small number of
experiments. At such low temperatures a liquid medium has to be used to achieve the high pressures necessary
for burst, therefore only the original Russian experiments [6] were available. However, this coefficient gave the
best agreement with the experiments with the new strain limit. The two exponents show significant differences
between the different fitting efforts. This is due to the rather low sensitivity of the results to these parameters.
Compared to the 2018 fitting x 2 has been reduced by 7%.
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VTT contribution

Current Loss of Coolant Accident (LOCA) failure criteria in FRAPTRAN have been established based on
experimental data from decades ago. Since then, the development of new cladding material, the trend to go toward
higher burnups, and plans to extend the operation of current nuclear power plants (NPPs) have highlighted the
necessity of examining the viability of current failure criteria.

The report highlights the work carried out within Task 3.2 of the R2CA project. The purpose of the task is to improve
the evaluation of the number of failing fuel rods in a whole core during the LOCA transient. The study examines
different deformation models and burst criteria under LOCA transients in the FRAPTRAN code. Models from the
code that need to be updated are identified and modified accordingly. The implemented models and failure criteria
were tested for different LOCA validation cases and the obtained results are compared.

FRAPTRAN code

FRAPTRAN is US NRC fuel performance code for calculating the transient fuel behaviour at high burnup. At VTT,
FRAPTRAN has been coupled with a subchannel thermal hydraulics code GENFLO (VTT’s in-house code) for
improved thermal hydraulics modelling. The coupled version is used for analysis of failing fuel rods within the
calculation chain of the statistical methodology developed at VTT [11].

FRAPTRAN stress-strain behaviour:

Total cladding deformation in FRAPTRAN is calculated by considering the elastic strain (4), thermal expansion
(&n ) as well as the plastic strain (g4 ) according to the equation below

Eotal = Eth T €9 T Eplastic (2.1)

The basic equation to relate stress and plastic strain is the modified hollomon’s equation ( 2.2) provided in
MATPRO version 11:
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m

o= Ken (%) (22)

o is the true effective stress
¢ is the true effective strain
£ is rate of change of true effective plastic strain (s~1)

Kis the strength coefficient, m is the strain rate exponent and n is the strain hardening exponent. These parameters
describe the metallurgical state of the cladding, and they are material dependent. Data used in fitting the
parameters are listed in NUREG/CR-6150 [12] for generic zircaloy and for Zr-1%Nb in [13].

Plastic strain in FRAPTRAN is calculated by the mechanical model FRACAS-I for all nodes prior to ballooning (up
to 5% strain). According to the manual, FRACAS-I calculates the strain value from the stress-strain curve from
MATPRO, where the stress worked out in the previous load step is used to obtain the new strain value in the
following step. Under Pellet/cladding mechanical interaction (PCMI) condition, FRACAS-I calls cstran subroutine
which calculates the time-independent strain from equation ( 2.2). Under no PCMI condition, cstrni subroutine is
used instead. The later solves the time dependent strain as in equation ( 2.3).

& = [(% +1)10°3 (%)1/171 At + si(%“)]m—m (23)

After the plastic strain exceeds 5%, the ballooning model (BALONZ) is called and the plastic strain is calculated
for the ballooning node only. In BALON2 model, plastic strain calculations are carried out in "cstrni" subroutine
from the time integral of equation ( 2.3) as well.

Current LOCA Failure criteria in FRAPTRAN

The rod failure criterion in FRAPTRAN for ballooning in LOCA is based on empirical stress and strain limits. Under
LOCA conditions, FRAPTRAN predicts cladding failure in the ballooning node if one of the following conditions is
met:

o Cladding true hoop stress exceeds an empirical limit based on zircaloy data [14]. “cmlimt” subroutine
calculates this true hoop stress limit which is then compared to the local true hoop stress in the baloning
node to test for failure.

e The predicted cladding permanent hoop strain exceeds the FRAPTRAN strain limit defined in NUREG-
0630 (Powers and Meyer, 1980). This limit is implemented in “deform” subroutine.

The primary cladding failure criterion under LOCA conditions is based on the true tangential stress component.
There are essentially two different cladding type-specific stress limits. E110 cladding (cladding type 6 and 8 in
FRAPTRAN) has an own model for the true tangential stress at burst, and all other cladding types (Zry-2, Zry-4,
ZIRLO, Optimized ZIRLO, M5) use a common correlation which is a function of temperature, fast neutron fluence
and cold work, heating rate and strain rate do not affect this criterion [12]. The E110 cladding correlation is only a
function of temperature (various different correlations for different fast fluence and temperature ranges).

The generic burst stress limit is given in MATPRO [2]:

(1.36KA, for T<750K
—1.9901087 x 10°
Ogp = { 46.861429K yexp 2 ,  for 750 < T <1050 K (2.4)
7.7K, for T>1050K
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ogp the tangential component of true stress at burst (Pa)

K 5= strength coefficient for annealed cladding as determined with the MATPRO

Note: The material dependent variables (K, n, m) used in FRAPTRAN to predict the mechanical deformation for
M5 cladding type are provided in the code by “ckmn” subroutine. However, these parameters are determined
experimentally based on data for VVER type fuel claddings (E110) solely [13].

The burst stress limit on the other hand used to predict M5 cladding failure during LOCA is the same used for
generic Zircalloy (M5 in FRAPTRAN is clad type 7). This experimental stress limit is based on zircaloy data and
does not include M5 type cladding in the database. Therefore, the current LOCA models in FRAPTRAN need to
be updated to model M5 cladding behaviour under LOCA conditions more adequately.

Code modifications within the R2CA framework

Different models for high temperature creep, phase transformation, in addition to new burst limits criteria have
been implemented in the FRAPTRAN 1.4 code version. Those are described in detail in the following sections.

e High Temperature Creep
The mechanical deformation in the ballooning model was updated. The plastic strain calculated by FRAPTRAN in
(2.3) was replaced by assuming deformation due to creep strain according to formula ( 2.6), making the total strain
deformation as:

Eotal = Eth T €9 T Ecreep (2.5)
Two models for high temperature creep were implemented:

o Rosinger 1984 [15], developed based on Zircaloy-4 (Zy-4) data and is suitable for generic zircalloy
claddings type.

o Kaddour et al. 2004 [16] creep law provides different parameters for both Zy-4 and Zr1%NbO (M5) types.

Both works report the creep strain rate in the form of a Norton creep formation:

: A Q
Ecreep = ?O-n exp (_ ﬁ) (2.6)

A is the strength coefficient, T is the temperature, Q is the activation energy and R is the gas constant and n is
the stress exponent.

Important assumptions

-Although both Rosinger 1984 [15] and Kaddour et al. 2004 [16] creep models are developed for steady state
conditions, deformation under LOCA circumstances during ballooning is assumed to follow the same law. As
mentioned in [17], this assumption is more relevant at large strains approaching the burst strain, and it is consistent
with the original work by [15] in developing the burst failure criteria. The same approach has been applied and
proven for BISON code.

-When calculating the strain using the creep formula ( 2.6), one can assume the stress is constant during the time

step integral, which is consistent with the assumption in FRAPTRAN original code calculations from equation
number [14].
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-Additionally, the creep strength coefficient A, in the original works are reported from fitting to experimental data
obtained under uniaxial testing. FRAPTRAN on the other hand calculates the effective isotropic strain and stress,
therefore in order to implement the models consistently in FRAPTRAN, the strength coefficients Ar are recalibrated

following the approach described in [18] according to equation ( 2.7) which is based on the Hill theory,

A,
Af - (F + G)(n+1)/2 (27)

F and G are the anisotropic factors defined by Hill. These parameters depend on the phase present in the cladding
material. It has been shown previously that zirconium cladding under normal operation (a phase) is anisotropic,
whilst under accident scenarios in the a+8 phase and the f phase the cladding exhibits isotropic behaviour.
Consistently, A5 calculations are performed with the assumption that the anisotropy factors F = 0.956, G = 0.304

in Zr-alpha and F = G = 0.5. Zr-beta [18].

Table 10 Kaddour et al., 2004 creep law parameters

Constants | A, [MPa"s™1] n | Af[MPa™"s']| Q [K]/mol] | Q
. R [K
Material phase ] /RIK]
a-phase o <15 MPa 1.00E+06 1.3 7.67E+05 190 22852
o > 15 MPa 1.63E+08 5 8.15E+07 316 38006
B-phase 1.00E+04 4.25 1.00E+04 150 18041
Zr-1%NbO
a-phase 0 < 15 MPa 6.78E+03 1 5.38E+03 133 15996
o> 15MPa 2.28E+03 4 1.28E+03 194 23333
B-phase 1.23E+03 4.3 1.23E+03 142 17079
Table 11 Rosinger 1984 creep law parameters
Constants Zy-4
Material phase Az [MPa™"s™] n | A/[MPa™"s~']| Q [K]/mol] | Q/R [K]
a-phase 1.94E+04 5.89 8750 3.20E+05 38487
B-phase 7.90E+00 3.78 7.9 1.42E+05 17079

In the mixed phase region (a+B) where both alpha and beta phases co-exist, linear interpolation with respect to
the phase composition is applied to obtain the total creep rate ( £,4)

éaﬁ = éa(l - y) + Sﬁy (28)

£q I8 the strain rate from a phase, &5 is the strain rate from the 8 phase, y is the 8 phase volume fraction present
in the cladding.

Itis worth noting that FRAPTRAN plastic strain behaviour was initially changed by implementing the creep relation
(2.6) in the mechanical model (FRACAS-I) and the ballooning model (BALON2). However, the preliminary results
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had large error and inconsistencies especially with Rosinger model. This is likely due to the fact that the creep law
( 2.6) was previously developed and demonstrated for thin-walled cladding tubes in Rosinger work, FRACAS-I
deformation on the other hand is based on the assumption that the cladding is a thick cylindrical shell and the
strain rates are also not high enough during that stage for the assumption to remain valid. Therefore, calculations
have been updated with modifications applied only to ballooning.

e Phase transition

Modelling the kinetics of crystallographic phase transformation is essential to obtain the volume fraction of § phase
(y) in the cladding. The parameter is used in formula ( 2.8) with the creep law ( 2.6) to determine the right strain
during ballooning. FRAPTRAN does not account for phase transition, hence a dynamic phase transition model for
cladding phase transformation by [19] has been implemented in the code as described in [17].

The differential equation ( 2.9) provides the changing rate of the variable y which represents the volume fraction
of the 8 phase, this is a function of time and temperature.

dy
¢ = kMs(T) =yl (29)

Under non-isothermal conditions, the temperature is an arbitrary function of time, and hence Eq.( 2.9) needs to be
solved numerically.

v, is the equilibrium B phase volume fraction at temperature T

_ 1 T — Tent (
3 =3[ rann (T ) 10

Teent and Tgpen are material specific parameters which relate to the centre and the span of the mixed-phase
temperature region.

. _Q+QT T — Teent (
cent _T' span —T 2.11)

The temperatures T,, and Ty are those that, respectively, correspond to 99% a and f phase fractions in the
cladding.

k(T) is the rate parameter which is the inverse of the characteristic time of phase transformation z.(T).

k(T) = 7,(T)"1 = k [—L] +k (
=T = g eXp ka(t) m 212)

where:
ko, = 60,457 + 18,129|Q|(s™1)

E
— =16,650 (K)
kp

{km=0 a-p
kpn=02 f-a
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Overall, the differential equation ( 2.9) is solved numerically using Runge Kutta 4t order scheme

For Zircaloy-4, the onset temperature for phase transition is a function of temperature rate Q [K/s] and hydrogen
content w (weight parts per millions).

During heating:

1083 — 0.152w for0 < Q <0.1K/s

Taarp = {(1113 —0.156w)Q%11®  for0.1 < Q < 100K/s 2.13)

During cooling:

T _{1300 for —0.1<Q<O0K/s (2.44)
B=B+a = (1302.8 — 8.333|Q|°477 for —100< Q < —0.1K/s '
0 <w <1000 wppm
For Zr1%Nb, the onset temperature is only a function of heating rate,
During heating:
T _ {1060 for 0<Q <0.1K/s (2.15)
@+ = 111180Q%923  for 0.1 < Q < 100K/s '
Table 12 Equilibrium phase transformation parameters
Tcent Tspan
Zircaloy-4 Teent = 1159 — 0.096w Tspan = 44 + 0.026w
Zr1%Nb Toent = 1129 Topan = 49

New LOCA burst limits implemented

IRSN true stress limits:

Following a comprehensive literature review performed by IRSN within the R2CA project, the experimental
database for LOCA accidents has been updated and new failure criteria for stress limit (see page 31) were
developed based on that database (see page 16). These correlations are developed for the true hoop stress as a
function of temperature (T') [20], and they are consistently implemented in FRAPTRAN and compared with the
true hoop stress ( 2.17) to check for failure.

09 burst (T) = k X e’ (2.16)
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Table 13 Coefficients of IRSN true hoop stress limit correlations

Stress limit
Coefficients Omin Fmax OBE
K(MPa) 11015.44 75541.69 9080.44
q(°c™h) 0.007472 0.007022 0.005817

FRAPTRAN calculates the true hoop stress in BALON2 model based on the perturbation theory [11]

oo izl PR Bi—R), 0w 2’5 (2.17)
606 tave ave 2 ave tgve ) (egz)z ave azg .

P; is the inner pressure, P,is outside pressure, a,,, is the axial component of stress, 1, is average radius.
hs = (t — tge ) is local perturbation of the cladding wall thickness (wall thickness - average wall thickness).
e®z is the exponent of the average true axial strain component of the cylinder.

2
g is the term which describes the axial propagation of ballooned regions.

Full description of the derivation of equation( 2.17) can be found in [22].

Burst temperature limit:

A new burst criterion based on temperature limit has been proposed by [23]
Tyurst = 138507%129 — 0.0057H*° + 1.845R — 29 (2.18)

Tpurst iS temperature [°C), o is stress [MPa], H is hydrogen content [wppm], and R is the heating rate [°C/s]
The cladding stress a is obtained from the burst pressure as follows:
o = (d/2t)AP (2.19)

o is the hoop stress, d is the undeformed cladding mid-wall diameter, t is the undeformed cladding thickness, and
AP is the differential pressure across the cladding wall at the time of rupture.

The temperature limit has been implemented in the BALON2 model and the code was modified to predict failure if
the local cladding temperature in the ballooning node exceeds this temperature limit. Note that the hydrogen pick-
up is calculated by FRAPCON during the irradiation base. This value is then passed to FRAPTRAN from the restart
file.

Rosinger optimised stress limit SSM 2021:

The latest optimised Rosinger stress limit ( 2.20) used in Quantum Technologies FRAPTRAN version was
published in a report by the Swedish Radiation Safety Authority SSM [24]. The limit is only relevant for generic
zircaloy (Zy-4 and Zy-2), itis not applicable to Zr-1%Nb cladding type. It takes into account the embrittlement effect
and has been calibrated as a function of temperature (T') and excess oxygen in the cladding metal (xpe¢). This
correlation was successfully implemented and tested with few validation cases (Zy-4 and Zy-2) only with Rosinger
1984 plastic deformation model.

o1 o~ (CHe)’ (2.20)

— -B
Opurst = Ab e
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Xmer = a@verage oxygen concentration excluding oxide layer — average oxygen concentration of as-received

cladding (kg oxygen/kg zircaloy).

Table 14 Coefficients for Rosinger optimised stress limit corelation

Temperature region (K) Ap(Pa) B, (K™1) Cp ()
873 to 1075 7.3757 x 1010 5.9298 x 1073 5.888 x 10~*
1075 to 1250 5.1513 x 1012 9.8798 x 1073 5.888 x 107*
1250 to 1873 2.3301 x 107 3.4814 x 107> 5.888 x 10~*

FRAPTRAN 1.4 contains both the Cathcart-Pawel 1979 (C-P) and Baker-Just 1962 (B-J) oxidation models [14].
Cathcart-Pawel correlations implemented in FRAPTRAN provide the oxygen concentration in the metal.
Calculations carried out by metweb subroutine for Baker-Just are based on the assumption that there is no
oxygen diffusion into the metal. Therefore, C-P should be the standard oxidation model when selecting
Rosinger optimised stress limit.

The oxygen weight fraction in the alpha phase is assumed constant at 0.047 and no calculation is necessary for
this parameter, It is simply listed in the code. For the beta layer, diffusion of oxygen into the region does not begin
until the temperature is greater than 1239 K. Detailed description of the correlations used to calculate the oxygen
concentration in the cladding metal by cobild subroutine is provided in section 4.15.1.2 of the MATPRO [12].

It should be noted that the Cathcart model predicts the oxygen uptake a lot faster than the oxidation model
(Leistikow and Schanz, 1987) used in developing the criteria, this will overpredict the embrittlement effect in the
oxygen.

Forgeron et al. 2000 stress limit:

Forgeron et al 2000 correlation ( 2.21) has been obtained from fitting to burst stress data for M5 cladding type [25].
(2.21)

XTot
— BT |5 nd—
Opurst = Ape~"be (0.00095)

X710t 1S the weight fraction of the total oxygen uptake in high temperature metal-water reactions

Table 15 Coefficients for Forgeron et al. 2004 stress limit corelation

Temperature region (K) A (Pa) By (K™1)
<1084 7.464 x 101° 6.260 x 1073
1084 to 1191 4940 x 1013 1.225 x 1072
>1191 2.213 x 108 1.909 x 1073

ENEA-]JRC contribution

TRANSURANUS, thanks to its clearly defined mechanical and mathematical structure, has been developed and
extended aiming at proposing a versatile tool capable of tackling all the conditions considered in licensing
procedures [26] [27]. In this view, significant efforts have been devoted to make the code applicable to LOCA
transients. In this domain noticeable advances have been achieved in the models for cladding ballooning [28] [29]
and cladding-steam reaction [30] [36]. In parallel, the number of cladding materials that can be used in
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A

TRANSURANUS calculations has been extended with E110 [30] and Zr-1%NbO (M5™) alloys [37]. The
crystallographic phase transition and high temperature creep play a relevant role for LOCA simulations. Code
correlations of Zircaloy-4 have been updated to consider hydrogen concentrations up to 1000 ppm? and
heating\cooling rates with absolute values up to 100 K/s [38] [39][40].

In the frame of R2CA, ENEA, in strict coordination with JRC, has performed a review on M5™ [40][41]. Results of
this review have suggested to consider in more detail the model published by Massih and Jernkvist (model B) for
the crystallographic phase transition [41] and a combination of Kaddour's and Massih’s models for the high
temperature creep [42] [43]. These models have been implemented in the TRANSURANUS subroutines for
verification by means of a standalone program. Additional considerations on Zircaloy-4 crystallographic phase
transition have permitted to propose a preliminary modelling. Results of this activity have been presented at the
NENE2022 conference [44]. These models will be tested against current TRANSURANUS modelling of LOCA
transients.

Crystallographic phase transition of M5™

M5™ is a Zr-Nb alloy devoid of Sn with a controlled O, Fe and S content; see Table 16 . M5™ is characterized by
a homogeneous dispersion of S-Nb precipitates in fully recrystallized microstructure which enhances creep
resistance [22]. The absence of Sn, the controlled alloy chemistry, and optimized heat treatment lead to a very
high corrosion resistance and better mechanical properties in high burnup and high dose irradiations [45]. In the
temperature domain of LOCA transients (600-1200 °C) crystals of zirconium-based alloys undergo a transition
from a hexagonal close-packed (hcp) to a body centered-cubic (bcc) structure of the lattice. Phase transition is
affected by hydrogen concentration and heating\cooling rate of thermal transients [38][46].

Table 16: Nominal composition of M5™ alloy (wt.%) [46]

Sn

Nb

0

Fe

Cr

Ni

Zr

M5TM

1.0

0.125

balance

The model selected for the crystallographic transition of M5™ has been published by Massih and Jernkvist [40][41].
The B phase fractional volume y is calculated by means of Eq. 1.

dy _ 1 b 2
(qu (T) - Y) + m (qu (T) - Y) ]

S 1
dt  ©(T) )

Rate of B phase fractional volume is proportional to the deviation from equilibrium (y.,) according to % where

T(T) in the characteristic time that is presented in Eq. 2.

©(T) = Bexp (E) (2)

T
In Eq. 1 the plus sign is used for the description of heating transients while the minus sign is used for cooling
transients. Authors introduced in this model an additional parameter b and a condition on the characteristic time
7(T): during cooling its value should not be higher than 6 s. This limit has been imposed to prevent that at the end
of cooling calculations predict the presence of a significant fraction of § phase instead of a fully a phase [41]. The
equilibrium phase transition of M5™ is shown in Eq. 3.

1 T-—
Yeq =75 1 + tanh

Teen >]
Tspan

(3)

2 The unit of measure ppm stands for wt.ppm throughout this part of the report.
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The fractional volume of 8 phase y,, depends on T, and T, .. The first one is the middle temperature of the

two-phase domain while the second one gives an indication on the width of this temperature domain; see Eq. 4.
_Ta+Tp Tp — Teen @)

Tcen T ’ Tspan - 23

Values proposed by authors for M5™ are: E = 54000 K, b =0.3, B = 1.55 107*? s [11]. T, and T, are 1016 K
and 1240 K, respectively. The model of M5™ doesn'’t account for the effect of hydrogen concentration. Based on
the experimental findings, we assume that the effect of hydrogen on M5™ phase transition is consistent with the
effect measured on Zircaloy-4 [38]. In our modelling the transition temperatures T, and T, are diminished by
hydrogen concentration according to the coefficients of Zircaloy-4 [41]. Expressing the concentration of hydrogen
in ppm, T, is diminished by 1.52 10~ K per ppm and Tp by 2.20 1072 K per ppm. Under transient conditions
the concentration of hydrogen affects the phase transition of Zircaloy-4 by means of a factor that modifies the
characteristic time [41]. This approach has been replicated for M5™ by using a value of 5300 K for the coefficient
in the exponential function; see Eq. 5. This parameter is set to 5000 K in the case of Zircaloy-4 [41]. In the same
way, coefficient B of Eq. 2 has been tuned to achieve phase transition curves that are consistent with the curves
obtained for Zircaloy-4 at the same conditions of heating rate and hydrogen concentration [46].

B exp (%)

W= 5300 ©)
1—0.0003%, (1 —exp (—)>

T

Authors do not clearly state if this factor is to be applied during cooling transients . Concerning Zircaloy-4, they do
not present calculations on the effect of hydrogen during cooling where experimental measurements are lacking.

High temperature creep of M5™

The model proposed for M5™ is based on the correlation developed by Kaddour et al. that is presented in Eq. 6

[42].
A E

A, (_E (6)

ETro e ( RT)
This correlation is applied in our proposal in the a and § single-phase domains as well as in the (a+g) two-phase
domain for values of effective stress higher than 5 MPa. The experimental findings indicate that in the a phase,
besides dislocation, a diffusion mechanism contributes to creep rate. The diffusion mechanism is dominant if values
of stress are lower than 15 MPa, whereas above this threshold the creep strain rate is ruled by the dislocation
mechanism. In the 8 phase the creep rate is described by a dislocation mechanism. Values of the pre-exponential
constants, activation energies and stress exponents can be found in the original paper [42]. Concerning the (a+f)
domain, a linear combination of single-phase creep rates is applied if values of stress are higher than 5 MPa; see
Eq.7.

9B = (1 — y)e® + yeb (7)

Below this value of stress the creep rate is determined according to the model published by Massih [43]. This
model is based on the theoretical approach to the superplasticity of zirconium alloys published by Ashby and Verrall
[47]. Two mechanisms are used to describe the behaviour of M5™ creep rate in the two-phase domain: diffusion
and dislocation. At high values of stress the diffusion mechanism is substituted by the dislocation one. In an
intermediate region these two processes are superimposed and act independently (superplasticity). Correlations
are given in Eq. 8 (diffusion term) and in Eq. 9 (dislocation term).

QD 65D,
a+f ~ 14 S 8
€qirr = Cal K, Td? <1 + dﬁv> (8)
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In Eq. 8 C, and 6 are geometrical constants, () the atomic volume, d the grain size, D, the average bulk diffusion
coefficient, Ds the average grain boundary surface diffusion coefficient, & the thickness of the grain boundary, and
4 is the effective stress.

it = (2) (-2 e (2" -+ g (2) 5]

In Eq. 9 Ay is @ material-dependent (dimensionless) constant in the a/ phase, /g the shear modulus in the
a/B phase, b the magnitude of the Burgers’ vector, p an empirical inverse grain size exponent, and Q, the
activation energy for dislocation creep. Parameters of this model are p and n . In their calculations the grain
size remains constant with values lying in the interval 5-11 um [43]. In compliance with this indication, the value of
grain size used here is 6 um. The original models show discontinuities at the boundaries between single-phase
and two-phase domains. Concerning the concluding part of the (a+8) to 8 transition, Trego showed that in this
region a significant increase of grain size occurs leading to a markedly decrease of creep in a narrow temperature
interval [48]. Based on this indication, we have identified a small interval of the § fractional volume between the
two- and single-phase region. In this domain the continuity of creep rate curves has been assured by construction
with a linear combination of the values at the boundaries. An identical approach has been used for the transition
region from a to (a+p).

Crystallographic phase transition of Zircaloy-4

Authors have reported that in the case of Zircaloy-4, model B shows deviations from the experimental
measurements performed at high heating rates [41]. Aiming at discussing this inaccuracy of model B, we have
developed phase transition correlations based on the first-order model proposed by Massih [49]. While most of the
original model has been maintained unchanged, we have introduced an additional parameter. This factor is applied
under the condition that the beta phase fractional volume is lower than 10%. The use of this factor, having values
between 0.0 and 1.0, diminishes the phase transition rate. Above 10% of 8 phase fractional volume this factor is
setto 1.0 in order to attain a full phase transition rate. This smooth increase of the transition rate is seen especially
at high heating rates (+100 K/s) [50].

Verification of models

Phase transition and high temperature creep correlations presented in previous sections have been introduced in
the corresponding subroutines of TRANSURANUS. A standalone program that couples both models has allowed
us to perform calculations in the domains of interest concerning heating\cooling rate, hydrogen concentration,
effective stress. With regard to the effect of hydrogen, an upper limit of 1000 ppm has been adopted. This value is
consistent with the modelling of Zircaloy-4 conditions but much higher than observed at end of M5™ irradiations.
Therefore, these calculations are intended mainly for verification purposes of TRANSURANUS subroutines. Some
results of our calculations are presented with the objective of considering issues of interest for future development
or relevant for the following step of verification. In this second step we plan to perform LOCA calculations with
TRANSURANUS. This will be a good opportunity to make a comparison between the predictions of models
presented here with the results of existing modelling in TRANSURANUS.

Crystallographic phase transition of Zircaloy-4 and M5™

Phase transition correlations (model B) of Zircaloy-4 and M5™ have been compared at increasing values of
heating\cooling rate neglecting the effect of hydrogen. Results are presented in Figure 23. They confirm that the
lower diffusion of niobium induces a delay of M5™ phase transition. Results at +10 K/s are quite consistent. A
small delay of M5™ is noticed at +100 KI/s [46].
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Figure 23: Zircaloy-4 and M5™ phase transition at 0, +1, +10, +100 KI/s (left) and 0, -1, -10, -100 K/s (right)

Hydrogen pick-up is much more intense in Zircaloy4 than M5™. Figure 24 presents the phase transition curves of
Zircaloy-4 if a concentration of 1000 ppm is assumed. According to the authors, the effect of hydrogen has been
determined by using an expression that modifies the characteristic time as shown in Eq. 5 [41]. Results of Zircaloy-
4 during cooling transients have been obtained taking into account only the effect of hydrogen on the transition
temperatures that has been determined under quasi-equilibrium conditions. Due to the fast desorption of hydrogen
at temperatures above the § transition temperature, it was not possible to perform the study of the inverse phase
transformation kinetics upon cooling [38]. The use for Zircaloy-4 of the characteristic time as in Eq. 5 has shown
that results obtained during cooling were loosely correlated with a possible effect of hydrogen (not shown). Based
on these considerations, it has been decided to neglect this factor during cooling transients where, as above
mentioned, the effect of hydrogen is not well established.
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Figure 24 : Zircaloy-4 phase transition at 0, +1, +10, +100 K/s (left) and 0, -1, -10, -100 K/s (right); effect of
hydrogen concentration (1000 ppm)

Effect of hydrogen concentration on M5™ phase transition

As shown in Figure 24, the effect of hydrogen is of great importance for Zircaloy-4 phase transition. The use of
M5™ is quite beneficial from this point of view as much lower concentrations of hydrogen are expected [45].
Nevertheless, the effect of hydrogen on M5™ is of interest to make the code capable of estimating its effect and
of treating an ample domain of conditions. The duty in charge of ENEA and JRC within Task 3.2 is to provide an
updated model\subroutine for M5™ that could cope with domains of applicability comparable with the existing
TRANSURANUS model for Zircaloy-4 [9]. A comparison of the model of M5™ [41] with the modified one assuming
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increasing concentrations of hydrogen is presented in Figure 25. The interval of concentrations considered in the
comparison ranges from 0 ppm up to 500 ppm.
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Figure 25 : Phase transition with concentrations of hydrogen in the interval 0-500 ppm (every 100 ppm):
comparison of models at +10 K/s (left) and +100 K/s (right) [41]

Values of hydrogen concentration representative of the operating conditions and burn-ups typical of M5™
irradiations lie in the interval 60-100 ppm. In agreement with the findings presented in [38], our results confirm that
predictions of the model proposed for M5™ are quite consistent with Zircaloy-4.

Creep rate of M5™ in the (a+[3) region

Literature has underlined that modelling of M5™ creep rate is not well established in the (a+8) region [42]. Results
of the model proposed here are presented in Figure 26. In this figure the creep rate of M5™ has been calculated
as a function of temperature under two heating rate conditions: +10 and +100 K/s. Values of stress employed in
calculations are 3 MPa, 10 MPa, 20 MPa, and 30 MPa. The first value lies in the stress domain where it has been
assumed that Massih’s model is applied [43]. Results have been obtained by assuming a constant grain size (6
pm). Transition regions from Kaddour’s to Massih’s model and back from Massih’s to Kaddour’s model across the
(a+p) region have been tentatively imposed. Under these conditions our results show a peak of creep rate at 3
MPa that tends to shift toward higher temperatures and to increase with increasing heating rate. Calculations are
consistent with predictions presented in the literature [42](43].
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Figure 26 : Creep rate of M5™ as a function of temperature and heating rate: +10 K/s (left) and +100 K/s (right)
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Preliminary model for phase transition of Zircaloy-4

In this section we discuss a comparison of predictions obtained with two different models of Zircaloy-4 phase
transition: model B [41] and model A [49]. Correlations of model A have been partly modified on purpose. As stated
by authors, model B shows deviations from the experimental results at high heating rates [41][50]. Results of
models at +5, +10, +50, and +100 K/s are presented in Figure 27. Model A shows reasonable agreement with
model B at low values of heating rate and a more satisfactory agreement with the experimental results at +100 K/s
[50]. While great part of model's correlations [49] has not been modified, a tuning factor of absolute value lower
than 1.0 has been applied to the rate of phase transition when the B fractional volume is lower than 10%. This
proposal relies on the hypothesis that the full rate of phase transition is attained in the region above 10% of beta
fractional volume. This hypothesis has been confirmed especially at high heating rates in [50], moreover,
uncertainties affecting beta volume measurements are higher below 10% [38] [46]. In principle, this tuning factor
could improve accuracy of phase transition predictions especially at high heating rates where model B tends to
underestimate the experimental measurements [38][50].
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Figure 27 : Phase transition of Zircaloy-4: comparison of model B and model A (mod.) with experimental
measurements [50]
Conclusions

This section of the report presents some results of the activity performed by ENEA in strict coordination with JRC
within Task 3.2 of R2CA. Our contribution has been focused on the identification of correlations for the
crystallographic phase transition and high-temperature creep of M5™ that could update and eventually improve
the existing models of TRANSURANUS. The initial review has identified some models fitting for our purpose. They
have been presented here and results of corresponding TRANSURANUS subroutines discussed. If on the one
hand, it has been confirmed that predictions are consistent with the literature, on the other hand, relevant aspects
are still not well established such as the effect of hydrogen during cooling transients and creep rate across the
phase transition of M5™. In this view, our proposal tends to be conservative with regard to the effect of hydrogen
(no modelling during cooling transients) while it has been attempted to model the creep rate in the two-phase
domain. Besides this, preliminary indications on a novel phase transition model for Zircaloy-4 have been proposed
in the concluding part of this section. In principle, this model could improve accuracy of predictions at high heating
rates where model B showed to be less precise. In conclusion, this stage of verification has given positive
indications addressing several aspects of modelling relevant for TRANSURANUS. In the following step these
models will be compared to the existing modelling by performing code calculations on LOCA experimental tests. It
is expected that this future activity could provide recommendations useful to the community of TRANSURANUS
users.
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Code validation tests with new thermomechanical models

IRSN contribution: test of the criterion on DRACCAR validation tests

In order to test the developed criterion on engineering stress, the DRACCAR code developed at IRSN has been
used on tests not used in the validation data base. This study was performed on 125 LOCA relevant transients.
First the new criterion was tested on EDGAR temperature ramp tests (0.1-100°C/s), performed on Zy-4 cladding
directly heated by Joule effect. Results are illustrated in Figure 28. The two burst criteria lead to predictions within
1£10% of experimental burst temperature. However, the R2CA burst criteria leads to best estimate predictions
whereas the true stress burst criteria generally overestimates burst temperature. The mean absolute errors are
similar, 29°C for R2CA criteria and 32°C for the DRACCAR true stress criteria.
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Figure 28: Calculated burst temperature versus experimental temperature on EDGAR test on Zry-4 with
DRACCAR true stress criteria and R2CA Engineering burst criteria and linear fitting (y=ax). Dotted lines
correspond to £10%.

Then Halden LOCA tests were calculated with the new criterion and DRACCAR reference criteria (which depends
on the cladding alloy), results are gathered in Figure 29. Both criteria lead to a wrong prediction of burst occurrence
for one test. The R2CA criteria leads to better predictions but with some underprediction of burst temperature up

to 100°C. DRACCAR reference criteria tend to overestimate burst temperatures.
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Figure 29: Calculated versus experimental burst temperatures for Halden LOCA tests with DRACCAR reference

criteria and R2CA Engineering burst criteria.

Finally, the SCIP Ill LOCA tests were recalculated, calculated temperatures are given in Figure 30. Both criteria
tend to overpredict burst temperature and the R2CA burst criterion leads to far better burst temperature prediction.
However, R2CA burst criterion led to burst occurrence for two tests whereas no burst was observed experimentally
(low peak cladding temperature or low internal pressure) and DRACCAR reference criteria missed one burst
occurrence (low internal pressure).
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Figure 30: Calculated versus experimental burst temperatures for SCIP [Il LOCA tests with DRACCAR reference
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To conclude on DRACCAR simulations versus experimental results, R2CA criterion based on engineering stress
allows a better evaluation of burst temperatures than reference criteria used in the DRACCAR validation tests. For
studied cases, the use of the R2CA criterion led to 3 burst occurrences not experimentally observed (over 125
tests), whereas the use of DRACCAR reference criteria led to miss two burst predictions. Therefore, the use of the
R2CA burst stress limit based on engineering stress leads to the best burst temperature evaluations for the cases
considered in this study. However, burst criteria based on engineering stress are not well-suited to predict burst
cladding strain as illustrated in Figure 31. Indeed, for most of the cases calculated strain is significantly
underpredicted with the R2CA criteria.
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Figure 31: Calculated circumferential strain versus experimental circumferential strain for temperature ramp
tests.

Conclusions on burst criteria

During the R2CA project a large burst database was built and used to fit new burst criteria dedicated to the
prediction of burst occurrence. During this study, no simple criteria based on burst temperature, strain, engineering
or true stress was found to fulfil the two following goals:

o Best-estimate prediction of burst occurrence (time and temperature).
e Best-estimate prediction of burst strain.
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This may be due to uncertainties on burst data but is mainly related to the very high variation of strain close to
burst and therefore there is a strong dependence of strain estimation to temperature and to the thermo-mechanical
laws used to model cladding ballooning.

From the analysis performed, it has been decided to select a temperature limit versus engineering stress and the
heating rate as the so-called Chapman criteria. The selected test cases are internally heated and performed with
as-received cladding. The proposed criterion does not take into account hydrogen content and is only valid for
heating rates between 1 and 38°C/s. Various correlations on hydrogen impact are presented in the document and
can be used combined with the proposed limit.

The burst database used in this work is mainly composed of burst occurrences during a temperature ramp. For
low heating rates, like a temperature plateau or even slow temperature decrease at reflooding beginning in LOCA
transients, the criteria may miss some burst occurrences or even not be applicable. These phenomena have
particularly been observed when using true stress criteria. Indeed, in these cases the temperature decreases and
the stress limit may increase if the pressure difference is constant or decreasing. Therefore, when using burst
criteria based on stress it is recommended to use a strain limit as a safeguard. The strain limit must be chosen
consistently with the goal of the study. The NUREG 630 limit can be considered as an upper envelope for flow
blockage evaluations (cf. Figure 2). When studying rod fuel failures for radiological consequences evaluations, a
fixed strain limit around 20-25% is recommended based on observed circumferential strains (cf. Figure 12).
When dealing with small and intermediate break LOCA scenarios, maximum temperature plateau is often in the
burst occurrence temperature range (~700-900°C), whereas for large break LOCA scenarios the maximum plateau
was generally significantly higher than the burst occurrence range. Therefore, burst studies based on temperature
ramp tests with representatives heating rates and pressure differences are well suited to study burst in large break
LOCA conditions but may not be sufficient for small and intermediate breaks. More experimental tests with
representative thermomechanical transients are needed to validate creep and burst current models.

VTT contribution : M5 validation case : IFA-650.15

IFA-650.15 is the first LOCA test with M5 cladding material tested in the Halden BWR. The test segment was cut
from a PWR UO2-M5 fuel rod (36U-N05) that has been irradiated in the Ringhals 4 PWR NPP for five cycles. The
active length of the test segment was 442.5 mm, and the fuel has been irradiated to a burnup of up to 57
MWad/kgOx. The refabricated test segment was pressurized to 4 MPa with a mixture of 95 % argon and 5 % helium.
Full description of the experiment is detailed in the Halden report [31].

Base irradiation :

Power history data (Figure 32Figure 33) and fuel rod characteristics are obtained from [32], [33], [31]. The base
irradiation was simulated with FRAPCON in two stages:

-In the first step, the whole mother rod (36U-N05) was simulated with FRAPCON VTT 3.5 version which provides
the coolant boundary conditions for the elevation corresponding to the tested segment, as well as the pressure
conditions at the end of the base irradiation.

-In the second step, only the tested segment is simulated, the boundary conditions from the first step are utilised
and the volume plenum in this case is changed until the same pressure at the end of the first step is obtained. The
calculation is then continued with the refabrication feature enabled to change the gas composition. The conditioning
phase at Halden was also simulated after refabrication. At the end of this step, a restart file is produced which is
then used to initialise FRAPTRAN transient calculations.
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LOCA transient calculation

IFA-650.15 LOCA transient case was calculated with FRAPTRAN 1.4 version with the restart file from FRAPCON
3.5. The rod mechanical deformation was modelled with FRACAS-I and the updated ballooning model as well as
the original BALON2 for comparison.

The same methodology used in modelling previous FRAPTRAN's validation cases from Halden was adopted to
generate the input file for IFA 650-15. Simulations were carried out by dividing the cladding into 9 axial nodes and
5 radial nodes, the cladding surface temperature and coolant pressure were provided as boundary conditions.
Subchannel thermal-hydraulics code GENFLO was not used in this case; the temperature is imposed on the
outside walls of the cladding without clad-to-fluid heat transfer evaluation. Cladding surface temperature was
recorded from three thermocouples during the experiment: TCC1 at 100 mm and both TCC2 and TCC3 at 366 mm
elevation of the fuel rod from the bottom. The average value from TCC2 and TCC3 was imposed on the
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corresponding upper part of the cladding, and values from TCC1 on the lower part of the rod. There are thus two
axial zones for cladding temperature in FRAPTRAN input; similar division is used also in original FRAPTRAN
validation cases IFA-650.5, -650.6 and -650.7. FRAPTRAN then interpolates to set the cladding outer surface
temperature for each axial node.

Two sets of calculations were performed:

In the first run, internal pressure is calculated by FRAPTRAN. In the second run, the experimental rod internal
pressure is supplied as an input. In FRAPTRAN it is possible to give the rod internal pressure history as a boundary
condition. This can be done in the $model data block by setting “prescri=1" and entering values for the keyword
‘gasphs”.

e Resulsts & discussion
Overall results:

Overall, selected validation cases from FRAPTRAN integral assessment were recalculated with original and
updated deformation models and burst criteria. 8 validation tests were calculated with FRAPTRAN original model
and Kaddour et al 2004, each test against 5 different failure criteria: FRAPTRAN original criterion, IRSN BE, IRSN
min, IRSN max, T limit (8 x 5 calculations each). Rosinger model on the other hand is not suitable for Zr1%Nb
cladding type and therefore only 6 validation cases were tested against 6 different failure criteria (6 x 6 in total),
Rosinger optimised limit was added. Detailed results for the calculations are presented in appendix page 203.

The number of total calculations for each creep model along with the number of inaccurately predicted cases are
illustrated in Figure 34. False predictions refer to cases where the model falsely predicts burst or when it fails to
trigger cladding burst.

FRAPTRAN original is the most conservative deformation model; rod failure was falsely predicted for one test
(LOC-11C rod 2) with all 5 burst criteria. Kaddour model had one false occurrence of burst for the same test when
selecting IRSN min criterion. Rosinger model, on the other hand, exhibits a more relaxed behaviour, with two false
occurrences of burst and two cases where the model fails to predict rod rupture. The two missed burst occurrences
went undetected by Rosinger-SSM limit and the original FRAPTRAN criterion. In the case of Rosinger-SSM, this
could be attributed to the embrittiement effect by the excess oxygen, as x,,; is not calculated in the same way to
calibrate the criterion. In addition, whilst C-P model was used in these calculations, a different oxidation model
(Leistikow and Schanz 1987) was employed in the original work [24]. Therefore, this criterion is not recommended
at this point without further modifications.
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Figure 34 : Overall results of validation cases calculations.

Calculations results for all deformation models and burst criteria are plotted and compared to experimental burst
temperature and maximum residual hoop strain in Figure 35 and Figure.36, respectively. FRAPTRAN original
plastic model and Kaddour et al. show more conservative predictions in terms of burst temperature. In terms of
employed burst criterion, IRSN min is the most conservative stress limit.
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Figure 38 calculated vs measured burst temperature results

Error calculations:

The mean absolute error (MAE) of correctly predicted calculations for each creep model are presented in Figure
39. For time and temperature parameters, error is calculated from correctly predicted burst occurrences. For strain
calculations, data include correctly predicted cases of burst and non-burst (LOC-11C rod 3 and LOC-11C rod 1
and 4 did not rupture). The error compares predicted variable to the recorded experimental value. The newly
implemented creep models show relatively lower error in terms of predicted burst time, temperature and strain.
Although Rosinger creep has the lowest error, the model has less validation cases and therefore more calculations
would be required in the future. The methodology used to calculate the overall mean absolute error for each creep
deformation model and burst criterion is described in the appendix page 207. It should be noted that in addition to
the FRAPTRAN assessment cases, the error estimates also include the IFA-650.15 predictions.
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Figure 39 Comparison of absolute mean error for utilised deformation models

Figure 40. illustrates the MAE for each burst criterion from overall correctly predicted burst occurrences across all
deformation models. The implemented limits (IRSN BE, IRSN max, and T limit) show comparable results to the
original criterion employed in FRAPTRAN in terms of burst time and temperature. IRSN min is the most
conservative limit. In terms of strain results, FRAPTRAN original criterion had the least error since it incorporates
an additional strain limit to check for failure in parallel with the stress limit (stress+strain). Hence, it is recommended
to enable the strain limit in combination with the new implemented criteria as well for better predictions.
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Figure 40 Comparison of absolute mean error for burst criteria

IFA-650 results:

IFA-650.15 transient calculations in Figure D.1 (cf. appendix) are shown for the case where FRAPTRAN calculates
the rod internal pressure. FRAPTRAN clearly overpredicts the rod pressure during LOCA as compared to the
measured value. The selected default static pressure model assumes that all volumes inside the fuel rod equilibrate
in pressure instantaneously [14]. In the Halden test rodlet, however, the free volume of the plenum is significantly
larger (17cm3) than in full length rod and is located outside the heated region. As a result, the pressure increases
only slightly during the experiment, which may explain the discrepancy between the calculated and measured
results. It should also be noted that the plenum temperature was not provided separately, and thus the default
option in FRAPTRAN for plenum gas temperature is applied: it is set equal to local bulk coolant temperature plus
10 °F. Consequently, rod failure is predicted considerably earlier than in the experiment The same pattern can be
observed for other Halden validation cases (IFA-650 series) in the integral assessment report [34].
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Table 17 summarises initial calculations results with two different deformation models and FRAPTRAN original
failure criterion (stress+ limit). Summary of experimental results for IFA-650.15 LOCA test are reported in [32] and
[35]. Two different values for the cladding maximum residual hoop strain have been published: 141.89% [32] and
50% [20] [35]. The latter was deemed more consistent with the IFA-650.15 metallography report and is therefore
used for the purpose of comparison in this report.

Table 17 IFA-650.15 initial calculations results

Ballooning deformation FRAPTRAN original
Kaddour et al 2004 Measured
Parameter model
Time to burst (s) 161 182 245
Burst Temperature (K) 952.82 1003.3 1073.15
Max hoop strain (%) 50.76 74.05 50
Pressure (MPa) 10.18 9.94 5.98

In the second run, the measured internal rod pressure was provided as input. FRAPTRAN 1.4 however allows only
10 data pairs of (pressure, time) to be given to describe the internal pressure history, this is plotted in Figure D.2.
In this case, the pressure at each time step is found by linear interpolation.
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Figure 41 FRAPTRAN stress calculations with different deformation models and burst criteria for IFA-650.15

The stress evolution in the ballooning node for the second run is plotted in Figure 41. As can be seen, ballooning
starts at 166s, the code is structured to check for failure only after BALONZ is called and at that point, the stress
is already over IRSN min criterion and hence the cladding is assumed to fail at that time in that case. Other criteria
trigger failure at different times as detailed in Table 18 and Table 19. Kaddour et al. 2004 creep deformation
produces relatively better predictions.
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Table 18 IFA-650.15 LOCA results with Kaddour et al creep deformation and different burst criteria

Kaddour et al. 2004
Burst criterion I.=R.APTRAN IRSN | IRSN | IRSN | T limit Forgeron .
original (stress BE min max | 2022 et al. Experiment
Parameter + strain) 2000
Time to burst (s) 222 209 166 222 201 212 245
Burst Temperature (K) 1054.3 1040.9 | 970.57 | 1054.3 | 1033.2 | 1044.3 1073.15
Peak residual strain (%) 82.19 2226 | 5.00 | 83.60 | 15.31 25.92 50

Table 19 IFA-650.15 LOCA results with FRAPTRAN original deformation and different burst criteria

FRAPTRAN original plastic deformation
Burst criterion orf;‘:;T(Eﬁyss RSN | IRSN | IRSN | Tlimit | Forgeron | oo
Parameter + strain) BE min max 2022 | et al. 2000
Time to burst (s) 191 188 166 191 189 189 245
Burst Temperature (K) 1021.7 1015.5 | 970.57 | 1021.7 | 10176 | 1017.6 1073.15
Peak residual strain (%) 69.83 2435 | 500 | 69.83 | 29.05 27.61 50

Summary and conclusions:

The work carried out in this study outlines the modifications applied to the FRAPTRAN code for improved prediction
of cladding behaviour during a LOCA event. Cladding deformation in BALON2 was modified by employing two
high-temperature creep laws in combination with a dynamic crystallographic phase transformation model. The
models are relevant for generic zircalloy and Zr1%NbO (M5) cladding types. In addition, different burst criteria
were also implemented and tested. The implemented developments have been validated by detailed thermal
mechanical modelling of FRAPTRAN integral assessment LOCA-tests. Furthermore, a new validation case for M5
cladding type was simulated.

The produced results show that the original ballooning deformation dictates failure to a certain extent in most cases
regardless of the burst criterion applied. Nonetheless, the newly implemented creep models are more sensitive to
burst criteria as more variation is observed. Kaddour et al. 2004 produces better predictions for M5 cladding type
and more cases should be modelled with Rosinger 1984 creep law for accurate assessment.

In terms of burst criteria, IRSN BE and IRSN max produce comparable results to the original criterion in the code.
On the other hand, IRSN min and the temperature limit exhibit a more conservative boundary. Rosinger-SSM limit
requires further modifications to the oxidation model before it can be used reliably. For better strain predictions, it
is recommended to enable the strain limit alongside the new implemented failure criteria of temperature and stress.

Further developments are suggested for improved predictions in future work:

The implemented high-temperature creep laws could be updated in terms of excess oxygen to account for
embrittlement effect. Calibrated models have been published in the open literature [24].

With respect to phase transition, creep calculations in the mixed phase region could be updated in line with latest
studies in the literature and hydrogen effect should be considered for Zr1%NbO cladding types.
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Additionally, Leistikow and Schanz 1987 oxidation model is suggested in FRAPTRAN for consistent use of
Rosinger optimised limit and Forgeron et al. 2000 limit. Since these criteria have been calibrated based on that

model.

3. Full core modelling
In this project, partners selected a methodology to evaluate the number of failed fuel rods during a LOCA transient.

Two main approaches were used:

Chaining of a fuel performance code with a system thermohydraulic code. In this case, the core and the
reactor core system (RCS) is simulated given a chosen scenario and assumptions and results in terms of
thermohydraulics are used as boundaries conditions by the fuel performance code.

Integral approaches with codes dealing with RCS, thermohydraulics and fuel thermo-mecanical modelling

in the same simulation.
The different approaches used in task 3.2 are detailed in Table 20.

System model (core+RCS) Fuel perfomance modelling
S
£ Thermo- Thermo-
& . Thermo- o .
o hydraulic . Core nodalization | mechanical Code
. hydraulic Code :
modelling modelling
Fuel performance code chained to T/H code
SSTC | 2D Axi-symetric RELAP5 Groups 2D Axi-symetric | TRANSURANUS
uJv 2D Axi-symetric RELAP5 Groups 2D Axi-symetric | TRANSURANUS
Integral system approach
LEI 2D Axi-symetric ASTEC 4 Groups (rings) 2D Axi-symetric ASTEC
HZDR 3D ATHLET-CD Rings + ji;gg,:hal Sub- | o0 Axisymetric | ATHLET-CD
IRSN 3D DRACCAR atleast 1/FA 25D DRACCAR

Table 20 : Summary of approaches used to evaluated the number of failed fuel rods during a LOCA
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Fuel performance code chained to a system thermohydraulic code

JRC Summary of methods used with TRANSURANUS

In an effort to contribute to the harmonisation of methods for evaluation of the radiological consequences of
accidents, the JRC provided an overview of the experience gained by means of the TRANSURANUS code, in
particular for LOCA analysis.

Historical development of LOCA analysis with TRANSURANUS

The TRANSURANUS fuel performance code developed and distributed by the JRC is involved in various countries
for the licensing of nuclear fuel. Based on the different experiences gained, and in an effort to support
harmonisation at EU level, a summary is made here for the methodology applied to compute the number of failed
rods in the event of a LOCA by means of the TRANSURANUS code. The methodology is intended for the LOCA
licensing analyses of fuel in the European Union and is in line with internationally accepted procedures and
guidelines [51][52][53].

The enveloping hypothetical accident considered (LB LOCA) is a guillotine type break of one primary loop at the
reactor vessel inlet, initiated at full power. Often an additional single failure of the passive core flooding system of
the emergency core cooling system is assumed. Owing to the pressure drop in the primary system, the void
increases rapidly in the core resulting in fast reactor power reduction because of the negative reactivity feedback.
Due to flow reversal during blowdown, the heat transfer radically decreases, DNB occurs and the cladding
temperature increases. The decreasing primary pressure actuates the different ECCS'’s that eventually refills and
finally re-floods the core after several hundred seconds.

The scope of the methodology considered here is limited for the LOCA hot rod and failure rate analyses and
focuses on the insertion of a new fuel type in an existing NPP. Therefore, it focuses on the thermo-mechanical
simulation of the fuel rod during a LOCA and it is assumed that there is a valid safety evaluation of the plant from
which boundary conditions can be utilized (i.e. an analysis of record).

The fuel licensing procedures established in East-European countries prior to their entrance in the EU entailed the
intensive utilization of the TRANSURANUS code for Russian type VVER reactors. The code had been selected to
be the standard fuel rod performance code used for regulatory purposes in several countries operating VVER
reactors, as e.g. Hungary, Slovak Republic and Bulgaria [54]. However, the involved VVER-specific material
functions were limited to normal operating conditions, and consequently, the code was not applicable in VVER
accident analyses.

The EXTRA project of the EURATOM 5th Framework Programme was therefore initiated in 2001 with the aim to
address this incompleteness through the systematisation of the knowledge on experimental data of the Russian
Zr1%Nb cladding alloy and the extension of the applicability of the TRANSURANUS code[55] [56]. A consortium
of three research organisations carried out this project: the JRC- Karlsruhe (formerly Institute for Transuranium
Elements), the VUJE Nuclear Power Plant Research Institute (Slovak Republic) and the MTA EK (formerly KFKI
Atomic Energy Research Institute). Thanks to parallel activities for the extension and application of the
TRANSURANUS in PWR safety analyses, the German technical safety organisation in Hannover (TUV) was also
involved in the project as an observer, providing a forum for work harmonization and broad discussions.

The EXTRA project aimed to provide an analytical tool for the consistent simulation of the VVER fuels’ performance
under both normal and off-normal conditions [55]. Prior to the EXTRA project, no European fuel performance code
with the above capabilities was available. Thanks to the implemented equations and general code structure, as
well as the wide scope of the covered phenomena and the involved comprehensive materials databank, the
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TRANSURANUS code could be straightforwardly extended to improve the safety analyses capabilities [56][57].
More precisely, in the second work package of the EXTRA project, the TRANSURANUS code was extended with
new models for the high temperature steam oxidation, plastic deformation and failure of the fuel cladding. The
model development was focusing on the exact description of the zirconium-steam reaction, the plastic deformation
and the rupture of the nuclear fuels’ cladding tube under varying conditions. New VVER-specific empirical
correlations for the mass gain rate, the zirconium oxide layer growth rate and the deformation rate were evolved
and adopted to the models. The multidimensional Levenberg-Marquardt minimisation procedure was applied to fit
the material constants of the correlations on the compiled experimental data. The resulting mechanical model took
into account not only the temperature and the crystallographic phase of the cladding, but also the oxygen
concentration as a parameter of the deformation rate. In this manner, the effect of the oxidation on the strength
and deformation of the cladding can be simulated in an accurate way.

In the fourth work package of the EXTRA project, the code was applied to evaluate the number of failed fuel rods
in a hypothetical double-ended cold leg LBLOCA in the Units V2 of the Bohunice NPP in Slovakia. The application
of the TRANSURANUS code to assess the extent of core damage improved the methodology of the safety
analyses and allowed for a more detailed evaluation of the radiological consequences of the DBA. This was
possible thanks to the development of an automatic transfer of data from the RELAP code as boundary conditions
for the fuel rod performance calculations, as illustrated in the following figure:

VUJE Tmava, Inc.
TRANSURANUS
EXTRA Project

1200

1000 /,. \
800

I
AL

xS k‘“*%..ﬂm__ﬁ;v-ﬁ;—»vﬂ Y A QBT Dt e O B DM A

Temperature [°C]

-100 0 100 200 300 400 500 600 700 800 900

[01 2 43 x4 x5 06 7 +8 a9 o10] Time [s]

Figure 42: Cladding temperature history in 10 axial nodes during 2F-LBLOCA by means of a RELAP analysis
[56].

Following the EXTRA project, a bilateral project has been funded by the European Commission and carried out by
MTA EK [58]. The main objectives were to simulate the hydrogen uptake by the Zr-1Nb alloy and its effect on the
cladding performance under accident conditions, which was triggered by the Paks fuel cleaning tank incident in
2003. On the basis of experimental data, an empirical stand-alone model was developed in 2006 to calculate the
hydrogen absorption in Zr-1Nb cladding during steam oxidation and in a gaseous atmosphere [59]. The model is
based on a quasi steady-state approach of the actual hydrogen concentration defined on the basis of the solubility
limit and an appropriate kinetics constant fitted separately to experimental data. This model for Zry4 cladding is
being implemented in the TRANSURANUS code in the frame of the R2CA project. Independent verification is
planned by NucleoCon in the Slovak republic and PreussenElektra in Germany. Extension to M5 cladding
properties is planned by ENEA in the frame of the R2CA project as well.
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The earliest application for LOCA analysis with TRANSURANUS in the frame of licensing was made by TUV in
Germany [60]. The aim of the PWR hot channel analysis in the German regulatory framework was to demonstrate
that the fuel temperature stays below the melting temperature and the transient tangential cladding strain remains
below its licensing limit.

More recently, the industry demonstrated a methodology for how the core can be more realistically modelled in the
sense that only individual rod parameters are treated conservatively without the need for further conservative
assumptions regarding the clustering of rods into thermohydraulic channels. For the introduction of fuel from
Westinghouse Sweden Electric by E.ON in a German PWR, such clustering was based on the maximum stored
energy and the mean stored energy per rod, the mean stored energy of the hot assembly and the mean stored
energy of the surrounding assemblies are shown in Figure 43 as a function of burnup. The mean stored energy of
the surrounding assemblies and of the residue assemblies (not shown) is practically constant regardless of burnup.
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Figure 43: Fuel rod clusters as a function of burnup applied in the LB LOCA analysis by E.ON [61].

Such clustering was also considered in the methodology for quantification of fuel cladding failure as a result of a
LOCA in the Slovak republic and was developed in the frame of the EXTRA project of Euratom 5t framework
programme[55] [56]. That clustering considers division of all fuel rods into four groups based on fuel rod power.
Since there is five-year-load scheme applied, each of the power group of rods is split into five groups (if relevant)
to reflect time of irradiation. The safety analysis relies on external coupling of the RELAPS code and
TRANSURANUS code, and was applied for typical maximum design basis accident of the VVER-440 reactor in
order to assess the failure rate for this type of accident [62]. Stefanova et al [63] applied a similar approach for the
VVER-1000 LB LOCA analysis in Kozloduy.

In parallel to the applications to PWRs and VVERSs, colleagues from the university of Pisa developed and applied
a procedure involving the TRANSURANUS code to address the fuel rod failures during LB-LOCA transients in
Atucha NPP operated in Argentina [64]. The methodology implies the application of best estimate TH and neutron
physics codes in combination with the TRANSURANUS fuel performance code, with the objective to verify the
compliance with the specific acceptance criteria. The fuel pin performance code is applied with the main objective
to evaluate the extent of cladding failures during the transient. The procedure consists of a deterministic calculation
by the fuel performance code of each individual fuel rod during its lifetime and in the subsequent LB-LOCA transient
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calculations. The boundary and initial conditions are also provided by core physics and three-dimensional neutron
kinetic coupled thermal-hydraulic system codes calculations.

In 2017 the TRANSURANUS code of the JRC was also selected for the licensing of the fuel from Westinghouse
Sweden Electric for the VVER-440 reactors in the EU and Ukraine in the frame of the ESSANUF project [65] [66].
Finally, most recently Hyvonen [67] prepared the TRANSURANUS code for LOCA analysis by FORTUM in Finland.

Today, not only numerous universities, research centres and several key industrial partners in the EU, but the
majority of ETSON members have a TRANSURANUS user licence agreement; Bel V, EK, ENEA, IRSN, VTT, LEl,
TUV, INRNE, VUJE, UJV Rez, RATEN ICN, PSI, and SSTC. The active participation of the users in the
development and independent verification and validation enables to keep pace with all current developments in
terms of new materials as well as adapted operating conditions being considered, although it also is challenging
in view of the different regulations in place in each country. Nevertheless, on the basis of all this experience, the
present methodology is briefly outlined in this document.

General methodology

The general methodology for performing the safety evaluation of reload cores assumes that a valid conservative
safety analysis exists, the so-called plant analysis of record or reference analysis, along with a set of key safety
parameters for each accident or transient under consideration. The values of the input safety parameters, or frame
parameters, in the reference safety analysis are selected to conservatively bind the values expected in subsequent
cycles. Ifall reload safety parameters for a core are conservatively bound, the reference safety analysis is assumed
to be valid, and no further analysis is considered necessary. When a reload safety parameter is not bound, further
analysis is considered necessary to ensure that the required margin of safety is maintained for the accident in
question, in this case a LOCA. When the key safety parameters are not bounding specific analyses are required
to ensure that the margin to the safety criteria is maintained throughout the accident.

When a new fuel design is introduced, it has to be demonstrated that the safety analysis of the plant is still valid.
In addition, any criteria affected by the insertion of a new fuel design have to be evaluated. The methodology
presented here consists of three different parts. The first is about how the existing safety analysis can be validated
for also being applicable to the new fuel. The second is about how the acceptance criteria can be evaluated for
new fuel rods using the so called hot rod approach. The third part is a failure rate methodology which aim is to
define the expected radioactive release during an LOCA. These three parts are outlined in the following sections.

Verification of the thermal hydraulic data

The fuel stored energy is ranked as one of the most important parameters with respect to heat-up analysis,
especially during blowdown, since the resulting pellet temperature distribution undergoes a readjustment that
determines the temperature of the cladding after DNB. The fuel stored energy is also directly dependent on the
specific fuel design. Thus, in order to verify the applicability of the TH data from the reference LOCA analysis, it
has to be demonstrated that the fuel stored energy of the new fuel design is bounded (or similar) to those in the
reference LOCA analysis. The fuel stored energy is evaluated by means of the TRANSURANUS code with the
same conservative level as in the reference analysis. The calculations are conducted using conservative models
and fuel rod design parameters that can also take into consideration uncertainties [61].

Hot rod analysis

The evaluation of the PCT and the equivalent cladding reacted (ECR) during the postulated LOCA is based on the
thermo-mechanical analysis of the behavior of the hot fuel rod in the core applied by Westinghouse Electric Sweden
and PreussenElektra (formerly E.ON Kernkraft) [68]. The analysis covers the consistent simulation of the fuel
performance under normal operation and accident conditions with is possible thanks to the capabilities of the
TRANSURANUS code. An overview of the proposed methodology is presented below.

Initial Condlitions:
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The fuel rod condition at the initiation of the LOCA depends on the heat rate and the burnup of the fuel rod. The
burnup dependent fuel rod parameters (pellet and cladding geometry, free volume, pressure, fission gas fraction,
corrosion, etc.) and material properties (e.g. fuel thermal conductivity) are calculated via the simulation of the
normal (steady-state) operation. The simulations are conducted using conservative models and conservative
(bounding) power histories. Lower or upper bound models are considered such that the most conservative
conditions for the PCT / ECR evaluation are achieved. The coolant conditions and the heat transfer between the
cladding and the coolant under normal operation is calculated by the thermal model of TRANSURANUS.

Prior to the LOCA event, conservative linear heat rate profiles have to be assumed at the initiation of the accident,
in accordance with the thermo-hydraulic analyses. Consequently, the relative axial power profile at the evaluation
is distorted to a conservative profile in a hypothetical pre-LOCA transient in the hot rod analysis. The most
conservative relative heat rate profile is assumed to be provided on input for TRANSURANUS and should be
defined in a system-level parametric study and applied throughout the postulated LOCA event. The duration of this
hypothetical pre-LOCA transient is typically 1 h and followed by a steady-state period (about 48 h) prior to the
LOCA initiation.

LOCA Transient

The thermo-mechanical performance of the fuel rod under LOCA conditions is calculated using the best-estimate
models of TRANSURANUS considering the appropriate clad material properties that were implemented in the
wake of the EXTRA project. These models cover all the phenomena relevant for LOCA simulations such as plastic
deformation, ballooning, high-temperature oxidation and cladding failure due to overstress or overstrain. The
effects of the crystallographic phase transformation in zircaloy and the hydrogen absorption on the cladding
deformation and burst are also considered thanks to the new developments in the frame of the R2CA project.
Cladding failure is simulated according to combined criteria, i.e. burst occurs due to overstress, overstrain or rod-
to-rod contact as outlined above. Cladding oxidation must be calculated with Baker-Just kinetics separately for the
outer and the inner surfaces. Inner-side steam oxidation is taken into account only after rod burst. Reaction heat
in the cladding wall is considered as an additional heat source.

The maximum local linear heat rate and a conservative axial heat rate profile are assumed at the initiation of the
LOCA and shall be consistent with the reference analysis. At the beginning of the LOCA the core power suddenly
drops due to the void feedback effect. Afterwards it follows the decay curve. In the hot rod analysis the maximum
linear heat generation rate curve follows the decrease of the core power relative to the initial core power. The axial
power profile at the burnup for evaluation is distorted to a fixed conservative profile prior to the LOCA initiation.
The conservative axial heat rate profile is defined through a parametric study in the system-level thermo-hydraulic
(e.g. ATHLET or RELAP) analyses. The same relative power profile is applied throughout the postulated LOCA
event.

The simulation of the fuel rod performance under LOCA conditions is carried out at the thermo-hydraulic boundary
conditions provided by the customer on the basis of system-level analyses by means of ATHLET or RELAP for
example. The system model of the core generally consists of parallel hydrodynamic channels with different cooling
conditions (e.g. [61][62]). The effects of bypass and flow distribution between the parallel channels on the heat
transfer conditions are simulated by the TH code. Therefore the TRANSURANUS code does not calculate the
coolant conditions and the HTC under accident conditions. The TU code uses the data of the hot channel that
simulates the cooling conditions of the fuel rods at the highest power. The time evolution of the system pressure,
the linear heat rate, the HTC between the coolant and the cladding, the mass flow rate and the coolant temperature
have been prescribed as boundary conditions in the TU input. Such data transfer can either be made via interfaces
created for transferring data between ATHLET and RELAP in the frame of the EXTRA and ESSANUF projects
(e.g. [3-5]), or can be achieved automatically by means of code coupling in the frame of the McSAFE project for
example [69], which is based on the SALOME open source platform. On the basis of these boundary conditions
the code calculates the actual cladding temperature for each axial node, the cladding mechanical response and
the Zr-steam reaction. Consequently the axial profiles of the cladding temperature and oxidation can be evaluated
throughout the LOCA transient and the peak cladding temperature and equivalent cladding reacted can be
extracted from the code output.
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Failure rate analysis

Itis crucial to evaluate the total number of perforated fuel rods in the core in order to define the expected radioactive
release. The proposed methodology is based on deterministic TRANSURANUS simulations of the fuel rod
performance under the base irradiation and the subsequent postulated accident using realistic power histories in
a consistent manner. The applied calculation methodology is consistent with that applied by Westinghouse Sweden
for German PWRs [61]. An overview of the proposed methodology is presented below.

Initial Conditions

The simulation of the base irradiation provides the burnup-dependent conditions e.g. rod internal pressure, gap
conductance, etc. for all fuel rods in the core at the defined time point of the postulated LOCA. The power history
data (linear heat generation rates and axial profiles) of the fuel rods are derived from the core design computations
provided by the utility for instance, together with an uncertainty of the heat rate computations. The fuel performance
analyses are carried out with these realistic power histories (increased with the uncertainty) but using conservative
fuel rod and model parameters.

Prior to the LOCA event, the axial power profile of the core has to be set in a limiting condition consistent with the
reference analysis. This is translated to each rod by applying a modulation function that re-distributes the axial
power profile while retaining the rod average power. In a similar way as for the hot rod analysis above, the duration
of this hypothetical pre-LOCA transient is typically 1 h and followed by a steady-state period (about 48 h ) prior to
the LOCA initiation.

LOCA Transient

The postulated LOCA is initiated at the end of the steady-state phase. During the transient, the TH boundary
conditions are used to specify the time evolution of the fuel rod linear heat generation rates, coolant temperature
and mass flow rate, heat transfer coefficients and the coolant pressure in the fuel rod calculations. The core-wise
thermo-mechanical simulations require a complete set of thermo-hydraulic data defined for different assembly
power, rod power and burnup intervals. TUV organises this by means of the TITANIA software [60], while VUJE
has established a semi-automatised data processing procedure for a reduced number of rods based on power and
burnup [62]. Such data transfer can be done automatically at any time for any rod when using a coupled set of
codes like PARCS-SUBCHANFLOW-TU [70], or fully automatized in the SALOME platform [71]. The boundary
conditions applied for a specific rod are selected from this set of data on the basis of the actual heat rate and
burnup values at the LOCA initiation.

At the defined time point of the LOCA initiation, the DBA-specific best-estimate models of TRANSURANUS for the
assessment of cladding effective strain rate, oxidation rate, burst stress and burst strain are automatically activated
and the built-in cladding failure criteria (over-stress and over-strain) are verified for each time-step. If a criterion
has been violated, cladding burst is indicated in the code output. At the end of the core-wise simulation cycle the
number of failed rods is summarized and the failure rate (number of failed rods / total number of rods in the core)
is defined.

Statistical post-processing with TRANSURANUS

In parallel to the summary of the methodologies for LOCA analysis, progress has been made for the statistical
analysis based on the build-in capabilities of the TRANSURANUS code. More precisely, the statistical post-
processing program TUPython of the TRANSURANUS package was further improved in order to support the Best
Estimate Plus Uncertainty (BEPU) analyses [71]. Thanks to the Monte Carlo input sampling approach,
uncertainties of up to 40 safety-relevant modelling variables can be statistically estimated. In a paper submitted to
TOPFUEL2021 conference to be held in Santander, Spain from 24-27 October 2021 [72], the main functionalities
of this tool were outlined and illustrated using a test case and a numerical experiment based on Wilks' formula. In
particular, it was illustrated how the standard statistics can be calculated with the new graphical user interface and
a numerical experiment with 1st to 6th order Wilks' methods was demonstrated. Based on the numerical
experiment we showed that the 1st order Wilks' method for calculating the 0.95/95% uncertainty estimator contains
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also uncertainty in itself and can deliver very conservative values for a safety-relevant variable. More details are
provided in Task 5.3.

Inclusion of the effect of Hydrogen in Zry4 on LOCA properties

The properties concerned are the high-temperature creep, the crystallographic phase transition, and the burst
stress in the TRANSURANUS code. By the end of January 2021, the JRC implemented new models in the current
version of the TRANSURANUS code to describe the influence of the hydrogen content on the creep behavior of
Zircaloy-4 cladding tubes. This was largely based on the previous work of U. Dackermann [73] at the Technical
University of Minich with support from E.ON, but also on more recent models for phase transition in the open
literature such as that of Massih et al [74] and Pastore et al. [75]. The former developments of Dackermann were
made in Fortran77 and have been converted to modern Fortran. The correlations were based on calorimetry and
dilatometry data that were used to modify the static and dynamic phase transfer models of TRANSURANUS. The
new phase transfer models should be able to be applied for temperature gradients between -100 and +100 C.s*!
and for hydrogen contents up to 1000ppm. The Zircaloy-4 creep model has been calibrated on isothermal burst
experiments performed for hydrided and non-hydrided specimens by Forgeron et al. [76] For that purpose, Norton
creep parameters (structure parameter, stress exponent) have been adopted in each crystallographic phase
domain. The new models allow to assess the increase of damage extent due to the influence of the hydrogen in
Zircaloy-4 [77]. Nevertheless, on this basis new correlations for other cladding tube materials can be implemented
easily in order to take into account the influence of hydrogen. As an example ENEA has prepared corresponding
properties for M5 cladding, which were presented at the NENE2021 conference in Slovenia [78].

UJV methodology

Plant description

The analysed plant is light water pressurized reactor VVER-100/V320 located in the southern part of the Czech
Republic. The powerplant facilitates two reactor units with power increased to 104% of the nominal power. The
primary system consists of four main loops with horizontally placed steam generators. The reactor and the primary
circuit are surrounded by a single full pressure containment system.

Parameter Value

Thermal power [MWth] 3120

Core inlet temperature [°C] 290

Core outlet temperature [°C] 321

Primary system pressure (UP) [bar] 15.7

Primary circuit flow rate [m¥/s] 88000

Number of coolant loops [-] 4

Table 21 : Main plant parameters

Parameter Value
Number and type of fuel assemblies [-] 163
Fuel lattice [-] Triangular
Fuel pitch [mm] 12.75
Pellet diameter [mm] 7.8
Pellet composition [-] UO,, UO; + Gd203
Active fuel height [mm] 3680
Cladding inner and outer diameter [mm] 7.93/9.1
Cladding material [-] E110
Control rod number [-] 61
Control rod material [-] DyTi, B4C

Table 22: Main core parameters
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Figure 44 : VVER1000 primary system configuration (V320) [79]

Reactor type.

The VVER 1000 /V 320 is Russian design of pressurized water reactor. This design is quite common and has
several specific features. e.g. a hexagonal fuel grid, four horizontal aligned steam generators and a full pressure
containment. Design basis accident is a double end large break LOCA with equivalent leak diameter equal to 2 x
850 mm.

Core information.

The core consists of 163 hexagonal shroudless fuel assemblies. Each fuel assembly contains 312 fuel rods, 18
guide tubes and 1 central tube. Cladding dimensions are almost equivalent to the 17x17 OFA (cladding outer
diameter 9.1 or 9.1444 mm). Fuel pellets (UO2) with or without central hole are used depending on the fuel type.
Assembly length is 4570 mm, with quantity and layout of the grids depending on the fuel type. A homogeneous
core consisting of 12 SG fuel assemblies with solid pellets was used as a reference one for the analysis.

Reactor cooling systems.
The reactor has a four-loop configuration. Each of the four loop has its main cooling pump on the cold leg. Unlike
the western PWRs, the VVER-1000/V320 has horizontally oriented steam generators.
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Safety injection systems.
High-high pressure injection system (TQx4):

Number 3
Start  10s
Level 3,1m

Temperature 30°C
Concentration of HsBO; 42 g/kg

High pressure injection system (HPIS, TQx3):

Number 3
Stat  10s
Level 1,25m

Temperature 30°C
Concentration of HsBO; 42 g/kg

Low pressure injection system (LPIS, TQx2):

Number 3 (Suction from Containment Sump)
Start 55

Level 3,5m

Temperature 55°C

Concentration of H3BO3 14,2 g/kg

Accumulators:
Number 4
Pressure 5,9 MPa
Level 7,35m

GA n° 847656

Temperature 50°C
Concentration of H3BO; 14,2 g/kg
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Scenario description

LB LOCA modelled within the D2.5 of R2CA project ([79]) was used as an input for TRANSURANUS ([80])
calculation. The version / settings of the TRANSURANUS code used corresponded to those used for the safety
assessment of the Czech NPPs performed at UJV ([81]).

The effective coolant temperatures and heat transfer coefficients, core pressure and core power calculated by the
system code through the course of the transient were used as the boundary condition for the LOCA part of the
TRANSUNRUS power history. The steady-state operation of the fuel modelled by the TRANSURANUS code
before the LOCA event was input based on the bounding power histories for the current core design.

The goal of the TRANSURANUS analysis was to statically assess the number of the failed fuel rods. Based on the
conservative analysis (see D2.5), the group of the rods with relative power between the 1.3 — 1.65 was considered
as this was the only one to fail in the conservative analysis. The corresponding burnup range of such rods in the
plant reference core design was 15 — 20 MWd/kgU.

The merits of interest of ta analysis is the distribution of the clad failure times and the probability of rod failure.

Two groups of the uncertainties were considered in the statistical analysis — fuel rod parameter uncertainties and
code model uncertainties. 100 input files were generated, executed and evaluated by the set of automated tools.
The code model uncertainties were treated as random, but the fuel parameters underwent several checks and the
combinations out of the allowed range of the correlated parameters were discarded.
o Total length of fuel stack and plenum was kept constant
e Total mass of fuel was checked — known tolerances of fuel mass are narrower than full range of fuel
density and dimensions effect
e Although the fuel and cladding parameters were generated randomly at each of 50 axial segments
considered in the simulation, their variation along the length of the rod was restricted (e.g. one run could
be generated with cladding outer diameter between 9.09 and 9.11 mm, another between 9.10 and 9.12,
but 9.09 to 9.12 variation was rejected)
e  Minimum cladding thickness was checked
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Unfortunately, the specific values of the fuel uncertainties cannot be given due to intellectual property rights of the

fuel vendor.

GA n° 847656

Parameter

Fill gas He content

Fuel pellet inner radius

Fuel pellet outer radius

Cladding inner radius

Cladding outer radius

Fuel pellet surface roughness

Cladding tube inner surface roughness

Fuel stack length

Plenum length

Fuel grain size

Fuel pellet open porosity fraction

Fuel pellet as fabricated density

Fuel densification

Fuel stoichiometry

Fill pressure

Fill temperature

Plenum free fraction (spring volume)

Fuel-cladding friction coefficients

Table 23 : Fuel rod parameters varied in the statistical analysis
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The code model uncertainties were represented by multipliers used for the key correlations describing the pellet
and cladding behaviour. The list of the considered models is given below:

MODEL DISTRIBUTIO MEAN / MIN SIGMA /
N VALUE MAX VALUE
Fuel-cladding heat Normal 1.0 0.027
transfer
Fuel
Relocation Uniform 0.5 1.0
Young’s modulus Normal 1.0 0.02
Swelling Normal 1.0 0.05
Thermal expansion Normal 1.0 0.05
Thermal conductivity Normal 1.0 0.025
Creep rate Normal 1.0 0.05
Specific heat Normal 1.0 0.03
Cladding
Young’s modulus Normal 1.0 0.01
Irradiation growth Normal 1.0 0.13
Thermal expansion Normal 1.0 0.013
Thermal conductivity Normal 1.0 0.033
Creep rate Normal 1.0 0.08/0.253
Yield stress Normal 1.0 0.03
Specific heat Normal 1.0 0.03
3 Low temperature / LOCA
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Results & discussion

The main results of the calculations are shown in the figures below. There are two distinct groups of PCT curves
in Figure 46. As shown on Figure 50, the high PCT group in the 2" temperature peak corresponds to the rods
which were predicted to fail within the 15t peak.

Of timing of the cladding failures, which is of the most interest to the radiological consequence evaluation is shown
in the Figure 48Erreur ! Source du renvoi introuvable.. The highest power rods (relative power > 1.55) are
predicted to fail within the 1stPCT peak in 7 — 12 seconds after the initiating event. It must be stressed that although
such high power rods are allowed at Czech VVER-1000, the core designers avoid such cycles. The failures within
the 2n peak are predicted to happen between 130 - 250 s after the initiating event. The rods with a relative power
between 1.50 and 1.55 fail either during the 15t or during the 2" peak, the rods with a relative power 1.40 and 1.50
either remain hermetic or fail only during the 2" peak. No rod failures are predicted below 1.40. In the current
core loading patterns od Czech VVER-1000 there are therefore no high burnup rods which would reach high
enough power to fail in the LB LOCA.

For this reason, the gas flow model developed as a standalone module within the T3.3. project was not coupled
with the TRANSUNUS code for the LOCA analysis — for the low burnups rod the impact of this model is negligible
due to large fuel cladding gap as may be seen from Figure 51 and Figure 52.

The summary of the clad failure probabilities is provided in Table 24.

ROD POWER [/] NON-BURST [%] BURST [%] | Burst time [s]

1.30-1.35 100 0 -
1.35-1.40 100 0 -
1.40-1.45 82 18 130 - 250
1.45-1.50 44 56 130 - 250
1.50-1.55 0 100 7-12 or 130-250
1.55-1.60 0 100 7-12
1.60-1.65 0 100 7-12

Table 24 : Burst probability as a function of rod relative power (15 — 20 MWd/kgU)
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Figure 46: Peak Cladding Temperatures
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Figure 51 : Standalone Gas Flow model results for LOCA conditions
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Figure 52 : Radial fuel — cladding gap predicted by the TRANSURANUS code for LB LOCA VVER-1000 case in
the statistical analysis
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Conclusions

TRANSURANUS simulation of rod response to VVER-1000 LB LOCA was performed using the statistical treatment
of the fuel rod and code model uncertainties combined with the sensitivity study with respect to the rod power.
The critical group od the rods with a burnup of 15 — 20 MWd/kgU was studied as only these rods have high enough
power to fail during the postulated LB LOCA. The correlation between the burst time and rod power was studied
as the burst time is critical to the realistic radiological consequence calculations. The highest power rods were
predicted soon in the transient when there is still a large mass release from the primary circuit to the containment.
However, the cores with such high power rods are not normally operated. For the realistic assessment of the
radiological consequences, the delay between the break of the primary circuit pipe and the onset of the majority of
the fuel failures may be credited.

SSTC methodology

Codes listed below are used in SSTC methodology, a general description of each code is given in the appendix
page 203 :

HELIOS - libraries of neutronic constants XS preparation

DYN3D - power history in core fuel rod

RELAP - T/H boundary conditions of fuel rod under LOCA

TRANSURANUS (v1m3j21) — behaviour of fuel rod under normal conditions and during LOCA

SCALE - calculation of libraries of accumulation of gaseous fission products during burnup (depletion
sequences T6-DEPL)

To prepare the initial data on the power history and burnup of fuel rods before the start of the LOCA, the calculation
of the VVER-1000 (V-320) reactor core was carried out. For calculations, a four-year fuel cycle based on fuel
assemblies of the TVSA type was chosen. Four cycles are calculated. Cycle refueling schemes are selected by
the implemented fuel cycles at Ukrainian NPPs. Initial data on fuel and core design are presented below.

Initial data

The general view of the TVSA FA is shown in Figure 53 [82] . The design of the fuel assemblies of the TVSA type
uses stiffening plates in the FA corners to improve geometric and mechanical stability.

The relevant design characteristics and material data of the TVSA needed for modelling are provided in Table 25.
Data on the materials and compositions used in the design of the stiffening angels also are provided in Table 25.

The several core loadings use fuel assemblies of TVSA design with different enrichment, different numbers of fuel
pins with different enrichment (radial profiling) as well as different pin numbers (pins) with burnable absorber and
weight percentage of the burnable absorber material Gd203 mixed with different enriched UO; fuel. The various
TVSA FA configuration designs used in the reactor core loading patterns are listed in Table 26. Table 25, Table
26 and Figure 53 also provides the design data for the fuel pins with burnable absorber and the control rods (CRD).
The pin lattice layouts of the different FA types are shown in Figure 54, Figure 55.
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Fuel assembly top nozzle
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General view of the TVSAFA
Figure 53: TVSA fuel assembly, stiffening angel plate and fuel pin

Description of the FA design data Value
General Design Data
Length of TVSA, mm 4570
Mass of TVSA, kg ca. 730
Assembly pitch, mm 234,8
Assembly lattice pitch in the core, mm 236.0
Lattice type hexagonal
Number of pins in the TVSA 312
Mass of UO; or (UO2+Gd,0s) in TVSA, kg 4944445
Fuel pin rod
Number of fuel pins 312
Lattice layout uniform triangular
Lattice pitch, mm 12,75
Outer diameter of the pins, mm 9,10
Inner diameter of the pin clad, mm 7,73
Material of the fuel pin cladding alloy 3110
Composition, % 98.97 Zr+1 Nb+ 0.03 Hf
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Description of the FA design data Value
Density, glcm3 6.4516
Material of the fuel pellet sintered UO,
Mass of the fuel UO2 in the fuel pin, kg ca. 1,585
Length of the fuel column in the pin (cold), mm 3530
Quter diameter of the fuel pellet, mm 7,57
Diameter of the pellet central hole, mm 1,40
Fillgas pressure, MPa (at 20 °C) 2.0
High free volume, mm 352.0

Burnable absorber pin

Number of Gd absorber rods in the TVSA 6
Absorber material Gd034
Mass fraction of Gd20s in the fuel of the absorber rods, % 5
w/o

Fillgas pressure, MPa (at 20 °C) 2.0

Guide Tubes

Number of guide tubes 18
Material alloy 3635
Composition, % 98.47Zr+1Nb+0.5Fe+0.03Hf
Density, g/cm® 6.55
Outer diameter, mm 12,6
Inner diameter, mm 10,9

Central Guide Tube

Material alloy 9635

Composition, % 98.47Zr+1Nb+0.5Fe+0.03Hf

Density, g/cm® 6.55

Outer diameter, mm 13,0

Inner diameter, mm 11,0
Spacer grids

Number along the FA height 15

4 the gadolinium with natural abundance of isotopic composition is used:
152Gd - 0.20%, '%4Gd - 2.18%, 155Gd - 14.80%, '55Gd - 20.47%, '57Gd - 15.65%, 1%8Gd - 24.84%, 160Gd - 21.86%.
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Description of the FA design data Value

Number in the active part of the core 13

Material alloy 3110

Composition, % 98.97 Zr+1 Nb+0.03 Hf

Density, glcm3 6.45157

Mass of one spacer grid, kg 0,55
Stiffening angel plates

Number 6

Material alloy 3635

Composition 98.47Zr+1Nb+0.5Fe+0.03Hf

Density, glcm3 6.55

Width, mm 25

Thickness, mm 0,65
Control rod cluster

Number of control rods 18

Absorber material of the control rods

- upper part B«C

- lower part Dy203 ¢ TiO3

Length of the absorber column, mm

- general 3500

- upper part 3200

- lower part 300

Density of the absorber material, g/cm?

- upper part (B4C) 1,8

- lower part (Dy203 * TiO3) 51

Composition of B4C, %

10B14.3346, '"B63.918, C 21.736

Composition of (Dy203 * TiO3), %

10029.647, ""Ti37.020, '*8Dy0.0338,
160Dy0.7808, 16'Dy6.3369, '62Dy8.5047,
163Dy8.3050, "64Dy9.3717

Outer diameter of the control rod clad, mm 8,2
Thickness of the control rod clad, mm 0,6
Material of the control rod clad steel 08X18H10T
Density of the control rod clad, g/cm? 7.75

Composition, %

0.08C, 18.5Cr, 10.5Ni, 1Ti ,69.92FE

Table 25 : Basic design data of the fuel assemblies TVSA and their components
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FA FA lES”?EQﬁQKt No. of UO; pins / | Number of Gd-pins Diameter of the
Design Type 2\3://0 %) enrichment (w/o Gd203/2%5U) central hole, (mm)
TVSA 398GO 3.99 306 /4.00 6 (5.0/3.3) 14
TVSA 439GT 4.39 306 /4.40 6 (5.0/3.6) 14

Table 26 : TVSA FA types used in the reactor core loading patterns

Central guide tube

Guide tube

Fuel pin with enrichment 4.0 % 2*°U
Bumable absorber pin with 3.3 % #**U and 5.0 Gd»0s

0.

Central guide tube

Guide tube

Fuel pin with enrichment 4.4 % 235U

Burnable absorber pin with 3.6 % 23°U and 5.0 Gd20s3

¢ o8

Figure 55 : Pin layout of fuel assembly type 439GT

Core description

The general characteristics of the VVER-1000 core are presented in Table 27. The duration of all 4 cycles are
presented in Table 28. The schemes reloading of fuel assemblies are the same for all cycles are presented in
Figure 56. The types of fuel and the year of their operation in the core are shown in Figure 57 and Figure 58. The
numbering of the cassettes in the core and the numbering of the fuel rods in the cassette are shown in Figure 59
and Figure 60.
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ltems Value
Number of fuel assemblies 163
Power, MW 3000.0
Coolant temperature at the core inlet Ti,, °C 287.0
Position of CR, cm from the bottom 318.6
Core mass flow rate, kg/s 22000.0
Coolant pressure at the upper boundary of the core,
MPA 16.0

Table 27 : General data for core operational

Cycle Length, fpd
A 287.8
B 305.1
C 304.1
D 303.0

Table 28: Length of cycles
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FA 439GT
2 22
3 30
4 32
5 145
9 11
13 123
16 100
17 85
24 477
25 773
26 40
36 45
37 ©5
48 72
49 28
61 130
63 38
74 120
90 44
101 126
103 34
115 136
116 92
127 99
128 119
138 124
139 91
140 117
147 79
148 64
151 41
155 153
159 19
160 132
1ol 134
162 142

FA 398GO
55 133
67 112
70 106
94 58
97 52
109 31
GA n° 847656

154
135
110
152
20
21
137
39
46
129
84
131
86
108
114
104
51
59
105
113
60
50
56
78
33
80
35
118
125
27
143
144
12
54
29
10

96
83
95
69
81
68

122
163
121
158

157
76

107
111
149
102
93
98
89

14
150

75
66
71
62
15
53
57

88

156
82

43

42

146
87
141
23
17
18

Figure 56 : Reload pattern for all cycles
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Maximalvalue 1. FA# 1,(2000)
Meaximalvalue 2. FA# 1. (0.000)

Mlaximal value 1. FA# 1,(4.000)
Vlaximal value 2. FA 1,(0.000)

Figure 58 : FAs years of operation for all cycles
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Figure 60 : FA numbering
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Core calculation results

As a result of core calculations, the characteristics of power history and burnup of all fuel rods of all fuel assemblies
for the entire core were determined. Obviously, for the subsequent calculation of the behavior of fuel rods during
LOCA, considerable interest is the rods with the maximum power. They have the highest probability of failure and
release of gaseous fission products. Below in this section, the results of the analysis of the distribution of fuel rod
power are namely presented number of fuel rods with different power for different moments of the cycle is
estimated. The relative power of fuel rod Kr was chosen for evaluation. All estimates are given for calculations at
arated power of 3000 MW without taking into account correction factors and engineering margins. Figure 61 shows
the change in the maximum value of Kr during the cycle. It can be seen from the presented data that the maximum
is reached for the cycle time of about 10 fpd. Figure 62 shows the distribution of fuel rods with different power Kr
for a cycle time 10 fpd. Similar data for the cycle moments 105 fpd and 303 fpd are shown in Figure 63 and
Figure 64.

Another important characteristic for the analysis of LOCA is the burnup of fuel rods with high values of power. The
activity that enters the primary circuit from failed fuel rods depends on their burnup and the accumulation of fission
gases. Burnup of fuel rods with power Kr>1.40 for the beginning of the cycle is shown in Figure 65. For fuel rods
Kr>1.40 burnup doesn’'t exceed 20 MW*days/kgU, Kr>1.45 10 MW*days/kgU.

1.50

1.48

1.46

1.44

Kr

1.42

1.40

1.38

1.36 : : : ‘ :
0 50 100 150 200 250 300
Time, fpd

Figure 61 : Maximal Kr during cycle
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Figure 62 : Distribution of fuel rods with different relative power Kr for a cycle time T=10 fpd
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Figure 63 : Distribution of fuel rods with different relative power Kr for a cycle time T=105 fpd
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Figure 64 : Distribution of fuel rods with different relative power Kr for a cycle time T=303 fpd
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Figure 65 : Burnup of fuel rods with relative power Kr=1.4...1.5 for the beginning of the cycle
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LOCA
General methodology:

The general procedure for the calculations performed is as follows. In the first stage, the power of fuel rods was
calculated for four cycles using the DYN3D code. The calculation results are stored in separate libraries for all four
cycles. In parallel with this, boundary conditions were calculated for modeling the behavior of fuel rods during
LOCA. Boundary conditions (external fuel cladding temperature Tout and external coolant pressure Pout during
LOCA) were calculated using the RELAPS code in the form of libraries for various fuel-rods power Kr. Further,
using the calculated power of fuel rods and libraries of boundary conditions for Tout and Pout, the behavior of fuel
rods was simulated using the TRANSURANUS code (vim3j21). DYN3D and TRANSURANUS calculations were
performed for 20 axial layers along the core height. The split is uniform. Libraries of boundary conditions are
prepared for 10 layers along the core height. The split is also uniform. When developing the fuel rod model for the
TRANSURANUS code, the results of the FUMAC project were used to the maximum, including modeling the
behavior of the VVER fuel rod in the LOCA (experiment IFA-650.11,[85] , [86]).

Also, within the framework of the project, libraries of accumulation of gaseous fission products during irradiation
for various types of fuel rods were calculated. The calculations were performed using the SCALE, depletion
sequences T6-DEPL software package (cf. p 214 ). Based on these libraries and the characteristics of the release
of gaseous fission products from the fuel pellet under the cladding, the release of activity into the primary circuit
from failed fuel rods was estimated.

The general calculation scheme is shown in Figure 66.

It is necessary to stop separately on the service module, which was developed as part of this project. The main
function of this module is preparing input files for TRANSURANUS code, running of the code, selecting the
necessary reference calculation results, and saving files to libraries.

Main features of the service module:

. formation of an input file for various types of fuel rods;

o formation of fuel rods load history before the LOCA. All cycles of operation of the fuel assemblies are
taken into account, its movement in the core during refueling, power reduction schedules during
shutdowns, and power increase at the startup of the cycle;

. formation of fuel rod power history and boundary conditions during LOCA based on the libraries of
T/H boundary conditions and fuel rods power at the beginning of LOCA;

. adjustment (if necessary) of the fuel rod power Kr in the form of KrxKeng separately for each fuel

cycle;

execution of the calculation for the full core, symmetry sector and individual assemblies;

reading from the output files of the necessary reference calculation results;

determination of the number of failed fuel rods during the LOCA;

assessment of the activity release to the primary circuit from failed fuel rods;

saving all input and output files for the possibility of performing additional calculations of individual
fuel rods.

Below are examples of resulting tables that are generated by the service module based on the results of the
calculations performed. Table 29 shows an example of data for the moment before LOCA, in Table 30 for LOCA.
Table 31 shows an example of information on failed fuel rods during LOCA. Table 32 shows an example of
information on the assessment of the activity release into the primary circuit from failed fuel rods.

An example, of the formation of the power history of a fuel rod before the LOCA is shown in Figure 67. An example
of setting the boundary conditions - the temperature of the fuel cladding - during the LOCA is shown in Figure 68
(for Keng=1.00).
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Steady state

DYN3D
3d pin power
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RELAP

Boundary conditions

LOCA

Service module

TRANSURANUS
All core pins

Figure 66 — The general calculation scheme
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Outer fuel

radius,
radius,
radius,
radius,

minimal (mm)
maximal (mm)
minimal (mm)
maximal (mm)

Inner cladding radius, minimal
Inner cladding radius, maximal
Outer cladding radius, minimal
Outer cladding radius, maximal
Inner fuel temperature (°C)
Outer fuel temperature (°C)
Maximal fuel temperature (°C)
Inner cladding temperature (°C)
Outer cladding temperature (°C)

Inner gas pressure

(MPa)

Fractional fission gas release
Zr02 layer thickness [mm].

Average tangential stress in cladding,
Average tangential stress in cladding,

Axial deformation,
Axial deformation,

Average enthalpy of the fuel
(W/mm2)

Heat flux density

Averaged Burn-up in section or slice
Averaged Burn-up of FP

fuel (mm)

(mm)
(mm)
(mm)
(mm)

(/)

cladding (mm)

(J/9)

(MWd/ kgU)

time hrs| time sec | time msec|
25251.0 3375.0 843.8
16984.0 74.0 25.3
8267.0 2469.0 44 .4
25252.0 368.0 843.7
24770.0 1838.0 933.8
8738.0 936.0 312.5
24770.0 1838.0 933.8
8738.0 935.0 312.5
8281.0 295.0 312.5
481.0 695.0 960.4
8281.0 295.0 312.5
481.0 685.0 960.4
481.0 685.0 960.4
25252.0 230.0 843.8
25251.0 3213.0 528.1
25252.0 458.0 843.8
maximal (MPa) 24050.0 1840.0 32.5
minimal (MPa) 0.0 0.0 0.0
25252.0 368.0 843.7
25252.0 351.0 843.7
481.0 695.0 960.4
22.0 1224.0 0.6
(MWd/ kgHM) 25252.0 458.0 843.8
25252.0 78.0 843.7

value | #FA | #FP | #AxL |
0.697 1 10 5
0.717 20 32 6
3.802 43 193 20
3.891 18 272 6
3.863 ) 12 8
4.742 30 20 8
4.538 1 9 15
5.335 30 20 8
1296.648 11 307 10
1030.353 4 39 9
1296.648 11 307 10
926.823 9 278 10
924.163 9 278 10
8.563 18 272 20
0.019 1 282 0
0.014 1 10 18
122.994 1 9 4
-92.720 31 194 1
70.922 18 272 20
31.695 18 272 20
332.366 4 39 9
1.226 21 59 9
61.705 1 282 5
56.157 1 10 0

GA n® 847656

Table 29 — Some data for the moment before LOCA
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Maximal fuel temperature (°C)

Inner cladding temperature (°C)
Outer cladding temperature (°C)
Inner cladding radius, maximal (mm)
Outer cladding radius, maximal (mm)
Gap width between fuel and cladding (um)
Axial deformation, fuel (mm)

Axial deformation, cladding (mm)
Inner gas pressure (MPa)

Fractional fission gas release (/)
Zzr02 layer thickness [mm]
Equivalent Cladding Reacted ECR (%)

8281.0 295.0
481.0 685.0
481.0 685.0

8738.0 936.0

8738.0 935.0

8738.0 944.0

25252.0 368.0
25252.0 351.0
25252.0 230.0
25251.0 3213.0
25252.0 458.0
25252.0 458.0

value | #FA | #FP | #AxL |
1296.648 11 307 10
926.823 9 278 10
924.163 9 278 10
4.742 30 20 8
5.335 30 20 8
883.648 11 64 8
70.922 18 272 20
31.695 18 272 20
8.563 18 272 20
0.019 1 282 0
0.014 1 10 18
1.712 1 10 18

Number of calculated rods - 8736

Number of failured rods - 908
Time of fail, h (from LOCA start)
minimal - 0.1288786564D+00
maximal - 0.1700000000D+00
Failured layers
# of layer 1 2 3 4 6 7 8 9 10 11 12
# of fails 0 0 0 0 0 0 712 220 18 0

Table 31 - Information on failed fuel rods during LOCA
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csl34 0.111E+14
csl35 0.705E+08
csl37 0.156E+14
csl1l38 0.644E+15
csl1l39 0.604E+15
xel33 0.640E+15
xel35 0.213E+15
xel37 0.610E+15
xel38 0.595E+15
1129 0.330E+07
1131 0.317E+15
1132 0.466E+15
1133 0.676E+15
1134 0.769E+15
1135 0.639E+15
kr85 0.174E+13
kr85m 0.102E+15
kr87 0.204E+15
kr88 0.276E+15

Table 32 - Gap Gas release from failure FP, LOCA calculations

Diagram Nr.=224

30

10

Linear Heat Rate (W/mm)

\ L 4

0 5000 10000 15000 20000 25000
Time (h)
Figure 67 — Power history of a fuel rod before the LOCA
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Figure 68: Boundary conditions - the temperature of the fuel cladding during LOCA of layer 10 and 12

Number of failed fuel rods

As mentioned above, the calculation of the behavior of the fuel rod during a LOCA was performed using the
TRANSURANUS code. The standard code version vim3j21 was used. Details on initialization parameters and
models of importance regarding cladding burst prediction during the LOCA transient are summarized in Table 33.

e . Sensitivity
Initialization Imposed/calculated by Grouping analysis/studies
Rod Internal Pressure | Calculated by TRANSURANUS rod
Power Neutronic code - DYN3D 3d core by rods Study on the
impact of
relative power
ratio (Kr)
Decay heat Approximation rod
Initial temperature field | Outer cladding temperature rod
imposed by RELAP and 2D from
TRANSURANUS
BU Calculated by TRANSURANUS rod
Cladding hydrogen | Calculated by TRANSURANUS | rod
content
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. Sensitivity
Transient Model type analysis/studies
Transient fission gas | Modelled : yes, stand alone model
release
Axial gas transport in | yes (TRANSURANUS)
the gap
Zr alloy phase yes (TRANSURANUS)
transition
Creep modeling TRANSURANUS creep laws for E110 and ZriNb
Radial/Axial fuel no
relocation before burst
Burst criteria Failure is assumed if the tangential stress or the tangential
strain limit is achieved.

Table 33 : Initialization parameters and key models regarding cladding burst used in SSTC methodology

Failure is assumed if the tangential stress or the tangential strain limit is achieved. The iclfail=1 and iclfail=4 options
were used in calculations. Both options gave the same result in estimating the number of failed fuel rods. The
calculations were carried out for a symmetry sector of 60°. Considering that the considered core is completely
symmetrical, the use of the 60° symmetry sector is completely correct. The TRANSURANUS model used 20 axial
layers along the core height. The split is uniform.

The calculation of the nominal parameters of the core (reactor power 3000 MW) at LOCA at the initial stage of the
operation of the cycle (at the moment of maximum Kr) showed the absence of failed fuel rods. Using the ability of
the service module to correct the value of rod power KrxKeng at a value of Kr=1.513 (Keng~1.02), 6 failed fuel
rods appear (out of 50856, for the full core). Calculations were also made for Keng=1.20 and Keng=1.30 (cf.
Table 34). For all calculations, the failure occurred in the 11t layer along the height of the core (numbering - from
the bottom).

Table 34 - # of failure fuel rod for different Keng

K # of failure fuel rod
eng (from 50856, full core)
1.00 0
~1.02 6
1.20 9390
1.30 16980
1.00 EOC 0
~1.02 EOC 0

To assess the nature of the dependence of the number of failed fuel rods for different moments of the cycle, the
LOCA calculation was carried out for different moments of the cycle. The calculation was made for increased
relative power of the fuel rods (Keng=1.20). The results are shown in Figure 69. It can be seen that although there
is a decrease in Kr over the cycle, the increase in burnup (as a result of the residual decay heating and internal
pressure) leads to an increase in the number of failed fuel rods with a maximum value at the end of the cycle.
Taking into account the obtained increase in the number of failed fuel rods by the end of the cycle for Keng=1.20,
additional calculations were made at Keng=1.00 and Keng=1.02 for the end of the cycle (EOC). In both cases, there
are no failed fuel rods.
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Figure 69 — # of failure fuel rod during cycle (Keng=1.20)

Results: Activity release to primary circuit

Estimation of activity release to the primary circuit from failed fuel rods is implemented in the service module based
on the libraries of gaseous fission products accumulation during burnup for various types of fuel rods (A=f(bur),
Bq) and characteristics of the release of gaseous fission products from the fuel pellet under the cladding (FGR). It
was assumed that 100% of the gas from the cladding of failed fuel rods enters the primary circuit. The libraries for
the accumulation of gaseous fission products take into account the following isotopes:

e (Cs-134,135,137,138,139

e Xe-133,135,137,138

o 1-129,131,132,133, 134,135

e Kr-85,87,88
Taking into account that according to the results of calculations at the nominal parameters of the core (Keng=1.00)
there are no failed fuel rods, the activity calculation was carried out for increased power of fuel rods - Keng=1.20
and Keng=1.30 (cf. Table 35). For Keng=1.20, the activity output was calculated for different moments of the cycle
(Figure 70).

Table 35 - Gap Gas release activity from failure FP

Keng Activity, bq
1.20 0.679E+16
1.30 0.276E+17
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Figure 70 — Gap Gas release activity from failure FP during cycle (Keng=1.20)

Conclusion

In the course of work on the R2CA, WP3.2 project (LOCA. Evaluation of the failed rod number), the following was

done:

calculation of power history of fuel rods for four cycles using the DYN3D code. Libraries of neutronic
constants (XS) were calculated by the HELIOS code;

based on calculations using the RELAP5 code, the boundary conditions (external temperature of the fuel
cladding Tout and external coolant pressure Pout during LOCA) were determined in the form of libraries
for various relative power of the fuel rod Kr;

fuel rod models were developed for the TRANSURANUS code, including the possibility of modeling the
behavior of a VVER fuel rod in LOCA;

a service module has been developed that provides calculations of the behavior of fuel rods during normal
operation of the reactor and a LOCA for all fuel rods in the core;

libraries of accumulation of gaseous fission products during burnup were calculated for various types of
fuel rods;

calculations of the number of failed fuel rods in the LOCA were performed and the output of activity to the
primary circuit was estimated.

The developed method for calculating the LOCA is ready for use at the SSTC NRS in the framework of studies of
the consequences of the LOCA as state-of-the-art. If necessary, it can be adapted to other types of fuels and fuel

cycles.
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Integral approach

LEI : ASTEC and TRANSURANUS calculations

Principal aspects of LEI activities in this task are to provide calculations using the ASTEC code, complete
calculation results with the TRANSURANUS code and evaluation of the failed rod number using ASTEC and
TRANSURANUS codes.
Overall, LEI activities in task 3.2 could be divided in 4 main tasks and provided work:
1. Sensitivity analysis for the ASTEC oxidation parameters. The result of this task allows to estimate the
influence of the different oxidation, creep, and cracking parameters on the calculation results. Also, this
task will help for the selection of the modelling parameters for the reference calculations in task 2.3.
Sensitivity results main focusing on to the cladding burst time, total hydrogen generation, and to see how
these parameters influence the fission product release to environment.
2. Verification of the ASTEC calculation results with calculation results made by the TRANSURANUS code.
3. Different ASTEC nodalizations for the core region of BWR-4. The result of this study gives a more precise
evaluation of the possible fuel assemblies ruptures during selected LOCA scenario in the DEC-A
conditions. This task is led by the verification of the ASTEC calculation results with calculation results
made by the TRANSURANUS code.
4. Detail analysis using the TRANSURANUS code and uncertainty quantification for the calculation results.

Details on initialization parameters and models of importance regarding cladding burst prediction during the LOCA
transient are summarized in Table 36.
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Initialization Imposed/calculated by Grouping an;;:issllt:tl::élies
Rod Internal Pressure | 3MPa, the highest value, | Same for all rod groups
according [[87]]
Power BE Same for all rod groups
Decay heat Calculated by neutronic code - | Same for all rod groups

SCALE

Initial temperature field

Generic model of BWR was
modeled. Initial temp. field was
imposed according to the relevant
temp. for BWR type reactors

Same for all rod groups

BU Burn up and initial fission inventory | Same for all rod groups
was calculated by neutronic code -
SCALE
Cladding hydrogen Not considered
content
Transient Model type EIE]
analysis/studies
Transient fission gas | Yes, modelled by ASTEC zirconium
release oxidation
Axial gas transport in | No, for the transport of FP the SOPHAEROS module was used | physical laws
the gap (Cathcart,
Zr alloy phase No Urbanic, Prater),
transition the minimum

Creep modelling

Norton, ..., Himpact? O impact? Phase dependence

Radial/Axial fuel
relocation before burst

No

Burst criteria

EDGAR model on hoop stress + maximum hoop strain 40%

(EPMX)

temperature to
start the reaction
of oxidation,
maximal hoop
creep allowed
before burst and
axial extension of
the cracking after
the clad burst.
ASTEC
Parameters
varied:
CATHCART;
URBANIC;
PRATER; TBEG;
EPMX; CRAC

Table 36 : Initialization parameters and key models regarding cladding burst used in ASTEC LEI
calculations
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Sensitivity analysis for the ASTEC modelling parameters

The sensitivity calculations were performed in order to evaluate several ASTEC modelling parameters impact on
fuel rod failure time, hydrogen generation, and then on the source term prediction. It is obvious that the biggest
influence on the fuel rod failure is linked to the choice of the burst criterion model available in the ASTEC code. In
ASTEC [87], [89] 3 different burst criteria models can be used to determine the cladding rupture event: NUREG,
CHAPMAN and EDGAR:

. The NUREG-630 model [[90]], based on a correlation between the cladding strain and the burst
temperature. Two different strain limits are available depending on heat-up rate (<10K/s or = 25K/S).

° The CHAPMAN model, setting a temperature limit versus engineering hoop stress depending on thea
heat-up rate (up to 28 K/s [[91]].

° The EDGAR model setting a true hoop stress limit depending on the alpha phase fraction. this burst

criterion is derived from French EDGAR experimental on Zry-4 alloy.
It must be outlined that, in ASTEC, only EDGAR and CHAPMAN are alternative concurrent models. The NUREG-
630 and the simple user criterion on a contact strain limit can be used only in combination with EDGAR or
CHAPMAN models. The NUREG-630 model can be activated or deactivated by users.

In the frame of the R2CA project, ENEA provided sensitivity analysis on above mentioned burst criteria with
ASTEC. This analysis confirmed a high sensitivity of calculation results to the burst criteria. Taking this information
into account for LEI calculations it was decided to fix the burst criteria model and to vary other parameters. EDGAR
model is used for the reference case calculations, and it was fixed for the further analysis. In total 6 calculations
(Table 37) were provided. In each calculation case only one parameter was changed. Sensitivity was provided for:
zirconium oxidation physical laws (Cathcart, Urbanic, Prater), the minimum temperature to start the reaction of
oxidation, maximal hoop creep allowed before burst and axial extension of the cracking after the clad burst.
Calculation results using different parameters are presented in Figure 71 - Figure 75.

Table 37. Different parameters for the sensitivity analysis

Case 0 Basic Zirconium oxidation physical law - BEST-FIT
TBEG (minimum temperature to start the reaction of oxidation) — 700 K
Burst parameters: EPMX 0.25; CRAC 0.50.

Case 1 CATHCART Zirconium oxidation physical law - CATHART

Case 2 URBANIC Zirconium oxidation physical law - URBANIC

Case 3 PRATER Zirconium oxidation physical law - PRATER

Case 4 TBEG TBEG (minimum temperature to start the reaction of oxidation) — 600 K

Case 5 EPMX EPMX (maximal hoop creep allowed before burst, involving then the clad to
burst immediately when fulfilled) - 0.4 (standard value according to manual)

Case 6 CRAC CRAC (axial extension of the cracking after the clad burst) - 0.0 (standard value
according to manual)
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Figure 71. Cladding burst time: a) the second ring, b) the third ring
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Figure 73. Peak cladding temperatures: a) the second ring, b) the third ring
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Figure 74. Total hydrogen generation
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Figure 75. Fission product release to the environment: a) Cs mass, b) | mass, ¢) Xe mass

Conclusions

The result of provided sensitivity analysis showed that parameters have a small effect on the cladding burst time.
The latest burst time was achieved using a standard value according to the manual for the EPMX parameter and
is very close result as the basic calculation result (see Figure 71).

Influence of the analysed parameters to the fuel internal pressure and maximal temperatures have also minimal
impact to the calculation results (see Figure 72 and Figure 73)

Analysing hydrogen generation and the fission product release, it was observed a significant influence. Using
URBANIC zirconium oxidation physical law the highest amount of total hydrogen was calculated. The result was
~60% higher compared to other calculation results. Using PRATER zirconium oxidation physical law and changing
TBEG the higher fission product release in the environment was achieved.

Parameter indicating the minimum temperature to start the reaction of oxidation (TBEG) have a significant influence
on fission product release calculations, especially for Zs and | (see Figure 75). However, for the gaseous fission
products (for example Xe) the difference is minimal.

Verification of the ASTEC calculation results with TRANSURANUS code.

For the analysis in the R2CA project the LEI considered a generic Boiling Water Reactor (BWR) of class 4 with
Mark | containment. The thermal power of the reactor is 2381 MW. The calculation results of the basic ASTEC
BWR model considered analysed LOCA accident showed rupture of two concentric rings. With this basic model
nodalization concept corresponds to the 55% of all active zone claddings rupture. To verify the ASTEC calculation
results the calculations were provided using TRANSURANUS code.

TRANSURANUS modelling parameters and assumptions

For thermomechanical analysis two cases were considered:
1) Axial cladding temperature profile is homogenic. Temperatures in all axial segments are equal.

IT) Axial cladding temperature profile is heterogenic. Each axial segments have specific temperatures
taken according to ASTEC calculation results.

Outer cladding temperatures are imposed for LOCA case. This is achieved by setting the infinitely large heat
transfer coefficient and assigning previously calculated outer cladding temperatures to the coolant.

BWR fuel rod model with a total length of 4081.4 mm is considered. Pellet diameter, inner cladding, outer cladding
diameters are 8.67, 8.84, 10.5 mm respectively. Cooling channel of rod is presented in Figure 76 and has 27.500
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mm hydraulic diameter. Lower plenum is 388.60 mm in length. Pressure in plenum is 3 MPa. Fill gas is helium.
Fuel pellets are made of Uranium Oxide with 3.987 % U-235 enrichment. This value corresponds to the average
enrichment between all rod fuels in BWR ATRIUM-10 design. For cladding material Zirconium is considered.

4—D0—>

Figure 76. Fuel Rod hydraulic cross-section [[87]]

TRANSURANUS native modelling parameters. URGAS-model is used for fission gas release. Empirical model
of densification is used. Visco-elastic treatment of creep in the fuel and explicit treatment of creep in the cladding
are assumed. Oxygen redistribution is not considered. An interaction layer between fuel and cladding is considered
in the gap conductance model. Relocation volume is treated as a free volume. Surface boiling is assumed. Grain
growth model of Ainscough and Olsen is considered. The Hydrogen content is not considered. No stress
dependent fission gas release and swelling model is considered. 0.001 mm of oxide layer is considered at the start
of irradiation. Details on initialization parameters and models of importance regarding cladding burst prediction
during the LOCA transient are summarized in Table 38.
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Sensitivity

Creep modeling

Norton, alpha-phase, (beta phase starts from ~900 C, which
we did not reach in current calculations)

Radial/Axial fuel
relocation before burst

Relocation in gaps between pellets, Modified KWU relocation
model

Burst criteria

True tangential stress (material specific temperature and
oxidation level dependence), plastic instability criterion
(effective true strain and the strain rate), radially averaged true
tangential permanent strain.

Initialization Imposed/calculated by Grouping analysis/studies
Rod Internal Pressure | 3MPa, the highest value,
according [[87]]
Power BE, according to ASTEC
calculations
Decay heat Power taken according to ASTEC
calculations
Initial temperature field | Initial temp. taken as for ASTEC Single rod calculations
calc.
BU Burn up is calculated by
TRANSURANUS code according
to the giving power history.
Cladding hydrogen No
content
Transient Model type Sen§ itivity.
analysis/studies
Transient fission gas | No oxide layer
release thickness (initial
Axial gas transportin | No and before the
the gap transient).
Zr alloy phase Dynamic model Full Uncertainty
transition and sensitivity

analysis have
been provided.
Selected
uncertain
parameters:
Pellet radius;
Inner cladding
radius; Outer
cladding radius;
Gap pressure;
Outer pressure.
Burst
parameters:
Overstress;
stress/strain;
epslim’; strlim2.

' epslim - effective strain limit for plastic instability
2 strlim - effective strain rate limit for plastic instability (1/h)
Table 38 : Initialization parameters and key models regarding cladding burst used in TRANSURANUS LEI

calculations

As for the irradiation scenario (prehistory) region 3 scenario (Figure 77 and Figure 78) was considered. It lasts for
roughly 1000 days and has three break periods. During this phase an average linear power equal to 14.3 kW/m is
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assumed. Neutron flux was calculated from the derived relationship between neutron yield and linear heat rate
from the previous calculations and it stands as 6:10'2 neutrons per kW/m. Prehistory provides some cumulative
strain such as creep strain that furthers influence the rupture possibility in cladding. So far, the selection of
prehistory brings some degree of uncertainty to the work presented.

w B
Ul O

w
o

o]
w

=
w

Specific power, MW/ton
=]
o

=
u o

0 - -
0 500 1000 1500 2000

Operation time, days
——Region 5 ——Region 4 Region 3 ——Region 2 ——Region 1

Figure 77. Fuel Rod hydraulic cross-section [[93]]
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Figure 78. Fuel assembly region locations in reactor core [[93]]

Fuel rod is divided into 29 axial segments with a specific power fraction seen in Figure 79 as axial power profile.
Peak linear power resides in 10t and 11t axial segments (112.5% power) in TRANSURANUS model. However,
in the examined cases the peak temperature is consistently witnessed in 14t segment therefore is fair to assume
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that such segment is most likely to rupture. For the further analysis 14t segment will be used as a point of
reference.

Axial power profile
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Figure 79. Axial power profile assumed for irradiation

During LOCA event linear power (Figure 80) is gradually reduced to 11.5 kW/m and then suddenly drops (SCRAM
event) to ~0.7 kW/m and gradually declines. Before linear power drop there is 900 s lasting transition period from
the operational regime to the LOCA initial conditions.

Average Linear power
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=
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Figure 80. Linear power during the LOCA event.
Outer cladding temperature (Figure 81) is imposed in accordance with the results of previous ASTEC calculations

are presented here. For further analysis, 4 rings in reactor core will be considered. Ring 2 has the highest peak
temperature. Peak temperatures will be analysed in the homogenic temperature profile cases.
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Figure 81. Outer cladding temperatures at different reactor core ring locations (14! segment).

In heterogenic temperature profile case 2, 31 and 4t rings were analysed. Outer cladding temperatures for ring
2 different axial segments are presented in Figure 82. Temperatures were obtained for axial segments 10-11 from
top to bottom. Missing temperature values were set from the interpolation operation.
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Figure 82. Temperature profiles in different axial segments.

In Figure 83 axial temperature profiles for all examined cases are presented.
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Temperature profile
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Figure 83. Axial temperature profiles for examined cases.

TRANSURANUS modelling results

There are 4 different cladding rupture criteria available in TRANSURANUS and they can be used either separately
or in combination. Presented graphs depict results obtained with combined method, however each parameter was
investigated separately (tab. 1, 2). For reference, failure parameters were selected with regards to HALDEN BWR
LOCA test input files.

Preliminary results correspond are consistent with ASTEC results. Rupture is witnessed in two out of four fuel rods
(Ring 2, Ring 3). After the rupture pressure inside gap is set to the outer pressure of the coolant (Figure 84).
However, in ASTEC calculations rupture occurs at 358 s for ring 2 and at 419 s for ring 3. In TRANSURANUS case
the rupture occurs before at ~320 s and ~330 s for respective rods. In Figure 85 it is seen that the gap pressure is
higher in homogenic temperature profiles cases. This is caused by larger gap gas heating, however it doesn’t result
in rupture or faster rupture times.
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Figure 84. Pressures inside gap (14t segment).
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Figure 85. Quter and inner pressures (14! segment).

Figure 86 and Figure 87 depict average equivalent stresses and burst stresses in rings. It is seen that average
equivalent stress decreases after rupture. Equivalent stress corresponds to the pressure, temperature and
temperature gradient product. Burst stress indicates when the cladding rupture is caused by overstress or

overstrain.

In this TRANSURANUS case full dynamics of thermohydraulic description is not being considered: Only one
direction of mass flow is being considered, coolant characteristics are described same in each axial segment,
meaning there is no gradual drying process within the rod.
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Average Equivalent Stress
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Figure 86. Average equivalent stresses (14t segment).
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Figure 87. Burst stresses (14! segment).

As for the cladding failure, In TRANSURANUS cases, it occurs with a response to the temperature threshold,
meaning that the main factor is a rising temperature and pressure difference as opposed to some cumulative
property that keeps cladding intact for a prolonged time.
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Figure 88. Gap width size (14 segment).

Gap size width (Figure 88) is very similar during cladding heat up phase among examined cases. Main differences
start after the expected LOCA time. In cases where cladding rupture is expected, gap width significantly increases
due to gap depressurization. Other gap widening causes are related to the cooling temperature.

In Table 39, Table 40 and Table 41 the rupture analysis is presented with regards to different burst parameters.
Despite relatively larger temperatures for homogenic temperature profiles and consequently higher gap pressure
the rupture occurs only a few seconds before than for the the heterogenic cases. The rupture only occurs due to
strain limit/limit of plastic instability. In heterogenic cases these limits are achieved faster due to possible
temperature gradient across the rod axis. In heterogenic case rupture occurs due to tangential stress being larger
than failure stress. Since rupture occurs due to couple criteria as opposed to one, heterogenic case can be
considered more reliable and less arbitrary option when analysing LOCA cases.

In Table 41 oxidation layer influence on rupture time was analysed. 4 initial conditions with 0,1,2,4 um layers were
analysed. According to the calculations, the thinner the oxide layer is the faster rupture occurs. Zirconium oxidation
is exothermic reaction meaning that energy is being produced in the process and it should result in higher outer
cladding temperatures. However, oxidation reaction rates don't indicate significant difference and it is probable that
all excess heat is negated by TRANSURANUS LOCA mechanism. Difference in rupture time between 0 um and 4
um is roughly 5 seconds in all criteria examined.

Table 39. Cladding failure event (homogenic temperatures).

Parameter Rupture Time, s

Ring 1 Ring 2 Ring 3 Ring 4
Overstress' n/a n/a n/a n/a
stress/strain? n/a n/a n/a n/a
epslim30.1 n/a 320.1s 3304 s n/a
strlim*5 n/a 320.1s 3304 s n/a
Combined n/a 320.1s 3304 s n/a
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Table 40. Cladding failure event (heterogenic temperatures).

Parameter Rupture Time, s

Ring 1 Ring 2 Ring 3 Ring 4
Overstress’ n/a 321.8 332.5 n/a
stress/strain? n/a 321.8 332.5 n/a
epslim30.1 n/a 318.1 328.9 n/a
strlim*5 n/a 318.1 328.9 n/a
Combined n/a 318.1 328.9 n/a

Table 41. Cladding failure event (ring 2, oxide layer (OL)).

Parameter Rupture Time, s
Initial OL 0 um 1 um 2 um 4 um
Pre LOCA OL 0.2 ym 1.1 um 2.9um 4.9 um
OL during rupture 0.8 ym 1.7 um 3.6 ym 5.6 um
Rupture time?2 319.7 321.8 323.0 325.1
Rupture time3# 316.2 318.1 319.2 321.3

1- Overstress is assumed if the average true tangential stress was larger than the failure stress calculated
by the material property function SigmaB

2- Failure is assumed if the tangential stress or the tangential strain limit is achieved

3- Effective strain limit for plastic instability

4- Effective strain rate limit for plastic instability (1/h)

e epslim and strlim are co-dependent parameters. For the analysed cases the standard values are
assumed to be at 0.1 (correspond to 10%) and 5 correspond to (5/h) respectively (HALDEN LOCA).

Conclusions

o ASTEC calculations were completed with TRANSURANUS code leading to similar cladding failure
conditions.
o There is some time discrepancy in rupture times when compared TRANSURANUS results with ASTEC.

o Homogenized axial temperatures don't result in overstress related cladding failures compared to
Heterogenic temperature cases.

o Rupture in TRANSURANUS is propagated first by strain and strain rate limits for plastic instability.
However, in examined heterogenic temperature cases rupture can occur few seconds later from the
overstress as well.

e Minor changes in linear heat rate or neutron flux doesn't affect cladding failure much due to gap
conductance.

There are number of differences between TRANSURANUS and ASTEC rupture estimation. TRANSURANUS
require some irradiation prehistory as well has higher number of parameters that might influence the outcome
of calculations. Failure criteria in TRANSURANUS mainly described as mechanical process (stress/strain),
ASTEC using EDGAR burst model which is best estimate model based on burst criterion determinate after
the EDGAR experiments data. In ASTEC calculations, rupture stress depends on temperature and hoop
stress.
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New nodalization of the core region for better evaluation of the fuel clad failures

ASTEC Calculation results

For the selected LOCA accident analysis assumed fuel assemblies load pattern and power history is presented in
Figure 77 and Figure 78. According to that information relative horizontal distribution have been calculated [[93]]
and presented in Figure 89. According to the taken assumptions and developed core active zone model the
analysed core could be divided in 5 groups according to the relative power presented in the Table 42.

Table 42. Groups according to the selected relative power

Group | Relative power of FA | Quantity of FA in a
reactor

1 0.81 72

2 0.89 124

3 0.98 120

4 1.07 116

5 1.19 116

In the basic model developed for ASTEC code BWR-4 core were modelled using 4 concentric rings. These rings
include 4, 80, 224, and 240 fuel assemblies respectively. Different rings of fuel assemblies are presented with a
different colour in Figure 89. Each concentric ring has average relative power (Table 43).

Initially, for the task3.2 it was planned to make a new ASTEC nodalization for the core region of BWR-4 and update
the input deck. It was planned to increase the number of concentric rings, change axial and radial nodalization.
However, it was decided to move in a different direction and to change only the relative power of the existing
concentric rings. This allows to indicate with which relative power burst of the claddings occurs at the selected
accident scenario with a given burst criteria.

With respect to the relative powers of the loading groups (Table 42), the ASTEC model was modified giving different
relative power values. Selected relative powers for the basic and modified ASTEC model is presented in Table 43.
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13 12 11 10 £l 8 7 6 5 4 3 2 1

13 0.81 081 0.81 0.81
12 081 081 098 0.B9 0.B9 098
11 0.81 0.81 0.81 0.89 0.89 098 107 119 0.89
10 0.81 lo7 0.98 107 119 0.98 107 119 0.98 107
8 0.81 0.89 0.89 118 098 107 118 098 107 0.89
B 081 098 0.89 0.89 098 107 113 0.89 107 119 0.89
7 081 107 118 098 098 119 098 107 119 098 118
& 0.81 0.89 119 0.98 107 119 0.89 107 119 0.98 107 0.98
5 0.81 089 098 107 119 098 107 0.89 0.89 107 113 0.83
4 081 098 098 107 118 0.89 107 119 0.89 0.89 119 098 0.89
3 081 0.89 107 119 0498 107 119 0498 107 118 098 119 107
2 0.81 0.89 119 0.98 107 119 0.98 107 119 0.98 107 0.98 (il
1 081 098 083 107 0.89 0.89 107 115 0.89 0.89 1158 107 0.83

Figure 89. Relative horizontal distribution (a quarter of reactor core)

Table 43. Radial power distribution through the rings, for nodalization with 4 rings

Fuel Number of fuel | Number of control | Relative power | Relative power
ring assemblies rods (basic calculation) (modified)

1 4 1 0.89 0.89

2 80 20 1.066 1.066

3 224 56 1.043 1.005

4 240 60 0.943 0.98

The previous analysis (basic calculation) provided in the frame of task 2.3 showed that during our analysed LOCA
accident second and third concentric rings were ruptured — relative power 1.066 and 1.043 respectively. So, it is
obvious that according to our specified core load fuel assemblies (FA) groups 4 and 5 will be damaged. However,
it is not clear if FA in group 3 with the relative power of 0.98 will be damaged during our analysed scenario. Thus,
it was decided to change the relative power of the existing ASTEC nodalization to check if the concentric ring with
0.98 relative power will burst. The relative power of all rings was recalculated Table 43.

Before the starting of the transient analysis (LOCA), it is needed to provide a steady state calculation to check if
the flow rate through the modelled concentric rings with modified relative power is adequate to the previous
calculation case. The flow rate through the model rings is related to the relative power — increasing relative power
should also increase flow rate and vice versa. These dependencies should be linear. Flow rate could be regulated
changing the form loss coefficient in the modelled ring. Figure 90 represents coolant flow rates versus relative
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powers of rings for the basic and modified relative power calculations. As it could be seen from the figure, flow rate
versus relative power is congruent in one line. This result shows that further (LOCA) analysis could be performed.

16.45
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16.35
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16.25
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16.15
16.1 o @ Basic calculation

® Modified relative power

Flow rate, kg/s
®

16.05

0.88 0.9 092 094 096 098 1 102 104 1.06 1.08
Relative power, -

Figure 90. Coolant flow rate versus relative power of rings

Transient (LOCA in DEC-A conditions) calculation results of modified relative power showed only burst in ring 2
(burst time 344.8 s) which has a relative power of 1.066. This result means that FA having relative power of 0.98
will not rupture during the analysed accident. Regarding this result, it could be concluded that only groups 4 and 5
will burst from the selected core load during analysed LOCA accident. Group 4 and 5 correspond to 232 FA, thus
~42% from all core region will be damaged. Previous results showed ~55% of core region damage (cladding burst).

Verification of the ASTEC calculation results with the TRANSURANUS code.

The 4% ring with the relative power of 0.98 was selected for the analysis using the TRANSURANUS code.
Assumptions for the TRANSURANUS modelling is presented in section 0 and it is applicable for the modelling
presented in this section. Heterogenic temperature profile was taken from the ASTEC calculation results. In Figure
91 axial temperature profile is presented at the period (~350 s) when temperature reaches the peak cladding
temperature of 782 °C.

Temperature profile

teoal,
.

Temperature

.

GRS 2P Gy Dyl sl s lp o Y e e T % D

Axial segments

Figure 91. Axial temperature profile during peak temperature.
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TRANSURANUS calculation results did not lead to cladding rupture in accordance with the cladding failure
parameters presented in Table 44.

Table 44. Cladding failure event (heterogenic temperature profile).

Parameter Rupture Time, s
Ring 4

Overstress' n/a

stress/strain? n/a

epslim®0.1 n/a

strlim*5 n/a

Combined n/a

Figure 92 - Figure 95 present outer cladding oxide layer thickness, gap width during LOCA, average equivalent
stress and burst stress, inner and outer pressures for the 14t axial segment.
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Figure 92. Cladding oxide layer thickness (14 segment).
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Figure 93. Gap width size (14 segment).
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Figure 95. Average equivalent stress and burst stress (14t segment).

Conclusions

o ASTEC Transient (LOCA in DEC-A conditions) calculation results of modified relative power showed only
burst in ring 2 (burst time 344.8 s) which has a relative power of 1.066. This result means that FA having
relative power of 0.98 will not rupture during the analysed accident. Regarding this result, it could be
concluded that only groups 4 and 5 will burst from the selected core load during analysed LOCA accident.
Group 4 and 5 correspond to 232 FA, thus ~42% from all core region will be damaged. Previous results
showed ~55% of core region damage (cladding burst).

o TRANSURANUS code was used for more detailed analysis of the processes in fuel behaviour during
LOCA in the DEC-A conditions taking into account ASTEC calculation results with modified relative power.
4t ring with the relative power of 0.98 was selected to the analysis. Calculation results did not show
cladding rupture. This confirms calculation results obtained by ASTEC.

Uncertainty quantification for the TRANSURANUS calculation results

In the Figure 95 the average equivalent stress is presented together with the calculated burst stress. At the time
~340 s after the beginning of the LOCA accident the distance between burst and equivalent stress is very narrow.
Therefore it was decided to perform uncertainty and sensitivity analysis for the TRANSURANUS calculation results
in order to make sure that even with uncertainties bound claddings of the fuel with 0.98 relative power will be intact.

Conservative rupture parameters are being considered as presented in other cases (see section 0). Five
parameters were considered for uncertainty quantification. Uncertain parameters and selected uncertainty ranges
for the uncertainty quantification presented in the Table 45. Uncertainty ranges and PDF was selected according
to the previous provided work [[94]-[96]] and engineering judgment, after the separate sensitivity analysis.
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Table 45. Uncertain parameters and selected uncertainty ranges for the uncertainty quantification

Uncertain parameter Default value Uncertainty PDF Max Min

range case case
Pellet radius, mm 4.335 +1% Normal 4.292 4.378
Inner cladding radius, mm 4.420 +1% Distribution | 4 464 4376
Outer cladding radius, mm 5.025 +1% 4.975 5.075
Gap pressure, MPa 3.000 2% 3.060 2.940
Outer pressure, MPa According to +1% -1% 1%

ASTEC
calculations

Max case calculation

Case with parameters that correspond to the maximal values was analysed (Table 45). This case is assumed to
have highest likelihood to rupture, however such event is not being observed in calculation results (Figure 96,
Figure 97). Pellet radius variation has a peculiarity where both increase in radius and decrease in radius can affect
the rupture probability negatively. In case of pellet radius reduction, gap pressure increases during start up and
exerts larger force on the cladding, while pellet radius increase would result in lower gap size and better thermal
conductivity between fuel and cladding. This could increase the temperature of the cladding, however in examined
case this effect is less relevant than gap pressure increase therefore maximal critical value was assumed to be the

reduction of pellet radius.
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Figure 96. Outer and inner pressures (14th segment).
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Figure 97. Average equivalent stress and burst stress (14th segment).

Uncertainty analysis

TRANSURANUS code has his in-build Uncertainty and Sensitivity tool [[97]]. For the uncertainty analysis 100
calculation were performed. Results of the uncertainty analysis are presented in Figure 98 - Figure 102. All
presented figures show the results obtained at the 14t axial segment of TRANSURANUS fuel model. This node

has the highest axial relative power.
As it is presented (Figure 98) the average equivalent stress varies in the range ~30 to ~60 MPa. However, the

calculated burst stress did not show any uncertainty (Figure 99). This burst stress is calculated by the code using
other parameters which does not have effect for the assumed uncertain parameters.

GA n° 847656 Page 129 of 218



A D3.4 Progress report on rod cladding failure during LOCA

Output 120 Cladding Average Tangential Stress ( MPa )
Time dependent statistics of sect/slice: 14
100 simulations

60 4
40 4
20 4
04 —e— Best estimate
7 --e- Percentile 5%
--@- Percentile 95%
e Min
A e Max
—20 4 ] --@- Median
o -e- Mean
(I) IEI)O 2(I)0 3(|)0 4(|)0 S(I)O
Time (s)
Figure 98. Average equivalent stress (14th segment).
Output 119 Burst Stress ( MPa )
Time dependent statistics of sect/slice: 14
100 simulations
500
400
300

200 - :
—e— Best estimate

- Percentile 5%
Percentile 95%
Min

Max

+ Median

Mean

100 1 °

LI I )

0 100 200 300 400 500
Time (s)

Figure 99. Burst stress (14th segment).

Figure 100 and Figure 101 present the pressure evolution in the gap between fuel pellet and cladding and gap
width changes at the 14t segment. Especially high variations are observed in the gap width at 300 s after the
transient initiation. Minimum gap with was ~200 pym, while maximum values ~1600 pym. However, these extreme
values was not often, because the percentile values are more narrow.

Outer oxide layer at the 14" segment is presented in Figure 102. Discrepancies of the calculation results are
uniform during all presented calculation period.
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Sensitivity analysis

For the Sensitivity analysis the Spearman corelation was used. Figure 103 - Figure 105 presents the sensitivity
analysis results (Spearman’s ranks and scattering plots for time moment at the beginning of the LOCA transient
and 340 s after the LOCA transient) to the gap pressure calculation results. The results of the sensitivity analysis
to the gap pressure calculation shows that in the first ~300 s of the start of the accident the cladding inner radius
and fuel outer radius have highest effect. Later the influence is changing — the most important parameter become
cladding outer and inner radius. Scatter plots provided in the moment at the beginning of the LOCA transient and
340 s after the LOCA transient confirms this this. However, it is needed to note that the results scattering amplitude

is high.
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Figure 102. Quter oxide layer (14th segment).
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Figure 104. Scatter data plots for gap pressure (14th segment), at the beginning of the LOCA transient
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Figure 105. Scatter data plots for gap pressure (14th segment), 340 s after the LOCA transient
Figure 106 - Figure 108 presents the sensitivity analysis results (Spearman’s ranks and scattering plots for time

moment at the beginning of the LOCA transient and 340 s after the LOCA transient) to the average equivalent
stress calculation results. The results of the sensitivity analysis to the equivalent stress shows that the cladding
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inner and outer radius have highest effect during all calculated transient period. This in principle indicates the
thickness of the cladding. Scatter plots provided in the moment at the beginning of the LOCA transient and 340 s

after the LOCA transient confirms this.
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Figure 107. Scatter data plots for average equivalent stress (14th segment), at the beginning of the LOCA
transient
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Figure 108. Scatter data plots for average equivalent stress (14th segment), 340s after the LOCA transient

Conclusions

Provided uncertainty analysis confirmed that even with uncertainties bound claddings of the fuel with 0.98 relative
power will be intact. It was observed large variations of the calculated average equivalent stress and for the
maximal case the distance between burst stress and average stress is very narrow.

Sensitivity analysis indicated that the most influencing parameter is cladding inner and outer diameter.

IRSN : DRACCAR New LOCA methodology

A new whole core modelling approach has been developed using available codes applicable to LOCA at IRSN. In
particular, IRSN develops the DRACCAR multi-rod and multi-physics code at the assembly scale dedicated to
LOCA. The code is based on a coupling between 2.5D multi-rods thermal-mechanical modelling and a 3D
thermalhydraulics description at sub-channel scale. Compared to system thermalhydraulic codes classically used
in LOCA for DBA assessment, DRACCAR is able to model fuel assembly behavior under LOCA conditions by
coupling rod deformation to flow blockage. Thus DRACCAR proposes interesting insights regarding impact of
LOCA on fuel rod behavior and coolability.

Introduction

In the frame of the FUEL+ platform, IRSN is developing a set of computer codes dedicated to the simulation of fuel
behaviour all along the fuel cycle under normal and accidental conditions. This platform regroups a fuel
performance code FIRST for normal operation and transient conditions — transport and storage accidents,
SCANAIR devoted to reactivity insertion accidents, DRACCAR dedicated to loss-of-coolant accidents and
SHOWSBIZ which focuses on the embrittling effect of H and O species on claddings. DRACCAR software [98] is
developed by IRSN with the financial support of EDF since 2006. It's latest version 2022 proposes 3D advanced
modelling of multi-rod configurations accounting for the coupling of thermal-mechanics and thermal-hydraulics —
influence of the deformation and contact between rods on the heat exchanges and flow distribution. In addition,
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recent models focusing on fuel behaviour allow to perform parametric studies of fuel relocation, gas axial transport
in free volumes or fission gas release. Typical application of DRACCAR focuses on fuel assembly and provides
assessment of the coolability by the evaluation of PCT (peak cladding temperature), rod deformation, clad burst
and flow blockage.

The classical methodology used for design basis accident safety (DBA) demonstration for LOCA are based on
idealistic modelling - using thermal-hydraulic system code such as CATHARE-3 °EA combined with relatively simple
modelling of fuel behaviour during LOCA and penalizing the rod response by a set of assumptions and additional
margins. The response of the hottest rod is one of the main concerns by evaluating (PCT), equivalent cladding
reacted (ECR) and concluding on the core coolability including efficiency of reflooding. Such idealized model
cannot be used to determine the behaviour of all the fuel rod of the core as it captures mainly the behaviour of the
hottest rod, the hottest fuel assembly and the average core responses to LOCA. Moreover, the set of assumptions
and modelling are not realistic as this method aims at evaluating the envelope response to a given transient.
Contrarily to DBA, the evaluation of the number of failed rods during LOCA requires to evaluate the behaviour of
each fuel assembly and the burst potential of fuel rod belonging to it. Therefore, the classical methodology
developed for DBA cannot be used for the evaluation of the number of failed rods and it motivated the development
of a new core methodology in the frame of R2CA. This section exposes the work that conducted to this new
methodology with DRACCAR focused on burst risk assessment.

The workplan proposed by IRSN in the frame of WP3.2 of R2CA project aimed at extending DRACCAR applicability
to the evaluation of the number of failed rods under LOCA conditions. This task is completed by activities in the
WP2.5 corresponding to the development of DRACCAR/ASTEC PWR900 demonstrative application coupling
DRACCAR new core modelling to the ASTEC source term evaluation code [99][99].

To propose a new core model and associated methodology to predict the number of failed rods, several studies
on idealized cases were built and provided insight on modelling needs. In parallel, some developments were
brought to DRACCAR software to better represent core characteristics and to use burst criteria well adapted to
burst risk assessment (which were developed by IRSN within the same task 3.2, see section page 29. Several
core models were developed based on PWR900 demonstrative case and oriented on the proposed methodology.
Outlooks are provided as a conclusion of this work to better highlight the status and the possible prospects for new
DRACCAR core model.

On the need to consider 3D PWR core model to evaluate the number of failed rods during LOCA

Core loading in PWR is composed of a set of fuel assemblies whose characteristics distribution are heterogeneous
and linked to the fuel type (UO, or Mixed (U, Pu) O,) and irradiation history. Core loading is changed at the end of
each irradiation cycle. New loading is voluntarily built for different purposes (flattening neutron flux, reducing vessel
damage, ...) by reorganizing irradiated fuel assemblies and introducing new fresh fuel assemblies. As a result, a
core region cannot be associated to an equivalent rod with average values for burn-up (BU), rod internal pressure
(RIP), neutron power and decay heat factors (cf. Figure 109). This is clearly one issue when using the classical
core ring method with only one equivalent rod per ring. Indeed, focusing on the burst risk in LOCA conditions
requires to evaluate creep and then stresses in cladding. The stresses are directly linked to the RIP which at initial
state before accident varies a lot from one fuel assembly to another one as it depends on fuel type (MOX or UO5)
and initial gas filling as well as on the burn-up. The RIP strongly evolves due to fission gas production during the
irradiation (more than 2.5 MPa between BOL and EOL, cf. Figure 111).

Regarding such heterogeneous distribution of the fuel assembly characteristics in the core, an evolution of the
core ring method using several equivalent rods per ring was investigated in the frame of R2CA (refer to the
contribution by ENEA) it appears that 3D model accounting for the specificities of each fuel assembly is necessary
to assess burst risk in a best estimate manner. Advanced simulation should focus on taking into accout the specific
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fuel rod state and fuel assembly location in the core. This led to questioning the feasibility of providing input data
and initializing with enough detail each fuel rod representative of the fuel assemblies in the core application.

Available tools and data required for fuel rod initialization in the core application

Fuel performance codes such as FRAPCON 4.0 [100] (developed by PNNL for US NRC) or TRANSURANUS
[101][101] (developed by JRC) can predict the behaviour of a representative fuel rod during its irradiation during
normal operation. Such codes provide with more or less details the initial state of the fuel pellets and of the clad
which are necessary to obtain a proper initialization of DRACCAR simulation before LOCA (geometry, fuel
porosity/density, RIP, temperature field [r, z], ...). However, such codes do not provide burn-up, decay heat and
neutron power accounting for the location of the fuel rod in the core. Moreover, when assessing radiological
consequences, the fission products inventory of the core and if possible, of each fuel assembly should be known.
To obtain these data, it's necessary to rely on neutron physics simulation. Of course, these simulations must
account for the core configuration, initial fuel loading and irradiation program.

IRSN develops VESTA [102] depletion code which can provide detailed data on each fuel assembly using a 4t
core model. Such modelling of neutronic evolution is a basis for proposing the initialization of the decay heat, the
neutron power and the fission products isotopes inventory.

Therefore, the proposed new DRACCAR core model can use data produced by VESTA (power factor, decay heat
factor, isotopes inventory) and by the fuel performance code FRAPCON (temperature field [r, z], fuel porosity, rod
internal pressure, ...) to best initialize each of the fuel rod considered in the simulation. To ease this process, a
procedure was developed in the frame of this task to chain results produced by FRAPCON to DRACCAR software.
Thus, a library of FRAPCON simulations can be read automatically to connect DRACCAR input data to the relevant
initializations depending on the selected PWR core loading.

BU [Gwd/t] Neutron power distribution
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Figure 109: Example of heterogeneities of a PWR core loading map with respects to fuel assemblies’ average
characteristics (power factors, burn-up and rod internal pressure)
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Of course, refining description of the fuel rod — for instance by improving their individual initialization — can be only
fruitful if these efforts are consistent with respect to the other phenomena. Distinguishing the initial fuel rod state
for each fuel assembly suggests that simulation try to discriminate their response to LOCA conditions. This is
strictly consistent if the selected thermal-hydraulic model for the core is able to differentiate the thermal-hydraulic
conditions for each simulated fuel rod accounting for 3D core configuration and LOCA phenomena such as local
ballooning. This means that advanced method for LOCA should use 3D thermal-hydraulic model coupled to
detailed fuel rod model describing at least each fuel assembly of the reactor core.

Preliminary analysis of DRACCAR meshing capabilities for PWR core modelling

One of the major constraints when performing a 3D simulation concerns the CPU cost of the simulation. The current
numerical method used in the DRACCAR software is an implicit scheme coupling thermal-hydraulics and thermal-
mechanics. Moreover, model management operates with Open MP parallelism. However, the coupling of thermal-
hydraulics and thermal-mechanics embedded in the 3D meshing remains costly for a large domain involving
several hundred of hydraulic sub-channels. Consequently, preliminary cases were launched to identify if the cost
of full core simulation was sustainable for PWR LOCA simulation.

The detailed representation at sub-channel scale using 3D meshed rods of a 17x17 PWR fuel assembly requires
a number of hydraulic sub-channels which overgoes widely the order of magnitude manageable by DRACCAR
software in a reasonable CPU time. Indeed, the 3D detailed description of a single 17x17 PWR fuel assembly
requires more than 322 thermal-hydraulics channels - which means approximately 12880 hydraulic cells. For the
same reason, the 3D detailed fuel assembly is not useable for PWR simulation in a reasonable computational time
with respects to the fact that more than 150 fuel assemblies should be simulated. Therefore, a whole core model
using 3D detailed fuel assembly meshed at sub-channel scale cannot be at this stage managed by DRACCAR
software.

So, with current version DRACCAR 2022, the core should be represented using average channels to regroup sub-
channels. This work proposes to use one channel per fuel assembly thus averaging thermal-hydraulic flow within
a fuel assembly. Of course, other subdivisions and grouping are possible (such as subdivisions in 4t of fuel
assembly proposed by HZDR with ATHLET-CD in the frame of this task). The use of one channel per fuel assembly
regrouping sub-channels leads to replace 3D (r-6-z) detailed rod model by 2D (r-z) equivalent rod model. According
to the development carried out in the frame of R2CA, the 2D (r-z) rod model from DRACCAR was upgraded to
evaluate creep on 2D (6, z) clad contour accounting for rod pitch. Thus, DRACCAR equivalent rod model differs
from the one of ASTEC as it can reproduce non-circular shapes representing rod-to-rod contact due to ballooning
and the associated reduction of friction perimeter and wall-to-fluid exchange surface.
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Figure 110: Cut view of DRACCAR core meshing with 2D equivalent fuel rods and associated CPU cost.

Even using one channel with one equivalent fuel rod per fuel assembly, a PWR 900MW full core model corresponds
to 157 thermal-hydraulics channels and it leads to CPU times which are not sustainable to perform plant transient
studies (or even worst to run parametric studies or to associate uncertainty methodology due to the required
number of simulations). Therefore, the proposed core model with DRACCAR was simplified. Even if the LOCA is
a non-axisymmetric accident which affects one of the primary loops and induces non uniform flow distribution in
the core, the compromise between the detail of modelling and CPU cost imposed to restrict the DRACCAR core
model to a part of it by considering only part of the core. Fortunately, such simplification is consistent with the core
loading map and characteristics symmetries which allow to consider only the 4t or the 8t of the core (both are
suitable for DRACCAR PWR simulation however to obtain better CPU performance 8" core model is
recommended). The 8" core model uses 26 thermal-hydraulics channels, each of them considering at least one
equivalent representative fuel rod — this means at least one per fuel assembly. The minimum recommended height
of the thermal-hydraulic meshes, and fuel rod slices is 10 cm. It implies that core is represented by 1040 thermal-
hydraulic cells in 3D meshing and nearly 1500 2D meshed structures (fuel rods, control rods, spacer grids).
Because of the simplification to the fraction of the core, the complete core vessel cannot be modelled in a 3D
Reactor Pressure Vessel (RPV) model. Therefore, the reactor pressure plena and downcomer should use a 1D
description because the simplified core domain provides an overall response of the complete core. The 3D
distribution of flow in the RPV resulting from the behaviour at the loop connections and the non-symmetric
behaviour of primary loops during LOCA cannot be captured by such a model.

Need to model fuel assembly behaviour under LOCA conditions at the sub-channel scale

The use of the equivalent rod model is accompanied by neglecting the local characteristics and phenomena which
impact distinctively the fuel rod within the fuel assembly. Indeed, due to its location in the core, the boundaries of
the fuel assembly are not subject to the same neutronic, thermal and flow conditions. These conditions are possibly
influenced by neighbouring fuel assemblies’ characteristics and behaviour during the accident. The possibility of
propagation of the heat-up zone from one assembly to another is uncertain. This point is furtherly discussed with
the help of specific case studies.

Moreover, by design, the fuel rod characteristics and environment are not homogeneous among the fuel assembly
as illustrated for a MOX PWR fuel assembly on Figure 111. The neighbouring of the guide tubes is associated to
thermal cold spots. Moreover, some of the fuel rods in the assembly can be filled with different types of fuel oxide
pellets, the initial enrichment of which can differ. Within the same fuel assembly, the fuel rod initial state and in
particular the local power or the rod internal pressure (RIP) can vary significatively as illustrated by the evolution
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of RIP evaluated for MOX PWR-like fuel assembly with fuel performance code FRAPCON 4 PNNL/USNRC (Figure
111).
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Figure 111: PWR 17x17 MOX type fuel assembly configuration with 3 distinctive Pu enriched fuel rods and
associated rod internal pressure evolution with burn-up computed by FRAPCON 4.0 PNNL - USNRC

Based on a fuel assembly case representative of an intermediate break in PWR, the magnitude of deviance in the
rod response among a MOX type PWR fuel assembly at end of life was studied. Two levels of modelling were
compared:
o One corresponding to the fuel assembly description in the 8t core model - a single average thermal-
hydraulics channel with a single equivalent rod representative of the considered fuel assembly;
e Another corresponding to the 3D detailed model of a fuel assembly restricted to 8™ of fuel assembly
description and proposing details such as 3D meshed fuel rods, guide tubes and accounting for fuel rod
specificities (non-uniform power distribution in fuel assembly, several Pu enrichments, ...).

The whole thermal-hydraulic circuits are not modelled in this simplified case and results from system thermal-
hydraulic simulation are imposed at bottom and top of the DRACCAR fuel assembly domain to reproduce the two-
phase flow conditions in the core channels occurring during the LOCA (using IRSN CESAR thermal-hydraulic
module). In both cases, boundary conditions are used to close the two-phase thermal-hydraulics problem by
imposing flow and pressure conditions at inlet and outlet of the fuel assembly channels. The flow distribution at
bottom is insured by defining a homogeneous volume.

BCPat
‘. outlet
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CESART/H
+ICARE3D
thermomechanics

CESAR
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" BC24Flow

‘ @ " (b) (c)

Figure 112: DRACCAR 3D modelling of one eighth of a PWR 17x17 fuel assembly (a), 2D single equivalent rod
model in square cell of side the fuel rod pitch (c)
and schematic view of the DRACCAR model network and boundary conditions (b).
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Table 46 regroups the main characteristics of the 3D modelling and of the 2D single equivalent rod model of
PWR 17x17 MOX fuel assembly.

DRACCAR modelling \ 3D (r,0,z) detailed modelling 2D (r,z) single equivalent rod
Fuel assembly type MOX 17x17 fuel assembly
Modelling 3D meshing reduced to 1/8t of FA 1 equivalent rod for the FA:

1 square cell of side rod pitch
Number of modelled fuel rods 39 rods 3D meshed 1 rod 2D meshed
Other modelled FA elements 5 control rods & guide tubes -

1 instrumentation tube
8 spacer grids

Thermal-hydraulic channels 45 sub channels 1 sub channel
Axial discretization 40 axial levels over the active fuel length
Cladding azimuthal discretization 3 to 4 thermal nodes 1 thermal node
20 to 40 mechanical nodes 20 to 40 mechanical nodes

Table 46 : Main characteristics of DRACCAR fuel assembly cases

Two different 3D detailed models were developed. The first one aims at comparing the 3D detailed model and the
2D single equivalent rod model on an idealized configuration focusing on “cold rod” effect driven by guide tubes
position. To make the comparison easier between the fuel assembly 3D detailed model and the equivalent rod
model, the same initial rod state and uniform distribution of power within all rods of the fuel assembly are assumed
in this “idealized” case. It corresponds neither to a realistic distribution of the power over the rods of the fuel
assembly nor to a realistic initial state of the rods. But even with identical rod states and uniform power distribution,
this fuel assembly case does not correspond to a uniform configuration when using 3D meshing as the 24 guide
tubes and the instrumentation tubes are represented. As a consequence, the 3D detailed model on this “idealized”
case highlights the influence of the non-heated rods on the fuel rod responses to LOCA.

The second case using 3D detailed model relies on realistic assumptions by distinguishing the fuel rod
characteristics such as rod power factors and the initial Pu enrichments. This corresponds to a “realistic” simulation
using 3D detailed model with non-uniform distribution of power in rods of the fuel assembly (varying in 90-105%
range of nominal power) and accounting for different initial rod states (evaluated by FRAPCON and using the 3
different types of initial Pu enrichment).

The thermal-hydraulic conditions correspond to a 15 inches LOCA break associated to a delayed cooling which
leads to significant rod ballooning. The fuel assembly studied is a PWR 17x17 MOX fuel assembly with an average
burn-up of 55 GWd/tHM. Several assumptions were selected to maximize the rod response in terms of strain (and
cannot be considered fully representative for the safety analysis).

. . D iled model i i

Main DRACCAR results Unit . 3 detailed od? . 2D Smg!e eqylvalent rod
idealized realistic idealized

Maximum circumferential strain % 211042 9to 47

Mean of max. circ. strain £ std deviation % 37+55 34+105 35

(over all modelled rods)

PCT °C 673 to 707 664 to 713

Mean PCT+ std deviation C 689 +9 690 + 13 692

(over all modelled rods)

Table 47 : Comparison of 3D detailed meshing to an equivalent rod approach
on an idealized single fuel assembly modelling.
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The comparison of main results in Table 47 shows that the mean value of circumferential strain and PCT are well
reproduced by the equivalent rod approach. However, one can notice on 3D meshing results that the obtained
strain distribution is dispersed around the mean value (cf. Figure 113). Considering this scattering, differences on
the evaluated strain between 3D model and 2D equivalent rod model are significant. Indeed, the presence of guide
tubes whose locations generate a non-uniform temperature distribution and the local characteristics of rod (power
and initial state associated to Pu enrichment) play a non-negligible role in rod response to LOCA. It's important to
underline those discrepancies cannot be only attached to rod local characteristics and therefore that results are
transposable to UO, 17x17PWR fuel assembly. Indeed, even with iso-characteristics of fuel rods (same initial rod
state and power), the presence of guide tubes impacts enough the temperature distribution to significatively
influence strain and rod response to LOCA (cf. Figure 114).

20 DRACCAR Modeling
70 M 1 Equivalent rod
60 m 3D Idealized

3D Realistic

30
20
10 I
0 [ | B |
530] [30-3

[5-10] [10-15] [15-20] [20-25] [2 S| [3540] [4045]  [»45]

Frequency [% of rods]
(=]

Maximum circumferential strain [%]

Figure 113: Distribution of rod maximum strains for MOX PWR 17x17 fuel assembly cases
using equivalent rod approach and 3D meshing with idealized or realistic assumptions.

T (K)
1200

Figure 114: Thermal field" and rod deformations simulated with A‘I‘JII-?ACCAR 3D detailed PWR 17x17 fuel assembly
model highlighting cold region close to guide tubes and non-symmetrical balloon contour.

--------------------

The difference on maximum strains for rods belonging to the same fuel assembly on this case evaluated by
DRACCAR are sufficient to create discrepancies on burst occurrence. Therefore, the 3D detailed modelling of fuel
assembly is recommended to predict with confidence the number of failed fuel rods. The single equivalent rod
model is nevertheless able to capture mean behaviour but cannot be considered as “best estimate”. Therefore,
one should take care that even if the burst threshold is not reached using an equivalent rod model, equivalent
model cannot represent scattering among rods described by this model. This scattering could be such that the
burst threshold would be reached by some of these rods. It means that using several equivalent rods to represent
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fuel assembly (as proposed with ASTEC model and tested by ENEA) is not enough to have a good estimation of
the number of failed rods.

Therefore, 3D model at sub-channel scale with azimuthal thermal meshing for rods is needed to predict with higher
confidence fuel assemblies’ behaviour during LOCA. Due to a compromise regarding the CPU cost, equivalent rod
model for the whole core description was chosen for DRACCAR simulation but this work demonstrates that these
simulations should be coupled with an analysis using a 3D detailed model (in particular for the fuel assembly whose
average response is close to burst threshold). Therefore, based on this work, the proposed methodology to
evaluate the number of failed rods under LOCA conditions with DRACCAR was chosen to mix both scales: full
core approach using equivalent rod models and additional detailed fuel assembly studies using 3D fuel assembly
model at sub-channel scale.

Analysis of the interaction between fuel assemblies during LOCA

Considering the heterogeneous distribution of power factor and burn-up in the core, one issue concerns the
influence of a “hot” fuel assembly on its “colder” neighbours. In particular, the fuel rods located at the border of the
fuel assembly could be influenced by the fuel rod belonging to the neighbouring fuel assembly.

For neighbouring fuel assemblies, the discrepancies of response between fuel rods are expected to be in relation
with stored energy, decay heat and burn-up (influencing fuel rod characteristics, free volumes and rod internal
pressure). A specific case study was built to investigate this issue. It consists in a slice of length of the fuel assembly
pitch, composed of 17 sub-channels and filled by two rows of half fuel rods. This configuration is supposed to
represent two neighbouring fuel assemblies separated by fuel assembly gap. To do so, two groups of fuel rods are
considered (cf. Table 48); these are selected to represent the maximum difference in stored energy related to
neutron power during normal operation.

. . Fuel group 1 Fuel group 2
Characteristics of the group Unit “cold” “hot”
Average ‘ Power factor 0.98 191
(representative of stored energy)
Average burn-up of fuel assembly | GWd/tHM ~50 ~25

Table 48 : Comparison of 3D detailed meshing to an equivalent rod approach
on an idealized single fuel assembly modelling.

For each of these groups, the condition of the representative rod has been assessed by fuel performance
simulation using FRAPCON 4 software. In addition, a specific decay heat factor was set from VESTA results that
are representative of the respective burn-up of the group.

Three configurations are compared, the first one representing two fuel assemblies each composed of rods from
one group. The two other configurations represent two fuel assemblies, both composed by fuel rods from the same

group.

Simulation with 2 neighboring FAs Simulation only max power group Simulation only max power group
R ARRRR L e et R A AR AR AR il
Fuel rods from group 1 Fuel rods from group 2 Only fuel reds from group 1 Only fuel rods from group 2

Figure 115: Three cases based on 1D slice of subchannels representative of 2 neighbouring fuel assemblies.
The thermal-hydraulic conditions correspond to a 15 inches LOCA break associated to a delayed cooling which

leads to significant rod ballooning and are imposed at boundaries of the DRACCAR domain (similarly to 8t fuel
assembly case study presented previously).
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The PCT and strain evolutions were analysed with attention to the influence of higher power of group 2 on the rod
of group 1 in the first configuration. As shown in Figure 116 (b), when considering two groups of fuel assemblies,
the overall response of rods is close to the limit cases considering only one group of rods. At a given time as
illustrated in Figure 116 (a), the PCT for the rods located at the boundary do not show a heat-up of the “coldest”
assembly by the “hottest” one. Indeed, the coupling between thermal-hydraulics and thermal-mechanics lead to a
slight increase of convective heat transfer on “cold” rods due to flow redistribution as “hottest” rods deformation is
higher. This effect tends to lower the “cold” rod temperatures at the fuel assembly boundary.

Therefore, the case which was studied with DRACCAR shows that the influence of the neighbouring fuel assembly
is mainly carried by the thermal-hydraulic redistribution of the flows. The heat-up effect of higher stored energy fuel
assembly on its neighbour is not demonstrated by DRACCAR simulation. Consequently, it suggests that there’s
no need to explicitly model specific interactions from one fuel assembly to another except by representing thermal-
hydraulics in 3D. This work suggests that the proposed core model must represent each fuel assembly in separated
thermal-hydraulics channels and that the refinement of the modelling scale at fuel assemblies’ boundary is not
required.

(a)
Max. cladding temperatures of all rods
T¢0) at time= [max. circ. strain =33% 2 neigbor. FAs sim.]

820 @ 2 neighbouring FAs

Only Fuel 1
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Figure 116: PCT for each rod obtained when max circumferential strain 33% is reached for first time by one rod

(@)

PCT for each rod when rod circumferential strain is 33% (b)
Fuel rod modelling choices for whole core application

Fuel rod modelling

Specific physical modelling dedicated to LOCA phenomena is recommended to assess burst risk in the frame of
R2CA. From 2006, DRACCAR software was specifically developed for LOCA simulation and gathered the
knowledge acquired on the LOCA phenomenology. DRACCAR proposes classical heat transfer description of the
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fuel rod, rod-to-rod interaction (including heat radiation between rods, contact) and specific wall-to-fluid heat
transfer (including reflooding model) coupled to 2-phase flow 3D modelling. The creep of the cladding is described
by a 2.5D model assuming thin shell formulation and in which the creep rate is represented by a Norton-law
associated to a phase transformation model. Thermal-hydraulics and thermal-mechanics are strongly coupled
within an implicit scheme which accounts for the impact of the clad deformation and of the contact on the flow
characteristics (friction, section) and wall-to-fluid heat exchanges.

In addition, recent parametric models developed in DRACCAR are now available to investigate impact on rod
behaviour of some phenomena such as:

o the fission gas release associated to fuel temperature evolution during LOCA heat-up ramp;

o the gas transport within rod directly related to rod internal pressure distribution and ballooning;

o the fuel relocation in rod balloon which influences the local power in the deformed zone.

The proposed methodology for evaluating the number of failed rods benefits directly from the development effort
of the DRACCAR software which proposes advanced modelling of fuel rod specific to LOCA. These efforts were
pursued in the frame of R2CA and are depicted in this section.

Improvement of contact modelling in DRACCAR when using 2D meshed equivalent rod

The proposed DRACCAR model for the core considers equivalent rods. This solution simplifies the core modelling
in order to reduce CPU cost of the LOCA simulation. In DRACCAR application, outside from R2CA project frame,
the equivalent rod model was almost never used to model creep as the 3D modelling was mainly the target of
DRACCAR. The equivalent rod model was very simple and its use in the frame of R2CA studies required some
model updates.

In DRACCAR, this equivalent fuel rod model consists in a single rod located in a thermal-hydraulic channel and
associated to a numerical weight which corresponds to the number of “real” rods represented by this equivalent
rod. The physical modelling associated to equivalent rods is simple and close to the one of ASTEC fuel rod model.
In this equivalent rod model, cladding creep was evaluated assuming that the clad contour remained circular and
could extend freely without any limitation. This model presented a major drawback because it did not take into
account the fact that fuel rods are organized in a lattice and that the clad only extends freely until it comes into
contact with its neighbours. Therefore, its use for balloon prediction led to erroneous heat exchange surface
evaluations.

In view of using an equivalent rod model for modelling the whole core, it seemed necessary to propose a more
realistic modelling of creep with an equivalent rod model. New feature was developed for equivalent rod model
cladding creep in order to restrict ballooning to the rod pitch. The DRACCAR equivalent rod model uses 2D (6, z)
meshed clad contour discretized using nodes. Creep rate is evaluated at each node of the meshed contour. When
the node radius exceeds half of the rod pitch, the contact at this node is assumed by the new equivalent rod model.
Thus, the same assumptions about contact are made as for the DRACCAR 3D detailed rod model. This new
feature allows to account for progressive contact, noncircular shape clad contour as well as fluid-clad exchange
surface reduction. Therefore, the equivalent rod behaves as if it was included in a square pitch lattice composed
of identical rods as shown in Figure 117.

This development is suitable in DRACCAR modelling which is based on 2D (6,z) meshed clad contour. However,
such meshing is not available in some system codes. Therefore, IRSN proposes an algorithm to better account for
rod deformation at contact for codes using equivalent fuel rods with 1D(z) meshed clad such as in ASTEC system
code for source term evaluation.
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()
N

Figure 117: Example of DRACCAR fuel rod simulation using the 2D equivalent rod model with previous mode
assuming free development of balloon with circular clad contour (a) and the new model which limits the clad
contour extension to the rod pitch (b).

Proposal of contact surface evaluation for codes using equivalent rod with 1D(z) meshed clad
contour

Some system codes such as ASTEC use an equivalent rod model with 1D (z) meshed clad contour. At each
elevation, a single creep rate is evaluated according to a Norton-based creep law. Therefore, assuming circular
shape for the clad lead to compute an average clad radius which is updated at each time step according to the
creep deformation. Without specific management of the contact, this radius can exceed the rod pitch. So, the first
improvement could consist in restricting (if not already done) the equivalent clad radius to % with p the rod pitch.

However, even with this limitation, when the radius is greater than § , it seems relevant to consider that the

equivalent rod is in contact over a part of its clad contour with its neighbours. But the circular shape contour is not
adapted to predict this contact ratio. So, for such simple modelling, a second interesting improvement is to use a
mathematical expression to deduce non-circular clad contour shape when the radius exceeds half of the rod pitch.
This method shows its benefits when evaluating the contact surface ratio to correct wall-to-fluid heat exchange
surface.

The basic principle of the method is exposed in Figure 118. From initial configuration, the radius of the clad
progressively increases due to the cladding creep. As soon as the diameter of the clad exceeds the fuel rod pitch,
a shape function could be used to evaluate the non-circular shape corresponding to the surface area occupied by
the equivalent circular clad contour.

K
Concerning the shape prediction, the following function is suggested: |x|* + |y|* = |§| , with x, y the Cartesian

coordinates of midline clad contour, p the rod pitch and k a real number in [2, +oo].

This function presents the interest to correspond to a circle for k=2 and its shape tends progressively to the square
when k — 4o as shown in Figure 118. Therefore, the proposed algorithm on this figure aims at evaluating the
clad heat exchange areas accounting for contact based on the equivalent rod deformation obtained using circular
assumption. The contact ratio is deduced from the computed iso-surface area non-circular shape. This solution
could be easily implemented in system codes such as ASTEC in order to refine and to reduce the fluid-to-clad
exchange surface as well as the radiative exchange surface.

Of course, such a method does not provide an exact solution of the clad shape and especially when clad undergoes

non-axisymmetric thermal loading. Nevertheless, it's a simple method that can significantly improve codes which
assume circular clad contour during the whole development of the balloon.
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Figure 118: Shape function approximating the clad contour all along its deformation (at left), corresponding
algorithm to evaluate contact surface ratio when using a 1D(z) equivalent rod model as in ASTEC code (at right).

Impact of the radial discretization of the fuel column in DRACCAR simulations

In DRACCAR software, fuel pellets and fragments are represented by a fuel column which can be meshed in 3D
(r,0,z). During a LOCA, the SCRAM occurs in the first seconds after initiator and leads to a rapid decrease in
neutron power. Therefore, fuel power is driven mainly by decay heat and radial temperature gradients within the
fuel are less than during normal operation. The fuel modelling in DRACCAR mainly focus on heat transfer (power
generation, heat conduction in fuel column and gap exchange to the clad) and model associated to fuel relocation.
Considering magnitude of the radial thermal gradients and the simplified modelling, the use of a high number of
radial fuel meshes is not necessary. However, a specific study aims to identify the recommended number of radial
meshes for the fuel that must be considered for the DRACCAR core model.

To do so, the 8t fuel assembly model was used and associated to a parametric study on the number of radial fuel
meshes. The results shows that the consistency of results on the PCT is obtained using 9 radial meshes. It's also
important to underline that PCT is not highly sensitive to the fuel meshing.

The use of 9 radial meshes for the fuel column increases the number of thermal elements which describe the core
in DRACCAR simulation. For example, for the DRACCAR PWR900 MWe 8 core model, using 9 fuel radial meshes
instead of 1 increases of more than 800 the number of thermal elements. However, the number of thermal-hydraulic
channels remaining unchanged, the final CPU cost of the radial meshing on LOCA simulation is still suitable for a
reactor core application.

Fuel rod characteristics initialization

To better define the fuel rod characteristics in DRACCAR, an automatic procedure was developed to generate
input data for DRACCAR from FRAPCON 4.0 results. This procedure is used to initialize distinctively the 26
equivalent fuel rods modelled in DRACCAR 8" of core application.

Burst risk assessment using the new burst criterion proposed by IRSN in the frame of R2CA

In the frame of task WP3.2, IRSN revisited the experimental burst database and new burst criteria were
proposed specifically to assess the burst risk. These new burst criteria were implemented in the Material Data
Base (MDB) of the DRACCAR software. These new criteria are presented page 29, recommendations for the
choice of criteria suitable for LOCA simulation targeting the evaluation of the number of failed rods are proposed.
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New methodology for the prediction of the number of failed rods under LOCA conditions

Several features and characteristics needed to assess the number of failed rods were identified through preliminary
analysis and complementary DRACCAR case studies. Those ones were considered to propose the new
methodology in particular:

o LOCA simulation requires specific management of the coupling between thermal-hydraulics and thermal-
mechanics. Moreover, some phenomena related to fuel behaviour can modify significatively the clad
response to the LOCA conditions such as the fuel fragmentation and the fission gas release;

o Due to wide range of fuel assembly characteristics (power, burn-up, location, ...), assessment of the burst
risk should rely on the simulation of the behaviour of each fuel assembly from the core accounting for its
own characteristics (location, power, fuel type and rod state);

o 3D core thermal-hydraulic is needed to compute the flow distribution among the different fuel channels
and the possible crossflows due to ballooned zone;

o Burst assessment needs specific burst criteria dedicated to rod failure assessment which are slightly
different from coolability assessment;

¢ Modelling fuel assembly at a refined scale is needed to account for local phenomena at subchannel scale
such as the presence of guided tubes or to distinguish the fuel rods among the fuel assembly. Indeed,
DRACCAR case studies showed that scattering of rod responses among a fuel assembly can be
significant and should be captured by 3D detailed fuel assembly modelling (and not only by equivalent
rod approach);

o No heat-up propagation from higher stored energy fuel assembly to other fuel assemblies was found from
DRACCAR case studies, however thermal-hydraulic redistribution of the flow between the ballooned zone
and the less blocked channels was identified.

Based on these requirements, the new methodology proposed by IRSN with DRACCAR software is presented on
Figure 119.

One key element of this methodology concerns the input data. Indeed, this approach is based on several data
which mix information on plant and fuel design, assumptions on transient and safety system availability and also a
set of input which can be produced by simulation using neutron physics software (IRSN VESTA evolution code) or
fuel performance code (such as the US NRC software FRAPCON 4.0 developed by PNNL). As the new DRACCAR
core approach aims to discriminate fuel assembly behaviours during LOCA and should also propose detailed
analysis of the response of each fuel rod within fuel assembly, it is necessary to collect relevant data to describe
the condition and characteristics on each fuel assembly or fuel rods. These data are used to set the initial state
(geometries, stored energy, decay heat, rod internal pressure, fission gas composition, ...) in each fuel rod
modelled by DRACCAR to account as best as possible for the parameters which impact the rod response during
the LOCA.

Those data are used for DRACCAR simulations. The new approach is built by mixing two kinds of DRACCAR
simulations at different scales. The first scale corresponds to the whole core modelling coupled to reactor coolant
system modelling. The core simulation evaluates the response of the different fuel assemblies composing the core
using a set of representative equivalent rods (at least one per fuel assembly). The second scale corresponds to a
detailed modelling of the fuel assembly in order to simulate the response of each fuel rod belonging to the fuel
assembly accounting for specificity of rods (local power, fuel type, ...) and location (neighbourhood of guided tubes,
...). The approach is based on the simulation of the average response of each fuel assembly to LOCA conditions.
This provides thermal-hydraulics conditions averaged for each fuel assembly. Those results can be used as
boundary conditions coupled to 3D detailed fuel assembly models. Therefore, each fuel assembly analysis can be
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refined at sub-channel scale. The main characteristics of the DRACCAR models making up the new approach are
depicted in Table 49.

4 N /
NPP initial state + -, Various core models possible - minimum core model = 1/8t of the core
LOCA transient assumptions Simulate at least 1 response per FA = 1 representative equivalent rod per FA

_ (initiator. normal/safety systems) )| | . at least 26 FAs using 2D meshed equivalent fuel rods

3D Core T/H using 1 channel/FA + 1D T/H in RCS (primary loops, SG...)

~
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Figure 119: DRACCAR new core modelling approach to evaluate the number of failed rods during LOCA for
LWR developed in the frame of R2CA project.

The new approach can provide response of each fuel assembly to LOCA transient both simulating thermal-
hydraulics in the core (3D) and in the reactor circuits (1D). The different systems and events of the transient are
modelled using the models available in the thermal-hydraulic code (CESAR RSN or CATHARE-3 CEA) and allow to
predict the whole LOCA transient and especially the influence of emergency safety systems by injection of water
and the induced reflooding of the core. The main difference of this approach with classical DBA model is that each
fuel assembly is represented using a “realistic approach”. The thermo-mechanical behaviour of the fuel rods of
each fuel assembly is evaluated and coupled to thermal-hydraulic conditions using a channel for each fuel
assembly and embedded in a whole 3D core domain. Due to CPU cost constraint, the whole core cannot be
modelled at sub-channel scale, but the proposed approach allows to connect core model providing average fuel
rod response for each fuel assembly to detailed 3D simulation at sub-channel scales. These 3D detailed
simulations can be run in stand-alone for each of the fuel assembly of the core. As local phenomena occurring at
sub-channel scale can significantly influence the rod response to LOCA, it seems necessary to focus on the fuel
assembly in detail. This can be done using the 3D detailed 8% fuel assembly model whose boundary conditions
can be fed by whole core simulation based on equivalent rod approach. So, this approach is a good compromise
between details of modelling and CPU cost. It allows to perform core and detailed fuel assembly simulations
providing the evaluation of the number of failed rods under LOCA conditions in a reasonable computational time
which allows to perform sensitivity studies or to combine these best-estimate simulations to uncertainty methods
(BEPU).
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DRACCAR core & RCS model DRACCAR detailed fuel

Description scale

Core (assuming symmetries) + RCS

assembly model
Fuel rod sub-channels

minimum: 1/8 of core = 26 FA 1 fuel assembly described in detail

Fuel assembly description

8t FA Detailed 3D model
39 fuel rods
5 control rods & guide tubes
1 instrumentation tube
8 spacer grids

Average 2D model
At least 1 equivalent fuel rod
1 equivalent control rod+guide tube
1 equivalent instrumentation tube
8 spacer grids + support grid

Fuel rod description

3D detailed rod model
2D (r,z) thermal meshing 3D (r,6,z) thermal meshing
Creep: 2.5D (0,2) clad contour Creep: 2.5D (0,z) clad contour

Equivalent rod model

Fuel rod axial discretization

At least 40 axial slices

Cladding azimuthal discretization

1 thermal node At least 3 to 4 thermal nodes
At least 40 mechanical nodes At least 40 mechanical nodes

Fuel thermal meshing

Azimuthal: same as clad
9 radial meshes

Fuel rod heat transfer modelling

3D (r,0,2) conductive heat transfer including at contact between rods
Wall-to-fluid convective heat transfer including 2-phase flow regimes,
reflooding model and accounting for ballooning and contact

Simplified FA to FA radiation heat transfer Rod-to-rod radiative heat transfer
based on effective conductivity and equivalent accounting for deformation and shading

radiative resistance of FA (based on Hottel methods)

Fuel heat generation

Normal power evolution (rod power factor, axial profile, time evolution)
Decay Heat from time evolution law (rod power factor, axial profile, time
evolution) or from FP isotopes decay (evaluated by ISODOP module)
Relocation of fuel associated to mass and energy transfer within fuel rod

Thermomechanical modelling

2.5D (r,0,2) secondary creep model with contact detection
(Norton-law for creep rate + phase transformation)
New burst criteria specific to burst risk assessment (developed in frame of R2CA)
Advanced phenomenology: gas transport within fuel rod, fuel relocation

Rotational symmetry of clad contour
over the rod axis
Contact management: non-circular clad
contour if radius exceeds rod pitch

Non-axis-symmetrical deformation
rod-to-rod contact management
Impact of azimuthal thermal gradients

Core thermal-hydraulic description

3D 2-phase flow model with implicit coupling to thermal-mechanics
(CESARIRSN or CATHARE-3C4)
Same axial discretization as the one used for fuel rods

Core thermal-hydraulic channels

26 FA channels | 45 sub-channels

Same axial discretization as the one used for fuel rods (40 axial levels)

RCS thermal-hydraulic description

Full RCS model using thermal- Boundary conditions

hydraulics 1D system description for from DRACCAR LOCA core+RCS
circuits (CESARRSN or CATHARE-3CEA) or system code RCS simulations

RPV modelling

3D core domain
1D downcomer

0D lower and upper vessel plenums
Junction to RCS model
(connection to 1D meshed primary loops)

3D core domain only

FPs release

evaluated for each FA - Evolution of Initial FP isotopes total inventory of the core
from ISODOP module and release evaluation from ELSA module
(ELSA and ISODOP modules from ASTEC V2.2.0 are embed in DRACCAR software)

Automatic chain to source term
evaluation tool

Chained to ASTEC simulation with No

FP transport and release modelling . _
based on same RCS description (Since no RCS is modelled)

Table 49 : Description of the new DRACCAR PWR modelling approach proposed in the frame of the R2CA
project and used to predict the number of failed rods.
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Prospects and possible improvements for the new approach

In the frame of R2CA, IRSN proposes a new methodology with the DRACCAR software to predict the number of
failed rods during LOCA which is a key parameter influencing the source term and the radiological consequences
of LOCA. DRACCAR development is pursued to improve physical modelling or to extend the software capabilities.
This work is directly associated to the R&D activities at IRSN and the production of knowledge relative to the
thermal-hydraulics under LOCA conditions (reflooding, impact of ballooned zone on core coolability), to the
mechanical behaviour of the cladding materials (influence of azimuthal temperature gradients on ballooning,
influence of contact on burst, description of advanced and new cladding materials such as ATF,...) and to the
processes affecting the fuel and impacting rod response (fuel fragmentation and relocation, fission gas release
and transport, ...). The progressive improvement of models will participate to better predict the number of failed
rods under LOCA conditions.

In addition, some prospects concemn the current limitations of the DRACCAR approach which can be dealt
independently from physical modelling improvement. One limitation of the proposed methodology concems the
core model which only represent a part of the core (8t or 4t of core assumed to represent the average response
of the whole core to LOCA) instead of a full core model where all fuel assemblies would be modelled. Therefore,
without a full 3D RPV model, the non-symmetric distribution of flow within the core (due to location of the break on
one of the primary loops) is not represented whenever it could strongly impact the rod response. This limitation of
the approach relates to the DRACCAR numerical performance which needs to be improved to allow LOCA
simulation of the whole core in a reasonable CPU time. At the same time, improving computational performance
of DRACCAR software should allow to propose 3D sub-channels simulation on extended domain. For instance,
such extension of the domain could be useful to better study flow redistribution at fuel assembly boundaries or
between fuel assemblies.

Another limitation is directly associated to the initial fission product inventory and release. Assessing the
radiological consequences of LOCA requires the evaluation of the source term and then to compute the initial
fission product inventory and the fission product release during LOCA. According to the proposed methodology
which distinguishes the different fuel assemblies composing the core and predicts the eventual failure of their fuel
rods, it seems relevant to gather fission products inventory and release particular to each fuel assembly. In the
frame of DRACCAR application, it means managing multiple initial fission products inventories (at least one per
fuel assembly) instead of the total core inventory. Moreover, the decay of fission products must be computed for
each of these inventories (multiple ISODOP computations embedded in DRACCAR simulation instead of just one
on the total core inventory). Concerning the fission products release, ELSA from ASTEC V2.2.0 severe accident
integral code is used. One the prospects is to improve fuel modelling in the FUEL+ software platform to which the
DRACCAR software belongs by coupling DRACCAR fuel rod model to new models describing the fission gas
behaviour in fuel and its possible release under LOCA conditions.

Finally, the new DRACCAR core model approach which was developed in the frame of R2CA for the radiological
consequences provides new insights on the LOCA simulations which must be deepened. With adaptation, this
methodology could serve as the basis for creating a specific whole core methodology for PCT evaluation and
coolability assessment. Development and software improvement are pursued to better model the physical
phenomena affecting fuel rod response under LOCA conditions and to extend the DRACCAR software
performance and capabilities with the idea of simulating the full RPV in 3D.
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HZDR : New 3D core modelling approach with ATHLET-CD

An important goal to be reached in the framework of the R2CA project are new methodologies to estimate the
number of burst rods during LOCA accidents. This is a necessary prerequisite for quantifying the source term, i.e.,
the amount of fission products released from the core into the containment (and further into the environment) during
the accident.
According to German licensing guidelines for PWR, the emergency core cooling system has to be designed such
that at maximum 10 % of the fuel rods burst during the LB-LOCA accident [103]. To estimate that number, a
detailed core model is needed, which take a realistic power distribution and local thermal-hydraulic conditions
(pressure, temperature, void, coolant mass flow rates) into account. The rod behavior with rod deformation, burst
of rods and the feedback to thermal-hydraulic has to be included.
At the beginning of the project (Task 2.3), LOCA simulations have been performed with the system code ATHLET-
CD, using a coarse core nodalization with 6 concentric rings. However, with that coarse model, no prediction could
be made about the number of burst fuel rods.
Therefore, a new core modelling approach has been developed, which combines an already existing approach for
the thermal-hydraulic modelling with the capabilities of ATHLET-CD (mechanical rod behavior model and rod burst
models, calculation of product inventory, release and transport of fission products). The new approach provides a
much more detailed modelling of the core compared to previous applications of ATHLET-CD.
The thermal-hydraulic model is described first (section 0), followed by the new ATHLET-CD core nodalization and
necessary modifications of the code (section 0). The mechanical rod behavior model of ATHLET-CD is discussed
in section 0 and the derivation of the 3D power distribution is shown in section 0. Limitations of the current model
are summarized in section 0.
To show the capabilities of the new model, results of LOCA analyses performed for a generic German PWR are
discussed in section 0.
There have been previous studies with assessment of the number of failed rods during a LB-LOCA performed for
German PWR. Usually the reported fractions of failed rods are small:

o Siemens [104] reported a fraction of failed rods of 0.6 % obtained by deterministic (conservative) analyses

for German PWR

e GRS reported a fraction of failed rods of 3.2 % for German PWR [104][105]

e Heins obtained in his analyses a fraction of failed rods of 1.8 % [105][106]
However, for conservative analysis the number of failed rods can be close to the 10% criterion, e.g. GRS reported
9.1% for a Konvoi analysis if the conservative NUREG-0630 failure criterion is applied [104]. Siemens reported a
value of up to 16.6% for application of the same conservative failure criterion in combination with a conservative
core census (distribution of fuel rods by maximum linear power and burn-up steps) [104].
Those studies included a thermal-hydraulic analysis of the LOCA by application of system codes like RELAP or
ATHLET, but they did not include a 3D model of the RPV. Instead, a rather coarse scheme has been applied to
determine the thermal-hydraulic boundary conditions, which were used afterwards by a transient fuel rod model,
such as BETHY or the GRS code TESPA [104].

Description of new core modelling approach

Thermal hydraulic model of plant and reactor vessel

The reactor pressure vessel is modelled by a hydraulic multichannel approach, i.e. the thermal-hydraulic domain
of the RPV is subdivided azimuthally into inter-connected parallel channels. These channels are represented in
ATHLET by so called thermo-fluid-objects (TFOs) and each TFO is subdivided axially into a certain number of
control volumes (CVs), sometimes also called nodes. Adjacent channels are interconnected by so-called cross-
connection objects (CCOs), which provide flow paths between adjacent CVs.
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The ability to solve the momentum equation in 3D-domains, such as RPVs, was introduced into ATHLET version
3.0A back in 2012 [107], with further improvements introduced in version 3.1A in 2016. Since that time, the 3D
option has been applied for various light water reactor thermal hydraulic analyses. Diaz-Pescador et al.
investigated the thermal-hydraulics of PWR Konvoi during a main steam line break [108] and the multidimensional
fluid mixing during an asymmetric injection of cold water in the primary side of the same reactor type [109].

The validation of ATHLET’s 3D capability was based on the recalculation of selected experiments. These include
the recalculation of experiments from the ROCOM test facility, which was a mock-up of the 4-loop Konvoi PWR,
scaled down by a factor of 5. Several of the ROCOM mixing tests were re-calculated with ATHLET [110]-[115].
Similar approaches have been developed for other system codes, such as RELAP or CATHARE [116].

The new model is based on an ATHLET sample input deck provided with the ATHLET code [117]. That input deck
is a 3D model of generic German PWR including 17 core channels and was later extended by HZDR to a more
detailed model with 193 core channels [118].
Figure 120 shows the nodalization scheme of the vessel, visualizing the described parallel channel approach.
In detail the new model comprises:
o the downcomer, subdivided into 16 parallel channels (Figure 120 shows two of the 16 downcomer
channels);
o the lower plenum, which is subdivided into 1 central channel and 3 concentric rings, each ring subdivided
into 16 parallel channels;
o the core region, which is described in more detail below;
e and the upper plenum, which is subdivided into a central channel and 3 concentric rings, each ring
subdivided into 16 parallel channels.
All of the aforementioned parts of the vessel (except the core) are modelled by cylinder coordinates system.
Furthermore, the upper head of the RPV is modelled by a single large CV, but with by-pass connections between
the 16 downcomer sections and the upper head.
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Figure 120: Nodalization scheme of RPV.

The core region of the Konvoi PWR consists of 193 fuel assemblies, arranged by a 15-by-15 matrix. For the new
core model, it was decided to model each assembly separately with one TFO per assembly. This results in the
scheme shown by Figure 80 with 193 TFOs to model the fuel assemblies. The fuel assembly indexing is arbitrary
(mainly in the order from the center to periphery), but important for the reader to orientate within the results given
later.
The 193 FA TFOs, which are modelled within a Cartesian coordinate system, have to be coupled to the lower and
upper plenum TFOs which are modelled by the above described 3 concentric rings in cylinder coordinates (with
16 azimuthal nodes per ring). That is done by so called branches, which are single control volumes, to which
multiple channels can be connected. Each of the lower plenum channels shown in Figure 79 is connected to one
core inlet volume (branch object), from which four core channels branch off (only two shown in the figure).
The assignment of the fuel assemblies to the lower plenum topology is indicated by Figure 121 and Figure 122:
o 1 central assembly (#5, marked with orange in Figure 121) is connected to the central channel of the
plena
e 64 assemblies of the central part of the core (marked with yellow in Figure 121) are connected to the 1st
plena rings
e 64 assemblies marked with green in Figure 121 connected to the 2" plena rings
e 64 assemblies marked with blue in Figure 121 connected to the 3" plena rings
16 additional TFOs (marked in grey) represent the reflector channels.
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Figure 121: Detailed core configuration (location of Figure 122: Detailed core configuration (assignment
193 fuel assemblies with assembly numbers and of 193 core assemblies to 49 channels of lower/upper
assignment to core rings) plenum)

It has to be emphasized, that a model limited to the core alone or the reactor pressure vessel is not sufficient to
study the plant behavior during LOCA accident, as precise boundary conditions at the RPV inlet and outlets are
not known a priori. There is interaction between the vessel and the loops and the emergency core cooling system
(ECCS, e.g. its initiation of injection depends on how fast the pressure is reduced in the RPV). Furthermore, the
reactor shows a strong asymmetric behavior during the LOCA transient:

e Dreak of only 1 of 4 loops,

o asymmetric ECCS injection due to malfunction and outage of selected systems,

¢ influence of pressurizer, which is connected to only one of the loops.
Therefore, it was decided to develop the new core modelling approach within a full plant ATHLET model (including
full primary and parts of the secondary circuits). Figure 123 shows the nodalization scheme of the complete model,
including

e the RPV,

o 4 separate loops with hot leg, SG inlet and SG exit chamber, SG U-tubes, cold leg and main coolant pump
(only 2 of the 4 loops are shown in Figure 123)
1 pressurizer with surge line connected to hot leg of loop #2
8 accumulators (4 connected to hot legs, 4 connected to cold legs)
Further ECCS components (HPI and LPI)
SG secondary sides with feedwater line, downcomer, riser, separator, steam dome, and main steam line
(simplified as a single junction)
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Figure 123: Nodalization scheme of primary and secondary side.

New type of custom nodalization in ATHLET-CD

The classical approach applied in severe accident codes such as ATHLET-CD is subdivision of the core into a
certain number of concentric rings with the assumption of azimuthally symmetric behavior, especially symmetrical
power distribution and symmetrical thermal-hydraulic boundary conditions. This approach was also applied in
Task 2.3 of the R2CA project (first set of reactor calculations,[108]), with a sub-division into 6 concentric rings (see
Figure.124). Each ring has been modelled by one TFO and one representative fuel rod and control rod. Usually,
the power of those assemblies assigned to a ring is averaged [120]-[123]. However, with such coarse nodalization
and average power factors, it is not possible to estimate the number of failed rods during the accident, as typically
only a few percent of the hot rods burst, as reported by previous studies (see introduction above).

Therefore the detailed thermal hydraulic ATHLET model (described in section 0) needs to be coupled with a more
detailed/flexible nodalization scheme of the core components which are modelled by ATHLET-CD (especially the
rod behavior model which is not available in standalone ATHLET).
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Figure.124: Top: reactor core with 193 assemblies. Bottom: ATHLET-CD nodalization scheme with 6 concentric-
rings, the inner most ring is visualized on the left side of the scheme (PV-COR1), the outer-most ring on the right
side (PV-CORG)

A more flexible nodalization scheme has been developed by GRS and has been implemented in the release version
of ATHLET-CD 3.3. Two new options to create a more detailed reactor core model are available [124]:

o Subdivision of the concentric rings into azimuthal segments

o  Free definition of rectangular shaped nodes (within a Cartesian coordinate system)
The first option has been developed to model local phenomena of a reactor core more adequately, see Figure 125
and has been applied to severe accident analyses with strongly asymmetrical characteristics [125][126].
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Figure 125: Local phenomenon using the new custom nodalization (azimuthal sub-division) [22]

The second option was originally developed to simulate the behavior of accident scenarios in spent fuel pools
[124][127]. For such cases, the assemblies stored in the pool are grouped into areas with relatively uniform power
levels, as shown by Figure 126. Basically analyses with relatively small configurations (e.g. subdivision into 2x3
sections) have been reported in [124][127].
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Figure 126: Example of spent fuel pool nodalization (2x3 sections) [22]

The second approach provides the necessary flexibility to model each assembly separately. The resulting matrix
has a size of 15x15 sections (193 active sections and 32 dummy sections with zero power). Later it was decided
to further subdivide each assembly into 4 sections to improve the accuracy of the calculations (see section 0). The
resulting matrix has a size of 30x30 (772 active sections and 128 dummy sections). The official release of ATHLET-
CD 3.3 had to be extended to handle such large core configuration. Therefore a developer version was provided
by code developer GRS in July 2021 and the necessary code extensions of data arrays have been implemented
by HZDR.

Major code modifications needed for the new nodalization scheme were the replacement of heat radiation model
and the model simulating horizontal movement of molten material [124]. However, for the DBA and DEC-A cases,
heat radiation and movement of molten material play a secondary role or no role at all, respectively. Furthermore,
the new 3D heat radiation model involves the calculation of view factors between the surfaces of the formed core
nodes. As the general case covered by ATHLET-CD takes relocation of material into account, the view factors are
calculated not only between adjacent nodes, but between every single surface to all other surfaces from all nodes
in the core. That leads to a huge calculation matrix for the full core geometry under consideration (too huge to be
stored in memory of a typical PC) and extended calculation time. Therefore, the heat radiation model has been
eliminated from the code for the analyses presented in this report. For the DBA case, cladding temperatures do
not exceed 1200 °C and the space between fuel rods is usually filled with steam, liquid or two-phase mixture and
heat transfer to the coolant is mainly driven by convection. Non-heated components of the fuel assemblies (such
as control rods, guide tubes, spacers) are not taken into account by the newly developed ATHLET-CD input data
sets5, which means on the one hand a reduced heat capacity resulting in higher average assembly temperatures,
and on the other hand radiation heat exchange to these component is not modelled, which also leads to higher
fuel rod temperatures (conservative solution). Radiation heat transfer from the fuel rods to steam, described e.g.
by [128], is not taken into account by the ATHLET-CD code.

Mechanical rod behavior model and rod burst criteria

The mechanical rod behavior module of ATHLET-CD calculates the thermal strains as well as the elastic and
plastic deformations due to the difference between the rod internal pressure (RIP) and the system pressure. The
RIP is calculated as a function of the mean gas gap temperature and the gas gap volume (including the fuel rod

51In general it is possible to include control rods and guide tubes, but for reasons of simplicity this has been neglected.
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plenum volume) under consideration of the fuel porosity and the amount of gas substance (moles). The amount of
gas is calculated from the initial gas gap volume, a given initial gas pressure and temperature, e.g. the fill gas
pressure (which is 2.25 MPa for fresh Konvoi fuel [129]) at ambient temperature.

For fresh Konvoi fuel (low burn-up — 0.0), steady state RIP of the maximum power rods reaches values of 6 to
7 MPa, as indicated by Figure 127 (left side) and Figure, which is in agreement to values reported by [129]. These
values are the lowest steady state values which can be observed for a fuel rod operated at that power level. With
increasing operation time, i.e. increasing burn-up, the rods show higher RIP at the same power level because of
the accumulation of fission gases in the gap. As the heat generation rate of high burn-up rods is usually lower than
that for the fresh fuel (see e.g. Figure 94), the RIP increase is limited. However, the accumulation of fission gas
during normal operation is not computed by ATHLET-CD. Furthermore, for the current code version, only one initial
gas gap pressure value can be defined by the user, which is applied to all rods. Consequently, the burn-up
dependency of the gas gap pressure (at the beginning of the LOCA transient) cannot be modelled in detail. As a
work-around, the possible pressure range has been estimated. This range is bounded by 2.25 MPa cold state gas
gap pressure (for fresh fuel) till highest possible burn-up of approx. 70 GWd/tHM (maximum rod-averaged burn-
up value observed at EOC). For the latter, an initial cold state gas gap pressure of 3.6 MPa has been estimated
with the resulting steady state distribution of rod internal pressure depicted by Figure 127 (right side). The
simulation has been performed with both initial values. The first one returns a lower bound of failed rod number
and the second one returns an upper bound.
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Figure 127: Distribution of rod internal pressure PRODI calculated by ATHLET-CD for two bounding cases. Left
side: initial pressure value 2.25 MPa applied for all rods (fresh fuel). Right side: initial pressure value 3.6 MPa
applied for all rods.

During the LB-LOCA transient, the system pressure drops within approx. 5 to 10 s from 158 bar initial pressure
down to values, which leads to a positive value of

Ap = Prod,int. — psys >0 (1)

Afterwards, the system pressure is further reduced, while the rod internal pressure remains at a higher level for
several seconds.

During the discharge phase of the LOCA transient, the peak cladding temperature (PCT) of those rods with highest
heat generation rate reaches values of up to 1080°C within approx. 5 s, which is a similar time span as it takes the
system pressure to fall below p,,qine. The maximum heating rates can exceed 400 K/s between 1 s and 2 s,
followed by a more moderate heating rate of up to 100 K/s. Usually, a slight drop of the PCT is observed afterwards
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between 5 and approx. 10 s, followed by a second temperature rise to values above 1000 °C. This second peak
or plateau lasts until the rods are quenched by the ECCS (several tens of seconds).
Consequently, from about 10 s on, a significantly large internal overpressure is observed (can reach values in the
order of 2.0 MPa, as shown by Figure 128), while the cladding of those rods remains at high temperature.
Consequently, deformation of the rods takes place which is mainly caused by creep of the cladding material, which
leads to ballooning and later to burst of rods. That process continues during the refilling and reflooding phases of
the LB-LOCA as long as the rods are at elevated temperatures.
ATHLET-CD is able to model the cladding deformation due to creep. Therefore several models/correlations are
implemented, which are based on similar assumptions to develop the models. It is assumed that the deformation
process up to burst of internally pressurized Zircaloy claddings can be calculated from the steady-state (secondary)
creep equation of the material [130]. The steady-state creep rate ¢ of a material at constant temperature and
constant stress can be represented by a power law-Arrhenius equation (the so-called Norton equation) of the form:
. de n( Qa) (2)
E=—=A0
dt
o is the applied hoop (azimuthal) stress in Pa, T is the cladding temperature given in K, and k is the universal gas
constant = 8.314 J/mol-K-'. The structure parameter A (unit MPa™-s), the stress exponent n (dimensionless) and
the activation energy Q,, (unit J/mol) are derived from experimental data.
All models assume symmetrical deformation of the rods. Therefore, the hoop stress for a tube under a differential
pressure Ap = pi, — Pex 1S given by [131]:
a =Ap5_pin+pex (3)
t S 2
with R as the instantaneous mean tube radius and s the instantaneous tube wall thickness.
A typical evolution of the primary pressure and RIP for a high power rod is shown by Figure, with a maximum 4p

after 15 s of approx. 2.0 MPa and average pressure % ~ 6 MPa, which is reduced to 3 MPa later during the

transient (at 23 s, short before rod failure). For Konvoi fuel the initial wall thickness is 0.64 mm and R = 4.43 mm.
According to eq. (3), o can be estimated as -72 MPa and 11 MPa at 0 s and 23 s, respectively. Due to deformation
of the rod, the radius increases and the wall thickness decreases, which leads further increase of ;. The evolution
of the hoop stress for the selected high power rod (the rod with earliest failure) is depicted by Figure 129, with
maximum observed value of 20 MPa just before the rod failure. For other rods which burst later, maximum hoop
stress of approx. 30 MPa is oberserved.
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Figure 128: Typical evolution of the primary pressure  Figure 129: The different stresses computed by
and rod internal pressure of high power rod during ATHLET-CD for the peak power location of high

the first 40 s of the LB-LOCA transient power rod (hoop stress STRESU, radial stress
STRESR, axial stress STRESA, and equivalent
stress STRESV)

The modelling of the rod deformation requires an accurate description of the material parameters. Zircaloy exists
in two different phases with a phase transformation at temperatures around 800 °C and above [105] and therefore,
different correlations are applied for both phases. For pure zirconium, the phase transition from hexagonal closed
packed phase a to the body centred cubic 8 phase is observed at approximately 860 °C. For zirconium alloys the
phase transition takes places within a temperature range, for as received Zircaloy-4 that range spans from 812 °C
to 975 °C. The creep parameters of both phases differ significantly, with higher creep rates of the g phase. In the
transition range the creep has to be described by a law of mixture. Furthermore, oxidation of the cladding can lead
to significant strengthening of the cladding (lower creep rates) [94].

Four different correlations for creep computation are implemented in the ATHLET-CD code:

o Model based on Erbacher et al. [130](ATHLET-CD parameter ITESPA = 1);

e Model based on Rosinger et al. [132] (ITESPA = 2);

e Model of Burton [133] for & phase, but with a modified calculation procedure for the shear modulus G, as
default and recommended option according to the ATHLET-CD manual [134], (ITESPA = 3). That
correlation is called standard correlation of KESS (as it was used in the predecessor of ATHLET-CD,
developed by IKE Stuttgart [135]);

o Original model of Burton [133] for a phase, (ITESPA = 4).

It has to be mentioned, that no correlations are implemented for the 8 phase Zircaloy for Burton’s models®.
For Erbacher and Rosinger correlations, the model parameters are given by Table 50. In case of the Erbacher
correlation, the hoop stress is applied, while for the Rosinger correlation, the engineering stress is applied.

Model Phase n A Q;
- MPa" - s Jimol
Erbacheretal. [28] | a phase | 5.89 1487.0 321000 + 24.69 (T - 923.15)
B phase | 3.78 3.9721 141919
Rosinger etal. [30] | a phase | 5.32 2000.0 284600
B phase | 3.79 8.1 142300

Table 50: Creep correlation parameters applied in ATHLET-CD for Erbacher and Rosinger model

6 Despite values for the beta-phase are given in the cited literature and can also be found in the ATHLET-CD
source code, they are not used during the calculation, for an unknown reason.
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The temperatures to describe both phases are implemented as:

T <T, =1085.15K aphase (4)
T, <T<Tyg interpolation region
T >Tp =1248.15K PBphase
The Burton model describes the creep rate € by using a Harper-Dorn equation for the a phase of Zircaloy [133]:
=1 (7)3) e (559 .
"\1/\¢ kT

Beside the model parameters explained under equation (2), this approach also takes the shear modulus G into
account. Burton et al. [133] derived the following model parameters from experimental creep data of Zircaloy-2:

2
A; =1.82 % 1019%5, n=5.36+0.11, and Q, = (290 + 15) % The temperature-dependent shear
modulus G is calculated by the following expression:
N
G = (40.87 — 0.0197T) X 10"F ©)
With creep model option 3, instead of eq. (6), the following equations are applied to compute the shear modulus:
_ 1+v £ 7
2
Pa
( 1,088 - 101Pa— 5475107 - T T < 1090K ®)
Pa
E = 4912 -10'°Pa — 4.827 - 107? -T 1090 K< T < 1090K
Pa
max (1 -101%Pa,9.21 - 101%Pa — 4.05 - 107? . T) T >1090K
and
v=203 9)

Despite the coefficients have been created for Zircaloy-2, the data might be also used to model Zircaloy-4, as
experiments show good agreement between both types, especially for high temperatures [132].

The creep rates computed by the four different options are compared in Figure 89 for the temperature range
between 600 °C and 1100 °C and a stress range between 1.0 MPa and 100 MPa. As discussed above, stress
values up to 30 MPa are observed during the LOCA transient. Creep rates above 0.005/s have to occur to create
large enough final strain of about 38 % (currently selected default burst criterion) within the duration of 80 s
(maximum observed time for quenching). Furthermore, the code limits the strain rate to a maximum value of 0.3/s.
This region of interest for the typical LOCA conditions is framed by the dashed lines in Figure 130. It is visible that
the Rosinger correlation produces significantly larger creep rates than the Erbacher model (approx. by a factor of
2 larger for the high temperature range, approx. 1 order of magnitude larger for the low temperature range). The
Burton model gives similar values for the low-temperature @ phase as the Rosinger correlation. Due to missing
correlation for 8 phase in the ATHLET-CD implementation of the Burton model, the calculated creep rates for the
high-temperature range are significantly lower than those computed by Rosinger as well as those by Erbacher. As
the current status of the code and new model is documented in this report, the results of the Burton models shown
in Figure 89(c)-(d) are extended to whole temperature range (as it is done in the current version of the code).

The consequences of the four different creep models have been investigated for the rod with highest power (a
case with top-peaked power profile has been taken for this analysis) with the evolution of the hoop strain depicted
in Figure 131. It can be seen that the Rosinger model leads to fastest straining of the cladding. It is the only model
that leads to significant negative creep rates during the first temperature peak (during discharge phase, 3-4 s after
break opening), with creep-down of the cladding to pellet and consequently € < 0. Following the positive Ap after
10 s, the Rosinger model also leads to earliest start of ballooning of the cladding. However, the burst criterion (in
this case 38 % maximum strain has been defined) is reached at almost the same time for all four models (2 seconds
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later for the Burton model compared to the Rosinger model). The evolution of the number of burst rods is shown
by Figure 132. The Rosinger model results in a faster increase in the number of burst rods and also leads to a 20%
higher number of total burst rods compared to the other three burst models.

Erbacher model
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(c) Burton model (with modified shear modulus) (d) Burton model (original equations for shear
as it is implemented in ATHLET-CD modulus) as implemented in ATHLET-CD
Figure 130: Creep rates calculated by the four creep rate models implemented in ATHLET-CD
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Figure 131: Comparison of four creep rate models
implemented in ATHLET-CD. Evolution of the
azimuthal (hoop) strain of selected high power rod
during LBLOCA.
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Figure 132: Comparison of four creep rate models
implemented in ATHLET-CD. Number of burst rods
computed for a LB-LOCA case with top-peaked
power profile.

Both ATHLET-CD implementations of the Rosinger and the Erbacher model take the strengthening effect due to
cladding oxidation into account. However, the model is implemented in a simplified way, by adjusting the phase
transition temperatures T, and T which are increased by 200 K per weight % oxygen in the cladding. The oxygen
concentration is not calculated by the code. It has to be given by user-defined input parameter TSPOX0 and by
default, TSPOX0 = 0.0 is selected. To study the strengthening effect, the simulation case with the Rosinger model
has been repeated with 0.5 wt-%, 1.0 wt-%, 1.5 wt-% and 2.0 wt-% oxygen. The obtained results are depicted by
Figure 133 and Figure 134. According to the obtained results, small amount of oxygen lead to a reduction of the
creep rates and a delay of the first rod burst, and lower number of burst rods. If the cladding contains more or
equal than 2.0 wt-% oxygen, the Rosinger correlation (as implemented in ATHLET-CD) predicts no burst of the
cladding for the investigated scenario. A discussion among the project partners revealed, that this result seems to

be questionable and the model will need further assessment.

0.6

T
Azimuthal strain
No oxygen

05k — 0.5 wt-% oxygen |

—— 1.0 wt-% oxygen
—— 1.5 wt-% oxygen

o
IS
T

o
w

Strain [-]

o
[

e
b

0.0

—— 2.0 wt-% oxygen ]

Time [s]
Figure 133: Study of strengthening effect due to
oxygen. Evolution of the azimuthal (hoop) strain of
first burst rod / selected high power rod during LB-
LOCA (Rosinger creep rate correlation applied).
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Figure 134: Study of strengthening effect due to
oxygen. Number of burst rods computed for a LB-
LOCA case with top-peaked power profile (Rosinger
creep rate correlation applied).

For the remainder of the analyses presented in this report, the modified Burton model (ITESPA=3) has been
applied (default model of ATHLET-CD) and the effect of oxygen has been neglected. The main reason for this
selection is that the following analyses have been performed before the above discussed investigation of the
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different creep rate equations has been done. Due to long calculation time (more than 1 month for each simulation),
there is no time at the moment to repeat the simulations with alternative creep rate equations.

Another important model parameter is the implemented rod burst criterion. ATHLET-CD provides 4 different rod
burst models, which are set by an input parameter(parameter IBLOW) [134]:

o Option 0: Maximum hoop strain criterion (38 %);

e Option 1: Stress criteria as function of heat-up rate (Chapman correlation);

o  Option 2: Stress/strain criteria (Model of Hagrman);

e  Option 3: Extended model based on the code TESPA-ROD.
Option 3 is mandatory, if the user wants to apply one of the above discussed creep-rate correlations (with
parameter IBLOW < 3, only the KESS-standard-correlation for creep rate can be applied [134]). With option 3,
there are further options to describe the burst criterion, which are defined by another input parameter (IBURST):

e Option 3-A: a fixed maximum hoop strain value of 38 % is applied (identical to option 0 concerning the

burst prediction);

e Option 3-B: maximum hoop strain exceeds a user-defined value;

e  Option 3-C: same as option 3-B or maximum strain rate exceeds a user-defined value.
Some details about the different burst options are given in the following. If option 0 is selected, the maximum hoop
strain criterion is hard-coded as 38 %. According to the ATHLET-CD documentation [124], that criterion is mainly
used to test the model. Option 1 is based on the Chapman correlation [125][126]:
20.40, 8.51-10%q, (10)
1+e¢ 1001+ ¢*) + 27900,
with burst temperature 95 in °C, the engineering hoop stress in ksi and the ratio of the heat-up rate e (given in
°Cls) and a maximum heat-up rate of 28 °C/s:

9p = 3960 —

._ @ (11)
* = 28°C/s

The scaling factor between ksi and Pa is:
1ksi = 6,894,757Pa = 6.894757MPa (12)

However, a review of the ATHLET-CD implementation revealed, that 689643.0 has been used as scaling factor
instead of 6894757.0, which leads to very low calculated burst temperatures’.

The third burst model option is based on the model of Hagrman [138][139]. The azimuthal burst stress is calculated
as a function of the temperature [124]. The burst criterion is furthermore combined with a maximum strain criterion.
However, the model has not been assessed in detail and no simulations have been performed with this model
option due to lack of time / computational resources.

For most of the analyses presented in this report, the extended model based on the code TESPA-ROD (IBLOW=3)
has been selected in combination with maximum hoop strain of 38 % selected as burst criterion (IBURST=0).

Calculation of initial power distribution and transient evolution of fission and decay power

Knowledge of the detailed and precise initial power distribution and burn-up is of particular importance for the
evaluation of the fuel rod behavior during the LOCA accident and determining the number of failed fuel rods. The
power distribution of the generic Konvoi has been taken from core simulator calculations, which have been
performed for a typical cycle. Data has been provided for beginning of cycle (BOC), e.g. at 6 equivalent full power
days (EFPD) and end of cycle (EOC), e.g. at 330 EFPD. The data has been prepared as local relative power
factors vs. burn-up for all 57900 fuel rods and 32 layers per rod (in total 1.85 108 data points per core state). The
highest local power factors are observed at BOC (at approx. 2.05, which corresponds to a linear heat generation

" The code additionally limits the calculated temperature to values not lower than 900°C.
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rate (LHGR) of approx. 360 W/cm). For EOC, the local peak power factor is significantly lower, but maximum local
burn-up of 75 GWd/tHM is observed. For the further analyses, it has been decided to focus on the BOC data, as

this case shows the maximum power factors.

Power vs. burnup at 6.00 EFPD

Local relative power

0.5

0.0

o 10 20 30 40 50 &0 70
Local burn-up

(a) BOC data (6.0 EFPD).

B0

Local relative power

0.5 4

0.0

Power vs. burnup at 330.00 EFPD

10 20 30 a0 50 80 70 B0
Local burn-up

(b) EOC data (330 EFPD)

Figure 135 Local relative power vs. local burn-up for all fuel rods (57900 rods at 32 axial layers).

The power distribution is shown exemplarily for a selected axial layer by Figure 136. From the power distribution,
rod power factors (RPF, rod averaged value of the 32 axial layers) can be calculated. The location of those rods
with RPF > 1.5 is shown by Figure 135. With the current version of ATHLET-CD, it is not possible to set-up a pin-
by-pin (57900 fuel rods) core model, including separate fluid channels for each fuel rod. Instead, the core is
modelled by a lower number of core channels and representative fuel rods. Appropriate average RPF and power
profiles have to be derived from the detailed power distribution. One option is the computation of average RPF for
each assembly, shown by Figure.138. The maximum RPF is 1.445 and the corresponding assembly averaged
power profile is shown in Figure 139. Preliminary analyses performed with that configuration showed that no rods
fail during the LOCA transient, as the PCT do not exceed 620 °C.
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Section average power factors at 6.00 EFPD
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Figure 140: Average rod power factors for 4 rod sections per Figure 141: Four rod power profiles
assembly for assembly with maximum power

Therefore, a more detailed configuration has been investigated, with 4 representative rods per assembly, but
retaining one thermal-hydraulic channel per assembly8. The fuel rods have been ordered according to their rod
power and 4 groups have been created per assembly. The first group contains those 25 % of the rods of one
assembly with maximum power, the second group those 25 % of the rods with second highest power and so on.
The corresponding RPFs of the more detailed configuration are shown by Figure 99, with a maximum of 1.567.
The corresponding realistic power profiles of the 4 rod groups forming the assembly with maximum power are
shown by Figure 141, with a maximum LHGR of 350 W/cm.

According to [140], the most unfavorable conditions have to be selected for the loss-of-coolant accident analyses.
Since first countermeasures by the reactor power limitation system takes place at a thermal reactor power of
103 %, that value determines the most unfavorable conditions. Furthermore, measurement uncertainties (3 %)
have to be taken into account. Consequently, the total core power has been scaled to 106 % of the nominal power.
Furthermore, the most unfavorable power density distribution has to be selected for the analyses [140] , which is
a top-peaked power profile with a maximum LHGR of 485 W/cm (verification value for LHGR conservative LOCA
analysis, [141]. To construct such a power distribution for the ATHLET-CD core sections, the RPFs derived from
the core simulator results have been multiplied by a generic top-peaked power profile. However, for the top-peaked
profile the maximum power has been limited to 455 W/cm (otherwise departure of nucleate boiling with unrealistic
high cladding temperatures above 1000 °C has been observed during ATHLET-CD steady state). The final top-
peaked power profiles applied in ATHLET-CD are exemplarily depicted by Figure 142 for the assembly with
maximum power.

8 Otherwise too large impact on the calculation time is expected.
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Figure 142: Four top-peaked rod power profiles constructed for the assembly with maximum power

As the axial power profile has significant effect on the fuel rod behavior during the LOCA accident, the analysis
has been performed with both profiles (realistic profile directly derived from the core simulator and top-peaked
power profile).

The new detailed ATHLET-CD core model contains in total 772 representative fuel rods, each represents 75 fuel
rods of the total core (57900 rods), which means, that the fraction of failed rods could be estimated in steps of
0.13 %. Such configuration is a compromise between accuracy and calculation efforts.

The calculation of fission product inventory and decay heat is performed by the ATHLET-CD sub-programs OREST
[142] and FIPISO [143]. The fission product inventory and decay heat is calculated separately for each of the 772
core sections (representative fuel rods) based on the power density and burn-up reached in the fuel rod.

Current limitations of the new model
The limitations of the current model are summarized as follows:

1. Itis currently not possible to define the gas gap pressure for each fuel rod separately; only a single value
can be given by the input data set at the corresponding temperature (e.g. fill gas pressure at room
temperature) which is applied to all rods. The evolution of the RIP is calculated based on this initial value,
the current gas gap temperature and changes of the gas gap volume. The burn-up dependent increase
of RIP is not modelled. As a work-around two bounding cases are simulated (lowest and highest expected
RIP values).

2. Heat transfer by radiation had to be neglected, due to practical reasons (too long running time and too
large amount of memory needed), see discussion at the end of section 0.

3. The geometry of fuel assemblies is simplified. The fuel rods of each assembly are grouped into 4 groups
of different power, their internal arrangement to each other is neglected. Therefore, also non-heated core
structures such as control rods, guide tubes and spacers are not taken into account as it is currently not
possible to model the arrangement of those structures to the different fuel rods. For each assembly only
one thermal-hydraulic channel has been applied, instead of application of a separate thermal-hydraulic
channel for each group of fuel rods.

4. Due to extremely long simulation times, the detailed model can only be applied to relatively short
transients (such as the discharge and reflooding phase of a LB-LOCA which takes less than 200 s system
time until all rods are quenched and no significant further changes are expected). As shown in the next
section, approximately 1-2 months simulation time is needed to simulate the 200 s of the LOCA transient.
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5. For each assembly, 4 groups of rods with ordered power are created (in total 75 rods per group) and rod
power is averaged among the group. That leads to lower maximum power (e.g. for realistic power profile
case, the max. LHGR applied in ATHLET-CD simulation is 350 W/cm, which is 3% lower than the peak
LHGR observed in the real core). That issue can be resolved by creation of more rod groups per
assembly.

First results obtained for generic German PWR (type Konvoi)

The analysis is performed for a German PWR of type Siemens-KWU (Konvoi design). However, the analysis is
generic and no reference to any existing plant can be given. Therefore, input data and geometry has been simplified
and is limited to data which is available to the public.

Short description of the assessed plant (components important for LOCA analyses)

The plant is a 4-loop plant, with nominal 3950 MW thermal power. For the current LOCA analyses, a conservatively
high reactor power (106 % of nominal power) has been selected (see section 0). The reactor core consists of 193
fuel assemblies with 18x18-24 fuel rod grid (300 fuel rods per assembly). The control rods have been neglected in
the current analyses.
The emergency core cooling system (ECCS) is designed with combined injection from cold leg and hot leg. The
ECCS consists of [144][145]:
e 8 accumulators (1 connected to each hot leg and cold leg)
o High pressure injection system (HPIS), consisting of 4 high pressure safety injection pumps, injecting
either to hot legs (default injection point) or to cold legs (automatic switch if break is located in hot leg)
o Low pressure injection system (LPIS), consisting of 4 low pressure (LP) residual heat removal (RHR)
pumps, injecting 50 % of coolant to cold legs and 50 % of coolant to hot legs.
The hot leg ECC injection pipes are designed such that injection of borated water is directed to the upper plenum.
This device is called “Hutze” and shown by Figure 143 [146][147]. Since the injection of sub-cooled liquid is parallel
to the main flow in the hot leg (steam after the discharge phase during LOCA), no significant condensation is
assumed to occur at the jet surface [148]. In cases, where the hot leg is filled with saturated water originating from
the upper plenum, a thermal stratification will be established in the hot leg. ATHLET is able to model this behavior
by application of the scoop injection model [148].
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Figure 143: Hot leg ECC injection by application of a special injection pipe (Hutze) [136]
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Short description of the investigated LB-LOCA scenario and assumptions for ECCS

The reactor is operated at full power. To cover uncertainties of reactor power [141], the power is set to 106 % of
the nominal power in the current analysis (conservative value, 4187 MW).
The Large-break LOCA is initiated by a double-ended guillotine break of cold leg of loop 2 (loop connected to the
pressurizer?), in combination with loss-of-offsite power (LOOP). The break is located close to the reactor pressure
vessel. Diameter of the loop is 0.75 m; the break size is 2 x 4417 cm?,
For DBA-LOCA, the assumptions for availability of the emergency core cooling systems (ECCS) are made
according to RSK guidelines [140][103] [140] and are summarized in Table 51. The single failure (SF) criterion is
applied, which means that one hot leg injection train is blocked. Furthermore, maintenance (MA) of one
accumulator has to be assumed. The accumulator and low-pressure injection pumps connected to cold leg #2
inject directly to the break (and are therefore not efficient).
The active ECCS starts, when the emergency preparation signal is set. This signal is set, when two out of three of
the following criteria are reached (activation by the reactor protection system):

- Pressure difference between containment and atmosphere > 30 mbar

- Primary pressure < 111 bar (absolute)

- Level in the pressurizer < 2.28 m

During LB-LOCA scenario, all three criteria are reached within a few seconds after the start of the accident.
After activation of ECCS preparation signal, the emergency diesel generators are started (start-up time 30 s is
assumed) and borated water is injected into the reactor coolant system:

- HPIS: if primary pressure < 111 bar (absolute pressure)

- LPIS: if primary pressure < 10 bar (absolute pressure)

The active ECCS pumps inject until the borated water storage tanks are empty. From that moment on, injection is
switched to injection from the containment sump.
The accumulators are a passive system and start to inject borated water, if primary pressure < 26 bar.

9 The location of pressurizer has been varied during the study (additional simulations with pressurizer located in one of the
intact loops).
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Injection System

Safety injection pumps (high
pressure pumps)
Accumulators 1 1

Residual heat removal pumps 1 1
(low pressure pumps)

1 Injection system available
1* Injection system available, but injects to broken loop
I Not available due to single failure
Not available due to maintenance
Table 51 : Assumptions for the ECCS applied in the DBA LOCA scenario.

Steady state solution obtained with new core model

The steady state results shown in this section have been obtained with an optimized input deck, which differs from
the input decks applied for the preparation of the results for the current report (sections 0 - 0). The reason is that
several issues have been observed during the preparation of the results, among others:

¢ Imbalanced power (core power was set to 106 %, but SG conditions were not adjusted properly);

e By default, the ATHLET-CD code tries to compensate the imbalanced power by adjusting the SG heat
transfer surface — Different surface adjustment factors were calculated for each loop — Non-
homogeneous temperature distribution in cold legs and at the core inlet (deviations of up to 4 K between
the loops);

o No steady state core inlet temperature could be found;

¢ No constant primary pressure during zero transient (due to imbalanced power).

These issues have been resolved afterwards by adjusting the secondary side conditions and switching off the
ATHLET SG surface adjustment option.
Furthermore several mistakes have been corrected in the input deck:

e  Pump power has not be taken into account during steady state calculation;

o Initial values of accumulators corrected.

Itis planned to repeat the simulations shown in the next sections with the optimized input data set. Due to the fact
that the calculation time of one simulation is up to two months, those simulations have not been finished yet and
will be presented in the framework of task 2.5 of the project.

ATHLET(-CD) first performs an initial steady state calculation, followed by a zero transient calculation (with
constant reactor power). Due to long calculation time, the zero transient has been limited to 200 seconds. Selected
parameters of the zero transient calculation are shown by Figure 144 and a comparison of the main figures to
design values is given by Table 52. It has been possible to find a stable steady state solution and an acceptable
agreement to design values. A main difference is due to the observed reduction of the loop mass flow rates just
after the beginning of the simulation. While the given initial value is 4950 kg/s per loop (equal to the design value),
the calculated steady state values are approx. 4550 kg/s per loop, which is approx. 8 % lower. This too low mass
flow rate can partially explain the too high coolant temperature rise in the core observed in the ATHLET-CD
simulation. The remaining deviation is to be explained by the increased core power (106 % while the design value
is given for 100 % nominal power). The mass flow rate drop is still under investigation to further improve the
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computed steady solution. It is not expected that the observed deviations affect the transient LOCA results
significantly.

With the modifications mentioned above, it has been possible to obtain an almost uniform core inlet temperature
distribution (Figure 144(e) and Figure 145).
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Figure 144: Evolution of selected reactor parameters during the zero transient
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temperature temperature (in upper plenum)

Plant parameter Unit Design value'® [149]- | ATHLET-CD Deviation / %
[151]

Thermal core power (106 % of | MW 4187 4187 0.0

nominal value)

Steam generator power MW 4204 4213 +0.2

Pressure in hot leg MPa 15.8 15.7 -0.06

SG pressure MPa 6.5 MPa 6.44 MPa -0.9

Total loop mass flow rate (sum | kg/s 19787 18239 -7.8

of 4 loops)

RPV inlet temperature °C 293.7 289.3 -1.5

RPV outlet temperature °C 327.8 329.2 +0.4

Core AT K 34.1 39.9 +17.0

Average coolant temperature °C 310.6 309.3 04

(between SG inlet and outlet)

Feedwater mass flow rate kgls 2187.0 2280.0 +4.3

Steam mass flow rate kg/s 2187.0 2295.9 +4.9

Table 52 : Comparison of selected steady state key parameters calculated by ATHLET-CD with design value

Results obtained for top-peaked power profile

The first analysis presented in the report is performed for a LB-LOCA case with break in CL of loop 2, but with
pressurizer connected to loop 3. Results for a case with maximum initial RIP = 3.6 MPa are shown (resulting in the
maximum steady state RIP of 11.2 MPa, see Figure 148). The maximum cladding temperatures of the 772
representative fuel rods are shown by Figure 147. During discharge phase a first temperature peak of 1020 °C (at
5 s) is observed, followed by a first temperature reduction. After 10 s, the temperature again starts to increase until
about 18 s a plateau slightly above 1000 °C is reached. Afterwards, more and more rods are quenched until

10 No publically available data has been found for the 106 % power case. Therefore, the nominal values are given for most
parameters (except core power / SG power).
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approx. at 75 s all rods have been quenched. Due to the elevated temperature and a drop of the primary pressure
below rod internal pressure at approx. 2 s after the beginning of the LOCA (see Figure 148), the cladding of the
first rods starts to balloon due to creep of the material (Figure 149). At 19 s the first rod reaches the activated burst
criterion (38 % hoop strain). The progression of the number of burst rods is given by Figure 150, with a final number
of 58 representative rods (eq. to 4350 real fuel rods, 7.5 % of all rods).
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Figure 149: Simulation case #1. Hoop strain of those  Figure 150: Simulation case #1. Progression of the
58 representative rods that reach the burst criterion number of burst rods.
(38 % strain).

0.0

In the following plots, the spatial distribution of selected output parameters is presented. Each of the plots shows
values for the 193 assemblies (assembly numbers are given in the plots). For each assembly, 4 quadrants are
depicted, each shows the result of one representative rod (the quadrant in the upper right corner of an assembly
depicts the results of the representative rod with maximum power).

Figure 110 shows the cladding temperature of 6 different axial layers at 5 s after the break (first temperature peak).
The temperature distribution is almost symmetrical and depends mainly on the energy stored in the fuel rods. Due
to the top-peaked power profile with maximum power in layer 15, the highest temperatures are observed in that
layer. At the top of the core (layer 17), the beginning of cold water injection from hot leg of loop 3 (due to coolant
injection from the pressurizer) is observed, which leads to local reduction of the cladding temperatures (upper left
corners of Figure Figure 151(d), (e) and (f)). Figure 152 shows the situation 15 s later with a strong asymmetric

1 Due to imbalanced steady state solution, primary pressure in this simulation is higher than nominal value. This issue will be
fixed for final simulations presented in Task 2.5. The deviation is not expected to have very large impact on the results.
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temperature distribution due to asymmetric injection (before 20 s mainly from pressurizer, loop 3) and discharge
to the break (loop 2). From the axial distribution the peak value has been computed for each rod and is shown by
Figure 153(a) for t=5 s and by Figure 153(b) for t=20 s. The further progression of the radial distribution of PCT is
indicated by Figure 153(c)-(f), showing that the region close to the loop 2 remains at elevated temperature for
longer time.
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Figure 151: Simulation case #1. Cladding temperature distribution at 6 different elevations 5 s after beginning of

LOCA transient
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LOCA transient
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The simulation has been repeated with the minimum initial RIP value (2.25 MPa at 293 °C), equal to the fill gas
pressure of fresh fuel, resulting in a significantly lower RIP during zero transient before the LOCA (7.0 MPa). Due
to the lower RIP, no ballooning is observed before 20 s, and the creep rates of the cladding are lower. The first rod
bursts at 36 s (approx. double the time observed for the high pressure case) and the total number of burst rods is
3 % of all rods. This number is the lower boundary for burst rods, compared to the previously determined upper
boundary of 7.5 %. The spatial distribution of burst rods is similar to the previous variant with most of the burst
rods located in the core quadrant connected to the broken loop (lower left corner of Figure 159).
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Figure 155 Simulation case #2. Maximum cladding Figure 156 Simulation case #2. Primary pressure and
temperature of the 772 representative rods. RIP of the fuel rod which earliest burst.
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58 representative rods that reach the burst criterion number of burst rods.
(38 % strain).
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Figure 159: Simulation case #2. Distribution of maximum azimuthal strain at the end of LOCA

As described above, in both previous simulations the pressurizer has been connected to one of the intact loops
and its inventory has been discharged into the RPV which leads to cooling of the hottest part of the core (top-
peaked power profile) during the first 10 s of the transient. To study the influence of this effect, the simulation has
been modified with pressurizer connected to the broken loop. Again two simulations with two bounding values of
RIP have been carried out (case #3 with initial RIP = 3.6 MPa and case #4 with initial RIP = 2.25 MPa).

Figure 121 shows the cladding temperature distribution at the top of the core 5 s after beginning of the LOCA
accident. A comparison of this figure to Figure 151(f) reveals that there is no water injection coming from
pressurizer via hot leg of loop 3, which leads to less cooling of the hot core during the discharge phase and a
higher PCT (Figure 160). In general a more homogenous distribution of the PCT is observed and larger parts of
the core remain at elevated temperature (compare Figure 163 with Figure 153(b)). This leads to earlier burst of the
rods and an increased number (13.6 % of all rods for the case with pressurizer connected to broken loop compared
to 3% if the pressurizer is connected to intact loop, see Figure 161). The burst rods are distributed more
homogenously across the core than it has been observed for the cases with injection from pressurizer (compare
Figure 164 with Figure 159 and Figure 165 with Figure 154(f)). For the upper boundary case (with initial RIP =
3.6 MPa), 18.9 % of all rods burst.
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Figure 160: Evolution of PCT for two different Figure 161: Evolution of number of burst rods for two
scenarios (pressurizer connected to intact loop vs. different scenarios (pressurizer connected to intact
pressurizer connected to broken loop). loop vs. pressurizer connected to broken loop).
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Results obtained for realistic power profile

The consequences of different core power profiles have been investigated. All 4 simulation cases discussed in the
previous sections with top-peaked power profile have been repeated with realistic power profile taken directly from
the core simulator results. One case (case #9 according to the enumeration in the summary Table 53) has been
selected for comparison to a simulation case with top-peaked power profile. Apart from the different power-profiles,
both simulations have been performed with almost identical initial and boundary conditions (e.g. 106 % of core
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power, pressurizer located in the same loop as the break, low initial RIP = 2.25 MPa)2. The investigated simulation
was suspended by code error shortly after 80 s. However, as no further significant increase of the rod deformation
is expected later, the reached time span is enough to draw preliminary conclusions.

The PCTs of all 772 rods are shown for the top-peaked power profile and the realistic power profile by Figure 166
and Figure 167, respectively. As expected, in case of a top-peaked power profile higher temperatures are observed
than for the case with realistic power profile. This trend is observed for the first peak (during discharge phase) and
also for the second heat-up phase at around 50 s.
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Figure 166: Simulation case #4 with top-peaked Figure 167: Simulation case #9 with realistic power
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For the top-peaked profile case, creep of rods starts earlier and higher creep rates are observed. A large number
of rods reach 38 % hoop strain shortly after 20 s (defined burst criterion), whereas the code predicts first rod burst
at 31 s for the realistic power profile case (see Figure 168 and Figure 169). With the assumptions made for the
current analyses with a top-peaked profile, the proportion of rods that burst exceeds the 10% criterion at 13.7 %,
while with a realistic performance profile only 5.2 % of the rods burst.
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Figure 168: Simulation case #4 with top-peaked Figure 169: Simulation case #9 with realistic power
power profile. Evolution of hoop strain of those rods ~ profile. Evolution of hoop strain of those rods that
that reach burst criterion (38 % hoop strain, rod labels  reach burst criterion (38 % hoop strain).

excluded due to too many burst rods).

12 One exception is the too high initial pressure value set for the accumulators for case #4, which results in injection starting a
few seconds too early. Due to too long run-times, that case could not be repeated up to now.
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The distribution of the hoop-strain within the core at the end of the LOCA transient is shown by Figure 170 for
different axial layers between layer 5 (bottom part of the core) and 16 (top-most layer). Dark red color indicates
those rods which have reached 38 % hoop strain (burst criterion). For top-peaked profile, burst is observed from
layer 12 to 14, whereas for realistic profile, burst is observed closer to the center of the core (layer 10 to 12).

GA n° 847656 Page 185 of 218



A

D3.4 Progress report on rod cladding failure during LOCA

Top-peaked power profile

EPUN, NODE16, 80.00s EPUN, NODE15, 80.00s

GA n° 847656

Layer 15

EPUN, NODE13, 80.00s

Layer 11

Realistic power profile

EPUN, NODE16, 80.00s EPUN, NODE15, 80.00s

Layer 16

EPUN, NODE14, 80.00s

Layer 14

EPUN, NODE12, 80.00s

i :
0.05 [=]=] 005

Layer 11

Page 186 of 218



A

D3.4 Progress report on rod cladding failure during LOCA

EPUN, NODE10, 80.00s

Layer 10

EPUN, NODEO8, 80.00s

EPUN. NODE06, 80.00s

Layer 8

EPUN, NODE09, 80.00s

Layer 9

EPUN, NODEO7, 80.00s

Layer 7

EPUN, NODEOS, 80.00s

EPUN, NODE10, 80.00s

Layer 10

EPUN, NODEOS, 80.00s

Layer 8

EPUN, NODE06, 80.00s

EPUN, NODE09, 80.00s

Layer 9

EPUN, NODEO7, 80.00s

Layer 5 Layer 6 Layer 5
Figure 170: Distribution of azimuthal strain at =80 s (top-peaked vs. realistic power profile).

Investigation of influence of core cross-connections

The newly developed core model contains connecting junctions (cross connections) between adjacent core
channels. This feature enables coolant exchange in horizontal direction within the core and furthermore, pressure
differences between neighboring control volumes are reduced. This is especially important for cases, where the
flow cross-sectional area of a channel is reduced due to ballooning of fuel rods, or even is blocked due to
neighboring fuel rods in contact. Without cross connections such a situation can lead to conditions, where the
coolant flow vanishes completely and the affected region might heat-up until melting of the rods is reached. With
cross-connections, flow can enter the affected region from neighboring channels and better cooling is expected.
To study the effect of the CCOs, one simulation has been performed where the core cross-connections have been
removed. A case with realistic power distribution and minimum initial RIP (2.25 MPa) has been selected for
comparison. Unfortunately, both simulations have been terminated at approx. 80 s due to an ATHLET-CD error,
which is prior to complete quenching of the rods and the analysis has to be limited to that time.

An advantage of the model without cross-connections is the significantly shorter CPU time (approx. a factor of 2
faster, see Figure 171), due to the lower number of equations to be computed (reduced size of the Jacobi matrix).
However, the results of the simplified model differ significantly from the results obtained by the model with CCOs.
As in the model without CCOs the horizontal flows and the resulting cooling effects are neglected, the channels
with high power rods heat up, the rods deform and block the channels, which leads to further heat-up of those
channels later during the transient. This is depicted by Figure 134 with the maximum cladding temperature of each
rod at approx. 80 s. While in the model with cross-connections most rods already have been quenched, in the
model without CCOs large part of the core remains at high temperature. In contrast to the model with CCOs which
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shows asymmetrical temperature distribution in the core due to asymmetrical boundary conditions, the model
without CCOs shows a rather symmetrical temperature distribution. That leads also to a symmetrical distribution
of the burst rods (Figure 176). That means that the asymmetric conditions observed at vessel boundaries almost
vanish in the core if the simplified model is used.
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Figure 175: Simulation with pressurizer connected to broken loop, initial RIP = 2.25 MPa, realistic power
profile. Distribution of maximum cladding temperature at 80 s (end of simulation).
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Figure 176: Simulation with pressurizer connected to broken loop, initial RIP = 2.25 MPa, realistic power
profile. Distribution of maximum azimuthal strain at 80 s (end of simulation).
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Summary and outlook

A new core modelling approach has been developed which combines a 3D thermal hydraulic model of the PWR
RPV and reactor core with the fuel rod model of ATHLET-CD (including mechanical rod behavior model, models
for burst of cladding, calculation of fission product inventory and decay heat) and feedback from the fuel rod model
back to thermal-hydraulic model (based on calculation of reduction of the flow cross sectional areas).

Despite the model still has several limitations and short-comings, it is (to the author’s knowledge) the first time that
the system code ATHLET-CD has been applied to model the degradation of fuel rods for a 3D configuration of
PWR core. In contrast to the very coarse nodalization approach applied at the beginning of the project (subdivision
of the core into 6 concentric rings, which is the typical approach applied in severe accident codes), the new
approach enables to study the influence of local variations of the flow and cooling conditions to the behavior of the
fuel rod. This is especially important for the analyses of a LB-LOCA with asymmetric boundary conditions due to
break located in only 1 out 4 loops and asymmetric ECCS injection. With the new model the number of burst fuel
rods during the LB-LOCA accident could be estimated, which was not possible with the previously used approach.
To investigate the performance and the capabilities of the new model, several LB-LOCA transients have been
calculated for a generic German PWR of type Konvoi, with variation of the boundary conditions as well as model
parameters and the number of failed rods has been calculated.

The results of the performed simulations are summarized in Table 53. For the cases investigated up to now, the
break is located in cold leg of loop #2. The location of the pressurizer has been varied. In the first case, the
pressurizer is connected to the hot leg of the affected loop (P2-HL), for other cases the pressurizer is connected
to an intact loop (hot leg of loop #3). As explained in section 0, for each scenario, two boundary cases with low
and high initial value of RIP have been calculated (RIP = 2.25 MPa vs. 3.60 MPa). Furthermore, two different power
profiles have been investigated (top-peaked power profile vs. realistic power profile).

Depending on the investigated scenario, initial and boundary conditions, the fraction of failed rods varies between
3 % and 20 %. Even for cases with realistic power profile and lowest RIP values, the calculated number of failed
rods exceeds the values reported in previous studies and higher numbers are expected if a realistic RIP distribution
would be included into the current model. Furthermore, the analyses reported previously [93][94] show a
symmetrical distribution of the burst rods, which is in contrast to the new results obtained by the 3D model.

The influence of the core blockage model (feedback from fuel rod behavior model to thermal-hydraulic model by
reduction of flow cross sections due to rod deformation) has been studied. The comparison of simulation case #5
to case #4 shows that neglecting the cross flow reduction calculation leads to an underestimated failed rod number
(underestimation by approx. 25% for the investigated case). Consequently, it is recommended to take the feedback
from fuel rod behavior model to thermal-hydraulics into account for a best estimate study of LOCA.

One simulation case (#10) has been performed without cross-connections between the core channels. That means
that the assemblies are isolated from each other and no horizontal flow is possible between adjacent channels,
which is in contrast to the real configuration in a PWR core where cross flows are possible. Such assumptions lead
to reduced cooling of the rods and a significantly increased number of burst rods (compare case #5 with case #10).
That shows that modelling of cross-connections is essential for a realistic modelling approach.

The ATHLET-CD models for cladding creep and burst have been assessed and applied to the LOCA scenario.
The code currently provides four different correlations for modelling of the creep of Zircaloy cladding. However, it
was found out that some models are missing correlations for the beta-phase, which should be updated in the future.
The implemented correlation according to Rosinger shows the highest creep rates and leads to the highest number
of burst rods. Therefore, this correlation might be used in a conservative analysis, but no final conclusion could be
drawn which correlation should be applied for a best estimate simulation of the LOCA transient.

The implemented burst criteria comprise simple criteria such as a user-defined maximum hoop strain or strain rate
and more detailed criteria such as the Chapman correlation and the model according to Hagrman. For reason of
simplicity, the maximum strain criterion has been applied in most analyses performed up to now with the new core
modelling approach. Further assessment of the currently implemented models, literature research and possibly
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also the implementation of more recently developed burst models has to be done until a recommendation for a
best-estimate burst model can be given for the usage in ATHLET-CD and the assessed Konvoi reactor.

Case | Break Pressurizer | Initial RIP/ | Accumulator Power profile / Fraction of
location MPa initial pressure / | additional failed rods
MPa modifications 1%
#1 P2-CL P3-HL 3.60 4.5* Top-peaked 7.5
#2 P2-CL P3-HL 2.25 4.5* Top-peaked 3.0
#3 P2-CL P2-HL 3.60 4.5 Top-peaked 19.6
#4 P2-CL P2-HL 2.25 4.5 Top-peaked 13.7
#5 P2-CL P2-HL 2.25 4.5 Top-peaked / No 10.2

feedback to thermal
hydraulics'

#6 P2-CL P3-HL 3.60 2.6 Realistic 104
#7 P2-CL P3-HL 2.25 2.6 Realistic 4.7
#8 P2-CL P2-HL 3.60 2.6 Realistic 18.7
#9 P2-CL P2-HL 2.25 2.6 Realistic 5.2
#10 P2-CL P2-HL 2.25 2.6 Realistic / No cross- 27.6

connections between

core channels

#11 P2-CL P2-HL 2.25 2.6 Top-peaked / *** 17.4*

#12 | P2-CL P2-HL 2.25 2.6 Realistic / *** 5.4*
Table 53: Summary of results.

* Simulations still running (increase of number of failed rods expected).

** Due to mistake in the input deck, a too high initial accumulator pressure has been applied, which leads to too
early start of injection.

*** Simulation with improved input deck (better steady state solution, corrected SG heat transfer surface)

13 ATHLET-CD parameter ITFBK = 4.
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Final conclusions

During the first period of the project, the methodologies used by some partners for the evaluation of radiological
consequences in LOCA within DBA conditions were reviewed in WP2.1. In general, these methodologies use
conservative deterministic assumptions mostly based on decoupled approaches. It was noticed that several
different evaluation methodologies were employed among the R2CA partners without a shared agreement on the
approach. These methodologies only share some assumptions and can differ significantly regarding isotopic
inventory definition or fuel characteristics and state. In particular, the assumed rate of failed fuel rods for radiological
consequence evaluations is also different among the participants, ranging from 10% to 100%. However, most of
the methodologies agree on considering several different types of fuel assembly based on irradiation and core
management in order to capture the respective behavior of fuel assemblies during LOCA.

This WP 3.2 aimed to develop specific models and methods to better predict the failed rod number during a LOCA
scenario within DBA and DEC-A conditions. The work performed and achievements gained, will be used to build
new (or refine) methodologies with regard to the core modeling and the simulation of the clad ruptures that will be
used in WP 2.5 for improved and less conservative reactor calculations and better predictions of the radiological
consequences of LOCA accidents within DBA and DEC-A conditions. Within the frame of the project several
advances have been made, summarized below, regarding clad thermomechnical models, core modelling and
LOCA calculation methodologies for prediction of the failed rod number.

Concerning clad thermomechanical models, clad burst database and criteria, the work that has been done, the
main conclusions that can be drawn as well as the main achievement at the end of the project are :

o A very large database exists with significant scattering in terms of burst parameters (strain, stress,
temperature ...). IRSN collected about 1440 burst tests data from both litterature and internal
documentation and EK reassessed about 30 additional burst tests performed on E110 clads by using very
detailed post-test tomography measurements.

e No simple burst criterion was found to predict correctly both burst temperature and burst strain. Various
enveloppes (minimum, mean, maximum, std) on true stress versus temperature were proposed by IRSN
as well as an engineering stress limit versus temperature for as-received claddings. EK proposed a
constant best-estimate strain limit of 0.35 and recommends to use 0.21 (-60%) to assess the number of
failed rod.

o The impact of cladding hydrogen content on clad thermomechanical behaviour was also addressed but
it was found that there is not enough data available to propose a specific model taking into account this
effect, various correlations were compared.

e Creep laws and phase transformation models of Zr-based alloys were also updated or reassessed in two
codes (FRAPTRAN, TRANSURANUS) and new laws for M5 alloy were implemented in some codes.

o Burst criteria were modified in FRAPTRAN-VTT and DRACCAR-IRSN codes and evaluations were
performed on tests from code validation database.

Regarding LOCA calculation methologies, as the original methods were significantly different among R2CA
partners, the resulting update brought in WP 3.2 for failed rod prediction is also heterogeneous. For each partner,
the outcome on failed rod number prediction is generally associated to the improvement of the initial methodology
and associated codes.

At the end of the project, the main achievements and conclusions are

e Several LOCA calculation methodologies were developed and/or updated using various simulation tools.
Two main categories of methodologies were thus refined using a calculation chain approach sequentially
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coupling a thermalhydraulic system code to a thermomechanical code (such as RELAP/TRANSURANUS
or GENFLO/FRAPTRAN) or using an integral approach with a stronger coupling between
thermalhydraulic and thermomechanical models within the same code (ASTEC, DRACCAR, ATHLET-
CD)

o A particular effort has been made to the latter through a more detailed core modelling approach. New
upcoming approaches with 3D multi-pin description were develooped such as a 3D core model
(DRACCAR) or even a full 3D RPV model (ATHLET-CD). The 3D description evaluates transverse cross-
flows between fuel assemblies and in the case of full RPV model can depict non-symetric distribution of
flow in the reactor vessel that can occur during a LOCA transient. Several prospects are identified for
these approaches which seems to propose many benefits compared to classical 2D or multi-1D models
provided that thermalhydraulics and thermalmechanics phenomena are coupled. 3D approaches being
CPU costly modelling the whole core very finely is still very challenging and often compromise must be
reached between a 3D description of the whole core/vessel and CPU performance leading in some cases
to restric the detailed 3D modelling to only a region of the core ). Considering the outlooks on
computational performance improvement, these 3D approaches will certainly become the standard for
failed rod number prediction in a nearly future

Most of the methodologies aim to represent as best as possible the various characteristics of fuel assemblies
before transient (according to the their initial composition, their power history and the core loading plan) provided
by neutronic calculations (SCALE, DYN3D, VESTA,...) and fuel performance codes (TRANSURANUS,
FRAPCON,...). Thus, they generally account for several type of rods/assemblies trying to depict as detailed as
possible the respective characteristic of each fuel assemblies (or subdivision of fuel assemblies) in order to better
predict the failed rod number in the core.

In parallel progress has been made for the statistical analysis method in TRANSURANUS by enhancing its build-
in capabilities. In particular, the statistical post-processing program of the code was further improved in order to
support the Best Estimate Plus Uncertainty (BEPU) analyses.

In addition, within the project, few sensitivity analyses using the Spearmann’s correlations were performed with
specific fuel codes on initial/operating parameters (i.e. relative power ratio, gap pressure, fuel pellet radius,
cladding radii ...) and on some model parameters in order to determine the most influential parameters for clad
burst predictions. Uncertainties ranges and Pdf for some uncertain parameters were also taken into account in
some cases. These analyses should be however still extended and generalized before drawing conclusions.
Indeed whatever the methodologies chosen, further systematic sensitivity analysis to identify the most influential
parameters among the wide range of parameters that can affect the rod failure will have to be performed. The
results of these analyses will have then have to feed uncertainty analyses (deterministic bounding or BEPU) in
order to better predict the range of failed rod number.

Finally, it has to be noted that the work performed within the project only addressed cladding materials in existing
NPPs (Zr-4, E110 and M5). In the nearly future this research should be revisited for new materials such as those
used in ATFs (Cr-coated Zr alloy...).
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Appendixes

1. VTT contribution appendixes

Appendix A Validation cases results:

Table 54 Validation cases results with FRAPTRAN original plastic deformation model

FRAPTRAN original plastic strain results

Burst criterion FRAPTRAN iginal
origina
Test burst criteria (stress | IRSN BE I:ﬁ:‘ Ir:zl: T limit Mi:?:;Ed
+strain)

IFA 650.5
Time (s) 169 168 155 169 166 179
Temperature (K) 1005 1001 954 1005 994 1023
Max strain (%) 30 23.00 5.00 32.00 11.00 16.00
Pressure (Mpa) 10.2 10.60 10.60 10.20 10.80
IFA 650.6
Time (s) 423 419 359 425 419 525
Temperature (K) 1069 1067 1020 1071 1067 1103
Max strain (%) 38.0 29.0 5.0 40.0 29.0 36.0
Pressure (Mpa) 8.3 8.60 8.40 8.30 8.60
IFA 650.7
Time (s) 152 152 145 152 152 247
Temperature (K) 1221 1221.0 1197.2 1221.0 1221.0 1373
Max strain (%) 36.0 35.7 5.0 35.7 36.0 24.0
Pressure (Mpa) 1.98 2.10 1.98
Treat rod 16 and 17
Time (s) 26.4 26.4 26.3 26.4 26.5 30.3-37.5
Temperature (K) 1263.5 1263.5 1263.5 1263.5 1260.8 1533.5
Max strain (%) 68.6 117.0 9.6 248.0 248.0 58 and 33
Pressure (Mpa) 0.97 1.0 1.0 1.0 1.0
LOC-11Crod 3 No Failure No No No No No Failure

Failure Failure Failure failure
Max strain (%) 13.7 13.7 13.7 13.7 13.7 1.6
LOC-11C rod 2
Time (s) 14.4 14.4 10.8 14.4 14.4 No Failure
Temperature (K) 1017.7 1017.7 973.4 1017.7 1017.7
Max strain (%) 90.4 38.2 5.0 1954.0 1960.9 2.5
Pressure (MPa) 8.4 8.40 11.30 8.40 8.40
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LOC-11Crod 1 and No Failure No No No No No Failure
4 Failure | Failure | Failure | failure
Max strain (%) 0.02 0.02 0.02 0.02 0.02 | -0.96and-0.84
IFA 650.15
Time (s) 191 188 166 191 189 245
Temperature (K) 1021.7 1015.5 | 970.57 | 1021.7 | 1017.6 1073.2
Max strain % 69.83 24.35 5.00 69.83 29.05 50
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Table 55 Validation cases results with Kaddour et al. 2004 high temperature creep deformation

Kaddour et al. 2004 results

Burst criterion

Test FRAPTRAN ori.ginal IRSN BE IRS.N IRSN T limit Measured
(stress +strain) min max value

IFA 650.5

Time (s) 184 182 155 184 167 179

Temperature (K) 1054.0 1047.4 | 953.7 | 1054.0 997.7 1023

Max strain (%) 31.46 23.01 5.01 31.46 6.09 16

IFA 650.6

Time (s) 453 453 359 454 431 525

Temperature (K) 1086.5 1086.5 | 1020.0 | 1087.3 1074.4 1103

Max strain (%) 32.47 31.70 5.00 39.53 15.62 36

IFA 650.7

Time (s) 152 151 145 152 152 247

Temperature (K) 1221.0 1216.7 | 1197.2 | 1221.0 1221.0 1373

Max strain (%) 35.44 35.44 5.00 35.44 35.44 24

Treat rod 16 and 17

Time (s) 28.50 28.50 27.00 28.50 28.50 30.3-37.5

Temperature (K) 1348 1348 1285.1 1348 1348 1534

Max strain (%) 95.63 70.82 5.57 156.64 95.63 58 and 33

Pressure

HeleE I No failure NO !\lo !\lo No Failure No Failure

failure failure failure

Max strain (%) 5.66 5.66 5.66 5.66 5.66 1.6

LOC-11C rod 2

Time (s) No failure NO 10.8 !\lo No failure No Failure

failure failure

Temperature (K) 973.44

Max strain (%) 25.16 25.16 5.00 25.16 25.16 2.5

toCiCrod i andd No failure fa:\lltcj)re fa'i\lll.?re fa'i\lll.?re No failure No Failure

Max strain % 0.02 0.02 0.02 0.02 0.02 '0‘%6_;:‘1 ;

IFA 650.15

Time (s) 222 209 166 222 201 245

Temperature (K) 1054.3 1040.9 | 970.6 10:4' 10332 | 1073.15

Max strain (%) 82.19 22.26 5.00 83.60 15.31 50
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Table 56 Validation cases results with Rosinger 1984 high temperature creep deformation

Rosinger 1984 results
Burst FRAPTRAN Rosinger
criterion original IRSN IRSN IRSN BESSM | T limit Measure
(stress BE min max d value
Test +strain) 2021
IFA 650.5
Time (s) 220 192 155 220 203 167 179
Temperature (K) 1153.7 1077. 953.7 | 1153.7 1110.0 997.7 1023
7
Max strain (%) 31.50 5.27 5.01 31.50 6.61 5.10 16.00
IFA 650.6 N/A N/A N/A N/A N/A N/A N/A
IFA 650.7
Time (s) 257 234 145 256 175 160 247
Temperature (K) 1509.8 1368. | 1197.2 | 856.8 1299.0 1248. 1373
8 2
Max strain (%) 9.18 7.52 5.00 9.05 5.51 5.34 24.00
Treat rod 16 and 17
Time (s) 32.50 | 27.00 34.50 30.00 | 30.3-37.5
Temperature (K) 1516. | 1285.1 | 1600.4 1411. 1533.5
6 6
Max strain (%) 5.94 5.29 5.35 5.32 | -0.96 and
-0.84
LOC-11Crod 3 No failure No No No No No No Failure
failure | failure | failure failure Failure
Max strain (%) 5.52 5.52 5.52 5.52 5.52 5.52 1.6
LOC-11Crod 2
Time No failure No 10.8 No No 15.1 | No Failure
failure failure failure
Temperature 973.44 1025.
3
Max strain % 5.5 5.5 5.0 5.5 5.5 5.5 2.5
LOC-11Crod 1 and No failure No No No No No No Failure
4 failure | failure | failure failure failure
Max strain % 0.02 0.02 0.02 0.02 0.02 0.02 -0.9
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Appendix B Error calculations

Absolute mean error for the creep model:

First, the average error for each test is calculated separately:
o For the burst time and burst temperature, the mean error is given with

n
1
Test ME = —z
n

i=1

Xi = Xexperiment

xexperiment

x is the considered parameter, i denotes the burst criterion used and n is the number of burst criteria used with
each validation test.

o For the strain value, since it is already a percentage, the average error is calculated as follow:

n

1
Test ME = EZ |xi - xexperiment|
i=1

Once the absolute mean error for each test is obtained, then the overall average error of the plastic deformation
model used, is calculated by taking the global average of each parameter (time, temperature and strain)
considering all tests:

m
1
Creep model ME = EZ |Test MEj|
—

j
Where j denotes the validation case test and m is the total number of validation cases calculated.

Absolute mean error for the burst criterion:

The absolute mean error for each burst criterion is calculated with a more straightforward approach

For the burst time and burst temperature, the average error is

Xi — xexperiment

1

Burst criterion ME = —z
n

i=1

xexperiment

i in this case denotes the number of calculations using the same burst criterion across all creep models and n is
the number

For the strain value, since it is already a percentage, the average error is calculated as follow:

n
1
Burst criterion ME = —z |xi - xexperiment|
n
i=1
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Table 57 Absolute mean error of employed high temperature creep deformation model

Absolute mean error

allooning deformation

FRAPTRAN original model

Kaddour et al. 2004

Rosinger et al. 1984

Parameter
Burst time 23.07 % 19.25 % 1218 %
Burst temperature 8.41% 6.96 % 6.92 %
Max strain 27.81 % 18.86 % 6.21 %
Table 58 Absolute mean error of employed burst criterion
Absolute mean error
Burst criterion . .
FRAPTRAN orl:qlnal IRSN BE | IRSN min IRSN Tempel:ature limit (Meyer

Parameter (stress #*strain) max & Wiesenack 2022)
Burst Time 16.53 % 15.12 % 2535% | 1541 % 18.64 %
Burst Temperature 6.96 % 5.47 % 10.21 % 6.61 % 4.00 %
Max Strain 17.83 % 20.42 % 2754% | 38.45% 18.13 %
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Appendix C Code modifications

Input instructions for modified high temperature creep model and burst criteria:

Three different input variables have been introduced in the modified FRAPTRAN 1.4 version. These NAMELIST
variables should be specified in the input file within the $model data block to select the relevant model or criteria.
Default values can be changed in the modinp.f source code file.

Variable Description Default

bertr Option to select the burst criterion limit to predict failure bertr=1
bcrtr = 1 FRAPTRAN original stress limit criterion
bcrtr = 2 IRSN Best Estimate stress correlation

bcrtr = 3 IRSN minimum stress limit correlation
bcrtr = 4 IRSN max correlation for stress limit
bcrtr = 5 Rosinger BE SSM 2021 correlation Zy-4
bcrtr = 6 Forgeron et al. SSM 2015 correlation M5
bcrtr = 7 Temperature limit
crpmod Option to determine which plastic deformation model to be used in the | cromod= 1
BALON2
crpmod = 1 Kaddour et al 2004 creep model

crpmod = 2 Rosinger 1984 creep model
crpmod 3 FRAPTRAN original plastic strain model

brstrn Option to disable the strain limit brstrn =1
brstrn = 0 disable the strain limit

brstrn > @ enter a value to enable the strain limit
e.g brstrn = 1
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Appendix D: IFA-650.15 rod pressure results

FRAPTRAN original Kaddour et al 2004 — = = Experimental
12
g L
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o \
é |
@ |
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\
\
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0
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Figure D.1 FRAPTRAN predicted and measured rod internal pressure for IFA-650.15

FRAPTRAN input = = = Experimental

Rod internal pressure [MPa]

-100 0 100 200 300 400 500 600
Time [s]

Figure D.2 FRAPTRAN input and measured rod internal pressure for IFA-650.15
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2. SSTC codes used for full core modelling and developments
HELIOS

HELIOS-2 ([1], [2], [3]) is a generalized-geometry lattice physics code capable of analyzing nuclear fuel designs
for hexagonal VVER reactors, non-LWR lattices (CANDU, PHWR, Magnox, RBMK), and for experimental reactor
designs (like MTR and TRIGA).

The new Method of Characteristics solver allows larger models to be calculated with speed and accuracy.
High-resolution, 177-group neutron library for enhanced accuracy and resonance treatments.

HELIOS-2 includes an interactive geometry rendering module to ensure your model is built correctly.

HELIOS-2 includes an all-new Method of Characteristics solver, which allows larger models, such as multiple fuel
bundles and fractional cores, to be calculated with fewer required computing resources. The same robust
calculation method that powers CASMO is now native to HELIOS-2, providing increased speed and accuracy for
solutions to even the most complicated geometric problems.

Users have the option to use the traditional collision probabilities solver for transport calculations when appropriate
for the problem being solved. Resonance self-shielding is calculated via the subgroup method with a transport-
based Dancoff calculation. The predictor-corrector method is used for depletion, and the depletion path allows
arbitrary state changes, generalized decay capabilities, and branch-off calculations at any point in the solution
path.

HELIOS-2 has been extensively validated against measured critical experiments, continuous-energy Monte Carlo
calculations, and international isotopic benchmarks - delivering exceptional accuracy for traditional, non-traditional,
and experimental fuel designs.

Lattice physics calculations are only as good as the underlying cross-section data, and HELIOS-2 has been
updated with the latest available neutron and gamma data, fine-tuned to provide the most accurate solutions
possible. Using the most recent ENDF/B-VII nuclear data available, Studsvik has developed a high-resolution, 177-
group neutron library for use with HELIOS-2.

This extensive update from the previous HELIOS library improves accuracy and enhances resonance treatments.
HELIOS-2 also includes an updated 48-group gamma library for gamma transport and smearing calculations.
Cross-section data is available for over 350 nuclides and materials, including more than 175 fission products, 40
heavy nuclides, and expanded depletion chains.

HELIOS-2 is built on a centralized database system with advanced input and output processors. A flexible graphical
geometry display assists in developing input for even the most complicated fuel designs. Users can view geometry,
material, temperature assignments, and edit areas of both the full problem and individual structures before
beginning the calculationsto be sure the model is correct.

The HELIOS-2 input processor allows datasets to be stored in the database and be accessed in the main input -
allowing fixed or common data to be centrally available and accessible without the need to re-enter input data.
HELIOS-2 allows the stacking of multiple cases in a single input, which can be simultaneously analyzed and
compared. With appropriate input, calculations can be stopped and restarted, allowing the user to perform mid-
calculation geometry alteration.

The output processing module allows manipulation of flux, reaction rate, current edits, B1 calculations for subsets
of the defined calculation geometry, and comparison of results from multiple calculation paths. Data may be
displayed in tables or two-dimensional data maps; options also exist to write data to the database or to formatted
external text files. HELIOS-2 can even create “data banks™ of previously burned fuel bundles for spent fuel pool
analysis, shuffling and core management, or reinsertion into the core.

DYN3D

DYN3D is developed for investigations of transients in cores of thermal power reactors with hexagonal or quadratic
fuel elements [4],[5], [6], [7], [8], [9].
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The 3-dimensional neutron kinetics models of the code are based on a nodal expansion method for solving the
two-group neutron diffusion equation in hex-z or rectangular x,y,z- geometry. This code was extended to an
arbitrary number of energy groups recently. Further, a simplified transport (SP3) approximation for the flux
calculation was implemented for fuel assemblies with the quadratic cross-section [10]. At present, the multi-group
and the SP3- version are part of a special DYN3D-version. It is foreseen to combine both versions shortly.

The thermal-hydraulic part consists of a two-phase flow model describing coolant behavior and a fuel rod model.
The fuel elements are simulated by separate coolant channels. Additionally, some hot channels with power peaking
factors belonging to chosen fuel elements can be considered. Several safety parameters, such as temperatures,
DNBR and fuel enthalpy are evaluated. The stationary state and transient behavior can be analyzed. Different
libraries of macroscopic cross sections are linked to the code to meet the conditions of the different users several.
DYN3D was validated by numerous benchmarks and experiments for thermal reactors with hexagonal and
quadratic fuel assemblies. The kinetic benchmarks defined by the Working Group D "VVER Safety Analysis" of
Atomic Energy Research (AER) were calculated for reactors with hexagonal fuel elements.

This code was verified using the NEACRP Benchmarks on control rod ejections in PWRs and the NEA-NSC
Benchmarks on withdrawal of control rods at hot zero power for quadratic fuel assemblies.

The code has been coupled with the thermal-hydraulic plant model ATHLET developed by GRS [11]. The coupled
code was validated with the help of the AER benchmark for a main steam line break (MSLB) in a VVER-440
(hexagonal) and the OECB-MSLB benchmark for the TMI-1 reactor, which is a western type pressurized water
reactor (PWR) with quadratic fuel assemblies. The boiling water reactor (BWR) turbine trip (TT) benchmark
organized by the OECD and the American Nuclear Regulatory Commission (NRC) is based on the turbine trip test
2 of the BWR Peach Bottom 2. The experimental results and the results of the other participants at the benchmark
were used for validation of DYN3D and the coupled version DYN3D/ATHLET. Concerning VVER reactors DYN3D
and DYN3D coupled with system codes have been validated in the frame of the project VALCO of the European
Union with the help of measured data at the nuclear power plant Bohunice (VVER-440) in the Slovak Republic and
the VVER-1000 power plant Kosloduj (Bulgaria). The measurements at the W1000 test facility of the Russian
Research Center “Kurtchatov Institute” have been used for the validation of the neutron kinetics of DYN3D.

RELAP

The RELAP5 code [12], [13], [14] was developed at Idaho National Engineering Laboratory for the US Nuclear
Regulatory Commission for the best-estimate simulation of light water reactor coolant systems during postulated
transients and accidents without severe nuclear fuel damage. The RELAP5/MOD3.3 code is based on a
nonhomogeneous and non-equilibrium model for the two-phase system that is solved by a fast, partially implicit
numerical scheme.

The modelled system is simulated by a user with a set of one-dimensional control volumes that are connected with
junctions. The code provides a variety of other components (pumps, valves, pipes, accumulators, heat structures,
reactor point kinetics, etc.) that can be used. Complex geometries can be represented (in a simplified manner) by
parallel 1-D channels that may be connected with cross-connections.

The code consists of several modules including time step control, the modules for calculating hydrodynamics, heat
transfer, reactor kinetics, trip state, control variables, and state of the fluid in time-dependent volumes.

The thermal-hydraulic model of the code solves eight field equations (two phasic continuity, two phasic momentum,
and two phasic energy equations, non-condensable and boron mass conservation equations) for eight variables:
pressure, phasic specific internal energies, vapour volume fraction (void fraction), phasic velocities, non-
condensable quality, and boron density. The constitutive relations include models for defining flow regimes and
flow-regime-related models for interphase drag and shear, the coefficient of virtual mass, wall friction, wall heat
transfer, interphase heat and mass transfer, and direct (sensible) heat transfer.
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Four flow regime maps are implemented in the code: a horizontal map for flow in pipes; a vertical map for flow in
pipes, annuli, and bundles; a high mixing map for flow in pumps; and an ECC mixer map for flow in the horizontal
pipe near the ECC injection port.

A boiling curve is used in RELAP5 to govern the selection of the wall heat transfer correlations when the wall
surface temperature is above the saturation temperature. These correlations are based mainly on internal flow in
pipes. Additional geometries considered in the logic are vertical parallel plates, vertical and horizontal tube bundles,
and horizontal flat plates. A table lookup method is used for predicting the critical heat flux developed by
Groeneveld, Cheng, and Doan. Heat structures provided in RELAPS permit the calculation of the heat transferred
across solid boundaries of hydrodynamic volumes. Heat structures are assumed to be represented by one-
dimensional heat conduction in rectangular, cylindrical, or spherical geometry. Surface multipliers are used to
convert the unit surface of the one-dimensional calculation to the actual surface of the heat structure. Temperature-
dependent thermal conductivities and volumetric heat capacities are provided in the tabular or functional form
either from built-in or user-supplied data.

In the reflood model, a two-dimensional conduction scheme for cylindrical or rectangular heat structures is used.
At the initiation of this model, each heat structure is subdivided into two axial intervals. Thereafter, the number of
axial intervals is controlled by the code to efficiently use the two-dimensional conduction solution.

The dynamic gap conductance model is implemented in RELAP5 based on a simplified deformation model to
define effective gas gap conductivity. The model allows to account for thermal expansion of fuel pellet and cladding,
radial fuel swelling and cladding creep, and cladding elastic deformation. The latter depends on a difference
between coolant pressure and internal gas pressure in the gap, which is calculated with an ideal gas approximation.
The gas composition and radial displacement values for fuel swelling and cladding creep shall be provided via user
input. Material thermal expansion and elastic deformation are calculated from correspondent UO; and zircaloy data
defined within the code.

Cladding oxidation in steam is calculated using the Cathcart-Pawel correlation, and the reaction heat is added to
the total heat source term for the heat structure. The metal-water reaction model is coupled with the fuel rod
deformation model so that if the rod ruptures, then the inside of the cladding can react. The model doesn’t account
for potential steam starvation and doesn't alter the thermal-physical properties of the cladding as the oxide layers
develop. Although the model calculates the amount of hydrogen generated, this hydrogen does not get included
in the RELAPS5 hydraulic equations, nor does the steam being consumed by the metal-water reaction get withdrawn
from the hydraulic equations.

To account for the plastic deformation of the cladding in the calculation of fuel rod’s cladding temperature during
LOCA simulations an empirical cladding deformation model has been incorporated into RELAP5. The model may
be invoked only in conjunction with the dynamic gap conductance model.

The logical statements can be defined by the user, and are evaluated in RELAP5 by the trip system. The control
systems typically used in hydrodynamic systems are simulated by various control system components
implemented in the code, such as arithmetic, integration and differentiation control components, and others.

The power behaviour in a nuclear reactor is calculated using the point reactor kinetics model that accounts an
immediate fission power and the power from the decay of fission products. The user can select the decay power
model based on either the American Nuclear Society Proposed Standard ANS 5.1, Decay Energy Release Rates
Following Shutdown of Uranium-Fueled Thermal Reactors, revised October 1973, or the American National
Standard for Decay Heat Power in Light Water Reactors, ANSI/ANS-5.1-1979.

TRANSURANUS
TRANSURANUS is a computer programme written in FORTRAN9S5 for the thermal and mechanical analysis of fuel
rods in nuclear reactors that is owned by the Joint Research Centre of the European Commission.

TRANSURANUS has been used by research centers, nuclear safety authorities, universities and industrial partners
(see Refs [15]-[29]).
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TRANSURANUS is generally referred to as a fuel performance code meaning that it solves the equations for the
radial heat transfer, the radial displacement along with the stress distribution in both the fuel and its surrounding
cladding, and the release of fission product and its behaviour as a function of time. In general, the equations, for
fuel performance prediction, embody the following phenomena:
o thermal performance: heat conduction, radiation and convection;
e mechanical performance: creeps (radiation and high temperature), densification, thermal expansion,
pellet cracking and relocation, solid and gaseous swelling;
e actinide behaviour: depletion and build-up of main Th, U, Np, Pu, Am and Cm nuclides, impact on the
radial power profile;
o fuel restructuring: Pu and Am redistribution, grain growth (normal and columnar), central void formation;
o fission product behaviour: creation in the fuel matrix, diffusion to grain boundaries, release to free rod
volume after saturation of grain boundaries, a thermal release, recoil, formation of High Burnup Structure
(HBS, which is depleted and contains porosity).
The heat transfer in the fuel-to-cladding gap is simulated by means of a combination of heat conduction, radiation
and convection (URGAP model [30]). Main assumptions and equations for mechanical performance are provided
in Ref. [16].
Main assumptions and equations for actinide concentrations can be found in Refs [28], [29].
In the TUBRNP model the calculation of the radial power profiles is split into (a) the approximation of the neutron
flux through thermal diffusion theory, and (b) the computation of the local concentrations of the relevant actinide
isotopes with simplified depletion equations. The most recent extension covers the nuclides 232Th, 233-236,238U,
237Np, 238-242Pu, 241Am, 243Am, 242-245Cm. More details are given in Ref [31].
The TRANSURANUS code consists of a well-defined mechanical and mathematical framework, which additional
physical models can easily be incorporated. The code has comprehensive material data files for oxide, mixed
oxide, carbide, nitride fuel types, Zircaloy and steel claddings and several different coolants (water, sodium,
potassium, lead, bismuth). TRANSURANUS can be used as a single code system for simulating both long-term
irradiations under normal operating conditions as well as transient tests. The 'restart' mode allows simulating re-
fabricated (recycled) fuel rods, where the fill gas has been completely changed as an example.
The code can be employed in two different approaches: as a deterministic or a statistical code. The restart may be
used to perform a statistical analysis employing the Monte Carlo technique. This option may be helpful for the
analysis of long base irradiation, then followed by a transient.
Besides its flexibility for fuel rod design, the TRANSURANUS code can deal with a wide range of different
situations, as demonstrated in experiments, under normal, off-normal and accident conditions, although some
models specific to RIA (e.g. plenum temperature) are still under development. Furthermore, the code is being used
for BWRs, PWRs, and VVERs. The time scale of the problems to be treated may range from milliseconds to years.
Hence complex irradiation experiments can be simulated including re-fabricated instrumented fuel rods and
changing operating conditions.

SCALE

The SCALE Code System ([32], [33]) is a widely-used modelling and simulation suite for nuclear safety analysis
and design that is developed, maintained, tested, and managed by the Reactor and Nuclear Systems Division
(RNSD) of Oak Ridge National Laboratory (ORNL). SCALE provides a comprehensive, verified and validated, a
user-friendly toolset for criticality safety, reactor and lattice physics, radiation shielding, spent fuel and radioactive
source term characterization, and sensitivity and uncertainty analysis. Regulators, licensees, and research
institutions around the world have used SCALE for safety analysis and design since 1980. SCALE provides an
integrated framework with dozens of computational modules, including three deterministic and three Monte Carlo
radiation transport solvers that are selected based on the desired solution strategy. SCALE includes current
nuclear data libraries and problem-dependent processing tools for continuous-energy (CE) and multigroup (MG)
neutronics, and coupled neutron-gamma calculations, as well as activation, depletion, and decay calculations.
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SCALE includes unique capabilities for automated variance reduction for shielding calculations, as well as
sensitivity and uncertainty analysis. SCALE’s graphical user interfaces assist with accurate system modelling,
visualization of nuclear data, and convenient access to desired results.
SCALE 6.2 provides many new capabilities and significant improvements of existing features.
New capabilities include:
e ENDF/B-VII.1 nuclear data libraries CE and MG with enhanced group structures;
neutron covariance data based on ENDF/B-VII.1 and supplemented with ORNL data,
covariance data for fission product yields and decay constants;
stochastic uncertainty and correlation quantification for any SCALE sequence with Sampler;
parallel calculations with KENO;
problem-dependent temperature corrections for CE calculations;
CE shielding and criticality accident alarm system analysis with MAVRIC;
CE depletion with TRITON (T5-DEPL/T6-DEPL);
CE sensitivity/uncertainty analysis with TSUNAMI-3D;
simplified and efficient LWR lattice physics with Polaris;
large scale detailed spent fuel characterization with ORIGAMI and ORIGAMI Automator;
advanced fission source convergence acceleration capabilities with Sourcerer;
nuclear data library generation with AMPX;
integrated user interface with Fulcrum.

Enhanced capabilities include:

» accurate and efficient CE Monte Carlo methods for eigenvalue and fixed source calculations;

e improved MG resonance self-shielding methodologies and data;

» resonance self-shielding with modernized and efficient XSProc integrated into most sequences;

o accelerated calculations with TRITON/NEWT (generally 4x faster than SCALE 6.1);

o spent fuel characterization with 1470 new reactor-specific libraries for ORIGEN;

e modernization of ORIGEN (Chebyshev Rational Approximation Method [CRAM] solver, API for high-
performance depletion, new keyword input format);
extension of the maximum mixture number to values well beyond the previous limit of 2147 to ~2 billion;
nuclear data formats enabling the use of more than 999 energy groups;
updated standard composition library to provide more accurate use of natural abundances;
numerous other enhancements for improved usability and stability.

The user documentation for SCALE also has been substantially updated and reorganized. The appropriate citation
to use when referencing SCALE is as follows [33].

Code developments during R2CA project:

"Special module for preparing input files for TRANSURANUS code, running of the code, selecting the necessary
reference calculation results, and saving files to libraries

Main features of the module:

« formation of an input file for various types of fuel rods;

« formation of fuel rods load history before the LOCA. All cycles of operation of the fuel assemblies are taken into
account, its movement in the core during refueling, power reduction schedules during shutdowns, and power
increase at the startup of the cycle;

« formation of fuel rod power history and boundary conditions during LOCA based on the libraries of T/H boundary
conditions and fuel rods power at the beginning of LOCA,;
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+ adjustment (if necessary) of the fuel rod power Kr in the form of KriKeng separately for each fuel cycle;

« execution of the calculation for the full core, symmetry sector and individual assemblies;

* reading from the output files of the necessary reference calculation results;

+ determination of the number of failed fuel rods during the LOCA,;

+ assessment of the activity release to the primary circuit from failed fuel rods;

+ saving all input and output files for the possibility of performing additional calculations of individual fuel rods.
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