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ABSTRACT

The analysis of fuel depletion is essential for understanding the long-term changes in
reactor fuel composition due to burnup. As fuel undergoes burnup, its isotopic
composition alters, significantly influencing the reactor’s operational life, stability, and
control mechanisms. To address these complexities, the employmentof a meticulously
selected set of cross-sections and nuclear parameters is crucial. This approach not only
ensuresaccurate predictions of reactor behavior under both steady-state and transient
conditions butalso optimizes the fuel cycle and enhances overall reactor performance.

Cross-section libraries form the backbone of any three-dimensional code used in core
calculations. However, a significant challenge in neutron transport calculations arises
from the necessity for each method to utilize cross-sections structured with varying
methodologies, formats, and contents. This thesis undertakes a comprehensive
exploration of reactor physics, focusing on these critical issues. It seeks to unravel how
reactor phenomena are captured and represented through an in-depth analysis of
cross-section libraries. By investigating the sources of cross-sections and Kinetic data,
and understanding the detailed requirements for solving various problems, this work
advances robust safety assessments and ensures an accurate representation of reactor
behavior.

A central focus of the research is the evaluation of the accuracy of the
CASMO-4/GenPMAXS/PARCS computational sequence in analyzing modern Boiling
Water Reactor (BWR) operations with current fuels. This entails rigorous verification
of cross-section libraries through code-to-code comparisons, ensuring consistency and
accuracy in steady-state performance parameters and two-group energy cross-sections.
The predictions of the nodal code PARCS are meticulously assessed against the plant
core simulator SIMULATE-3, which serves as a benchmark for each simulated case.

Furthermore, the validation of the created cross-section libraries is conducted through
comparisonswith real plant data utilizing the In-Core Traveling Probe (TIP) system
equipped with high-resolution gamma detectors. Simulating the TIP response is a
critical element for core simulators, enabling the reliable use of TIP measurements to
validate predictions and assess the accuracy of calculated radial and axial power
distributions by comparing them with measured in-core instrument reaction rates. This
study leverages TIP measurements to validate the capability of PARCS in modeling
advanced BWR fuel designs and calculating 3D power distributions under actual
reactor operating conditions. The utilization of real plant data not only enhances the
reliability of the models but also significantly elevates the practical value of this
research within the field of nuclear reactor physics.

The impact of cross-section libraries on safety analyses is further examined by
applying themto Main Steam lIsolation Valve Closure (MSIVC) transients without
SCRAM (ATWS) through the coupled code TRAC-BF1/PARCS. In an MSIVC ATWS
event, core responses are influenced by the interplay between void reactivity feedback,
driven by void collapse, and negative Doppler reactivity feedback. Consequently, the
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severity of the transient hinges on both system behavior and the accuracy of
cross-section libraries in predicting nuclear parameters. Given these considerations, the
MSIVC ATWS scenario serves as an exemplary context for assessing the efficacy of
cross-section libraries in predicting the evolution of critical parameters under
demanding transient conditions. Thisassessment enhances the modeling capabilities
for such events and allows for the simulation of complex thermal-hydraulic and
feedback phenomena over extended durations.

A significant contribution of thisthesis is the identification of limitations within the
NUREG/CR-7164 recommendations for modeling cross-sections for BWR analysis.
These recommendations fall short of encompassing the full operational range of
BWR/6 reactors, particularly concerning fuel history under Extended Power Uprate
(EPU) and MELLLA+ operational conditions. This conclusion holds substantial
relevance for the development and validation of tools necessary for 1D/3D analysis of
operational and accident transients beyond the design basis.

Theresults of this thesis yield new insights intothe accuracy required for simulations
to produce better estimates, introducinginnovative strategies to enhance precision in
coupled simulations. While the work primarily targets BWRs, its findings have broader
implications for all types of Light Water Reactors (LWRs). Thus, this research
represents a noteworthy advancement in reactor safety and reliability, contributing
significantly to the field of nuclear reactor physics.
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RESUMEN

El anélisis del decaimiento de combustible es fundamental para comprender los
cambios a largo plazo en la composicion del combustible del reactor debido al
guemado del mismo. A medida que se consume el combustible, su composicion
isotdpica cambiay eso afecta significativamente la vida Gtil operativa del reactor, su
estabilidad y sus mecanismosde control. Para abordar estas complejidades, es crucial
emplear un conjunto meticulosamente seleccionado de secciones eficacesy parametros
nucleares. Este enfoque nosolo garantizapredicciones precisas del comportamiento del
reactor tanto en condiciones estacionariasy transitorias, sino que también optimiza el
ciclo del combustible y mejora el rendimiento global del reactor.

Las librerias de secciones eficaces son la columna vertebral de cualquier codigo
tridimensional utilizado en los calculos del nucleo. Sin embargo, unode los principales
retos que plantea el calculo del transporte de neutrones es la necesidad de que cada
método empleado haga uso de secciones eficaces estructuradas con metodologias,
formatos y contenidos distintos.

Estatesis llevaacabo unaexploracion exhaustiva de la fisica de reactores, centrandose
en estos problemas criticos. Su objetivo es desentrafiar como se capturan y representan
los fendmenos de los reactores mediante un andlisis en profundidad de las librerias de
secciones eficaces. Mediante la investigacién de las fuentes de secciones eficaces y
datos cinéticos, y la comprension de los requisitos detallados para resolver diversos
problemas, latesis contribuye a avanzar en las evaluaciones de seguridad robustas y
garantizar una representacion precisa del comportamiento del reactor.

Uno de los aspectos centrales de la tesis es la evaluacion de la secuencia computacional
CASMO-4/GenPMAXS/PARCSen el anélisis de la operacion de Reactores de Agua
en Ebullicién (BWR) con combustibles actuales. Esta evaluacion implica una rigurosa
verificacion de las librerias de secciones eficaces a través de comparativas codigo a
codigo, lo que garantiza consistenciay precision en la prediccion de la potencia radial
y axial del reactor a lo largo del ciclo, mediante librerias de secciones eficaces
colapsadas en dos grupos de energia. Ademas, se realiza un analisis de las predicciones
del cédigo nodal PARCS, que se compara con el simulador del nucleo de la planta,
SIMULATE-3, utilizado como referencia en cada simulacion.

Adicionalmente, se incluye la validacion de las librerias de secciones eficaces creadas
y la comparacién del modelo neutrénico del codigo de nucleo 3D PARCS con datos
reales de planta utilizando el sistema detector In-Core Traveling Probe (TIP) con
detectores gamma de alta resolucién. La simulacién de la respuesta del TIP es de
importancia crucial para los simuladores del nucleo, ya que permite el uso fiable de las
mediciones proporcionadas por este sistema para validar las predicciones y evaluar la
precisién de las distribuciones de potencia radiales y axiales calculadas,
contrastandolas con las tasas de reaccién medidas por los instrumentos in-core. Este
estudio emplealas mediciones del TIP para validar la capacidad del codigo PARCS en
la modelizacion de disefios avanzados de combustible BWR y en el calculo de




distribuciones de potencia tridimensionales bajo condiciones operativas reales. La
utilizacion de datos de planta no solo incrementa la fiabilidad de los modelos, sino que
también refuerza el valor practico de esta investigacion dentro del campo de la fisica de
los reactores nucleares. El impactode las librerias de secciones eficaces en los analisis
de seguridad se examina aplicandolas a los transitorios de cierre de la valvula de
aislamiento de vapor principal (MSIVC) sin SCRAM (ATWS) mediante el cédigo
acoplado TRAC-BF1/PARCS. En un evento de MSIVC ATWS, las respuestas del
ndcleo se ven afectadas por la interaccion entre la retroalimentacion de reactividad
debida al vacio, impulsada por el colapso del vacio, y la retroalimentacion de
reactividad Doppler negativa. Asi, la severidad del transitorio depende tanto del
comportamiento del sistema comode la precision de las librerias de secciones eficaces
en la prediccion de los parametros nucleares. Considerando estas variables, el escenario
de MSIVC ATWS se presenta como un contexto ideal para evaluar la eficacia de las
librerias de secciones eficaces en la prediccion de la evolucion de parametros criticos
bajo condiciones transitorias exigentes, mejorando las capacidades de modelado para
tales eventos y permitiendo la simulacion de fenémenos termohidraulicos y de
realimentacion complejos a lo largo de periodos prolongados.

Una de las contribuciones mas destacables de esta tesis es la identificacion de
limitaciones en las recomendaciones NUREG/CR-7164 para el modelado de secciones
eficaces en el anélisis de BWR. Estas recomendaciones no abarcaban completamente el
rango operativode los reactores BWR/6, especialmente en lo que respecta a la historia
del combustible en condiciones de Aumento de Potencia Extendida (EPU) y
MELLLA+. Estaconclusiéntiene una relevancia considerable para el desarrollo y la
validacién de herramientas necesarias para el andlisis 1D/3D de transitorios
operacionales y accidentes mas alla de la base de disefio.

En definitiva, los resultados de esta tesis proporcionan nuevos conocimientos sobre la
precision requerida para que las simulaciones generen estimaciones mas exactas,
introduciendo estrategias innovadoras para mejorar la precision en las simulaciones
acopladas. Aunque el trabajo se enfoca principalmente en BWR, sus hallazgos tienen
implicaciones para todos los tipos de reactoresde agua ligera (LWR). Por lo tanto, este
trabajo representa un avance significativo en la seguridad y confiabilidad de los
reactores, contribuyendo de manera sustancial al campo de la fisica de los reactores
nucleares.




RESUM

L'analisi del decaimentdel combustible és fonamental per a comprendre els canvis a
llarg termini en la composicié del combustible del reactor deguts al seu cremat. A
mesura que el combustible es consumeix, la seua composici6 isotopica es modifica, la
qual cosa afecta significativament la vida Gtil operativa del reactor, la seua estabilitat i
els mecanismes de control associats. Per a abordar aquestes complexitats, resulta
crucial emprarun conjunt meticulosament seleccionat de seccions eficaces i parametres
nuclears. Aquest enfocament no sols garanteix prediccions precises sobre el
comportament del reactor, tant en condicions estacionaries com transitories, sin6 que
també optimitza el cicle del combustible i millora el rendiment global del reactor.

Les llibreries de seccions eficaces constitueixen ’eix fonamental de qualsevol codi
tridimensional utilitzat en els calculs del nucli del reactor. No obstant aixo, un dels
principals reptes que presentael calcul del transport de neutronsradica en la necessitat
que cada métode aplicat utilitze seccions eficaces estructurades conforme a diferents
metodologies, formats i continguts.

Aquestatesi aborda una exploraci6 exhaustiva de la fisica de reactors, centrant-se en
aquestes qiiestions critiques. L’objectiu és desentranyar com es capteni es representen
els fendmens caracteristics dels reactors mitjancant una analisi profunda de les
llibreries de seccions eficaces. Mitjangant la investigacio de les fonts de seccions
eficaces i dels parametres cinétics, aixi com la comprensi6 detallada dels requisits
necessaris per a resoldre diverses problematiques, aquest treball contribueix a avancar
en la robustesa de les avaluacions de seguretat i a garantir una representacid precisa del
comportament del reactor.

Un dels aspectes centrals d’aquesta investigacid és 1’avaluaci6é de la seqiiéncia
computacional CASMO-4/GenPMAXS/PARCS en I’analisi de I’operaci6 de reactors
d’aigua en ebullici6 (BWR) amb combustibles contemporanis. Aquesta avaluacid
implica una rigorosa verificacio de les llibreries de seccions eficaces mitjancant
comparatives codi a codi, la qual cosa garanteix consistencia i precisio en la prediccio
de la poténciaradial i axial del reactor al llarg del cicle, emprant llibreries de seccions
eficaces col-lapsades en dos grups d’energia. A més, es realitza una analisi de les
prediccions del codi nodal PARCS, comparant-les amb el simulador del nucli de la
planta, SIMULATE-3, utilitzat com a referéncia en cada simulacio.

A més, s’inclou la validacio de les llibreries de seccions eficaces generades i la
comparacié del model neutronic tridimensional del codi PARCS amb dades reals de la
planta, obtingudes a través del sistema detector In-Core Traveling Probe (TIP), equipat
amb detectors gamma d'alta resoluci6. La simulacié de la resposta del TIP és
d’importancia crucial per als simuladors del nucli, ja que permet 1’us fiable de les
mesures proporcionades per aquest sistema per a validar les prediccions i avaluar la
precisi6 de les distribucions de poténciaradials i axials calculades, contrastant-les amb
les taxes de reaccié mesurades pels instruments in-core.
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Aquest estudi empra les mesures del TIP amb I’objectiu de validar la capacitat del codi
PARCS en la modelitzacié de dissenys avancats de combustible BWR i en el calcul de
distribucions de poténcia tridimensionals sota condicions operatives reals. La
utilitzaci6 de dades de planta no sols augmenta la fiabilitat dels models, sin6 que també
refor¢a de manera significativa el valor practic d'aquesta investigacioé en 1’ambit de la
fisica de reactors nuclears.

L’impacte de les llibreries de seccions eficaces sobre els analisis de seguretat s’avalua
a través de la seua aplicacié en transitoris de tancament de la valvula principal
daillament de vapor (MSIVC) sense SCRAM (ATWS), emprant el codi acoblat
TRAC-BF1/PARCS.En un escenari de MSIVC ATWS, la resposta del nucli es veu
condicionada per la interaccio entre la retroalimentacio de reactivitat deguda al
col-lapse del buit i la retroalimentacio negativade reactivitat Doppler. La gravetat del
transitori depén, per tant, del comportament del sistema i de la precisié de les Ilibreries
de seccions eficaces a I’hora de predir els parametres nuclears. Sota aquestes
consideracions, I’escenari MSIVC ATWS esdevé un context exemplar per a avaluar
I’eficacia de les llibreries de seccions eficaces en la prediccid de ’evolucio de
parametres critics en condicions transitaries exigents. Aquesta avaluacié millora les
capacitats de modelatge per a esdeveniments d'aquest tipus i facilita la simulacié de
fendomens termohidraulics complexos i de retroalimentacio al llarg de periodes
prolongats.

Una de les contribucions més notables d’aquesta tesi és la identificacié de les
limitacions presents en les recomanacions NUREG/CR-7164 per al modelatge de
seccions eficaces en I'analisi de BWR. Aquestes recomanacions no abasten plenament
el rang operatiu complet dels reactors BWR/6, especialment pel que fa a I’historial del
combustible en condicions d’Aument de Poténcia Extesa (EPU) i en els escenaris
operatius MELLLA+. Aquesta conclusié té una rellevancia considerable per al
desenvolupament i validaci6 de les eines necessaries per a I’analisi unidimensional
(1D)1 tridimensional (3D) de transitoris operacionals i d’accidents més enlla de la base
de disseny.

Els resultats obtinguts en aquesta tesi proporcionen nous coneixements sobre el grau de
precisié necessari en les simulacions per a que aquestes produisquen estimacions més
exactes, introduint estratégies innovadores orientades a millorar la precisié en
simulacions acoblades. Encara que el treball se centra principalment en els BWR, les
seues conclusions tenen implicacions significatives per a tot tipus de reactors d’aigua
lleugera (LWR). En definitiva, aquesta investigaci6 representa un avan¢ important en
la seguretat i fiabilitat dels reactors nuclears, contribuintde manera substancial al camp
de la fisica de reactors nuclears.

Xii



TABLE OF CONTENTS

1. INtrOAUCHION. ...t 1
1.1 FOTBWOIT. ...ttt e e eee e 1
1.2 Statement of ObJECtiVES. ......coovviiiiii 2
1.3 THESIS OULIINE. ... e 4

2.  Introduction to Neutronics Methods and Techniques ......... 7
2.1 INEFOAUCTION. ... e e e e 7
2.2 Neutronics Govermning EQUations. ............vvveiiieieriiiiiiiiieccee e 8

2.2.1  Neutron Transport EQUALION. .........covvviviiiiiiiiiiiiiiiciiiiiieieieeeeeeeeaeeeee 8
2.2.2  Diffusion EQUALION..........euviieieiiiiiiiiiie e 10
2.2.3  Numerical Methods...........cviiieiiiiiiiiiiieeee e 13
2.2.3.1  DEterminiStiC. ........coiiuvrriiiieeeee it 13
2.2.3.2  MONLE CarlO......coiiiiiiiiiiiiiie e 13
2.2.4  Nuclide Depletion Calculations...............cccccvvvvviiiiiiiiiiiiiiiiiiiieeeeeeee, 14
2.3 Nuclear Data for the Solution of the Neutronics Calculations................... 17
2.3.1  CONtiNUOUS ENEBIGY......viviiiiiiieeiiiiiiiieiee ettt 18
2.3.2  Energy Collapsing..........cccvvviiiiiiiiiiiii 19
2.4 Lattice Calculations. ..........uveeiiiirieii e 20
2.4.1 Homogenization of Cross-SectionS..........ccuvvvviiiiiiiiiiiiiiiiiiiiiiiiiiieena, 24
2.4.2  Cross-Section Libraries. ........ccccoviiiiiiiiiiiiiiiiiiceee e 27
2.4.3 Representation of Cross-section Libraries............cccoccvveeeeiiiiiiiinnnnn.n. 30
2.5  Reactivity FEedDaCK. ..........uviiiiiiiiiiiiic e 33
2.6 SUMIMIBIY. ... eneee 35

3. Impact of Nuclear Data Processing — State-of-the-Art......37
3.1 INEFOTUCTION. ... 37
3.2 Reactor Core ANalysiS.........ccoooviiiiiiiii 38

3.2.1 Standard Industrial Reactor Core Analysis. ..........ccccccvvvvevviiiiienennnnn, 38
3.2.2 Thermal-Hydraulics and Neutronics Coupled Calculations. ................. 42
3.3 TranSieNt ANAIYSIS. ..uuuuuuurrrrrrireiiirieriurrerrineereeereeerrrererrrr e 46

Xiii



3.3.1 Transient Analysis in the Context of Chapter 15 of the U.S. NRC

Standard ReVIEW Plan...........ccooooiiiiiiiiii e 47
3.3.1.1 Relevanceto Boiling Water Reactors. .............cccuvevvvevevivevennnnnnnn, 49
3.3.2 DEC-A Transients: Anticipated Transients Without Scram (ATWS). ....50
3.3.2.1  ATWS Historical Background...............cccvveeiiiviieiniiiiieeniiineenn 51
3.3.2.2  AcCeptance Criteria. ........ovvvvvveieiiiiiiiiiiiieeieeee e 52
3.3.3 State-of-the-Art of BWR ATWS Simulations. .............cccovvviiieeeninnnnns 53
3.4  Standard Codes for Reactor Core and Transient Analyses........................ 56
4.1 CASMO-A ..ot 57
3.4.2  SIMULATE-3..... ettt a e r e e e e e 60
343 GENPMAXS. ittt 61
344 PARCS. ...t 63
345 TRAC-BFLUBE. ....ooiiiiiiiiiieiiee et 66
3.5 SUMIMIAIY ettt e e e e e e et r e s e e e e e esabt e e e e eeeeeeaneees 68
4,  Cross-Section Generation & Modeling for BWRs............ 69
4.1 INEFOAUCTION. ...t 69
4.2 Cross-Section MOGEIING.......uuuuuuruiririiiiiiiiiiiiin s 70
4.2.1 Instantaneous Effect............ccviiiiiiii 72
4.2.2  HiStory EFfECh. ...ooooiiiiiiiie e 74
4.2.3 Control ROd EffeCt..........cccovviiiiiiiiiiieeeee e 76
4.3 Reflector Modeling..........cooooiiiiii 78
4.4 Overview of PARCS Cross-section Model.............cooovvvviiieeeiiiiniiiiinnnn. 80
4.5 PMAX: Cross-section Files for PARCS..........cccoviiiiiiiiiiiiieeiiien, 83
451 Generating BranChes...........oovvvviviiiiiiiiiiiiieeee e 86
4.5.2  Generating HiStOrES. ........oviiiiiiiieiiii e 89
4.5.3 PMAX DA SLIUCIUIE. ....cvvtiiiie ettt e e 96
4.6 Generating PMAXS files from CASMO-4........cccooiiiiiiiiiii e 97
4.6.1 Verification and Validation Procedure of the PMAXS Files. .............. 102
4.7  Cross-section Generation Guidelines for BWRS. .........cooooeeviiiiiiiiiinnnnn. 103
4.8 SUMIMBIY ...ttt 109
5. Cross-section Modeling: Code-to-Code Results............. 111

5.1 100 [0 Tox o o] o ST 111



5.2 Study Cases: CYCIES A & B......ooooviiiiiiiiiiiiiee e 112

5.3 PARCS MOdEL ....oovviiiiiiiiii 120
5.4  Cross-Section Reference Library Set — Set L..........vvvvvvvvvvriiiiininiiinnnnnn. 121
5.5  Core-Follow ANalySiS..........uuviiieeiiiiiiiiiiee e 123
5.5.1 Cross-section Reference Library Set 1 ResUlts. ..........cccoovveeiiiiniens 125
5.5.2 Analysis of the Influence of the Instantaneous/History Effect............. 134
5.5.3 Analysis of the Influence of the Burnup Mesh Poaints........................ 154
5.6  CoreFollow Cycle B RESUIS...........ccuvviiiiiiiiiiiiiiieee e 168
5.6.1 Coast-down Conditions Modeling. ...........cccccccevviiiiiiiiiiiiiiiiiin, 177
5.7  SumMmary & CONCIUSIONS. ......ovveeeiiiiiiiiiiiee e 186
6.  Cross-section Modeling: Code-to-TIPs Results.............. 189
6.1 INEFOAUCTION. ... 189
6.2  Traversing In-Core Probe (TIP) Description...........ccccvveeeeiiiiiiiiinienen. 190
6.3 TIPS Plant MEaSUIEMENTS........ceeiiiiiiiiiieeeee e e e eiiiieee e e e e e e sneeireeeeeens 193
6.4  PARCS TIP Response Calculations................uuvvveuvivinininiminnininnniiinnnn. 199
6.4.1 BOC Condition RESUHS. ........ccoviiiiiiiiiiieeeii e 200
6.4.2 MOC Condition ReSUIS..............ccovviiiiiiiiii 206
6.4.3 EOC Condition RESUIS..........cccovviiiiiiiiiiiiii 224
6.5  Summary & CONCIUSIONS. .....cooeiiiiiiiiiiiie e 230
7.  Cross-section Impact on DEC-A ATWS Analysis.......... 235
7.1 INEFOAUCTION. ... 235
7.2 Description of the Simulated ATWS Scenarios...........cccccvvveeeeeeiiinnnne. 236
721 ATWS SCENAMO L. ..iiiiiiiiieee et e e e e eee e 238
7.2.2 ATWS SCENAMO 2. ...ttt 242
7.2.3  Figures-0f-Merit. .......ooovvviiiiii 244
7.3 MOl FEAIUTES......eiiieeeii ettt 244
7.3.1 TRAC-BFUBEMOEL........ovviiiieiiiiiii i 245
7.3.2 PARCS MOGEL......coiiiiiiiiiic e 247
7.4 Methodology & Calculational Basis. ............cccccccvvviiiiiiiiii, 254
7.4.1  Initial Conditions. .......cvveiiieiei i 255
7.5  Steady-State RESURS...........vvvvviiiiiiiiiiiiiiiisiiiiiviiiiieie e 257

7.6 MSIVC ATWS SCENATIO L ..iivieieieeieee ettt et s e 261




7.6.1 Comparison 1D Kinetics vs. 3D KINELiCS. .........uvvvviieiiiiiiiiiiiiiiieeenn, 272

7.7 MSIVC ATWS SCENAIO 2.....eviieeiiiiiiiiiiiieee et 276
7.7.1 Comparison Set 1 vs. Set Atws LibDraries. ..........cccceeeiiviiiiiiiiiiiinnnnn, 285

7.8 SUMIMIY ettt e e e ettt e bbb s e e e e et ebbb e e e eeeeaennnees 293
8.  Conclusions & Future Work..........cccceevvieiiiiiiiiiieeen 295
8.1 CONCIUSIONS. ...ceiiiiiiiiii e 295
8.2 FULUIE WOTK. .o, 300

9. RETFEIBNCES ..ot 303



LIST OF FIGURES

Figure 2.1. Boltzmann — Bateman Coupling SChemME.........ccoveuernncninnness e 16
Figure 2.2. Predictor-Corrector Boltzmann — Bateman Coupling Scheme.........c.ccccovneee. 16
Figure 2.3. Nuclear Data Libraries ColleCtion PrOCESS..........ccevrererierereiirierinesesieenesesieseenenens 18
Figure 2.4. Standard Procedure for Generation Broad-group Libraries. ........ccccveevnieene 19
Figure 2.5. Energy Collapsing HUSTration. ........ccccevervneeescscse e 20
Figure 2.6. General Diagram of the Input and Output of a Reactor Lattice Code................. 21
Figure 2.7. Areas of Application of the Lattice Code ReSUIS.......c.ccvvrreeeeeeesnnnninnns 23
Figure 2.8. Core Homogenization’s CONCEPL. .....ccoururueuereririeieeririeienesisieieesesieree s sesene s 25
Figure 2.9. Fuel Assembly Homogenization for Core Calculations. ..........ccccovvveeeenenennenn. 26
Figure 3.1. Standard Industry Scheme CalCulation..........cccceeeeeeeeereesessseeeeeeseeeeees 39
Figure 3.2. Two-Step Procedure. Overview of Standard BWR Core Analysis. .........c........ 40
Figure 3.3. Reactor Physics CalCUlatiONS. ........ccceveeiereisinieceieiesisiss s rsresssesenas 41
Figure 3.4. Examples of Applications of Coupled-Codes in NPPS..........ccccovveirerrennnnnens 44
Figure 3.5. General Coupling APPrOaCH........cccovvvieeirireeeres et seees 45
Figure 3.6. Evolution of DBAs an BDBAS according to the IAEA. .........cccceivnccnnecnn, 49
Figure 3.7. Maximum Extended Load Line Limit Analysis (MELLLA +) domain............. 55
Figure 3.8. General Overview of Codes USEd.........ccoevurrnniiienrneisnreeesis e 56
Figure 3.9. Flow Diagram 0f CASMO-4.........ccceereirnnneeeeiesisis it sssesenes 60
Figure 3.10. Overview of the GenPMAXS Code as the Interface between CASMO-4 and

PARGCS. .ottt bbbttt 62
Figure 3.11. Overview of Core Depletion Analysis in PARCS. .........ccccceennnnnnneienennns 64
Figure 4.1. Flow Chart Reactor Core DyNamICS. ........ccceueuereieueieieinieieieieieieieieieieieneieseneeeeenenas 70
Figure 4.2. Example of Nominal Base CalCulation............ccceeeeeieeeieeeesesieeesesisieneens 72
Figure 4.3. Example of Branch Calculation from Nominal Base Condition............ccccceeeue. 73
Figure 4.4. Example of Base State and Branch Calculations. ...........ccccevennnneeiennnnnnns 74
Figure 4.5. Example of Off-Nominal Calculation Scheme from Nominal Base Condition.75
Figure 4.6. Example of a Cruciform Control Rod fora BWR Fuel.........ccccovevinrccennnnns 76
Figure 4.7. Example of Reflector Model for Cross-Section Generation. ..........c.cocccrreeene. 79
Figure 4.8. PARCS Cross-Section Tree-Leave StIUCIUIE........cccovvvevererriercesesereeveseerensenens 83
Figure 4.9. Example of Computing Cross-Sections at the Desired Point 1............cccovveueee. 88
Figure 4.10. Example of Computing History Dependence for Point 13...........ccccoecvvnnninnas 90
Figure 4.11. Example of Computing History Dependence for Point 13. Step #1................. 91
Figure 4.12. Example of Computing History Dependence for Point 13. Step #2................. 91
Figure 4.13. Example of Computing History Dependence for Point 13. Step #3................. 92
Figure 4.14. Example of Computing History Dependence for Point 13. Step #4................. 93
Figure 4.15. Example of Computing History Dependence for Point 13. Step #5................. 94
Figure 4.16. Summary of Computing History Dependence for POINt 13.........ccccccoeveniennee 95
Figure 4.17. PMAXS’ Data StIrUCHUTE. ......c.ceivrirrereirineeieeisreee s 97

Figure 4.18. Construction of the Two-group Cross-sections in CASMO-4/SIMULATE-3.99
Figure 4.19. PMAXS Histories (HDC) and Instantaneous Moderator Density Branches

(DC).

NUREG-CR7164 REfErenNCe CaSE. ......cccciiiieiieeiieieeeee et st 105

Figure 4.20. Example of PMAXS Structure following the NUREG/CR-7164 Guidelines.

XVii



Figure 5.1. Core Fuel Loading Pattern for Cycles A (left) and B (right).........ccccovervriene. 112
Figure 5.2. Axial Power Profile predicted by SIMULATE-3. Cycle A (top) and Cycle B

(DOTEOMY). 1.ttt bbbt 115
Figure 5.3. Radial Power Profile predicted by SIMULATE-3. Cycle A. ....ccccoovvevevrerene. 116
Figure 5.4. Radial Power Profile predicted by SIMULATE-3. Cycle B.........cccovevvvrvrvene. 117
Figure 5.5. Core Average Exposure Profiles. Cycle A (top) and Cycle B (bottom). ......... 119
Figure 5.6. Relative Radial and Axial Power Errors (%). XS Set 1. Cycle A. .....ccoeuueee. 126
Figure 5.7. Relative Radial and Axial Power Errors (%). XS Set 1. First Half of Cycle B.

......................................................................................................................................... 127
Figure 5.8. Relative Radial and Axial Power Errors (%). XS Set 1. Second Half of Cycle B.

......................................................................................................................................... 128
Figure 5.9. Set 1. History Matrix Structure Boundaries. Cycle A (top) and Cycle B

(0] 10] 1 1) RO TS 130
Figure 5.10. Set 1. Points Outside of Void History Upper Boundary. .........c.cocoererirerinennn. 130
Figure 5.11. Set 1. Moderator Density Branch Matrix Structure Boundaries. Cycle A (top)

and Cycle B (DOOM)......cuiiiiirsssssses e 132
Figure 5.12. Instantaneous Moderator Density Distributions. Cycle A (top) and Cycle B

(DOTEOM). 1.ttt bbbt 133
Figure 5.13. Instantaneous Moderator Density Branch Structure for Set 1 (top) and Set 2a

(070 10} 1) SRS 135
Figure 5.14. Axial RMSES (%0). Set 1 VS. SEt 28. ..o 136
Figure 5.15. Radial RMSES (%). Set 1 VS. SEL 2. ....cccovvvvieiiiirecerere e 136
Figure 5.16. History Matrix Structure Boundaries. Set 2a (left) and Set 2b (right). .......... 138
Figure 5.17. History Matrix Structure Boundaries. Set 2c (left) and Set 2d (right). .......... 138
Figure 5.18. Points Outside of Cross-Section History DOmains. .........cccoeevervrererenenenescnenn. 138
Figure 5.19. History Matrix Structure Boundaries Set 2d (95% upper void). .........c.......... 139
Figure 5.20. Points Outside of Cross-Section History Domains without Set 2d’s Bias..... 139
Figure 5.21. Axial RMSES (%0). Setl VS. SEt28-20.......cccovrirrerrrieeninrneeieis s sereesiseseneens 141
Figure 5.22. Radial RMSES (%0). Set1 VS. Set 22-20.......cccoeovvirerireririereieienene e 141
Figure 5.23. Relative Radial Power Errors (%). Set 2a VS, Set 2C.......cccevvvevevrrieeenereenns 143
Figure 5.24. Relative Axial Power Errors (%). Set 2a VS. SEt2C. ....vvvvevvvevieneriecereseeens 144
Figure 5.25. Axial RMSES (%). Cross-Section EXtrapolations. ...........cccoovvevirirerinenenirinnnn, 145
Figure 5.26. Radial RMSEs (%). Cross-Section EXtrapolations. ..........cccocvevevvreeereneneennns 146
Figure 5.27. Instantaneous Void Fraction vs. Exposure. Cycle A.........cooevnnennnencens 147
Figure 5.28. Instantaneous Void Fraction vs. Exposure. Cycle B........ccccocvevevvcvennerienn, 147
Figure 5.29. Instantaneous Void Branch Structure. Set 3a - Set 3b - Set 3C.......ccceverenene 148
Figure 5.30. Axial RMSEs (%). Set 2c vs. Set 33, 3D, and 3C......ccoccervneerrninecierneens 149
Figure 5.31. Radial RMSES (%). Set 2c vs. Set 3a,3b, and 3C. .....ccovvririrnnininininenirnen, 149
Figure 5.32. Relative Radial Power Errors (%). Set 2C VS. Set 3C....ccvvvererrrereerinrenecens 151
Figure 5.33. Relative Axial Power Errors (%). Set 2C VS, SEt3C...covvrvrrnirereneneieinen, 152
Figure 5.34. Axial and Radial RMSEs (%). Burnup Points Impact...........cccccovernvnineen. 159
Figure 5.35. Relative Radial Power Errors (%). Set 3¢ vs. Set 3¢-b46........covvvvvririnne. 161
Figure 5.36. Relative Radial Power Errors (%). Set 3c-b46 vs. Set 3¢c-b78. ......ccovvvvnee. 162
Figure 5.37. Relative Axial Power Errors (%). Set 3c vs. Set 3c-h46..........covrnnniniennn. 163
Figure 5.38. Relative Axial Power Errors (%). Set 3c-b46 vs. Set 3c-b78........cccvvvvevnee. 164
Figure 5.39. PARCS Axial Power Distributions. Cycle A Core Follow. XS Set 1............ 165

Figure 5.40. PARCS Axial Power Distributions. Cycle A Core Follow. XS Set 3c.......... 166
Figure 5.41. PARCS Axial Power Distributions. Cycle A Core Follow. XS Set 3c-b46..167



Figure 5.42. History (left) and Instantaneous (right) Moderator Density Boundaries. Set

BCDAB... ettt 168
Figure 5.43. Axial RMSEs (%). Set 1 vs. Set 3c-b46. Cycle B. ......c.cooervncirnnenicieinns 168
Figure 5.44. Radial RMSEs (%). Set 1 vs. Set 3c-b46. Cycle B.........cccovvvevevvcceciie, 169
Figure 5.45. Relative Radial Power Errors (%). XS Set 1 vs. Set 3c-b46. First Half of Cycle

Bt 171
Figure 5.46. Relative Radial Power Errors (%). XS Set 1 vs. Set 3c-b46. Second Half of

CYCIE Bttt 172
Figure 5.47. Relative Axial Power Errors (%). XS Set 1 vs. Set 3c-b46. First Half of Cycle

2 TSRO 173
Figure 5.48. Relative Axial Power Errors (%). XS Set 1 vs. Set 3c-b46. Second Half of

CYCIE B bbbt 174
Figure 5.49. Core kest. Cycle B Core Follow. Set 1 vs. Set 3C-b46........ocvvvverievnienniennns 175
Figure 5.50. Delta ket (pcm). Cycle B Core Follow. Set 1 vs. Set 3c-b46..........cccovveeennne. 175
Figure 5.51. PARCS Axial RMS Difference from SIMULATE-3 (%). Cycle B Core

FOIOW. SEt 1 VS. SEE3C-DAB. ...c.oiiiiiiiii s 176
Figure 5.52. PARCS Radial RMS Difference from SIMULATE-3 (%). Cycle B Core

FOIOW. SEt 1 VS. SEE3C-D4B. ...c.oviiiiiiiie s 176
Figure 5.53. Typical General Electric (GE) BWR Operation Phases.........c.cccerrenecennnen. 177
Figure 5.54. Total Power and Core Flow Conditions during Cycle B.........ccccccovevrvrernnne. 178
Figure 5.55. Axial Power RMSEs (%). Set 1 and Set 3c-b46. Coast-down Phase............. 179
Figure 5.56. Radial Power RMSES (%). Set 1 and Set 3c-b46. Coast-down Phase........... 180

Figure 5.57. Dome Pressure and Moderator Temperature Conditions during Cycle B......180
Figure 5.58. Evolution of the Nodal Moderator Density Distributions along Cycle B. .....181

Figure 5.59. Core Void Fraction vs. EXposure. Cycle B. ... 182
Figure 5.60. Axial RMSES (%). Cycle B Core-FOlOW. .......ccccovierrnincrernceere e 184
Figure 5.61. Radial RMSES (%). Cycle B Core-FOIOW.........ccccoverircininiceicceieeenieieinnas 184
Figure 6.1. Typical BWR Core Arrangement. .......coceueurireeererrerereesisinesesseessesesssssssesesessseens 190
Figure 6.2. In-Core Detectors Radial Layout EXample. ......ccccoeeveeeeienennenesesiennnas 191
Figure 6.3. Indicative Ranges of the Neutron Monitoring System. .......cccccoceevevvveererereennns 192
Figure 6.4. Control Rod Patterns at Selected TIP Measurement Points. ........c.cccoccevevverene. 195
Figure 6.5. Location of the 33 TIP DeteCtOrS. ......cccveeieerinieieeisis e isieieieesissssesssesesesesens 196
Figure 6.6. BOC - TIPs Data. Measured vs. Calculated. XS Set1......ccccooveivvvvcvrvreninnnns 202
Figure 6.7. BOC - TIPs Data. Measured vs. Calculated. XS Set 3C. ......cccovvnierrnenicennnn. 203
Figure 6.8. BOC - TIPs Data. Measured vs. Calculated. XS Set 3c-b46..........cccoeevrvrennne. 204
Figure 6.9. BOC - TIPs Data. Measured vs. Calculated. XS Set 3¢-b78..........cccovvnirernnnn. 205
Figure 6.10. MOC #1 - TIPs Data. Measured vs. Calculated. XS Set 1.........ccoeovvrirennnne 208
Figure 6.11. MOC #1 - TIPs Data. Measured vs. Calculated. XS Set 3C.....c.ccccovvrrrennnnns 209
Figure 6.12. MOC #1 - TIPs Data. Measured vs. Calculated. XS Set 3c-b46..................... 210
Figure 6.13. MOC #1 - TIPs Data. Measured vs. Calculated. XS Set 3¢c-b78.......c.ccccovuuee 211
Figure 6.14. MOC #2 - TIPs Data. Measured vs. Calculated. XS Set 1........cccoeovvrirennnnn. 212
Figure 6.15. MOC #2 - TIPs Data. Measured vs. Calculated. XS Set 3C.....ccccecvvvrrenennns 213
Figure 6.16. MOC #2 - TIPs Data. Measured vs. Calculated. XS Set 3c-b46.........ccccevune 214
Figure 6.17. MOC #2 - TIPs Data. Measured vs. Calculated. XS Set 3c-b78.......ccccceoeuuee 215
Figure 6.18. MOC #3 - TIPs Data. Measured vs. Calculated. XS Set 1.......cccceovvvivinnnnnas 216
Figure 6.19. MOC #3 - TIPs Data. Measured vs. Calculated. XS Set 3C......cccovvvrvrerennn. 217
Figure 6.20. MOC #3 - TIPs Data. Measured vs. Calculated. XS Set 3¢c-b46.........ccccceuuee 218
Figure 6.21. MOC #3 - TIPs Data. Measured vs. Calculated. XS Set 3c-b78.................... 219

XiX



Figure 6.22. MOC #4 - TIPs Data. Measured vs. Calculated. XS Set 1. .....ccccovvviririnene. 220

Figure 6.23. MOC #4 - TIPs Data. Measured vs. Calculated. XS Set 3C. .....c.cccovveririnene. 221
Figure 6.24. MOC #4 - TIPs Data. Measured vs. Calculated. XS Set 3c-b46.................... 222
Figure 6.25. MOC #4 - TIPs Data. Measured vs. Calculated. XS Set 3c-b78.................... 223
Figure 6.26. EOC - TIPs Data. Measured vs. Calculated. XS Set 1........ccccoevvvrirrerinirennnen. 226
Figure 6.27. EOC - TIPs Data. Measured vs. Calculated. XS Set 3C.....cc.cccevvvvvrevivrerinnen 227
Figure 6.28. EOC - TIPs Data. Measured vs. Calculated. XS Set 3c-b46...........ccceevvenneee. 228
Figure 6.29. EOC - TIPs Data. Measured vs. Calculated. XS Set 3c-b78........ccceovvnenene. 229
Figure 6.30. Summary of Nodal & Axial RMSEs (%) for All Calculated TIP Responses.232
Figure 6.31. Number of Points Rejected for each calculated TIP Measurement Point......233
Figure 7.1. Simulated Event Tree for SCENArio L. ..ot 241
Figure 7.2. Simulated Event Tree for SCENArio 2. .......ccccevverennesssinneces e 243
Figure 7.3. Simulated Case - Core Fuel Loading Pattern........cccocooveevrecinnnineeneeneneneenns 248
Figure 7.4. TRAC-BF1/PARCS Mapping Scheme Designed for the Simulated ATWS Case.
......................................................................................................................................... 249
Figure 7.5. Internal Thermal-hydraulic/Neutron Kinetics Coupling Approach. ................ 250
Figure 7.6. Instantaneous Moderator Density (top) and Fuel Temperature (bottom)
DISHIIULIONS. ...ttt bbb 251
Figure 7.7. History (top) and Instantaneous (bottom) Moderator Density Boundaries for Set
ALWS Cross-SeCtion LIDIAIY.......cc.ccciriveeiirscie et e 253
Figure 7.8. Radial and Axial Power Distributions predicted by SIMULATE-3. EOC
CONDITIONS. ..t 256

Figure 7.9. Axial Power Profile Predictions. PARCS vs. SIMULATE-3. SSA and CSS. 259
Figure 7.10. Relative Radial Power Errors (%). PARCS vs. SIMULATE-3. SSA and CSS.

......................................................................................................................................... 259
Figure 7.11. VeSSel DOME PrESSUTE. .......ceururiirrieiririreieeeieisesessesisesessses e sesseses s sessssssssessenes 264
Figure 7.12. Total REACION POWET .......ccviiiieeeieieniereeneese e s 264
Figure 7.13. Total Core Mass FIOW RAtE. ........ccccceriiiiieieieie e 265
Figure 7.14. DOWNCOMEN LEVEL ...c.cviiiriiiieieieieieeie e 265
Figure 7.15. ECCS Mass FIOW RAtES. ......ccccvviveeiririceieeece et 266
Figure 7.16. Maximum Peak Cladding TEMPErature. .........ccoovveerererieeeeresese s e seseneens 266
Figure 7.17. Total Core REACLIVILY. ....ccvviiieeieeeeeie e 267
Figure 7.18. Partial Core REACLIVILIES........ccovvvrieeeirirceieres s s 267
Figure 7.19. CP+CBP MaSS FIOWS.........ccociuriiiriririnicieeisrese it seees 268
Figure 7.20. Suppression POOI TEMPErAtUIe. ......cccovvveveererieieererieieevesietee e sesaesens 269
Figure 7.21. SRVS MASS FIOWS.......c.ciiiiiriririniieieiris ettt 270
Figure 7.22. Vessel Dome Pressure. 1D vS. 3D PrediCtions..........cococvvneceenncnencesneneneens 274
Figure 7.23. Total Reactor Power. 1D vS. 3D PrediCtions. .........ccoovveririninininenennnenenininenne 274
Figure 7.24. Downcomer Level. 1D vs. 3D Predictions. ........cccovveeenenecininnencrsesseneneenns 275
Figure 7.25. Maximum Peak Cladding Temperature. 1D vs. 3D Predictions. ................... 275
Figure 7.26. Suppression Pool Temperature. 1D vs. 3D PrediCtions. .........cccccoveverenenene. 276
Figure 7.27. DOWNCOMEN LEVEL .....cviiiiiieieeieeeie e 277
Figure 7.28. Preferent ECCS Mass FIOW RatES.......cccvviiiiiiieieieiieneseie e 278
Figure 7.29. VESSEl DOIME PIESSUIE.......c.cciuiiiieirieieieieieie ettt 278
Figure 7.30. TOtal REACLOr POWET .......cciviiirieieieieieieeeieeenee e 279
Figure 7.31. TOtal COre FIOW......ccocviueeirisecise et 279
Figure 7.32. Maximum Peak Cladding TeMPErature. ........cccoeoerererererereieieneneseseseseseseseseseens 280

Figure 7.33. Total Core REACLIVILY. .....ccvvveeerirerecire e 281



Figure 7.34. Partial Core REACLIVILIES. .....cccvueveveieirieisicis ettt 281

Figure 7.35. Suppression POOI TEMPEIAtUIe. ........cceevririeeeeirsiee e 282
Figure 7.36. SRVS MaSS FIOWS. ...ttt 283
Figure 7.37. Moderator Density Boundaries History (top) and Instantaneous (bottom) for
Set 1 Cross-SECtION LIDIArY .......cccccvcrierssneeeeeeeeeeee e 286
Figure 7.38. Moderator Density Branches Matrix for Set 1 Library (top) and Set Atws
[T o] = 1 VA (010 1 (0] 1 1) TSRS 287
Figure 7.39. Moderator Density History Matrix for Set 1 Library (top) and Set Atws
Library (DOTOM). ..o 288
Figure 7.40. Vessel Dome Pressure. Set 1 vs. Set Atws Predictions. .........cccoocernenceceennen. 290
Figure 7.41. Downcomer Level. Set 1 vs. Set Atws PrediCtions. ........cccoeeeeeeneenennnas 290
Figure 7.42. Maximum Peak Cladding Temperature. Set 1 vs. Set Atws Predictions. ......291
Figure 7.43. Total Reactor Power. Set 1 vs. Set Atws Predictions. .........cccovveernnenencennnnn. 291
Figure 7.44. Total Core Reactivity. Set 1 vs. Set Atws Predictions. ..........ccceovvennnnnnnas 292

XXi



LIST OF TABLES

Table 2.1. Nuclear Data LIDraries...... oo 17
Table 2.2. Base Macroscopic Cross-Section COeffiCIents. ... 27
Table 2.3. Reactivity Balance in BWRS.........cccccoviiiiiiscc e 35
Table 3.1. Overview of the Most Common Neutronics COUES. ........vvrererireennririreinirenins 42
Table 3.2. Codes’ Versions USE........cccivreireiriieiisieserisesese e ssees e saesesaesessenes e snenas 57
Table 3.3. PARCS Neutronics Methods: Solution Kernels. .........ccccooveenncnnnnccnnnens 65
Table 4.1. Dependencies of kinf Partial Derivatives to Each Variable. ..........cccccooovneiiinnnne 85
Table 4.2. Example of Histories and Branches for BWR Fuel Assembly with S3C Card.100
Table 4.3. Branch Mapping for all Histories of BWR Fuel Assembly. .........ccccovevvvninnnne. 101
Table 4.4. Recommended HiStory BranChes.........ccococerrrnnnininnnnneeeeeseesesesesese s 108
Table 4.5. Recommended Instantaneous BrancChes. ... 109
Table 5.1. Selected Operating Condition POINTS. .......cccccovrriinininininniieeeenesese e 114
Table 5.2. Branches Used in Reference Set Library — Set1.....cccoveiivvcceivsceevsienen 122
Table 5.3. Histories Used in Reference Set Library — Set L.....cccocvevvivvecenrnvenvesieeens 123
Table 5.4. Selected Burnup Points Used in Reference Set Library — Set 1. ........cccccoeovenenee 123
Table 5.5. PARCS vs. SIMULATE-3 Results. Cross-section (XS) Set 1........cccoorrirenenene 125
Table 5.6. Nodal Moderator Density Distributions by Branch............cccoveinnccinnnes 133
Table 5.7. Typical Calculation Types Performed by Lattice COdeS.........courriririririrerenenen. 134
Table 5.8. Void History/Branch Matrix Structure Conditions for Set 1 and Set 2a........... 136
Table 5.9. Void History/Branch Matrix Structure Conditions for Set 2a to Set 2d............ 137
Table 5.10. History Impact. XS Sets Results for 5% Exposure Cycle.........cccorrrririrerennn. 140
Table 5.11. History Impact. XS Sets Results for 25% Exposure Cycle.........cccovnrininennn. 140
Table 5.12. History Impact. XS Sets Results for 50% Exposure Cycle.........cccoevrrirvrvrnnnn. 140
Table 5.13. Void History/Branch Matrix Structure Conditions for Set 2c, Set 3a, 3b, and 3c.

......................................................................................................................................... 148
Table 5.14. Branches Impact. XS Sets Results for 5% Exposure Cycle........ccoovririrvrenen. 150
Table 5.15. Branches Impact. XS Sets Results for 25% Exposure Cycle...........cccovvernnene. 150
Table 5.16. Branches Impact. XS Sets Results for 50% Exposure Cycle........c.ccoueeevenenee 150
Table 5.17. Branches Used in the Selected Cross-Section Library — Set 3C......cccvvvevvnene. 153
Table 5.18. Histories Used in the Selected Cross-Section Library — Set 3C......cococoeevenenee 154
Table 5.19. Summary of Typical Burnup Step LENGthS. ... 156
Table 5.20. Burnup Points for CASMO-4. Set 3¢-b20 library. ..o, 157
Table 5.21. Burnup Points for CASMO-4. Set 3¢c-b46 library. .......cooeevvinninniccnnens 157
Table 5.22. Burnup Points for CASMO-4. Set 3¢-b78 library. ..o, 158
Table 5.23. Burnup Points Impact. 5% Exposure Cycle ReSUlts..........cccovvvrrnneecenininns 160
Table 5.24. Burnup Points Impact. 25% Exposure Cycle ReSUltS..........covovevrerirerererirenencnen, 160
Table 5.25. Burnup Points Impact. 50% Exposure Cycle ResUltS..........cccvvvrienirinininenenne 160
Table 5.26. PARCS vs. SIMULATE-3 Results. Cycle B. XS Set 1. ......cccoovrvnerennenns 170
Table 5.27. PARCS vs. SIMULATE-3 Results. Cycle B. XS Set 3c-b46..........ccovrvrvnne. 170
Table 5.28. Void-Moderator Temperature History/Branch Matrix Structure Conditions.

Designed Coast-OOWN SELS........ccciiiirrirrrsieiee ettt ssesssesssenes 183

Table 6.1. Selected TIP Measurements from Cycle B. ......ccccocovevvvecieinsvn s 194



Table 6.2. Comparison of Nodal and Axial RMSEs (%). BOC Condition. All XS Libraries

......................................................................................................................................... 200
Table 6.3. Comparison of Nodal and Axial RMSEs (%). MOC Conditions. All XS
LDIAIIES. 1.t s 206
Table 6.4. Comparison of Nodal and Axial RMSES (%). EOC Condition. All XS Libraries.
......................................................................................................................................... 224
Table 6.5. Summary of Nodal RMSEs (%) for All Calculated Detector Responses.......... 230
Table 6.6. Summary of Axial RMSEs (%) for All Calculated Detector Responses........... 230
Table 7.1. Event Tree Headers fOr SCENAMO L.......ccoovveerrnercneenrenereee s enes 239
Table 7.2. Event Tree Headers fOr SCENAMO 2........covviueurrineieienrseeeie s 242
Table 7.3. ATWS Acceptance Limit Criteria. ..o 244
Table 7.4 Shut-off Pressure Pumps & Maximum Injection Flow Rates of the Preferent
)Y £5] 11 OO SOTS T STRRR 247
Table 7.5. Range of State Variables for the ATWS Cross-section Libraries...........c.coce.... 252
Table 7.6. Cross-Section History Matrix Structure Set Atws Library........ccocovvvnnnnenne 254
Table 7.7. Cross-Section Branch Matrix Structure Set Atws Library. .......cccocovvvrrininenen. 254
Table 7.8. Numerical Options in PARCS. ..ot 254
Table 7.9. Summary of Initial CoNAitioNS. .........cccovviiiiiiiiieii s 257
Table 7.10. Summary of TRAC-BF1 Results for SSA. ... 258
Table 7.11. Summary of TRAC-BF1 Results for CSS. ... 258
Table 7.12. Summary of Steady-State Results for PARCS SSA and CSS..........ccccocevvvnne. 260
Table 7.13. Sequence of EVeNts for SCENAIO L.t 271
Table 7.14. Scenario 1. Comparison to Applicable Limits.........c.cooeovvncninnnccesneeens 272
Table 7.15. Scenario 1. Comparison to Applicable Limits. 1D vs. 3D Predictions............ 273
Table 7.16. Sequence of EVENts fOr SCENAIO 2.......cocvvveieieiereieeie et 284
Table 7.17. Scenario 2. Comparison to Applicable Limits.........c.cooeevneennncnesneeens 285
Table 7.18. Scenario 2. Comparison to Applicable Limits. Set 1 vs. Set Atws Predictions.
......................................................................................................................................... 289

XXili



ABWR
ADF
ADS
ANM
AOO
APRM
ARO
ARI
ATWS
BDBA
BOC
BOP
BP
BWR
CBP
CD
CDF
CE
CFR
CHAN
CMFD
CP
CPM
CPR
CR
CRDS
CSS
CTR
CZP
DBA
DC
DEC
DOM
DSA

ACRONYMS

Advanced Boiling Water Reactor
Assembly Discontinuity Factor
Automatic Depressurization System
Analityc Nodal Method

Anticipated Operational Occurrence
Average Power Range Monitor

All Rods Out

All Rods In

Anticipated Transient Without Scram
Beyond Design Basis Accidents
Beginning-of-Cycle

Balance of Plant

Burnable Poison

Boiling Water Reactor

Condensate Booster Pump

Core Damage

Corner-point Discontinuity Factors
Continuos Energy

Code Federal Regulations

Channel Component in TRAC-BF1 Input
Course-Mesh Finite-Difference
Condensate Pump

Collision Probability Method
Critical Power Ratio

Control Rod

Control Rod Drive System

Coupled Steady-State Calculation Mode
Coupled Transient Calculation Mode
Cold Zero Power

Design Basis Accidents

Density Coolant

Design Extension Conditions
Discrete Ordinates Method
Deterministic Safety Analysis



EAF
ECCS
ED
ENDF
EOC
EOP
EPG
EPU
ET

FA

FW
FWRT
Gd
GDC
GE
HCR
HCTL
HDC
HFP
HPCS
HZP
IAEA
ICMS
IORV
IRM
JEF
JENDL
LHGR
LOCA
LOOP
LPCI
LPCS
LPRM
LWR
MAPLHGR
MCPR
MELLL
MELLLA

European Activation File

Emergency Core Cooling System
Emergency Depressurization

Evaluated Nuclear Data File

End of Cycle

Emergency Operating Procedures
Emergency Procedure Guidelines
Extended Power Uprate

Event Tree

Fuel Assembly

Feedwater

FeedWater Reduced Temperature
Gadolinium

General Design Criterion

General Electric Company

History Control Rod

Heat Capacity Temperature Limit
History Density Coolant

Hot Full Power

High-pressure Core Spray

Hot Zero Power

The International Atomic Energy Agency
In-Core Monitoring System

Inadverted Opening of a Relief Valve
Intermediate Range Monitor

Joint Evaluated File of NEA Countries
Japanese Evaluated Nuclear Data Library
Linear Heat Generation Rate
Loss-of-Coolant Accident
Loss-of-Offsite Power

Low-Pressure Core Injection
Low-Pressure Core Spray

Local Power Range Monitor

Light Water Reactor

Maximum Average Planar Linear Heat Generation
Minimum Critical Power Ratio
Maximum Extended Load Line Limit
Maximum Extended Load Line Limit Analysis

XXV



MELLLA+
MG
MLHGR
MOC
MOC
MSCP
MSCWL
MSIV
MSIVC
MSLB
NEA
NEM
NEMTAB
NFY

NK

NRC
NPP
ODE
OLTP
PARCS
PCT
PDF
PhD

PIE
PMAXS
PPM
PRFO
PRM
PSA
PWR

RC
RCIC
RCF
RDD
REA
RHR
RMS
RPF

Maximum Extended Load Line Limit Analysis Plus
Multi Group

Maximum Linear Heat Generation Rate
Middle of Cycle

Method of Characteristics

Minimum Steam Cooling Pressure

Minimum Steam Cooling Water Level

Main Steam Isolation Valve

Main Steam Isolation Valve Closure

Main Steam Line Break

Nuclear Energy Agency

Nodal Expansion Method

Nuclear Energy-dependent Multi-Group Table
Neutron-induced Fission Product Yields
Neutron Kinetics

United States Nuclear Regulatory Commision
Nuclear Power Plant

Ordinary Differential Equation

Originally Licensed Thermal Power

Purdue Advanced Reactor Core Simulator
Peak Cladding Temperature

Probability Density Function

Doctor of Philosophy

Postulated Initiated Event

Purdue Macroscopic Cross-section

Parts per Million by Weight of Boron Concentration Diluted in the Moderator
Pressure Regulator Failure - Open

Power Range Monitor

Probabilistic Safety Analysis

Pressurized Water Reactor

Recirculation Flow

Reactor Core Isolating Cooling

Rated Core Flow

Radioactive Decay Data

Rod Ejection Accident

Residual Heat Removal

Root-Mean-Square

Relative Power Fraction



RPS
RPT
RPV
RWL
SAFDL
sC
SCRAM
SLCS
SMR
SRM
SRP
SRV
SSA
SP
SPT
TAF
TH
TIP
™
™I
TF
TSL
TTWB
UPV
XS

Reactor Protection System

Recirculation Pump Trip

Reactor Pressure Vessel

Reactor Water Level

Specified Acceptable Fuel Design Limits
Success Criteria

Safety Control Rods Activator/Actuator Mechanism
Stand-by Liquid Control System

Small Modular Reactor

Source Range Monitor

Standard Review Plan (NUREG-0800)
Safety Relief Valve

Steady-State Stand-Alone Calculation Mode
Suppression Pool

Suppression Pool Temperature
Top-of-Active Fuel

Thermal-hydraulics

Traversing In-core Probe

Moderator Temperature

Three Mile Island

Fuel Temperature

Thermal Scattering Law Data

Turbine Trip With Bypass

Universitat Politécnica de Valéncia
Cross-section

XXVii






Chapter 1
Introduction

1.1 Foreword.

Nuclear power plants produced about 10% of the electricity in the world in 2023. In
Spain specifically, nuclear power accounted for an impressive 20.34% of the country’s
electricity production. This energy was generated by seven Light Water Reactors
(LWRs), collectively producing a staggering 28.16% of Spain’s CO2-free electricity.

Six of the seven reactors in operation belong to the widely adopted Pressurized
Water Reactor (PWR) design, while the remaining one utilizes a Boiling Water Reactor
(BWR) configuration.

Over the years, nuclear power generation has experienced remarkable
advancements since its inception in the 1950s. In the pursuit of generating cleaner
electricity, nuclear power plants have embraced more aggressive operational strategies.
Indeed, the operational approach to BWRs has undergone significant transformations
since the 1960s when these reactors first entered service.

Thisevolution has paved the way for vendors to develop innovative fuel solutions
to enhance the economics of BWR operations. With an emphasis on improving
efficiency and performance, these advancementshave presented new challenges. Plant
managementand engineering teams must rise to the occasion by implementing robust
measures to guarantee the plant’s continued safe and optimal functioning.

More than fifteen years ago, the Maximum Extended Load Line Limit Plus
Analysis (MELLLA+) domain was proposed for BWRs that had already implemented
Extended Power Uprates (EPU). The MELLLA+ domain would allow operation at the
EPU reactor thermal power, i.e., up to 120% of Originally Licensed Thermal Power
(OLTP), butat reduced reactor core flow as low as 80% of Rated Core Flow (RCF).
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The reduced flow capability creates an operating window that allows reactivity
changesto compensate for the bumup of fissile and burnable absorber material during
normal operation without the need for control rod motion.

Regardless of operational strategy, all commercial LWRSs must operate within
prescribed limits based upon this information to assure fuel integrity and thus protect
the public’s safety. Similarly, this information is used to evaluate reactor control
actions and track the performance of the fuel under regular operation, anticipated
operational transients, and accidental scenarios.

In recent years, regulationsand safety analysis havetransitioned their focus from
highly unlikely severe accidents to less severe but more likely operational accidents.
Thus, accurately predicting BWR core behavior (mostly eigenvalue, reactivity, and
thermal limits) is essential in more demanding operational domains.

Margin improvement in new operating strategies such as 24-month cycle
extensions, power increases, operating map extensions, or further licensing
requirements demands the use of the so-called best-estimate codes and 3D
methodologies with proper treatment of uncertainties.

Cross-section libraries are fundamentalto any 3D code used for core calculation.
Yet, the main weakness of all neutronics calculations is that each method, i.e.,
diffusion vs. transport, nodal/homogeneous vs. heterogeneous, deterministicvs. Monte
Carlo, Point Kinetics vs. 1D vs. 3D, static vs. transient, feedback type, burnup
conditions, require cross-sections prepared in a different way, methodology, format,
and content.

This thesisprovides a study of basic fundamental questions like the sources of the
cross-sections and Kinetic data, understanding the detail necessary to solve the
pertinent, and which features could vary depending on the problem.

By navigating these challenges and seizing opportunities for improvement, the
nuclear power industry continues to make significant strides in providing sustainable
and clean energy solutions. As the demand for electricity grows, it becomes
increasingly important to optimizethe operation of nuclear power plants, leveraging
technological advancements to meet the world’s energy needs while minimizing
environmental impact.

1.2 Statement of Objectives.

Fuel depletion analysis plays a crucial role in assessing the long-term changes in
reactor fuel composition resulting from fuel burnup during reactor operation. These
changeshave a profound impact on the reactor’s operational lifespan, stability, and
control. Thus, it isimperative to utilize an appropriate set of cross-sections and nuclear
parameters to ensure the accurate prediction of reactor behavior under both steady-state
and transient conditions because it enables the optimization of the fuel cycle and
enhances overall reactor performance.

Having this in mind, this dissertation aims to:
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— understand how reactor physics phenomena are captured and represented
through a thorough analysis of cross-section libraries;

— contribute to robust safety assessments by ensuring that the cross-section
libraries accurately represent the behavior of the reactor;

— evaluate the accuracy of the CASMO-4/GenPMAXS/PARCS
computational sequence when analyzing modern Boiling Water Reactor
operation using currently available BWR fuels;

— verify the cross-section libraries through code-to-code benchmarks to
ensure consistency and accuracy in providing reliable results. This
code-to-code comparison is intended for steady-state performance
parameters and two-group nuclear cross-sections for BWR fuel
assemblies;

— compare the predictions of the nodal code PARCS against the plant
core-follow computer SIMULATE-3, which serves as the reference for
every simulated case;

— validate the selected cross-section sets and benchmark the PARCS model
against measured power distributions, i.e., real plant data, using the
In-core Traveling Probe (TIP) detector system, which utilizes
high-resolution gamma detectors;

— assess the impact of cross-section libraries on safety analyses by applying
themto an Anticipated Transient Without Scram (ATWS) Main Steam
Isolation Valve Closure (MSIVC) transients and to study the effectiveness
of the libraries in predicting the evolution of the main figures of merit
facing demanding transient scenarios;

— improve the ability to model such events with coupled codes, i.e.,
TRAC-BF1/PARCS, mainly focused on covering good enough the
expected range for the independent variables of the transient;

— simulate complicated thermal-hydraulic problems for a sufficiently long
time to understand the response of critical components and, most
specifically, the core response;

— enhance the development of effective accident management strategies
through the analysis of cross-section sets.

All our analyses involve an exhaustive examination of historic and instantaneous
variables, and burnup points within the cross-section libraries. By undertaking these
comprehensive studies, the behavior and significance of cross-section libraries in
nuclear safety analysis will be fully explored, leading to conclusions and
recommendations on improving the accuracy of reactor physics simulations.

This dissertation includes newresearch into theaccuracy needed for best-estimate
simulations. New strategies were developedto achieve increased accuracy in coupled
simulations. The findings presented here are mainly focused on BWRs but could be
extended to any LWR type of reactor.

The knowledge gainedthrough this research contributes to the improvement of
reactor safety and ensures the reliable operation of LWRs.
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1.3 Thesis Outline.

The thesis is comprised of nine chapters and is organized as follows:

Chapter 2 covers the most common neutronics topics, such as the neutronics
governing equations, including the nuclear dataneeded to solve them. Special attention
is paid to diffusion theory, with significant emphasis on cross-section libraries and
lattice calculations, crucial for generating accurate multigroup cross-sections and
modeling reactor behavior under various conditions.

The chapter also discusses the importance of nuclear data, including energy group
representations, and the impact of lattice transport code precision on reactor core
estimation. Finally, it explores reactivity feedback mechanisms, explaining how
changes in core conditions affect reactor reactivity, which is vital for safety and
stabilityassessments. This chapter’s main theoretical discussions aim to serve as a
basisto establish contexts for all the work developed during this dissertation; thus, they
are included for that purpose.

Chapter 3 explores advanced methodologies and tools essential for nuclear data
processing andtheir crucial impact on reactor safety and performance. It highlights the
importance of integrating thermal-hydraulic and neutronic calculations to provide a
comprehensive view of reactor core behavior across various operational scenarios. This
integration enhances the accuracy and reliability of reactor analyses. The chapter
emphasizes the role of transient analysis in managing both anticipated operational
occurrences and beyond design basis accidents. It also addresses the significance of
Anticipated Transient Without Scram (ATWS) scenarios.

The chapter concludeswith an in-depth review of common reactor core analysis
codes, CASMO-4, SIMULATE-3, GenPMAXS, PARCS, and TRAC-BF1, showing
their contributions to more precise and reliable reactor core understanding, thereby
advancing nuclear reactor safety.

On the grounds that a significant variation of the core parameters is expected over
the lengthofthe cycle, an accurate set of cross-sections would be needed to predict
reactor behavior correctly in steady-state and transient conditions. Thus, Chapter 4
provides a more in-depth discussion of cross-section generation & modeling for
BWRs, paying particularattention to the cross-section variations and its impact on core
simulator results due to the instantaneous and history effects.

This chapter also reviews the conclusions from NUREG/CR-7164, “NRC
Guidelines for BWR”. The NUREG/CR-7164 guidelines were established by
comparing several cross-section sets calculated using different methodologies and
codes and were intendedto apply to all BWR designs. However, some limitations in
the methodology were found are addressed and discussed throughout the dissertation.

An overview of the PARCS cross-section model and a detailed description of the
PMAXS files, the most common cross-section files used by PARCS for core
simulation and depletion analysis purposes, are likewise included.

Chapter 5 presents the results of a code-to-code benchmark intended for
steady-state performance parameters and two-group nuclear cross-sections for BWR
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fuel lattices. The code-to-code benchmark compares steady-state 3D power
distributions of two different cycles at several depletion steps provided by the plant
core-follow computer SIMULATE-3 and predicted by the nodal code PARCS.
Assorted conclusions drawn from theresults provide insights to cross-section library
generation and modeling.

Building upon these comparisons, Chapter 6 contains benchmarks of PARCS
results against measured TIP plant dataat variousburnup steps. TIPs measurements are
used to validate the capability of PARCS to model advanced BWR fuel designs and to
calculate 3D power distributions for actual reactor operating conditions using the
different cross-section sets modeled in Chapter 5.

The calculation sequence CASMO-4/GenPMAXS/PARCS has been used and
assessed in all simulated cases in Chapters 5 and 6.

Chapter 7 is devoted to simulating a postulated Anticipated Transient Without
SCRAM (ATWS) initiated by Main Steam Line Isolation Valve Closure (MSIVC).
Two operator action scenarios are used to study the plant behavior and the impact of
the cross-section library on the overall core response under demanding transient
scenarios like ATWS.

All ATWS simulations are performed using TRAC-BF1/PARCS coupled code
system in the time domain employing the cross-section modeling guidelines concluded
in Chapter5. The TRAC-BF1model incorporates features that facilitate the simulation
of ATWS events in a BWR/6 housed in a Mark 11l containment.

Thesimulation results reinforce the importance of cross-section modeling and
confirm the coupled code applicability to analyze complex transients such as ATWS.

Chapter 8 summarizes the work carried out in this study, the findings and the
concluding remarks. This chapter also includes recommendations for future work that
might add value to the work undertaken here.

Chapter 9 contains references to publications and data that support this research.
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Chapter 2
Introduction to

Neutronics Methods
and Techniques

2.1 Introduction.

Neutronics, as a discipline dedicated to the transport of neutrons through matter andthe
characterization of their interactions, plays a fundamental role in nuclear reactor
physics. Specifically, neutronics focuses on determining the spatial and temporal
distributionsof neutrons within the reactor and the evolution of isotopes in reactor
materials.

The intrinsic characteristics of BWRs give rise to significant spatial variations
within the operating core, as highlighted in (Bozzola, S., 1982). Additionally, core
parameters such as neutron flux, fission power, moderator density, control rods,
coolant inlet temperature and flow, Xenon/Samarium concentrations, and fuel
temperaturesare intricately interrelated. This interdependence leads to strong feedback
mechanismsthat influence the core’s behavior under varying operating conditions.
Thus, accurate analysis and prediction of neutronic behavior in nuclear systems require
the application of robust theory methodologies and advanced computational tools that
strike a balance between accuracy, speed, and robustness.
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2.2 Neutronics Governing Equations.

Since one of the primary quantitiesinvolved in neutronics is the neutron distributions
and their travelling through matter, the need to study the behavior of the neutron
population andits interplays with the constituent reactor materials is evident. Thus,
understanding neutron transport is essential for accurately determining the neutron
distribution within the reactor.

Neutronics is characterized by its utilization of microscopic data, derived from the
guantum realm (such as microscopic cross-sections), to compute macroscopic
quantities (such as reactor power density). Therefore, it can be viewed primarily as a
science of the macroscopic.

2.2.1 Neutron Transport Equation.
According to (Duderstadt, J. J. & Hamilton, L. J., 1976), and quoting verbatim;

To determine the distribution of neutrons in the nuclear reactor, we must investigate the
process of neutron transport, that is, the motion of the neutrons as they stream about the
reactor core, frequently scattering off of atomic nuclei and eventually either being
absorbed or leaking out of the reactor.

Rewriting the last paragraph in a far easier way, the neutron transport equation
provides the fundamental and exact description of the neutron population within the
reactor. Accounting for the fact that there will surely be neutron gains and losses
throughout the reactor, the challenge hereis to convert the Balance-the-neutrons game
into mathematical words.

Considering any arbitrary volume V, the number of neutronsin V withenergy E in
dE and traveling in a direction 2 in d within this volume is

U n (7 E,2,t)d(@)|dE dQ
14

Then, the change rate of the number of neutrons by time will be given by a
balanced equation as follows:

3} ~ ~ .
a“ n(7,E,2,t)d(¥)|dE dR = gaininV — loss from V Equation 2.1
v

Assuming that thearbitrary volume V does not depend on time, the last equation
can be transformed into
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d _ _ a A )
—f n(7 EQ,t)d@)|dE d@ = f R A@)|dE a Equation 2.2
at | )y y ot

Now, if we then considerall the reactions by which the gain or loss of neutrons can
be produced in the given volume V7, the ensuing classification can be contemplated:

Gain mechanisms:

1) Any neutron sources in V,
2) Neutrons streaming into V through the surface S, and
3) Neutrons of different E’ and £', suffering a scattering collision in V, that
changes E' and 2’ into the E and £ of interest.
Loss mechanisms:
4) Neutrons leaking out through the surface S, and
5) Neutrons in V suffering a collision.

Note that,

Neutron balance inV =1+24+3—-4-5 Equation 2.3

Then, writing every one of these contributions into mathematical expressions in
terms of the angular density n (7, E',@’,t), we find

on - S
E+v!2-l7n+v2tn(r,E,.Q,t)

|
v
- f dE' | dR'v's(E' - E,.2 - 2)n (7 E, 2 ,t) Equation 2.4
0 41

-s(7E, 0, t)] dE dR =0

Yet, becausethe volume V' was arbitrarily chosen, theintegral forany V' can vanish
as follows:

f dr) f@ =0->f@F=0 Equation 2.5

anyV

Hence, we arrive at a balance equation as
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on _ S
§+U.Q-l7n +vZ'tn(r,E,.(2,t) =

= f dﬁlf dE’ U’ES(E’ > E, ﬁl N }\2) n (?‘ E’,ﬁ\’,t) Equation 2.6
41 0

+s(?,E’,f2\’,t)

Which is known as the Boltzmann Transport Equation. Bold formatting is utilized
for all equations to emphasize vector components.

The Boltzmann Transport Equation is an integro-differential equation that
describes the transport of neutrons in a medium and calculates the balance of the
neutron population in each region of the reactor core.

As seen, Equation 2.6 is linear in the unknown dependent variable n (7, E, 2, t)
with seven independent variables (¥ = X, y, z; E; 2 = 0, ¢; t). However, due to the
derivatives, initial and boundary conditions for the angular density will be needed and
properly specified.

As outlined in (Duderstadt, J. J. & Hamilton, L. J., 1976), Equation 2.6 involves
only a single time derivative. Therefore, we can straightforwardly select the initial
condition by specifying the initial value of the angular density for all positions,
energies, anddirections. Additionally, the boundary conditions will vary depending on
the specific problem under consideration.

The neutron transport equation offers an essentially exact description of the
neutron distribution within the reactor and its solution contains all the information
required concerningthe nuclear behavior of the reactor. Indeed, the neutron transport
equation has been the cornerstone of several approximate methods used in nuclear
reactor analysis.

However, in practice, solvingthe neutron transport equation directly is not always
straightforward dueto the complexities involved. Consequently, most analyses rely on
assumptions and approximations to address the equation effectively.

2.2.2 Diffusion Equation.

The Boltzmannequation serves as the fundamental framework for describing neutron
transport in nuclear reactors, accounting for neutron interactions with materials and
their transport across spatial and energy domains. Its comprehensive nature enables
precise predictions of neutron flux distributions and reaction rates, critical for reactor
design and safety assessments. However, the computational demands of solving the
Boltzmann transport equation for complex reactor geometries and operational
conditions necessitate pragmatic approximations.

Quoting from (Stacey, W. M., 2018);

The simplest and most widely used mathematical description of the neutron distribution
in nuclear reactors is provided by Neutron Diffusion Theory. For simplicity of
explication, the neutrons are treated as if they are all of one effective speed, and effects
associated with changes in neutron energy are suppressed.

10
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Therefore, it isapparent that solving the Boltzmann transport equation for full-core
calculations involves high computational and memory storage costs, necessitating the
use of approximations.

As a result, Neutron Diffusion Theory arises as a simplified yet effective
approximation of the Boltzmann equation under certain conditions. Widely adopted in
reactor physics, the diffusion equation offers computational efficiency and ease of
implementation compared to the Boltzmann transport equation. It assumes negligible
angulardependence of neutron flux and provides accurate solutions for many reactor
configurations.

Other approximations, such asthe P1, (Duderstadt, J. J. & Hamilton, L. J., 1976),
and SP3 methods (Lewis, E. E. & Miller, W. F., 1984), extend the diffusion theory by
incorporating higher-order angular moments to capture more nuanced neutron
behaviors. These approaches strike a balance between computational feasibility and
accuracy, catering to diverse reactor scenariosand analysis requirements. Ultimately,
the diffusion equation and its variants remain indispensable tools in the nuclear
industry, supporting efficient reactor design, operational optimization, and safety
evaluation processes.

However, it is important to emphasize that while diffusion and two-group
approximations are well-suited for LWRs, this applicability cannot be generalized to
all reactor types. Each reactor design has unique characteristics and operating
conditions that may necessitate different neutron transport methodologies. Thus, while
diffusion theory may vyield accurate results for conventional LWRs, it may not be
equally effective for other reactor types such as Small Modular Reactors (SMRs) or
advanced reactors such as Generation Il1+ and IV designs.

The simplicity of the diffusion theory model allows for scientific insight and
guantitative understanding of many reactor features, making it a suitable computational
method in nuclear physics. In essence, the neutron diffusion theory simplifies the
transport equation by eliminating fluxangular dependence, effectively homogenizing
the spatial distribution of neutron flux.

As pointed out while discussing the diffusion approximation in (Silvennoinen, P.,
1976), the separation of 2 from the velocity necessitates the notation ¢ (7, E) for the
scalar flux. Therefore, the cross-sections and the angular scattering distribution
function are viewed as functions of energy and direction separately.

The Diffusion Equation, which is known as Fick’s Law, is written as follows:

J@t) =-DF )V, t) Equation 2.7

Where J is known as the Neutron Current Density and D isthe so-called Diffusion
Coefficient, which is obtained from the relationship:

11
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1
32&” (?' t)

D@ t) = Equation 2.8

where X, is called the Macroscopic Transport Cross-Section.

Thus, the neutron diffusion theory is used to describe mathematically the
distribution of neutrons in a nuclear reactor under different approximations as
(Duderstadt, J. J. & Hamilton, L. J., 1976):

1) The angular flux is only weakly dependent on angle.

2) The neutron source term is isotropic.

3) Theneutron current density changes slowly on a time scale compared to
the mean collision time.

Actually, only the first of these approximations is really crucial and points the way
tothe validity of the diffusion equation. In fact, strong angular dependence can be
associated with neutron fluxes having a strong spatial variation.

However, the assumption of weak angulardependenceis violated in the following
cases:

1) Nearboundaries or where material properties change dramatically from
point to point over distances comparable to a mean free path.

2) Near localized sources.

3) In strongly absorbing media, such as a fuel rod or a control element.

4) If the sources are not isotropic.

Despite that, industrial reactors are often computed, with satisfactory results, with
few-energy group diffusion theory. For the case in which the neutron energy
dependence is retained, the diffusion equation in two-energy groups and six delayed
neutron precursor groups is expressed, using standard notation, as (Downar, T. et al.,
2012):

0, @, o o = . o
%% = _V(_D1 T Ve, (7, t)) - (2a1(7'r t) + 2, 7@, t))¢1 @0

+ A =PI F )T ) + (1 = PuZp @ ) (7 0) Equation 2.9
6
+ Z MG @ )y
=1

AGE) ~ . o
U_Z T =- V(_DZ (?l t)V(;bZ (T, t)) - ZaZ (T; t) ¢2 (T, t) Equation 2.10

+ 2, (7, 01 (7, 1)

oC, (7 t)
ot

= BrvZe (T, 1) + BrvZpr o (7 1) — A G (7 1);

k= 1,..6) Equation 2.11

12
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The set of parameters and variables, including cross-sections, fast and thermal
flows, and the concentration of the six groups of precursors, are dependent solely on
time and space, without angular dependence. The selected nomenclature aligns with
traditional conventions found in relevant literature.

2.2.3 Numerical Methods.

Two methods exist for simulating and modeling the neutronic governing equations:
Deterministic and Stochastic methods. The data requirements and methods of
cross-section preparation - continuous energy or multigroup - depend on the method
that will subsequently be used to solve the Boltzmann equation or an approximation to
it.

2.2.3.1 Deterministic.

Deterministic methods solve the Boltzmann Transport Equation in a numerically
approximated manner everywhere throughout a modeled system.

Deterministic methods are based on discretizing and linearizing the Boltzmann
Transport Equation in each of its independent variables, resulting in a vast algebraic
system of equations and unknowns that must be solved afterward, demanding a
considerable number of computational resources.

This massive number of unknowns is a direct consequence of that steady-state 3D
transport problems require a 6D phase space (three space dimensions plus three motion
angles). Computer codes have been written for 3D problems with 1D or 2D spatial
symmetry to minimize the number of unknowns. This reduces the number of
independent spatial and angular variables. However, it is necessary to use iterative
methods to calculate solutions for most practical problems.

In the earlier era of neutronics, the deterministic approach was the primary
consideration. Even today, despite significant technological advancements, it remains
the mostcommonly used method due to its favorable cost-to-accuracy ratio. Thus,
improved energy discretization techniques are crucial for achieving predictability and
estimating uncertainty in deterministic modeling.

The computational cost associated with fast industrial calculations remains a major
obstacle for the deterministic resolution of the transport equation, especially when
applied to heterogeneous 3D cores. This underscores why reactor core analyses
generally rely on nodal coarse-mesh two-group diffusion methods, particularly for
current low-heterogeneous LWR cores.

2.2.3.2 Monte Carlo.

Stochastic (or Monte Carlo) methodsare based on a probabilistic interpretation of the
transport process, which modelsthe nuclear system almost exactly and then solve the
exact model statistically (approximately) anywhere in the modeled system.

In this approach, the random histories of individual particles are calculated using
pseudorandom number sequences, and the results are averaged over a large number of
histories. This can be done in such a way because, typically in the physical process of
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particle transport, many particles undergo random and independent histories (Cacuci,
D. G. (Ed.)., 2010).

Stochastic methods rely on the detailed physicsof individual neutrons and nuclei
interactions. Therefore, the spatial, angular, or energy discretization are not required
and allow the use of the most detailed treatment possible of cross-sections (continuous
energy libraries).

When it is impractical to describe a physical phenomenon via deterministic
equations (balance equations, distribution functions, differential equations), the Monte
Carlo method becomes the preferred option. Actually, in many applications, the
physical process is simulated directly characterized by its Probability Density
Functions (PDFs). If the geometry of the system and its cross-sections are known, then
theresultsof the Monte Carlo simulation contain only statistical errors. Moreover,
processing a sufficientnumber of particles makes it possible to reduce this statistical
error below any specified level.

Monte Carlo methods are widely used because of their relative ease of
implementation, their ability to treat complex geometries with excellent fidelity, and
their ability to solve problems accurately with cross-section data that can have highly
complex energy dependence.

Currently, the Monte Carlo method, known for its high accuracy, isnot commonly
used for large-scale industrial calculations due to its computational requirements.
However, as we look ahead to the future of nuclear technology, particularly with the
advent of Small Modular Reactors (SMRs), there is a growing need to employ
stochastic solutions to tackle the complex physics associated with their innovative fuel
designs and flexible operational modes.

Although this thesis focuses on industrial applications, and therefore a
deterministic approach has been chosen as the primary calculation method for the
comprehensive analysis of the topic at hand, it is important to acknowledge the
potential of the Monte Carlo method for future developments. As we continue to refine
algorithms andenhance computing resources, the Monte Carlo method may eventually
become a viable option for industrial-scale calculations.

2.2.4 Nuclide Depletion Calculations.

Nuclear reactions influence the neutron population and induce variations in the
population of atomic nuclei. Therefore, the evolution in concentrations of the various
nuclides, considering atomic nuclei generations and disappearances through nuclear
reactions and the radioactive decay process, must be assessed.

As the reactor operates, the fuel composition changes and affects the core’s
reactivity. In other words, “the composition of each fuel element varies significantly
according to their initial state and current irradiation status”, as stated in
(Silvennoinen, P., 1976).

Hence, to understand the behaviorof a reactor’s core over its operating lifetime, it
is necessary to predict the changesin the isotopic composition of the core as a function
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of both time and space. Theanalysis of these changes is complicated because the time
and spatial variation in the isotopic composition will depend on the neutron flux
distribution, which itself depends on core composition.

Fuel depletion calculationsaim to track and determine the evolution of all isotopes
of interest within each assembly, including fissile, fertile, burnable poison, and fission
products, as a function of burnup.

Burnupis defined as the amount of energy released per unit mass of fuel, typically
measured in megawatt-days per metric ton (1000 kg) of uranium (MWd/MTU).
Alternatively, burnup can also be expressed as megawatt days per short ton (2000
pounds) of uranium (MWd/st), with the conversion factor between both units typically
around 0.907.

In essence, burmup serves as ameasure of the fuel’sutilization and depletion over
time. It allows us to assess how much energy has been extracted from the fuel and how
the composition of isotopes changes because of nuclear reactions. Then, the balance of
the concentration of nuclides of the system can be determined accordingly:

TIME VARIATION =  PRODUCTION AS ARESULT OF DECAY OF PARENT NUCLIDE
+ PRODUCTION AS ARESULT OF NUCLEAR REACTIONS INVOLVING
OTHER NUCLIDES
— LOSS AS A RESULT OF ITSOWN DECAY
— LOSs AS ARESULT OF A NUCLEAR REACTIONS INVOLVING NUCLIDE
‘A’ ITSELF

Turningthese expressions into mathematical formyields to Equation 2.12, which
are known as the Bateman Equations:

dN,(t .
;t ) _ AsNp(® +Z GTPN () — 14N ,(® _Z 0L PN A(D) Equation 2.12

The Bateman equations form a stiff Ordinary Differential Equation (ODE) system
with constant coefficients that can be solved by numerical methods that evaluate the
solution in a discrete sequence of time steps. Solving the Bateman equations provides
the concentrations of the various nuclides present in the reactor (also needed among the
data of the Boltzmann equation), as well as related activities.

As extensively discussed in (Cacuci, D. G. (Ed.)., 2010), assuming that the
isotopes’ spatial movement from their place of origination does not occur, the spatial
dependence of the isotopic number densities can be suppressed. Therefore, the
Bateman balance equationssolely need to describe the time dependency of the isotopic
number densities.

It is worth mentioning that the Boltzmannand Bateman equations form a coupled
system, see Figure 2.1, since reaction rates depend on the neutron flux and vice versa,
which implies that a coupled problem must be solved.
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Figure 2.1. Boltzmann — Bateman Coupling Scheme.

In practice, however, these equations can be decoupled by solving them separately
over successive time intervals, short enough to neglect variations in isotopic
composition in the Boltzmannequation and variations in fluxin the Bateman equations
over each of these intervals. Thelengthofthe interval - step Aty - is usually given
in terms of burnup since it is the burnup that causes changes in the fuel.

For the decoupled solution calculations, the middle-of-step predictor-corrector
algorithm, see Figure 2.2, is the most widely used and works as follows:

1) Transport calculation using the known initial isotopic composition,

2) Inventory calculation - predictor - to determine the interval midpoint
isotopic composition,

3) Transport calculation employing the interval midpoint isotopic
composition,

4) Inventory recalculation - corrector - through the whole interval.

- Corrector
Inventory Nm Predictor
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Figure 2.2. Predictor-Corrector Boltzmann — Bateman Coupling Scheme.

Saying that the cell composition changes with burnup, as well as the conditions in
the fuel and the moderator, is tantamount to affirm that the neutron spectrum changes.
Change in the neutron spectrum in turn means that the average macroscopic
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cross-sections may have to be recalculated in every step. Thereby, the cross-sections
are certainly calculated for every step and for every region of the core necessarily by
the lattice physics codes.

2.3 Nuclear Data for the Solution of the Neutronics
Calculations.

Primary nuclear data (cross-sections, resonance parameters, fission-product yields,
spectra of emitted particles, et cetera) encompasses continuous energy libraries based
on evaluated and depletion data files for a considerable large amount of fission
products and actinides.

All the above data are available in evaluated nuclear reaction data libraries for
general and special purposes as the ENDF/B (United States Evaluated Nuclear Data
File), JEF (Joint Evaluated File of NEA Countries), or JENDL (Japanese Evaluated
Nuclear Data Library), among others.

To solve the neutronic equations, the nuclear data detailed in Table 2.1 are
required:

Table 2.1. Nuclear Data Libraries.

Evaluated Libraries Format Content

Incident Neutron Library (N) ENDF-6 Neutron Data

Thermal Scattering Law Data

s § (TSL) ENDF-6 Neutron Data
o ©
g g‘ Radioactive Decay Data (RDD) ENDF-6 Decay Data
o
Neutron-induced Fission ENDE-6 Fission Product
Product Yields (NFY) Yields

Neutron Activation
ENDF-6 or EAF Data (including
branching ratios)

Neutron Activation
Transmutation Library

Special
Purposes

The nuclear data library formats EAF (European Activation File) and ENDF-6 are
widely used in the nuclear industry for the representation and exchange of important
nucleardataasseen in Table 2.1. These libraries employ comprehensive formats to
store and distribute evaluated nuclear data for a wide array of isotopes and reactions.
Their well-defined structures facilitate the exchange, comparison, and integration of
nuclear data from various sources.

Before inclusion in the evaluated libraries, nuclear data undergo thorough
evaluation processes, derived from experimental measurements and/or theoretical
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models. Despite the vast amount of data contained in these libraries, notall are directly
applicable to neutronics calculations; hence, they require pre-processing.

Experiment

Evaluation —  Processing ——>  Application

Libraries Codes Codes
Libraries

Codes
Parameters

Source: (Oblozinsky & Schwerer, 1998).

Figure 2.3. Nuclear Data Libraries Collection Process.

Processing Codes play a pivotal role in converting evaluated nuclear data into a
more user-friendly format. Figure 2.3 illustrates that evaluated neutron cross-section
data form the cornerstone of information essential for nucleartechnology applications.

The cross-sections are represented as a combination of cross-sections and
resonance parameters in the evaluated libraries. The processing codes reconstruct the
cross-sections from the data contained in the evaluated libraries, modify their values to
consider the Doppler effect, address the treatment of the resonances in the unresolved
range, and write the data in a format suitable for the neutronics codes to be used.

As a result, two basic approaches are obtained: a Continuous Energy (CE) library
or the Multigroup (MG) library. The multigroup approximation is the basis of nearly
all reactor physics codes, making it one of most widely used approximations of neutron
transport and the only approximation for the diffusion theory.

2.3.1 Continuous Energy.

Continuous Energy methods in nuclear engineering are pivotal for accurately modeling
neutron transport across a wide range of energies, crucial for understanding reactor
physics and performance. The primary challenge lies in the intricate energy
dependence of material cross-sections, which necessitates detailed characterization
across the entire energy spectrum.

As noted by (Cochran, R. G. & Tsoulfanidis, N., 1999), theenergy variable (E) in
the transport equation introduces significant complexity due to thediverse interactions
of neutrons with materials at different energies. Cross-sections must therefore be
defined across a continuous range of energies to capture these interactions accurately.
Thisrequirement leads to extensive data sets that specify how neutrons interact with
various isotopes under different energy conditions.

Processing CE cross-sections involves addressing several technical hurdles. These
include accurately reconstructing energy-dependent cross-sections, managing
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unresolved resonance regions, and accounting for Doppler broadening effects caused
by temperature variations, as discussed by (Cacuci, D. G. (Ed.)., 2010). These
challenges are critical in ensuring that computational models accurately reflect
real-world reactor conditions and behavior.

2.3.2 Energy Collapsing.

Energy collapsing represents a strategic approach to managing the computational
burden associated with CE methods. In this approach, the continuousenergy spectrum
is discretized into discrete energy groups.

As illustrated in Figure 2.4, the multigroup approximation to Boltzmann equation
is initiated by partitioning the total continuous energy range of interest into discrete
energy groups. At thispoint, the energy group structure is an intermediate-group level
called Fine-group data and contains around ~1000 or more groups.

Point-wise Cross-Section
Cross-Sections Processing

Continuos l Multigroup Collapsed
Energy Cross-Sections
Self-shielding
Fine-group
Cross-Sections
Scalar Flux
Collapsing

l

Broad-group
Cross-Sections

Figure 2.4. Standard Procedure for Generation Broad-group Libraries.

Itis important that the intermediate-group assembly transport calculation uses
enough groups to represent the spectral interactions among fuel pins of different
composition, control rods, water channels, as well as different operating temperatures,
depletion steps, or void fractions.

Therefore, the issue raised next is how to determine these multigroup
cross-sections so that the multigroup reaction rates preserve the reaction rates predicted
by the continuous-energy equation. This process, known as Cross-section Collapsing,
results in the creation of a new group called Broad-group, as depicted in Figure 2.5.
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Fine-Group Energy Broad-Group Energy

1) )

Source: (Fujita, T., 2015).

Figure 2.5. Energy Collapsing Illustration.

The broad group sets, typically consisting of ~200 groups based on an LWR
average composition, serve as an intermediate level depending on the specific
objectives of reactor core calculations. For most reactor calculations there is no need
for such large number of energy groups; thus, a smaller library might be considered,
such as ~50 groups. Nevertheless, the Two-group Approximation remains the most
widely employed method in the nuclear industry for its balance of simplicity and
effectiveness in capturing neutron behavior.

The two-group approximation simplifies the neutron diffusion equation, allowing
for rapid computation of reactor kinetics parameters such as reactivity feedback
coefficients, effective multiplication factor (k. s¢), and power distributions during
transient conditions.

In safety analysis scenarios such as reactor transients, the two-group model
provides insights into the neutron behavior under abnormal operating conditions,
aiding in theassessment of reactor safety margins and the design of safety features.

Two-group models are also used in fuel cycle analysis to evaluate the burnup of
nuclearfuel, predict isotopic composition changes, and optimize fuel management
strategies over the operational lifetime of reactors. This capability allows nuclear
engineers to forecast fuel performance, manage nuclear waste, and plan refueling
operations efficiently.

2.4 Lattice Calculations.

Nuclear data are essential for understandingand quantifying engineering processes in
nuclear fission reactors, such as neutron fields, reaction rates, nuclide inventories,
activation, decay heat, and safety margins (e.g., criticality, reactivity coefficients,
power distributions, and burnup). Cross-sections are a key parameter in nuclear physics
that describe the probability of specific nuclear reactions occurring by representing the
effective area that a target nucleus presents to an incoming particle.
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All cross-section data are generated from Lattice Physics Assembly Calculations.
These lattice physics codes are a crucial part of reactor analysis, and the quality of the
generated cross-section sets is integral to the accuracy of core simulation results.

Reactor Lattice Physics Codes are computer programs used to calculate the
neutron flux distribution and the infinite medium multiplication factor (k). It takes a
multigroup library of isotopic nuclear data and a detailed description of the reactor
lattice as inputs, solving the neutron transport equation over a specified region within
the lattice. Thisregion can be a unit cell or a macrocell. Consequently, lattice codes
incorporate methods for solving the relevantequations for neutron flux and k., across
discrete energy groups and spatial points (Kulikowska, T., 2001).

The computed neutron flux is then used to generate sets of macroscopic
cross-sections, homogenized over selected subregions and within a chosen broad
energy group structure, as depicted in Figure 2.6.

Specification of Library of Micro Data
Reactor Lattice for Isotopes

NS

Lattice Spectrum
Codes

N

Neutron Flux

Ky Distribution
o(E,r)=9;
k.
l v
Macroscopic
Cross-Sections
5 a8

Reaction Rates
Fuel Depletion

Source: (Kulikowska, T., 2001).

Figure 2.6. General Diagram of the Input and Output of a Reactor Lattice Code.

Typically, lattice codes employ one of several established transport methodologies,
which may encompass the Collision Probability Method (CPM), the Method of
Characteristics (MOC), or the Discrete Ordinates Method (DOM). These methods are
invariably coupled with two-dimensional geometric modeling to produce
cross-sections as a function of burnup, fuel history, and state core variables.
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Notably, the realm of cross-section generation draws upon a suite of sophisticated
computational toolssuch as CASMO-4 (Edenius, M. et al., 1995), PHOENIX (Vondy,
D.R., etal., 1973), HELIOS (Peterson, L., 2003), PARAGON (Alcouffe, R. E., et al.,
1991), CPM-3 (Lucius, R., 1980), APOLLO2 (Gruel, J., et al., 2011), TransLAT
(Trkov, A., etal., 2010), SCALE®6.1 (Rearden, B. T., 2018), SERPENT (Leppénen, J.,
etal., 2014), and WIMS (Muir, D., et al., 1982), to name a few prominent instances.

The macroscopic cross-section sets (also sometimes known as nodal
cross-sections) are subsequently utilized as material datainputs for various codes that
solve the neutron transport or diffusion equations for the entire reactor or specific
sectionsof it. The nodal cross-sections are parametrized as function of instantaneous
operating conditions and the history of operation, as will be discussed in detail in
Chapter4. Additionally, the calculated neutron flux can be employed for reaction rate
calculations and fuel depletion analyses.

According to (Kulikowska, T., 2001), lattice codes are applied in three principal
areas, as illustrated in Figure 2.7. These areas are:

1) Analysis of Experimental Data: This involves studying critical lattices
and measuring parameters such as buckling and reaction rates in specific
nuclides.

2) Criticality Determination: Lattice codes are employed to ascertain the
criticality of reactor systems, which is essential for ensuring safe and
efficient operation.

3) Power Reactor Design, Assessment, and Operation: Thisisthe domain
where deterministic methods, such as lattice codes, prove most effective.
In this context, lattice codes are used to compute fuel depletion and assess
reactivity feedback effects due to burnup, fuel temperature, and density
variations. They facilitate the creation of libraries of homogenized
cross-sections, which are then integrated into whole reactor codes for fuel
management and simulation studies.

The utilization of lattice codes in reactor design and operation underscores their
importance in developing accurate and reliable models for nuclear reactors. Their role
in generating cross-section libraries and analyzing complex reactor behavior
contributes significantly to the optimization of reactor performance and safety.
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Figure 2.7. Areas of Application of the Lattice Code Results.

Lattice physicscodes are used to generate few-group cross-section data for nodal
codes, which are used to model the coupled neutronics and thermal-hydraulics behavior
of the entire reactor core during steady-state and transient operation.

The nodal code models the entire reactor core as a collection of homogeneous
prisms, referred to as nodes. A model of a full-sized reactor core will use anywhere
from 5k to 30k nodes. Core simulators are normally advanced 3D two-group nodal
codes and fundamental in BWR core design because they provide for a variety of
design and operational analyses involving different fuel loading patterns, fuel
management, or multi-cycle design studies.

The precision of the lattice transport code significantly impacts the accuracy of the
reactor core estimation. Therefore, it is important to develop advanced neutronics
methodologies to ensure that the nuclear data used in the diffusion codes are as
accurate as possible. This involves improving the modeling of physical phenomena
such as fuel depletion, resonance self-shielding, andthermal feedback effects, as well
as the use of more advanced numerical methods for solving the transport equation.
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2.4.1 Homogenization of Cross-Sections.
According to the U.S. NRC’s glossary, (US-NRC Library - Glosary, 2021):

....During normal reactor operations, nuclear fuel sustains a fission chain reaction or
criticality. A reactor achieves criticality (and is said to be critical) when each fission
event releases a sufficient number of neutrons to sustain an ongoing series of reactions.

The criticality of thereactor is expressed by the condition k. = 1, meaning that
thereactorisin a self-sustaining state with a constant neutron population, and the
excess reactivity relative to criticality of the system, p, is given by:

k -1
p= e]:f— Equation 2.13
eff

where k¢ is the neutron multiplication factor. Thus, the neutron multiplication
factor indicateswhether a nuclear reactor is critical, subcritical, or supercritical. Values
of k.r¢ greater than 1 denotesupercritical conditions, where the neutron population

increases exponentially over time. Conversely, values of k¢ less than 1 indicate
subcritical conditions, where the neutron population decreases over time.

In operating conditions, the reactor is kept critical by means of balancing the
different reactivity components which separately cause positive or negative changes in
the system (Silvennoinen, P., 1976).

To predict criticality and other reactor characteristics accurately, it is essential to
assess the fine-structure flux distribution resulting from the heterogeneous composition
of reactor components, such as fuel elements and control rods. However, the
predominantmethods for calculating criticality and global flux distributions, mainly
relying on diffusion calculations, are traditionally based on the assumption of
homogeneous regions. The techniques utilized to substitute a heterogeneous region
with equivalent homogeneous ones are denoted as Homogenization Theory.

As discussed in (Stacey, W. M., 2018), homogenization of a heterogeneous
assembly usually proceeds in two steps: a transport calculation to obtain the detailed
heterogeneous flux distribution within a unit cell or fuel assembly, followed by using
this detailed flux distribution to calculate average homogeneous cross-sections for the
unit cell or assembly.

Besides, the homogenization of the material sets is done using a straightforward
flux and volume weighting of the heterogeneous material sets (Cacuci, D. G. (Ed.).,
2010). This concept is illustrated in Figure 2.8.
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— P

Figure 2.8. Core Homogenization’s Concept.

Thus, since many core simulators solve the neutron problem using diffusion theory
in homogenized zones with few energy groups, homogenized parameters in each zone
as input data are hence required.

For the diffusion solution to be equivalent to the transport solution, these
parameters must include cross-sections and correction factors. In addition, the
parameters must be generated following a homogenization technique and must be
known as a function of the state variables that modify the neutron properties during
reactor operation.

The accurate calculation of the diffusion coefficient or transport cross-section is a
challenging task in neutronicsanalysis. While the same type of definition characterizes
the cell-average fission and scattering cross-sections, defining the diffusion coefficient
correctly is less straightforward. This is because the diffusion coefficient must
represent the net leakage from the cell, which in turn depends on the specific
calculation method employed for that purpose.

The practical difficulty is that the exact solution of the global transport equation is
not known, andthe homogenized solution of the global diffusion equation requires the
homogenized group constants as input. Furthermore, the solution to the homogenized
problem cannot preserve in detail the solution to the initial heterogeneous problem
since the homogenization process is accompanied with information loss, and only the
mean values of the solution can be maintained.

This is when the basic concept of Equivalence comes into play, which specifies the
requirement to preserve reaction rates when going from the nuclear reactor’s actual
configuration to its modeled configuration, reference (CEA, 2015).

The most important quantitiesto be preserved are the multiplication constant, k.,
the group flux and reaction rates averaged over the homogenization region, and the
group currents averaged over the surface of the homogenization region.

In order to conserve the neutron reaction rate in each node and the current at the
interface between nodes, it is necessary to provide both the effective macroscopic
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cross-sections of the homogeneous node and the Assembly Discontinuity Factors
(ADFs). The ADFsare defined as ratios of heterogeneous flux and the homogenous
flux,

Het

fsg = :I'fm, g=12,..G, s = surfaces Equation 2.14

s.g

The heterogeneous flux can be obtained directly from lattice calculation. If the
lattice calculation is for a single assembly with reflective or white boundary conditions
on all surfaces, then the homogenous fluxes of all surfaces are equal to assembly
average fluxes. In this case,

Het
d;z;gzt, g=12..G, s = surfaces Equation 2.15

fs,g =

These homogenization procedures result in homogenized cross-sections that can be
used for an entire fuel assembly or collections of fuel assemblies in a full core
calculation. As stated by (Smith, 1986), the use of ADFs reduces typical
homogenization errors by about a factor of three (in BWRs, from 10% errors reduced
to ~ 2.0 - 3.0%).

Then, the nodal code pieces the various lattices together to construct the several
fuel assemblies in the reactor core as shown in Figure 2.9. For a typical BWR fuel
assembly, heterogeneity is larger than in PWR due to the channel box, the water rods,
the non-uniform axial enrichment, and the control rod insertion.

Heterogeneous
Cells
— B
—
1/4 Core Homogenized Cell
Symmetry

Figure 2.9. Fuel Assembly Homogenization for Core Calculations.
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Finally, when performing a nodal or a pin-by-pin steady-state calculations, the
homogenized parametersindicated in Table 2.2 will be required by the diffusion code
for solving the diffusion equation.

Table 2.2. Base Macroscopic Cross-Section Coefficients.

Parameter Symbol Units
1 Diffusion Coefficients D9 cm
2 Absorption 3d cmt
3 Nu-Fission 1274 cm-t
4 Kappa-Fission K W-S
5 Scattering e cml
6 Discontinuity Factors f9 -
7 Fission Spectrum x9 -

These parameters must be generated using appropriate homogenization techniques
to ensure that the diffusion solution yields to an equivalent result to the related
transport solution with all the spatial detail without the homogenization.

The choice of diffusion coefficient significantly influences the solution for the
homogeneous flux in the calculation. However, bear in mindthat the results obtained
by code simulations cannot be better than the original data.

2.4.2 Cross-section Libraries.

Cross-section libraries support numerous applications, including reactor core design,
safety analysis, fuel cycle analysis, and operational strategy development. By
encapsulating the dynamic characteristics of nuclear fuel and moderator materials with
respect to the fundamental variables governing neutronics, these libraries provide
essential data for the analysis, simulation, and optimization of nuclear reactors.

The neutronic model requiresthe fuel temperature distribution since the neutron
interactions dependexplicitly on material temperatures and densities. So, modeling
cross-section libraries requires a deep understanding of the fuel assembly behavior in
the reactor core.

A typical nuclear cross-section library contains dataon, reference (Duderstadt, J. J.
& Hamilton, L. J., 1976):

1) Reaction Types: Including absorption, fission, scattering (elastic and
inelastic), and radiative capture.
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2) Energy Dependence: Cross-sections are often provided for a range of
energy groups to account for the energy-dependent nature of neutron
interactions.

3) Isotopic Data: Detailed information for a wide array of isotopes present in
reactor materials.

4) Temperature Dependence: Data adjusted for various temperatures,
reflecting the changesin reaction probabilities due to thermal motion of
nuclei.

5) Angular Distributions: Information on the angular dependence of
scattering reactions.

Cross-section data can vary significantly based on instantaneous operational
conditions and historical factors (cumulative effects of past operations). Instantaneous
variations are influenced by parameters such as fuel temperature, moderator density,
and neutron flux. These factors are dynamic and can change rapidly during reactor
operation, necessitating real-time adjustments to the cross-section data.

Historical variations are driven by fuel burnup and the cumulative exposure of
reactor materials to neutron flux over time. As fuel undergoes burnup, its isotopic
composition changes, altering the associated cross-sections. To address these
variations, cross-section libraries include burnup-dependent data and depletion chains
that track the evolution of isotopic concentrations and their impact on reaction
probabilities. Instantaneousand historical effects will be widely discussed in Chapter 4.

Cross-section libraries are structured to accommodate both instantaneous and
historical variations of the cross-sections. This structure is crucial for accurately
modeling the reactor’s dynamic behavior over time, as described in (Fujita et al.,
2014). Since the variations of the cross-sections need to be properly captured by the
lattice code calculations, the creation of a cross-section set entailsthe execution of two
distinct lattice physics computations, namely, depletion and branch calculations,
reference (Fujita, T., 2015).

In depletion calculations, specific state parameters remain constant throughout the
burnup process, encompassing variables such as void fraction, fuel temperature,
moderator temperature, and control rod configurations. However, the neutron fluxes
and number densities are computed at discrete burnupintervals. In contrast, the branch
calculations do not entail the computation of number densities; instead, they rely upon
the valuesobtained from the preceding depletion calculations. Within each burnup
iteration, alterations are introduced to select state parameters, deviating partially from
the conditions established in the depletion calculations and necessitating the
recalculation of neutron flux distributions.

During the core calculation, each node will be identified by a specific combination
of instantaneous values (State Values) and history (Depletion) variables, determining
the selection and reconstruction of the macroscopic cross-sections from a particular set.
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Feedback parameters, including their interdependence when two or more
parameters are varied simultaneously (i.e., cross-terms), are a critical aspect of
cross-section libraries. These parameters, such as reactivity coefficients and control rod
worth, describe how the reactor responds to changes in operational conditions. For
instance, reactivity coefficients indicate how reactor reactivity is affected by variations
in fuel temperature (Doppler effect) or moderator density (void coefficient). These
dependencies must be accounted for in core analysis because they are crucial for
accurate transient simulations.

Previous studies, including sensitivity studies on spatial mesh overlays for PWR
Rod Ejection Accident (REA) analysis (Todorova, N. & lvanov, K., 2001), have shown
that local and global predictions are very sensitive to thermal-hydraulic feedback
parameters dueto non-linear interactions among them. This finding is reinforced by the
analysis of PWR Main Steam Line Break (MSLB) with 3D core thermal-hydraulic
models (Ivanov, K. et al., 2001). Additional research has concluded that cross-section
dependencies on fuel temperature, moderator temperature, and pressure are also
non-linear.

As noted by (Watson & Ivanov, 2002), significant thermal-hydraulic feedback
variables include local fuel temperature, pressure, moderator temperature, void
fraction, andboron concentration. Ina BWR, the axial void fraction distribution is of
fundamentalimportance. At low exposure, the reactivity effect due to instantaneous
void formation is apparent, while at higher exposure, the void history effect becomes
particularly relevant because of its impact on burnup and the resulting isotopic
composition (Bozzola, S., 1982).

Lattice codes must accurately model these feedback effects to ensure that the
derived cross-sections reflect realistic reactor conditions. This involves integrating
feedback parameters into the calculations, allowing cross-sections to adjust based on
the reactor’s current state. Properly accounting for feedback effects enhances the
predictive capability of reactor simulations and supports effective reactor control and
safety measures.

Upon selecting appropriate feedback parameters, two additional critical
considerations warrant attention: defining the domain range for these feedback
parameters and determining the number of mesh points to be deployed within the
designated domain. Properly defining the mesh points is crucial for lattice code
calculations, as the accuracy of interpolations is intrinsically tied to the precise
specification of the parameterrange. These important points will be broadly discussed
in Chapter 4 and Chapter 5.

It is important to acknowledge that the utilization of 3D kinetics entails additional
computational costsand augmentsthe complexity of requisite calculations because it is
important to generate cross-sections that cover of the expected operating conditions for
the transients to be modeled and treat the relevant physics and co-dependencies
(Watson & lvanov, 2002; Sanchez-Cervera, et.al., 2014b). Consequently, the
magnitude of neutron data and associated computations hinges upon the requisite
number of neutron compositions and the minimal necessary data points needed to
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adequately characterize the reactor core. This particular aspect is exhaustively
examined and elaborated upon throughout the dissertation.

Such comprehensive characterization is indispensable for modeling the core
kineticsacross the entirety of the spectrumof transient scenarios subject to scrutiny.

Typically, lattice physics depletion calculations are performed at core-average
conditions for each type of assembly. The resultant data serves as a basis for
constructing cross-sectional tables as functions of assembly exposure. Dependencies on
the historyvariables are determined by performing separate lattice physics assembly
depletion calculations for each of the history effects. History variables account for the
fact that the prior value of some variables influences the cross-sections.

Equally crucialis the incorporation of cross-sectional modeling, which accounts
for all instantaneous properties of the fuel assembly, encompassing variables such as
water density, fuel temperature, boron concentration, among others. The dependencies
of cross-sections on these state variables are elucidated by conducting instantaneous
branch calculations using lattice physics codes, involving deviations from the
core-averaged depletion calculations to simulate off-nominal values of the state
parameters.

An accurate method for modeling cross-section variations for off-nominal core
conditions is essential for coupled simulations. A thorough explication of this concept
is provided within the confines of Chapter 4 and Chapter 5.

Conventionally, most researchers are granted access to cross-section libraries that
are either provided by vendors or universities. In most cases, the original purpose of
these libraries is to analyze different reload fuel configurations for core management
during normal cycle reloads and benchmarking. These libraries are optimized to
operate under typical pressure, power, and moderator temperature operating conditions.
However, they may not be well-suited for specific off-nominal plant applications or
transients where conditions may differ significantly.

As aresult, the recommendations put forth in this doctoral thesis regarding the
modeling of cross-section libraries are intended for applications beyond reload and
nominal conditions. It isworth notingthat most lattice codes are typically proprietary
and not accessible to researchers; therefore, they cannot generate problem-specific
libraries, which would be more suitable to their studies.

2.4.3 Representation of Cross-section Libraries.

As broadly discussed in the literature, there are mainly two types of cross-section data
libraries: multi-dimensional tabulated libraries and parameterized, reference (Sanchez-
Cervera, et al., 2014a). Each type has its own advantages and disadvantages, as
described by (Zimin, V. G. & Semenov, A. A., 2005; Bokov, P. M., 2009), and various
nuclearcodes utilize these libraries in different ways. Besides, the construction of the
libraries significantly impacts the core simulations afterward, as outlined by
(Ferroukhi, H. et al., 2009).
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Multi-dimensional tabulated libraries represent the most straightforward method of
compiling cross-section. These libraries, which store cross-section as functions of
multiple state variables, such as fuel temperature, moderator temperature, and neutron
spectrum, are often represented as tables or matrices where each entry corresponds to a
specific combination of state variables.

This approach usuallyemploys piece-wise linear interpolation to account for the
cross-term effects between variables and can be extended to include historical
information. By using this method, there is no need to approximate cross-section
dependencies through functional forms, thuseliminating the effort required to derive
accurate polynomials.

Some of the advantages of multi-dimensional tabulated libraries are:

High Accuracy: Multi-dimensional libraries provide high-fidelity data
because they explicitly account for the interactions between different state
variables.

Detailed Modeling: They enable detailed modeling of complex reactor
phenomena, such as thermal-hydraulic feedback effects and spatial
variations in reactor conditions.

However, the disadvantages are:

Large Data Volume: The primary drawback is the large volume of data
required to cover all possible combinations of state variables, which can
lead to significant storage and computational overhead.

Complex Interpolation: Accessing therequired data during simulations
often involves complex interpolation methods, which can increase
computational time and complexity.

Parameterized cross-section librariesuse mathematical functions to describe the
dependencies of cross-sections on state variables. Instead of storing data for each
possible combination of state variables, these libraries store coefficients for the
mathematical functions that approximate the cross-sections.

Some of the advantages of parameterized libraries are:

Reduced Data VVolume: Parameterized libraries significantly reduce the
amountof data needed, as the functional forms require fewer coefficients
than multi-dimensional tables.

Faster Access: Duringsimulations, cross-section values can be quickly
computed using the stored parameters, reducing the need for complex
interpolation.

Added Flexibility: To incorporate corrections for spectral effects.

And, the disadvantages are:
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— Potential Loss of Accuracy: The main disadvantage is the potential loss
of accuracy if the chosen parameterization does not capture all the nuances
of the cross-section dependencies.

— Complex Parameterization  Process: Developing  accurate
parameterizations can be complex and requires extensive validation
against experimental or high-fidelity simulation data.

In the contemporary landscape of core simulators, both multi-dimensional
tabulated and parameterized cross-section libraries find their place. For instance,
CORETRAN (Eisenhart, L.D.et al., 2000), predominantly leanstowards the utilization
of parameterized libraries, providing efficient computational performance through
functional approximations of cross-section dependencies.

Conversely, simulators like SIMULATE-3K (Grandi, G. M., 2005), CRONOS
(Lautard, J. J. etal., 1990), and DYN3D (Grundmann, U. et al., 2005) are configured to
utilize tabulated libraries for their calculations. These simulators benefit from the high
accuracy and detailed modeling capabilities that tabulated libraries offer, especially in
capturing complex interactions between state variables.

The choice between multidimensional and parameterized cross-section libraries
depends on the specific requirements of the reactor analysis. Multi-dimensional
libraries are preferred when high accuracy is paramount and storage resources are not a
limiting factor. Theyare particularly useful in detailed core simulations where spatial
and temporal variations need to be captured with high fidelity. Conversely,
parameterized libraries are favored in scenarios where computational efficiency and
reduced data volume are critical, such as real-time reactor monitoring and control
systems.

Regarding the most employed nodal cross-section library format files, NEMTAB
and PMAXS files represent two distinct approachesto managing cross-section libraries
in nuclear reactor simulations.

Some of the comparative advantages and disadvantages of these both formats have
been included in (Mesado, C.,2017). Overall, NEMTAB (Nuclear Energy-dependent
Multigroup Table) files store cross-sections as multi-dimensional tables. This approach
allows for accurate representation of cross-section behaviors across a wide range of
operational scenarios, facilitating detailed neutron transport and reactor physics
calculations. However, these files require significant storage space and computational
resources due to the large volume of data needed to cover all possible combinations of
variables. Complex interpolation methodsare also necessary to access data efficiently
during simulations, which can increase computational time.

On the other hand, PMAXS (Purdue Macroscopic Cross-section) files employ
mathematical functions to approximate cross-section dependencies on state variables.
Instead of storing actual cross-section values, PMAXSfiles store coefficients for these
mathematical functions, enabling efficient storage and rapid access during simulations.
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This approach reduces computational overhead compared to NEMTAB files while
maintaining sufficient accuracy for reactor simulations. PMAXSfiles are advantageous
for applications where computational efficiency is paramount, such as real-time
monitoring andtransient analyses. However, they may introduce slight inaccuracies
compared to NEMTAB files in scenarios requiring precise modeling of cross-section
behaviors under extreme conditions.

Both NEMTAB and PMAXS files are extensively employed in the nuclear
industry, particularly within advanced reactor physics codes such as PARCS, (Downar,
T.etal., 2012). PARCS utilizes NEMTAB files for detailed reactor physics analyses
requiring high fidelity in cross-section data representation across multiple variables.
PMAXS files are employed in PARCS for efficient computations in scenarios where
rapid simulations or parameter sensitivity studies are conducted.

For the pursuit of this doctoral thesis, the utilization of cross-sections in the
PMAXS format has been purposefully selected as will be discussed in Chapter 4.

2.5 Reactivity Feedback.

During operation, a nuclear reactor should behave in such a way that design safety
limits are not violated. The parameters related to core safety can be classified into three
categories as:

1) core reactivity parameters,

2) control rod worth parameters, and

3) other neutronic parametersas core power peaking factors or boron dilution
effect.

In addition, the following must be known as a function of burnup:

— radial and axial power distribution,
— fission neutron poison worth (mostly Xenon), and
— control rod position (for BWRs) and boron concentration (for PWRS).

As aforesaid while discussing the Bateman equations, fuel burnup and depletion
affects thereactivity of the core as the reactor operates. Hence, when talking about fuel
depletion calculations, the essential aspects to take specific note of include:

— relationship between fuel burnup and reactivity loss,

— expected energy produced during a given cycle,

— fuel composition and core power distribution changes, and

— reactivity control during operation and its effect on core power
distribution.

As explained in (Bozzola, S., 1982), thereare three primary reactivity coefficients
which characterize thedynamic behavior of the BWR over the operating states: the
moderator void reactivity coefficient, the Doppler reactivity coefficient, and the
moderator temperature coefficient.
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The void reactivity coefficient, %% , isthe most importantamong BWR reactivity

coefficients and determines the BWR unique features. The void coefficient is the
partial derivative of the multiplication factor, neutron leakage and control system worth
with respect to the void content with reactor near critical.

In the power operating range, boiling is the primary mechanism for moderator
density variations and the void coefficient is the most important as input to stability
and transient response calculations.

The Doppler reactivity coefficient, %% , isthe change in reactivity due to a change

in the temperature of the fuel. As well known, this change results from the broadening
of the resonance absorption cross-sections as the temperature increases.

At beginning of life, the Doppler contribution is primarily due to 28U as the
exposure increases the 240Pu build-up contributes to the Doppler coefficient. The
Doppler reactivity coefficient provides instantaneous reactivity feedback to any rise in
fuel temperature and is determined by performing lattice calculations at several fuel
temperatures, while maintaining all other input parameters constant.

The reactivity change caused by Doppler coefficient is small compared to the other
power related reactivity changes during normal operation; it becomes very important
during postulated rapid power excursions in which large fuel temperature changes
occur.

In BWRs, the moderator temperature coefficient is the least important of the
reactivity coefficients since it affects core operation in a very small portion of the
reactor operating range. Once the reactor reaches the power producing range, boiling
begins and the moderator temperature remains essentially constant.

The power reactivity coefficient is a combination of the void and the Doppler
reactivity coefficients. For safe reactor operation, this coefficient must have a negative
value all over the cycle.

As one can imagine, all essential reactor parametersare closely interrelated so that
strong feedback mechanisms effectively determine the core behavior under any given
operating condition variations. The most relevant reactivity components for BWRs,
according to (Cochran, R. G. & Tsoulfanidis, N., 1999), and their associated
reactivities are shown in Table 2.3.
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Table 2.3. Reactivity Balance in BWRs.
Source: (Cochran, R. G. & Tsoulfanidis, N., 1999).

Changes in the Core Associated Reactivity (%0)

Cold Zer Power (CZP) to Hot Full Power (HFP) Fuel 15
Temperature Defect

Moderator Temperature & Void 2.0
Equilibrium Fission Product Poisoning 3.3
Burnup Compensation 6.5
Control Margin & Xenon Override 1.0
Shutdown Margin 1.0
Total 15.3

Theinitialconditions and the postulated event of a given simulation determine
which of the above coefficients are significantin evaluating the response of the reactor
during transient calculations and, therefore, be considered while performing core
simulations and modeling cross-section libraries.

2.6 Summary.

This chapter provides a comprehensive introduction to the mathematical formulations,
computational methods, and data prerequisites essential for simulating neutron
behavior and analyzing reactor performance. It provides a detailed exposition of the
governing equations in neutronics, with a particular emphasis on the Boltzmann
Neutron Transport Equation as the fundamental framework for describing neutron
dynamics within a reactor core.

This fundamental understanding extends to neutron transport calculations, essential
for elucidating neutron flux distribution and reaction rates. Subsequently, the Diffusion
Approximation is explored as a practical, yet robust method derived from the neutron
transport equation, widely adopted in reactor core analyses for its computational
efficiency while capturing essential neutron diffusion phenomena.

The chapter further investigates two primary neutronics solving methodologies:
Deterministic methods, leveraging discretization techniques for efficient solution of the
neutron transport equation, and Monte Carlo methods, providing stochastic solutions
by simulating neutron histories and interactions within the reactor core.

Nuclide depletion calculations are highlighted for their pivotal role in forecasting
changes in fuel composition throughout operational cycles, encompassing nuclide
depletion due to fission and decay processes.

The critical role of nuclear data is then underscored, encompassing continuous
energy representations and the consolidation of energy groups to optimize
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computational efficiency without compromising accuracy. Lattice calculations, integral
to reactor core analysis, are explored with a focus on cross-section libraries crucial for
generating multigroup cross-sections, thereby facilitating precise modeling of reactor
behavior under diverse operational conditions.

The chapter also emphasizes thecritical impact of lattice transport code precision
on reactor core estimation accuracy, emphasizing the need for advanced neutronics
methodologies to ensure optimal utilization of nuclear data in diffusion codes. This
includes enhancing models for physical phenomena like fuel depletion, resonance
self-shielding, and thermal-hydraulic feedback effects, alongside employing advanced
numerical techniques for solving the transport equation.

Finally, the chapter addresses reactivity feedback mechanisms, elucidating how
changesin core conditions such as temperature and moderator density influence reactor
reactivity. These feedback effects are essential for comprehensive reactor safety and
stabilityanalyses, highlighting their crucial role in operational and safety assessments.
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Chapter 3
Impact of Nuclear

Data Processing —
State-of-the-Art

3.1 Introduction.

In the realm of Light Water Reactors (LWRs), the efficacy of fuel management
strategies has long relied on sophisticated nodal core physics methodologies. These
methodologies incorporate detailed 3D core neutronics models, complemented by
simplified thermal-hydraulic feedback models that aggregate similar thermal-hydraulic
channels, albeit with approximations rather than individual feedback to each 3D
neutronic node.

Simulating nuclear reactor behavior using these methodologies enables engineers
to achieve heightened accuracy and fidelity. This capability supports informed
decision-making in reactor design, operation, andsafety analysis. Enhanced operational
flexibility in LWR plants becomes achievable through advanced 3D coupled
thermal-hydraulic/neutronics calculations. These calculationsnot only evaluate safety
margins but also predict reactor phenomena with precision.

State-of-the-art safety analyses methodologies rely now heavily on best-estimate
coupled code multi-physics simulations, particularly for transients characterized by
localized reactivity changes, asymmetric thermal-hydraulic conditions at the core inlet,
and intricate 3D power distribution conditions. Research by (Perin, Y. et al., 2012;
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Perin & Escalante, 2017; Ivanov, K. & Avramova, M., 2007; Perin, 2016) underscores
the importance of such simulations in comprehensively assessing safety margins and
understanding complex reactor behavior during operational transients.

Continual advancements in nuclear engineering are driven by enhanced
computational power, refined numerical methods, and sophisticated physical models.
These developments have fostered the evolution of multifaceted multi-physics
simulation tools. By integrating domains such as neutronics, thermal-hydraulics, and
structural mechanics, these tools offer unprecedented insight into coupled effects and
interactions within nuclear reactor systems.

3.2 Reactor Core Analysis.

Predicting the state of a nuclear reactor, characterized by numerous heterogeneitiesand
continuous changesover time, presentssignificant challenges that necessitate a deep
understanding of Nuclear Reactor Physics.

Reactor core analysis plays a pivotal role in ensuring the safe and efficient
operation of nuclear reactors. Key objectives include predicting neutron flux
distribution, power density, and temperature profiles within the core. These predictions
are crucial for core design, optimizing fuel utilization, and maintaining safety margins
during operation.

3.2.1 Standard Industrial Reactor Core Analysis.

At the heart of reactor core analysis are neutronic models, which describe neutron
behavior using fundamental equations such as the neutron transport and diffusion
equations, supported by accurate cross-section data, as discussed in Chapter 2.

Customarily, 3D reactor core calculations are approached through three
hierarchical levels of detail:

1) pin cell level,
2) fuel element level (due to cell staggering), and
3) whole core level itself (due to fuel-element staggering).

It is possible to approach the 3D calculation of the reactor core through a series of
successive steps in which the initial heterogeneous problem is transformed into a more
straightforward but neutronics-wise equivalent. Then, the transport equation or the
diffusion equation, whicheveristhe case, is solved at each of these levels to obtain the
representative flux that is used to average the cross-sections needed in the
corresponding next one.

Thisapproach isknown as Industry Scheme or Standard Approximation for reactor
calculations, see Figure 3.1, and it will be discussed herein next.
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Figure 3.1. Standard Industry Scheme Calculation.

Level 1. Pin Cell calculation (cell physics).

At the pin cell level, a 1D transport equation solution is computed within each cell.
This level captures significant flux variations, influenced notably by resonance self-
shielding effects from fissile materials and burnable absorbers like Gadolinium (Gd).
The solution, typically in continuous or multigroup energy formats depending on the
chosen method, serves as a weighting factor for microscopic cross-sections. This
process adjusts problem-specific multigroup libraries to account for resonance
self-shielding, using pre-existing, problem-independent libraries.

Level 2. Fuel Element calculation (lattice physics).

At the fuel element level, a 2D transport equation is solved (typically with 56, 172,
238, or 252 energy groups) across each representative core element. This calculation
employs an infinite regular mesh in the radial direction (with full reflective boundary
conditions at bundle boundaries) anda homogeneous infinitely high geometry in the
axial direction (a 2D approximation). The resulting flux homogenizes spatially and
collapses energetically to derive macroscopic cross-sections in a reduced number of
groups (usually two: fast and thermal). Different homogenization strategies may
encompass elements, quarter-elements (nodes), or pin cells, depending on industry
practices and deterministic lattice code capabilities.
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Level 3. Core calculation (core physics).

The highest-level calculation involves a 3D diffusion equation (or equivalent
approximation to the full transport formulation) solved across the entire core,
subdivided intothe previously defined homogeneous domains. This step, known as
pin-by-pin or fine-mesh when discretized at the pin cell level, or nodal or coarse-mesh
at the element or node level, integrates coupled neutronics and thermal-hydraulics
calculations. This approach optimizes accuracy and computational efficiency in
modeling reactor core behavior under diverse operational conditions.

The industry standard method, illustrated in Figure 3.1, employs a Two-step
Procedure, (Stamm’ler, R.J. & Abbate, M.J., 1983), depicted in Figure 3.2. The first
step involves Lattice Calculation (combining Levels 1 and 2), (Knott, D. &
Yamamoto, A., 2010), which meticulously accounts for spatial and energetic variations
of the elements that compose the core pattern. This initial stage yields homogenized
coefficients and group parameters that are crucial for subsequent core calculations. In
the second step, Core Calculation (Level 3), this approach is refined by replacing
detailed core assemblies with simplified descriptions, striking a balance between
computational feasibility and precision.
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Figure 3.2. Two-Step Procedure. Overview of Standard BWR Core Analysis.

This approach is widely adopted across the industry due to its optimal balance
between computational burden and accuracy. Therefore, this calculation constitutes the
basis for the nuclearanalyst to determine which models, codes, and assumptions will
be the most suitable for an efficient, accurate solution to the problem to be tackled.

As expected, the nuclear industry demands computational codes capable of
managing the intricate heterogeneities inherent in LWRs. These codes are pivotal for
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generating group constants essential for simulating reactor core physics, as depicted in
Figure 3.3, and conducting fuel depletion calculations efficiently and affordably.

CROSS-SECTION DATA
(ENDF/B)

CALCULATION OF REACTOR PARAMETERS
(Reactivity, Power Distribution, Peaking Factors, Burnup)

Source: (Cochran, R. G. & Tsoulfanidis, N., 1999).

Figure 3.3. Reactor Physics Calculations.

Nodal diffusion codes represent the predominant choice for 3D industrial core
analyses in LWRs. These codes operate on the principles of few-energy-group
diffusion theory, utilizing pre-calculated homogenized macroscopic cross-sections
stored in libraries as input data. Known for their “best estimate” capabilities, these
simulators provide highly accurate and detailed results compared to traditional point
kinetics methods.

Economic considerationswithin the industry necessitate high accuracy from these
reactor codes, often benchmarked against real plant parameters. A significant challenge
lies in developing lattice physics schemes that can effectively condense continuous
energy raw cross-section data from highly heterogeneous fuel assemblies into a
unified, homogenized material represented in two characteristic energy groups. This
condensed datais then utilized by nodal codes to achieve precise simulation outcomes.

Various computer codes are available for reactor physics calculations, tailored to
utility-specific requirements. Despite inherent model weaknesses stemming from
assumptions and simplifications (Giust et al., 2004), results of modern core calculation
programs are quite accurate and typically maintain low deviation from measured data
throughout operational cycles.

Table 3.1 provides an overview of widely used neutronic codes and their
respective applications.
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Table 3.1. Overview of the Most Common Neutronics Codes.

Spatial Scale Features Code Application
MCNP
Monte Carlo SERPENT Reference - Transport
Reactor Core Neutron Transport .
Calculation KENO-VI Calculations
TRIPOLI4
Deterministic APOLLO3 Reference - Transport
Reactor Core Neutron Transport WIM lculati
Calculation S Calculations
PARCS
SIMULATE-3
. . CRONOS Industry —
Diffusion
Reactor Core Calculation VALKIN Reactor (_?ore
Calculations
COBAYA
DYN3D
NEWT
Lattice Calculation POLARIS Cross-section
Fuel Element N CASMO-4 :
Deterministic Libraries
(or cluster) C'I;rli[njgtci);tn APOLLO2 Generation
WIMS
HELIOS
ORIGEN
Inventory and
-- Source-term ACAB Isotopic Evolutions
Calculation FISPACT

Notably, the CASMO-4/SIMULATE-3 (Edenius, M. et al., 1995), commercial
code package stands out in the nuclear industry for its capability in lattice calculations
and core simulations. Backed by a robust validation framework spanning diverse
industrial applications, CASMO-4/SIMULATE-3commands a high level of reliability.
This underscores the value of employing code-to-code comparisons as a reliable
analytical tool, a practice elaborated further in Chapter 5 and Chapter 6.

3.2.2 Thermal-Hydraulics and Neutronics Coupled Calculations.

Complementary to stand-alone neutronic models are thermal-hydraulic models, which
are essential for predicting coolant flow and heat transfer within the core. These models
determine temperature distributions in both fuel and coolant, directly influencing
reactor safety and performance. Feedback mechanisms, such as changes in coolant
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density and temperature, significantly impact neutron flux distribution and overall
reactor stability.

Nuclear codes are extensively employed to simulate LWRs, assess safety margins,
train operators, optimize plant design, and develop Emergency Operating Procedures
(EOPs). Originally developed individually, these codes have increasingly been
integrated to account for the interdependencies between neutronics and
thermal-hydraulics, aiming for more precise and comprehensive reactor analyses
(Mylonakis et al., 2014).

Code coupling is a technique used to integrate three-dimensional and
multidisciplinary models, where multiple codes run simultaneously, exchanging
relevant variables to minimizeerrors and enhance accuracy. This coupling can involve
either running separate codes communicating periodically or integrating both neutronic
and thermal-hydraulic equations into a single code for simultaneous solution.

Given the multidisciplinary nature and complex interfaces of reactor physics,
effective code coupling is essential to address the broad scope of reactor core analysis.
This approach finds applications across nuclear engineering, particularly in areas where
interactions between neutron flux andtemperature distributions play a crucial role in
reactor behavior.

The integration of neutronic and thermal-hydraulic models through coupled
calculations provides a comprehensive understanding of reactor dynamics, supporting
diverse studiessuch as licensingnew Nuclear Power Plants (NPPs), safety upgrades for
existingplants, and the development of accident management programs (D’ Auria, F. et
al., 2006). This integration is particularly valuable during transient conditions, where
rapid changes in reactor power and coolant flow require immediate and accurate
analysis.

However, the development and utilization of coupled codes for reactor core
analysis must address several challenges, including adequate computational resources,
effective coupling procedures, code validation, uncertainty assessment, and overall
applicability for safety analyses. These considerations are crucial for ensuring reliable
and insightful predictions in nuclear reactor operations.

Advancements in computational power and refinement of numerical methods have
driven continuous improvements in multi-physics simulation tools, enhancing their
capability to tackle complex challenges in nuclear engineering. Nowadays, nuclear
codes not only estimate transient responses in LWRs under non-standard conditions but
also support safety assessments, operator training, plant design optimization, and
emergency preparedness.

Thus, coupled-code simulations offer a comprehensive approach to evaluate
transient impacts, identify risks, and enhance predictive capabilities for nuclear
reactors, ensuring effective safety measures are in place to mitigate potential
consequences. While Loss-of-Coolant Accident (LOCA) transients tend to be the more
challenging with respect to safety limits and are typically the focus in reactor safety
analysis, events such as Main Steam Line Break (Ivanov, K.N. et al., 1999) and Rod
Ejection Accident (Kozlowski, T. & Downar, T.J., 2003) scenariosare also challenging
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and require coupled neutronics and thermal-hydraulics calculations usingadvanced 3D
kinetics methods to accurately predict neutron flux redistribution.

Figure 3.4 illustrates various applications of coupled codes highlighting their
versatility in addressing complex reactor dynamics. In BWRs, specific transients of
interest include Overpressurization events, Turbine Trip, Core Inlet Temperature and
Flow disturbances, Rod Drop accidents, Instrumentation response, Stability Analysis,
and Anticipated Transients Without Scram (ATWS).

. Assymetric Flow
Assymetric Inlet Conditions

Temperature

Accurate Feedback

Localized Spatial TH/NK Effects
Change Coupled
Codes

Xenon Transients

tability Analysi
Stability Analysis Flexible

Operation
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Support

Figure 3.4. Examples of Applications of Coupled-Codes in NPPs.

A precise analysis of the reactor core requires incorporating three spatial
dimensions andestablishing a robust coupling mechanism between neutronics and
thermal-hydraulics models. However, this coupling process is complex and
challenging.

Furthermore, a thorough understanding of the underlying physics and careful
evaluation of various methods, correlations, and closure models are essential
prerequisites for achieving accurate results, as highlighted by (Smith, K. & Forget, B.,
2013).

Inherent to this intricate interplay between thermal-hydraulics and neutronics is the
recognition that changes in plant conditions lead to corresponding adjustments in
operating variables. These fluctuations propagate changes in core nuclear parameters,
as depicted in Figure 3.5.

Hence, it is crucial to acknowledge that core characteristics, fuel parameters, and
overall plant features - critical factors in assessing and optimizing BWRs - must align
appropriately to ensure the safety and efficiency of plant operations.
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Figure 3.5. General Coupling Approach.

For effective coupling, each fuel/fluid/neutronic model plays a distinct role with
specific requirements:

The thermal-hydraulic code:

— computes new moderator/fuel properties,

— provides moderator’s temperature, vapor & liquid densities, void
fraction, boron concentration, control rod positions, average, centerline,
and surface fuel temperatures to the neutronics model, and

— uses neutronics power as a heat source for conduction in the fuel.

The neutronic code:

— uses moderator and fuel properties for local node conditions,

— updates macroscopic cross-sections based on history and local node
conditions including control rod contributions, and

— provides node-wise power distribution to the fuel/fluid model.

Traditionally, assessing primary responses and in-vessel conditions during
simulated transients has relied on thermal-hydraulic system analysis codes such as
TRAC-PF1 (Schnurr, N.M. et al, 1992), TRAC-BF1 (Borkowski, J. et al., 1992), and
RELAP5 (Allison, C. et al., 1990), often employing Point Kinetics or 1D neutron
kinetics approximations (Ivanov, K. & Avramova, M., 2007).

Examples of coupled thermal-hydraulic/neutronic codes commonly used in
multi-physics and multiscale simulations include TRACE/PARCS, RELAP/PARCS,
ATHLET/DYN3D, TRAC-PF1/NEM, and TRAC-BF1/NEM, each with specific
applications and challenges detailed in (Mylonakis et al., 2014).

TRACE/PARCS is currently considered state-of-the-art for coupled regulatory
analysis in the United States, demonstrating proficiency in analyzing large/small break
LOCAs and system transientsacross both PWRs and Boiling Water Reactors BWRs.
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The study of nuclear reactor dynamics encompasses a broad spectrum of analyses,
crucial for both operational safety and efficiency. Having delved into reactor core
analysis, where intricate neutron flux distributions and temperature profiles dictate
reactor performance, we now shift our focus to transient analysis. Transients,
characterized by rapid changes in reactor conditions due to operational anomalies or
emergency scenarios, necessitate a deeper examination facilitated by coupled
thermal-hydraulics and neutronics simulations.

3.3 Transient Analysis.

In the intricate world of nuclear reactor safety, transient analysis stands as a
fundamental pillar, ensuring that reactors operate reliably and safely under a spectrum
of operational scenarios. This process, embedded deeply within the regulatory
framework, is crucial for validating the reactor’s ability to handle deviations from
normal operations and unforeseen anomalies. Thus, transient analysis is not only
fundamental to reactor design but also indispensable for both safety licensing and
assurance that operating goals are achievable.

At the heart of reactor safety assessments in the United States is the Code of
Federal Regulations (CFR). Specifically, 10 CFR Part 50 governs existing reactors,
which operate under licenses granted based on a final design tailored to specific sites.
For new reactor designs, 10 CFR Part 52 is also applicable, enabling future reactors to
adopt certified generic designs for their operating licenses. The U.S. NRC is currently
developing 10 CFR Part 53, which will focus on advanced reactors using a
risk-informed approach.

Centraltothe licensing process is Chapter 15 of the Final Safety Analysis Report
(FSAR). This chapter is the cornerstone for evaluating how reactors respond to various
design basis disturbances and equipment malfunctions, termed initiating events. Before
areactor license is granted, a thorough analysis of these events is mandatory, with
designers required to provide compelling evidence that their designs can withstand
these scenarios and maintain safety.

Meeting regulatory safety standards requires comprehensive transient analysis and
documentation. Regulatory bodies review safety analyses to approve reactor designs,
operational procedures, and emergency response plans.

Thus, analyzing transients serves multiple essential functions:

1) Safety Assessment: Transient events like LOCA, control rod ejections, or
turbine trips can challenge safety systems. Understanding how a reactor
responds to theseevents ensuresthat safety margins are maintained and
that safety protocols are robust.

2) Operational Flexibility: Reactors must be able to respond to changes in
power demandand grid requirements. Transient analysis helps optimize
reactor operations under varying conditions without compromising safety.

3) Design Verification: During the design phase of a reactor, transient
analysis validates the effectiveness of safety features and control systems
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under different scenarios. It ensures that the reactor design meets
regulatory safety standards.

4) Accident Management: Detailed transient analysis provides insights into
accident progression and guides the development of emergency response
procedures. Operators can simulate accident scenarios to prepare for
potential emergencies effectively.

Transient analysis typically involves sophisticated computational models that
integrate thermal-hydraulic and neutronic calculations. These models simulate the
complex interactions between core physics and coolant behavior during transient
conditions. Validating these models against experimental data and operational
experience is crucial for accuracy and reliability.

Thermal-hydraulic and neutronic simulations during transients help operators and
engineers predict reactor responses, optimize control strategies, and enhance safety
margins. These insights contribute to continuous improvements in reactor design,
operation procedures, and regulatory standards.

3.3.1 Transient Analysis in the Context of Chapter 15 of the U.S. NRC
Standard Review Plan.

NUREG-0800, “Standard Review Plan (SRP) for the Review of Safety Analysis Reports
for Nuclear Power Plants,” contains guidelines for the review of license requests (both
initial and modifications).

Chapter 15 of the SRP serves as a cornerstone for understanding and managing
transientand accident scenarios. It provides detailed guidance on the types of analyses
required to ensure reactor safety across a spectrum of operational and accident
conditions (US NRC, 2007).

At the heart of SRP Chapter 15 is the rigorous examination of how reactors
respond to a variety of disturbances and equipment malfunctions, collectively termed
initiating events. This analysis is crucial for licensing purposes, requiring plant
designers to present a thorough assessment that demonstrates their reactor's resilience
under these challenging scenarios.

Transient analysis, as outlined in SRP Chapter 15, is categorized into three primary
types: Anticipated Operational Occurrences (AOOs), Design Basis Accidents (DBAS),
and Beyond Design Basis Accidents (BDBAS).

Anticipated Operational Occurrences (AOOs) are events expected to occur
periodically throughout thereactor’s operational life. These events, which represent
minor deviations from normal operating conditions, are managed by the reactor’s
automatic safety systems without posing significant risks. AOOs are fundamental to
transient analysis as they assess thereactor’s capability to handle routine operational
challenges while maintaining safety margins.

Examples of AOOs include:
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1) Turbine Trips: Sudden shutdowns of the turbine due to operational or
mechanical issues.

2) Feedwater Flow Interruptions: Disruptions in the flow of water used to
maintain the reactor core's temperature.

3) Reactor Coolant Pump Failures: Malfunctions in the pumps that
circulate coolant through the reactor core.

Design Basis Accidents (DBAS) represent hypothetical but plausible scenarios that
the reactor must be designed to withstand. These scenariosare more severe than AOOs
and necessitate the activation of multiple safety systems to ensure public and
environmental protection. DBAs form the foundation of nuclear safety design,
confirming that reactors can effectively manage severe accidents and prevent the
release of radioactive materials.

Notable examples of DBASs include:

1) Loss-of-Coolant Accidents (LOCAS): Large and small breaks in the
reactor coolant system that could lead to a significant loss of coolant.

2) Main Steam Line Breaks: Ruptures in the main steam lines that carry
steam from the reactor to the turbines.

3) Reactivity Insertion Accidents: Unintended increases in reactor power
due to control rod withdrawal or other causes.

Beyond Design Basis Accidents (BDBAs) encompass scenarios of extreme
severity that exceed the scope of DBAs. These accidents involve conditions not
explicitly addressedin the reactor’s design basis. Analyzing BDBAs is essential for
understanding potential consequences and developing strategies for mitigating their
impacts.

Examples of BDBASs include:

1) Anticipated Transients Without Scram (ATWS): Situations where an
anticipated transient occursbut the reactor scram system fails to activate,
posing a significant challenge to reactor safety systems.

2) Station Blackout (SBO): Complete loss-of -offsite power, challenging the
reactor’s ability to maintain safety without external electrical support.

In recent years, the Intemnational Atomic Energy Agency (IAEA) has introduced a
new classification system known as Design Extension Conditions (DEC). This system
aims to provide a more comprehensive framework for analyzing severe accident
scenarios.

As illustrated in Figure 3.6, DEC is divided into two categories: DEC without core
melt (DEC-A), which aligns with the former BDBA concept, and DEC with core melt
(DEC-B), representing scenarios of severe accident severity. Despite the IAEA’s
proposal, the U.S. NRC has not yet fully adopted the DEC nomenclature. Although the

48



Chapter 3. Impact of Nuclear Data Processing — State-of-the-Art

U.S.NRC has yet to fully incorporate DEC terminology, the framework is gaining
traction globally for its comprehensive approach to reactor safety.

Earlier Concept
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Operational States Accident Conditions

Beyond Plant
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Conditions

Source: (IAEA, 2016).
Figure 3.6. Evolution of DBAs an BDBAs according to the IAEA.

3.3.1.1 Relevance to Boiling Water Reactors.

The selection of a particular transient significantly influences the sequence of events,
the implicated systems, and the range of variations in feedback parameters. The
severity of each transient is determined by a complex interplay of nuclear parameters
and system performance. It is crucial to demonstrate compliance with both design basis
and regulatory requirements for each scenario, as each presents a unique sequence of
events that can lead to different types of phenomena over time.

In BWRs, several specific transient scenarios are critical to safety analysis. These
include loss of feedwater flow, turbine trips, and MSIVC. Among these, ATWS are
particularly significant due to their potential to severely impact reactor safety and
operational stability.

Nuclear power plants are equipped with control systems designed to keep system
parameters within normal limits. While these control systems are effective within a
specific operational range, additional protective measures are in place to safeguard the
plant when event parameters exceed normal limits. This protection system primarily
relies on control rods to maintain acceptable conditions following anticipated
transients. However, if the control rods and protection systems fail to function
correctly, an ATWS can occur.
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An ATWS event is characterized by the failure of the reactor trip portion of the
protection system after an anticipated operational occurrence (AOQ). This failure can
occur due to malfunctions in power systems, control mechanisms, or other factors. The
significance of ATWS lies in its potential to challenge established safety limits,
exposing the reactor to extreme conditions of temperature and pressure. Without a
prompt shutdown of the nuclear reaction, there is a risk of a rapid increase in reactor
power, which could compromise safety barriers and operational safety margins.

According to Section 15.8 of the SRP Chapter 15 (NUREG-0800), an ATWS is
defined as:

....an Anticipated Operational Occurrence (AOO) as defined in Appendix A to 10 CFR
Part 50 followed by the failure of the reactor trip portion of the protection system
specified in General Design Criterion (GDC) 20.

Then, the term ATWS covers awide range of transients (Perin & Escalante, 2017).
Typical AOOs that may lead to unacceptable conditions if the scram system fails
include:

1) Main Steam Isolation Valve Closure (MSIVC): A scenario where the
isolation valve closes, potentially causing significant pressurization
challenges.

2) Turbine Trip With Bypass (TTWB): A sudden shutdown of the turbine
while bypassing normal cooling systems.

3) Pressure Regulator Failure — Open (PRFO): A failure in the pressure
regulator causing it to remain open, which can disrupt system pressure
control.

4) Loss-of-Offsite Power (LOOP): A scenario where all external power
supplies are lost, impacting core cooling and system operation.

5) Inadvertent Opening of a Relief VValve (IORV): Unplanned opening of a
relief valve, which can lead to pressure and coolant flow issues.

Among these scenarios, the MSIVC ATWS is particularly critical due to its
identification as one of the most severe pressurization transients, with potentially
catastrophic consequences if the scram system fails, given the reactor’s isolation from
normal cooling systems (Bolger et al., 2003).

The primary goal of this thesis is to study and document insights that can guide the
development of cross-section libraries for LWR safety analyses. The focus on ATWS
is driven by their complexity and thesignificant challenges they present to analytical
tools.

3.3.2 DEC-A Transients: Anticipated Transients Without Scram
(ATWS).

Anticipated Transients Without Scram (ATWS) represent a critical category of reactor

events that require careful consideration within nuclear power plant operations.

Understanding their historical development is essential for grasping how safety
protocols and analysis techniques have evolved to address these challenges.
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3.3.2.1 ATWS Historical Background.

ATWS has been acrucial focus in nuclear reactor safety research and regulation since
their initial recognition in the late 1960s. The historical evolution of ATWS
underscores a journey from early academic curiosity to a central element of regulatory
frameworks aimed at ensuring reactor safety and reliability.

Theissue of ATWS was first broached in the context of nuclear reactor licensing
discussions in 1969. At this nascent stage, the concept was primarily explored from an
academic perspective, lackingthe urgency and practical focus that would later define
its study. It was not until the 1970s and 1980s that ATWS scenarios gained
prominence, driven by heightened attention to safety analysesand accident scenarios in
the nuclear industry.

Early research revealed that specific transient conditions could lead to scenarios
where thereactor’s safety systems - particularly the reactor scram system, designed to
quickly shut down the reactor - might fail. This could result in extended periods where
the reactor core experienced suboptimal conditions, potentially jeopardizing safety
margins and operational integrity.

The necessity for a deeper understanding of ATWS was underscored by several
key events. The Browns Ferry Unit 3 fire in 1975, a significant incident in the United
States, exemplified the complex challenges associated with reactor transients. Although
not an ATWS event per se, it highlighted the critical need for comprehensive analysis
and mitigation strategies for reactor safety. This incident, among others, prompted
regulatory bodies like the U.S. Nuclear Regulatory Commission (NRC) and
international counterparts to enhance their scrutiny of transient scenarios, including
ATWS.

The pivotal Three Mile Island (TMI) accident in 1979 further intensified focus on
reactor safety. Although TMI did not involve an ATWS event, it revealedthe potential
vulnerabilities in reactor systems, including the failure of automatic safety
mechanisms. Theincident emphasized the importance of robust safety systems and
spurred a broader investigation into reactor response mechanisms during transients,
contributing to a heightened regulatory emphasis on ATWS scenarios.

In response to the growing awareness of ATWS risks, regulatory frameworks
began to take shape. In April 1978, the NRC published NUREG-0460, which provided
preliminary results on the probability of scram failures, estimating a probability of
3x10-° per demand for scram system failure (NRC, 1978). This report was instrumental
in framing the regulatory approach towards ATWS.

By 1984, significantprogress was made with the publication of 10 CFR 50.62, a
standard that outlined requirements for reducing risk from ATWS events in Light
Water Reactor Nuclear Power Plants. This regulation represented a critical milestone in
formalizing the approach to ATWS risk management.

Further, the U.S. NRC issued a Regulatory Guide in 1984, which provided detailed
guidance on the analysis of ATWS events. This guide established criteria for
evaluating reactor safety under ATWS conditions and emphasized the necessity of
comprehensive safety analysis to ensure that reactors could handle ATWS events
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effectively without compromising operational safety (NRC, 1984). In December 2005,
the U.S. NRC issued the Regulatory Guide RG 1.203, “Transient and Accident
Analysis Methods” (US NRC, 2005), which could be used for best-estimate ATWS
analysis.

3.3.2.2  Acceptance Criteria.

The acceptancecriteria for ATWS events are fundamental to ensuring that nuclear
reactors maintain safety and operational integrity even under conditions where
automatic safety systems might fail. These criteria are designed to assess the reactor’s
ability to manage and mitigate the consequences of ATWS events, thereby ensuring
that safety margins are preserved, and regulatory requirements are met.

The Code of Federal Regulations, 10 Part 50.62, presents the requirements for
reducing risk from ATWS events for light-water-cooled nuclear power plants (Bolger
et al., 2003). Moreover, the rule states that:

...in the case of a BWR, there must be an alternate rod injection system (ARI), a
stand-by liquid control system (SLC) with the capability of injecting into the reactor
pressure vessel a borated water solution, and equipment to trip the reactor coolant
recirculating pumps (RPT) automatically under conditions indicative of an ATWS to
prevent power excursions due to void collapse during pressurization transients.

The criteria described in SRP NUREG-0800 are used to verify that acceptable
limits have been met during ATWS analysis. Thus, the criteria for acceptingan ATWS
event should encompass a comprehensiveset of inquiries such as the preservation of
fuel integrity, the integrity of the containment system, the integrity of primary design
features, conditions during long-term shutdown, and radiation dosage incurred during
the event.

Key acceptance criteria include:

1) Core Cooling Requirements: Thisensures that the reactor core remains
within safe temperature limits, even if the reactor scram system fails. Core
cooling requirements typically involve maintaining sufficient flow of
coolant through the reactor core to remove heat generated by nuclear
fission. The criteria specify the minimum flow rates and temperatures
necessary to prevent fuel overheating and core damage during ATWS
events.

2) Reactivity Control and Shutdown: The reactor must be capable of
controlling reactivity and achieving a shutdown condition if necessary. In
the eventof an ATWS, the reactor’s reactivity control systems should be
capable of managing neutron flux levels to avoid excessive power levels.
Acceptance criteria often include the evaluation of backup reactivity
control mechanisms and the ability to insert control rods or use other
means to stabilize the reactor core.

3) Containment Integrity: Acceptancecriteriastipulate that the containment
must remain intact to prevent the release of radioactive materials into the
environment. This involves verifying the containment’s design, its ability
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to withstand pressure andtemperature changes, and its capacity to manage
potential leaks.

4) Emergency Systems Functionality: These systems should be capable of
operating under conditions where the reactor scram system has failed,
ensuring that coolant is available to the reactor core and that the
containment environment is controlled.

5) Operational Procedures and Operator Actions: Effective operational
procedures and the ability of operators to respond to ATWS events are
integral to acceptance criteria. Criteriainclude the evaluation of operator
training, emergency procedures, and decision-making processes to ensure
that operators can effectively manage and mitigate ATWS scenarios. The
criteria also cover the reliability and accessibility of manual override
systems in case automated systems fail.

To evaluate compliance with these acceptance criteria, a combination of analytical
methods, simulation tools, and physical testing is employed. Computational models
and codes are used to simulate ATWS scenarios and assess the reactor’s response to
various conditions. Physical tests, such as full-scale or scaled-down experiments, are
conducted to validate the performance of safety systems and operational procedures
under simulated ATWS conditions.

Detailed descriptions of the specific thresholds delineating acceptance criteria,
along with the performance measures (referred to as Figures-of-Merit), are expounded
upon in Chapter 7.

3.3.3 State-of-the-Art of BWR ATWS Simulations.

The late 1980s and early 1990s marked a pivotal period in the evolution of simulation
and modeling techniques for ATWS events. As the nuclear industry grappled with the
complexities of reactor safety, researchers and engineers began developing advanced
tools to simulate reactor behavior under ATWS conditions. These simulations aimed to
forecast the reactor’s response to various scenarios, including the failure of safety
systems, and their potential impact on core cooling and overall reactor stability.

The advent of improved computational capabilities during this era catalyzed a
significant enhancement in the industry’s ability to model and manage ATWS
scenarios. The incorporation of sophisticated models and algorithms allowed for more
precise simulations of transient events, reflecting a broader understanding of the risks
associated with ATWS. Modern reactors have since been equipped with advanced
safety systems, control technologies, and redundant features designed to effectively
handle adiverse range of transientconditions. This progress highlights the substantial
advancements madesince theinitial recognition of ATWS risks and the commitment to
improving reactor safety.

A notableadvancement in the simulation of ATWS events was the development of
the TRACE code by the U.S. Nuclear Regulatory Commission (NRC). Introduced in
the early 1990s, TRACE represented a state-of-the-art tool for transient analysis,
incorporating advanced models for thermal-hydraulic behavior.
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This development allowed for a deeper understanding of how BWRs, including the
BWR/6 design, respond to various ATWS scenarios (NRC, 1993). TRACE’s ability to
provide more accurate simulations marked a significant improvement in assessing and
mitigating the risks associated with ATWS.

As the field progressed into the 2000s, further enhancements emerged with the
integration of new technologies and methodologies. The shift from basic analysis to
sophisticated simulations underscored a growing recognition that merely analyzing
ATWS events was insufficient. Researchersand engineers began prioritizing the active
mitigation of these scenarios, driven by the understanding that reactors must be
equipped not only to handle anticipated transients but also to manage complex
scenarios where safety systems might fail. The integration of advanced safety systems,
redundant controls, and real-time monitoring technologies became crucial in modern
reactor designs.

Quoting from (Yarsky, P., 2011), “... ATWS events are analyzed to gauge
consequences, quantify safety margins, and evaluate the effectiveness of mitigating
actions to bring the plant to a stable, cold condition.” This statement reflects the
comprehensive approach adopted in evaluating ATWS situations. Rigorous modeling,
analysis, andreporting over the years have been essential in assessing the predictive
capabilities of coupled thermal hydraulic/neutronics code packages for BWR ATWS
events.

The ATWS analysis requirements under 10 CFR 50.62 do not necessarily mandate
a full thermal-hydraulic simulation. For instance, the NuScale certification review,
documentedin Section 15.8 of the FSAR, notes that diverse and reliable shutdown
systems reduce the frequency of ATWS events below the threshold required for
detailed analysis. However, in light of safety considerations specific to MELLLA+
operation, particular scenarios of interestinclude ATWS events characterized by core
instability or emergency depressurization.

Core instability concerns revolve around large amplitude oscillations that may
arise (Baek, J. et al., 2013a), while emergency depressurization focuses on the energy
transfer into containment during the mitigation period (Cheng, L. et al., 2013a).

Amongvarious ATWS scenarios, as already stated, the MSIVC represents one of
the most severe dueto its high occurrence frequency and its challenge to residual heat
removal systems and containment integrity. This transient has been extensively
analyzed using various computer codes (Cheng, L. et al., 2016; Yarsky, P., 2013;
Cheng, L.etal.,2014a; Cheng, L. etal., 2014b; Cheng, L. et al., 2015), although most
previous efforts relied on point kinetics codes.

Since The MELLLA+ operational domain extendsthe permissible operating range
of a BWR to encompass low flow rates at high power conditions, Figure 3.7, new
safety concems relatedto the consequences of ATWS events initiated from this state
are introduced as stated in (Cheng, L. et al., 2015).
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Figure 3.7. Maximum Extended Load Line Limit Analysis (MELLLA +) domain.

Historically, the TRACE/PARCS code package has been utilized to explore
complex transient phenomena within BWRs. Recent efforts have focused on using
TRACE/PARCS to simulate hypothetical MELLLAand MELLLA+ ATWS scenarios,
particularly for BWR/4 and BWR/5 designs.

Overall, reported results for ATWS simulations indicate that TRACE/PARCS
effectively represent fundamental phenomena with reasonable to excellent agreement
across a range of ATWS conditions, particularly at MELLLA+ operational scenarios.
Thisendeavor aims to thoroughly investigate plant responses during transients, assess
theresulting consequences, and evaluate the effectiveness of mitigation measures.

Despite the advancements, it is crucial to acknowledge that prevailing analyses
often prioritizethermal hydraulic predictions, sometimesat the expense of a thorough
evaluation of neutron responses and the quality of cross-section libraries. For instance,
cross-section data from varying core conditions were used if deemed most accurate, but
some calculations faced constraints due to limitations in cross-section data, particularly
for variables like boron concentration (Cheng et al., 2010; Cheng, L. et al., 2013b).
During an ATWS event, boron concentrations can reach high levels, and while power
is reduced, analyzing the event sequence remains important due to potential reduced
cooling in the core. Therefore, branch calculations generating cross-sections should
account for the range of boron concentrations expected during ATWS events.

The focus of this thesis is to explore the pivotal role and implications of
cross-section data in ATWS events. In particular, this research aims to use the
TRAC-BF1/PARCS coupled code to evaluate BWR/6 performance predictions. This
novel application seeks to enhance understanding of reactor responses during ATWS
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scenarios, assess consequences, and improve mitigation strategies, particularly for the
BWR/6 design with advanced 3D kinetics modeling. By addressing these critical
aspects, the research contributesto advancing the field of reactor safety and transient
analysis.

3.4 Standard Codes for Reactor Core and Transient
Analyses.

To ensure comprehensive simulation coverage across various levels, from fuel pin cell
to the entire nuclear power plant, an extensive selection of codes was incorporated into
thisthesis. Thissection aims to briefly introduce the various codes used, highlighting
their major features and providing the essential information for understanding the main
reasons for selecting them.

The section is organized sequentially, moving from lattice codes to core simulators
and, finally, to plant system codes. Figure 3.8 provides a comprehensive overview of
the utilized codes, offering insight into their respective functions.

Additionally, Table 3.2 lists the various versions of the codes employed for this
thesis. All of the codes listed are widely used at industrial levels, ensuring a standard of
quality and reliability.
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Figure 3.8. General Overview of Codes Used.

56



Chapter 3. Impact of Nuclear Data Processing — State-of-the-Art

Table 3.2. Codes’ Versions Used.

CASMO-4E SIMULATE-3 GenPMAXS PARCS TRAC-BF1/BE
v3.2.mod17
v2.05.17 v6.09.26 v6.1.3 v21.01r0
v3.32

While the NRC acknowledges TRACE as the leading-edge thermal-hydraulic
systemscode, this thesis employs TRAC-BF1 for the DEC-A transient analysis. This
decision is rooted in the widespread adoption of TRAC-BF1 within the nuclear
industry for BWRs, making it a pertinent choice despite TRACE’s status as the
state-of-the-art code endorsed by the NRC. It is important to note that everything
applicableto TRACE is also applicable to TRAC-BF1 and vice versa, making either
code suitable for this thesis. However, TRAC-BF1 was chosen specifically for its
relevance in this context.

In the realm of neutronics, PARCS is considered the current state-of-the-art code
by the NRC. For the purpose of this thesis, SIMULATE-3 will serve as the benchmark
for cross-section libraries. Its selection is grounded in its extensive validation and
rigorous testing across numerous cycles and core designs, cementing its credibility
within the industry.

CASMO-4, SIMULATE-3, GenPMAXS, PARCS, and TRAC-BF1/BE have been
selected as tools for use in this doctoral thesis due to the extensive experience gained in
their management and application across various R&D and industrial projects over the
past several years.

The use of all these codes has been made possiblethanks to the generosity of the
Nuclear Fuel Department of Iberdrola Generacion Nuclear and the collaboration
agreement with CAMP (The Code Application and Maintenance Program) Spain.

CAMP program is designed to ensure that the NRC’s suite of analysis codes
remainsup-to-date, accurate, and capable of addressing the evolving needs of reactor
safety assessments and regulatory requirements.

341 CASMO-4.

CASMO-4 code is a many-energy-group two-dimensional transport code developed by
Studsvik, (Edenius, M. et al., 1995). It is used for burnup calculations on Boiling Water
Reactor (BWR) and Pressurized Water Reactor (PWR) assemblies or pin cells. The
code can deal with geometries consisting of cylindrical fuel rods of varying
compositions in a square pitch accommodating rods such as those containing
gadolinium, burnable absorber rods, and cluster control rods.

Some of the main features of the code are:

— The two-dimensional transport solution is based upon the Method of
Characteristics (MOC) andcan be carried out in several different energy
group structures.
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— Nuclear data for CASMO-4 are collected in a library containing
microscopic cross-sections in 70 energy groups coveringthe range from 0
to 10MeV.

— CASMO-4 can accommodate symmetric as well as non-symmetric fuel
bundles.

— Thermal expansion of dimensions and densities is performed
automatically.

—  Effective resonance cross-sections are calculated individually for each fuel
pin.

— A fundamental mode calculation is performed to account for leakage
effects.

— Gadolinium depletion and other absorber depletions are done
automatically within CASMO-4 without the need for auxiliary codes.

— The microscopic depletion is calculated in each fuel pin and burnable
absorber pin.

The CASMO-4 calculation process is shown in Figure 3.9. First, macroscopic
cross-sections are prepared for the following micro-group calculations. Then, the
macroscopicgroup cross-sections are calculated for the fuel assembly using the user’s
input data, densities, geometries, compositions, other operation parameters, and the
integrated nuclear data libraries.

The effective cross-sections in the resonanceenergyregion (4 eV to 9118 eV) for
important resonance absorbers (including 235U, 236U, 238U, 239py, and Hf control rods)
are calculated using an equivalence theorem, which relates tabulated effective
resonance integrals for each resonance absorber in each resonance group to the
particular heterogeneous problem under consideration. The resonance integrals
calculate effective absorption and fission cross-sections for these absorbers.

The use of Dancoff factors accounts for the screening effect between different pins,
e.g., fuel and moderator. Those factors are important parameters for cross-section
self-shielding effect, (MiloSevi¢, 2001). The 1eV resonance in 2°Pu and 0.3 eV
resonance in 23°Pu are adequately covered by the concentration of thermal groups
around these resonances and are consequently excluded from the special resonance
treatment.

The cross-sections prepared using the above process are used in a series of
micro-group calculationsto obtain the detailed neutron energy spectra that is used for
energy condensation of the pin cells. First, a micro-group calculation is commonly
performed for each pin type in the assembly.

Next, collision probabilities are determined in a simplified geometry consisting of
the different material regions of the pin type. The two-dimensional macro-group
calculation using an approximate and fast response matrix solution follows the
micro-group calculations. It provides flux spectra for energy condensation to the group
structure (from 40 to 7 energy groups), which gives the eigenvalue and the flux
distribution in an assembly in a 2D transport calculation.
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In single bundle calculations, a fundamental buckling mode is used for modifying
the infinite lattice results obtained from the transport calculation to include leakage
effects. It usually is made in diffusion theory and should be bypassed in calculations of
two-by-two segments, reflectors, and fuel storage racks.

Theisotopic depletion as a function of irradiation is calculated for each fuel pin
and each region containing a burnable absorber. Then, the burnup calculation is carried
out using a Predictor-Corrector approach. For each burnup step from t,-; to tn, a
predictor step is first taken using the fluxes obtained from the neutron calculation at
t,—: to predict the number densities at tn. As a consequence of this calculation:

— The cross-sections are then updated.

— Thenewspectrumcalculation gives fluxes to be used in a corrector step.

— Final number densities at tn are given by the average results from the
predictor and corrector steps.

CASMO-4 also contains a module which calculates prompt and delayed gamma
sourcesand solvesthe 18 group, 2D gamma transport problem such that the gamma
detector response may be calculated.
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Source: Casmo-4 Manual (Edenius, M. et al., 1995).
Figure 3.9. Flow Diagram of CASMO-4.

3.4.2 SIMULATE-3.

The common practice in the industry has been to perform BWR depletion analysis with
a simplified thermal-hydraulic model. One of themost popular BWR depletion codes
used in the industry is SIMULATE-3. This three-dimensional, two-group, steady-state
reactor core simulator performs in-core fuel management studies, core-follow, and
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calculation of safety parameters. Thus, the code has been thoroughly benchmarked and
validated against reactor operation (Covington, L.J. et al., 1995).

SIMULATE-3 utilizes what is known as a four-equation TH model that solves for
the one-dimensional mixture mass, steam mass, mixture enthalpy, and mixture
momentum equations for each axial node in each channel. Each assembly has one
active channel and possibly one or more water channels. Flow rates to each channel are
iteratively determined to give the same plenum-to-plenum pressure drop in each
channel, and a drift flux model is used to calculate void fractions.

SIMULATE-3 employs an advanced nodal expansion method to solve the reactor
core’s two-group neutron diffusion theory representation without requiring
normalization to fine-mesh calculations or measured data. SIMULATE-3 provides
thermal-hydraulic feedback, modeling equilibrium or time-dependent Xenon and
Samarium, and isotopic depletion. In addition, it allows for the generation of
pin-by-pin power distributions using a pin power reconstruction technique.

The three-dimensional diffusion equation is integrated over the volume of each
node to obtain the neutron balance equation. Determination of the nodal averaged
scalar fluxes requires the intra-nodal flux distributions in both the fast and thermal
groups derived by integrating the three-dimensional diffusion equation over two of the
three directionsof a node to obtain a transverse-integrated one-dimensional diffusion
equation.

SIMULATE-3 explicitlymodelsthe radial and axial reflectors, and conventional
albedo conditions are not required at the core periphery. The diffusion equation does,
however, require a boundary condition at the outer surface of the reflector. Zero flux or
zero incoming flux boundary conditions can be used. Typically, the sensitivity of the
solution to the boundary condition is minimal if the reflector region is comparable in
size to a fuel assembly.

The reactor power, coolant density, and fuel temperature distributions are
intimately coupled in SIMULATE-3 sinceit performs a coupled neutronics/thermal-
hydraulics iteration to find these distributions. The node-average density is calculated
by evaluating the state properties of water at the average of the node inlet and outlet
enthalpies.

In this thesis, the SIMULATE-3 solution serves as the benchmark code for
comparing cross-section generation and modeling outcomes.

3.4.3 GenPMAXS.

GenPMAXS, which stands for Generation of the Purdue Macroscopic XS set, was
developed by (Downar, T. & Xu, Y., 2004) to facilitate the generation of PMAXS files
from lattice physics codes such as CASMO-4, HELIOS, TRITON, and SERPENT. It
serves as an interface between these detailed lattice codes and the neutronics code
PARCS.

In this work, CASMO-4 has been employed as the lattice code. Consequently,
GenPMAXSreads the lattice physics parameters from CASMO-4, specifically, nodal
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averaged cross-sections and kinetic parameters, and converts them into a format
suitable for use by PARCS, as illustrated in Figure 3.10.

Cross Section Library Processor
2D Lattice Physics

/]
CASMO-4 ——> CaxFiless ————> GenPMAXS ——> PMAXS Files

L GenPMAXS

Input File

Figure 3.10. Overview of the GenPMAXS Code as the Interface between CASMO-4 and
PARCS.

GenPMAXS plays an indispensable role in bridging detailed lattice physics
calculations with core-level simulations in PARCS. Its ability to generate accurate,
structured PMAXS files from various lattice codes underpins reliable reactor core
analysis, supporting both operational efficiency and safety in nuclear reactors.

The PMAXS files generated by GenPMAXS contain all the essential data required
for core simulation and depletion analysis, applicable to both steady-state and transient
scenarios. These files are organized in amacroscopic cross-section format that varies
according to state variables, history variables, and burnup.

Given thesignificant absorption cross-sections of Xenon (Xe) and Samarium (Sm),
which are highly flux-dependent, their absorption cross-sectionsare represented using
their microscopic cross-sections and number densities. This representation ensures
accurate modeling of these isotopes’ impact on reactor behavior.

GenPMAXS employs a structured approach to handle independent variables,
classifying them into three distinct groups:

1) Control Rod Fractions: Reflecting the positioning and influence of
control rods.

2) Current Node Variables: Representing the local conditions within the
node.

3) Neighbor Node Variables: Accountingfor the interactions with adjacent
nodes.

Each group is treated differently, making the selection of appropriate independent
variables crucial for achieving accurate simulation results that closely match reference
data.

Ensuring the consistency of data duringthe conversion process from lattice codes
to PMAXS files is paramount. GenPMAXS ensures this by verifying that the
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ke s values from the cross-sectionsalign with those from the lattice results, thereby
confirming the accuracy of the basic cross-sections.

344 PARCS.

PARCS, (Downar, T. et al., 2012), which stands for the Purdue Advanced Reactor
Core Simulator (originally developed at Purdue University and now housed at
Michigan State University ), is a sophisticated three-dimensional deterministic reactor
core simulator. It adeptly solves steady-state and time-dependent neutron diffusion and
SP3 transport equations across both orthogonal and non-orthogonal geometries to
determine the neutron flux distribution.

This code is the preferred tool for neutron diffusion calculations in thermal
reactors, utilized by the U.S. NRC. Through extensive application, PARCS has
demonstrated its prowess in predicting the steady-state and transient behavior of
nuclearreactor cores at various burnup states specific to commercial LWRs. This has
significantly bolstered its Verification & Validation (V&V) credentials and
qualifications, conforming to regulatory standards (Yarsky et al., 2013; Choi et al.,
2022).

As a versatile core simulator, PARCS can function independently (also known as
stand-alone) or be coupled with thermal-hydraulics system codes such as TRACES5,
RELAPS, and TRAC-BF1, alongside subchannel codes like COBRA-TF. These
integrations, which can be executed through serial or parallel processing approaches,
allow for comprehensive simulations that incorporate thermal-hydraulic feedback
mechanisms.

PARCS typically employs two neutron energy groups and six neutron precursor
groups; however, it can be adapted to use additional energy groups. This is particularly
advantageous in fast reactor contexts, where six energy groups are often standard.

For stand-alone simulations, PARCS necessitates boundary conditions provided
through 3D mappings. These mappings include data on fuel temperature, moderator
temperature, boron and moderator density distributions, along with historical values.
Users generally supply this information, or it is imported from extemal files generated
by another code. In this thesis, all required data is sourced from SIMULATE-3, as
detailed in Chapter 5 and Chapter 6. In terms of coupled simulations, Chapter 7 delves
into predictions for thermal-hydraulic and neutronic transients using PARCS.

Key calculation features of PARCS encompass eigenvalue analyses, Xenon
transient modeling, decay heat computations, pin power calculations, and adjoint
calculations. Its capability to perform core eigenvalue calculations and evaluate control
rod movements equips it with the necessary tools for analyzing both short-term
(kinetic) and long-term (depletion) core behaviors.

Further extending its functionality, PARCS includes fuel depletion analysis.
Utilizing the PMAXS format, cross-sections can integrate burnup as a fitting
parameter. This dynamic adjustment of cross-sections at each time step based on
burnup progression allows analysts to iteratively deplete the core, achieving a
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representative equilibrium condition and deriving burmup distributions alongside their
corresponding cross-sections.

Before diving deeper into the capabilities of PARCS, a more detailed discussion of
the depletion model calculations is warranted. An overview of core depletion analysis
is illustrated in Figure 3.11.

PARCS - 3D NEUTRONICS CALCULATION

Depletion
History
Data File
Neutronics
PMAXS Calculation

Cross-Section
Module

Source: GenPMAXS’ Manual (Downar, T. & Xu, Y., 2004).

Figure 3.11. Overview of Core Depletion Analysis in PARCS.

The depletion module generates newburnupand historical state information that
corresponds to the PARCS neutron flux solution. The cross-section module then
calculates cross-sections based on this burnup and historical state information, in
conjunction with the current thermal-hydraulic state. Subsequently, the PARCS
neutronic module calculates the neutron flux using the cross-sections generated by the
cross-section module. Finally, the node-wise power calculated by PARCS is utilized to
determine the region-wise burnup increment for advancing the macroscopic
cross-sections over time.

PARCS employs a macroscopic depletion method, where microscopic
cross-sections and fuel number densities are not tracked individually during core
depletion. Instead, the eigenvalue calculation provides the initial steady state for
transient calculations. Here, the standard k. - - multiplier is adjusted to ensure a critical
state for the transient fixed-source problem. The eigenvalue calculation in PARCS
leverages the Wielandt eigenvalue shift method to accelerate convergence (Yee, B. C.
et al., 2016).
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Discretization of the balance equation in both time and space is required during the
solution process. Time discretization is executed using the well-known Theta Method,
with an exponential transformation of the group fluxes (Crank, J. & Nicolson, P.,
1947). This temporal differencing yields a transient fixed-source problem at each time
point, which is solved by a conditional nodal update scheme. This scheme invokes the
nodal update only when there are substantial local cross-section changes and
consequential local flux variations. Cross-section information is then used for
neutronics calculations to obtain the power distribution across the core.

Throughout the reactor’s operational lifespan, the presence of Xenon and
Samarium significantly impacts reactor power. PARCS is capable of monitoring their
concentrations and dynamically adjusting the absorption macroscopic cross-sections
accordingly.

For relatively slow Xenon transients, PARCS employs a quasistatic calculation
approach. This method bypasses the consideration of time-dependent variations in
delayed neutrons, instead utilizing an eigenvalue problem solver to determine fluxes.
The number densities of Xenon and Samarium are subsequently updated by solving
balance equations based on the resulting fluxes. Currently, PARCS offers both
equilibrium andtransient options for managing the effects of Xenon and Samarium.

Multiple solution kernels are available in PARCS for spatial discretization, as
illustrated in Table 3.3.

Table 3.3. PARCS Neutronics Methods: Solution Kernels.

Source: Parcs’ Manual (Downar, T. etal., 2012).

Geometry Solution Energy Angle
Kernel Name
Type Method Treatment Treatment
CMFD FD 2G Diffusion
. ANM/NEM . .
Cartesian (Hybrid) Nodal 2G Diffusion
3D
FMFD FD MG Diffusion/SP;
NEMMG Nodal MG Diffusion/SP;
Hexagonal CMFD FD 2G Diffusion
3D TPEN Nodal MG Diffusion
Legend:
CMFD = Coarse Mesh Finite Difference NEM = Nodal Expansion Method
ANM = Advanced Nodal Method MG = Multigroup FMFD = Fine Mesh Finite Difference

PARCS incorporates a diverse array of sophisticated spatial kinetics calculation
methods to deliver precise and efficient performance across various tasks. One such
methodis the Coarse Mesh Finite Difference (CMFD) formulation, which is designed
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to expedite transient calculations by reducing the computational burden of resource-
intensive nodal computations during periods of minimal flux spatial variation.

In PARCS, the CMFD formulation is employed to compute neutron fluxes within
homogenized nodes. Specifically, a conditional update scheme is utilized to initiate
higher-order nodal updatesonly in response tosignificant changes in core conditions
that necessitate such adjustments. Subsequently, local two-node problems are
iteratively solved during the nonlinear iteration process to correct discretization errors
in the nodal interface current, which arise from the finite difference approximation in a
coarse mesh structure.

In rectangular geometries, PARCS can also employ the Advanced Nodal Diffusion
Method (ANM). This method, known for its accuracy in many applications, is typically
used in calculating Light Water Reactor (LWR) simulations. However, ANM can lack
robustness in near-critical two-node problems. The ANM method is quite similar to the
oneusedin SIMULATE-3. Conversely, the Nodal Expansion Method (NEM) offers
lower precision than ANM but provides a more robust and faster solution.

As an intermediary solution, PARCS can combine both nodal methods to simulate
the reactor core. In this Hybrid Approach, ANM serves as the base solution, while
NEM is invoked whenever the node ks approaches unity. This hybrid method has
been deemed an optimal option for most cases, especially in Cartesian geometries
(Downar, T. et al., 1997).

More detailed information about PARCS can be found in its user’s manual
(Downar, T. et al., 2012).

3.45 TRAC-BF1/BE.

TRAC-BF1, which stands for Transient Reactor Analysis Code, was developed in the
late 70’s at the Idaho National Engineering Laboratory (INL) for the NRC (Borkowski,
J. et al., 1992). Initially, the TRAC family of computer codes started as a tool for
analyzing PWRs, known as TRAC-PF1, developed at the Los Alamos National
Laboratory for the NRC. The BWR version, TRAC-BD1/MOD1, was developed
jointly by the NRC and General Electric (GE) (Bolger et al., 2003).

Derived from its predecessor TRAC-PF1, TRAC-BF1 inherited foundational
models but was significantly refined to address the specific challenges of simulating
BWRs. TRAC-PF1 struggled to accurately capture BWR dynamics due to disparities in
bundle geometries between BWRs and PWRs.

TRAC-BF1 was developed to provide robust modeling and analysis capabilities for
a wide range of postulated accidents, such as large or small break LOCAs or ATWS
events initiated by the closure of the Main Steam Isolation Valve (MSIVC).
Consequently, TRAC-BF1 offers an unparalleled level of fidelity in representing
reactor systems, encompassing both linear and non-linear phenomena across
anticipated and unforeseen operational conditions.

TRAC-BF1/BE is a best-estimate thermal-hydraulic system code used for design,
licensing, and operational purposes in BWRs, in both conservative and realistic
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analysis modes. The code features a modular structure and detailed best-estimate
models, including a three-dimensional thermal-hydraulics model.

TRAC-BF1/BE employstwo-fluid, non-equilibrium, non-homogeneous two-phase
flow models in both one- and three-dimensional BWR system components to solve the
six-equation finite difference scheme of field equations. These equations describe the
thermal-hydraulic behavior of the coolant, the energy flow in the fuel and structural
components, and the generation of nuclear power in the reactor core.

The code uses a staggered-mesh scheme where velocities (V') are defined at the
mesh-cell surfaces, while volume propertiessuch as pressure (p), gas volume fraction
(a), temperature (T), internal energy (e), and density (p) are defined at the mesh cell
center. This results in scalar field equations (mass and energy) applying to a given
mesh cell, while momentumequations apply at the interfaces between mesh cells in the
three component directions.

Additionally, unique features of the code include:

- Non-homogeneous critical flow model.

- Boron transport model, enhanced with a second-order modified Godunov
scheme (Barrachina, T. et al., 2013; Barrachina, T. et al., 2015).

- Two-phase level tracking model.

- Reactivity feedback model, including the effect of soluble boron.

- Balance of plant component models, such as turbines, feedwater heaters,
and steam condensers.

- Mechanistic separator-dryer model.

- A comprehensive control system model.

- Restart capability.

The default kinetic model in TRAC-BFL1/BE is the constant power or
point-kinetics model. However, the code has undergone iterative enhancements,
culminating in itscurrent capability to conduct both 1D and 3D kinetics calculations
when coupled with PARCS.

The Universitat Politécnica de Valéncia spearheaded the development,
implementation, and validation of the 1D kinetics functionality within TRAC-BF1/BE.
Additionally, the coupling of TRAC-BF1/BE and PARCS for parallel processing to
enable transient simulations incorporating 3D power dynamics was a collaborative
effort between the Universitat Politecnica de Valéncia and Iberdrola Generacion
Nuclear (Jambrina et al., 2012; Jambrina, A. et al., 2013).

TRAC-BF1/BEis applicable to operating BWR/2, BWR/3, BWR/4, BWR/5, and
BWR/6 designs. More information can be found in its user manual.
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3.5 Summary.

Chapter3 delvesinto the advanced methodologies and tools pivotal to nuclear data
processing, emphasizing their critical role in modern reactor analysis. The chapter
begins by establishing the foundational importance of cutting-edge nuclear data
processing technologies, setting the stage for a comprehensive exploration of their
impact on reactor safety and performance.

The section on reactor core analysis underscores the integration of
thermal-hydraulicand neutronics coupled calculations. This analysis is essential for
understanding the core behavior across a spectrum of operational scenarios. By
merging advanced thermal-hydraulic and neutronic models, engineers achieve a
holistic view of reactor core dynamics. The continual evolution of computational tools
and coupled simulation techniques enhances the precision and reliability of these
analyses, thereby ensuring the safe and efficient operation of nuclear reactors.

Transient analysis forms a cornerstone of nuclear reactor design and operation. It
ensures that reactors can effectively manage a wide range of scenarios, from
anticipated operational occurrences to beyond design basis accidents. This analysis is
crucial for the ongoing refinement of reactor design, operational procedures, and
regulatory standards. By advancing transient analysis techniques and incorporating
innovative safety features, the nuclear industry strivesto upholdthe highest standards
of safety and reliability, thereby maintaining the secure operation of reactors.

The decision to focus on ATWS scenarios in this thesis underscores its
significance in challenging existing safety standards and fostering advancements in
technology and operational protocols. This proactive approach is essential for
mitigating serious incidents and safeguarding nuclear facilities worldwide.

Extensive research and documentation in the literature reveal various strategies for
managing ATWS scenarios. These include enhancements to reactor control systems
and emergency cooling systems. Advanced thermal-hydraulicand neutronicsimulation
models have been developed to predict reactor behavior duringan ATWS andevaluate
the effectiveness of mitigation measures.

The chapter concludes with a detailed examination of the most-common codes
used for reactor core analysis. It provides an in-depth look at CASMO-4,
SIMULATE-3, GenPMAXS, PARCS, and TRAC-BF1, highlighting their unique
featuresand applications in reactor core analysis. This final section demonstrates how
these codes contribute to a more precise and reliable understanding of reactor core
behavior, further advancing the field of nuclear reactor safety.
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Chapter 4
Cross-Section

Generation &
Modeling for BWRs

4.1 Introduction.

BWR fuel assemblies presentsignificant complexities due to several factors, including
substantial enrichment splitting, the presence of large water rods, gaps between fuel
assemblies, the channel box, and control rod insertion. These complexities pose
challenges in accurately predicting fuel behavior during reactor operation.

Fuel depletion analysis focuses on predicting long-term changes in reactor fuel
composition caused by fuel burnup. These changes impact the reactor’s operational
lifespan, stability, and control.

Accurate predictions of reactor behavior under both steady-state and transient
conditions are, therefore, crucial for safety analysis. Such predictions also aid in
optimizing the fuel cycle and enhancing the overall performance of the reactor.
Consequently, due to the considerable variation in core parameters over a reactor cycle,
a suitable set of cross-sections is necessary to accurately predict reactor behavior under
all conditions.
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4.2 Cross-section Modeling.

Figure 4.1 contains a schematic view of the various dynamic interactions usually
incorporated in a time-dependent consideration of the reactor state.
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Figure 4.1. Flow Chart Reactor Core Dynamics.
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Source: (Silvennoinen, P., 1976).

As seen in Figure 4.1, many of thereactivity feedback mechanisms directly affect
the neutron flux and power distributions and, therefore, may cause variations of the
cross-sections. These variations, as described in (Fujitaet al., 2014), can be assorted in
two different phenomena or effects:

- Instantaneous effect: appears when the core state variables undergo
instantaneous changes while maintaining invariant the fuel composition. It
is captured by branch calculations in the lattice code.

- History effect: comes into the game as the bumup progresses andthe fuel
composition changes due to variations of exposure-averaged core state
variables. It is captured by history depletion calculations in the lattice
code.

All macroscopic cross-section data are generated from lattice physics assembly
calculations as functions of node-wise exposure, instantaneous variables, and related
history parameters as

X =X(EXP,VOI, TFU,TMO, CR,HVOI,HTFU,HTMO,HCR) Equation 4.1

Where X represents the macroscopic cross-section, EXP the exposure, VOI the
void fraction, TFU the fuel temperature, TMO the moderator temperature, CR the
control rod insertion, HVOI the void history, HTFU the fuel temperature history,
HTMO the moderator temperature history, and HCR the control rod history.
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Looking closer to Equation 4.1, one can start imagining that the core state
variables will change accordingly with the burnup, and hence, variations of the
cross-sections as the cycle advances are expected due to their heavy dependence on
core conditions.

For example, the instantaneous void content, VOI, is the amount of void currently
in the moderator whereas, the historical void content in the moderator, HVOI,
represents the void level at which the fuel has been depleted. In BWR core
calculations, it isimperative to accurately capture the history effect since a sizeable
variation of the control rod insertion and the void fraction is expected.

The specific inclusion of the instantaneous and history effects in Equation 4.1
yields into

E(EXP,VOI,TFU,TMO, CR, HVOI, HTFU,HTMO, HCR)
% Zhase(EXP,VOI pgse, TFUpase, TMOpase, CRpase)
+ A% s (EXP,VOI, TFU, TMO, CR)
+ AZpis(EXP, HVOL,HTFU, HTMO, HCR)

Equation 4.2

Where the subscripts base, inst, and hist represent the base condition, the
instantaneous, and the history effects, respectively.

In view of Equation 4.2, it is easily deduced that the macroscopic cross-sections
can be pieced together as the sum of a base cross-section and a collection of partial
cross-sections which wouldrequire calculating all the possible combinations among
the burnup, state variables, and depletion history variables.

Although “the more, the merrier” is very desirable, calculating every variety of
core state and depletion parameters could become unmanageable and be impractical for
assembly-average core calculations as also stated by (Fujita, T., 2015). Besides, it is
also having to be known a priori which is not always possible.

As a compromised solution, a limited number of combination sets is selected and
calculated by the lattice code. Then, during the core calculation, each node will be
identified by a specific combination of state values and depletion variables,
determining the selection andreconstruction of the macroscopic cross-sections from a
particular set.

In addition, the cross-termsamong both effects must also be considered. Once the
feedback parameters are chosen, there are still two more things to consider: the
definition of the feedback parameter domain range and the number of mesh points
inside the selected domain. Defining the mesh points properly is crucial for lattice code
calculations because, once the feedback variables have been chosen, the interpolation
errors strictly depend on the selected range, as pointed out by (Sanchez-Cervera, et al.,
2014b). This issue will be widely covered in the forthcoming Chapter 5.
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4.2.1 Instantaneous Effect.

Cross-section modeling for coupled 3D simulations is based on the generated in the
so-called base branch and depletion calculations from the lattice physics code and
assembled into the cross-section library.

In each step the lattice physics code uses constant fuel composition. The branch
calculations capture the instantaneous effect that is caused by the immediate and local
changes in the significant core parameters; therefore, lattice branches have no
dependence on the exposure.

The instantaneous effect is estimated by the branch calculations from several
depletion points of the depletion calculation on the Nominal (Base) condition.

Usually, the standard calculation of the change of the fuel composition on a given
cycle is performed employing the following base conditions:

1) nominal power,

2) core-averaged values of thermal-hydraulic parameters as the moderator
density, or the fuel temperature, and

3) withdrawn control rods since the majority of control rods are in that
position during full power operation.

The concept of the base condition scheme is shown in Figure 4.2. Regarding the
selection of the number of depletion steps, usually, the burnup points should be closer
to each other the faster the isotope composition of the fuel is changing.
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Figure 4.2. Example of Nominal Base Calculation.
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During the lattice code branch calculations,