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Abstract 
The nuclear technology for civil use has generated more concerns for the safety than 

several other technologies applied to the daily life. The Nuclear Regulators define the 

basis of how the Safety Operation of Nuclear Power Plants is to be done. According to 

these guidelines, a Nuclear Power Plant must analyze an envelope of hypothetical events 

and deterministically define if the acceptance criteria for these events is met. The Deter-

ministic Safety Analysis uses simulation tools that apply the physics known in the be-

havior of the Nuclear Power Plant to evaluate the evolution of a safety variable and as-

sure that the safety limits will not be exceeded. 

 

The development of the computer science, the numerical methods and the physics in-

volved in the behavior of a Nuclear Power Plant have yield powerful simulation tools 

that are capable to predict the evolution of safety variables which significant accuracy. 

This allows to consider more realistic simulation scenarios instead of conservative ap-

proaches in order to compensate the lack of knowledge in the applied prediction meth-

ods. The so called Best Estimate simulation tools are capable to analyze the transient 

events in different scales. Furthermore, they account more detailed analytical models and 

experimental correlations. A step forward in the Deterministic Safety Analysis intends 

to combine the Best Estimate simulation tools of the different physics considering the 

interaction among them and analyzing the different scales, considering more local ap-

proaches if necessary. 

 

For this purpose, this thesis work presents a multi-scale and multi-physics methodology 

that uses different physics codes and has the aim of modeling postulated scenarios in 

different scales, i.e. from system models representing the components of the plants to the 

subchannel models that analyze the behavior of the coolant between the fuel rods. This 

methodology allows a flow of information where the output of one scale is used as input 

in a more detailed scale to predict a more local analysis of parameters, such as the Critical 

Power Ratio, which are of great importance for the estimation of safety margins. The 

development of this methodology has been validated against plant data with the aim of 

evaluating the scope of this methodology and in order to provide future lines of devel-

opment. In addition, different results of the validation and verification yielded in the 

development of the parts of this methodology are presented. 
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Resumen 

La tecnología nuclear para el uso civil genera más preocupación por la seguridad que 

muchas otras tecnologías que se usan a diario. La Autoridad Nuclear define las bases de 

cómo debe realizarse la operación segura de una Central Nuclear. De acuerdo a las di-

rectrices establecidas por la Autoridad Nuclear, una Central Nuclear debe analizar una 

envolvente de escenarios hipotéticos y comprobar de manera determinista que los crite-

rios de aceptación para dicho evento se cumplen. El Análisis Determinista de Seguridad 

utiliza herramientas de simulación que aplican la física conocida sobre el comporta-

miento de la Central Nuclear para evaluar la evolución de una variable de seguridad y 

asegurar que los límites no se sobrepasan. 

 

El desarrollo de la tecnología informática, de los métodos matemáticos y de la física que 

envuelve el comportamiento de una Central Nuclear han proporcionado herramientas de 

simulación potentes que son capaces de predecir el comportamiento de las variables de 

seguridad con una importante precisión. Esto permite analizar escenarios de manera más 

realista evitando asumir condiciones conservadoras que hasta la fecha compensaban la 

falta de conocimiento modelado en las herramientas de simulación. Las herramientas 

conocidas como De Mejor Estimación son capaces de analizar eventos transitorios en 

diferentes escalas. Además, emplean modelos analíticos de las diferentes físicas más de-

tallados, así como correlaciones experimentales más realistas y actuales. Un paso ade-

lante en el Análisis Determinista de Seguridad pretende combinar las diferentes herra-

mientas de Mejor Estimación que se emplean para analizar las distintas físicas de una 

Central Nuclear, considerando incluso la interacción entre ellas y el análisis progresivo 

a diferentes escalas, llegando a analizar fenómenos más locales si es necesario. 

 

Para este fin, esta tesis presenta una metodología de análisis multi-físico y multi-escala 

que emplea diferentes códigos de simulación analizando el escenario propuesto a dife-

rentes escalas, es decir, desde un nivel de planta que incluye los distintos componentes, 

hasta el volumen de control que supone el refrigerante pasando entre las varillas de com-

bustible. Esta metodología permite un flujo de información que va desde el análisis a 

mayor escala hasta el de menor escala. El desarrollo de esta metodología ha sido validado 

con datos de planta para poder evaluar el alcance de esta metodología y proporcionar 

nuevas líneas de trabajo futuro. Además, se han añadido los resultados de los distintos 

procesos de validación y verificación que han surgido a lo largo de este trabajo. 
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Resum 

La tecnologia nuclear per a l’ús civil genera més preocupació per la seguretat que moltes 

altres tecnologies d’ús quotidià. L’Autoritat Nuclear defineix les bases de com ha de 

realitzar-se l’operació segura d’una Central Nuclear. D’acord amb les directrius 

establertes per l’Autoritat Nuclear, una Central Nuclear ha d’analitzar una envoltant 

d’escenaris hipotètics I comprovar de manera determinista que els criteris d’acceptació 

per a l’esdeveniment seleccionat es compleixen. L’Anàlisi Determinista de Seguretat 

utilitza eines de simulació que apliquen la física coneguda sobre el comportament de la 

Central Nuclear per avaluar l’evolució d’una variable de seguretat i assegurar que els 

límits no es traspassen. 

 

El desenvolupament de la tecnologia informàtica, els mètodes matemàtics i de la física 

que envolta el comportament d’una Central Nuclear han proporcionat eines de simulació 

potents amb capacitat de predir el comportament de les variables de seguretat amb una 

precisió significativa. Això permet analitzar escenaris de manera realista evitant assumir 

condicions conservadores que fins al moment compensaven la mancança de 

coneixement. Les eines de simulació conegudes com De Millor Estimació son capaces 

d’analitzar esdeveniment transitoris a diferent escales. A més, utilitzen models analítics 

per a les diferents físiques amb més detall així com correlacions experimentals més 

actualitzades i realistes. Un pas més endavant en l’Anàlisi Determinista de Seguretat 

pretén combinar les diferents eines de Millor Estimació que se utilitzen per analitzar les 

distintes físiques d’una Central Nuclear, considerant inclús la interacció entre ells i 

l’anàlisi progressiu a diferents escales, amb la finalitat de poder analitzar fenòmens 

locals. 

 

Per a aquest fi, esta tesi presenta una metodologia d’anàlisi multi-física i multi-escala 

que utilitza diferents codis de simulació analitzant l’escenari proposat a diferents escales, 

és a dir, des d’un nivell de planta que inclou els distints components, fins al volum de 

control que suposa el refrigerant passant entre les varetes de combustible. Esta 

metodologia permet un flux de informació que va des de l’anàlisi d’una escala major a 

una menor. El desenvolupament d’aquesta metodologia ha sigut validada i verificada 

amb dades de planta i els resultats han sigut analitzats a fi d’avaluar la capacitat de la 

metodologia i les possibles línies de treball futur. A més s’han afegit els principals 

resultats de verificació i validació que han sorgit en les distintes etapes d’aquest treball. 
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Chapter 1  

Introduction 

1.1. Motivation. 

The field of the Nuclear Technology has been under constant supervision since its use 

as a conventional technology for civil use. One of the main uses focuses in the generation 

of electric energy and was defined by those states with the role of the avant-garde in the 

Nuclear Technology at the moment: The United States of America and the Soviet Union. 

On the one hand, it starts with the first Nuclear Power Plant (NPP) able of producing 

usable amounts of electricity in 1951 in the United States, the Chicago Pile-4 operated 

by Argonne National Laboratory. On the other hand, The AM-1 Obninsk was the first 

NPP connected to the grid for electricity supply in 1954 in the Soviet Union. This con-

ventional and broad scale use of the Nuclear Technology was preceded by the corre-

sponding establishment of the regulatory agencies in both countries, in charge of super-

vising the responsible and safe use of such technology. The United States Atomic Energy 

Commission was established in 1947 and the Committee of Supervision of Safe Conduct 

of Work in Industry and Mining Supervision was established in the Soviet Union in 1954. 

Since then, the evaluation of the Nuclear Safety has been done by different Regulatory 

Commissions that work in permanent contact with the development and operation of 

Institutions working with Nuclear Technology. This feedback causes a constant im-

provement of the supervision making the Nuclear Technology one of the most reliable 

and safe industrial branches of the Society. 
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Furthermore, there are several international agencies as the International Atomic Energy 

Agency (IAEA), the World Nuclear Association (WNA) and the Nuclear Energy Agency 

(NEA) prioritizing the Safety Operation in the Nuclear Technology. Moreover, every 

country making use of this technology has an independent institution defining the regu-

lation and standards that a NPP must meet for having authorized its operation. Examples 

of these institutions are the US Nuclear Regulatory Commission (USNRC), the Consejo 

de Seguridad Nuclear (CSN) in Spain or the Eidgenössisches Nuklearsicher-

heitsinspektorat (ENSI) in Switzerland, among others. 

At this point and as it is well known, the operators of NPPs must obtain the correspond-

ing license for operating each fuel cycle, among other actions such as obtaining the con-

struct permit or evaluating the safety of the NPP in a specific situation. This license is 

obtained by reporting the results of the Safety Assessment to the Nuclear Authority and 

responding to any inquiry that this Authority may have about the status of the NPP. This 

Safety Assessment proves that the safety of the NPP is not compromised, assuring that 

the reactor core is cooled, that the radioactive material is confined and that the radiolog-

ical protection requirements are met.  

The law of the state is the maximum requirement that, as every member of a society, the 

NPP must meet. Nevertheless, the legislation of every country writes its requirements 

based on the ultimate effect of the malfunction of the NPP on the people and environ-

ment. The following paragraph is extracted from The US Code of Federal Regulations 

40 Part 190, i.e. The Environmental Radiation Protection Standards for Nuclear Power 

Operations: 

“This regulation limits the radiation releases and doses to the public from the normal 

operations of nuclear power plants and other uranium fuel cycle facilities - the facilities 
involved in the manufacture and use of uranium fuel for generating electrical power. 

The regulation sets limits on the annual dose equivalent to any member of the public to 
25 millirem (0.25 millisievert (mSv)) to the whole body, 75 millirem (0.75 mSv) to the 

thyroid and 25 millirem (0.25 mSv) to any other organ. In addition, it specifies limits on 

the quantity of radioactive materials entering the general environment per gigawatt-year 
of electricity produced. These limits are 50,000 curies (1850 terabecquerels) of krypton-

85, 5 millicuries (185 megabecquerels) of iodine-129 and 0.5 millicuries (18.5 megabec-

querels) combined of plutonium-239 and other alpha-emitting transuranic radionu-
clides with half-lives greater than one year”. 

The different States base their current legislation following the guidelines and recom-

mendations of these International Organizations. In the end, the legal basis for the final 

limits of the exposure is defined by the legislation of the State. The legislation can vary 

from one State to another. The following paragraph is a translation of the Swiss Legis-

lation about the regulation of the Radiological Protection in Nuclear Facilities SR 

814.501: 

  

https://www.epa.gov/radiation/radionuclide-basics-uranium
https://www.epa.gov/radiation/environmental-radiation-protection-standards-nuclear-power-operations-40-cfr-part-190#self
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“Chapter 2: Exposure of the population 

Art. 22 Dose limits for persons from the general public 

1. The effective dose shall not exceed the limit of 1 mSv per calendar year. 

The organ equivalent dose shall not exceed the following limits: 

a. for the eye lens: 15 mSv per calendar year; 

b. for the skin: 50 mSv per calendar year.” 

 

In addition, it is common that the Legislation states which kind of events and causes 

leading to the release of radioactive material are to be accounted by the Nuclear Facility. 

The intention of regulating these facts is no other than assure the responsibility of the 

NPP in accounting all the types of accidents against the NPP must be prevented. 

However, the philosophy of the Nuclear Industry is to avoid the scenarios where these 

measures of radiation would have to be evaluated. For this reason, the Nuclear Regulator, 

based on the Legislation of the State, sets a series of recommendations in order to make 

the NPP to account different scenarios that can potentially lead to the release of radioac-

tive material. 

These postulated scenarios are based on the international shared experience gather dur-

ing the application of the Nuclear Technology since its beginning in the 50s. Moreover, 

these regulations are updated periodically based on the new experience and development 

of the Industry and Science. The postulated scenarios help to standardize the Safety As-

sessment in both national and international scope. These scenarios classify the events 

according to the challenging of the barriers of the power plants, and the possible initiat-

ing events. Nevertheless, the Nuclear Regulator can only postulate a list of generic sce-

narios and it is task of the NPP to fulfil and extend this list to the possible and specific 

events of the NPP and its design particularities. 

The postulated scenarios evaluate the integrity of the barriers, setting limits according to 

physical parameters that are to be proven of not being trespassed. Assuring that, during 

the postulated scenario, the evolution of such parameters does not trespass the corre-

sponding limit, the integrity of the barrier is granted. Assuring the integrity of the barrier, 

it is accepted that there will be no radioactive material released, and that the legal limit 

of dose will not be reached.  
 
For that purpose, the licensee of the NPP uses simulation codes that reproduce the con-

ditions of the scenario and predicts the evolution of the target safety variables. These 

codes are the state-of-the-art (SOA) of the simulation tools and are acknowledged by the 

Nuclear Authority as reliable and validated tools that have a coherent and representative 

prediction of the evolution of the proposed scenario. The Nuclear Authority 

acknowledge the capability of the simulation tools through a qualification process. When 
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the simulation tool meets the requirements of this qualification process, and the devel-

opers or users submit to the Nuclear Authority the corresponding documentation, the 

simulation tool becomes licensed. The reader must notice that this simulation tool licens-

ing is usually done for the evaluation of specific phenomena. This means that each phe-

nomenon to be analyzed regarding safety analysis may need different licensed simulation 

tools. In addition, the safety analysis does not need necessary to be restricted to the use 

of a single simulation tool or code. Different entities, like fuel vendors, develop extended 

methodologies that include the use of different codes for the analysis of the target phe-

nomenon. These methodologies are required to be licensed as well, in the same proce-

dure as the single codes, for the Nuclear Authority. 

However, the analysis methodologies can evolve and improve. A new methodology for 

evaluating the Safety Assessment can present innovations in its procedure, new consid-

eration for the physics of the core or any updating of the simulation models. In this case, 

the licensee will have to validate these new features in order to prove to the Nuclear 

Authority that the reliability of the method is consistent for safety analysis. 

These safety requirements have been enhanced lately since the application of the Nuclear 

Technology has revealed the corresponding limitations in certain cases, for instance, the 

need of consider a six-equation two-phase flow model, instead of Homogenized Equi-

librium Model of the fluid. For instance, the IAEA reported in 2016 this issue during the 

Convention on Nuclear (IAEA SAFETY STANDARDS SERIES, 2006). As a conse-

quence, future operation strategies of NPPs as well as future design and construction 

must account the requirements regarding Safety Issues. 

On the other hand, the economic system heads the operation of NPP to be competitive 

and this objective must not be a detriment to the safety. This inherent contradiction is 

managed by means of investing in formation, Research and Development (R&D) capable 

of designing realistic and efficient simulation tools and methodologies. The aforemen-

tioned simulation tools simulate the analyzed scenario by discretizing the geometry of 

the target case, defining and accounting the physical models regarding such case and 

solving the time dependent problem with the corresponding numerical methods. Like-

wise, a simulation methodology would manage the data wisely to apply the correspond-

ing simulation tool to the corresponding scale and accounting the corresponding physics. 

In other words, a methodology joints the capabilities of the SOA tools to provide a stand-

ard procedure of obtaining the safety evaluation of the target scenario. 

On account of the need of assuring a safety operation of NPP in a cost-efficient way, it 

is necessary to design advanced methodologies that take advantage of the SOA tools 

predicting realistic values of the safety variables to be analyzed. 

WHY A METHODOLOGY? 

The evolution of the Nuclear Technology is the result of different efforts made by the 

R&D Institutions and the NPP operators, and Owners Groups. The sharing of the know-

how is an important aspect, not common in other fields, that has favored the buildup of 
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knowledge in the nuclear engineering field. Moreover, the evaluation criteria for the 

safety operation is also shared worldwide. The different Regulatory Authorities set sim-

ilar requests that must be met in order to allow the operation of the corresponding NPP. 

The Nuclear Authority of each country has their own recommendations, but in general 

terms, the procedures for controlling the operation of NPP follow similar standards. 

The reader must notice that the regulation and standards are in constant feedback with 

the developers and designers of the technology used in the NPP. A very reliable source 

of the technical specifications and limitations of a NPP is the designer and manufacturer 

of the reactor core and related systems and components. The company General Electric-

Hitachi (GE-H) holds the greatest sector of the market, and therefore, there is a strong 

relationship in the knowledge of the technical aspects of the LWRs developed by GE-H 

and the Nuclear Regulators. 

The sharing of the technical specifications of the LWR is used to yield the postulated 

events against which the NPP using this type of reactor cores must be prevented. There-

fore, it is common to observe that Nuclear Regulators as the Consejo de Seguridad Nu-

clear (CSN) of Spain, define the requirements based on the acknowledge specifications 

of the Core Designer. 

This fact has derived in the use of standard procedures that the operators of the NPPs 

have to follow and present to the corresponding Nuclear Authority. The present thesis 

work focuses on the development of a simulation methodology for the analysis of those 

parameters that are relevant for evaluating the acceptance criteria set by the Nuclear 

Regulator, for the different postulated scenarios. By means of simulation tools and meth-

odologies, the NPP or specific systems or components are modelled in order to predict 

their behavior during the scenario to be analyzed.  

This fact leads to standardize the methodologies used for the evaluation of the different 

transient types to be simulated. For example, transient cases defined as Loss of Coolant 

Accident (LOCA), are accidents considered to occur with a certain probability and caus-

ing a certain degree of damage. It can be said that the methodology to simulate the con-

sequences of a LOCA event has a standard procedure that several NPPs adapt to their 

specific case (Martin & O’Dell, 2005). 

On the one hand, it can be concluded that a methodology is necessary in order to provide 

the Nuclear Authority with the necessary data that assures the safety operation of the 

NPP. First, the methodology must be defined, selecting the most suitable simulation tools 

according to the needed physics and the degree of detail needed for the scale of the prob-

lem. Once the methodology has been validated, the NPP will count on a standard proce-

dure to perform the safety analysis that the Nuclear Authority will ask for every Fuel 

Cycle. 

On the other hand, a multi-scale and multi-physic simulation methodology is a useful 

tool for realizing scope analysis. The fuel cycle is designed in order to optimize the re-

sources of the NPP for developing the power that is going to be sold. A multi-scale and 



Development and validation of a multi-scale and multi-physics methodology for the safety analysis of 

fast transients in Light Water Reactors  

 

6 

multi-physics methodology can be used for supporting and give a second opinion regard-

ing the nuclear safety analysis. In addition, the Best Estimate (BE) approach will always 

tend to reduce the safety margin by means of predicting more realistic values. Therefore, 

the use of a BE multi-scale multi-physics methodology is a step ahead in the simulation 

of the NPP behavior for operation and safety analysis. In addition, every NPP has Nu-

clear Units that have been adapted in a unique way to the functions and purpose of the 

operator, owners and regulators. Therefore, adapting a methodology to the specific char-

acteristics and features of the NPP results in a competitive tool for the safety production 

of electricity. 

WHY A BEST ESTIMATE? 

The operation of NPPs has experienced certain qualitative and quantitative steps since 

the beginning of the use of Nuclear Technology with civil purposes. A significant mile-

stone is the extension of life of NPPs (Pavlovski & Ilyn, 1987), (IAEA NUCLEAR 

ENERGY SERIES, 2015). Moreover, in 1974 the Title 10 part 50 of the Code of Federal 

Regulations (10 CFR 50) was formulated, and 10 years later, the 10 CFR 50.46 (USNRC, 

2017c) introduced the allowance to use BE codes. This decision was elucidated once the 

operative nuclear facilities where coming to the end of the operation license. Back then, 

the initial design of NPPs revealed that the assumptions taken where conservative (IAEA 

Safety Report Series, 2008), (IAEA NUCLEAR ENERGY SERIES, 2009). Therefore, 

after the analysis based on the operation experience, the corresponding authorities and 

experts in the field of Nuclear Technology concluded that there was still margin to extend 

safely the operation of NPPs until further license revision. 

In addition to the overcoming of the conservative analysis in lifetime of Nuclear Facili-

ties, another criterion was reviewed. Once again, the experience with NPPs showed that 

higher power rates were able to be obtained without trespassing the safety boundaries. 

Moreover, the evaluation of the initial conservative criteria regarding design and operat-

ing conditions of NPPs, one must consider the development of the tools used for the 

analysis of the behavior of the Nuclear Core and the rest of the Power Plant. As it is 

known, the limits of the operation conditions in Nuclear Facilities are usually evaluated 

by means of computational simulations. This makes computer technology a cornerstone 

of the Nuclear Safety Analysis. This branch of technology develops at great velocity and 

hence, the capability of simulating the physics of the NPPs has evolved in relative short 

term. The improvement of the computational tools leads to more realistic evaluation of 

the safety analysis and therefore, to new re-evaluations of the safety margins. 

At this point, the reader should have realized that a recurrent topic is implicit on the 

NPPs life: the evaluation of safety margins. The appliance of R&D in the nuclear tech-

nology is key factor in the solution of the contradiction of needing a reliable and safety 

energy source versus the economic efficiency requested by the market. One must accept 

that NPPs are surveilled by Institutions, the so-called Nuclear Regulators that assure the 

safety operation by means of thorough safety margins, and also keep an update of those 
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requirements according to the experience and the development of technology. Conse-

quently, the way to achieve the most competitive operation conditions is to perform the 

most accurate prediction possible of those limits. 

All the exposed points lead to the need of BE capability for safety analysis with simula-

tion tools. Conversely to the Conservative evaluation, the BE approach takes advantage 

of the newest computational technology and experimental data to define more detailed 

models and to account more complex physical phenomena and the interaction between 

the different physics driving the behavior of NPPs. Further sections will explain in more 

detail the comparison between both approaches, but in principle, it is understandable that 

the BE approach can be useful in two aspects. On the one hand, it adjusts the operation 

of the NPPs by reducing the margin in operation and design, and heading to more com-

petitive solutions. On the other hand, it allows a better understanding of the different 

phenomena occurring in the NPPs. The BE approach allows the analysis of detailed and 

local physical behavior that can be tackled with safety purposes. A more conservative 

approach would instead analyze the whole behavior in a coarser model, covering the 

detailed phenomena with greater margins for boundary conditions and being unable to 

analyze them. Nonetheless, special attention is needed for detailing the aspects of what 

is considered a realistic calculation and which further considerations are to be assumed 

in such type of calculations. The further assumptions required for realistic and conserva-

tive calculations are also specified by the Nuclear Regulator, and will be commented in 

the following sections. 

In this context, KernKraftwerk Leibstadt AG (KKL) signed and renewed different con-

tracts with the Senubio (ISIRYM/UPV) research group for the Development of a meth-

odology for the analysis of fast transients for its Nuclear Reactor using the SOA tools. 

As explained above, KKL must periodically meet the requirements stated by the Swiss 

Nuclear Regulator (ENSI) and also is interested in having technical support for its own 

engineering work. Since KKL counts on different SOA tools for its different needs, the 

analysis of its status and future strategy yielded the motivation for adding value to its 

current capacities by the developing a methodology for safety analysis suitable for its 

objectives. The framework of this project has been the economic motivation for devel-

oping this PhD thesis work. 

To sum up, the motivation of the work presented in this document comes from two cir-

cumstances. One of them is the analysis of the current technological and scientific status 

of the simulation tools and methodologies for the Safety Analysis of Nuclear Power 

Plants, that has been done by the author and supervisors of this thesis work. The other 

one is the parallel analysis and conclusion of the engineering staff of KKL and the re-

sources invested in this common objective. 
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1.2. Objectives. 

The objective of the thesis work is to develop a methodology for the analysis of transient 

scenarios of Light Water Reactors. This methodology works modular-wise using the 

available SOA codes at each step for working at a specific size scale, and applying the 

corresponding physics to the problem. The application of the methodology can be used 

modular-wise or simulating hierarchically step-by-step. 

Milestones of the development of the thesis work: 

- Modelling the steps of the methodology: This step is done to set the codes 

needed to be used and in which order. It must define how the flow data is going 

to act. And most important which safety variable needs to be predicted accord-

ing to the corresponding Regulatory Guidelines. 

 

- Generation of Cross Section Libraries: This step sets a procedure to generate the 

corresponding Cross Section Libraries to be used by the 3D NK code. 

      

- System level simulation of the coupled NK and TH: For this step, an overall 

prediction of the system is obtained. 

      

- Core level simulation of the coupled NK and TH: This step includes a channel-

by-channel modelling so the critical fuel channel can be tracked. 

      

- Fuel level simulation of the TH: The simulation of this step uses the boundary 

and initial conditions of the critical fuel channel loaded in a more detailed pin-

by-pin model. This step will allow locating the critical fuel pin. 

      

- Pin level simulation of the thermo-mechanics: This step is designed to evaluate 

the fuel behavior that lacks from the previous step. In addition, it will locate the 

critical axial node of the fuel pin. 

      

- Uncertainty and sensitivity analysis: In order to complement the BE prediction 

of the safety variable a U&S Analysis is proposed for the target output variable 

set as objective of the application of the methodology. The aim is to define the 

uncertainty margins  of the analyzed variable and provide information of which 

input variables are more relevant for such uncertainty. 

1.3. Organization of the contents of the thesis 

The first chapter has presented the objectives and motivation of this thesis work. Chapter 

2 will describe the state-of-the-art of the Safety Analysis in the field of the Nuclear Power 

Plants, more specifically, in the ones using Light Water Reactors. The state-of-the-art is 
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also extended to the different physics analyzed for this purpose and the simulation tools 

used. Chapter number 3 describes the methodology as a procedure for the safety analysis 

of fast transients and its features. Chapter 4 is used to include parallel results developed 

within this thesis work, that are highly related to the presented main topic. The parallel 

work of this thesis yielded results in the validation and verification of different parts of 

the methodology, and two application cases are presented. Chapter 5 shows an applica-

tion case of the methodology, specifically for the Turbine Trip Event of fuel cycle 18 in 

KKL. The conclusions and ongoing work is described in chapter 6. And finally, Chapter 

7 lists the contributions presented by means of journal papers, congress attendance, re-

search projects and so forth. 

  





 

Chapter 2  

State-of-the-art 

This subsection details the main topics regarding the basis of the thesis work. The topics 

are, first of all, the definition of the concepts included in the Safety Analysis and the 

subject of the use of the methodology which are the postulated transient cases. Secondly, 

the current status of the simulation analysis techniques which are the Best Estimate Plus 

Uncertainty (BEPU) or Conservative approaches (D’Auria et al., 2006). Thirdly, the 

main features of the methodology developed in the thesis work which is the multi-scale 

and multi-physics concepts. And lastly, the explanation of the SOA simulation codes that 

are used in the methodology and currently, in this branch of the nuclear engineering. 

2.1 Safety Analysis. 

The basis of the Nuclear Safety is to provide physical barriers between the radioactive 

material and the workers from the NPP, the public and the environment. The efficiency 

of the barriers must be assured for normal and abnormal operation, whether anticipated 

or postulated incidents. 

For Light Water Reactors (LWRs) the physical barriers consist of the fuel rod, made of 

the fuel pellet itself and the fuel cladding, the coolant pressure boundary, the primary 

containment and the reactor building, as Figure 2.1 shows. 
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Figure 2.1 Scheme of the physical barriers containing the radioactive material. 

In terms of the Deterministic Safety Analysis of NPP Guideline of the IAEA: 

“A safety analysis of the plant design shall be conducted in which methods of both 

deterministic and probabilistic analysis shall be applied. On the basis of this analy-

sis, the design basis for items important to safety shall be established and confirmed. 

It shall also be demonstrated that the plant as designed is capable of meeting any 

prescribed limits for radioactive releases and acceptable limits for potential radia-

tion doses for each category of plant states, and that defense in depth has been ef-

fected.” 

The safety strategy of a NPP is based on three points: 

- Preserve the integrity of the barriers. 

- Prevent the occurrence of event. 

- Limiting the consequences of a possible accident. 

Regarding to the explained points, the principle of the defense in depth can be summa-

rized as follows: 

The studied measures that are intended to prevent the occurrence of errors do not avoid 

the assumption that accidents are always possible to happen. Hence, provisions have to 

be taken for dealing with them with the aim of restricting the consequences in the ac-

ceptable levels. In addition, Safety Analysis accounts a higher level of concern by con-

sidering effects having unexpected initiating events but also that may cause potential 

damage to the NPP. 
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The willing of the international community in evaluating the different risk scenarios and 

assuring the safe operation of NPP is materialized in organizations like the International 

Nuclear Safety Group (INSAG). This organization gathers international experts of the 

nuclear field with proven competence and experience in Safety Issues. The working field 

of these experts are Nuclear Regulator Organizations and Research and Academic Insti-

tutions, as well as the industry. The aim of this group, hosted by the IAEA, is to work as 

an Authority in the field for giving advice and providing recommendations regarding the 

actual status of NPP and the ones being in current development. 

There are five levels of defense in depth regarding the documentation of the International 

Nuclear Safety Advisory Group (International Nuclear Safety Advisory Group INSAG-

10, 1996): 

Prevention of abnormal operation and failures: The preliminary design of the installa-

tions in a NPP must be an exhaustive study of its predicted operating conditions. This 

study must determine the worst cases for stresses in the different structures, regarding 

mechanical, thermal and pressure strain. A set of clearly defined and qualified rules have 

to be used to design, construct, check, install, test and operate the components of the 

different structures in the nuclear facility. The rules will allow adequate margins regard-

ing the specific limits assuring the safety of the installation. The system dealing with 

abnormal situations using these margins will operate only in the corresponding situa-

tions, and will not actuate on an everyday basis. 

This level includes the design of man-machine interfaces and other measures to diminish 

the operation staff stress hazards. Furthermore, the site selection is a relevant part of this 

level of defense. This selection is made regarding seismic levels, meteorological condi-

tions, etc., as well as the awareness from external hazard sources that can affect the nor-

mal operation of the NPP. 

Control of abnormal operation and detection of failures: The facility must count on re-

liable regulation, control and protection systems able to inhibit undesirable performance 

of the equipment before it is loaded beyond its rated operation conditions. This includes 

control systems for temperature, pressure, nuclear power and thermal power. The objec-

tive is to have a plant design with a stable core and high thermal inertia for it is feasible 

to hold the NPP within the authorized limits this way. 

The measures for the purification systems and barriers will be checked as well as the 

radioactivity levels of certain fluids and atmosphere. Regarding the protection system, 

mainly the emergency shutdown system, will be able to solve any undesirable event. All 

these measures will be supported by a periodic equipment of surveillance, in order to 

spot any incident or abnormal situation. 

Control of accidents within the design basis: Despite the efforts put on the first two lev-

els, it is necessary for the sake of safety, to postulate a set of incidents and accidents in 

the NPP. Taking into account these events assures the reliability of the facility in more 

situations than the normal operation. The measures accounting accidents in the design 
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basis will limit the effects of them to acceptable levels, even if this means the disabling 

of design and installation safety systems for normal operating conditions. In these pro-

cedures, the human intervention will be limited to the corresponding time lapse allowing 

a carefully considered diagnosis to be reached. The main objective will be ensuring the 

core structure integrity by means of cooling procedures. The releases to the environment 

will be consequently limited. 

The evaluation of which events are considered for the groups of accidents within the 

design basis will be carefully studied in the beginning of the design phase of the project. 

This is made in order to integrate the measures for this kind of accidents in the overall 

installation design. 

Control of severe plant conditions including prevention of accident progression and mit-
igation of severe accident consequences: This level accounts the response in case of 

multiple failure. The target is the plant situations bypassing the first three levels of de-

fense in depth. These situations are able to lead to core meltdown and hence, to higher 

radioactive release levels. Consequently, the concern of this level is to reduce the prob-

ability of such situations preparing the corresponding requirements and equipment to 

withstand this kind of scenarios. 

The measures include the limitation of radioactive release in the frame of a very serious 

event that would had not involved core meltdown. Measures also have to gain time to 

set the protective features for the public in the vicinity of the site. For this reason, the 

containment function must be maintained under the best conditions. Further accident 

management will be defined in the emergency procedure. 

Mitigation of radiological consequences of significant off-site releases of radioactive 

materials: The last level takes into account the release of radioactive material and the 

requirement of protecting the public. This case is presented when all of the previous 

levels have been trespassed. The basis of this level is the evacuation or confinement 

within the scope of the public authorities. It also includes the checking of foodstuff, dis-

tribution of stable iodine tablets, etc. All these measures will be included in the external 

emergency plans. 

The conservatism of the safety margins is closely related to the deterministic approach 

developed in this thesis work. In fact, the work is focused on the first three levels being 

the ones where this approach applies. The different levels are intended to be independent, 

because of this, it is necessary to assure that the same event will not affect several levels 

simultaneously. 

The role of the methodology developed in this thesis work is directly connected to the 

need of predicting if the safety of the operation of the LWR is being trespassed or not. 

The safety evaluation is determined by the dose received by the public, workers or the 

environment. However, it is possible to move this evaluation to the variables that define 

whether the barriers are trespassed or not. 
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For example, the safety analysis is focused to the evaluation of the fuel cladding integ-

rity. The fuel cladding is made of a material that changes its mechanical properties ac-

cording to the temperature. Achieving certain temperature and regarding the external and 

internal stresses of the fuel cladding will affect the integrity and may cause its rupture 

breaking this safety barrier. In this case, the methodology of this work would use the 

physics implemented with numerical methods in the corresponding safety analysis code 

to predict the temperature evolution in a defined transient and hence, evaluate the con-

sequences in the fuel cladding integrity. 

The basis of the licensing of a NPP is to demonstrate according to the prediction of cer-

tain variables if the safety barriers are not trespassed for a list of transient scenarios. 

These proposed scenarios are based on the built up experience of the operation of NPP 

and the up-to-date knowledge of the Safety Analysis. The possible scenarios are analyzed 

systemically by the Reactor Designer and evaluated by the Nuclear Authority. These 

postulated transient cases are defined for each NPP internally based on the Design Basis 

Documentation and approved by the corresponding Nuclear Regulator. Moreover, the 

Nuclear Regulator can propose a minimum of events that are compulsory to be analyzed, 

as it is for the Swiss case (ENSI, 2019). 

2.2.Safety Analysis in a Nuclear Power Plant. 

The safety analysis of a Nuclear Power Plant intends to demonstrate three main points: 

First, that the principle of defense in depth is met. Secondly, that the corresponding safety 

barriers work properly in order to control the release of radioactive material. And, in 

third place, that the multiple protection levels against the failure of those barriers work 

efficiently. It must be account, that in order to satisfy these three points, neither the de-

signers of the NPP nor the operators cannot use experimental procedures in order to 

elucidate consequences. Therefore, analytical procedures have to be accounted.  

The evaluation of the risk in the operation of the NPP are considered accounting two 

aspects: Damage and frequency. Therefore, the experience in the analysis of the behavior 

of a NPP defines two methods: Transient Analysis (Deterministic method) (Pusa & 

Isotalo, 2017) and Probabilistic Safety Assessment (remainder risk analysis) (Martorell 

Aigües, 2019). 

The nuclear industry started to consider the Probabilistic Safety Assessment (PSA) after 

Three Mile Island (USA) accident (Wall, 1980). 

As the IAEA defines in the Guideline for Probabilistic Safety Assessment (IAEA, 1992): 

“Probabilistic safety analysis provides a comprehensive, structured approach to 

identifying accident scenarios and deriving numerical estimates of risks.” 

That event revealed that transient happening in a NPP could drive the operation beyond 

the design basis. This was caused due to an initiating event coming from not considered 

initial conditions. Therefore, PSA evaluates the frequency of core damage and quantifies 
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this probability accounting the possible initiating events and the sequence of events that 

may drive the NPP operation to multiple failure. The PSA engineers use a series of tech-

niques based on the quantification of the inability of the protection systems due to 

maintenance, tests or failure. This data is structured in sequence trees in order to deter-

mine the possible evolution of incidents, their consequences and the probability and 

damage. 

The analysis of remainder risk is complemented with the Deterministic Analysis. The 

also called Transient Analysis is the main topic in which this thesis work is developed. 

This method of analysis is based on the selection of certain transient events grouped 

according to their damage and frequency. These events are considered because they are 

assumed to challenge the protection barriers due to thorough conditions. Hence, the NPP 

is driven in these transient events to operation conditions where a previously imposed 

Acceptance Criteria must be meet. In other words, depending on the transient case, the 

integrity of the barriers can be evaluated regarding certain safety variables, such as max-

imum Vessel pressure.  

According to IAEA definition from the Deterministic Safety Analysis (IAEA 

NUCLEAR ENERGY SERIES, 2009): 

“The aim of the deterministic approach should be to address plant behavior under 

specific predetermined operational states and accident conditions and to apply a 

specific set of rules in judging design adequacy.” 

It must to be accounted that the derived variables are selected as a figure of merit repre-

senting the integrity of the barrier that is being compromised by the conditions of the 

transient event. For instance, a LOCA event may compromise the fuel cladding due to 

an excursion on the temperature, caused by a deterioration of the heat transfer capacity 

between fuel and coolant.  

In this postulated event, the safety is guaranteed by assuring the integrity of the fuel 

cladding as a barrier against the release of fission products and radioactive material. The 

deterministic safety analysis translates this criterion in the analysis of certain physical 

parameters. According to the physical knowledge and scientific experience, it is known 

that the fuel integrity is held if fuel cladding does not lose its mechanical properties. 

Therefore, it is necessary to know which conditions derived from this kind of event make 

the cladding losing its mechanical properties. The Deterministic Safety Analysis leads 

then to the following facts: 

1. The cladding keeps its mechanical properties if its molecular structure is not 

altered with oxidation and uptake of hydrogen. 

2. The cladding keeps its mechanical properties if its temperature does not arise 

above certain value. 

In a more detailed analysis, it could be added that both circumstances, oxidation and 

increase in fuel cladding temperature, are also related one each other. Consequently, and 
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as an overview, Deterministic Safety Analysis has translated the evaluation of the safety 

limit for this accident, in the analysis of certain physical parameters that define a limiting 

value. The prediction of the evolution of these variables during the postulated scenario 

will proof that the Safety Limits are held. 
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2.3.Transient events in Light Water Reactors. 

As prior sections explain, the Deterministic Safety Analysis is used to evaluate whether 

the operation of the NPP is safe by means of controlling that the safety limits are not 

trespassed in certain scenarios. These scenarios are hypothetical transient events that 

may occur in the lifespan of a NPP, and yield the plant to thorough conditions where the 

safety barrier must assure their effectivity. These transients consider a variation from the 

expected and nominal behavior of the NPP to another state in a time lapse. The size of 

this time lapse will categorize the transient in fast or slow. The point of this evaluation 

process is to consider that, if the NPP is able to operate safely in the worst-case scenario, 

it will be assured a complete safety operation during its life. 

The reader must notice that the Nuclear Regulator only specifies which conditions and 

anomalies, as well as the causes leading to them, are to be accounted by the NPP. It is 

the task of the NPP operator to generate and define every possible initiating event leading 

to such scenarios. These series of initiating events are to be defined in a realistic manner, 

according to the indications of the Nuclear Regulator and the specifications of the com-

ponents, systems and structures existing in the NPP. 

As commented, a specific set of transient events are considered for the NPP. This set of 

transient cases can be classified regarding the severity of the consequences and the prob-

ability and frequency with which they can happen. Moreover, the categorization of the 

possible events to be evaluated can vary if the Nuclear Regulator considers so. Table 2.1 

summarizes the classification of the transient events in a NPP. 

Table 2.1 Type of operational states of a NPP. 

Operational states Accident conditions 

Accidents within the de-

sign basis 

Accidents beyond the de-

sign basis 

Normal 

operation 

Antici-

pated op-

erational 

occur-

rences 

Accident 

conditions 

encom-

passed by 

design basis 

accidents 

Design basis 

accidents 

Accidents be-

yond design 

basis with no 

significant 

damage 

Severe acci-

dents 

Accident management 

 

Naturally, from the safety and economic point of view, there is no sense in proving phys-

ically the consistency of the safeguards, and due to this, the simulation methodology 

acquires a relevant role in the Safety Analysis. The aim of a simulation methodology is 
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allowing the plant analysts to evaluate the evolution of the variables that define the in-

tegrity of the barriers acting at each transient scenario proposed by the Nuclear Author-

ity. 

Moreover, it is not feasible to evaluate every scenario derived from the malfunctioning 

or failure of every component, system or structure of the NPP. Therefore, there is a rel-

evant engineering task in defining a list of transient events that cover the spectrum of 

worst scenarios accounting the specifications of the Nuclear Regulator and the 

knowledge of the functioning of the components, systems and structures of a NPP. 

The transient events proposed to evaluate the consistency of the safeguards of a NPP are, 

in general terms, based on the guidelines of the USNRC (USNRC, 2007a). It must be 

accounted that the specific case of the methodology developed in this thesis work is 

focused in, according to Table 2.1 Anticipated Operational Occurrences and Accidents 

within the Design Basis. Therefore, the transient cases considered by the Nuclear Au-

thority are defined as follows, according to the different categorizations that the USNRC 

propose, namely by frequency and type. 

2.4.Classification of the events in a Nuclear Power Plant with LWRs. 

The classification of the transients in NPPs help the analysts to group the hypothetical 

events that could endanger the plant in different categories. By group events, the safety 

analysis and the corresponding measures to tackle the consequences are simplified and 

can be more effectively analyzed. There are different ways to classify the so-called Ini-

tiating Events, and it is task of the corresponding Nuclear Authority to set a consistent 

way to categorize and standardize them. The most common ways are based either on the 

probability of occurrence of the event or on the change of the main core variable affected 

in the transient, e.g. core pressure or coolant temperature. 

2.4.1. Classification according to probability of the Initiating Event. 

For the first classification method, there are two options: Anticipated Operational Oc-

currences (AOO) and postulated accidents. 

Anticipated Operational Occurrences: These are events that are expected to happen with 

a moderate frequency. AOOs can be also classified between those occurring several 

times during the plant operation. And those that may occur during the life of the plant. 

Table 2.2 (USNRC, 2007a) shows examples of possible AOOs for LWRs, and which of 

PWR or BWR facilities is affected by the corresponding transient event. USNRC names 

these events as Condition II and III events. 
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Table 2.2 Transient cases for BWRs and PWRs. 

EVENT PWR BWR 

Inadvertent control rod or rod group withdrawal ✓  ✓  

Loss or interruption of core coolant flow, excluding re-

actor coolant pump locked rotor 

✓   

Inadvertent moderator cooldown ✓  ✓  

Inadvertent chemical shim dilution ✓   

Depressurization by spurious operation of an active el-

ement, such as a relief valve 

✓  ✓  

Loss of normal feedwater ✓  ✓  

Loss of condenser cooling ✓  ✓  

Steam generator tube leaks ✓   

Reactor-turbine load mismatch, including loss of load 

and turbine trip 

✓  ✓  

Control rod drop (inadvertent addition of absorber) ✓   

Single error of an operator ✓  ✓  

Single failure of a control component ✓  ✓  

Single failure in electrical system ✓  ✓  

Minor reactor coolant system (RCS) leak or loss of re-

actor coolant such as from a small ruptured pipe or 

from a crack in a large pipe 

✓  ✓  

Minor secondary system break ✓   

Loss of offsite power ✓  ✓  

Operation with a fuel assembly in an improper position ✓  ✓  

Inadvertent blowdown of RCS  ✓  

Loss of feedwater heating ✓  ✓  

Trip of any or all recirculation pumps  ✓  

Inadvertent pump start in a hot recirculation loop  ✓  

Condenser tube leak  ✓  
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Table 2.3 (Continued) Transient cases for BWRs and PWRs. 

EVENT PWR BWR 

Startup of an idle recirculation pump in a cold loop  ✓  

Reactor overpressure with delayed scram ✓  ✓       

 

Postulated accidents: these accidents are unanticipated occurrences. This means that 

they are postulated, but not expected to occur during the life of the nuclear power plant. 

Table 2.4 (USNRC, 2007a) shows the postulated accidents for LWRs. 

Table 2.4 Transient events in LWRs categorized as Postulated Accidents. 

EVENT PWR BWR 

Major rupture of a pipe containing reactor coolant up to 

and including double-ended rupture of the largest pipe 

in the reactor coolant pressure boundary 

✓  ✓  

Ejection of a control rod assembly ✓   

Control rod drop accident ✓   

Major secondary system pipe rupture up to and includ-

ing double-ended rupture 

✓  ✓  

Single reactor coolant pump locked rotor ✓   

Seizure of one recirculation pump  ✓  

 

2.4.2. Classification according to variable change. 

As commented, there is another categorization criterion for the possible accident events 

happening in a NPP. This categorization is made according to the type of the event, i.e. 

its effect on the plant. This classification method is useful to categorize and organize 

analysis of AOOs and postulated accidents so that the analyst can compare them on com-

mon bases, effect and safety limits. These comparisons can help to identify limiting 

events and cases for detailed examination, omitting non-limiting cases for future consid-

erations. For this reason, AOOs and postulated accidents are grouped in eight types: 

- Decrease in core coolant temperature. 

- Increase in core coolant temperature. 

- Increase in reactor pressure. 

- Decrease in reactor coolant flow rate. 
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- Increase in reactor coolant flow rate. 

- Reactivity and power distribution anomalies. 

- Increase in reactor coolant inventory. 

- Decrease in reactor coolant inventory. 

The consequences of this variation of parameters lead whether to the increase of the 

pressure of the nuclear system, or to the increase of the fuel temperature. These facts can 

result in the compromise of the integrity of the barriers containing and confining the 

radioactive material. An excursion in the fuel temperature can affect the integrity of the 

fuel pellet, but also the integrity of the fuel cladding by oxidation or other mechanic 

issues that derive in the embrittlement of the fuel rod. The increase in pressure can tres-

pass the mechanical limits of the structures of the coolant pressure system or the reactor 

pressure vessel. Whatever of these barrier failures yield the release of radioactive mate-

rial to another barrier level, and hence, must be accounted and evaluated. The following 

points explain the consequences in the variation of fuel temperature and system pressure 

of the postulated events. 

Decrease in Core Coolant Temperature  

Events that result directly in a core coolant temperature decrease are those that either 

increase the flow of cold water or reduce the temperature of the water being delivered to 

the reactor vessel. Core coolant (moderator) temperature reduction results in an increase 

in core reactivity, which increases the power level and threatens overheating of the fuel. 

Increase in Core Coolant Temperature 

Events that result directly in a core coolant temperature increase are those that increase 

the temperature of the water being delivered to the reactor vessel. Increases in core cool-

ant temperature increase reactor pressure and threaten the reactor coolant pressure 

boundary. Generally, an increase in core coolant temperature results in a decrease in 

reactivity and a corresponding reduction in power. However, depending on the fuel de-

sign and temperature increment, an increase in core coolant temperature can result in a 

slight increase in reactivity and power. 

Increase in Reactor Pressure 

Events that result directly in significant reactor and nuclear system pressure increase 

generally are initiated by a sudden reduction in steam flow, generally initiated by the 

closure of the corresponding flow valve. Increasing pressure leads to an increase in cool-

ant density and due to the neutronic feedback, core reactivity increases. This causes in-

creasing of core power level, which may challenge SAFDLs. On the other hand, the 

mechanical limits of the RPV and the RCPB may be challenge as well. Reaching the 

setpoint of the relief valves may cause delivery of steam, that additionally must be ana-

lyzed regarding dose limits. 
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Decrease in Reactor Coolant Flow Rate 

Events that result in a reduction in recirculation flow rate decrease the reactor core cool-

ant flow rate. Decreases in the reactor core coolant flow rate decrease the ability of the 

coolant to remove the heat generated in the core, which threatens overheating of the fuel. 

Decreases in core coolant flow also decrease coolant density and hence, decrease core 

reactivity, which decreases core power level and increases reactor water level. 

Increase in Reactor Coolant Flow Rate 

Events that result in an increase in recirculation flow rate increase the reactor core cool-

ant flow rate. Increase in reactor core coolant flow rate result in an increase in coolant 

density and an increase in core reactivity. An increase in core reactivity increases core 

power level and threatens overheating of the fuel. 

Reactivity and Power Distribution Anomalies 

Events that result in localized positive reactivity insertions are generally caused by errors 

in the movement of control rods. Localized positive reactivity insertions cause anomalies 

in power distribution and an increase in core power level, which threaten overheating of 

the fuel. 

Increase in Reactor Coolant Inventory 

Events that lead to a feedwater flow increase greater than the steam production rate will 

result in an excess of coolant inventory and an increase in reactor vessel water level, 

which increases power due to the increase in core inlet sub cooling. Increasing the vessel 

water level can lead to a turbine trip which will cause a pressurization event characterized 

by a reactivity increase due to the coolant density increase. This increases core reactivity, 

thereby increasing reactor vessel and nuclear system pressure and core power level, 

which threatens over pressurization of the reactor coolant pressure boundary. 
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Decrease in Reactor Coolant Inventory 

Events that lead to a steam flow rate greater than the feedwater input result in a decrease 

in the reactor coolant inventory. Decreases in reactor coolant inventory cause a decrease 

in reactor water level, which threatens overheating of the fuel, and a decrease in coolant 

temperature, which leads to a mild depressurization. 

Regarding this classification, it can be analyzed which effect will have the considered 

event or which results will have that may challenge designated safety limits. 

To summarize, each of the transient cases compromises, in a specific way, certain safety 

barriers of the systems in a NPP. The operator will have to evaluate according to the 

corresponding documentation which barriers are affected by each transient and how to 

apply the simulation methodology in order to grant that the performed simulation assures 

that the safety limits are not trespassed. At this point, it is necessary to define the features 

included in a simulation methodology and how they provide enough information to as-

sure to the Nuclear Authority that the safety barriers are not compromised in the corre-

sponding transient case. 

2.5.The use of simulation tools for the Safety Evaluation. 

A simulation methodology for the safety analysis is made of code calculations that use a 

model representative of the system or systems of NPP that play a relevant role in the 

transient case that is being evaluated. On the one hand, a simulation code is the result of 

programming the solution of the specific physics of the NPP behavior using numerical 

methods. These numerical methods are applied by means of discretizing the problem 

time-wise, and taking advantage of the spatial discretization defined in the model that is 

being simulated. 

The Nuclear Authority does not specify which simulation methodology has to be used 

or which software is appropriate for each proposed transient case. The requirement is to 

assure that the methodology grants that the safety limits are not trespassed for the pro-

posed events. For this purpose, the codes used in the methodology must be previously 

validated and verified. 

The validation of a simulation code is done using the information provided by the dif-

ferent experiments that are available in the field of the Nuclear Technology (D’Auria & 

Salah, 2006). In a validation process, the experiment is modelled for the code that is to 

be validated and the predicted results are compared to the experimental results. This 

procedure sets in which level the validated code is able to reproduce the physics of a 

transient. Moreover, the code must pass a series of validation procedures in order to 

assure that it represents the real behavior. These validation procedures compare the pre-

dicted results against analytic and/or real data coming from Experimental Test Facilities 

and NPPs. In addition, the code must be documented in detail for the users. 
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Therefore, the operator uses the corresponding simulation code according to the require-

ments of the transient case proposed by the Nuclear Authority. The use of the simulation 

code will provide the operator with the evolution of the target variables that define the 

behavior of the integrity of the barriers. For example, a simulation code analyzing the 

thermo-mechanics of the fuel cladding, can be used to evaluate whether the deformation 

of the cladding overpasses or not the safety limits. Naturally, the target variables to be 

evaluated change depending on the transient case to be simulated. Consequently, the 

operator must define an appropriate methodology using the corresponding simulation 

codes and justifying the decisions. 

However, the capability of predicting realistic results depends on several aspect of the 

simulation code and its design. It must be accounted that the Nuclear Authority does not 

request a specific level of accuracy predicting results rather than assure with a validated 

code, that there exists a sufficient safety margin between the allowable value for a target 

variable and the predicted value. In this aspect is where the different approaches of the 

Deterministic Safety Analysis can be relevant. Nevertheless, it applies first to define the 

evaluation of the safety margins. 

The Safety Margins are designed according to the Acceptance Criteria proposed by the 

Regulatory Body of the corresponding state, derived from the Safety Analysis Standards 

of the IAEA. The basic Acceptance Criteria are the limits and conditions set by the Nu-

clear Authority which objective is assure the achieving of the corresponding safe opera-

tion conditions.  

The description of the acceptance criteria may differ from the regulation guides of the 

different States. Moreover, can be described in both regulation and legal basis. However, 

the acceptance criteria can be summarized in the following points: 

1. The doses received by workers, public and the individual must be within the 

defined limits and as low as possible for all the operation states. This is done by 

means of assuring the mitigation of the consequences derived the radiation re-

leased at any kind of accident. 

2. The integrity of the barriers established by the defense in depth should be main-

tained in order to avoid the release of radioactive material. This must be done 

depending on the different categories for the accidents where the integrity is 

needed. 

3. The cooling and heat removal of the fuel assemblies must be granted. 

4. The reactivity of the core must be controlled. 

5. The radioactive material must be confined. 

The use of the acceptance criteria should be set for the complete range of normal opera-

tion and accident conditions. The acceptance criteria are related to the frequency of each 

possible event. Anticipated Operational Occurrences are events to happen with fre-

quency and therefore, the acceptance criteria are more restrictive that those events, like 

Design Basis Accidents which frequency is lower. 
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For convenience, the acceptance criteria are set in terms of the variable or variables that 

analyze the behavior that can challenge the integrity of the corresponding variables. 

Nonetheless, it is common to use surrogate variables that set an acceptance criterion that 

assures that integrity of the barrier if the limit of this surrogate variable is not exceeded. 

The following are examples of such surrogate variables: Departure from Nucleate Boil-

ing Ratio, built up of oxide in the fuel cladding, peak cladding temperature, and so forth. 

The following subsection explains the relevant surrogated variables. It is then, when the 

approach in the simulation analyses play a significant role. The uncertainty of the pre-

diction of the corresponding variable must be quantified. Conservative approaches guar-

antee that the predicted value is sufficiently away from the safety limits of such variables. 

On the other hand, a BE approach means a more realistic prediction, therefore, the un-

certainty of the prediction must be defined in order to evaluate if the upper or lower 

boundary of the uncertainty of the predicted value is within the safety limits. 

2.5.1. Surrogated variables used in the Deterministic Safety Analysis. 

At this point, is it necessary to detail the so-called surrogated variables for the Safety 

Analysis. The Deterministic Safety Analysis is the manner of providing quantitative 

proof of the evaluation of the safety. The requirement of not damaging a barrier prevent-

ing and containing the radioactive material is a generic concept that needs to be translated 

to specific terms. These specific terms find their evaluation by analyzing the physical 

behavior of the barriers during the postulated event, and calculating the evolution of 

physical parameters defining the integrity of the barrier. 

For instance, let us consider the fuel cladding as barrier containing the Fission Gas Re-

lease from its inside. The cladding works as a structural barrier that avoids the spreading 

of the fission products whether in it is gaseous or solid form (as fuel pellet fragments). 

The cladding has been designed with materials and dimensions that optimize its func-

tions as barrier, and other functions as transmitting the fission heat from the pellet to the 

coolant. The NPP must be designed to maintain the integrity of this barrier in a series of 

adverse postulated scenarios, in order to not releasing radioactive material that could 

suppose trespassing the dose limits to workers, public and environment. To accomplish-

ing this legal requirement, it is necessary to stablish a deterministic value that defines in 

which conditions the integrity of the barrier is kept. Therefore, the Deterministic Safety 

Analysis defines the physical behavior of the core or NPP during a postulated event that 

could challenge the fuel cladding integrity as a barrier and defines the physical parame-

ters defining his integrity. The integrity of the fuel cladding is challenged when it loses 

the mechanical properties of its design that makes it work as a barrier. Hence, evaluating 

the temperature of the cladding during the postulated event is a manner to determine the 

integrity of the barrier. It is a task of the engineering staff to define which barriers are 

challenged according to the postulated event, and which are the physical parameters that 

can define the integrity of these barriers. The Nuclear Regulator postulates a series of 

initiating events that could challenge the integrity of the barriers according to a variation 

of parameters. These postulated initiating events (see 1.2.1.4) have the ultimate effect in 



Chapter 2. State-of-the-art 

 

17 

the temperature of the fuel cladding or the pressure of the primary cooling cycle. Never-

theless, there are other parameters that can also affect to the integrity of the barriers. The 

following list details a series of parameters that are commonly evaluated in the Deter-

ministic Safety Analysis. 

a. Peak Cladding Temperature. 

The temperature of the cladding is an indicator of the integrity of this barrier. A peak 

value shows the higher value of a fuel rod or group of rods. Therefore, a value beyond 

the limit of 2200 F set for the Peak Cladding Temperature (PCT) means that this barrier 

is being compromised at some point. The PCT is set experimentally as a limit value for 

maintaining the mechanical properties of the fuel cladding (NEA, 2009). Higher values 

than the allowed cause modification in the microstructure of the specific type of alloy 

used for the fuel cladding. Zirconium-based alloys like Zircalloy-2, Zircalloy-4 and so 

forth showed, according to scientific and industrial experience, a phase change in its 

microstructure and chemical reactions affecting this microstructure for values of approx-

imately 800 ºC. The chemical reactions are caused by the interaction with the coolant in 

the operational conditions of a LWR. These reactions include oxidation and generation 

of hydrogen. The oxidation contributes to the generation of an oxide layer and the cor-

rosion of the fuel cladding. The generation of hydrogen, on the other hand, can cause the 

absorption and generation of intergranular and intragranular hydrides affecting as well 

to the fuel cladding microstructure. Figure 2.2 shows the scheme of the different effects 

of the increase in fuel cladding temperature compromising the integrity of this barrier. 
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Figure 2.2 Phenomenology of the fuel cladding temperature increase beyond the PCT (NEA, 

2009). 

These phenomena are responsible of the embrittlement of the fuel cladding temperature. 

The embrittlement of the cladding makes it to lose the mechanical properties that allow 

the cladding to endure the conditions of the operation of a LWR. This barrier has the 

objective of enduring the pressure difference between the coolant pressure boundary and 

the pressurized internals of the fuel rod. An embrittlement of this barrier can derive in 

the burst of the cladding due to the pressure difference or the puncture due to excessive 

oxidation. The integrity of this barrier is held by assuring that the PCT is below 1480 K 

(2200 ºF), according to the Regulatory Guidelines of the USNRC (USNRC, 2017). This 
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safety variable is used as figure of merit in transient cases where the heat transfer capac-

ity can be significantly affected, as in LOCA conditions. Nevertheless, depending on the 

results of the analysis of a LOCA, additional variables may be used, such as the oxidation 

rate of the cladding, coolability of the fuel assemblies and so forth. Regarding events of 

Condition II, the analysis of the effectivity of the heat removal capacity of the fuel rod 

by the coolant can be measured with the so-called Departure of Nucleate Boiling Ratio 

(DNBr) or the Minimum Critical Power Ratio (MCPR). 

b. Departure of Nucleate Boiling and Critical Power Ratio. 

The DNB makes reference to a change in the flow and heat transfer regime. The temper-

ature of the fuel cladding, and hence its integrity, depends on the capacity of the coolant 

flowing through the fuel rods to remove the heat that is being generated in the fuel pellets. 

This capacity will be enhanced or deteriorated according to the changes in the two-phase 

flow of the coolant. There are several variables used to model the phenomena of the heat 

and flow regime in a LWR. These variables come from the accumulated experience and 

the research effort done by several institutions. This effort yielded different correlations 

that model the behavior of these flow and heat regime changes, most of them adapted or 

limited to specific conditions. 

The importance to model these changes in the flow and heat transfer regime lays on the 

relevancy of defining which conditions drive to DNB or CPR limits. These limiting val-

ues can define where and in which conditions the phenomena of the dryout can take 

place. The dryout is the local removal of any two-phase flow layer in contact with the 

fuel cladding surface leaving the heat extracting task to the void phase of the flow. This 

means a sudden deterioration of the heat transfer capacity and consequently a sudden 

increase in the fuel cladding temperature. The local characteristics of this effect increase 

the difficulty of predicting these phenomena which can yield in severe fuel damage. 

Therefore, transient scenarios driving to a deterioration of the heat transfer capacity are 

evaluated according to these variables, DNB and CPR, and variables derived from these 

ones. The application of these variables usually depend on the type of LWR. For in-

stance, PWR do not experience two-phase flow regime in normal operation conditions 

as BWR do. For this reason, the change or departure of boiling heat transfer regime can 

be accounted as an anomalous behavior which, in BWR makes no sense since the depar-

ture of boiling is expected at certain height of the fuel rod in normal operation. Conse-

quently, in BWR the deterioration of the heat transfer capacity is measure and analyzed 

with the CPR. The usual form of obtaining these parameters is setting a ratio between 

the nominal value of current heat generation in the fuel rod, in normal operation condi-

tions, and the heat generation value in which the heat transfer regime would change. In 

this form, it is possible to evaluate how close is the current heat generation to a critical 

generation of heat that could incur in fuel damage. The evolution of this limiting heat 

generation of the fuel rod is commonly represented depending on the difference between 

the cladding surface temperature and the saturated temperature of the coolant. Figure 2.3 
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shows this function, representing the heat generation as surface heat flux of the fuel clad-

ding. 

 

Figure 2.3 Behavior of the heat flux as a function of temperature difference between cladding 

surface and saturated coolant (NEA, 2009). 

As Figure 2.3 shows, there is a critical minimum heat flux value through the fuel clad-

ding that can cause fuel damage due to temperature increase. The different safety values 

based on the ratio between this limiting value and the current operational value are used 

for setting acceptance criteria when a transient scenario can drive to fuel damage due to 

deterioration of the heat transfer capacity. 

c. Pellet Cladding Interaction. 

An interesting phenomenon in the consideration of the integrity of the fuel cladding is 

the so called Pellet-Cladding Interaction (PCI). This effect results in an excessive stress 

in the fuel cladding caused by the contact in the inner side with the fuel pellet. The fuel 

pellet loses its original manufactured form due to the irradiation caused by the operation 

during the fuel cycle. This form loss is caused by different dilatation processes that frac-

ture the pellet and increase its volume, pushing the pellet surface against the inner side 

of the fuel cladding. The local contact points can yield an excessive strain force that can 

become in fuel rod puncture or deformation. Figure 2.4 depicts the evolution of the PCI 

in three generic steps depending on irradiation (operation). This phenomenon is directly 
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related to the gap closure, i.e. the definitive contact of the pellet and cladding inner sur-

face removing any initial manufactured and designed gap. 

 

Figure 2.4 Simplified scheme of pellet-cladding system prior operation (left), irradiated and 

prior to PCI (middle) irradiated and after PCI (right). 

The phenomena initiating the failure mode of the PCI spans from Stress Corrosion and 

Cracking (SCC), Embrittlement due to Hydrogen, delayed hydride cracking and so on 

(Michel et al., 2008). It is particularly difficult to elucidate which of these effects can 

cause the definitive failure of the fuel rod or if it is caused as a combination of all of 

them. The most relevant factors influencing the PCI evolution can be listed as follows: 

- Design and fabrication process of the fuel rod: The density of the fuel pellet and 

the gas-gap size between pellet and cladding surface determines the time and 

behavior for achieving the so-called gap closure. Moreover, fabrication defects 

will contribute to the concentration of stresses in such points of the fuel pellet 

or cladding. 

 

- Fabrication material for the fuel cladding: The criteria of the material selection 

must include the consequences of high temperatures and irradiation, especially 

for the inner side of the cladding. The design decision will affect the endurance 

of shear stresses in case of PCI. 

 

- Operation conditions: Since the beginning of the analysis of these phenomena, 

special attention has been given to the operation conditions. Planning an opera-

tion without stiff power ramps can reduce the fuel pellet swelling and hence, the 

gas gap closure and final PCI effect. Moreover, the irradiation rate can be mod-

ified and accommodated with relaxation of axial power peaks. 
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The physics predicting the behavior of this phenomenon that can damage the barrier of 

fuel cladding are depending on the material properties and their reaction to chemical and 

mechanical effects. This fact requires the use of specialized simulation tools for a better 

understanding and prediction in the transient scenarios where these phenomena applies. 

The analysis of this and other fuel behavior safety variables introduce the need of 

thermo-mechanical codes in multi-physics safety analysis methodologies. 

d. Fuel Enthalpy. 

One of the common accident scenarios to account in nuclear safety analysis is the reac-

tivity insertion accident (RIA), that can be caused among other facts by the sudden con-

trol rod removal during normal operation. The damage range of this transient case affect 

the integrity of the fuel rod, and the representative value of the evolution of this scenario 

is the fuel enthalpy or the deposited energy on the fuel rod due to this sudden increase in 

the fission rate. It can be understood that there exists a limiting increase rate of this var-

iable that challenges the mechanical and heat transfer properties of the fuel pellet. The 

nuclear technology field has invested the corresponding effort analyzing these phenom-

ena, supported by the accumulated operational experience and the research institutions 

with their test facilities. The results have yielded a series of specialized simulation codes 

focused on the modelling of the increase of fuel enthalpy and its consequences. 

The dedicated experiments headed to elucidate the fuel behavior during a RIA are based 

on the analysis of the fuel enthalpy as a function of the fuel temperature and as a direct 

measure of the damage of this barrier (Rudling et al., 2016). The basic model from which 

the corresponding fuel behavior codes base their calculation schemes is described in 

Equation 2.1 for the ℎ𝑓 as the enthalpy, 𝑇𝑓 as the fuel pellet temperature and 𝑐𝑓 as the 

heat capacity. 

 

ℎ𝑓(𝑇𝑓) =  ∫ 𝑐𝑓(𝑇
𝑇𝑓

𝑇0

)𝑑𝑇 Equation 2.1 

 

The measurement of the enthalpy can be set as a function of local variables such as 

burnup and oxidation (Beard et al., 2006). The local aspect of these phenomena is ac-

counted by the use of BE simulation tools allowing the analysis of the event in such a 

reduced scale. It is hence a contribution for the enhancement of Safety Analysis the 

multi-scale feature and it is nowadays a requirement in analysis methodologies in nuclear 

safety. Moreover, the analysis of this phenomenon must include the dynamics of the 

reactivity insertion due to the control rod removal, whether control rod drop accident or 

control rod ejection. This fact must be added to the axial and radial power peaking fac-

tors, and therefore, the multi-physics feature of a safety analysis methodology plays also 

an important role for a BE simulation. 
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e. Cladding Deformation. 

For certain types of considered accident scenarios there is the requirement to assure the 

long term coolability. The coolability of the fuel rods depends on the ability of the nu-

clear system to allow the necessary coolant flow in contact with the fuel surface in a 

manner that can remove the generated heat or at least contribute to the convective heat 

transfer. For these conditions, it is necessary that the cross section area of the coolant 

flow through the fuel rod array has the corresponding designed size and shape. 

According to this, there are different transient accident scenarios that can cause the de-

formation of the fuel rod array. These scenarios include the possibility of plastic defor-

mation of the cladding due to mechanical forces or due to clad ballooning due to the loss 

of mechanical properties and high temperatures. Another factor to account is the bowing 

of the fuel rods, that could also prevent the flow path of the coolant. 

For these cases, it is necessary to use fuel behavior simulation tools that consider not 

only the hoop and axial strains on the fuel cladding, but also the local feature of these 

phenomena. 

f. System pressure. 

The heat generation in LWR is transported by the coolant by means of achieving high 

values of enthalpy, i.e. pressure and temperature. This form of energy is run in a Rankine 

Cycle that has to be confined and maintained in the corresponding system or systems. 

These systems must endure certain stresses and fatigue without losing the integrity, since 

the primary cycle of a LWR operates as a safety barrier against the release of fission 

products. 

The limits of this barrier are coded in the Nuclear Regulation (USNRC, 2019) and usu-

ally are analyzed as the pressure of the coolant calculated in the Reactor Pressure Vessel. 

This is the common point for calculating this pressure value during a safety analysis 

since it is the expected location of the higher value. The evaluation of the mechanical 

limits related to pressurized vessels, such as the RPV of NPP is based on the ASME 

regulation (Rao, 2009). 

g. Core Tie Plate Lift Forces. 

The flow path of the coolant in a LWR goes through the fuel assemblies developing a 

non-trivial drag force. The design of the reactor core must account the corresponding 

mechanical analysis to provide the upper tie plate with sufficient downforce. The reason 

is that the drag force of the coolant flow can cause the lift of fuel assemblies and conse-

quent damage to the structure due to the sudden loads and impacts. Moreover, accounting 

the increase of the inlet coolant flow as a possible event for accident analysis, the result-

ing lift force applied to the fuel assemblies is used as safety variable. 
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The drag force responsible of the fuel assembly lift effect is described in Equation 2.2. 

Where CD is the drag coefficient, A is the reference area, ρ is the density of the coolant 

flow and v is the velocity of the coolant flow. 

 

𝐹𝐷 = 𝐶𝐷𝐴
𝜌𝑣2

2
 

Equation 2.2 

 

According to Equation 2.2, a thermal-hydraulic analysis is needed for modelling the re-

sulting effects. The friction coefficient as well as the flow velocity are depending on the 

flow regime, whether laminar or turbulent. In addition, the flow density would depend 

in the thermal properties of the coolant. At this point, a BE analysis would add the con-

sideration of the two-phase flow, providing a more realistic calculation. 

The summarized series of safety variables of the previous list show how relevant for the 

BE simulation is to account not only the relevant physics of the analyzed phenomena but 

also the corresponding scale. Furthermore, there are additional derived variables that can 

be used for the assessment of the safety limits. In addition, these variables will have to 

be updated as long as the nuclear systems evolve in new designs that force to account 

new kind of transient phenomena that may compromise the integrity of the safety varia-

bles. 

2.5.2. BEPU methodologies. 

As the present document describes in the motivation section, the safety margin is an 

aspect of the nuclear technology for the energy production that plays an interesting role 

for an efficient and safe operation. The aim of a NPP should be achieving a competitive 

operation without compromising the safety of the workers, public and environment. 

Therefore, it is not trivial to focus enough effort in developing a methodology for Deter-

ministic Safety Analysis that is able to predict realistic results that prove to the Nuclear 

Authority that the NPP operates within the safety margins during the proposed transient 

cases. 

For this purpose, it is necessary to take advantage of the latest simulation tools, that have 

been able to apply more realistic physical models to obtain more accurate results, due to 

the development of the Computer Science and Technology. The fast development of the 

Computer Science allows to perform fast calculation procedures and an efficient man-

agement of significant amounts of data. This has facilitated the improvement of the nu-

merical methods, discretization of system models and application of more detailed phys-

ics models and correlations. The result is a more realistic prediction of the derived 

variables, such as the Peak Cladding Temperature (PCT), that allow the reduction of the 

safety margin (see Figure 2.5). 
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The possibility of predicting such realistic values with simulation codes supposed a new 

way for the Deterministic Safety Analysis. However, the Nuclear Authority requires the 

validation of new methodologies prior to their conventional use. Therefore, the possible 

options for the Deterministic Safety Analysis where documented in the corresponding 

Regulatory Guide of the USNRC. 

Due to this fact, the Safety Analysis allows two approaches for the simulation method-

ologies, namely the BE and the Conservative Approach. Nevertheless, there are more 

aspects that influence the realistic or conservative features of a methodology. Table 2.5 

summarizes the different conditions applied in the simulation for Deterministic Safety 

Analysis as required by the Nuclear Authority. 

Table 2.5 Different approaches for the Deterministic Safety Analysis. 

CONSERVATIVE 

ANALYSIS 

COMBINED ANALYSIS BEST ESTIMATE ANALY-

SIS 

Use of conservative 

computer codes with 

conservative initial 

and boundary condi-

tions. 

Use of BE codes combines 

with conservative initial and 

boundary conditions. 

 

Use of BE codes with whether 

conservative or realistic 

boundary and initial conditions 

but, complementing the results 

with the evaluation of the un-

certainties in the input data and 

the uncertainties associated 

with the models in the com-

puter code. 

 

It must be accounted that the quantification of uncertainties is necessary when calculat-

ing realistic results. The BE approach predicts results of the derived variables that are 

relatively close to the real value. Due to this the quantification of the tolerance band 

associated to that predicted value will define in which cases the predicted value can be 

above (or below) the real value. This is important since in case of a conservative ap-

proach, there is always a wide enough margin separating the predicted value from the 

real value that tilts to the safety. Nonetheless, the BE approach can be so close to the real 

value, that the uncertainty inherent to the code and conditions of the simulation can pre-

dict a value trespassing the safety variable. The quantification of the uncertainty is nec-

essary in order to evaluate how the proximity of the simulation results is close to the 

safety variable. Figure 2.5 shows the disposition of the safety margins according to the 

safety variable that is being evaluated. 
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Figure 2.5 Scheme of the approaches to the safety margins assessment. 

The opportunity in safety simulations presented by the commented development of the 

Computer Technology has been materialized in several projects undertaken by different 

institutions of the Nuclear Field. These projects intent to gather all the available physics 

involved in the phenomena of the transient events in a NPP and solve the corresponding 

equations within the different scales of the model. 

Thus, the increase in the capabilities of computers together with the need of supporting 

and accelerating the improvement in the competitiveness of the nuclear industry have 

been captured in the framework of different projects that are providing the necessary 

simulation and modelling capacity for these purposes. These projects, such as CASL 

(Consortium for Advanced Simulation of LWRs), are the result of the common will of 

different public and private institutions. The aim of these projects is to develop a useful 

tool capable of model and simulate the behavior of the more relevant parts of a NPP at 

different scales and physics. Therefore, it is confirmed that the SOA in the field of the 

Nuclear Technology is related to the evaluation of the NPP behavior accounting all the 

physics at the necessary detailed level regarding 4 key points: neutron kinetics, thermal-

hydraulics, fuel performance and corrosion chemistry. 

The Department of Energy of the USA expressed the relevancy of modelling and simu-

lating as a useful tool for the Nuclear Technology in the CASL project (Energy 

Innovation Hub, 2010). CASL uses the multi-scale and multi-physics capabilities for 

tackling the safety analysis of LWRs. The two capabilities have to be combined in the 

challenges that CASL considers that are present in the evaluation of the most relevant 
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transients in the operation of a NPP. Therefore, a proper combination of detail level and 

physics phenomena show good results in the evaluation of problems such as Pellet-Clad-

ding Interaction (PCI) and Chalk River Unidentified Deposition (CRUD), but also in the 

prediction of relevant safety variables like Departure of Nucleate Boiling (DNB) and 

Peak Cladding Temperature (PCT). 

Moreover, the projects headed to next generation Nuclear Reactors account the im-

portance of the multi-scale and multi-physics approach. For instance, project NEAMS 

(Nuclear Energy Advanced Modelling and Simulation) (Versluis et al., 2013) develops 

a simulation toolkit for the analysis of the NPP operation accounting system level, core 

analysis, and fuel behavior. For this purpose, the toolkit is integrated in the correspond-

ing platform in order to facilitate the data flow, pre- and post-processing. The toolkit 

accounts plant level analysis, pin resolved neutron kinetics, Monte Carlo analysis, neu-

tron kinetics depletion, Cross Section preparation, thermal-hydraulics at low resolution, 

thermal-hydraulics at high resolution (i.e. Computational Fluid Dynamics, CFD), and 

the fuel analysis accounting microstructure, component aging and chemistry. 

The investment in multi-scale and multi-physics analysis methods express the tendency 

of this way of evaluating the core behavior in order to obtain the sufficient realistic re-

sults for a safe and cost-efficient NPP operation. 

Furthermore, such realistic results need the evaluation of the associated uncertainty in 

order to obtain the corresponding margins of the predicted values. The uncertainty is 

present at different levels of a core calculation methodology, for instance the uncertainty 

at the measurements of the introduced boundary conditions, or the propagation of the 

uncertainty along the numeric methods of the calculation codes. Therefore, when using 

BE tools or methodologies it is necessary to evaluate the margins of the predicted results, 

and thus an uncertainty and sensitivity analysis is required. 

The importance of analyzing the uncertainty at the results of a simulation in safety anal-

ysis is expressed in different methodologies, such as the Code Scaling, Applicability and 

Uncertainty (CSAU) (Boyac et al., 1989). The CSAU methodology was validated by 

experienced companies of the nuclear sector such as FRAMATOME for the SB-LOCA 

safety assessment and accepted by the USNRC. This methodology includes the follow-

ing relevant steps: 

- Specify the transient scenario and select the safety variables to be analyzed. 

 

- Identify and rank phenomena. This step includes evaluating the uncertainty 

sources and quantify its uncertainty in order to evaluate its propagation. For this 

step it is necessary to use whether the available scientific literature or the expert 

criteria. 

 

- Perform the sensitivity analysis, i.e. evaluate how the uncertainty of the input 

variables are related to the uncertainty of the output target variable. 
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2.6.The role of Sensitivity and Uncertainty Analysis. 

The possibility of using Best Estimate codes and Realistic Boundary conditions was the 

starting point for a Safety Analysis without excessive ranges of conservatism, that lead 

to over-dimensioned designs and operation strategies. However, it is duty of the Nuclear 

Technology not to compromise the safety while enhancing the accuracy of the results. 

For that purpose, the yielding of realistic results is complemented with the so –called 

Uncertainty and Sensitivity Analysis. 

The uncertainty quantification (UQ) defines the boundaries in the predicted safety vari-

able that are a result of the propagated uncertainty of the input variables through the code 

simulation. The UQ also defines the percentile that lays in a postulated Confidence In-

terval. The USNRC defines in its regulation that the UQ must meet the 95/95 criterion, 

that means that in the 95% of the cases, the predicted value lays in the confidence interval 

of the 95% of the mean value. In order to meet these requirements, the analyst undertake 

a statistical approach that evaluate the correlation between the uncertainty of the input 

parameters and the resulting uncertainty of the target output variable. Figure 2.6 is used 

to show a scheme of how the uncertainty in the input parameters result in the uncertainty 

of the output variable propagated through the code simulation. 

 

Figure 2.6 Uncertainty flow through the code simulation. 

To proceed with the UQ it is necessary first of all to define and bound the uncertainty of 

the input parameters, and to know as well the which parameters are relevant to calculate 
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the behavior of the output parameter. For example, it is known that the system pressure 

is a key parameter for the prediction of the MCPR (Minimum CPR), therefore it is nec-

essary to account the uncertainty of the system pressure in a simulation of a transient, 

where the figure of merit is the MCPR. The scientific literature and gathered experiences, 

both industrial and experimental, are relevant sources for defining the uncertainty of the 

input parameters when performing the U&S analysis. 

On the other hand, to state the accomplishing of the statistical criteria, let us say the 

95/95, it is necessary to work with the proper sample size that gives consistency to the 

overall results. For that purpose, a sample of simulations is run, where the selected input 

variables are randomly varied according to their probability density function. The result 

is a distribution in the target output variable whose statistical parameters must meet the 

postulated criterion. 

The reader must notice that the sample size will have a significant impact in the compu-

tational cost of the UQ. The research in efficient methods that bring about the U&S anal-

ysis in an efficient way without compromising the required statistical criteria result in 

the current tools for such analysis. 

2.6.1. Background. 

BEPU methodologies are one of the most interesting points of the developments of the 

Safety Analysis. Nevertheless, the application of realistic calculations was introduced 

about 20 years after the use of Nuclear Technology, thanks to the Best Estimate codes. 

Back then, the state-of-the-art in core physics, numerical methods and computer tech-

nology limited the Nuclear Regulators to set conservative measures for the evaluation of 

the safety in the operation and design of Nuclear Reactor Cores. The large amount of 

uncertainty in such calculations forced to assume those margins, exchanging operational 

flexibility and cost-efficiency for Safety. 

The results were observed after the long-term experience of NPPs, that revealed that 

power uprate was possible without compromising the safety of the plant. These power 

uprates were accompanied by enhanced and more realistic calculations, that yielded the 

different options existing currently (see Table 2.5). The purpose of performing more re-

alistic calculations was to get beyond the limitations of the Conservative Approach. On 

the one hand, the Conservative Approach can cover the true behavior of the core during 

a simulated scenario by affecting the order of the event occurrence. On the other hand, 

this type of approach does not allow quantifying the safety margins, since the level of 

conservatism is not known. 

The Conservative Approach was successfully overpassed in the decade of the 70s, how-

ever, the use of Best Estimate codes reduced the safety margin in a way, that accounting 

the effect of the uncertainty was necessary. The basis is the assumption of the fact that 

there are sources of uncertainty in the prediction of the safety variables that are intro-

duced in the approaching of the problem. These uncertainties can propagate through the 

simulation core in process of calculating the core behavior. The result is that there exists 
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certain amount of uncertainty in the prediction of the safety variable. Therefore, if the 

use of more realistic methods for predicting safety variables reduce the margin of the 

order of approach to the real calculation (see Figure 2.5), the effect of the uncertainty 

could lead to exceed the real safety values without being able to know. 

The development of the realistic calculations was materializing in the will of Nuclear 

Regulators to codify the requirements for such approach. On the other hand, the Nuclear 

Industry and Scientific field was internationally undertaking and effort with the aim of 

developing the Best Estimate Approach in codes that applied the available and known 

physics of the core in order to predict the evolution of key parameters that could restrict 

the operational limits of the plant. This task came along with the gathering of data that 

allowed the verification and validation of the BE codes. 

These concerns have driven the efforts of the scientific community to tackle the problem. 

The objective of bounding the uncertainty and analyze its propagation until the predicted 

variable yielded the uncertainty quantification. Moreover, the use and development of 

statistics defined the way to correlate the uncertainty of the input and the output during 

the calculation procedure of the safety variables. The evaluation of how the input varia-

bles can influence in the prediction of the output variables, together with the quantifica-

tion of such uncertainties resulted in the Uncertainty and Sensitivity Analysis. 

The results of the international discussion about the relevancy of the use of Best Estimate 

simulation tools and the need of the analysis of the related uncertainty led in 2005 to the 

establishment of the Uncertainty Analysis Modelling meeting (UAM). This meeting or-

ganized by the NEA/OECD meant to form an Expert Group to endorse a workshop ca-

pable of planning the scope of future international research effort in the field of the Un-

certainty and Sensitivity Analysis of the Nuclear Technology. The outcome of this 

international effort was to organize a benchmark work program made of different exer-

cises in order to provide a solid basis of measured data that could be helpful for the 

validation and analysis of different methodologies regarding multi-physics and multi-

scale simulations. 

2.6.2. Concern in bounding the uncertainty and current experiences. 

One of the most relevant steps for evaluating the uncertainty in the target predicted var-

iable is to bound the sources of uncertainty. First of all, it is necessary to difference 

between two types of uncertainty. The epistemic uncertainty makes reference to the lack 

of knowledge, in the case of core physics, in modelling the evolution of the parameters 

that we want of analyze. A model has the objective of predicting and quantify the reality, 

but these models approximate to the real behavior as a function of our understanding of 

all the physic processes that take place on int. The other type of uncertainty is the sto-

chastic or aleatory uncertainty. This type makes reference to the probabilistic variability 

that is inherent to a process and it is assumed that it cannot be reduced by increasing the 

knowledge of the analyst in the modelled system. The amount of uncertainty in this case 
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is related to a probability distribution. Table 2.6 summarizes the main points of both 

types of uncertainty (Brun et al., 2011). 
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Table 2.6 Differences between stochastic and epistemic uncertainty. 

Features Stochastic Epistemic 

Representation Class of possible outcomes Single case 

Focus of Prediction Event propensity Binary truth 

Probability Interpreta-

tion 

Relative frequency Confidence 

Attribution of Uncer-

tainty 

Stochastic behavior Inadequate knowledge 

Information Search Relative frequencies Patterns, causes and 

facts 

 

The kind of uncertainty governing the safety analysis in the core is the epistemic uncer-

tainty. This is due to the fact that a certain lack of knowledge is reflected in the physical 

models, that come from the scientific experience. Moreover, the numerical methods ap-

plied to solve the equations governing the core physics also account certain error range 

in the solution. And in addition, it is necessary to account the error margin of the meas-

urements, both in the physical parameters used as boundary and initial conditions, as 

well as in the geometrical values of the modelled system. To be more specific, since 

Regulatory Bodies like the USNRC appeals to identify the different types of epistemic 

uncertainty (Wieselquist et al., 2018), the following points describe three categories of 

this uncertainty type: Completeness Uncertainty, Parameter Uncertainty and Model Un-

certainty. Nevertheless, this classification may be more useful for the Probabilistic 

Safety Analysis as reflected in the Probabilistic Risk Assessment defined by the NUREG 

document referend in (Siu et al., 2016). 

The purpose of the quantification of uncertainty in the Deterministic Safety Analysis is 

to evaluate the propagation and limits of the lack of knowledge in the prediction of safety 

variables, such as the PCT, in order to bound an already realistic prediction. Uncertainty 

in this aspect is assumed as a key issue due to the fact that for the DSA it must be ac-

counted the different uncertainties that come from a range of types and sources. A more 

useful classification of the uncertainty (Rotmans & van Asselt, 2001) defines two fea-

tures of it: Variability and Lack of Knowledge. Variability is the feature of the analyzed 

system that considers that the behavior can be different due to the inherent randomness 

of nature or value diversity. This feature can contribute to the lack of knowledge since 

due to the variability certain knowledge can be unattainable. On the other hand, the 

knowledge of a deterministic process can be incomplete. The lack of knowledge includes 

the inexactness, ignorance or observations that are unknown because they are practically 

immeasurable. Nevertheless, as Figure 2.7 depicts, it is possible to connect both features 

of uncertainty. 
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Figure 2.7 Features of the uncertainty. 

The current understanding of the phenomena governing the core physics can be catego-

rized then in three types of uncertainty (Funtowicz & Ravetz, 1990): technical, method-

ological and epistemological. 

The technical uncertainty comes from the quality of the data that describes the system, 

from temporal and spatial aggregation and from the lack of data. The methodological 

uncertainty comes from the analytical tools and the method used for analyzing the sce-

nario. Finally, the epistemological uncertainty refers to the conception of the analyzed 

phenomena. 

When modelling the core physics in a simulation tool, the uncertainty is bounded in the 

following categories: 

a. Uncertainty in the simulation tool: Accounts approximations related to which 

terms are used in the field equations, uncertainties in the built in properties of 

materials and the assumption of the modelling of the fluid dynamics. 

b. Uncertainties in the representation of the model: Accounts the effect of defining 

the control volumes where the solution of the problem is calculated. This effect 

depends on the uncertainty of the nodal distribution. 

c. Uncertainty of the scaling of the model: The modelling of certain phenomena 

accounted in simulation code assume the uncertainty of scaling laws of the ex-

perimental data retrieved from benchmarking and applied to full scale plant 

models. 

d. Uncertainty in plant conditions: Parameters to define the conditions of the model 

to be simulated come from plant measurements that include certain band of un-

certainty. 
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e. Uncertainty of the user effect: Accounts the effect of the number and way in 

which each user influences the use of the simulation tool. 

The initial BE and Uncertainty application based on the issue described in this section 

was made by the USNRC, gathering the methodology in the CSAU project. This lead 

was followed by several other countries that were up to approach this topic, like GRS, 

IPSN or ENUSA, among others. 

In these methodologies, e.g. CSAU, the analysts provide in the so-called Phenomena 

Identification and Ranking Table (PIRT), the list of relevant phenomena affecting the 

safety variable to be evaluated. For instance, in a LOCA event, the safety variable would 

be the PCT, and the PIRT would list all the physical phenomena contributing to the evo-

lutional behavior of the PCT. The reader must notice that the uncertainty in these phe-

nomena will contribute to the uncertainty of the safety variable as output. Therefore, 

these input uncertainty will define the margins of the prediction of the safety variable, 

depending also in the statistical techniques used to evaluate this uncertainty and confi-

dence margins. The input uncertainty will be printed, for example, in the coefficients 

used to model the behavior, which is based on experimental data. Another contribution 

is the uncertainty itself in the measurements attached to the experiment and the random 

behavior of the test undertaken to retrieve all the experimental data. In addition, the ap-

plication of such physical correlations in the simulation code are affected by the nodal 

distribution of the model. This distribution must account the needed dimensions for eval-

uating the relevant physical phenomena of the event to be analyzed. This means that the 

calculation nodes must have the proper size to not diffusing the simulated physical be-

havior. On the other hand, the analysts must assume certain compromise to no incur in 

an unnecessary and prohibitive nodal mesh that affects the computational cost. All these 

parameters are accounted in the contribution to the uncertainty of the predicted variable. 

The following step is to attach a statistical distribution to the uncertainty of the input 

variables. This is normally based on the scientific and industrial accumulated experience. 

The CSAU methodology use normal and uniform distributions. 

Finally, it is necessary to use a statistical method for the evaluation of the propagation 

of the uncertainty from the input, through the simulation code and finally to the output 

safety variable. CSAU methodology does not use a standard method. The response sur-

face approach (Khuri & Mukhopadhyay, 2010) was proposed as statistical method. On 

the other hand, the GRS methodology (Glaeser, 2008) bases its statistical approach in 

the formula of Wilks. This formula sets an optimized number of simulations, sampled 

according to the uncertainty of the input parameters. The result is a sample of the output 

variable that generates a probabilistic distribution, based on the probabilistic distribution 

of the input variables. In that sense, the formula of Wilks is a useful tool to optimize the 

number of simulations to do, for a desired probability and confidence interval. 

The formula of Wilks has revealed as a powerful technique to perform the Uncertainty 

Quantification, which nowadays is a necessary requirement to undertake Safety Analysis 
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with a realistic approach. For this reason, this statistical method will be detailed in the 

following subsection. 

2.6.3. The theory of Wilks. 

The Wilks theory is grounded on the order statistics for covering the analyzed safety 

variables in a certain confidence interval. Since the IAEA standards do not specify the 

statistical methods for quantifying the uncertainty attached to the safety figures of merit, 

different organizations developed their own procedures. The German organization Ge-

sellschaft für Anlagen- und Reaktor Sicherheit (GRS) was the first one in applying the 

formula of Wilks for such analyses. 

The theory of Wilks (Wilks, 1941) is headed to answer the question about how large 

should be a sample in order to a proportion of it can be included between the desired 

tolerance limits. The target of this formula is to optimize a procedure of obtaining a 

probabilistic distribution of the output safety variable to be analyzed. Current Uncer-

tainty Analysis undertaken in the Safety Analysis responds to the 95/95 criterion. This 

means that a percentile of the 95% of the sample must meet a 95% Confidence Interval. 

Equation 2.3 shows the formula of Wilks, where 𝛼 is the percentile of the output distri-

bution, 𝛽 is the confidence level of the output distribution, 𝑁 is the minimum number of 

code simulations and p is the order of the output population. 

 

∑
𝑁!

(𝑁 − 𝑗)! 𝑗!

𝑁−𝑝

𝑗=0

𝛼𝑗(1 − 𝛼)𝑁−𝑗 ≥ 𝛽 Equation 2.3 

 

The order of the approach sets the number of code simulations that are expected to fall 

beyond the 𝛼 percentile, 95% in the 95/95 criterion. 

For this postulated analysis, the Wilks formula sets the corresponding number of samples 

to be defined, i.e. the number of simulation cases. Accounting the uncertainty in input 

variables as well as the inherent uncertainty of a simulation tool, a number of code runs 

should be simulated. In order to have both distribution of the input variables and the 

output variable, for each calculation every input defined variable is varied simultane-

ously. The strength of this method is that the number of calculations needed to quantify 

the uncertainty in the output variable is independent of the number of uncertainty-adding 

input parameters. 

One of the main concerns using statistical approaches for quantifying the uncertainty in 

the prediction of safety variables is to reduce the number of simulation runs. This con-

cern led to the use of non-parametric approaches instead of the parametric ones. 
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The reason of this lays on the fact that a parametric sampling approach the number of 

samples, i.e. code simulations is dependent on the input parameters, which will be varied 

according to their uncertainty. Therefore, if there are several input parameters whose 

uncertainty is assumed to contribute to the uncertainty of the output variable the sample 

size of simulations will be large. In addition, the parametric approach is valid for normal 

distributions. The drawback of this sampling approach is that the computational cost can 

be prohibitive and additional effort must be done to verify that the Probability Density 

Function (PDF) of the response is of the normal type. 

Conversely, the approach for non-parametric sampling achieves to reduce significantly 

the sample size. The reason is that the input parameters are sampled according to their 

uncertainty simultaneously. Hence, the number of samples will be independent of the 

number of input parameters. In addition, this alternative approach does not need to work 

with normal distributions only. 

The method of Wilks, as well as other order approaches have been accepted currently by 

Nuclear Regulators such as the USNRC for the evaluation of the uncertainties in safety 

analysis. These methods allow meeting the 95/95 criterion for bounding the results of 

the prediction in safety parameters, reducing the computational cost of the analysis and 

hence improving the efficiency in Safety Analysis. Hence, the number of simulation is 

reduced to a more feasible number. 

The number of simulations that form the sample is defined by Equation 2.4 and Equation 

2.5, for simple and double tolerance respectively. 

 

1 − 𝛼𝑛 ≥ 𝑏 Equation 2.4 

1 − 𝛼𝑛 − 𝑛(1 − 𝑎)𝑎𝑛−1 ≥ 𝑏 Equation 2.5 

 

In these equations, 𝑎 is the unitary value of the percentile of the correspondent output 

distribution that lays in the unitary value of the confidence interval of 𝑏, for an n sample 

size. The sample size 𝑛 increases with the values of 𝑎 and 𝑏, and also with the tolerance 

band, whether double or simple. Table 2.7Table 2.7 summarizes the number of samples 

needed for meeting the different statistical criteria for both simple and double tolerance 

limits. 
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Table 2.7 Number of samples for different statistical criteria. 

𝛼 (%) 

𝛽 (%) 

Simple tolerance limit Double tolerance limit 

90 95 99 90 95 99 

90 22 45 230 38 77 388 

95 29 59 299 46 93 473 

99 44 90 459 64 130 662 

 

For certain scenarios, there may be more than one r dependent output variables to be 

analyzed. In these cases, it is necessary to modify the formula of Wilks (Guba et al., 

2003) as Equation 2.6. 

 

∑
𝑛!

(𝑛 − 𝑗)! 𝑗!

𝑛−𝑠·𝑟

𝑗=0

𝛼𝑗(1 − 𝛼)𝑛−𝑗 ≥ 𝛽 Equation 2.6 

 

At this point, and regarding table 1.5 it is necessary to introduce the discussion on one 

of the variations of the formula of Wilks (Macián-Juan et al., 2011). The discussion arises 

from the option of using one side tolerance band and second order formula as a two-side 

tolerance band of first order. In these cases, different works (Wieselquist et al., 2018), 

(Vedovi et al., 2012) uses as Table 2.7 describes, a sample size of 93 simulation cases 

for a 95/95 criterion. Nonetheless, there are studies (I. S. Hong et al., 2013), (I. Hong & 

Connolly, 2008) that recommend in these cases a sample size of 146 cases, according to 

Equation 2.7. 

 

1 + 𝛼𝑛 − 2𝛼𝑛 ∑ 𝐶𝑘(
1 − 𝛼

2𝛼
)𝑘

𝑛

𝑘=0

≥ 𝛽 Equation 2.7 

 

This thesis work will show the results of applying the suggested modification in a UQ in 

Chapter 3. 
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2.6.4. Sensitivity Analysis. 

Every UQ is complemented in parallel with the corresponding Sensitivity Analysis (SA). 

The SA is a procedure for correlating the influence of the uncertainty of separated input 

parameters in the overall uncertainty of the output variable. The definition of this corre-

lation values between the output safety variable and the inputs can explain which phe-

nomena are more relevant for the prediction of such safety variable and which are not. 

This is useful not only for reducing computational and different costs of the analysis, but 

also helps to have a better understanding of the modelling of the nuclear behavior. 

The correlation between variables defines how strongly are they related. For certain mod-

els or phenomena, it can be easily observed, in a qualitatively manner, how input and 

output variables are correlated. For instance, it is clear that in the analysis of pool boiling, 

there is a strong correlation between the surface temperature and the void fraction of the 

control volume. The correlation between both variables will quantify not only how much 

can vary the void fraction with a certain increase of the surface temperature but also, 

through the sign of the correlation value, if the void fraction increases or decreases with 

the increase of surface temperature. In this example can be an easy case for the sensitivity 

analysis, however, nuclear systems are of more complicated models in which the corre-

lation between variables is not trivial to observe. Furthermore, many of these relation 

between variables of the models are non-linear, which increases the difficulty to observe 

the magnitude of the correlation and hence, the Sensitivity Analysis plays an important 

role. 

Throughout the SA, it is possible to evaluate which parameters are relevant for the pre-

diction of the target safety variable, which are not, and in which level of influence. This 

influence is evaluated by quantifying the correlation coefficients of the input parameters 

and the output parameter. There are several types of correlation coefficients (de 

Rocquigny et al., 2008) that have different ranges of application and for this reason, it is 

necessary to know which are the most relevant and useful for the SA in the analysis of 

the behavior of a NPP. 

The Pearsons Coefficient is a renowned correlation coefficient based on the covariance 

of the two variables divided by the product of their standard deviations. Equation 2.8 

shows the Pearsons Correlation Coefficient (𝜌) for two random variables of a population, 

 

𝜌 =  
𝑐𝑜𝑣(𝑋, 𝑌)

𝜎𝑋𝜎𝑌
 Equation 2.8 

 

that in the case of a sample of size 𝑛 will be modified to Equation 2.9, named sample 

correlation coefficient (𝑟). 
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𝑟 =  
𝑛 ∑ 𝑥𝑖𝑦𝑖 − ∑ 𝑥𝑖 ∑ 𝑦𝑖

√𝑛 ∑ 𝑥𝑖
2 − (∑ 𝑥𝑖)2 √∑ 𝑦𝑖

2 − (∑ 𝑦𝑖)2

 
Equation 2.9 

The point of this formula is to set the strength of the correlation between two variables 

understood as a linear relationship. Coefficient values close to 1 or -1 show a strength 

correlation whilst a 0-valued coefficient would mean no correlation at all. The sign of 

the coefficient sets whether the correlation is direct or reverse. Even though this correla-

tion is very conventional and robust, as well as easy to implement, presents certain fea-

tures that have revealed the need of using other methods. On the one hand, since it is 

dependent on the standard deviation it is quite sensible to dispersed values. On the other 

hand, the formula of Pearsons (Boslaugh, 2012) is only valid for variables having a linear 

relationship, therefore, its application lose consistency when treating variables that are 

non-linearly correlated. 

A proposed solution for enhancing Pearsons correlation coefficients is to use the rank of 

the distribution of the input and output variables. The rank correlation coefficients do 

not seek the linear correlation but the monotonic correlation between two variables. A 

monotonic correlation must be understood as a relationship showing that when one of 

the variables increases the correlated one increases and vice versa, or behave conversely, 

i.e. when one increases the other one decreases. This fact has a wider range in setting the 

correlation between variables since observing the strength and direction of this correla-

tion is less restrictive than observing their linearity. In addition, non-linear behavior be-

tween variables is much more expected in the core physics. The Spearman’s correlation 

coefficients (Forthofer & Lee, 1995) is a common tool in the Sensitivity Analysis in 

Nuclear Safety. The application of this coefficient had the task of ranking the variable 

distribution prior to set their correlation. Equation 2.10 shows the formula of Spearman 

for the ranked correlation coefficients. 

 

𝑟 = 1 − 6 ∑
𝐷𝑖

𝑛(𝑛2 − 1)

𝑛

𝑖=1

 Equation 2.10 

 

Ranking the variables for the input and output distributions to be correlated means as-

signing levels to the data sets, from the highest quantitative or qualitative value to the 

lowest. Therefore, according to Equation 2.10, for the 𝑛 size of the sample, the correla-

tion will account the 𝐷𝑖 difference of the rank between adjacent ranked variables. 

On the other hand, there is another method for the SA based on the functional decompo-

sition of the variance in sensitivity analyses. These methods are useful when the non-

linear and non-monotonic hypotheses are confirmed or accounted. The most common 
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method of this branch is the use of the Sobol Indices (Sobol, 1993). This method is based 

on decomposing the variance of the output target variable into the effects of the input 

variables. These methods add the possibility of measure the variance across all the space 

of the input, using this variance as a measure of sensitivity. Sobol indices represent the 

total variance as an additional effect of the variances of the input variables or combined 

effect of input variables. The decomposed expression of variance after the development 

of Sobol is defined in Equation 2.11. 

 

𝑉𝑎𝑟(𝑌) = ∑ 𝑉𝑖

𝑑

𝑖=1

+  ∑ 𝑉𝑖𝑗

𝑑

𝑖<𝑗

+  ⋯ +  𝑉12…𝑑 Equation 2.11 

 

In Equation 2.11, 𝑖 and 𝑗 represent different variables of the total 𝑑 input variables con-

tributing to the output variable 𝑌. This equation is complemented with Equation 2.12 

and Equation 2.13. 

 

𝑉𝑖 = 𝑉𝑎𝑟𝑋𝑖
(𝐸𝑋~𝑖

(𝑌|𝑋𝑖) Equation 2.12 

𝑉𝑖𝑗 = 𝑉𝑎𝑟𝑋𝑖𝑗
(𝐸𝑋~𝑖𝑗

(𝑌|𝑋𝑖 , 𝑌𝑗)) − 𝑉𝑖 − 𝑉𝑗 Equation 2.13 

 

The terms ~𝑖 and ~𝑖𝑗 would represent the exception of 𝑖 and 𝑖𝑗 terms in the notation, 

and 𝐸 correspond to the statistical term of expected value. The different indices are ob-

tained as the example used in Equation 2.14, for the first order indexes. 

 

𝑆𝑖 =  
𝑉𝑖

𝑉𝑎𝑟(𝑌)
 Equation 2.14 

 

The indices are standardized by the total variance in order to provide the fractional con-

tribution. The consequence is that the total contribution of the different order indices 

equals the unit value. This method can potentially show the contribution to the final un-

certainty of the output variable of every input variable itself, and the uncertainty of the 

combination of different and simultaneous input variables. Usually, the application of 

this method includes the consideration of the sensitivity of single input variables, also 

called first order indices, and the sensitivity of pair-combined input variables, called in-

teraction indices. Other approaches of this type of SA (Saltelli, 2002) include the effect 
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of the so called total indices. The main drawback of this method is that increasing the 

accuracy and completeness of the SA can yield significant computational cost. This 

method applies for models having relatively few input variables influencing the uncer-

tainty of the output variable. A model accounting a significant number of relevant input 

variables would mean large amounts of sensitivity indices to compute, decreasing the 

efficiency of the process and calling for an alternative method for the SA. 

An alternative approach to the estimation of the sensitivity of the output variable to the 

variance of input parameters is the Deterministic Approach, which is based on estimating 

the partial derivatives of the analyzed model at a specific point. Even though the Forward 

Sensitivity Analysis can be applied to any model, they have the restriction of being com-

putationally expensive. 

2.7.Multi-physics and multi-scale features. 

The methodology developed in this PhD work includes the multi-scale and multi-physics 

features for the safety analysis. This subsection specifies the aspects of these features. 

First of all, it is necessary to explain that the multi-scale concept can refer the coupling 

of several scales to solve a problem, but it may be possible to apply multi-scale analysis 

without any coupling (Bestion & Guelfi, 2005). 

The multi-scale approach is performed in order to combine the efficiency of a macro-

scale simulation, due to the use of coarser meshes, and the detail level needed for the 

evaluation of specific parameters. For instance, the prediction of the local DNB must 

account the two-phase flow phenomena. Due to this, it is necessary to focus the simula-

tion locally and hence, zoom in the scale. 

The evolution of the Computer Technology allows year by year more detailed simula-

tions, however, the computational cost calls usually for simplified models, if the scenario 

allows it. An ideal case would allow varying the scale according to the needs of the 

simulation, but nowadays the safety analysis assume more accessible solutions. 

According to this, and regarding the methodology presented in this work, the solution 

adopted is to analyze the transient scenarios using different and separated scales, in a 

zoom progression from a coarser model to a finer one. From Figure 2.8 to Figure 2.11 it 

is shown the different scales where the simulation of the different physics of the core can 

be applied. 

Figure 2.8  shows the modelling of the Reactor Pressure Vessel and the components that 

the user has considered as relevant. The modelling of the system is done usually in 1D 

meshes where the TH equations are adapted to such scale and dimensions. The results in 

codes like RELAP5, TRAC-BF1 or TRACE have been validated confirming that the 

scale of analysis meets the expectations of the accuracy of the predicted results. 
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Figure 2.8 System scale modelled with SNAP tool for the simulation with TRACE code. 

Moreover, a more detailed scale can be used, that allows tracking the predicted variables 

in different subcomponents. Figure 2.9 depicts the nodal mesh distribution of a reactor 

core, where the different fuel channels have been modelled. This distribution can be used 

for TH and NK codes like COBRA-TF and PARCS respectively, as well as for coupled 

TH/NK codes. 

 

Figure 2.9 3D core modelled channel-by-channel represented with Paraview with the fuel chan-

nel layout. 



Chapter 2. State-of-the-art 

 

43 

In addition, several local thermal-hydraulic phenomena are evaluated using a more de-

tailed scale. The average values of a fuel channel modelled with lumped subchannels 

and heat structures can be insufficient for certain safety analysis. In these cases, is it 

possible to define the fuel assembly as an array of fuel coolant subchannels. Codes like 

COBRA-TF can provide models as the one depicted in Figure 2.10. 

 

Figure 2.10 Axial and radial nodal distribution for a fuel assembly modelled for COBRA-TF. 

Furthermore, the fuel thermo-mechanical behavior can be modelled in one single fuel 

rod. The behavior of the fuel pellet, gas gap and fuel cladding is predicted using codes 

such as FRAPTRAN. The fuel behavior codes can achieve a scale that includes the mod-

elling of the rod springs and lower and upper plena, a detail level impossible to consider 

in system codes. Figure 2.11 shows the model for this kind of codes. 
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Figure 2.11 Fuel rod model for the thermo-mechanical analysis for FRAPTRAN code. 

The multi-scale analysis for LWRs can be illustrated with four scales that can correspond 

to different simulation code types. This scale can be summarized in system scale, com-

ponent scale, meso-scale and micro-scale. 

- The models use different nodal distribution for adapting the scale level. These 

distributions can be in 0D, 1D, 3D or a combination of these ones. 

 

- Adaptation of the methodology: System, core, channel, subchannel, pin. The 

use of a technique that couples different scales is beyond the features of this 

thesis. 

 

- Adaptation of the methodology: System, core, channel, subchannel, pin. The 

use of a technique that couples different scales is beyond the features of this 

methodology. However, a more pragmatic view of the multi-scale analysis is 

applied in order to use smaller scale simulations. The methodology uses this 

multi-scale analysis to understand the basic phenomena by means of developing 

more physically based models or closure laws that may not be included in a 

macroscopic model. 

 

The other relevant feature of the methodology is the multi-physics capability for the 

transient analysis. This feature is necessary since there are different physics involved in 

the behavior of the NPP, and also these physics can interact between each other.  
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Accounting not only the different scales of the NPP but also the different physics as well 

as their interaction gives this methodology the capability of predicting BE results. 

It is the aim of the methodology to account the different physics that evaluate the phe-

nomena in the behavior of the NPP. The physics included in the methodology can be 

summarized as follows: 

- Neutron Kinetics, NK: The source of the generation of the power in the reactor 

comes from the interaction and movement of the neutrons in the fuel and the 

rest of the core. Neutron Transport (W. M. Stacey, 2018) and Neutron Diffusion 

(W. M. Stacey, 1972) theories are useful physics analyzing the evolution of the 

neutron density and where are produced the different interactions. Moreover, 

the interactions of the neutrons along the operation of the NPP cause the evolu-

tion of the different materials present in the core. This evolution is expressed in 

the dependency of the Cross Sections on the burnup, i.e. depending on the fuel 

cycle or burnup step of the reactor, the Cross Section Set of each cell in the 

simulated model may vary. These variations will affect, for instance, to the cap-

ture or fission rate of the neutrons and hence, to the power rate. The neutron 

diffusion theory uses the sets of cross sections for simulating the performance 

of the NK part of the model, e.g. a channel-by-channel core model. However, it 

is necessary to use the neutron transport theory to calculate the homogenized 

few energy groups diffusion cross sections that will be used by the correspond-

ing core simulator code. 

 

- Thermal-hydraulics, TH: This field of the physics combines the thermodynam-

ics, the fluid mechanics and the heat transfer in fluids and solids (Lahey & 

Moody, 1993). The result is the evaluation of the coolant in the performance of 

the core transient. This analysis focuses on the phase change and how this af-

fects to the evacuation of the heat generated by the nuclear fuel. 

 

- Thermo-mechanics, TM: The behavior of the fuel is evaluated with the thermo-

mechanics (Butkovich, 1997). This behavior analyzed regarding the evolution 

of the fuel cladding, the fuel pellet and the gap between them. This evolution 

depends on the heat exchange along the different parts of the fuel rod and the 

coolant. This field of the physics is significantly important for having an accu-

rate prediction of the surface of the fuel cladding. Moreover, other safety pa-

rameters can be studied from this branch of the proposed methodology like the 

oxidation of the cladding, the mechanic deformation and the hydrogen deposi-

tion. 

In addition, the Methodology accounts the interaction of different physics using the cou-

pled feature. Coupling different field codes is a usual technique for a BE analysis (Ivanov 

et al., 1999). It must be accounted that when a single physics code is used stand alone, 
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the other physics must be introduced as a boundary condition. Using the coupling feature 

gives a more realistic prediction since it removes the user effect of introducing a bound-

ary condition and enables the on-line treatment of the feedback effects between the phys-

ics. This methodology uses the coupled NK and Thermal-hydraulics for simulating tran-

sients at core level. Moreover, the limitations of TH at subchannel level from the surface 

of the cladding until the generation of power is complemented with the thermo-mechan-

ics of the corresponding fuel performance code and vice versa. The combination of 

thermo-mechanics and TH of the Methodology leads to realistic predictions in fuel safety 

analysis. 

Other fields can be included in the multi-physics analysis, but is beyond the scope of this 

thesis. For example, the CRUD deposition needs for the chemistry analysis of the differ-

ent chemical species included in these phenomena. 

Furthermore, there are different physical approaches for the different fields that are not 

accounted in the Methodology. The reason is that at the current point, the Methodology 

is focused on the available SOA tools, but other methods could be accounted for further 

work if the updating of the software used by the Methodology is necessary. These other 

approaches are the Stochastic Evaluation of the NK, such as Monte Carlo method, and 

the Computational Fluid Dynamics for the TH. 

2.8.State-of-the-art Codes. 

This section describes the main families of simulation codes used for the Safety Analysis. 

2.8.1. Neutron transport codes. 

The NK is the branch of the physics that analyzes the movement and interaction of the 

neutrons and the matter. The basis of this field is the transport theory of Boltzmann. 

The NK is used to define the behavior of the nuclear reactors and the beams of neutrons 

used in test facilities, the industry and the medical field. The main point of NK for this 

thesis work is headed to analyze the static and dynamic behavior of LWRs. 

The analytical tool for analyzing the core behavior is the diffusion equation, which is 

nothing more than an angular approximation to the Boltzmann equation. The use of the 

transport theory is not considered due to the high computational cost, whilst the diffusion 

theory provides results accurate enough in reactor cores that are relatively homogeneous, 

such as the LWRs. The derivation of the diffusion equation from the transport equation 

can be consulted in several references (Demazière, 2019). 

The time-dependent and multigroup of the diffusion equation is shown in Equation 2.15. 
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1

𝑣𝑔

𝑑𝛷𝑔(𝑟, 𝑡)

𝑑𝑡
= −𝛻𝐽𝑔(𝑟, 𝑡)

− (𝛴𝑎,𝑔(𝑟, 𝑡) + ∑ 𝛴𝑠,𝑔→𝑔′(𝑟, 𝑡)

𝐺

𝑔′=1 𝑔′≠𝑔 

) 𝛷𝑔(𝑟, 𝑡)

+ ∑ 𝛴𝑠,𝑔′→𝑔(𝑟, 𝑡)𝛷𝑔(𝑟, 𝑡)

𝐺

𝑔′=1 𝑔′≠𝑔 

+ 𝜒𝑔(𝑟, 𝑡) ((1 − 𝛽) ∑ 𝜈𝛴𝑓,𝑔′(𝑟, 𝑡)𝛷𝑔′(𝑟, 𝑡)

𝐺

𝑔′=1

+ ∑ 𝜆𝑘𝐶𝑘(𝑟, 𝑡)

𝐾

𝑘=1

)  

Equation 2.15 

 

In this equation, it is present the influence of the 𝑘 groups of precursors of delayed neu-

trons. Consequently, Equation 2.15 is complemented with Equation 2.16, which defines 

the concentration of the precursors group. 

 

𝑑𝐶𝑘(𝑟, 𝑡)

𝑑𝑡
= 𝛽𝑘 ∑ 𝜈𝛴𝑓,𝑔′(𝑟, 𝑡)𝛷𝑔′(𝑟, 𝑡)

𝐺

𝑔′=1

+ ∑ 𝜆𝑘𝐶𝑘(𝑟, 𝑡)

𝐾

𝑘=1

  Equation 2.16 

 

As observed, the neutron precursors concentration is dependent on the scalar flux, there-

fore, both Equation 2.15 and Equation 2.16 must be solved together. 

In addition, Equation 2.17 shows the current net 𝐽𝑔. This term can be calculated using 

the Fick’s Law shown in Equation 2.17. 
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𝐽𝑔
⃗⃗⃗⃗ (𝑟, 𝑡) = −𝐷𝑔(𝑟, 𝑡)�⃗⃗�𝛷𝑔(𝑟, 𝑡) Equation 2.17 

 

Where 𝐷𝑔 is the neutron diffusion constant of group 𝑔. 

The more relevant codes in this field of the physics are DYN-3D (Rohde et al., 2016), 

NESTLE (Turinsky, 1994), TRIVAC (Hébert, 1987), QUABOX (Langenbuch, 1984), 

PARCS (Downar et al., 2012), QPANDA (Smith, 1985) or VALKIN (Verdú et al., 

1993). This thesis work pays special attention to PARCS, initially developed in Purdue 

University, since it is the most relevant code for Safety Analysis. The development of 

PARCS code is funded by the USNRC in order to obtain a reliable code managing the 

neutron diffusion equation as a part of the safety evaluation of the core behavior. 

DYN-3D is a simulation tool for dynamic three-dimensional analysis of light water re-

actors. DYN-3D code was developed by Helmholtz-Zentrum Dresden-Rossendorf 

(HZDR) for the analysis of the soviet reactors type VVER and it is recommended by the 

IAEA for the analysis of such reactors. The code is modelled for simulating codes with 

the multigroup approach for both Cartesian and hexagonal geometries. 

NESTLE code is a project developed by North Carolina State University (NCSU), Idaho 

National Engineering and Environmental Laboratory, Los Alamos National Laboratories 

and Oak Ridge National Laboratory. This code is designed for solving the diffusion 

equation with the multigroup approach using the nodal expansion method (NEM) for 

steady state and transient cases. 

TRIVAC is a modular code developed by the Institut de Génie Énergétique of the Ecole 

Polytechnique of Montréal. This simulation tool allows the use of the finite element ap-

proach as well as the nodal methods for solving the 3D diffusion equation in cartesian 

and hexagonal geometries. 

QUABOX-CUBBOX system was developed by Gesellschaft für Anlagen und Reaktor 

Sicherheit (GRS). These tools provide a detailed analysis of the core behavior based on 

3D neutron diffusion codes for two energy groups. It is based on a coarse nodal mesh 

method that achieve a high precision for the radial node having the size of a fuel channel. 

VALKIN code can use modal methods in order to integrate the neutron diffusion equa-

tion with the two-energy group approach. The modal theory uses the assumption that 

neutron flux can be expanded in terms of its lambda modes. The lambda modes are as-

sociated to the static configuration of the reactor core. It applies time updating strategies 

for the transient simulations. Hence, it considers a quasi-static nodal modal method. 

2.8.2. Thermal-Hydraulic codes at System Level. 

The system codes are used for the analysis of the TH at plant level. To be more specific, 

the system codes are used to model the cooling system of the reactor core. The evolution 
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of the computer technology allows modelling in great detail the different mechanic sys-

tems of the plant and also the control systems. In addition, the research and development 

using benchmarks have improved the modelling of the thermal-hydraulic phenomena in 

these codes. Due to this, many system thermal-hydraulic codes can be considered BE, 

since they are capable of predicting realistic results. 

The TH is the field of the physics in charge of analyzing the behavior of moving fluids 

that are being heated or cooled. It considers also the phase change if applies. This field 

joins the physics principles of fluid mechanics, thermodynamics and heat transfer. 

Therefore, this field includes the transport equations of mass, momentum and energy. 

The Navier-Stokes equation handle the analysis of the movement of the fluid, that can 

be applied to fluids with constant density ρ and viscosity µ. The results are shown in 

Equation 2.18 and Equation 2.19. 

 

𝛻𝑣 = 0 Equation 2.18 

𝜌 (
𝜕𝑣

𝜕𝑡
+ 𝑣𝛻𝑣) = −𝛻𝑝 + 𝜌𝑔 + 𝜇∆𝑣 Equation 2.19 

 

At this point, it is necessary to add the first law of the thermodynamics, which considers 

that the change of the internal energy in a system equals the added heat to the system 

minus the work realized by the system. This will be introduced as an equation for the 

conservation of energy, shown in Equation 2.20. These three equations are the starting 

point of the analysis of the heated fluid mechanics (TH). 

 

𝜕𝑈

𝜕𝑡
=

𝜕𝑄

𝜕𝑡
−

𝜕𝑊

𝜕𝑡
                    Equation 2.20 

 

TH codes were designed for the engineered safety systems. Afterwards, The USNRC 

introduced in its Federal Regulation Codes the requirements for conservative assump-

tions in the simulation of transient scenarios. These requirements are summarized in the 

Appendix K to Part 50 of the CFR10 (USNRC, 2017). This documentation headed the 

codes to assume conservative assumptions in the input models and conservative bound-

ary and initial conditions in order to assure a conservative prediction regarding the ana-

lyzed safety variables. 

At the first stages of the development of the thermal-hydraulic codes, they used to use 

the Homogeneous Equilibrium Model (HEM), this model considers the fluid to be in 

thermodynamic equilibrium for the two phases and hence, only three balance equations 

are needed, i.e. mass, energy and momentum. Nonetheless, the thermal-hydraulic codes 
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have evolved to consider the two-phase flow, accounting the balance equations for both, 

having then at least, 6 balance equations. In addition, the balance equations need of the 

constitutive equations in order to obtain a system with the same number of equations and 

variables to solve. Whilst the HEM model only uses two constitutive equations being the 

heat transfer relations at the wall and the friction loss, the two-phase flow analysis uses 

at least 7 constitutive equations. 

It must be accounted that the proposed methodology uses two kinds of thermal-hydraulic 

codes: System and subchannel codes. There are significant facts that show certain dif-

ferences in the performance of both codes. 

The so called system or plant codes are able to model the relevant components of the 

primary and secondary cycles of a LWR. Usually these components are modelled in 1D 

and use empirical correlations to simulate their behavior. The components can be pumps, 

valves separators and pipelines and so forth. Nevertheless, these codes, e.g. TRACE, 

have the option to model 3D components such as the vessel, where the fuel channels are 

located. 

The system thermal-hydraulic codes started modelling the thermal-hydraulic behavior of 

the nuclear reactors. The development of computational technology and nuclear technol-

ogy have enhanced such codes to the point of being capable of modelling several com-

ponents with a significant level of accuracy. In addition, the different validation and ver-

ification procedures have contributed to develop system thermal-hydraulic codes able to 

predict realistic results. 

The USNRC has invested in the development of different licensing system codes such 

as TRAC-B (Miro et al., 2016), TRAC-P (Jenks & Martinez, 1988), RELAP5 (Schultz, 

2003) and RETRAN (Paulsen, 2014). Afterwards, the USNRC integrated the TRAC-B, 

TRAC-P and RELAP5 in the TRACE (Bajorek, 2011) code. On the other hand, the RE-

TRAN code evolved to RETRAN-3D and RELAP5 to RELAP5-3D and RELAP7. We 

can find a similar scenario in the European industry. FRAMATOME, the French Atomic 

Energy Commission (CEA), EDF and the French Nuclear Safety Institute (IRSN) devel-

oped CATHARE (Robert et al., 2003) for the PWR analysis. The ATHLET (GRS, 2019) 

code was developed by GRS. 

System codes usually model the plant components in 1D. Certain special components 

like the vessel can be modelled in primitive 3D meshes. TH codes allow this three-di-

mensional nodal distribution since models in 1-D usually introduce loss of information 

in the calculation. Therefore, 3-D modelling is an optimal nodal distribution for such 

components with complex flow behavior. 

TH codes use different features to simulate each of the physics that take place in the 

reactor during the simulated conditions. Hence, every system code has to account on the 

one hand a NK model and a heat transfer model. This is necessary in order to model the 

generation and transport of heat along the reactor core. Moreover, the code must have a 
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hydrodynamic model of the components in order to account the phenomena of the inner 

fluids. 

Therefore, regarding the need of using a NK model, the available options in TH codes 

usually are: Point Kinetics, NK in 1-D or NK in 3-D. The features of the hydrodynamic 

models are based on whether they use single- or two-phase flow. The TH codes will 

solve the conservation equations for mass, energy and momentum. 

TRACE is the System code in which the methodology of this thesis project is based. 

TRACE code implements TH models with balance equations for mass, energy and mo-

mentum for liquid and vapor phase. Regarding the NK, TRACE uses a Point Kinetics or 

a 1-D model and, in addition, can be coupled to a NK code for simulating the 3D neutron 

diffusion analysis. The TRACE code in its different versions has been provided in the 

framework of CAMP (Code Applications and Maintenance Program) in which the re-

search group participates. 

2.8.3. Thermal-Hydraulic codes at Subchannel Level. 

TH subchannel codes can be considered as a hybrid code of CFD codes and System 

codes. The spatial meshing methods are analog to the initial CFD codes that used struc-

tured 3-D meshes. These codes are focused on the behavior of the fuel assemblies, mod-

elling them in a subchannel mesh. Notice that the mesh cell can be whether the coolant 

volume enclosed by 4 fuel pins, or the coolant volume surrounding one fuel pin. The 

main advantage of these codes, in comparison to the CFD codes, is the calculation speed 

to solve the simulation problem. This advantage comes mainly from the fact that TH 

Subchannel codes do not account all the physics regarding turbulent mass flow, and that 

the two-phase flow models are adapted 1-D models. In addition, the approximation to 

the two-phase flow models is enough for simulating all the possible boiling regimes. 

A significant part of the TH Subchannel codes come from the same original code, CO-

BRA. COBRA (Avramova & Ivanov, 2015) was developed by Pacific Northwest Labor-

atories for the analysis of the coolant behavior in fuel rod arrays. Several TH Subchannel 

codes have been developed from this starting point. The most relevant are the 

WCOBRA-TRAC from Westinghouse, the COBRA-TF from NCSU, the F-COBRA-TF 

from AREVA and VOPRE, developed by EPRI. Moreover, the KIT has developed the 

SUBCHANFLOW code focused on the analysis of fuel assemblies of PWR. The work 

developed for this thesis used the CTF-UPVIS code, which is the COBRA-TF version 

of ISIRYM. 

2.8.4. Coupled Features: Thermal-Hydraulics and Neutron Kinetics. 

The target of coupling NK (NK) and Thermal-hydraulics (TH) is including the 3-D ki-

netics in in the TH code in order to give the corresponding feedback to the TH code 

derived from the NK code. It is widely demonstrated that coupled codes TH/NK are the 



Development and validation of a multi-scale and multi-physics methodology for the safety analysis of 

fast transients in Light Water Reactors  

 

52 

most appropriate for the simulation of asymmetric transients where the evolution of cou-

pled codes for simulating certain transient cases regarding the Design Basis in PWR, and 

mostly BWR. 

The presented thesis work is focused in the use of coupled models of TRACE/PARCS  

and CTF/PARCS (Abarca et al., 2016). For these cases, the coupling methodology is 

similar and therefore, the explanation will be referred only for the CTF/PARCS coupling 

scheme. 

The coupling scheme is known as time-dependent explicit since the NK and TH equa-

tions are not solved at the same step using the same scheme. Both codes will only ex-

change the necessary variable values to supply each other the boundary conditions for 

the corresponding time step. Each of the coupled codes solves its equation and the con-

vergence for both has to be assured at each time step. The control of the convergence is 

done by the coupling control advance scheme. 

2.8.5. Fuel performance codes. 

In general terms, the fuel behavior analysis is done in two steps: the steady state simula-

tion and the transient cases. The reason of this procedure comes traditionally from com-

putational limitations. However, many benchmarks use this procedure, undertaking 

steady state tests and transient tests. These experiments use a fuel rod coming from an 

operation period in a nuclear reactor, where it has achieved the target burnup after a 

quasi-stationary operation. 

This procedure usually has significant restrictions for the fuel relevant problems. This 

two-step-approach requires the coupling between both analyses. The coupling scheme 

can be difficult and add an extra of uncertainty depending on the compatibility of both 

codes. Nevertheless, besides these limitations, the experiences with these codes showed 

that it is difficult to implement in a unique code a single model structure that is able to 

manage both transient and steady state simulations. This is caused by the different fea-

tures of the used models and the equations to be solved. 

The USNRC has two reference codes that currently maintains: FRAPCON (Geelhood, 

Luscher, & Beyer, 2011) and FRAPTRAN (Geelhood, Luscher, Beyer, et al., 2011). 

FRAPCON is used for the fuel analysis in steady-state and FRAPTRAN for the transient 

analysis. 

The suite FRAPCON/FRAPTRAN allows using the results of FRAPCON as initial con-

ditions to simulate a case with a known burnup in FRAPTRAN. 

In a similar way, EPRI has developed two codes: ESCORE and FREY for the steady-

state and transient calculations respectively. The ESCORE code is focused in the core 

loading for quasi-stationary cases, based on finite differences. ESCORE is licensed by 

the USNRC and uses average burnups until 50 GWd/MTU. On the other hand, FREY is 

focused on the thermo-mechanical analysis of the fuel behavior in transient cases. FREY 
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is based on finite elements. As it happens for the suite FRAPCON/FRAPTRAN, 

ESCORE can pass the initial conditions of a certain achieved burnup to FREY.  

During the last years, the evolution of the fuel assemblies design and the increase in the 

use of the fuel assemblies themselves (reflected in higher burnups) has revealed a neces-

sity of a reliable analysis capability of the transient and steady-state simulations. Due to 

this, it is a target for the fuel behavior code developers to design an integrated code in-

cluding the steady-state and transient analysis. Therefore, EPRI works currently in the 

development and maintenance of FALCON, a fuel behavior analysis code including tran-

sient and steady-state analysis. 

On the other hand, Idaho National Laboratory develops the application of finite elements 

to different fuel models in the advanced fuel behavior analysis code BISON. This code 

solves the thermo-mechanics and species diffusion equations in 1-D, 2-D and 3-D prob-

lems. Moreover, BISON is included in the MOOSE platform, which allows solving ef-

ficiently problems with high computational requirements. BISON includes high detailed 

models to describe the thermal properties depending on temperature and burnup, on de-

formation and cladding expansion, on fission products and so on. Consequently, it can 

be said that current code developments are focused in more complete analysis capabili-

ties. 

Among the different codes presented regarding the thermo-mechanical analysis of the 

fuel behavior, this thesis work is focused in the suite FRAPCON/FRAPTRAN. These 

codes are supported by the USNRC and are used currently for licensing and fuel reload 

in NPPs. These codes include models for the heat transfer through the fuel pellet and the 

cladding, models for the plastic and elastic deformation, models for the Pellet-Cladding 

Interaction (PCI), Fission Gas Release (FGR) models and so on. In addition, FRAP-

CON/FRAPTRAN count on material properties libraries for the fuel structural materials 

and coolant. 

2.8.6. Sensitivity and Uncertainty codes. 

Performing an Uncertainty and Sensitivity Analysis requires the application of three 

main features: Sampling according the provided input uncertainty, statistical analysis for 

the propagation of the uncertainty from input to output variables and sensitivity analysis 

of the correlation between the variations in the input and the output variables. There are 

currently solid developed tools that are able to realize such features. One of the most 

extended toolkits is DAKOTA, from Sandia National Laboratories.  

These tools present different options for random sampling, i.e. provide a sample of a 

predefined size in which each member of the sample varies from another varying the 

selected input data. Tools like DAKOTA use the Probability Density Functions of the 

selected input variables provided by the user, and generates samples according to them. 

The user is able to selected different sampling techniques of the state-of-the-art like the 

Simple Sampling or the Latin Hypercube (LHC). By means of statistical analysis, these 

tools can give as result the mean value, standard deviation, skewness and so forth. In 
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addition, tools like DAKOTA provide the user with the option of applying different cor-

relation coefficients like Pearsons or Spearman, or even different sensitivity analysis 

tools like the Sobol indexes. The use of such toolkits allow an efficient and complete 

analysis that is essential for a Best Estimate Plus Uncertainty analysis. 

 

 



 

Chapter 3  

Description of the 

methodology 

 

At the early stages of the deterministic safety analysis, the way to approach the evalua-

tion of the acceptance criteria was made with rigorously conservative simulation 

schemes. These schemes where applied to simulate the Anticipated Operational Occur-

rences (AOO) and the Design Basis Accidents (DBA). The reasons of such conservative 

measures were no other than the computational cost of modelling components and so 

forth, and the difficulty of modelling the complicated physics governing the behavior of 

the core. Nevertheless, the advances in computational tools and the buildup of experi-

mental data led to a further approach, i.e. the BE approach. 

The scope of this thesis work includes the evaluation of the safety variables according to 

the corresponding Regulatory Organization by simulating the proposed transient sce-

nario that may lead to AOOs and DBAs, as well as transient cases that take place in 

normal operation such as the shutdown of the NPP. The rest of the possible scenarios are 

beyond the scope of this work.  

Nowadays, the Deterministic Safety Assessment is moving to assume the BE approach 

quantifying the uncertainties versus the Conservative approaches. The reasons can be 

summarized as follows. 

1. The BE approach calculates more realistic results regarding the plant behavior. 

Moreover, this approach gives support to identify the relevant safety parameters 

as well as allowing a realistic comparison with the acceptance criteria. 

2. It is possible that conservative approaches lead to unrealistic timescales or that 

it excludes certain physics phenomena. 
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3. The use of any conservative approach usually does not define the real margins 

of acceptance criteria. Operational Flexibility (Ponciroli et al., 2017) for in-

stance could use of a BE approach for accounting real margins. 

4. For the safety analysis of AOOs, a BE approach plus the corresponding quanti-

fication of the uncertainties can avoid the use of restrictive limits and set points. 

This fact leads to provide Operational Flexibility and will reduce an unnecessary 

use of SCRAMs. 

Table 3.1 summarizes the possible occurrences according to different parameters accord-

ing to the Safety Standards of the IAEA. 

Table 3.1 Classification of occurrences in a NPP. 

Occurrence 

(1/reactor·year) 

Characteristics Plant 

State 

Terminology Acceptance 

criteria 

1.0 – 0.01 (Ex-

pected over the 

lifetime of the 

plant) 

Expected AOOs Anticipated tran-

sients, frequent 

faults, incidents 

of moderate fre-

quency, upset 

conditions, abnor-

mal conditions 

No addi-

tional fuel 

damage 

0.01 – 0.0001 

(chance greater 

than 1% over the 

lifetime of the 

plant 

Possible DBAs Infrequent inci-

dents of moderate 

frequency, limit-

ing faults, emer-

gency conditions 

Not radio-

logical con-

sequence at 

all or no ra-

diological 

impact out-

side the ex-

clusion area 

0.0001 – 

0.000001 

(Chance less than 

1% over the life-

time of the plant) 

Unlikely Beyond 

DBAs 

Faulted condi-

tions 

Radiological 

consequence 

outside the 

exclusion 

area within 

limits 

< 0.000001 (very 

unlikely to occur) 

Remote Severe ac-

cidents 

Faulted condi-

tions 

Emergency 

response 

needed 

 



Chapter 3. Description of the proposed methodology 

 

57 

From the early days until the present time, there have been developed different method-

ologies established by the International Atomic Energy Agency (IAEA) that have been 

adopted by the Nuclear Authorities from every state. Table 3.2 shows the 4 options de-

veloped at the moment. These options are valid for proving that the NPP is able to man-

age the safety operation after the event meeting the acceptance criteria. The more ad-

vance option is option 4, which includes realistic analysis combined with the 

Probabilistic Safety Analysis. However, this option is no used widely nowadays. 

Table 3.2 Options for the different combinations regarding the code accuracy and the accuracy 

of initial conditions. 

Option Computer code Availability of 

systems 

initial and 

boundary condi-

tions 

1. Conservative Conservative Conservative as-

sumptions 

Conservative in-

put data 

2. Combined BE Conservative as-

sumptions 

Conservative in-

put data 

3. BE BE Conservative as-

sumptions 

Realistic plus 

Uncertainty 

4. Risk informed BE Derived from 

Probabilistic 

Safety Analysis 

Realistic input 

data plus uncer-

tainty 

 

The proposed methodology focuses in the third option. That means that it will consider 

BE codes, conservative assumptions for the availability of systems and realistic input 

data with the corresponding uncertainty. 

As chapter 1 explains, BE codes make use of all the possible physics that are involved 

in the core behavior. Moreover, these codes use the corresponding feedback of the dif-

ferent fields of the physics by means of the use of coupling schemes. Therefore, the result 

derives in the most realistic predictions of the safety variables. Furthermore, these results 

are enhanced using realistic input data, and consequently, the uncertainty must be ac-

counted, in order to give the Confidence Interval of the predicted safety variable. This is 

done due to the fact that such realistic assumptions in the simulation procedures reduce 

the margin between the predicted safety variable to the corresponding safety limit, and 

hence (see Figure 2.5), it is necessary to predict the statistical boundaries according to 

certain statistical criteria, in order to check if those limits overpass the safety limits. In 

general terms, the statistical criterion proposed by the Regulatory Bodies is the 95/95 

criterion, i.e. that the Confidence Interval of 95% is meet by the 95% of the sample. 
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The conservative approach was defined in the early stages of the safety analyses. Ac-

cording to the capabilities of the computational tools at that time, the uncertainties of the 

model and simulation where assured by specifying the most unfavorable conditions in 

regards of the acceptance criteria of the analyzed event. 

According to Table 3.2, both options 1 and 2 are considered conservative approaches. 

The current conservative approach both initial and boundary conditions, as well as sim-

ulation models are defined conservatively. The assumption of such unfavorable condi-

tions has proven that the predicted safety parameters are within the safety limits and 

ensures as well, that any other transient of the category will not exceed the acceptance 

criteria. 

3.1. Advantages of the BE approach. 

The causes of the introduction in safety analysis of BE approaches can be summarized 

in two parts: on the one hand the advance in core physics, its increase in knowledge and 

the buildup of experimental and operational data and experience. On the other hand, the 

development of the computer technology, that allows finer characterization of the real 

designs and large amounts of calculations. These facts yield in more accurate predictions 

of variables, that meet the experimental results satisfactorily. In the proposed methodol-

ogy, the user can apply conservative assumptions depending on the selected boundary 

conditions, the simulation tools and scale analysis. However, according to the SOA of 

the Safety Analysis, it has been a priority to adapt this methodology to the BE simulation 

tools as well as the feature of accounting the flexibility of the analysis that allows varying 

the scale and the physics used. It will be on the hands of the user to define and apply the 

corresponding strategy for this methodology in the target scenarios to be analyzed. 

In addition, the conservative approaches showed issues and even contradictions regard-

ing safety analysis. These aspects can be described with a couple of examples. A more 

conservative approach will consider the uncertainty of the thermal core power. This 

means usually a higher thermal power than the nominal. According to this, a higher 

steam generation has to be assumed. The overestimation of the core power yields larger 

amounts of steam-water mixture generated in the core. The amount of steam can influ-

ence in a slower depressurization ratio in case of a postulated small break in the steam 

line. Such slow depressurization will prevent a faster deterioration of the heat removal 

capacity of the fuel rods. Therefore, the prediction of the safety variable of the Peak 

Cladding Temperature (PCT) may not be conservative. Another example can be showed 

by accounting a reduced interfacial shear between steam and water that leads to higher 

cladding temperatures in the upper part of the core. Nevertheless, the conservative ap-

proach in this aspect yields an optimistic estimate for the refilling and reflooding time 

since it will seem that there is more water in the primary loop that actually is. 
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For this reason, a BE approach is needed, due to the fact that it could prove that some 

safety issues can be masked by the conservative assumptions. Hence, even in a conserva-

tive approach for licensing, it is necessary to ensure safety by using a BE approach. 

Therefore, the deficiencies of a conservative approach are solved by an approach that 

uses BE codes and accounts the uncertainties attached to the model and lack of 

knowledge of the parameters of design and boundary conditions. This approach is known 

as BE Plus Uncertainty (BEPU) (Vedovi et al., 2012). The main advantages of this 

method are as follows: 

a. It identifies and locates the most important safety issues. 

b. This approach yields more realistic predictions of the physical behavior of the 

core. 

c. Provides data of the existing margins between the predicted safety variables and 

the acceptance criteria. 

The BE approach needs of simulation tools that account all the physics governing the 

behavior of the modelled component of the reactor. This comes along with gathering 

enough information that assures that all the relevant phenomena are taken into account 

in the model, or that their effects are bounded. 

The fact is that when the BE code predicts safety variables close to the safety margins of 

the acceptance criteria, the uncertainties must be bounded to the analysis. It must be 

accounted that the combined action of realistic assumptions in the boundary and initial 

conditions plus the use of accurate and realistic computer tools must be complemented 

by the uncertainty for the assumed plant conditions and the code models. The purpose is 

that the predicted results do not trespass the safety limits. Usually, regulatory guidelines 

of the corresponding Nuclear Authority propose that the predicted results will not exceed 

the safety limits with a probability equal or greater than the 95%. This requirement comes 

from the fact that it is not possible to assure the 100% of probability, and that the 95% is 

a common and conventional value standardized in several regulatory practices, that 

counts on large experience. 

According to the different Regulatory Guidelines, it is normal to observe that the 95% 

probability of the simulated cases must fall in a confidence interval of the 95%, which is 

the 2-sigma criterion. 

In BEPU methodologies, it is highly recommended to use the Phenomenon Identification 

and Ranking Table (PIRT). This is a way to account the experts’ criteria that, throughout 

experience, have evaluated and ranked the relevancy of different phenomena according 

to the postulated event to be analyzed. In this process for the quantification of the uncer-

tainty, a sufficiently large sample of cases must be simulated, where the relevant input 

variables for the uncertainty of the safety output variable are varied according to their 

statistical distribution. 
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Another main feature of the BEPU approach is the use of the so called BE codes. For BE 

codes it is important to have a sufficient experimental data or operational data in order 

to validate the capabilities and their levels of qualification. The assessment of the capac-

ity of the BE code to predict reliable values is done by comparing the predicted results 

against real data. The more extensive the assessment is the more confidence the code 

will have. Furthermore, Nuclear Authorities like USNRC, detail the procedure to assure 

the Quality Assurance of a simulation code (Odar, 2000). This documentation sets dif-

ferent steps to certify the simulation tool with the corresponding quality standards in a 

procedure that includes third party source code review, the requirement of documenting 

the code description, its physics and the user manuals, the validation of the modelled 

physic phenomena against benchmark data, the validation against NPP operation data 

and the verification against validated codes. 

The codes for BE analysis are classified as follows: 

a. System Thermal-Hydraulic codes: As commented in the state-of-the-art subsec-

tion, system Thermal-Hydraulics codes make reference to those computational 

tools able of modelling different plant components, even separately. 

 

b. Core physics codes: Core physics simulation tools are focused in the calculation 

of the neutron flux, the criticality of the core, fuel management and core follow-

ing and power distributions. 

 

c. Component specific or phenomenon specific codes: Component or phenomenon 

specific codes are specialized in the analysis, whether in steady state or transi-

ent, of specific components such as the core, the fuel rod and so on. On the other 

hand, these codes are also focused in the specific phenomena regarding safety, 

i.e. analyzing parameters such as critical heat flux, pressure propagation and 

many others. 

 

d. Computational fluid codes or similar: Computational Fluid Dynamics (CFD) 

simulation tools are in charge of solving the mass, energy and momentum bal-

ance equations of the fluid and/or species in a high level of detail. At the mo-

ment, CFD codes are used for multicomponent analysis in single-phase fluids, 

whilst the evaluation of two-phase fluids is still in development phase. There-

fore, there are other codes that can model the thermal-hydraulics in pseudo-3D 

accounting two-phase flow. 

 

e. Coupling of the different codes, coupled codes: the coupling of different codes 

is done to take advantage of the feedback phenomena in the physics that is pre-

sent in the core behavior. This is done by designing a coupling scheme between 

codes of different physics. The most usual coupled codes are the combination 

of Neutron Kinetics and Thermal-Hydraulics, and the Thermal-Hydraulics with 

Fuel behavior codes. 
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All these computational tools provide realistic results, in comparison with the conserva-

tive approach, that in certain cases the variable predicted can be close to the acceptance 

criteria (see Figure 2.5). For that reason, the predicted results must be complemented 

with the corresponding sensitive and uncertainty analysis. On the one hand, the sensitiv-

ity analysis sets the statistical correlation between the selected input variables assumed 

to influence on the uncertainty of the target output variable. Through this analysis it can 

be elucidated which input variables have more influence in the uncertainty of the target 

output variable. On the other hand, an uncertainty quantification is the way to account 

the uncertainty associated to relevant parameters, such as measures, initial and boundary 

conditions, plant data and so forth. The way of combining the input uncertainties through 

their probability density function is the way to account the overall uncertainty.  

Therefore, two kinds of uncertainties must be described and treated separately. The first 

one is the epistemic uncertainty. This uncertainty derives from the lack of knowledge or 

the incomplete data. Parameters related to this type of uncertainty have a definite but not 

accurate known value. However, this type of uncertainty accounts also the simplifica-

tions assumed for modelling certain aspects. The epistemic uncertainty is defined with 

deterministic and also probabilistic models accounting the sensitivity analysis. Through 

these computational procedures it is possible to quantify the principal sources of uncer-

tainty. 

On the other hand, aleatory uncertainty wraps the random behavior of the system and its 

parts, as well as the related parameters of the plant operation. This type of uncertainty is 

evaluated from the probabilistic safety assessment in order to quantify the event occur-

rence of a system failure coming, for instance from the random failure of any safety 

function. Therefore, it is a way to quantify probabilistically the reliability of the system. 

This manner to complement the predictions of the safety variable during the safety eval-

uation of the plant behavior is addressed in the BEPU approach. Compared to the differ-

ent conservative approaches, the BEPU approach is applied to provide safety analysis 

with more realistic assumptions and conditions that allow a reduction of the safety mar-

gins within the guidelines of the Nuclear Regulatory (see section 2.5.2). 

3.2. Relevant steps of a BE simulation methodology. 

The nature of a NPP, as well as the reactor core, is a multi-scale nature. This feature is 

due to the fact of the heterogeneity of such system. This heterogeneity is related to dif-

ferent scales where different phenomena take place. The NPP is made of different com-

ponents such as pipes, pumps, valves and the core. The core is made of fuel assemblies 

and each fuel assembly is made of fuel rods containing the fuel pellets inside the fuel 

cladding. 
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A local perturbation can affect the behavior of the reactor core and vice versa, therefore 

it is necessary to account every scale to evaluate properly the global effects of the core 

behavior in the corresponding macro, meso or micro-scale. In addition, it is necessary to 

account that many safety variables are evaluated locally, like the BE and also, different 

physical behavior must be evaluated at the corresponding scale. Moreover, the evalua-

tion of such local phenomena would be imprecise or would result in an averaged value 

when not used the corresponding level of detail in the scale of analysis. 

For instance, as an example, the safety variable Critical Heat Flux depends on the actual 

heat flux provided divided by the heat flux that would cause rod damage, according to 

the power being generated and the flow regime and heat removal capacity. Using a coarse 

channel-by-channel mesh for the core nodal distribution will provided an averaged value 

of the CHF. However, if the conditions of the transient affecting the channel are applied 

in a pin-by-pin model, it will be possible to track the critical fuel pin where the minimum 

CHF is located, and even the axial position. 

Furthermore, it will yield in more accurate results if the applied physics for the critical 

channel designed in a pin-by-pin model is done by means of a pseudo-3D thermal-hy-

draulic code that accounts the two-phase flow with three fields, i.e. liquid, steam and 

droplets, than a code that is defined only in 1D for two-phase flow. Consequently, a 

multi-physics and multi-scale methodology will consider different scales and different 

physics, as Figure 3.1 shows, to take advantage of the computational power with a con-

sensus with the required detail level and necessary physics. 

 

Figure 3.1 Diagram of the multi-scale feature of the proposed methodology. 
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Moreover, the use of different physics includes the combination and coupling of the core 

physics when it applies. These means for example, that the interaction between the ther-

mal-hydraulics and the neutron kinetics is accounted for system and core simulations, 

and that the interaction between thermal-hydraulics and thermo-mechanics is considered 

regarding the fuel behavior. 

The methodology proposed in this thesis work applies the corresponding physics or cou-

pled physics at the corresponding scale level in different steps, using the information 

generated in one step to simulate the transient in a higher level of detail with the corre-

sponding physics. 

This methodology uses the different state-of-the-art tools, which can be used for different 

purposes in the engineering department of the NPP and combines them adding value to 

their regular use by turning them into an efficient safety-oriented methodology for tran-

sient behavior in the NPP. Further subsections will explain the details of the proposed 

methodology. 

The presented methodology was designed to be used whether step-by-step or modular 

wise. On the one hand, the step-by-step mode goes through the different steps needed 

for the analysis of the target safety variable. 

First of all, it is necessary to identify the transient case to be evaluated and select which 

will be the safety variable to track along the different steps of the methodology. 

1. The initial step is applied to generate the 3D cross-section libraries. The purpose 

is providing for the next step the Cross Section sets for each node of the 3D core 

physics code. The Cross-section libraries will provide different sets of cross sec-

tions for a range of State Variables, whether Temperature of Fuel, Density of 

Coolant, Control Rod Insertion and Boron Concentration. The effects of the his-

torical values regarding the core burnup level also are accounted for the Tem-

perature of Fuel, Density of Coolant and Control Rod insertion, as well as the 

exposure. For completing this procedure, it is necessary to use a Transport Lat-

tice code. Usually, these codes are used for defining the fuel lattices and solving 

the transport equation for the depletion of the fuel lattice in a multi-group 

scheme. This is done in order to provide homogenized and few-group collapsed 

cross section data that usually is managed by a suite of Transport Code / Cou-

pled thermal-hydraulics and neutron kinetics. Some examples of these suites are 

CASMO/SIMULATE (Pusa & Isotalo, 2017) and HELIOS/PRESTO (Giust et 

al., 2010). The corresponding interface application manages the output of the 

transport lattice code and provides the cross-section data in the corresponding 

format to be read by the 3D Neutron Diffusion code. A code-to-code verification 

prior to proceed to the first step is advisable, in order to assure the correct data 

flow via the verified results. 
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2. The second step uses a TH system model of the plant and its main controllers, 

signal variables and components of the primary and turbine. The system model 

includes a vessel with the different components including the fuel channels. The 

fuel channels of the core can be lumped in order to save computational resources 

and giving the needed accuracy. The vessel of the system model is coupled to a 

channel-by-channel core modelled for a 3D nodal NK code solving the neutron 

diffusion equation in two groups. This NK core model is fed by the 3D Cross-

section libraries from the previous step. Notice that the range of State Variables 

corresponds to the possible values of Temperature of Fuel and Density of Cool-

ant that can be reached during the transient case. 

 

3. The third step goes to the analysis of a TH core model designed channel-by-

channel with a TH subchannel code. Once again, this TH core model is coupled 

to the 3D NK code with the corresponding Cross-section libraries. The previous 

step provides the boundary conditions of the core that will be simulated channel-

by-channel. This time, using this scale level is it possible to track the critical 

fuel channel according to the selected safety variable. 

 

4. The fourth step uses the boundary conditions of the channel-by-channel coupled 

simulation. The conditions of the critical fuel channel are loaded in the corre-

sponding TH model designed in a subchannel code pin-by-pin, including the 

water rods, the partial length rods that it may have or the guide tubes. This step 

in a detailed scale level is used to locate the critical fuel rod according to the 

local phenomena that the boundary conditions from the previous step. 

 

5. Lastly, the boundary conditions of the critical fuel rod are loaded in a single rod 

model designed for a fuel behavior code. This step includes the detailed thermo-

mechanics for the fuel pellet, gas gap and cladding of the fuel rod, therefore it 

is possible to account more phenomena at pin level providing the exact location 

in the rod of the critical axial node. 

 

6. The results of the last step are complemented with an Uncertainty and Sensitiv-

ity Analysis. The user of the proposed methodology, as an expert must decide  

supported by the scientific literature, which parameters are of relevancy regard-

ing the uncertainty of the target output variable. The uncertainty of the selected 

input parameters is introduced by generating a set of input samples where the 

input parameters are varied according to their probability density function. The 

result is a probability distribution of the output variable, in which a statistical 

criterion is applied in order to set the probability of the sample to be inside the 

defined Confidence Interval. 

On the other hand, it is possible to use different steps as a stand-alone module, if the 

boundary conditions are provided. This can be applied to evaluate the fuel behavior of 



Chapter 3. Description of the proposed methodology 

 

65 

the fuel channel designed pin-by-pin, in order to elucidate possible event both transients 

and even in steady-state. 

One important feature of this methodology is to account with a library of several input 

and complement data for modelling the target scenarios. First and foremost, it is im-

portant to have the availability of cross-section libraries for each burnup step of every 

fuel cycle from the NPP where this methodology is going to be applied. Therefore, as a 

parallel work to the application of the methodology, it is necessary that the cross-section 

libraries are generated and available. In that way, to apply the methodology, it will only 

be necessary to load the corresponding cross-section libraries. 

Secondly, it is possible to have the different core configuration for the subchannel code, 

if the detailed subchannel fuel models are available. This means that on the one hand, it 

is necessary to have a full database of the different fuel assemblies modelled in detailed 

pin-by-pin scale that have been part of the core in the corresponding fuel cycles during 

the lifetime of the NPP. This database will be updated if necessary, for each new fuel 

cycle. Therefore, this is another parallel work to be undertaken in the application of the 

methodology. On the other hand, it is possible to generate the channel-by-channel fuel 

core model by lumping the geometric parameters of the fuel subchannel models and 

composing the core according to the fuel map. Figure 3.2 shows schematically how the 

different fuel assemblies are modelled pin-by-pin. The corresponding subchannel ther-

mal-hydraulic parameters are averaged in a lumped fuel channel that is defined in the 

corresponding core channel-by-channel model. CTF-UPVIS code needs the wetted pe-

rimeter and flow area of the subchannel to undertake the cell calculations. By means of 

a MATLAB-based programmed application, the equivalent geometrical parameters are 

averaged to turn the pin-by-pin geometry of the fuel assembly model, to a lumped chan-

nel in the core model. 
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Figure 3.2 Diagram of the composition of the channel-by-channel core from the pin-by-pin fuel 

models. 

The management of the data flow from one step to another, has been automatized by 

means of MATLAB©, Linux bash scripts and FORTRAN based applications. The pur-

pose of this feature of the methodology is not only having an easy procedure to obtain 

the necessary safety evaluation but avoiding the user interference. The different inter-

faces in between the different steps of the proposed methodology are in charge of: 

1. Tracking the critical component (fuel channel, fuel rod, etc.). 

 

2. Retrieving the boundary conditions during such critical element during the sim-

ulated transient scenario. 

 

Post-process the retrieved data and load the boundary conditions in the model of the next 

step with the corresponding output. 

3.3. Features of the methodology and the selected simulation tools. 

The different steps of the methodology have been described (see section 2.3). This sub-

section will go in detail of each step describing the specific procedure and its value ad-

dressed to the presented methodology. 

3.3.1. Generation of cross-section libraries. 
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Diffusion codes are used in Safety Analysis as an approach to the Neutron Kinetics of 

the reactor core. Core simulators predict the neutron population behavior in the core and 

are usually coupled to thermal-hydraulic codes to account the feedback between the NK 

and TH in fast transients or during the fuel cycle calculation in a BE approach. It is of 

the state-of-the-art to provide these codes with Cross-Section Libraries that contain the 

cross-section sets for each core region defined in the simulation model. Most of the core 

simulators solve the diffusion equation in 2 energy groups. In addition, the geometrical 

characteristics and materials of the different fuel assemblies constituting the core are 

“blended” in the calculation nodes. Figure 3.3 and Figure 3.4 show the data flow diagram 

from the initial cross-section data to the final use in the core simulator code and a sche-

matic representation respectively. 

 

Figure 3.3 Data flow of the cross-section data. 

According to Figure 3.3, transport lattice codes use the ENDF (Kahler et al., 2011) mi-

croscopic cross-section data in built-in libraries. These codes solve the transport equation 

in 2D detailed lattices working with several energy groups. One of the features of 

transport codes is that they are able to generate cross-section data libraries suitable for 

core simulator codes, which solve the Neutron Diffusion equation in averaged 3D cells. 

The action of obtaining an equivalent approach of the cross-section from several energy 

groups to 2 groups is called collapsing. The action averaging the effect of cross-section 

weighted according to their geometrical design and material composition is called ho-

mogenization. Figure 3.4 shows schematically how the fuel assembly is modelled in 2D 

lattices with high level of detail (1). The information in regard of cross-section is col-

lapsed and homogenized to be assigned to different fuel regions (2), that will be adapted 
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to the axial nodal distribution of the model. The different regions will form the 3D model 

for simulating the core. This simulation, as commented, can be coupled with a TH system 

code. 

 

Figure 3.4 Graphical representation of the calculation spaces. 

A cross-section set must be understood as the set of the main Macroscopic Cross-Sec-

tions (Absorption, Fission, Scattering, Diffusion Coefficients and so forth) for each of 

the considered core regions. The core regions correspond to each 3D node or node 

groups that simulate a homogeneous composition of materials and geometry, in which 

the assigned cross-section set is valid. For instance, according to geometry, a Reactor 

Core can be modelled as a 3D nodal space where each fuel assembly design corresponds 

to a homogeneous core region. Moreover, a more detailed model would include regions 

for different homogeneous parts of the same fuel assembly type. On the other hand, fuel 

assemblies of the same design but with different fuel rod composition like Gd rods, can 

also constitute different core regions. This would be generating core regions depending 

on materials. 

The cross-section sets of each defined core regions are provided for a range of TH States, 

Control Rod types and Burnup. TH States include different ranges of Fuel Temperature, 

Coolant Density and so on. The purpose of these ranges is to cover a spectrum of possible 

operation points in which the NK can be solve for each core region during a simulation. 

Moreover, the effect of a rod insertion in a calculation cell is retrieved by modifying the 

cross-section set of the region according to the composition of the corresponding control 

rod, which is stored in the library. Furthermore, the variation of the nuclear composition 

with the cycle exposure is accounted for each predefined burnup steps. Accounting the 
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burnup allows to introduce the effect of the burnup in the cross-section data. For instance, 

the absorption cross-section of the homogenized fuel pellet, does not have the same value 

for fresh fuel than for a fuel used during 2 cycles. By accounting the burnup one can 

adapt the needed cross-section data to the burnup step of the simulation case. Finally, 

accounting the different burnup in the homogenized material is useful to account the so 

called historical effects in the cross-section. For example, the material of the fuel assem-

bly will have a different fission cross-section if it has been burned at low coolant density, 

i.e. at the upper location of the fuel assembly, instead of at the bottom nodes. Top nodes 

with low density endure less fissions due to moderation effect than bottom nodes with 

low or no void fraction (high density of coolant). Therefore, the isotopic composition 

after a fuel cycle will be different among nodes that had more or less fissions. The result 

will be nodes with different cross-sections for fission. This reasoning can be extended to 

every cross-section type and its dependence on thermal-hydraulic variables, exposure 

(burnup) or control rod effect. 

With Cross-Section Libraries, Core Simulators can solve the Diffusion equation for a 

wide range of steady-states, e.g. Beginning of Cycle (BOC), Cold Zero Power or differ-

ent Control Rod configurations cases. Furthermore, Core Simulators allowing coupled 

transient calculations can use the cross-section sets corresponding to the varying ther-

mal-hydraulic variables requested each calculation step of the simulation. 

As explained, these Cross-Section Libraries provide a discrete range of values as a func-

tion of different TH and NK variables. Nevertheless, the calculation procedures usually 

use fine time step distributions for solving the TH and NK equations. This fact brings 

about the need to interpolate. Interpolating values of cross-section is a very sensible task 

due to the non-linear behavior of these variables. The work developed in this thesis has 

used different approaches that have shown interesting results, as summarized in Chapter 

3. Two standard methods are used currently in regards of interpolating cross-section data, 

which in last term, defines the required code features in Neutron Diffusion simulations. 

Further development is given in this subsection. 

The proposed methodology takes advantage of one initial step for generating 3D Cross-

Section Libraries. In this step, the sets of Macroscopic Cross-Sections for the different 

segments modelled in the core are generated in the corresponding format for the used 3D 

Neutron Diffusion code. 

Using this multi-dimensional matrix of combinations between the selected variables, i.e. 

Temperature of Fuel, Density of Coolant, Control Rod insertion and so on, allows the 

3D Neutron Diffusion code to use the Cross Section data that fits with the thermal-hy-

draulic state of the node. 

This formatted information must account the needs of the 3D neutron diffusion code and 

the format of the output files of the corresponding lattice code that is being used as source 

for generating the homogenized and collapsed in two group cross section data. For that 

purpose, different interfaces have been tested in the methodology presented in this thesis. 
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The use of 3D Cross-Section Libraries comes from the necessity of modelling the cou-

pled behavior of the core regarding the TH and the NK. It is known that the transient 

behavior of the core can have very strong asymmetries depending on the postulated sce-

nario in the Safety Analysis. For that reason, it is a BE tool to account this behavior by 

acknowledging the 3D simulation of the effect in the cross sections and the thermal-

hydraulics. With the use of other approaches, as the 1D Neutron Kinetics or Point Kinet-

ics, the core would be simulated as a uniform element, and the local effects caused by 

the asymmetric behavior would be neglected. With a 3D NK distribution, it is possible 

to account the feedback in transient cases such as Control Rod Accidents. In such events, 

a control rod is rapidly withdrawn causing a local reactivity peak. For these cases, the 

use of Cross-Section Libraries in coupled 3D TH/NK give a BE approach. 

The work developed for this thesis has accounted two different ways to obtain Cross-

Section Libraries. Both methods are extended and used in the SOA of the BE simula-

tions. These two methods are the use of Tabulated Cross-Section Libraries and the use 

of functional derivatives. The former uses the raw values of the corresponding macro-

scopic cross sections whilst the latter uses only a reference set of Cross-Sections where 

the effect of the change of TH variables is lineally added to the reference value. 

There are currently two extended methods to generate Cross-Section Libraries that cover 

the necessary range of thermal-hydraulic variables governing the behavior of the core 

during the simulated transient. These two methods are the parametrized libraries of cross-

section data and the multidimensional tabulated ones (Ferroukhi et al., 2009). 

The conventional form of generating cross-section libraries for diffusion codes is the 

multidimensional tabulated scheme. The user defines a mesh that covers the range of 

state variables, fuel temperature, coolant density and control rod insertion. Then, the 

corresponding cross-section data is calculated for each mesh point. The Diffusion code 

must use the corresponding algorithm to compute the necessary cross section data during 

the simulation by means of interpolating between the corresponding mesh points. This 

method has the advantage of not using functional forms for approximating the cross sec-

tion dependencies, sparing the effort of defining the corresponding accurate polynomi-

als. On the other hand, the interpolation process has attached certain level of uncertainty 

that is reduced increasing the number of mesh points. Therefore, the size of the libraries 

can tend to be critical for the data storage and handling. 

On the other hand, parametrized libraries save significant storage capacity by including 

models of the cross sections dependencies on the state variables. The main drawback is 

that constructing such models requires of long polynomials that may incur in loss of 

accuracy in certain parameter ranges. 

Chapter 4 will present a summary of the work developed by in this thesis in regard of 

the use of Cross-Section Libraries. The chapter shows a verification process for compar-

ing one State-of-the-Art methodology for generating Cross-Section Libraries, the so-
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called SIMTAB methodology and another one, currently under development, with addi-

tional and improved features: GenPMAXS methodology. 
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3.3.2. The NK diffusion codes. 

The 3D cross section data is generated to be used in a 3D neutron diffusion code for core 

simulations. This simulation tool gives the chance of obtaining a compromise between 

detailed calculations and efficient computational time. The compromise is obtained by 

means of solving the Neutron Kinetics transport with the approach of the Diffusion The-

ory. 

The core of a LWR is defined using a 3D mesh of nodes, usually cubic cells of 15.24 cm 

side length, where each node is related to a part of a fuel assembly or reflector. In this 

way, the heterogeneity of the core can be accounted, which is a key factor for the simu-

lation of asymmetric transients with where the neutron flux distribution in 3D must be 

predicted. 

 

Figure 3.5 Nodal distribution of a BWR for a Neutron Diffusion 3D code. 

Therefore, the use of the 3D core model with the corresponding Cross-section libraries 

allows a more accurate prediction of the neutron flux for further uses in deterministic 

safety analysis. The methodology presented in this thesis uses the code PARCS using 

two groups of energy and 6 groups of delayed neutrons. 

3.3.3. Simulation of system models: System codes and NK coupling. 

Several transients need accounting the behavior of different components of a NPP for an 

enhanced safety analysis. The role of components of safety systems and subsystems must 
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be evaluated for a complete simulation of certain events. For example, during a Turbine 

Trip, the modelling of the behavior of valve closures or pipe pressure gives a more ac-

curate prediction of the overall response of the core. Therefore, in deterministic safety 

analysis it is normal to use the so-called system codes. It is important to account that 

besides in the Reactor Core, there is no need to account the calculation of the neutron 

flux but only the thermal-hydraulic behavior. Because of these, system codes are meant 

to solve the conservation equations of mass, momentum and energy of the coolant fluid 

operating in the system. Moreover, there are transient cases to be evaluated that do not 

necessary need the evaluation of the neutron kinetics, such as Loss of Coolant Accidents. 

Nevertheless, there are other transient cases, like the instability events in BWRs, that 

need to account the feedback between both physics, i.e. neutron kinetics and thermal-

hydraulics, in order to give a more realistic calculation. The feature will be detailed in 

the following subsection. 

However, the build-up engineering experience in the nuclear safety analysis reveal that 

system codes modelling components in one or two dimensions, although some of them 

such as the reactor pressure vessel is convenient to be modelled in 3D, are enough to 

bring about satisfactory results for the evaluation of transient cases. For this point of the 

simulation methodology of the current thesis work, the overall behavior of the nuclear 

power plant is intended to be modelled with a system thermal-hydraulic core that gives 

the preliminary overall response of the core and relevant components during the target 

transient case to be simulated. 

Different qualified codes have been used for this purpose along the history of determin-

istic safety analysis. For the work presented here, the system is modelled with TRACE 

code. Figure 3.6 shows the scheme of a system input deck of a BWR model, printed with 

SNAP tool. 
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Figure 3.6 System input deck of the RPV and internal components, visualized with SNAP. 

3.3.4. Coupled TH/NK subchannel core simulation. 

As it has been commented, certain transient cases include a strong feedback between the 

evolution of the neutron kinetics and the thermal-hydraulics. The BE approach in Deter-

ministic Safety Analysis was achieved by accounting not only the known physics sepa-

rate models, but also the feedback mechanisms between them. To be more specific, in 

LWRs, since the water acts as coolant and moderator, there is a relevant feedback be-

havior between the properties of the coolant and its capacity to moderate or not neutrons. 

Therefore, not accounting this fact, could yield the necessity of using more conservative 

assumptions to compensate the not modeled physic behavior. 

The methodology presented here accounts this physical effect by means of using coupled 

models of the reactor and plant. These models use a coupled scheme between a 3D neu-

tron diffusion code and a thermal-hydraulic code. It is important for the nodal distribu-

tion to be coherent, therefore, special effort must be put in mapping of both models, so 

the information during the calculation can be properly exchanged. 

The user must introduce the equivalence between the NK radial and axial power distri-

bution with the power generation components of the TH system code. For this purpose, 

the user will decide the accuracy of the power modelling by deciding how many fuel 

channels of the 3D NK code are lumped in the heat structures of the system code.  
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Figure 3.7 Mapping of TH system code and 3D NK code. 

The strategy of this decision must account that coarser meshes use more averaged feed-

back information but finer meshes require of more computational power. Figure 3.7 

shows the mapping of a channel-by-channel radial distribution of a 3D NK code that is 

coupled to three different averaged heat structures of a system TH code. 

For the coupling scheme, both codes exchange the corresponding information with a 

coherent distribution of the time and space of the problem. Therefore, at each time step 

and each node, the TH code uses the power developed via Nuclear Fission to predict the 

evolution of the thermal-hydraulic variables such as fuel temperature or coolant density. 

This prediction is sent back to the neutron diffusion code so the corresponding cross 

sections of the node can be obtained, using the Cross-section libraries. The diffusion 

equation is solved, and the power developed at the node due to the neutron flux causing 

fissions is given back to the thermal-hydraulic code. 

This calculation step gives an overall and realistic behavior of the core during the postu-

lated transient case. In this way, it is possible to evaluate the evolution of different vari-

ables, regarding thermal-hydraulics or neutron kinetics. The purpose of the proposed 

methodology is to obtain with this calculation the boundary conditions of the core in a 

BE approach. This information will be used in further steps for more scale detailed sim-

ulations. 

3.3.5. TH subchannel fuel assembly simulation. 
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The analysis in the subchannel scale allows the evaluation of safety variables accoun-

ting more local phenomena. The scale of this approach can be used to model whether 

fuel channels in the core, or the behavior of the coolant between the fuel pins of an as-

sembly. 

These simulation tools use more detailed 3D geometry models as well as more complex 

physical models. The presented methodology is based on the use of the subchannel code 

CTF-UPVIS, from the COBRA-TF family codes. 

The use of a channel-by-channel core model allows to locate the critical fuel channel 

during a core simulation. In the methodology, this step is done loading the boundary 

conditions of the Coupled TH/NK system model in a detailed channel-by-channel core 

model. The proposed methodology is designed to retrieve the boundary conditions of the 

core that have been simulated in the previous step and load them in the corresponding 

channel-by-channel core model applying also a coupled scheme of Thermal-Hydraulics 

and Neutron Kinetics. Therefore, it is possible to introduce the evolution of the system 

behavior in a more detailed scale, without assuming the computational cost of simulating 

the whole system with such fine mesh. 

The process is made automatically by means of programed applications in order to avoid 

the interference of the user. Afterwards, the transient is again simulated but this time in 

a finer mesh. The result is the availability of tracking the critical fuel pin according to 

the assigned safety criterion. For example, if a Reactivity Insertion Accident is being 

simulated, the methodology will be focused in detecting the maximum BE as safety var-

iable, hence, the fuel channel showing the highest value during the transient will be lo-

cated. 

However, the methodology developed in this thesis does not limit to the application of 

such codes in a channel-by-channel core analysis. Once the critical fuel channel is lo-

cated, the specific boundary conditions are retrieved and loaded in the corresponding 

pin-by-pin fuel assembly model. This step gives a more detailed scale analysis by means 

of accounting specific parts of the fuel assembly to be modelled, such as the partial length 

fuel rods or the Water Rods. Moreover, the simulation of this step will be used for locat-

ing the critical fuel pin, as it has been done for the critical fuel channel in the previous 

step. 

Notice that the previous step only allows to retrieve information about the thermal-hy-

draulics of the transient regarding safety variables like the CPR. Further effect on the 

behavior of the fuel cladding, or even the fuel pellet is not considered, or considered with 

simpler and conservative models. Nevertheless, it is possible to analyze in a more de-

tailed scale by going a step forward in the proposed methodology. The prediction of the 

subchannel thermal-hydraulic conditions in this step can be used as detailed boundary 

conditions in a fuel pin model of a fuel behavior code. Usually, these thermomechanic 

codes are focused in fuel material behavior, and led the thermal-hydraulic conditions to 
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more conservative assumptions or built-in models. The combination of the thermal-hy-

draulic subchannel analysis with the thermomechanic analysis leads to the next step of 

the proposed methodology. 

3.3.6. Fuel behavior analysis of the critical fuel pin. 

As the Nuclear Regulation Authorities specify, for certain postulated events, when nec-

essary, it is required to evaluate the behavior of the fuel rod in order to assure that no 

fuel damage will take place, or at least the fuel damage is kept in the corresponding safety 

margins. These requirements make necessary the use of codes evaluating the perfor-

mance of the fuel rod by means of applying the physics governing the thermo-mechani-

cal phenomena inside the fuel cladding. 

This methodology uses specifically the fuel behavior code suite FRAPCON/FRAP-

TRAN. In this way, it is possible to analyze the consequences of the heat generation and 

transfer through the rod and the evolution of this fact when the thermal-hydraulic condi-

tions change during the simulated transient. 

A deteriorated heat transfer condition in the cladding leads to internal stress and chemical 

reactions derived from fuel temperature increase. Therefore, it is necessary that the local 

thermal-hydraulic conditions predicted in the previous step of the methodology are im-

plemented in the corresponding fuel pin model. This last step will allow predicting var-

iables such as the oxidation, generation of hydrogen or cladding deformation. 

 

Figure 3.8 Heat Transfer scheme of the fuel rod. 

Moreover, the use of FRAPCON/FRAPTRAN allows to set a more realistic approach of 

the distribution of the fuel gap heat transfer capacity. This fact means a more realistic 
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analysis regarding the previous step, where this factor has to be assumed constant for the 

whole fuel rod. 

The heat transfer analysis and the consequent thermo-mechanics are provided by this 

step, adding to the presented methodology a complete multi-physics and multi-scale fea-

ture. 

3.3.7. The need of the U&S analysis. 

As the requirements of the nuclear authorities set, for a BE approach it is necessary to 

proof that the limits assigned to the corresponding safety variable are not trespassed. 

This is carried out using an uncertainty quantification of the predicted safety variable. 

These safety guidelines consider enough to meet the 95/95 criterion when predicting a 

safety variable. This means that for the 95% of the cases, the safety variable has to be 

predicted with in a 95% of the Confidence Interval of the mean value, i.e. that the pre-

dicted value must not be deviated from the man in 2 times the calculated standard devi-

ation. 

In addition, using a BE approach in the prediction of safety variables can incur in a re-

duction of the safety margin. Conservative approaches give a wide margin since their 

predictions are based on assumptions that usually consider the most limiting case due to 

physical model limitations or coarse mesh definitions. Conversely, using the realistic 

values in the BE codes predicts closer values to the real margins (see Figure 2.5). For 

that reason, it is necessary to account with statistical techniques in the evaluation model 

in order to assure that the upper or lower margin of the prediction of the safety variable 

does not trespass the assigned limits. 

This process includes the simulation of a sample, the size of which has to be determined 

using the corresponding statistical techniques. The approach used in the methodology of 

the thesis is based on the Wilks method, as a manner to obtain a reasonable size of the 

sample. Nevertheless, other methods for the quantification of the uncertainties can be 

adopted using the corresponding statistical codes. The proposed methodology uses the 

DAKOTA [53] toolkit for sampling the simulation case and afterwards post-process the 

results retrieving statistical parameters such as the mean value or the standard deviation. 

The results are used for defining the Confidence Interval according to the proposed cri-

terion. 

Moreover, the use of DAKOTA toolkit provides with the option of evaluating the sensi-

tivity of the target output variable. The correlation of the uncertainty of the input varia-

bles to be sampled and the uncertainty of the output variable reveals which input varia-

bles are more relevant for the prediction of the output variable. DAKOTA toolkit allows 

the use of different correlation coefficient. However, the present methodology uses the 

Partial Rank Correlation Coefficients (PRCC) considering the non-linearity between the 

output and input variables existing in the thermal-hydraulic and neutron kinetics analyt-

ical solutions. 
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The Sensitivity Analysis is a feature of the proposed methodology that allows performing 

an evaluation of the correlation between the analyzed output variable, and the uncertainty 

of a selected set of input variables. For instance, when analyzing the input parameters 

affecting the uncertainty of the prediction of the void fraction. The prediction of void 

fraction in a thermal-hydraulic code is usually based in closure equations that are based 

as well in experimental data. These data uses coefficients that are adjusted to reduce the 

error of the modelling of the experimental results. A sensitivity analysis of such coeffi-

cients can be useful to reveal how a small variation in the coefficient as input can enhance 

the prediction of the void fraction. Therefore, the proposed methodology has the added 

value of being a tool for analyzing and enhancing physical models in simulation tools of 

the nuclear industry. 

3.4. Examples that summarize the application of the methodology to a 

real case. 

This subsection will provide a brief description of the application of the different steps 

of the proposed methodology with two hypothetical examples: one corresponding to the 

step-by-step simulation, and the other one of the specific modular application of one of 

the steps. 

EXAMPLE 1.- SIMULATION OF A LOCA. 

A LOCA scenario compromises the safety operation of a NPP (USNRC, 2007). The 

licensing of NPPs requires reporting the Safety Assessment of such transient cases. For 

that purpose, the methodology would be applied step-by-step till obtaining the final re-

sults of the target output variable selected as figure of merit. For this kind of transients, 

the integrity of the fuel cladding must be assured, therefore, it is necessary to prove that 

the temperature of the fuel cladding will not pass the safety boundary according to the 

corresponding Regulation Guide provided by the Nuclear Authority. The application of 

the methodology goes as follows: 

1) The transient case is simulated at plant level to obtain the overall behavior of 

the core, accounting the feedback of the Neutron Kinetics and Thermal-hydrau-

lics. A plant model is used for both coupled state-of-the-art tools, using the re-

sults of the cross section data from the previous step. 

2) The evolution of the core resulting from the simulation of step 2 is used as 

boundary conditions for a channel-by-channel thermal-hydraulic core model 

coupled with the available neutron kinetics code. Moreover, this step will use 

the Cross Section Data from step 1. The results reveal which is the critical chan-

nel according to the selected safety criterion. For this kind of transients, the 

methodology will search in the results of this step, which is the fuel channel 

with the maximum BE value. The evolution of the channel variables is used as 

input for the next step. 
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3) In this step, the results of the channel transient simulation are loaded in a pin-

by-pin fuel assembly model for a more detailed thermal-hydraulic simulation. 

The methodology detects which type of fuel assembly model is to be loaded 

from the fuel assembly library defined for the core. The results of this step are 

used by the methodology to, according to the selected safety criterion, track the 

critical fuel pin. 

4) The conditions retrieved at pin level from the previous step are loaded in a fuel 

pin model to be simulated in this new step. This step provides the thermo-me-

chanics analysis that can be use if necessary to the thermal-hydraulic analysis at 

pin level. For certain analysis where the integrity of the fuel cladding is needed 

to by analyze, this is a necessary step. 

5) The results obtained at the last step of the application of the methodology are 

complemented with the corresponding Uncertainty and Sensitivity analysis. 

6) Uncertainty quantification methods are available today, and several applica-

tions have been and will be performed in reactor safety research as well as 

in licensing. Experience of applications shows that the difference between 

predicted upper bound or 95th percentile and 95% confidence level PCT to a 

calculation using nominal “best estimate” input values and default values for 

the computer code options and input data for models is about 200 K for a 

typical large break loss of coolant accident. These relatively large values are 

due to the numerous models and correlations that are incorporated into a 

thermal-hydraulic code, and to the uncertainties associated with those indi-

vidual models. 
 

EXAMPLE 2.- SPECIFIC ANALYSIS OF THE BEHAVIOR OF A FUEL ASSEMBLY. 

A specific single step can be used as requirement of the engineering analysis of the op-

eration of the NPP. The methodology will provide the corresponding input model and 

the conditions will be loaded for the different cases needed to be analyzed, generating a 

set of the output variables. The resulting variables retrieved from the scenarios to be 

simulated can be complemented with further steps or with the Uncertainty and Sensitiv-

ity analysis. 

An example showing the use of specific steps of the methodology is as follows. When a 

new fuel assembly is introduced in the reactor core, the operator must fulfil the require-

ments of the Nuclear Regulator by showing that the insertion of a new fuel assembly in 

the core will not compromise the safety of the power plant for the different core operation 

modes, i.e. normal operation, shut down, AOOs, DBAs and so forth. This example con-

siders the fuel behavior analysis of a specific fuel assembly in a LOCA event. In this 

case, the Technical Support of the NPP can perform a preliminary scope analysis by 

using the following steps: 
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1) The Acceptance Criteria must be checked to obtain the safety variables to be 

analyzed. In case of a LOCA scenario, and according to the USNRC, the safety 

variables to be analyzed will be the PCT and if applies, the Cladding Oxidation, 

the generation of hydrogen, and the rod deformation to assure the fuel coolabil-

ity. 

 

2) The boundary conditions must be assumed according to the desired conserva-

tism of the Analysis. A first approach can include a conservative scope analysis. 

Therefore, the boundary conditions will be assumed using the uncertainty of the 

input variables for the limiting case. This data can be checked in the correspond-

ing regulation document. 

 

3) The selection of conservative conditions for the analysis allows avoiding the 

U&S analysis of the results. Hence, it is only necessary to perform the fuel be-

havior analysis of the critical fuel pin. 

 

4) The corresponding input file will be defined using the available application for 

generating fuel pin models for the available Fuel Behavior code. For this pur-

pose, it is necessary to gather the technical specifications if possible, or use in-

formation from the data base for input designs in the NPP. 

 

5) The simulation of the case at this scale will provide the evolution of safety var-

iables. This process can be automatized using an adhoc programmed application 

that retrieves the information from the output. 

 

It can be summarized that the methodology is designed to be adapted to the specific case 

of the Nuclear Power Plant. For that purpose, each of the modular steps are to be adapted 

to the corresponding state-of-the-art tools available for the user.  

The main feature of the methodology is the BE capability achieved with the selection of 

the computational tools and the possibility to apply these tools to the required scale. The 

BE results are complemented by an uncertainty and sensitivity analysis. This feature of 

the methodology can be done in two ways. On the one hand, the user will supply the 

uncertainty of the inputs variables in a specific step of the methodology analyzing the 

corresponding results for the selected output variable. On the other hand, the methodol-

ogy will be able to evaluate the uncertainty from the initial step (the generation of cross-

section libraries) and analyze the propagation of the uncertainty through the different 

steps of the methodology till arrive to the final results of the target output variable. 

 

 



 

Chapter 4  

Validation and 

Verification of codes 

and methodologies for 

two application cases 

The use of simulation tools and methodologies must meet the requirements of the Nu-

clear Regulator to be acknowledged as qualified simulation tools. The procedures for 

earning the qualification span from certifying the quality of the code programming and 

documentation to the third party review of the source code and implemented methods, 

and the validation of the results against real data, whether experimental or coming from 

plant operation records. The qualification procedure is a detailed project undertaken by 

specialized and qualified professionals in constant feedback with the corresponding in-

stitutions until the final product is released. This engineering and design procedure in-

cludes the development of methodologies for safety analysis, and as showed with CSAU 

and CASL projects in Chapter 1, it can be assumed that validating a methodology is a 

living project that usually becomes updated. 

The scope of the qualification of a safety analysis methodology is beyond the results 

presented in this thesis work. Nevertheless, the development of this research work has 

yielded several validation and verification exercises that can contribute to further work 

in the framework of the development of simulation tools. Since the results obtained have 

been part of research projects in collaboration with different NPP and have been also 

published in different congresses, this chapter will summary the results as a parallel work 

to the validation and design of the proposed multi-scale and multi-physics methodology. 

This chapter will introduce a summary of the international guidelines and different reg-

ulations for code and methodologies qualification for safety analysis in the first subsec-

tion. Subsection 2 will present the procedure of a code-to-code verification of the devel-

opment of the GenPMAXS methodology for the generation of homogenized and 2-group 

collapsed cross section libraries. Finally, subsection 3 will show the validation of the 
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void fraction correlation in the subchannel thermal-hydraulic code CTF-UPVIS against 

the PSBT benchmark of the OECD/NEA with an uncertainty and sensitivity analysis. 

4.1. Code and Methodology qualification for safety analysis. 

Simulation tools are made for the assessment of Nuclear Safety in different stages: 

a) Core design. 

b) Core management. 

c) Quantification of Conservative Analysis Margins. 

d) Design of accident management procedures. 

e) Analysis of operational events. 

f) Safety Assessment of accident scenarios. 

g) Licensing Objectives. 

To that matter, it is necessary to grant their capability for representing and predicting the 

reality of the NPP behavior. A simulation tool includes features from different 

knowledge areas that interact one each other. These areas include physical models and 

numerical methods to solve these models, but also programming these solution schemes 

and modelling the analysis case. For this reason, International Standards and Nuclear 

Regulators require the assessment of the quality in the procedure of developing a simu-

lation tool (Odar, 2000). 

The process of qualifying a simulation tool includes code developing, improvement, and 

assessment. The so-called verification process consists of evaluating that the numerical 

methods are coherent for solving the core physics and models, as well as the coherence 

in the programmed source code. 

The code assessment is done by sharing the code to independent users that will undertake 

different simulation exercises in order to reveal potential limitations and possible errors. 

For this purpose, there is available experimental data that is used to compare the results 

predicted by the code against real data. This allows the user to quantify the uncertainty 

of the code in regards of its capability to reproduce reality. For instance, COBRA-TF 

developers have gather in a user’s group different experts and institutions that review, 

test and develop this simulation tool and put experience in common in a yearly interna-

tional meeting (CTF User’s Group, 2018). 

The experimental data is of relevant importance, and several efforts are made by inter-

national institutions to gather, organize and give quality assurance of these data. From a 

general point of view, there are two types of experimental data, realized for different 

purposes. On the one hand, Integral Test Facilities (ITFs) such as ATLAS (KAERI, 

2009) or PKL (Framatome, 2019), are scaled facilities to reproduce the behavior of a 

NPP. On the other hand, Separated Effect Test Facilities (SETFs) are facilities which are 

meant to reproduce specific phenomena of the core or different components in a NPP 
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and there are several facilities around the world. On a final stage, the developed simula-

tion tool is proven in NPPs and the margins in calculation errors against real plant data 

are quantified with a suitable Uncertainty Analysis. 

To sum up, the comparison of the results predicted by a simulation tool with a qualified 

reference is a necessary step for qualification. This step can be done in different parts 

and using different references. Further subsections of this chapter intent to give proof of 

this fact, for some of the codes used in the presented methodology. 

4.2. Methodology for the generation of Homogenized 2-Group Cross Sec-

tion Libraries. 

In general terms, methodologies for generating accurate solutions for providing Cross-

Section libraries are of significant relevancy. Tabulated Cross-Section Libraries have 

been used for the work developed in this thesis. Two different methods have been used 

for generating such Cross-section libraries, one uses raw cross section data for each mesh 

point of the predefined thermal-hydraulic and state variables, that is the SIMTAB 

method, and the other one uses a reference cross section data and the corresponding de-

rivatives for the rest of the branch points, namely GenPMAXS (Ward et al., 2016) 

method. For this purpose, the corresponding version of the Neutron Diffusion code must 

accept the format and algorithms of both methods. This work has been developed for 

PARCS code in the version 3.2. 

The work developed in this thesis with the aim of setting a reliable method for generating 

cross-section libraries has derived in the code-to-code verification of both methods, 

showing the status, advantages and disadvantages and future work regarding this issue. 

4.2.1. SIMTAB methodology. 

SIMTAB method shows a conventional and simple way to generate cross section data 

libraries for the specific burnup step of the fuel cycle where the target simulation is lo-

cated. The historical data is included directly in cross sections of the generated libraries 

named nemtab and nemtabr. This method takes the cross section data from the transport 

code CASMO, and uses online SIMULATE for compiling the cross-section libraries. 

Therefore, there are two drawbacks being the dependency of an external auxiliary code 

and the need of calculating the set of cross section data each time a scenario is postulated. 

The historical effects on the final cross-section data are calculated by CASMO and pro-

vided to SIMULATE through the interface CSMLINK. This code system has been de-

veloped by Studsvik Scanpower (Sweden) and needs for owner licensing for its execu-

tion, which is an additional drawback if it is not possible to own a license or collaborate 

with a code owner.  

On the other hand, SIMTAB (Barrachina et al., 2011) is a well and reliable validated 

method. Its robust source code and the experience facilitates the use and helps to track 

possible programming errors when adapting the SIMTAB methodology to new and more 
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detailed core designs. Even though depending on an external code can be a disadvantage, 

taking advance of a developed and commercial code gives reliability to the results. 

However, certain limitations have been observed when SIMTAB has been applied in this 

work. SIMTAB cannot acknowledge more than one control rod composition. This means 

that the library corresponding to the controlled cross section data, nemtabr, only accounts 

one type of control rod effect. This is not a problem for simplified core follow models 

that only account one control rod composition and modify the effect of the handle by 

means of the Gray Factor (Ferroukhi et al., 2009). Nevertheless, in the cases where the 

methodology of this thesis work has been applied, a more complex core model has re-

vealed that more than one control rod composition must be accounted for BE results. 

4.2.2. Developed work on GenPMAXS methodology. 

At this point, an alternative method was used for the development of this thesis work. 

The GenPMAXS method shows the capability of accounting the historical effects of 

burnup, fuel temperature, control rod composition and coolant density, this means that 

the PMAXS libraries only have to be computed once, or updated each fuel cycle. More-

over, GenPMAXS method includes the capability of modelling more than one control 

rod composition, which makes it more suitable for representing complex core models. 

Another advantage is that GenPMAXS retrieves information directly from the lattice 

code. The case used for the application cases in this work retrieve the data from CASMO, 

but GenPMAXS can retrieve cross section data for a wide range of lattice codes. 

Nonetheless, GenPMAXS is still a method under development, and the use of it reveals 

limitations that have been corrected or enhanced in the recent versions. For the specific 

case applied in this work, CASMO branch off procedure had to be reviewed and re-

placed. The branch off distribution is how the lattice code generates the range of different 

historical and instantaneous states that cover the range of the thermal-hydraulic behavior 

of the core. Each branch is a combination of thermal-hydraulic variables. These different 

combinations of state variables must be done in a specific way to fit the requirements of 

GenPMAXS. These requirements basically force avoiding the change of more than one 

state variable from one branch to another. 

Figure 4.1 and Figure 4.2 shows graphically the differences between a possible branch-

off in CASMO/SIMULATE and how must be structured the State Variables for a correct 

reading of GenPMAXS. 
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Figure 4.1 Approach of the built-in Branch Structure in CASMO. 

 

 

Figure 4.2 Adapted Branch Structure needed for GenPMAXS when reading CASMO output 

files. 
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GenPMAXS considers a case base of raw cross-section data and the rest of branches 

store the partial derivatives on the different branch state variables, that change from one 

branch to another. The approach of GenPMAXS for the cross-section data treatment is 

implemented in PARCS code. Therefore, the disposed data must be coherent. 

A simplified example would be retrieving from the PMAXS library the cross-section 

data set for a case of lower coolant density compared to the base case. First of all, we 

assume that the cross-section data defined for the base case is stored in the PMAXS 

library for the variables TF1, DC1 and NoCr, and the target state corresponds to a de-

crease of coolant density defined by DC2. The PMAXS library provides the partial de-

rivatives of the cross-section for changing from the base case to the target case: 

 

𝜕Σ𝑓1

𝜕𝐷𝐶2
,

𝜕Σ𝑎1

𝜕𝐷𝐶2
,

𝜕Σ12

𝜕𝐷𝐶2
, … Equation 4.1 

 

The cross-section data set of the target state is calculated using this group of derivatives 

and the incremental/detrimental of the variable that changes from one state to another. 

Considering the fission cross-section: 

 

Σ′𝑓1 =  Δ𝐷𝐶 ·  
𝜕Σ𝑓1

𝜕𝐷𝐶2
 Equation 4.2 

 

The corresponding cross-section for this state Σ′𝑓1 is calculated according Equation 4.2. 

This would be a very simpler example. For more realistic and common calculations, we 

can think in interpolating derivatives when the target case locates the variables between 

two states of the library. Moreover, we have to consider that PMAXS libraries can de-

pend on several state variables, so in the most complicated cases we would have to con-

sider multiple interpolation schemes. 

4.2.3. Assessed sources of errors in GenPMAXS development. 

The work developed in this thesis yielded a deep research in reviewing and adapting the 

GenPMAXS methodology by means of tracking different error sources. The use of the 

verification against other codes was necessary to compare and identify different prob-

lems that are summarized as follows. 

Issues in regard of the branch structure. 

The research and development carried out in this work revealed that the default method 

for branching off in CASMO is done by the so called S3C case matrix option. This 
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branch off map is perfectly understood by the intermediate library manager between 

CASMO and SIMULATE, i.e. CSMLINK, but is not valid for the scheme of 

GenPMAXS. 

The S3C branch structure defines a series of cases of combined thermal-hydraulic vari-

ables (Fuel Temperature and Coolant Density) and Control Rod compositions that are 

beyond the needed structure of GenPMAXS. This branch structure changes more than 

one variable from one state to another. This scheme generates interpolation errors when 

GenPMAXS changes from one state to another assuming that only one variable is 

changed, when in reality, the change includes another variable. The result is a wrong 

calculation in the addition of the corresponding partial derivatives and variable incre-

mentrals/detrimentals. 

For that purpose, the S3C case matrix was changed, defining a new case matrix that 

covers an adequate range of states of fuel temperature, control rod and void fraction. 

Table 4.1 shows an example of the branch structure that can be expected from the S3C 

expansion. 

Table 4.1 History and branch structure in a regular distribution done by CASMO. 

Index Descriptions CR (-) DC (kg/m3) TF (K) TC 

(K) 

1 H1 0 0.748 750 560 

2 DC 0 0.468 750 560 

3 DC 0 0.179 750 560 

4 CR 1 0.748 750 560 

5 TF 0 0.748 551 560 

6 DC/TF/TC 0 0.997 293 293 

7 CR/DC/TF 1 0.997 293 293 

1 H2 0 0.468 750 560 

2 DC 0 0.748 750 560 

3 DC 0 0.179 750 560 

4 CR 1 0.468 750 560 

5 TF 0 0.468 551 560 

6 DC/TF/TC 0 0.997 293 293 

7 CR/DC/TF/TC 1 0.973 353 353 
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According to the structure of Table 4.1, branches 6 and 7 define a case where all the 

variables of the Description column have been changed simultaneously. The branch 

structure must be defined in a range that covers the maximum and minimum values of 

the state variables expected during the simulated transient, but as commented, the struc-

ture has to be done meeting the requirements of GenPMAXS. This means that histories 

must be defined, and then every history must have the same branch structure varying one 

state variable at once from branch to branch. Table 4.2 and Table 4.3 show a proper 

history and branch structure, respectively. 

Table 4.2 History structure in an adequate distribution for GenPMAXS. 

PMAXS History Index Type CR DC TF 

1 Reference 0 0.458 813 

2 CR 1 0.458 813 

 

Table 4.3 Branch structure in an adequate distribution for GenPMAXS. 

PMAXS Branch Index Type CR DC TF 

1 Reference 0 0.468 750 

2 CR 1 0.468 750 

3 DC 0 0.748 750 

 

Assessment of the historical effects in PMAXS libraries. 

The branch structure is defined by the user in GenPMAXS input file. In addition, this 

input file defines the base case and how is to be read the data from the Transport Lattice 

code that will be used to generate the PMAXS library. GenPMAXS can adapt its scheme 

for reading several Transport Lattice codes. Due to the framework with KKL, different 

calculations were done with CASMO in their facility. KKL uses the suit CASMO/SIM-

ULATE for core follow calculations. Their source inputs for such calculations define a 

high-detailed core with all the different advanced fuel lattices and the different control 

rod compositions. Therefore, the cross-section data was generated for a wide span of 

different fuel lattices plus several control rod compositions. This fact yields the option 

of accounting different historical values for control rods. 

The work in regards of the Cross-Section Libraries for the proposed methodology drove 

to different test cases and source debugging that revealed a limitation in PARCS code. 

PARCS (due to the implemented PMAXS scheme) can interpolate the historical values 

of the cross-section for different branches of fuel temperature and coolant density. Con-

versely, it cannot interpolate within different historic values of control rod compositions. 

The result is that there are nodes in the 3D mesh of PARCS model that are affected by 

the historic effect of different control rod compositions. Since PARCS can only take the 

branches of the first control rod composition, such mentioned nodes will have a deviation 
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from the reference, since the absorption cross-section will not be properly calculated. 

The comparisons that section 3.2.4 shows give credit to this situation. 

For further applications, it is necessary to approach this issue from the safety analysis 

point of view. The engineering decision can be though conservative. A sensitivity anal-

ysis can clarify the effect of control rod worth in the simulated transient cases. A consid-

ered low correlation can be accepted for not accounting the discrepancies generated by 

this issue. On the other hand, if the sensitivity to this issue is significant, the control rod 

composition with least worth can be assumed as the single rod composition accepted by 

PARCS. 

Limitation of PARCS for weighting multiple Cross-Section Libraries in one single mesh 

node. 

It is common to define the calculation space of a reactor core as a 3D mesh of regular 

nodes. The regular size of a node, and the one used for the different calculations in this 

thesis work, is a cube of 15.24 cm long. When dividing a fuel assembly in different 

regions where the homogenization of the cross-section is done (see Figure 4.3), it is not 

always possible to match the limits of a fuel region and the nodal distribution of the core 

simulator mesh. Figure 4.3 depicts the commented situation. 

 

Figure 4.3 Mismatch in the nodal distribution and the regions of the different Cross-Section Li-

braries. 

This issue can be solved by weighting the cross-section data sets with the volume of the 

node. The SIMTAB methodology has approached this issue by editing the Cross-Section 

Libraries with a pre-defined input locating which cross-section data sets must be 
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weighted. Regarding GenPMAXS, it is not possible to undertake this weighting exter-

nally from both codes sources of GenPMAXS and PARCS. 

Again, prior to the corresponding code modification by the code developers, a valid ap-

proach for this issue is to adapt the 3D mesh of the core simulator to the geometrical 

requirements of the fuel assembly regions. This can be a cumbersome task, and may not 

be allowed if the core simulator does not consider irregular axial node distributions for 

the radially distributed nodes. In this case, it is necessary to adapt the Transport Lattice 

Code to homogenize the core regions coherently to a regular nodal distribution in the 

core simulator. 

Issues in the specific use of CASMO feeding GenPMAXS with cross-section data. 

GenPMAXS uses the output generated by a Transport Lattice code to re-arrange and 

undertake the corresponding derivatives for the collapsed and homogenized cross-sec-

tion data. The complexity and size of the problem depend on the size of the branch struc-

ture, the homogenized core regions and the exposure (burnup) level of the case. These 

dimensions yield a number of so-called state points in CASMO. The approached 

transport equation is solved for each lattice in CASMO, for the defined burnup steps and 

the combination of state variables that conform the branch structure. Calculations for 

fresh fuel core, for instance, does not need further calculations in the burnup dimension. 

Therefore, the number of state points in CASMO is significantly reduced. Nevertheless, 

in order to provide complete Cross-Section Libraries, it is advisable to include the full 

life of fuel assemblies in the calculated regions. This fact, added to the necessary size of 

the branch structure yield a high number of state points to be calculated. 

Lattice code as CASMO, use memory arrays to store the results of the calculations. Spe-

cial attention must be given to the run-time error notifications in order to assure a com-

plete calculation of every programmed state point. A failure during the calculation se-

quence cannot assure that the cross-section data is coherent up to certain burnup steps 

after the error notification. The following section show the results for the first fuel cycle 

of KKL core, where the calculation of the cross-section data with CASMO is assured to 

be completed. 

4.2.4. Current results with GenPMAXS methodology. 

The development of this thesis work took place in the framework of collaborating re-

search project between ISIRYM-UPV and KKL. Due to this, different simulation tools 

like CASMO/SIMULATE suite HELIOS (from Studsvik Scanpower) where able to be 

used in the facilities of KKL as license owner. The results of the research of this part of 

the proposed methodology have been obtained in collaboration with KKL and the use of 

the codes was under their supervision in their facility. 

As commented, the proposed methodology in this thesis includes a step in charge of 

generating the cross-section data for further calculations in other steps. This step gener-



Development and validation of a multi-scale and multi-physics methodology for the safety analysis of 

fast transients in Light Water Reactors  

 

92 

ates the so-called Cross-Section Libraries in a specific format. In general terms, the li-

braries are used as an input for the corresponding Diffusion Code and therefore, the for-

mat and contents of the Cross-Section Libraries have to be adapted to the used Diffusion 

Code. Regarding this methodology, the Diffusion Code solving the neutron kinetics is 

PARCS and the Cross-Section Libraries used are the PMAXS libraries, generated by the 

interface GenPMAXS. In addition, as a support methodology for Cross Section Libraries 

management, the thesis work counts on the SIMTAB methodology for this step. 

The procedure of this part of the proposed methodology takes advantage of the transport 

lattice codes used in KKL. The staff in charge of the Core Follow Design and Manage-

ment use codes such as CASMO, SIMULATE and HELIOS. The database of these codes 

in KKL contains the corresponding information that GenPMAXS and SIMTAB use to 

retrieve the Cross Section data and provide the two-group cross section sets that PARCS 

needs for transient calculations. However, specific development work has been done in 

order to assure a correct information flow from the aforementioned lattice codes. A sig-

nificant percentage of the total effort invested in this project has been headed to the ad-

aptation of the GenPMAXS methodology to the database of the core follow. This issue 

has been found due to the lack of scientific work and literature regarding the develop-

ment of the PMAXS files. Figure 4.4 shows the flow of information and the related codes 

of this part of the methodology. Notice that the development of this step works in parallel 

with the corresponding code-to-code verification in order to assure the quality of the 

process. This code-to-code verification is realized using the equivalent codes that solve 

the diffusion equation using as input the results predicted by CASMO or HELIOS. For 

instance, the results predicted by the suite CASMO/GenPMAXS/PARCS are equivalent 

to the predicted by CASMO/SIMULATE. Consequently, for the code-to-code verifica-

tion, a steady-state case of the core of KKL is modelled, and the results are compared, 

using as figure of merit the k-effective parameter, and the axial and radial power distri-

butions. 
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Figure 4.4 Data flow for the generation and verification of Cross Section Libraries. 

The following subsections report the status related to the Cross Section Libraries gener-

ation using both methodologies, GenPMAXS and SIMTAB. 

The proposed methodology uses the neutron kinetics code PARCS to solve the diffusion 

equation and hence introduce the feedback in/from the thermal-hydraulic calculations of 

the core behavior. For this purpose, the corresponding cross-section data have to be pro-

vided, so PARCS can solve the diffusion equation at each core node. This Cross Section 

data is arranged in core segments. Each segment works as a library containing neutronic 

data such as fission cross section, scattering cross section and on. These data vary de-

pending on different variables. The variables determining the cross section information 

used in this methodology are the fuel temperature, the coolant density, the control rod 

insertion and the burnup. These segments are obtained from the homogenization of the 

cross sections in two energy groups collapsed for core regions considered uniform. For 

example, a very uniform fuel assembly can be defined as a core segment, but if a fuel 

assembly has two partial rod length types, it can be defined in three different segments. 

In addition, the evolution of the cross section data along the burnup process may differ 

if the fuel assembly has been operating near a control rod, or near the outer ring of the 

core. This means that the same fuel assembly can be defined with different core seg-

ments, not in geometry, but in operation history. 

Consequently, there are two ways to define the spatial distribution of the core. One way 

is based on the geometry, where the core defines the nodes where the calculations are 

going to take place. The other is the segment distribution. Figure 4.5 shows the different 

distributions in the core (left). Further subsections will explain the issues found due to 

the different ways of distributing the core regions. As Figure 4.5 (right) shows, each node 

is marked in the cell grid. On the other hand, it can be appreciated different color set for 
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certain groups of nodes. The nodes sharing color set mean that are sharing the same 

segment, i.e. the same neutronic composition, although two segments could superpose 

one node. 

 

                   

Figure 4.5 Core distribution in geometrical nodes (left) and in segments (right). 

Figure 4.5 (right) shows the nodal distribution and how the different fuel segments can 

be fit in the distribution. The example of Figure 4.5 (right) corresponds to the fuel as-

sembly TYPE 1 of fuel cycle 01. For this case, the length of the segments matches with 

the nodal distribution. For instance, nodes 3 and 4 have the assignment of segment 3. 

However, it can occur that the length of a segment does not fit with the nodal distribution, 

and one node has to share the axial length with two segments. This fact will require a 
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weighting of the neutronic data of the segment according to the axial length of the node, 

in order to correct this effect. 

The GenPMAXS interface uses data from the output results of different lattice transport 

codes. For the purpose of the proposed methodology, CASMO and HELIOS are consid-

ered for providing the corresponding data to GenPMAXS. Figure 4.6 defines the flow of 

information of this step of the methodology. 

 

Figure 4.6 File flow between CASMO and GenPMAXS. 

At the first moment, both data sources where being developed, however the flexibility 

of HELIOS features adds a significant complexity to the problem and hence, the work 

force was headed to the suite CASMO/PMAXS. 

The definitive results of the GenPMAXS methodology have achieved an acceptable error 

rate in the code-to-code verification. The following figures and tables displayed in this 

subsection will show the comparison of the figures of merit used to the verification pro-

cess, namely k-effective comparison, radial and axial distribution. The results of 

PMAXS/PARCS are compared to the SIMULATE3 equivalent simulation. 

The previous work to track the error sources in the PMAXS/PARCS results headed the 

simulation exercise to simpler cases. As a result, the work is made on fuel cycle 01 since 

is the less complex real case available. Notice that fuel cycle 01 uses only 7 core seg-

ments with one control rod type. After solving the issues commented previously (see 

Section 3.2.3) the comparison at the End Of Cycle 01 core composition was realized. 

The measures and solutions adopted are summarized as follows: 

- Use of control rod composition COMPOSITION1 as CRD and HNDL as CR1 

in CASMO4 input files. This allows a correct HCR 3D MAP values in SIMU-

LATE3. 

- Definition of branches and histories as in tables 1 and 2. Different reduction of 

case matrix branches was attempted in order to reduce the computational cost 

and the file size, the results showed significant error. 
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- Reduction of burnup steps until 20 GWd/MTU. This is made because no higher 

burnup is detected in the End Of Fuel Cycle 01, so it was not necessary enlarge 

the size of the resulting .cax files. 

- The rotational ADF matrix has been redefined and the reflector PMAXS use the 

corrected assembly discontinuity factors. 

 

Figure 4.7 shows the control rod bank configuration at this burnup step of the fuel cycle. 
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Figure 4.7 Control rod configuration in fuel cycle 01. 

Figure 4.8 shows the axial power profile comparison and Figure 4.9 shows the radial 

relative error of the power comparison between CASMO4/SIMULATE3 and 

PMAXS/PARCS results. The PMAXS/PARCS graphic in Figure 4.8 is labeled as 

PARCS indicating the code version, adding the label PMAXS indicating that the 

PMAXS libraries have been generated using the SIMULATE files that assign the CRD 
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label to the corresponding active composition of the control rod, instead of the handle 

composition. 

 

 

Figure 4.8 Axial power profile comparison: PMAXS/PARCS vs CASMO4/SIMULATE3 

(C01EOC). 
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Figure 4.9 Radial error distribution (%) of the power comparison: PMAXS/PARCS vs 

CASMO4/SIMULATE3 (C01EOC). 

Figure 4.9 shows a symmetric distribution of the error and no error introduced by the 

nodes with inserted control rods. This is verified as follows with the results of the ARO 

(All Rods Out) case. Figure 4.10 and Figure 4.11 show the axial and radial comparison, 

and the results are summarized in Table 4.4. 
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Figure 4.10 Axial power profile comparison: PMAXS/PARCS vs CASMO4/SIMULATE3 

(C01EOC-ARO). 
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Figure 4.11 Radial error distribution (%) of the power comparison: PMAXS/PARCS vs 

CASMO4/SIMULATE3 (C01EOC-ARO). 

 

Table 4.4 Summary of comparison results for case EOC01: PMAXS/PARCS vs CASMO4/SIM-

ULATE3. 

CASE Axial power pro-

file error – RMS 

(%) 

Radial power profile 

error – RMS (%) 

k-effective comparison 

(pcm) 

EOC01 3.45 0.84 23.0 

ARO 3.54 0.77 26.5 

 

Notice that the errors observed in Table 4.4 are slightly smaller. However, it can be con-

cluded that the error rate introduced by the control rods has been reduced a lot. 

4.2.5. Conclusions and future work for GenPMAXS methodology. 

The efforts invested in the development of the GenPMAXS methodology have been 

enough to reduce the errors to acceptable limits. The solutions implemented include the 

control rod definition in CASMO4 and the adequate case matrix definition for CASMO4 
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3.10 0.28 0.97 0.69 0.60 0.20 0.20 0.45 0.12 0.82 0.42 0.95 0.77 0.76 0.97 0.46 0.89 0.14 0.46 0.20 0.19 0.61 0.76 0.97 0.35 2.76

2.11 1.32 0.98 0.65 0.56 0.03 0.19 0.55 0.27 0.85 0.54 1.10 0.75 0.94 0.99 0.73 1.11 0.54 0.85 0.26 0.53 0.19 0.01 0.51 0.66 0.95 1.24 2.25

1.37 1.10 0.77 0.49 0.33 0.21 0.40 0.22 0.84 0.51 1.07 0.82 1.17 0.97 0.97 1.16 0.76 1.03 0.56 0.86 0.29 0.46 0.20 0.25 0.50 0.73 1.04 1.34

1.95 1.06 0.75 0.67 0.42 0.27 0.35 0.05 0.72 0.45 1.03 0.60 1.20 0.86 1.08 1.11 0.87 1.22 0.63 1.11 0.48 0.76 0.09 0.35 0.24 0.34 0.63 0.64 1.09 2.20

0.88 1.02 0.67 0.63 0.32 0.27 0.06 0.59 0.35 0.88 0.58 1.19 0.88 1.19 1.10 1.11 1.20 0.85 1.17 0.65 0.98 0.41 0.65 0.02 0.31 0.32 0.58 0.65 0.93 1.18

0.82 0.90 0.64 0.48 0.20 0.20 0.42 0.50 0.71 0.69 0.97 0.97 1.14 1.15 1.13 1.12 1.14 1.18 0.95 0.92 0.75 0.68 0.52 0.48 0.23 0.12 0.45 0.69 0.87 1.17

1.17 0.91 0.59 0.47 0.16 0.24 0.39 0.50 0.64 0.69 0.89 0.92 1.15 1.13 1.13 1.12 1.16 1.10 0.94 0.91 0.72 0.64 0.56 0.44 0.26 0.14 0.40 0.62 0.97 1.13

0.84 0.95 0.76 0.64 0.31 0.30 0.11 0.62 0.36 0.93 0.58 1.13 0.87 1.16 1.07 1.08 1.19 0.89 1.13 0.58 0.89 0.40 0.64 0.06 0.31 0.27 0.56 0.75 0.94 1.18

1.95 1.13 0.77 0.68 0.44 0.26 0.38 0.04 0.71 0.43 1.07 0.61 1.24 0.88 1.12 1.14 0.86 1.22 0.60 1.09 0.47 0.73 0.03 0.35 0.27 0.41 0.67 0.62 1.17 2.25

1.50 0.97 0.78 0.61 0.32 0.24 0.44 0.18 0.88 0.52 1.04 0.76 1.12 1.03 1.02 1.13 0.81 1.07 0.52 0.83 0.21 0.46 0.24 0.28 0.55 0.72 1.02 1.47

2.11 1.29 0.97 0.63 0.53 0.06 0.21 0.48 0.25 0.82 0.56 1.05 0.77 0.97 0.98 0.73 1.03 0.53 0.83 0.27 0.53 0.22 0.01 0.54 0.61 0.92 1.23 2.29

3.07 0.19 1.09 0.74 0.61 0.16 0.27 0.40 0.10 0.83 0.45 0.90 0.75 0.72 0.93 0.47 0.81 0.17 0.43 0.21 0.18 0.59 0.71 1.08 0.28 2.80

2.08 1.11 0.88 0.65 0.58 0.03 0.26 0.51 0.07 0.75 0.36 0.66 0.69 0.39 0.74 0.13 0.49 0.27 0.04 0.59 0.74 0.88 1.14 2.02

2.77 1.42 0.92 0.75 0.60 0.50 0.28 0.21 0.42 0.13 0.63 0.51 0.53 0.62 0.11 0.45 0.20 0.30 0.41 0.58 0.72 0.91 1.36 2.33

2.77 1.48 0.89 0.75 0.55 0.50 0.07 0.25 0.27 0.01 0.36 0.34 0.02 0.34 0.21 0.07 0.51 0.56 0.77 0.86 1.51 2.84

2.84 1.41 0.84 0.86 0.77 0.61 0.42 0.35 0.15 0.04 0.04 0.25 0.34 0.34 0.65 0.77 0.80 0.90 1.42 2.97

2.94 1.45 1.19 1.10 0.83 0.67 0.49 0.49 0.47 0.46 0.43 0.48 0.68 0.77 1.03 1.12 1.36 2.91

2.67 2.08 0.44 1.04 0.84 0.69 0.65 0.53 0.53 0.62 0.69 0.89 0.99 0.46 1.93 2.54

3.20 1.30 1.08 0.72 0.70 0.74 0.70 0.72 0.77 1.16 1.26 3.16

2.47 1.39 1.15 0.96 0.99 0.98 1.03 1.24 1.20 2.42

2.08 1.13 1.12 1.16 1.13 2.03
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input files. Nonetheless, it is important to account the following aspect. The results are 

showed for the first cycle, where the less heterogeneous compositions are expected. Fur-

ther fuel cycle simulations will be more complex, and hence an error rate introduction is 

expected. 

Moreover, it has to be noticed that the code-to-code verification is made assuming SIM-

ULATE3 methods as a reference. Some of the differences in PARCS are justified and 

can be assumed as correct and therefore, it is necessary to consider that the correct results 

are not directly related to reduce the error rate of the comparison with SIMULATE3. 

Regarding ongoing work, further case matrix definitions are headed to reduce the num-

ber of branches so the .cax files and hence the PMAXS files have smaller size without 

increasing the consequent interpolation errors. In addition, it has to be accounted the 

limitation of the Coolant density for moderator temperatures below the saturation tem-

perature. The simulation can include the existence of subcooled water entering the reac-

tor core. In this case, the cross-section library will account branches at void 0 but with 

different density values. This fact increases the number of branches, and hence it adds a 

computational cost that can be hardly avoided. 

The aim of this part of the methodology is to develop a full PMAXS library containing 

all the segments that made the core of KKL along the NPP life. This will make possible 

to define the neutronic part of the core for any transient case that is wanted to be simu-

lated. For this purpose, further code-to-code verifications are in progress: one for the 

Turbine Trip core configuration of Fuel Cycle 18, and two more for the instability tests 

of fuel cycles 07 and 10. However, as it has been commented, more recent fuel cycles 

increase the complexity of the data stored in the PMAXS libraries, increasing the com-

putational cost and adding difficult to the handling of the PMAXS files, as Table 4.5 

shows. 

Table 4.5 File size and computational time needed for fuel cycle calculations with CASMO4. 

Fuel Cycle Number of seg-

ments (-) 

Maximum segment 

size (cax file) 

Maximum compu-

tational time 

needed (hours) 

01 7 785 MB 48 

07 24 1.50 GB 164 

18 47 2.60 GB 543 
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4.3. Validation of void fraction correlation in CTF-UPVIS against the 

PSBT Benchmark of the OECD/NEA. 

The introduction of this chapter summarizes the importance of code validation. In the 

quality assessment of a simulation tool for its further qualification is necessary to assess 

the implemented physics against real data. This data comes usually from experimental 

facilities that either model specific phenomena or the integral behavior of a NPP part or 

reactor type. This section intent to contribute to the thesis work in one of the validation 

processes that have been undertaken with the objective of complete the BE feature of the 

proposed methodology for safety analysis. 

The re-evaluation of the power capabilities and lifespan of the Nuclear Power Plants 

(NPP) required a more accurate prediction of the safety variables in order to not com-

promising the operation safety and enhance the cost-effectivity of such operation. More-

over, the advances in computer technology helped to solve more complex and large nu-

merical problems. The result is an evolution of the simulation of transient and steady 

state scenarios focused in more realistic results, by means of finer scales, detailed phys-

ical correlations and accounting the interaction between the different physics playing a 

relevant role in the nuclear core behavior. This is the so called Best Estimate (BE) ap-

proach. Nevertheless, a significant level of accuracy needs to account the propagation of 

the uncertainties along the different calculation processes inherent to the programmed 

models and to the measured parameters used as input. Considering the uncertainty of the 

problem defines the boundaries of the predicted values and hence, can be used for eval-

uating the safety margins. 

This section presents the validation of a BEPU (Best Estimate Plus Uncertainty) meth-

odology that combines the use of a BE code and the use of a toolkit for the Uncertainty 

Quantification (UQ) and the Sensitivity Analysis (SA). The code that will be used is 

CTF-UPVIS, a thermal-hydraulic sub-channel code developed at ISIRYM/UPV based 

on COBRA-TF. CTF-UPVIS analyses the behavior of the coolant in rod arrays by solv-

ing the conservation equations for mass, energy and momentum in bi-phasic flow for 

two fluids. 

The performance of CTF-UPVIS is complemented using the DAKOTA toolkit. DA-

KOTA is a code developed at Sandia National Laboratories for the uncertainty quantifi-

cation and the sensitivity analysis. The aim of this code is to define the sample size to 

undertake a statistical evaluation according the target probability of the results and the 

interval of confidence. The optimization of this problem is not trivial since several sim-

ulations have to be done looking forward the most efficient use of computational re-

sources. 

Different safety and operation variables can be predicted for an optimal evaluation of the 

core behavior. In this section, the author focus in the prediction of the void fraction in 

order to evaluate the implemented models of CTF-UPVIS and to validate the BEPU 

methodology. For these purposes, the BEPU methodology is applied to the experimental 
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results of the NEA/OECD PSBT tests (Rubin, 2010).Description of the validated meth-

odology. 

The resulting work is based on previous exercises at ISIRYM for the evaluation of CTF-

UPVIS and the BEPU methodology (P. Hidalga, 2018). The presented results will show, 

on the one hand, the analyses of the propagation of the uncertainty existing in different 

input variables and the effect on the uncertainty of a target output variable, evaluated by 

the BEPU methodology. On the other hand, this section reports the application of the 

conclusions of previous work such as neglecting the uncertainty of the power distribu-

tion. In addition, new models in the prediction of the void fraction are validated for this 

exercise. The predicted void fraction at certain bundle levels is selected as target output 

variable due to its relevance regarding safety analysis in LWRs. 

The 2𝜎 criterion is used to evaluate the uncertainty of the predicted void fraction. For 

this purpose, the authors have based the analysis in the Wilks’ formula, in order to esti-

mate the sample size that allows meeting the 95/95 criterion. This means that with a 

sample of 146 cases, it is possible to assure with a 95% of probability that the real value 

of the predicted variable would be inside the Confidence Interval, defined within the 

95% of the sample distribution. In case of having a normal distribution for the output 

variable, this 95% CI could be calculated as Equation 4.3, being both 𝜎𝑠 and 𝜇𝑠 the sam-

ple’s standard deviation and mean value, respectively. 

 

𝐶𝐼 = 𝜇𝑠 ± 1.96 ·  𝜎𝑠 Equation 4.3 

 

Nevertheless, the PDF of the predicted output value may not be normal and therefore, it 

would not be possible to define the CI as in Equation 4.3. For other cases, it is necessary 

to define the upper and lower boundaries with the maximum and minimum values of the 

sample. In this case, according to Wilks theory, it is possible to assure with a 95% of 

probability that the real value of the predicted variable falls in the region defined by the 

sample boundaries. The Wilks’ formula is showed in Equation 4.4, where 𝛼 is the un-

certainty, 𝛽 the statistical confidence and n the sample size. It has to be notice that this 

formula is defined for analysis where 3 different output variables and double tolerance 

is accounted. 

 

1 − 𝛼𝑛 − 𝑛(1 −  𝛼)𝛼(𝑛−1) ≥  𝛽 Equation 4.4 

 

According to Equation 4.4, the resulting sample size is of 146. The selected Test Runs 

of the benchmark have been sampled by means of varying the selected input variables 

according to their Probability Density Functions (PDF). The 146 samples for each of the 
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11 selected tests where run in the cluster of the ISIRYM and the results where post-

processed with DAKOTA toolkit to provided further UQ and SA. Notice that the sample 

size of 146 cases applies for one single output variable. In the presented application case, 

3 dependent variables are analyzed, and therefore the 146 cases are sampled for one of 

each. 

The DAKOTA pre-processor tool generates a perturbation matrix of the target input var-

iables regarding the sample size and their PDF. The selection of the input variables, as 

well as their PDFs, have been chosen according to the available scientific data. The in-

formation about the input parameters is showed in Table 4.6 and has been retrieved from 

the Benchmark for Uncertainty Analysis in Modelling (UAM) documentation (Blyth et 

al., 2013). According to UAM report, the mean value has been normalized to 1.0, and 

the accuracy is provided in terms of 2𝜎, except for the rod diameter having 3𝜎, 

and the Inlet Coolant Temperature which is defined in terms of a uniform distribu-

tion. Regarding this last input parameter, CTF-UPVIS uses as input the coolant en-

thalpy and the uncertainty information given in the specifications of the benchmark 

have been adapted to provide CTF-UPVIS with the equivalent enthalpy values. 

According to the input variables, each of the samples will have a perturbed set of the 

input variables that will be introduced automatically in each input deck of CTF-UPVIS. 

A Linux based script was used to automatize the simulation of the cases, and afterwards 

the results were evaluated with the DAKOTA post-processing tool. Moreover, DA-

KOTA allows quantifying the SA by means of providing correlation coefficients. The 

SA is realized by calculating the PRCC (see section 3.3.7). These correlations are used 

to identified the separate effect of each variable, accounting the non-linearity of the in-

puts and the output. 
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Table 4.6 Uncertainty definition of the input variables for the PSBT simulation. 

Definition Variable PDF Accu-

racy 

(%) 

Mean Standard 

Deviation 

Outlet core pressure press Normal 1.0 1.0 0.0033 

Inlet mass flow mflow Normal 1.5 1.0 0.0050 

Bundle power lhgr Normal 1.0 1.0 0.0033 

Equilibrium distribu-

tion weighting factor in 

the void drift 

aaak Normal 14.0 1.0 0.0700 

Two-phase multiplier 

of the mixing coeffi-

cient 

thetm Normal 24.0 1.0 0.1200 

Single-phase mixing 

coefficient 

beta_sp Normal 42.0 1.0 0.2100 

Nucleate boiling heat 

transfer coefficient 

htc_nb Normal 24.0 1.0 0.1200 

Interfacial drag coeffi-

cient for entrainment 

intfr_l Normal 26.0 1.0 0.1300 

Interfacial drag coeffi-

cient for entrainment 

intfr_e Normal 34.0 1.0 0.1700 

Rod diameter RodD Normal 0.02 1.0 0.007 

Definition Variable PDF Margin Upper 

limit 

Lower 

limit 

Inlet coolant enthalpy inTemp Uniform 1.0 1.0050 0.9950 

 

4.3.2. PSBT Benchmark of the OECD/NEA. 

The PSBT benchmark gathers the experimental measurements of the void fraction 

(among other variables) at different axial levels for a rod bundle based in a PWR fuel 

assembly. Moreover, the experimental results count on steady-state operation conditions 

and transient experiments. The measure of the void fraction is done by means of the 

averaged measurement of the central sub-channels done by an X-Ray Densitometer. 
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Figure 4.12 Graphical scheme of the test facility of the PSBT Benchmark (Rubin, 2010). 

As Figure 4.12 shows, there are three different measure points placed at the heights of 

2.216 m, 2.669 m and 3.177 m, for respectively the lower, middle and upper measure 

points. 

The PSBT benchmark include the measured values of a set of different tests, for each of 

the available mockup models of the experiment. The results presented in this section are 

based on the so-called Bundle model number 5. The variations in the boundary condi-

tions of power, inlet coolant temperature, outlet pressure and mass flow yield a set sev-

eral test values. Among the different test results of the Benchmark, the authors will apply 

the BEPU methodology to a set of 11 different tests run for Bundle Type 5. These 11 test 

are designed varying the initial boundary conditions, namely inlet mass flow, inlet cool-

ant temperature, bundle power and outlet pressure. The conditions of the 11 proposed 
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tests are described in Table 4.7. On the other hand, the methodology is additionally ap-

plied to a transient test case of the benchmark. The transient is consisting of a Tempera-

ture Increase of the coolant at the inlet. Figure 4.13 and Figure 4.14 depict the evolution 

of the parameters for the transient case and shows the boundary conditions of the two 

scenarios. Notice that both Figure 4.13 and Figure 4.14 show up to 60 seconds within 

the transient since the transient starts at that time, until 120 seconds, which is the transi-

ent end time. 

  

Figure 4.13 Evolution of the inlet coolant enthalpy (left) and mass flow (right). 

 

  

Figure 4.14 Evolution of the outlet coolant pressure (left) and the power (right). 
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Table 4.7 Boundary conditions for the simulation models. 

Run No Pressure 

(kg/cm2a) 

Mass Flux 

(106kg/s·cm2) 

Power 

(kW) 

Inlet Temperature 

(ºC) 

5.1221 168.29 11.00 3000 292.3 

5.1222 168.27 10.98 2998 297.3 

5.2111 148.15 15.08 3296 291.9 

5.2112 148.04 14.98 3294 296.8 

5.2442 149.97 4.99 2000 263.0 

5.3441 125.22 5.00 2014 247.9 

5.3442 125.13 5.00 2013 257.7 

5.4562 100.23 2.02 1016 214.3 

5.6321 49.2 7.87 3000 173.5 

5.6322 49.08 7.86 3000 183.6 

5.6552 50.17 2.00 1028 159.1 
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4.3.3. CTF-UPVIS simulation model. 

The presented BEPU methodology uses a CTF-UPVIS input deck designed in 3D. The 

radial distribution is done with coolant centered sub-channel distribution, i.e. the radial 

node is a coolant cell surrounded by four quarters of rods, or the corresponding side of 

the canister. The result is a radial distribution of 36 sub-channels as Figure 4.15 shows. 

On the other hand, the axial distribution is designed in order to fit the spacer grids with 

the corresponding axial height. With this distribution, the axial length counts on 35 cell 

nodes.  

 

Figure 4.15 Layout of the rod array of the PSBT test facility. 

The axial distribution of the nodes has been modelled in a non-uniform way. This is done 

to accommodate the nodal distribution to the lengths of the different spacers and to have 

a fine node with the location of the measurement point in the middle of the cell. Table 

4.8 shows the axial nodal distribution. 
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Table 4.8 Nodal distribution in the axial length of the PSBT model for CTF-UPVIS. 

node (-) 1 2 3 4 5 6 

node height (m) 0.022 0.139 0.243 0.360 0.499 0.612 

node (-) 7 8 9 10 11 12 

node height (m) 0.704 0.818 0.953 1.066 1.157 1.271 

node (-) 13 14 15 16 17 18 

node height (m) 1.406 1.519 1.611 1.725 1.860 1.973 

node (-) 19 20 21 22 23 24 

node height (m) 2.065 2.178 2.313 2.426 2.518 2.632 

node (-) 25 26 27 28 29 30 

node height (m) 2.767 2.894 2.999 3.126 3.275 3.402 

node (-) 31 32 33 34 35 36 

node height (m) 3.507 3.634 3.774 3.892 3.995 -  

 

The four central nodes of the radial distribution (see Figure 4.15) correspond to the lo-

cation of the void measurement of the test facility. Table 4.8 has highlighted in bolds the 

top of the nodes where the measure points (see Figure 4.15) will be simulated, i.e. nodes 

21, 24 and 28. Nevertheless, the axial distribution does not allow to use directly the pre-

diction of the void fraction since there is no axial node fitting with the position of the 

measure point. Therefore, the result will be averaged between the corresponding adjacent 

nodes using the MATLAB (MATLAB and Statistics Toolbox Release 2017a, 2017) based 

application for the post-processing of the output data. For satisfying the formula of Wilks 

(see Equation 4.4), this exercise uses a sample of 146 cases. 

The design of the nodes, gap connections among them and the geometry of heated and 

unheated structures is based on the geometrical parameters of the PSBT (Rubin, 2010) 

facility and summarized in Table 4.9. 
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Table 4.9 Design parameters of the test facility. 

Geometry parameters Value (mm) 

Heated rod outer diameter 12.3 

Heated rod pitch 16.2 

Water rod outer diameter 34.0 

Axial heated length 3708.0 

Flow channel inner width 132.5 

Flow channel corner radius 8.0 

Flow area 9463.0 

4.3.4. Validation results. 

This section shows the obtained results divided in two subsections for the steady state 

and the transient case. The subsection summarizes as well the results of the Sensitivity 

Analysis as a complement of the deterministic calculations completing hence the BEPU 

methodology. The latter shows how the uncertainty of the input parameters affect to the 

uncertainty of the target output variable. 

Steady State results. 

 

Figure 4.16 to Figure 4.18 shows the validation of the prediction of the void fraction of 

each of the three measurement points for the proposed set of 11 tests of the PSBT. The 

graphical results show the mean value and confidence interval of the sample compared 

to the experimental results. The boundaries of the distribution of the output variable are 

defined according to the Wilks methodology, with the sample’s maximum and minimum 

value. With these boundaries, the reader can observe how the uncertainty of the predic-

tion overlaps the experimental results and their error boundaries. In addition, figures in-

clude the comparison against the results of different participants of the Benchmark. The 

uncertainty is added to the measured void fraction according to the technical specifica-

tions of the Benchmark (Rubin, 2010). The Benchmark data defines an uncertainty of 

4% (±𝜎) in the measurement of void fraction in steady-state. 

The results of the steady-state simulations show good agreement. These results show a 

tendency of CTF-UPVIS to overpredict the void fraction in case of reduced values. This 

overprediction can be seen in  

Figure 4.16 for the lower measurement point. As the void fraction increases, the predicted 

value shows better agreement with the measurements, as the middle and upper measure-

ment points shown in figures Figure 4.17 Figure 4.18. Nevertheless, a clear overlapping 
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between the margins of the predicted and the measured value is clear, revealing a high 

probability of approaching the real value with CTF-UPVIS. In addition, the results of 

CTF-UPVIS are compared with the results of different participants, confirming the good 

agreement of the predictions. 

The observed overprediction of the void fraction for reduced values can be related to 

the size of the bubbles and the possible difficulty to detect them. It is assumable that 

axial locations where the Onset of Nucleate Boiling (ONB) will have a smaller bubble 

size. Therefore, if the measurement point is close to this location, it will be more diffi-

cult to detect void, and the registered measurement is more likely to be negligible. This 

judgement is supported with Table 4.10 and Table 4.11 which shows the higher errors 

(below -0.05) for the lower measurement point, which usually are coincident with the 

ONB.  According to CTF-UPVIS results, when the axial location of the onset of nucle-

ate boiling is close to the measurement point, the error increases. 
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Figure 4.16 Validation of the prediction of void fraction against measurement of the benchmark 

for the measurement point 1 (2.216 m). 

 

 

Figure 4.17 Validation of the prediction of void fraction against measurement of the benchmark 

for the measurement point 2 (2.669 m). 
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Figure 4.18 Validation of the prediction of void fraction against measurement of the benchmark 

for the measurement point 3 (3.177 m). 
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Table 4.10 Absolute error of the comparison between CTF prediction and measured value and 

test boundary conditions. 

Run 

No. 

Pressure 

(kg/cm2a) 

Mass Flux 

(106kg/s·cm2) 

Power 

(kW) 

Inlet 

Temp. 

(ºC) 

CTF. 

(Lower) 

CTF. 

(Middle) 

CTF. 

(Upper) 

5.1221 168.29 11.00 3000.00 292.30 0.0000 -0.0141 -0.0920 

5.1222 168.27 10.98 2998.00 297.30 0.0000 -0.0462 -0.0761 

5.2111 148.15 15.08 3296.00 291.90 0.0005 0.0215 -0.0105 

5.2112 148.04 14.98 3294.00 296.80 0.0002 -0.0001 0.0452 

5.2442 149.97 4.99 2000.00 263.00 -0.0258 -0.0218 0.0532 

5.3441 125.22 5.00 2014.00 247.90 -0.0524 -0.0474 0.0935 

5.3442 125.13 5.00 2013.00 257.70 -0.0499 0.0011 0.0638 

5.4562 100.23 2.02 1016.00 214.30 -0.0895 0.0052 0.0047 

5.6321 49.20 7.87 3000.00 173.50 -0.0763 -0.0193 0.0225 

5.6322 49.08 7.86 3000.00 183.60 -0.0729 -0.0165 0.0440 

5.6552 50.17 2.00 1028.00 159.10 -0.0090 0.0288 0.0754 

 

Table 4.11 Absolute error of the comparison between CTF prediction and measured value and 

location of ONB. 

Run 

No. 

CTF. 

(Lower) 

CTF. 

(Middle) 

CTF. 

(Upper) 

Axial 

node for 

ONB 

Elevation 

of ONB 

(m) 

Axial location of ONB rela-

tive to measurement points 

5.1221 0.0000 -0.0141 -0.0920 32 3.501 Upper < ONB 

5.1222 0.0000 -0.0462 -0.0761 30 3.247 Upper < ONB 

5.2111 0.0005 0.0215 -0.0105 32 3.501 Upper < ONB 

5.2112 0.0002 -0.0001 0.0452 29 3.006 Middle < ONB < Upper 

5.2442 -0.0258 -0.0218 0.0532 26 2.739 Middle < ONB < Upper 

5.3441 -0.0524 -0.0474 0.0935 24 2.512 Lower < ONB < Middle 

5.3442 -0.0499 0.0011 0.0638 22 2.285 Lower < ONB < Middle 

5.4562 -0.0895 0.0052 0.0047 22 2.285 Lower < ONB < Middle 

5.6321 -0.0763 -0.0193 0.0225 23 2.341 ONB < Lower 

5.6322 -0.0729 -0.0165 0.0440 21 2.072 ONB < Lower 

5.6552 -0.0090 0.0288 0.0754 21 2.072 ONB < Lower 
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Sensitivity Analysis of the steady-state results. 

The U&S analysis provides additional support to explain the behavior of the prediction 

of the void fraction regarding the variation of the input parameters or boundary condi-

tions. More specifically, the Sensitivity Analysis defines the correlation of the input var-

iables that have been perturbed for generating the samples with the void fraction pre-

dicted by CTF-UPVIS. 
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Table 4.12 Sensitivity Analysis of Test Run 5.1121. show the PRCC of the perturbed 

input variables with regard to the predicted different void fraction of the CTF-UPVIS 

model. The correlation of one input parameter is considered to be relevant up to values 

of ±0.2. Figures Figure 4.19 to Figure 4.29 support graphically the results of the SA for 

each test. 

In view of the results, the boundary conditions as well as the rod geometry play a rele-

vant role in the prediction of void fraction. Nevertheless, no general conclusions can be 

developed in this regard, since the experiment varies simultaneously all parameters in 

both directions for the different tests, instead of varying one single parameter at a time 

to observe its influence in the prediction error. The highest PRCCs are observed for the 

rod diameter. This is so, because the size of the diameter is directly related to the cross-

sectional mass flux, and the void generation is analytically related to this variable. This 

is also confirmed with the PRCC of the mass flow. Bundle Power and Inlet Coolant 

temperature have a positive PRCC and therefore, an increase in such variables would 

lead to an increase in void fraction prediction. Conversely, Inlet Mass Flux and Outlet 

Pressure have negative PRCCs and show the higher values compared to the other two 

input parameters. This fact is confirmed in   
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Table 4.10, where it can be observed that lower pressure and mass flux values show the 

higher overprediction. 
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Table 4.12 Sensitivity Analysis of Test Run 5.1121.  

  CTF-UPVIS Void Fraction 

Input Variable Label Lower Middle Upper 

LHGR lhgr 0.38 0.40 0.40 

Outlet Pressure outP -0.73 -0.74 -0.74 

Inlet Mass Flow mflow -0.56 -0.57 -0.61 

Eq. distribution weighting factor for void drift aaak 0.05 0.08 0.07 

2-phase multiplier of the mixing coefficient thetm -0.09 -0.11 -0.20 

1-phase mixing coefficient beta_sp -0.60 -0.70 -0.76 

Nucleate boiling heat transfer coefficient htc_nb 0.05 0.07 0.05 

Interfacial drag coefficient for liquid intfr_l 0.03 0.60 0.69 

Interfacial drag coefficient for entrainment intfr_e -0.05 -0.04 -0.03 

Rod diameter drod -0.96 -0.95 -0.92 

Inlet coolant enthalpy inEnth 0.91 0.91 0.91 

 

 

Figure 4.19 Diagram of the PRCCs for Test Run 5.1121. 

Table 4.13 Sensitivity Analysis of Test Run 5.1222. 
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  CTF-UPVIS Void Fraction 

Input Variable Label Lower Middle Upper 

LHGR lhgr 0.20 0.50 0.45 

Outlet Pressure outP -0.16 -0.70 -0.66 

Inlet Mass Flow mflow -0.34 -0.66 -0.63 

Eq. distribution weighting factor for void drift aaak -0.02 0.05 0.03 

2-phase multiplier of the mixing coefficient thetm 0.12 -0.11 -0.17 

1-phase mixing coefficient beta_sp -0.34 -0.72 -0.77 

Nucleate boiling heat transfer coefficient htc_nb -0.11 0.04 0.06 

Interfacial drag coefficient for liquid intfr_l 0.06 0.40 0.75 

Interfacial drag coefficient for entrainment intfr_e 0.08 -0.05 -0.06 

Rod diameter drod -0.83 -0.96 -0.93 

Inlet coolant enthalpy inEnth 0.54 0.88 0.86 

 

 

Figure 4.20 Diagram of the PRCCs for Test Run 5.1122. 
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Table 4.14 Sensitivity Analysis of Test Run 5.2111. 

  CTF-UPVIS Void Fraction 

Input Variable Label Lower Middle Upper 

LHGR lhgr * 0.48 0.48 

Outlet Pressure outP * -0.68 -0.69 

Inlet Mass Flow mflow * -0.64 -0.62 

Eq. distribution weighting factor for void drift aaak * 0.07 0.06 

2-phase multiplier of the mixing coefficient thetm * -0.12 -0.13 

1-phase mixing coefficient beta_sp * -0.68 -0.74 

Nucleate boiling heat transfer coefficient htc_nb * 0.04 0.07 

Interfacial drag coefficient for liquid intfr_l * 0.02 0.59 

Interfacial drag coefficient for entrainment intfr_e * -0.06 -0.04 

Rod diameter drod * -0.96 -0.95 

Inlet coolant enthalpy inEnth * 0.89 0.88 
* Void prediction is 0.0 and therefore PRCC does not show a real number. 

 

 

Figure 4.21 Diagram of the PRCCs for Test Run 5.2111. 
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Table 4.15 Sensitivity Analysis of Test Run 5. 2112. 

  CTF-UPVIS Void Fraction 

Input Variable Label Lower Middle Upper 

LHGR lhgr 0.28 0.47 0.44 

Outlet Pressure outP -0.46 -0.69 -0.70 

Inlet Mass Flow mflow -0.48 -0.62 -0.64 

Eq. distribution weighting factor for void drift aaak 0.03 0.07 0.03 

2-phase multiplier of the mixing coefficient thetm -0.04 -0.11 -0.15 

1-phase mixing coefficient beta_sp -0.44 -0.69 -0.77 

Nucleate boiling heat transfer coefficient htc_nb -0.10 0.02 0.04 

Interfacial drag coefficient for liquid intfr_l 0.10 0.37 0.72 

Interfacial drag coefficient for entrainment intfr_e -0.04 -0.05 -0.06 

Rod diameter drod -0.92 -0.96 -0.94 

Inlet coolant enthalpy inEnth 0.91 0.91 0.91 

 

 

Figure 4.22 Diagram of the PRCCs for Test Run 5.2112. 
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Table 4.16 Sensitivity Analysis of Test Run 5.2442. 

  CTF-UPVIS Void Fraction 

Input Variable Label Lower Middle Upper 

LHGR lhgr 0.60 0.45 0.51 

Outlet Pressure outP -0.65 -0.52 -0.58 

Inlet Mass Flow mflow -0.71 -0.58 -0.68 

Eq. distribution weighting factor for void drift aaak 0.09 0.02 0.00 

2-phase multiplier of the mixing coefficient thetm -0.15 -0.10 -0.27 

1-phase mixing coefficient beta_sp -0.69 -0.68 -0.79 

Nucleate boiling heat transfer coefficient htc_nb 0.03 0.03 0.01 

Interfacial drag coefficient for liquid intfr_l 0.36 0.83 0.86 

Interfacial drag coefficient for entrainment intfr_e -0.02 -0.04 -0.05 

Rod diameter drod -0.97 -0.92 -0.88 

Inlet coolant enthalpy inEnth 0.84 0.74 0.81 

 

 

Figure 4.23 Diagram of the PRCCs for Test Run 5.2442. 
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Table 4.17 Sensitivity Analysis of Test Run 5.3441. 

  CTF-UPVIS Void Fraction 

Input Variable Label Lower Middle Upper 

LHGR lhgr 0.57 0.43 0.49 

Outlet Pressure outP -0.59 -0.47 -0.54 

Inlet Mass Flow mflow -0.69 -0.58 -0.68 

Eq. distribution weighting factor for void drift aaak 0.05 0.02 0.01 

2-phase multiplier of the mixing coefficient thetm -0.13 -0.11 -0.30 

1-phase mixing coefficient beta_sp -0.68 -0.72 -0.79 

Nucleate boiling heat transfer coefficient htc_nb 0.04 0.02 -0.03 

Interfacial drag coefficient for liquid intfr_l 0.66 0.87 0.88 

Interfacial drag coefficient for entrainment intfr_e -0.04 -0.04 -0.02 

Rod diameter drod -0.97 -0.90 -0.85 

Inlet coolant enthalpy inEnth 0.82 0.73 0.79 

 

 

Figure 4.24 Diagram of the PRCCs for Test Run 5.3441. 
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Table 4.18 Sensitivity Analysis of Test Run 5.3442. 

  CTF-UPVIS Void Fraction 

Input Variable Label Lower Middle Upper 

LHGR lhgr 0.40 0.42 0.40 

Outlet Pressure outP -0.50 -0.51 -0.51 

Inlet Mass Flow mflow -0.54 -0.60 -0.65 

Eq. distribution weighting factor for void drift aaak 0.03 0.00 0.01 

2-phase multiplier of the mixing coefficient thetm -0.09 -0.20 -0.30 

1-phase mixing coefficient beta_sp -0.64 -0.74 -0.74 

Nucleate boiling heat transfer coefficient htc_nb 0.03 0.01 -0.05 

Interfacial drag coefficient for liquid intfr_l 0.86 0.88 0.91 

Interfacial drag coefficient for entrainment intfr_e -0.02 -0.01 0.05 

Rod diameter drod -0.92 -0.87 -0.76 

Inlet coolant enthalpy inEnth 0.75 0.77 0.77 

 

 

Figure 4.25 Diagram of the PRCCs for Test Run 5.3442. 

  



Development and validation of a multi-scale and multi-physics methodology for the safety analysis of 

fast transients in Light Water Reactors  

 

126 

 

Table 4.19 Sensitivity Analysis of Test Run 5.4562. 

  CTF-UPVIS Void Fraction 

Input Variable Label Lower Middle Upper 

LHGR lhgr 0.51 0.63 0.61 

Outlet Pressure outP -0.52 -0.65 -0.60 

Inlet Mass Flow mflow -0.65 -0.80 -0.81 

Eq. distribution weighting factor for void drift aaak 0.06 0.03 0.11 

2-phase multiplier of the mixing coefficient thetm 0.01 0.06 0.14 

1-phase mixing coefficient beta_sp -0.37 -0.45 -0.38 

Nucleate boiling heat transfer coefficient htc_nb 0.01 -0.05 -0.09 

Interfacial drag coefficient for liquid intfr_l 0.92 0.96 0.97 

Interfacial drag coefficient for entrainment intfr_e -0.01 0.02 0.12 

Rod diameter drod -0.86 -0.49 -0.45 

Inlet coolant enthalpy inEnth 0.74 0.83 0.80 

 

 

Figure 4.26 Diagram of the PRCCs for Test Run 5.4562. 
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Table 4.20 Sensitivity Analysis of Test Run 5.6321. 

  CTF-UPVIS Void Fraction 

Input Variable Label Lower Middle Upper 

LHGR lhgr 0.51 0.38 0.36 

Outlet Pressure outP -0.37 -0.31 -0.27 

Inlet Mass Flow mflow -0.67 -0.57 -0.60 

Eq. distribution weighting factor for void drift aaak -0.08 -0.09 -0.13 

2-phase multiplier of the mixing coefficient thetm -0.04 -0.04 -0.23 

1-phase mixing coefficient beta_sp -0.64 -0.71 -0.78 

Nucleate boiling heat transfer coefficient htc_nb 0.06 0.08 0.02 

Interfacial drag coefficient for liquid intfr_l 0.64 0.88 0.90 

Interfacial drag coefficient for entrainment intfr_e 0.08 0.05 0.07 

Rod diameter drod -0.97 -0.92 -0.87 

Inlet coolant enthalpy inEnth 0.69 0.60 0.58 

 

 

Figure 4.27 Diagram of the PRCCs for Test Run 5.6321. 
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Table 4.21 Sensitivity Analysis of Test Run 5.6322. 

  CTF-UPVIS Void Fraction 

Input Variable Label Lower Middle Upper 

LHGR lhgr 0.37 0.32 0.26 

Outlet Pressure outP -0.34 -0.25 -0.21 

Inlet Mass Flow mflow -0.54 -0.55 -0.53 

Eq. distribution weighting factor for void drift aaak 0.06 -0.02 -0.13 

2-phase multiplier of the mixing coefficient thetm -0.09 -0.19 -0.43 

1-phase mixing coefficient beta_sp -0.61 -0.75 -0.82 

Nucleate boiling heat transfer coefficient htc_nb 0.01 -0.02 -0.05 

Interfacial drag coefficient for liquid intfr_l 0.90 0.91 0.90 

Interfacial drag coefficient for entrainment intfr_e -0.05 -0.05 0.19 

Rod diameter drod -0.94 -0.88 -0.77 

Inlet coolant enthalpy inEnth 0.61 0.58 0.55 

 

 

Figure 4.28 Diagram of the PRCCs for Test Run 5.6322. 
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Table 4.22 Sensitivity Analysis of Test Run 5.6552. 

  CTF-UPVIS Void Fraction 

Input Variable Label Lower Middle Upper 

LHGR lhgr 0.52 0.64 0.60 

Outlet Pressure outP -0.45 -0.53 -0.50 

Inlet Mass Flow mflow -0.66 -0.80 -0.78 

Eq. distribution weighting factor for void drift aaak 0.07 -0.05 0.01 

2-phase multiplier of the mixing coefficient thetm 0.01 0.07 0.08 

1-phase mixing coefficient beta_sp -0.45 -0.38 -0.46 

Nucleate boiling heat transfer coefficient htc_nb -0.01 -0.09 -0.12 

Interfacial drag coefficient for liquid intfr_l 0.96 0.96 0.99 

Interfacial drag coefficient for entrainment intfr_e 0.02 0.04 0.22 

Rod diameter drod -0.75 -0.24 -0.32 

Inlet coolant enthalpy inEnth 0.67 0.73 0.69 

 

 

Figure 4.29 Diagram of the PRCCs for Test Run 5.6552. 
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Furthermore, internal parameters of the different flow and heat transfer correlations have 

showed little influence in the uncertainty of void fraction, except for the single phase 

mixing coefficient and the interfacial drag coefficient of the liquid phase. The former, 

shows a negative PRCC and the latter a positive one. The single phase mixing coefficient 

is defined in CTF-UPVIS as the ratio between transverse and axial mass flux. 

Consequently, a higher coefficient will increase the part of mass flux in the axial direc-

tion in relation with the transversal direction. Therefore, higher values, as for the Inlet 

Mass Flow contribute to less void fraction. Lastly, the interfacial drag coefficient for the 

liquid field appears to have more effect on void uncertainty for measurement point loca-

tions with higher void fraction. The interfacial drag coefficient relates the transfer of 

momentum between the liquid field and the vapor field. A higher interfacial drag coef-

ficient allows more transfer of momentum and therefore more void generation. The 

measurement points detecting more void fraction show higher PRCC values for this co-

efficient, since there is more vapor field in contact with the liquid field. The SA on the 

coefficients used in the different correlations modeled in CTF-UPVIS for heat transfer 

and flow regimes gives an idea of which correlations are more sensible and hence which 

parameters need special interests for further modeling. 

Transient results. 

The following figures show the evolution of the statistical parameters of the sample for 

the different measurement points, according to the prediction of the void fraction. The 

statistical parameters are the mean value of the sample and the corresponding confidence 

interval defined according to the 95/95 criterion. 

The Uncertainty Quantification (UQ) has defined the mean value and standard deviation 

for the predicted void fraction in each time-step. This quantification has been done for 

the 146-case-sample. Figure 4.30 to Figure 4.32 depict the 95% Confidence Interval for 

each time step, calculated from the obtained statistical values from the UQ. 

The analysis of the 146 cases of the sample showed that more than 95% of the sample is 

included in the 95% Confidence Interval, meeting the 95/95 criterion stablished by the 

formula of Wilks. 

In regard of the deterministic results, Figure 4.30 to Figure 4.32 shows that the void 

fraction in every measure point follows a trend equivalent to the evolution of the inlet 

temperature of the coolant (see Figure 4.13, left). An increase in the temperature of the 

coolant at the inlet increases the onset of nucleate boiling since the heat transfer needed 

to achieve saturation temperature will be less. On the other hand, as the experiment 

shows, when the coolant temperature at the inlet decreases, the void fraction will de-

crease. 
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Figure 4.30 Evolution of the void fraction and statistical parameters for the lower measurement 

point of the PSBT case. 

Simulated data shows an overprediction of the void fraction at the beginning of the tran-

sient, approximately before the void starts to be detected in the test facility. The void 

predicted by CTF-UPVIS shows good agreement between the onset of void detection in 

the test facility and the peak detected around 100 seconds, where the peak of the coolant 

inlet temperature is located. After the peak, CTF-UPVIS shows an underprediction of 

the void fraction for every measurement point. 

The data provided from the test facility shows no void fraction until the sudden increase 

when the onset of nucleate boiling is detected by the X-Ray measurement points. CTF-

UPVIS is capable of predicting a softer evolution of the increase of the void due to its 

model of small bubble flow regime. CTF-UPVIS shows positive values of void fraction 
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while the test facility is unable to detect void and therefore records a 0 value. The mod-

elling of this flow regime allows a prediction of certain void fraction before achieving 

the churn flow regime model. 

 

Figure 4.31 Evolution of the void fraction and statistical parameters for middle measurement 

point of the PSBT case. 

The onset of the void fraction takes place earlier in the transient for higher measure 

points, where the nucleate boiling is achieved earlier do to the approximation to saturated 

temperature. After the onset of the void fraction, CTF-UPVIS shows good agreement for 

the prediction of the values. Moreover, the results are more coherent for the higher meas-

urement point, since there is more void generated and detected in comparison with the 

other measurements. 
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Figure 4.32 Evolution of the void fraction and statistical parameters for the upper measurement 

point of the PSBT case. 

After the peak in the void fraction, corresponding to the peak of coolant inlet tempera-

ture, CTF-UPVIS shows an underprediction of the void fraction. The response of the 

prediction of the void fraction in CTF-UPVIS shows similar behavior to the evolution of 

the inlet enthalpy of the coolant (see Figure 4.13, left) which is a forced boundary con-

dition. Such behavior can be a consequence of a strong correlation between parameters, 

that will be confirmed by the Sensitivity Analysis of the results. Even though both meas-

ured and simulated values present the same behavior, the values measured in the exper-

iment show certain delay in the decrease of the void fraction with a smaller slope. More-

over, according to Figure 14  (left), pressure in the outlet increases during the transient. 

A pressure increase raises the saturation temperature, and therefore, generating void in 
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the two-phase flow becomes more difficult. The peak of the void fraction for every meas-

ure point is achieved in an increasing pressure trend. Therefore, the model in CTF-

UPVIS for the void generation is having a sensitive response for such variation of pa-

rameters. 

Comparison of the results with other participants of the Benchmark. 

Different participants from international institutions have shared the results of their 

codes. This information is added to this section to give a wider picture of the state-of-

the-art of the different subchannel codes. 

 

Figure 4.33 Comparison against the results of other PBST participants for the Lower Measure-

ment Point. 
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Figure 4.33 to Figure 4.35 show the results of the lower, middle and higher measurement 

points. For the sake of clarity, the figures show only the comparison with 4 additional 

participants of the benchmark, all of them using subchannel codes. Further information 

can be consulted in the benchmark report (OECD/NEA, 2016). 

 

 

Figure 4.34 Comparison against the results of other PBST participants for the Lower Measure-

ment Point. 

In view of the figures, the conclusion is that every participant show good agreement with 

the trend of the void fraction for the different measurement points. As for CTF, the par-

ticipants tend to overpredict the void fraction until the void peak at 100 seconds, and 

underpredict it afterwards. Compared to the rest of the participants, except for FLICA-
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OVAP, CTF-UPVIS achieves the best agreement for the beginning of the transient until 

100 seconds. Conversely, CTF-UPVS shows to be the code underpredicting the void 

fraction after the peak. 

On the other hand, as for CTF-UPVIS, the rest of the participants show better agreement 

for the measurement points at higher location, where the void is quantitatively higher. 

 

Figure 4.35 Comparison against the results of other PBST participants for the Lower Measure-

ment Point. 

The comparison against the results of other participants describes the capacity of the 

state-of-the-art subchannel codes for predicting the void fraction. As it is known, the 

different codes can use different correlation for the void fraction and other thermal-hy-

draulic variables. Moreover, selecting the proper correlation according to the simulation 
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conditions can be a useful method for fitting the results to the experimental data. Further 

work in regard of the prediction capacity of CTF-UPVIS can consist in extend the sen-

sitivity analysis to other correlation schemes. 

Sensitivity Analysis of the transient results. 

This subsection analyzes the sensitivity of the prediction of the void fraction regarding 

the uncertainty of the input parameters. Figure 4.36 to Figure 4.38 show the sets of input 

variables and their sensitivity along the transient case. As for the steady-state, the sensi-

tivity is quantified using the Partial Rank Correlation Coefficients (PRCC). This measure 

defines relevant influence in the uncertainty of the output variable for values above 0.2 

in absolute value. 

Therefore, the inlet enthalpy of the coolant and the outlet pressure are the more relevant 

simulation boundary conditions, followed by the bundle power and inlet mass flux. On 

the other hand, void fraction shows less sensitivity to the coefficients of the two-phase 

flow model implemented in CTF-UPVIS, except for the single-phase mixing coefficient 

and the interfacial drag coefficient of the liquid field. 

The transient analysis of the sensitivity reveals that major changes occur for the inlet 

enthalpy, which shows a peak in all three measurement points coincident with the evo-

lution of the transient case. The rest of the PRCC show little evolution since they remain 

constant or with little perturbation. 

Moreover, the more sensitive built-in parameters of the two-phase flow model in CTF-

UPVIS show a peak similar to the peak of inlet enthalpy. This confirms the relation 

between these parameters and the presence of void. As the void increases, it shows more 

sensitivity to the interfacial drag coefficient of the liquid field and the single-phase mix-

ing coefficient. 

An additional remark is the effect in the PRCC of the initial void fraction. In Figure 4.30, 

the PRCC of every input variable increases its absolute value at the beginning of the 

transient. Conversely, for the other two measurement points, the absolute value of the 

PRCC is reduced. This shows that sensitivity of to the output value increases with its 

value. At the beginning of the transient, due to the axial location of the ONB, there is no 

void fraction detected at the lower measurement point. Therefore, the sensitivity experi-

ments a significant increase as the inlet temperature increases and hence, so does the 

void fraction at that axial node. The contrary effect can be observed for the other meas-

urement points, where there is already void fraction detected. 
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Void prediction is 0.0 for the two first seconds of the transient and therefore PRCC does not show a real number. 

Figure 4.36 Sensitivity Analysis of the transient conditions for the Lower Measurement Point. 
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Figure 4.37 Sensitivity Analysis of the transient conditions for the Lower Measurement Point. 
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Figure 4.38 Sensitivity Analysis of the transient conditions for the Lower Measurement Point. 

4.3.5. Conclusions. 

The BEPU methodology undertaken by CTF-UPVIS and DAKOTA has been applied 

successfully to the prediction of the void fraction for the benchmark PSBT of the 

NEA/OECD for 11 steady-state test cases and the transient case of coolant inlet temper-

ature increase.  

The results predicted by CTF-UPVIS showed good agreement with the measured values 

and additionally, good agreement compared to the prediction of other participants. This 

confirms that the use of subchannel codes accounting the transvers effects of the flow 

between rod arrays are of significant importance to model local phenomena, like in this 

case, the prediction of void fraction. The results show good agreement of CTF-UPVIS 
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for the prediction of the evolution of the void fraction. Moreover, CTF-UPVIS showed 

good agreement with the measurements of the experiment for the middle part of the tran-

sient. The discrepancies with the measurement data are observed in the parts of the tran-

sient where the boundary variable of the inlet coolant temperature changes from increas-

ing to decreasing. The prediction of CTF-UPVIS revealed significant sensitivity to the 

change of this parameter, while the measurement was in comparison less sensitive. This 

hypothesis has been confirmed by the SA of the results. In addition, the discrepancies at 

the beginning of the transient are considered to be related to the measurement capacity 

of small bubbles of void fraction. The experiment shows a sudden increase in void frac-

tion when it starts to being detected, while the small bubble flow regime of CTF-UPVIS 

predicts a softer increase of void fraction. 

The results have been complemented with an Uncertainty and Sensitivity Analysis. The 

use of DAKOTA toolkit has provided the sampling procedure and the quantification of 

the CI. Due to this, it can be observed that the uncertainty of the predicted value can 

include the measured value with a 95% of probability. 

The Sensitivity Analysis showed significant relevancy of the inlet enthalpy in the uncer-

tainty of the prediction of the void fraction. In addition, certain correlation parameters 

such as the interfacial drag coefficient for the liquid field and the single phase mixing 

coefficient showed to be sensitive for the prediction of the void fraction. 

 



 

Chapter 5  

Application of the 

proposed methodology 

to the Safety Analysis of 

the Turbine Trip Event  

of KKL in Fuel Cycle 18 

 

The preliminary results of the application of the methodology are going to be validated 

against plant data of a real scenario. This scenario consists of a Turbine Trip (TT) event 

with Bypass System available that happened in KernKraftwerk Leibstadt at the begin-

ning of fuel cycle 18, i.e. September of 2001. The selected event is part of the Design 

Basis of a NPP with a GE BWR/6 design, that counts on a steam cycle that feeds a 

turbine-generator group. Therefore, the Safety Analysis in a NPP requires of the assess-

ment of this event in a regular basis. This means that the Nuclear Regulator will ask for 

the assessment of this event in different times along the Operational Life of the nuclear 

facility. For instance, whenever a NPP modification affects any of the systems related to 

the Turbine, or the systems controlling its operation or safety functions, this event will 

be re-evaluated to give credit that the modification does not compromise the safety of 

the plant or that this transient is still managed safely. 

Moreover, this transient case is selected among the available plant data due to its multi-

physic behavior. The evolution of the core parameters during this transient include a 
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strong feedback between the NK and the TH. In addition, in regard of further fuel be-

havior analysis, it allows to extend the application of the proposed methodology to dif-

ferent codes and scales. 

The simulation conditions and the plant results have been provided by KKL in the frame-

work of a collaboration project. This plant conditions have been analyzed and used to 

validate the core behavior. 

This chapter describes the application case in the first section. The next section, Section 

5.2, details how the methodology has been applied in the different steps and how the 

generated data has been pre- and post-processed. Section 5.3 presents the results obtained 

at each step with the corresponding discussion. And the last section summarizes the con-

clusions of the analysis of the results. 

The development of the presented methodology has taken advantage of the plant data 

available, and the first approaches of the application of the methodology have been used 

to yield different publication in national and international congresses as well as two pub-

lications in journal papers (Patricio Hidalga et al., 2019a), (Patricio Hidalga et al., 

2019b). The contents of these journal papers are available on Riunet online service pro-

vided by the Universitat Politècnica de València. 

5.1. Case description. 

According to the USNRC on its Standard Review Plan of Chapter 15.2.1 (USNRC, 

2007c) to 15.2.5 (USNRC, 2007b), a Turbine Trip With Bypass Available event is an 

initiating event that can occur with moderate frequency and has diverse causes that can 

explain its occurrence. A Turbine Trip consists on the fast closure of the Turbine Control 

Valve (TCV), and in this case, with the consequent opening of the Turbine Bypass Valve 

(TBV). In this manner, the main heatsink (the condenser) is still available and the power 

generated in the reactor can be delivered. A more severe accident of this nature would 

be the TT without Bypass. In that case, the Bypass Valve system fails to open, and there-

fore the main heatsink is lost. Figure 5.1 shows the layout of the coolant/steam flow of 

the affected systems. 
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Figure 5.1 Steam flow through the affected systems. 

The trip system of the turbine has a protective function and can be triggered by different 

signals that detect potential initiating events that can affect the turbine-generator group. 

For instance, the overpressure in the Turbine Building, the loss of vacuum in the con-

denser or a Loss of Onsite Power can trip the Turbine. The consequence is a fast transient 

event that causes a pressure peak upwards the turbine group, i.e. the main steam lines 

and afterwards the Reactor Pressure Vessel. The pressure peak is a consequence of the 

rejection of the steam load happening in the milliseconds when the TCV closes while the 

TBV starts to open. Figure 5.2 describes the magnitude of the velocity of the first time 

steps of this transient. In Figure 5.2 and Figure 5.3 it is possible to view the movement 

of the TCV and TBV. The four TCV are labeled as valves A, B, C and D and correspond 

to each of the steam lines. In the same way, TBVs are labeled as N, N/M, S and S/M. 

The figures are obtained from the previous validation work in KKL of the TRACE model 

(Papadopoulos & Sekrhi, 2017). 
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Figure 5.2 TCVs movement during the transient event. 

The direct consequence of the pressure peak is an excursion of power in the reactor core. 

This power excursion is caused by the negative reactivity coefficient of the void fraction. 

A high void fraction in the reactor diminishes the moderator capacity of the coolant and 

hence, the fission rate. 



Development and validation of a multi-scale and multi-physics methodology for the safety analysis of 

fast transients in Light Water Reactors  

 

146 

 

Figure 5.3 TBVs movement during the transient event. 

Conversely, a pressure peak collapses the void in the reactor and moderator capacity 

suddenly increases. According to this event sequence, two main barriers can be affected 

in this transient. On the one hand, the Reactor Coolant Pressure Boundary (RPCB) and 

the Reactor Pressure Vessel (RPV) endure a pressure peak that challenges their mechan-

ical integrity. On the other hand, the power peak can yield fuel damage if this power is 

not properly removed by the coolant. Nevertheless, the velocity of the transient can affect 

the flow and heat transfer regimes of the coolant surrounding the fuel rod, and the heat 

removal capacity can be significantly affected. 

For the former barrier, it is necessary to assess the integrity of the RPV and RCPB. The 

USNRC refers to the American Society of Mechanical Engineers (ASME) as a renowned 

Institution for setting the Acceptance Criteria in pressurized vessels and components. In 
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this case, the standards define the hydraulic pressurized components must be manufac-

tured to withstand 110% of their maximum nominal pressure. 

For the later barrier, USNRC refers to the MCRP for evaluating a sufficient capacity for 

removing the heat generated in the cladding. This Acceptance Criteria must be accom-

plished with a statistical assessment of 95% of probability of a 95% Confidence Interval. 

The MCRP is defined according to the Design of the corresponding NPP, in this case 

KKL. Due to Design Property class, this value is not allowed to be published and there-

fore, a fictitious estimated value is provided as reference. A mathematical limit for this 

Acceptance Criterion would be a value of 1 of the MCPR (see section 2.5). Values below 

1 means that the generated power is greater than the critical power that causes transition 

to film boiling and hence a sudden deterioration of the heat removal capacity. 

The following protection measure in a Turbine Trip Event With Bypass Available (here 

on TT) is the SCRAM in order to avoid the power excursion. 

The probability of this event is so that a turbine trip can be expected more than once in 

the operational life of the NPP, according to different Regulators. The frequency of this 

event assigns in Switzerland the Category of Operational Disturbance (Betriebsstörung, 

in german) (ENSI, 2018) and this category assigns the acceptance criteria according to 

the Swiss law (ENSI, 2019). It is common in the Nuclear Regulation Guidelines of the 

US that certain limits for the Acceptance Criteria are directly defined in the correspond-

ing guideline. However, in Switzerland, it is more common to set which barrier is com-

promised and assure the integrity of the barrier according to the design basis of this bar-

rier. The analysis of the sequence of events in this transient, together with the postulated 

protection sequence defines the barrier or barriers that can be compromised during the 

evolution of the transient case. 

Regarding the evolution of the fluid, the focus must be located in the pressure and flow 

wave behavior, especially at the beginning of the transient. The fast closure of the control 

vales causes a density wave that travels along the steam line causing a pressure peak in 

the dome of the vessel. This fact affects directly to the void fraction distribution of the 

core and hence to the neutron flux distribution. The consequences result in an increase 

of the reactor coolant temperature, a decrease in the coolant density and an increase in 

the reactor coolant pressure. This is mitigated by the actuation of Turbine Bypass Valves 

(TBV) and Safety Relief Valves (SRV) that reduces the pressure peak in the vessel. 

Moreover, the power peak caused by the pressure peak is controlled by means of Control 

Rods Maneuver, whether by a Selected Rod Insertion (SRI) or a SCRAM. Table 5.1 

describes the sequence of events of the TT, which has been extracted from the corre-

sponding internal report of KKL. 
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Table 5.1 Turbine Trip Fuel Cycle 18 sequence of events. 

Time (ms) Event Time (ms) Event 

0 Core flow at 3370.85 kg/s 490 TBVs at ~ 50 % 

0 Dome pressure at 71.9 bar 780 Peak Vessel Dome Pres-

sure 7.31 MPa 

0 TT 1020 TBVs reached maximum 

opening ~ 82 % 

218 TSVs begin to close 1410 SRI Rod Full-In 

260 TBVs begin to open 2030 Peak Steam Flow 2170.7 

kg/s 

300 TSVs at ~ 9.125 % 4880 Flow Control Valves at 

18 % 

300 SRI Channels initiation 9100 Core flow after transient 

at ~ 1892 kg/s 

305 Flow Control Valves closed at 

66% 

9980 Power Peak at ~ 58 % 

440 TBVs at ~ 25 % 29980 Vessel Dome Pressure 

6.80 MPa 

 

The TT event has been analyzed according to the corresponding regulatory documenta-

tion. For this case, the USNRC standards have been reviewed in order to elucidate the 

corresponding figure of merit to be analyzed in this simulation scheme. The figure of 

merit will be the safety variable that will be evaluated as an output of the further simu-

lations performed in the different steps of the application of this methodology. For that 

purpose, it is necessary to review the General Design Criteria (GDC) gathered in the 

USNRC document 10 CFR Appendix A to Part 50 (USNRC, 2017a). Among the criteria 

presented in this document, only the ones within the scope of the application of a simu-

lation methodology are of interest, being: 

 

- GDC 10, as to reactor coolant system design with appropriate margin so 

Specified Acceptable Fuel Design Limits (SAFDLs) are not exceeded dur-

ing normal operation, including Anticipated Operational Occurrences 

(AOOs). 
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- GDC 15, as to design of the reactor coolant system and its auxiliaries with 

appropriate margin so the pressure boundary is not breached during normal 

operations, including AOOs. 

 

These criteria are afterwards complemented with the American National Standards as 

guidance. Therefore, the criteria exposed above yield in the following requirements: 

- Pressure in the reactor coolant and main steam system should be main-

tained below 110 percent of the design values. 

 

- Fuel cladding integrity must be maintained by the minimum Departure 

from Nucleate Boiling Ratio (DNBR) remaining above the 95/95 DNBR 

limit for PWRs and the Critical Power Ratio (CPR) remaining above the 

Minimum CPR safety limit for BWRs based on acceptable correlations and 

satisfaction of any other SAFDL applicable to the particular reactor design. 

Therefore, the figure of merit will be the Minimum CPR observed during the simulation 

of the transient event, as well as the pressure observed in the dome. The reader must 

notice that the Minimum CPR is a very local phenomenon hence, having a coarse defi-

nition of the problem in the simulation model would head to assume a conservative ap-

proach. It is here then, where the multi-scale feature of the presented methodology will 

show the added value to the safety analysis. 

5.2. Road map of the application of the methodology. 

As commented in the previous subsection, the figures of merit are the pressure in the 

dome and the Minimum CPR. The methodology will be applied starting from a system 

model of coupled TH and NK where the reactor core is simplified, and will end in a fuel 

pin analysis that will predict the Minimum CPR of the critical node. Each step will be 

fed with the boundary conditions predicted in the previous step, enhancing the scale level 

and accounting the necessary physics for analyzing the target phenomenon. In regard of 

the pressure of the dome, the first step of the simulation methodology will provide such 

value, since it is the only step modelling the vessel. 

The proposed methodology uses different simulation codes to accomplish the targets of 

each step. Table 5.2 shows the information of each code and how they will be referred 

further on. 
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Table 5.2 Information of the simulation codes used in the application of the proposed methodol-

ogy. 

Code abbre-

viation 

Code version Developer Property 

CASMO casmo4-2.05.14 Studsvik/KKL KKL 

SIMULATE simulate3 Studsvik/KKL KKL 

SIMTAB simtab-v37 Senubio (ISIRYM/UPV) UPV 

PARCS parcs_m16_UPVIS_

v1801_ifr 

U. MICHIGAN USNRC 

 

TRACE Trace-v50p3 ISL and NRC USNRC 

CTF-UPVIS CTF_UPVIS_v1701

_r0_x64_r 

Senubio (ISIRYM/UPV)/CTF 

Users Group 

UPV/CTF 

Users 

Group 

FRAPCON Frapcon-4.0 PNL PNL 

FRAPTRAN Fraptran-2.0 PNL PNL 

DAKOTA Dakota-6.4 Sandia National Laboratories Sandia 

National 

Laborato-

ries 

 

Consequently, the application of the different steps will be as follow: 

1) Generation of the 3D cross-section libraries that will provide the neutron com-

position of the core defined for the burnup step when the transient case took 

place. For this step, the interface SIMTAB will be used fed from the 

CASMO/SIMULATE-3 data. This step will generate the NEMTAB libraries 

that will be used by the 3D NK code PARCS. 

 

2) Simulation of the system model TRACE/PARCS-NEMTAB. This step will sim-

ulate the overall behavior of the reactor core and the most relevant parts of the 

primary loop. The model accounts 1D components such as pipes, vales and 

pumps as well as the 3D Cartesian vessel containing the jet pumps, team sepa-

rators and the reactor core. The reactor core lumps the fuel channels in three 

radial averaged channels. This feature allows an efficient computational cost 

simulation that allows evaluating the behavior of the core. The core is coupled 
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with a channel-by-channel core model that will calculate the evolution of the 

NK with the feedback of the TH. 

 

3) The results of this step are used to implement the boundary conditions of the 

pressure and core mass flow in a more detailed core model. This core model is 

a channel-by-channel core modelled with CTF-UPVIS and coupled to the 

PARCS model suing the NEMTAB files. This step simulates a more detailed 

scale that allows tracking the critical fuel channel by applying the Minimum 

CPR criterion. 

 

4) The next steps will use the boundary conditions of the critical fuel channel in 

the corresponding subchannel model that will simulate the TH stand alone. This 

step is a high detail thermal-hydraulic model accounting the water rods geome-

try as well as the partial length rods. The simulation of this step yields a more 

detailed prediction of the local effects of the thermal-hydraulic that will enhance 

the prediction of the Minimum CPR and will be used to locate the critical fuel 

pin. 

 

5) The simulation of the previous step allows tracking the critical fuel pin accord-

ing to the Minimum CPR criterion. Moreover, this figure of merit will be pre-

dicted in the corresponding axial location. 

 

6) The last simulation step will use the boundary conditions of the fuel pin present-

ing the Minimum CPR. These boundary conditions will be loaded in a fuel be-

havior code FRAPCON/FRAPTRAN. The purpose is to account the effect of 

burnup distribution of the fuel rod that provides an axial distribution of the fuel-

cladding gap heat transfer coefficient. The feature will improve the prediction 

of the Minimum CPR. 

 

7) Finally, the application of the methodology is complemented with the Uncer-

tainty and Sensitivity analysis. This step analyzes input variables are relevant 

on the uncertainty of the prediction of the Minimum CPR. The uncertainty of 

the selected input variables is modelled and a sample of different cases coming 

from the perturbation of the selected input variables is run, for the last step of 

the proposed methodology in this application case. The result of running the 

sample yield the distribution of the output variable, i.e. the Minimum CPR. In 

this way, the boundaries of the uncertainty of the input variable is obtained, and 

used for evaluating the Safety Criteria. 

 

The scheme of the steps undertaken and the flow of information is summarized and de-

picted in Figure 5.4. 
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Figure 5.4 Scheme of information flow through the different steps of the proposed methodology. 

5.3. Discussion of results. 

This section explains the specific features of the step-by-step procedure of applying the 

methodology as proposed. Certain steps include the verification of the results in order to 

assure that the procedure is being undertaken in a coherent way. The verification of the 

corresponding steps is done by means of comparing the results with a reference code 

simulating the same scenario. Moreover, the results will be commented as needed. 

5.3.1. Verification of the cross-section libraries. 

The cross-section libraries are a key part of the simulation methodology. One of the most 

remarkable features of a Best Estimate analysis is to account the feedback between the 

TH and the NK and perform that interaction in 3D. For that purpose, a solid procedure 

for having the cross section data set at each node of the NK calculation is needed. The 

procedure applied in this step uses the SIMTAB interface. The results obtained in this 

step provide PARCS code with a 3D library that will be use to evaluate the cross-section 

sets at each node, according to the thermal-hydraulic variables and the control rod posi-

tion for each time step of the simulation. 

Therefore, the coherence of the cross-section variables must be verified against the ref-

erence code. To perform the code-to-code verification, three figures of merit are com-

pared, being: 

- Axial averaged power distribution, in the form of the percentage of Root 

Mean Square Error. 
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- Radial averaged power distribution, in the form of the percentage of Root 

Mean Square Error. 

- k-effective parameter compared as the absolute error measured in pcm. 

The comparison scenario is a steady state simulation of the 3D code modelled for 

PARCS. This model is equivalent to the one of SIMULATE-3. The PARCS model in-

cludes the 648 radial nodes representing the fuel channels, plus the radial reflector, re-

sulting in 772 radial nodes. Each of the fuel channels are modelled with 25 axial active 

nodes plus top and bottom reflector hence, 27 nodes, each one of 0.1524 m. Figure 5.5 

depicts the nodal distribution of the reactor core. 

 

Figure 5.5 Nodal distribution of the 3D core model for PARCS. 

The nemtab and nemtabr libraries correspond respectively to the uncontrolled and con-

trolled cross section sets. For each of the compositions of the core. The distribution of 

the compositions is made and grouped according to the fuel channel segment and the 

burnup level. The active part of the model is compared to the results of SIMULATE-3. 

Figure 5.6 shows the comparison of the axial power distribution of PARCS and SIMU-

LATE-3, Figure 5.6 shows the radial distribution of the relative error of the comparison 

of the radial power distribution of PARCS and SIMULATE-3. 
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Figure 5.6 Comparison of the axial power profile of PARCS-NEMTAB and SIMULATE-3. 
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Figure 5.7 Radial distribution of the relative error (%) of the comparison PARCS (NEMTAB) 

vs SIMULATE-3. 

The results of the comparison are summarized in Table 5.3. 
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Table 5.3 Summary of the results of the comparison PARCS-NEMTAB vs SIMULATE-3 

 Axial Power 

Profile 

RMS Error 

(%) 

Radial Power Profile 

RMS Error (%) 

K-effective com-

parison (pcm) 

Comparison 

results 

7.93 4.03 378.1 

 

The results reveal the status of the SIMTAB interface for the generation of cross section 

libraries. The sources of error can be attached to two limitations to be reviewed. First of 

all, the incapability of SIMTAB to use more than one Control Rod composition, which 

forces to use the effect of the main control rod composition of the core. This leads to an 

error in the nodes where a different control rod composition is present as Figure 5.7 

depicts. On the other hand, the effect of the assembly discontinuity factors must be re-

viewed, since there is an evident discrepancy in the symmetry of the radial power distri-

bution between SIMULATE-3 and PARCS-NEMTAB. Nevertheless, the results are ac-

cepted for further steps. 

5.3.2. Simulation of the coupled thermal-hydraulic and neutron kinetic system model. 

The generation of the cross section libraries will be used in two steps, this first one uses 

a system model for the evaluation of the TH with the code TRACE. The calculation of 

the Neutron Diffusion equation in 3D will be undertaken by the PARCS code using the 

NEMTAB libraries. 

The TRACE model used for the application of the proposed methodology is made of five 

main components. The recirculation lines are represented in one single loop. The rest of 

the components are modelled as depicted in Figure 5.8. 
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Figure 5.8 TRACE model scheme represented with SNAP. 

The reactor pressure vessel models the BWR/6 of KKL lumping the 648 channels in 

three radial channels. 

In this step, a converged solution of the steady-state of the TH is needed. This converged 

solution of the TH will be used to obtain the converged solution of the Coupled Steady 

State. And finally, this new converged solution will be used for simulating the coupled 

transient case i.e., the TT event. Therefore, the stand alone model of TRACE is run in 

order to generate a restart file for the Coupled Steady State. And afterwards, a new restart 

is obtained for the Transient case. The Stand Alone Steady State simulation was per-

formed in 9955 time steps with a computer cost of 1819 seconds in a Linux machine 

with an Intel Core i7-3770 CPU at 3.40 GHz. 

The coupled model is verified against the results of SIMULATE-3. Again, the figures of 

merit to be compared are the axial and radial power distribution and the k-effective pa-

rameter. The results of the code-to-code verification will be directly summarized in Ta-

ble 5.4. 
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Table 5.4 Summary of results of the code-to-code verification of TRACE/PARCS (NEMTAB) vs 

SIMULATE-3. 

 Axial Power 

Profile 

RMS Error 

(%) 

Radial Power Profile 

RMS Error (%) 

K-effective compar-

ison (pcm) 

Comparison 

results 

15.10 6.83 -201.70 

 

The results of Table 5.4 reveal the expected discrepancy between the thermal-hydraulic 

distribution of channels in SIMULATE-3 and the TRACE models. The reader must no-

tice that the response of the NK to the feedback of TH is different in 

TRACE/PARCS(NEMTAB) than in SIMULATE-3. This is mainly to the fact that the 

reactivity feedback coefficients of the TH are to be averaged in three lumped channels 

for the case of TRACE/PARCS(NEMTAB) while in SIMULATE-3 the thermal-hydrau-

lic model uses a channel-by-channel model. The consequence is the error rate in the 

power distribution while the comparison of the k-effective is kept in an acceptable mar-

gin, since the NK solution of the model uses a similar scheme. 

The last part of this step simulates the transient case. The boundary conditions are intro-

duced in the TRACE model i.e., valve maneuver and control rod movement. The figures 

of merit for the validation of this part of the methodology are the total core power and 

the dome pressure. The data has been gathered from KKL recording. Figure 5.9 and 

Figure 5.10 show the results of the validation for power and pressure respectively. 
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Figure 5.9 Total core power evolution: TRACE/PARCS(NEMTAB) vs Plant Data. 
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Figure 5.10 Dome pressure evolution: TRACE/PARCS vs Plant Data. 

The results show good agreement on the transient response due to the feedback of the 

TH and the NK. The evolution of the mass flow in the core is modelled by the TRACE 

model by means of valves maneuver and the power is controlled with the implemented 

Selected Rod Insertion. 

The simulation of this step of the methodology yields the boundary conditions of the 

core in regard of the predicted pressure evolution and inlet mass flow. These data will 

be used as boundary conditions in the next step, where the reactor core is being modelled 

in a more detailed scale. This enhancement in the scale of the model will allow a local 
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prediction of the Minimum CPR that, instead of accounting a core averaged level will 

allow tracking the critical fuel channel. 

5.3.3. Simulation of the coupled TH and NK core model defined channel-by-channel. 

The results of the previous step are loaded as boundary conditions for simulated a chan-

nel-by-channel core model using the coupled scheme CTF-UPVIS and PARCS. The 

PARCS model corresponds to the same model as the previous one. The CTF-UPVIS 

model includes 25 axial nodes for the active part of the fuel as well as the top and bottom 

reflector nodes. Moreover, the radial distribution is made defining the 648 fuel channel 

nodes, plus an external channel that is used as bypass. 

For the definition of this model, the specific geometry of different fuel types is used. 

During the development of the thesis work different fuel assembly models where defined 

with a subchannel scheme. Each of the fuel assemblies account detailed geometrical de-

sign that considers water rods and partial length rods. 

The channel-by-channel model lumps the geometry of each fuel pin-by-pin model in the 

corresponding flow area and wetted perimeter. Therefore, the detail of the level of the 

CTF-UPVIS model is enhanced in regard of the TRACE core model. 

The aim of this step of the simulation methodology is to track the specific fuel channel 

where the Minimum CPR is predicted. For that purpose, as for the TRACE/PARCS sim-

ulation process, three substeps must be undertaken: the convergence of the Steady State 

Stand Alone solution with CTF-UPVIS, the converged solution of the coupled Steady 

State, and the coupled transient case simulation. 

The reader must notice that the cross-section libraries have been already validated, there-

fore, in this section only the results of the verification of the coupled CTF-

UPVIS/PARCS steady state will be presented. Table 5.5 shows the results of the code-

to-code verification of the steady state of SIMULATE-3 and CTF-UPVIS/PARCS. 

Table 5.5 Summary of results of the code-to-code verification of CTF-UPVIS/PARCS (NEM-

TAB) vs SIMULATE-3. 

 Axial Power 

Profile 

RMS Error 

(%) 

Radial Power Profile 

RMS Error (%) 

K-effective compar-

ison (pcm) 

Comparison 

results 
13.60 3.44 129.00 

 

In view of the results of Table 5.5, the radial error has been reduced respect to the results 

of TRACE/PARCS since the CTF/PARCS model is equivalent to SIMULATE-3 
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scheme, i.e. a channel-by-channel model for the TH. The error of the k-effective param-

eter shows good agreement since both codes of the comparison use the same source for 

the calculation of the NK. 

Once the code-to-code verification is done, the next step is validating the transient results 

against plant data. The results to be compared are the evolution of the core power, since 

the pressure of the core is a forced boundary condition as well as the inlet mass flow. 

Figure 5.11 shows the evolution of the power of the CTF-UPVIS/PARCS model in ad-

dition to the previous results of TRACE/PARCS in order to complement the code-to-

code verification of TRACE/PARCS and CTF-UPVIS/PARCS. 

 

Figure 5.11 Reactor core evolution of the CTF-UPVIS/PARCS model and TRACE/PARCS 

model against plant data. 
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In view of the results, the channel-by-channel core model defined with CTF-

UPVIS/PARCS shows good agreement compared to the TRACE/PARCS results and the 

plant data. In addition, this step of the proposed methodology allows tracking the fuel 

channel having the Minimum CPR. Therefore, the presented methodology gives a better 

evaluation of such a local safety variable as the Minimum CPR. 

Figure 5.12 shows the evolution of the Minimum CPR of the most critical channels i.e., 

the fuel channels conforming the envelope of the Minimum CPR. This means that the 

Minimum CPR along the transient is defined by one of the channel Minimum CPR de-

pending on the transient time step. 

 

 

Figure 5.12 Evolution of the Minimum CPR of the fuel critical fuel channels retrieved from the 

simulation of the CTF-UPVIS/PARCS core model. 



Development and validation of a multi-scale and multi-physics methodology for the safety analysis of 

fast transients in Light Water Reactors  

 

164 

Moreover, the Figure 5.13 shows the core map where the critical fuel channels can be 

located. Noticed that in a lumped core model in 3 channels like the TRACE/PARCS 

model this approach could not have been obtained. 

 

 

Figure 5.13 core map highlighting the critical fuel channels according to the Minimum CPR. 

As Figure 5.12 shows the Minimum CPR is located at the beginning of the transient. 

Table 5.6 shows the Minimum CPR achieved in each of the selected critical fuel chan-

nels. 

  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 1 2 3 4 5 6 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 7 8 9 10 11 12 13 14 15 16 0 0 0 0 0 0 0 0 0

0 0 0 0 0 17 18 19 20 21 22 23 24 25 26 27 28 0 0 0 0 0 0 0

0 0 0 0 0 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 0 0 0 0 0 0

0 0 0 0 0 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 0 0 0 0 0

0 0 0 0 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 0 0 0 0

0 0 0 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 0 0 0

0 0 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 0 0

0 0 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151 152 0 0

0 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 0

0 179 180 181 182 183 184 185 186 187 188 189 190 191 192 193 194 195 196 197 198 199 200 201 202 203 204 205 206

207 208 209 210 211 212 213 214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232 233 234

235 236 237 238 239 240 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260 261 262 263 264

265 266 267 268 269 270 271 272 273 274 275 276 277 278 279 280 281 282 283 284 285 286 287 288 289 290 291 292 293 294

295 296 297 298 299 300 301 302 303 304 305 306 307 308 309 310 311 312 313 314 315 316 317 318 319 320 321 322 323 324

325 326 327 328 329 330 331 332 333 334 335 336 337 338 339 340 341 342 343 344 345 346 347 348 349 350 351 352 353 354

355 356 357 358 359 360 361 362 363 364 365 366 367 368 369 370 371 372 373 374 375 376 377 378 379 380 381 382 383 384

385 386 387 388 389 390 391 392 393 394 395 396 397 398 399 400 401 402 403 404 405 406 407 408 409 410 411 412 413 414

415 416 417 418 419 420 421 422 423 424 425 426 427 428 429 430 431 432 433 434 435 436 437 438 439 440 441 442

443 444 445 446 447 448 449 450 451 452 453 454 455 456 457 458 459 460 461 462 463 464 465 466 467 468 469 470

0 471 472 473 474 475 476 477 478 479 480 481 482 483 484 485 486 487 488 489 490 491 492 493 494 495 496

0 0 497 498 499 500 501 502 503 504 505 506 507 508 509 510 511 512 513 514 515 516 517 518 519 520 0 0

0 0 521 522 523 524 525 526 527 528 529 530 531 532 533 534 535 536 537 538 539 540 541 542 543 544 0 0 0

0 0 545 546 547 548 549 550 551 552 553 554 555 556 557 558 559 560 561 562 563 564 565 566 0 0 0

0 0 567 568 569 570 571 572 573 574 575 576 577 578 579 580 581 582 583 584 585 586 0 0 0

0 0 587 588 589 590 591 592 593 594 595 596 597 598 599 600 601 602 603 604 0 0 0 0

0 0 605 606 607 608 609 610 611 612 613 614 615 616 617 618 619 620 0 0 0 0 0 0

0 0 621 622 623 624 625 626 627 628 629 630 631 632 0 0 0 0 0 0 0

0 0 633 634 635 636 637 638 639 640 641 642 0 0 0 0 0 0 0 0 0

0 0 643 644 645 646 647 648 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 5.6 Minimum CPR for each of the fuel critical fuel channels. 

Channel Minimum CPR (-) 

509 1.97 

316 1.99 

413 2.07 

396 2.08 

202 2.25 

 

Channels 509 and 316 experiment similar Minimum CPR at the beginning of the transi-

ent. Due to this, the critical case is assumed for channel 509 that will be implemented in 

the following steps of this methodology. 

The proposed multi-scale and multi-physics methodology is applied only for one single 

fuel channel. The fuel channel selected is the 509 due to the aforementioned reasons. In 

the following subsection the next step is explained and simulated. A more extended anal-

ysis would consider applying this methodology to every fuel channel that has endured 

the Minimum CPR. Table 5.6 shows very small difference between the Minimum CPR 

of the critical channels (specially for channels 509 and 316) and a more detailed scale 

analyzed with a BE tool such as CTF-UPVIS can reveal the Minimum CPR in other fuel 

channel other that 509 if such small differences exist. 

The application of the proposed methodology goes one step further performing the sim-

ulation of the transient in a more local scale. For that purpose, a pin-by-pin fuel model 

will be used. In that model, the critical fuel rod will be tracked in regard of the Minimum 

CPR criterion. 

5.3.4. Simulation of the subchannel thermal-hydraulic model. 

This next step of the presented methodology uses a pin-by-pin fuel model adding the 

detail components such as water rods and partial length rods. The transient is simulated 

with a CTF-UPVIS subchannel model where the boundary conditions of the transient 

have been loaded according to the fuel channel data retrieved from the previous step of 

the methodology i.e., the CTF-UPVIS/PARCS core model. 

The pin-by-pin model is selected from a library of fuel models that has to be available 

and previously designed to be ready to provide the detailed fuel model selected as critical 

from the core model simulation. 
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According to the results of the core simulation, fuel channel 509 is located in the library 

of CTF-UPVIS subchannel models. The fuel model corresponds to a fuel assembly with 

a central water rod and 4 water wings that subdivide the assembly in 4 sub-bundles. 

Moreover, the fuel assembly has two partial length rods of 1/3 and 2/3 the full length of 

a regular rod. 

Figure 5.14 and Figure 5.15 show the layouts of the radial distribution of the fuel model 

to be analyzed and the axial nodal distribution. 

 

Figure 5.14 Radial nodal distribution of fuel channel 509. 
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Figure 5.15 Axial nodal distribution of the fuel channel 509 with the detail of the partial length 

rods. 

As Figure 5.14 depicts, there are 100 subchannels centered on the fuel rod. In addition, 

there are 4 subchannels for the water wings and 1 subchannel for the central water rod. 

Moreover, Figure 5.15 shows that the axial distribution has been designed using 25 ac-

tive nodes plus one bottom and top node being all of them of 0.1524 m. 
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As commented the boundary conditions are retrieved from fuel channel 509 using a 

MATLAB based application that loads the corresponding forcing functions of inlet en-

thalpy of the coolant, outlet pressure, inlet mass flow and power evolution. The result of 

the simulation of the subchannel fuel model gives the averaged prediction of the Mini-

mum CPR. Figure 5.16 shows the comparison of the fuel channel of the core model of 

CTF-UPVIS/PARCS and the averaged fuel subchannel model. 

 

Figure 5.16 Comparison of the prediction of the Minimum CPR between the fuel channel 509 of 

the CTF-UPVIS/PARCS core model and the average pin-by-pin fuel model of CTF-UPVIS. 

As Figure 5.16 shows, the use of a more detailed model gives a higher prediction of the 

Minimum CPR. The difference of the prediction of the Minimum CPR is related to the 

boundary conditions of the fuel suchannel model of CTF-UPVIS. In the core model of 
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CTF-UPVIS/PARCS simulation, channel 509 accounts the heat transfer between the ad-

jacent fuel channels, whilst the subchannel of CTF-UPVIS uses an adiabatic boundary 

condition for the canister wall. This difference of the approach is solved adding the cor-

responding boundary conditions of the heat transfer to the canister wall of the CTF-

UPVIS model. Nevertheless, the purpose of simulating a pin-by-pin fuel model is to 

evaluate at the pin level the prediction of the Minimum CPR. 

In this next step of the proposed methodology, the pin-by-pin model is used to locate the 

critical fuel pin according to the Minimum CPR. The pin-by-pin model can show the 

different approaches that this methodology can provide. First of all, the average value of 

the model gives a value of the Minimum CPR evolution, with a lower level of detail due 

to the coarse mesh. Secondly, a more conservative approach can be done by retrieving 

the envelope of the Minimum CPR that is predicted along all the fuel rods during the full 

time of the simulation. Finally, the Best Estimate approach gives the fuel rod with Min-

imum CPR and its axial location. The realistic prediction of this local phenomenon is 

analyzing the location where the Minimum CPR is predicted during the full length of the 

transient. 

Figure 5.17 shows the evolution of the Minimum CPR according to the three different 

approaches. Moreover, Figure 5.17 shows at each time step the axial location of the Min-

imum CPR for the different approaches. 

The analysis shows that the Minimum CPR is located in fuel rod 12 at the beginning of 

the transient in axial position 19. The envelope prediction fits with the critical prediction 

until second 5, where the Minimum CPR changes to rod 2 until second 16, and finally 

changes to rod 11. During the full simulation of the transient, the Minimum CPR is lo-

cated at axial node 19 for the envelope prediction, and varies the axial position. The 

average value predicts the Minimum CPR at node 17. In this case, it could be assumed 

that the average prediction of the Minimum CPR is more conservative since it is located 

in a lower position. This is due to the critical combination of parameters predicting the 

Minimum CPR has an onset lower than the envelope and the evolution of the critical fuel 

rod. In this case, the simulation of the pin-by-pin fuel model avoid a conservative pre-

diction. 
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Figure 5.17 Evolution of the Minimum CPR with the approaches of the average value, the enve-

lope and the critical fuel rod. 

5.3.5. Pin analysis including the fuel behavior simulation. 

In this subsection, the analysis uses the fuel behavior code FRAPCON/FRAPTRAN. 

The boundary conditions of fuel rod 12 are loaded in a fuel pin model. The target is to 

add the thermo-mechanics of FRAPCON/FRAPTRAN to the calculations of CTF-

UPVIS. Notice that FRAPCON/FRAPTRAN calculates the fuel behavior of the fuel pin 

from the centerline of the fuel pellet to the outer diameter of the cladding, which is a 

more detailed approach than the one made by CTF-UPVIS. Conversely, the TH are as-

sumed in a simpler way. Therefore, adding the capabilities of FRAPCON/FRAPTRAN 

to the pin simulation of the TT it is possible to have a Best Estimate approach. 
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Moreover, FRAPCON/FRAPTRAN allows the definition of the axial distribution of the 

heat transfer coefficient of the fuel-cladding gap, instead of assuming a uniform heat 

transfer coefficient. 

FRAPCON is a fuel behavior code for steady-state calculations, where the evolution of 

the fuel behavior is obtained by introducing a time dependent evolution of the operation 

conditions of the fuel rod. A restart file is generated and used in the simulation of FRAP-

TRAN. In this manner, it is possible to obtain the aforementioned axial distribution of 

the gas-gap heat transfer coefficient. 

The use of FRAPCON/FRAPTRAN allows obtaining the evolution of the Minimum 

CPR of the critical axial position, i.e. where the Minimum CPR of the transient is located. 

Moreover, it is possible to obtain the envelope of the Minimum CPR, i.e. the different 

positions of the Minimum CPR in the fuel pin along the duration of the transient. 

Figure 5.18 shows the evolution of the prediction of the Minimum CPR of the critical 

fuel pin with CTF-UPVIS, the critical axial location, corresponding to axial node 15 and 

the envelope, both with FRAPCON/FRAPTRAN. 

In view of the results of Figure 5.18, FRAPCON/FRAPTRAN predicts a lower Mini-

mum CPR than the critical prediction of CTF-UPVIS. Accounting the heat transfer co-

efficient of the gas-gap adds a more accurate prediction of the surface heat flux, which 

is relevant for the calculation of the Minimum CPR. Therefore, incrementing the known 

physics in the methodology modifies the results having a Best Estimate calculation. 

Nevertheless, such Best Estimate approach needs of the corresponding uncertainty and 

sensitivity calculations, in order to define the boundaries of the uncertainty in the pre-

diction of the safety variable, in this case the Minimum CPR. 
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Figure 5.18 Prediction of the Minimum CPR by FRAPCON/FRAPTRAN pin model compared 

with the prediction of the CTF-UPVIS pin model. 

5.3.6. Uncertainty and sensitivity analysis. 

The Uncertainty Quantification has the aim of complementing this simulation method-

ology. The purpose is to define the limits of the predicted variable according to certain 

statistic criteria. Therefore, the propagation of uncertainties coming from input variables 

is accounted in the evaluation of the output target variable by means of the SA. The 

approach reported in this paper will use the scientific literature to account the uncertainty 

of the most relevant variables affecting the uncertainty of the prediction of the Minimum 

CPR. The final result of the methodology is to evaluate the upper and lower boundaries 

of the prediction of the Minimum CPR and which is the probability of the simulation 

results to obtain a result in such Confidence Interval. 
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The features of this step include the DAKOTA toolkit, the scientific literature (National 

Technology and Engineering Solutions of Sandia, 2017) in order to realize an appropri-

ate Uncertainty Quantification, and the Wilks theory (Wilks, 1941). The Wilks theory is 

used to set the sample size of the needed simulations. The method is based on introducing 

perturbations in the selected input variables, according to their PDFs. This set of pertur-

bations generate a certain number of simulations to be run, i.e. the size of the sample. 

For the case presented in this report, the sample size is of 146, according to Wilks For-

mula. This sample size is derived from the selected Statistic Criterion, namely 95/95. 

This criterion defines that the 95% of the cases of the sample will fall into a Confidence 

Interval of 95%. This criterion is sufficient to accomplish the acceptance criteria of the 

Nuclear Authority. According to the scientific literature, Table 5.7 shows the selected 

input variables that are assumed to introduce uncertainty in the prediction of the Mini-

mum CPR. 

Table 5.7 Sources of uncertainty considered. 

parameter units mean 

Std. 

Dev./bound-

ary 

PDF 

Cladding outer 

diameter 
(m) 0.009500 

0.000019 
Normal 

Cladding inner 

diameter 
(m) 0.008357 

0.000019 
Normal 

Pellet dish ra-

dius 
(m) 0.002475 

0.000063 
Normal 

Fuel density (%) 95.50000 0.750000 Normal 

Pellet diameter (m) 0.008192 0.000006 Normal 

Cladding rough-

ness 
(µm) 0.635500 

0.317250 
Normal 

Fuel roughness (µm) 1.600500 0.799750 Normal 

Plenum length (m) 0.029531 0.000884 Normal 

Outlet pressure (bar) 73.64400 0.010000 Normal 

Inlet mass flow (kg/s) 0.113807 0.010000 Normal 

Inlet tempera-

ture 
(K) 550.6200 

±0.01000 
Uniform 
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The results are obtained using a MATLAB-based interface that pre-processes the statis-

tical distribution of the target input variables in order to generate the input for DAKOTA. 

Afterwards, DAKOTA generates the 146 cases for FRAPTRAN. Once the simulation of 

the 146 cases is done, DAKOTA realizes the post-processing retrieving the statistics of 

the Uncertainty and Sensitivity analysis. Figure 5.19 shows the definition of the Confi-

dence Interval (CI), the mean value of the Uncertainty Quantification, and the result of 

the nominal value with the pin model of FRAPTRAN. 

 

Figure 5.19 Statistics results of the Minimum CPR prediction with FRAPTRAN pin model. 

As it can be expected, the nominal value of the simulation matches with the mean value 

of the sample. This step of the methodology defines the statistical boundaries with the 

95/95 criterion. The results of the Uncertainty Quantification revealed that for each time 
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step the results of the 146 cases fell into the CI with a probability between 99.32 and 

95.89 per cent. Therefore, the 95/95 criterion is met. 

In addition, the DAKOTA toolkit has the feature of defining the Sensitivity Analysis. 

This analysis reveals how the uncertainty of the Minimum CPR (as target output varia-

ble) is sensitive to the variations of the selected input variables. The procedure is made 

by analyzing the correlation between the input variables and the output variable. For this 

purpose, this simulation methodology uses the Partial Rank Correlation Coefficients 

(PRCC). It is assumed that values of PRCC above 0.20 in absolute value reveal signifi-

cant effect of the uncertainty of the input in the uncertainty of the output. Figure 5.20 

shows the result of the Sensitivity Analysis for Table 5.8 variables. 

 

 

Figure 5.20 Sensitivity Analysis of the transient case. 

Table 5.8 supports the results of Figure 5.20. 

Table 5.8 Sensitivity Analysis of the transient case. 

Variable units variable name PRCC 

Cladding Outer diameter m clad_o 0.4209 

Cladding Inner Diameter m clad_i -0.0567 
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Pellet Dish Radius m dish_r -0.0137 

Fuel Density % fuel_d -0.0223 

Pellet Diameter m pell_d -0.0060 

Cladding Roughness µm roug_c -0.1194 

Pellet Roughness µm roug_f 0.0217 

Plenum Length m plen_l -0.0424 

Outlet Pressure bar o_pres -0.0186 

Inlet Mass Flow kg/s i_mflo 0.8780 

Inlet Temperature K inTemp -0.4400 

 

In view of the results in Table 5.8 and Figure 5.20, it can be concluded that the input 

parameters affecting significantly the uncertainty of the Minimum CPR correspond to 

the operation conditions of mass flow and inlet temperature of the coolant. The Minimum 

CPR parameter is directly dependent on the Critical Heat Flux (CHF) correlation, and 

this parameter is determined by coolant conditions such as the flow quality, therefore it 

is expectable to highlight the uncertainty in the coolant inlet conditions as main source 

of uncertainty in the Minimum CPR. Furthermore, the Minimum CPR, as well as the 

CHF, depend in the heat transfer capacity of the fuel rod. For this variable, parameters 

such as the cladding diameter and the roughness play a relevant role, and therefore, the 

uncertainty of these parameters affect to the uncertainty of the prediction of the Mini-

mum CPR in the methodology. 

 

5.4. Conclusions on the application case. 

The proposed simulation methodology has been applied to an AOO, namely TT. This 

event corresponds to the TT event of KKL of fuel cycle 18, therefore the results of the 

application of the methodology are compared against real plant data. According to the 

USNRC, the safety variable to be analyzed is the Minimum CPR and the pressure of the 

reactor vessel. Safety criterion for the limit of the pressure achieved during the TT is 

defined with the system model, where the reactor vessel is modelled. Conversely, the 

Minimum CPR is a more local phenomenon, which can be predicted in a Best Estimate 

way, if the appropriate scale and the known physics are applied. For that purpose, the 

simulation of the TT event has been iterated from a coarse mesh in a system model to 

the simulation of the critical fuel pin. Moreover, the TH, the NK and the thermo-me-

chanics have been applied. 
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The presented methodology shows the results of increasing step-by-step the detail level, 

from a coarse mesh to the pin level. The results of the calculated Minimum CPR change 

depending on the scale and the physics simulated of the corresponding model. These 

differences between the prediction are due to the fact that a detailed scale provides a 

better approximation of such a local phenomenon. Moreover, the different steps of the 

methodology added different physics that allowed accounting more parameters for the 

prediction of the Minimum CPR. 

In addition, in order to complement the Best Estimate results, an Uncertainty and Sensi-

tivity Analysis has been performed. The scientific literature provided the relevant input 

parameters affecting the prediction of the CPR. By means of the Wilks method the meth-

odology generates a sample of 146 cases according to the uncertainty of the proposed 

input parameters and afterwards the Confidence Interval is generated. The 95/95 crite-

rion was meet since more than the 95% of the sample cases fall in a Confidence Interval 

of the 95%. Therefore, the Safety Criterion of the Minimum CPR is met. 

The proposed methodology has proven to be a useful tool for the evaluation of the cor-

responding safety variables according to the regulation of the USNRC. Different models 

where defined for the application of the methodology to the TT event showing good 

agreement and an enhancement of the prediction of the Minimum CPR due to the BE 

approach. 

Future work can be headed to provide a channel-by-channel core model for the vessel of 

TRACE. This step would allow skipping the CTF-UPVIS/PARCS simulation. On the 

other hand, the CTF-UPVIS/PARCS model could be enhanced tracking first the critical 

fuel channel, and then replacing the critical fuel channel, which is made of a lumped fuel 

channel model, by a detailed pin-by-pin model. This procedure would skip the simulation 

of the thermal-hydraulic subchannel model, accounting in addition the effect of the heat 

transfers between the adjacent subchannels. 

 

 



 

 

Chapter 6  

Conclusions and Future 

Work   

The present document, in its first chapter, proposed the objective of developing, verify-

ing and validating a multi-scale and multi-physics methodology for the analysis of fast 

transients in LWRs using the state-of-the-art codes. The development of this methodol-

ogy had as main reference the current standards and recommendations of the IAEA and 

used the guidelines of the USNRC and ENSI. The purpose was adding value to the dif-

ferent codes that are used in different fields of the Nuclear Engineering to produce energy 

by means of combining their capabilities toward a single aim. This aim was analyzing 

the target safety variables of a postulated transient scenario with the corresponding phys-

ics at the needed scale. The results have been a Best Estimate approach for predicting 

the core behavior, which yields more realistic results that allow a better adjustment of 

the safety margins resulting hence in a more cost-efficient operation and design of the 

NPP and a safer assessment of the core conditions. 

This objective has been achieved after the consolidation of the necessary background not 

only in Nuclear Safety Analysis but also in the corresponding state-of-the-art tools and 

the current status of the physical knowledge regarding the behavior of LWRs. 
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6.1. Conclusions. 

On the one hand, the methodology is adjusted to the guidelines and regulations of differ-

ent national and international organizations that focus their work in evaluating which 

aspects of the operation of a NPP are relevant and have to be bounded in order to assure 

a safe functioning without any damage to the environment, public and staff. Therefore, 

the proposed methodology has been developed keeping in mind that the use of the dif-

ferent codes and their combined use must be focused in retrieving the necessary safety 

variables and defining the standard scenarios to be analyzed. This analysis helped to 

define the level of accuracy that the methodology had to set for its calculations, so the 

results can be introduced in a standard framework that can be acknowledge for the dif-

ferent Nuclear Authorities. 

On the other hand, the current state-of-the-art simulation tools were analyzed in detail in 

order to define a route plan that step-by-step incorporates the needed simulation tools 

that compose the framework of the so called Best Estimate approach. The different phys-

ics used for analyzing the core behavior of a LWR have been analyzed in detail and the 

result has been a selection of different code families that retrieve the necessary predic-

tions using the physics known at the moment and also the feedback mechanisms between 

such physics. In addition, different phenomena relevant for the safety analysis was ana-

lyzed in detail, so it can be defined the necessary scale of analysis. This work was headed 

to allow the user to perform a detailed evaluation of safety variables, if necessary. As 

commented in previous sections, certain phenomena of the reactor core, such as the 

dryout of a fuel rod, has a very local behavior. The proposed methodology offers a set 

of physics and scales to perform a BE approach, instead of analyzing such scenario in a 

coarser scale or assuming conservative models and conditions. 

As a first task of the application of the methodology, the author of this thesis has gathered 

and analyzed the corresponding Regulatory Guidelines to perform the corresponding 

Safety Assessment. Each of the applied steps of this methodology is the result of achiev-

ing the partial objectives of this work. First of all, the first step has generated the 3D 

cross-section libraries for a proper analysis of the NK and its role of the TT transient. To 

be more specific, the cross-section libraries have been generated using the SIMTAB 

methodology. Secondly, the generated cross-section libraries where used in a TH/NK 

coupled model using the coupled codes TRACE/PARCS. This step simulated the general 

behavior of the reactor core, including different plant systems as the reactor turbine sys-

tem, the recirculation system and the reactor pressure vessel. This step provided a first 

approach of the behavior of the code used in the following step, i.e. the coupled TH/NK 

3D subchannel core analysis. In this third step, the objective was to increase the detail 

level of a BE simulation of the core. The results of this step allowed to track the critical 

fuel channel according to the MCPR criterion. In this step, the core was modelled chan-

nel-by-channel using the coupled code CTF-UPVIS/PARCS. The analysis of this last 

step is improved and complemented adding the evaluation of the fuel behavior with a 

pin level. The partial objective is to add a BE approach of the thermodynamics of the 
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fuel cladding at pin level. This objective was fulfilled using the suite FRAPCON/FRAP-

TRAN. Finally, the results are complemented applying the Uncertainty and Sensitivity 

Analysis. This step has been designed as a reliable way to provide the margins of the 

predicted safety variable, i.e. the MCPR. This part of the methodology was comple-

mented using the DAKOTA toolkit. Moreover, as part of the development of the meth-

odology, the management of the data flow has been handled using MATLAB-, 

FORTRAN and LINUX-scripts. The purpose of this partial objective has been avoiding 

an excessive interference of the user to pre- and post-process the input and output infor-

mation. 

Finally, the analysis of the results of the simulations undertaken by the different codes 

and the different scales revealed the necessary schedule for pre- and post-processing the 

data. This task was necessary to assure a correct flow of information, since the results 

yielded by one step of the methodology are used to feed the input of the next step. In 

addition, the influence of the user has been avoided by means of automatizing the data 

flow process. This has been made with interface applications programmed in different 

conventional languages and tools so the user only needs to set the corresponding safety 

criterion, and the applications pre- and post-processing the data will track, retrieve and 

load the simulation conditions according to the critical component based on the selected 

safety limit. 

The result is a methodology headed to the prediction to the safety variables according 

the Nuclear Safety Standards designed to simulate the corresponding scenarios, becom-

ing a useful tool not only for delivering the necessary periodical results to the corre-

sponding Nuclear Authority, but working as a flexible tool for the support in the daily 

safety analysis needed in a NPP. 

The design of the proposed methodology has been verified and validated in order to 

assess its capacity as simulation tool. Each step of the methodology has been tested in-

cluding comparisons with reference codes of the Nuclear Industry and comparison of the 

results against plant data. The chosen scenario has been the Turbine Trip of KKL fuel 

cycle 18. The necessary guidelines were reviewed in order to set the target variables in 

such scenario. The reference has been the Guidelines of the United States Nuclear Reg-

ulatory Commission. According to these regulations, the target variable has been the 

minimum Critical Power Ratio. Regarding this scenario, it was concluded that a detailed 

scale is needed for the prediction of such local phenomena, but also the coupling between 

the Thermal-Hydraulics of the core and the Neutron Kinetics was necessary for an accu-

rate evaluation of the evolution of the core behavior in this fast transient. 

The methodology has allowed to evaluate the whole system behavior, and step by step, 

get deep in the scale until analyzing the thermal-hydraulics and fuel performance at pin 

level. As it has been proved, using this multi-scale and multi-physics feature has yielded 

realistic results, that otherwise would have been categorized as conservative, forcing the 

operation of the NPP to assume wider safety margins. The validation of the results 

showed good agreement in the core behavior as the prediction of core power and pressure 
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vessel shows. The general behavior of the core accounting the thermal-hydraulic and 

neutron kinetic feedback was used to introduce the boundary conditions of the core in a 

channel-by-channel model, allowing the location of the critical fuel channel according 

to the Minimum CPR criteria. The proposed methodology has been defined in order to 

use a database of pin-by-pin fuel channel models for a subchannel thermal-hydraulic 

code, in this case CTF-UPVIS. The use of this code at this scale provides Best Estimate 

approach used for locating the critical fuel pin. Finally, these results were loaded in a 

fuel pin model for the fuel performance analysis with FRAPTRAN/FRAPCON suite. 

The application of the different steps reveals different approaches of the evolution of the 

Minimum CPR, defining in its last step the more realistic approach. This result has been 

complemented with the Uncertainty and Sensitivity analysis that quantifies the uncer-

tainty of the prediction by defining a Confidence Interval of 95%. The method applied 

using DAKOTA toolkit showed that the result meets the 95/95 criterion, which meets as 

well the requirements of the Regulatory Guidelines. Moreover, the features of the meth-

odology allowed to perform a Sensitivity Analysis that was used to evaluate which input 

variables affect most to the uncertainty in the prediction of the Minimum CPR. The re-

sults of this application case have been published in a Journal Paper of the Nuclear En-

gineering and Design into different parts, revealing the impact of the work developed 

within this PhD work. 

6.2. Future work. 

The development of the proposed methodology achieved a solid milestone as their results 

prove. Nonetheless, different aspects can be developed in future work in order to enhance 

the results provided by this methodology.  

First of all, it must be accounted that the conventional application of this methodology 

for the Deterministic Safety Analysis of a NPP will require the continuous updating of 

models, cross section data and also code versions. For instance, the database of pin-by-

pin fuel models in KKL will be expanded including fuel models for other codes and also 

the possible new models that can be included in the future. Besides, the continuous func-

tioning of the power plant yields the necessity of updating the cross-section libraries after 

each fuel cycle. 

Secondly, the user of this methodology must be aware the research in the field of Deter-

ministic Safety Analysis and Nuclear Simulation Technology keeps evolving and ad-

vancing every day. The state-of-the-art regarding physical models is being updated with 

new experiments and benchmarks that improve correlations and more accurate physical 

models. These improvements in the field of Nuclear Engineering must be applied to the 

corresponding simulation tools used in the methodology. The purpose of this is to main-

tain the Best Estimate approach of this work. 

Moreover, the development of computer sciences will provide better simulation tools 

that will allow different mathematical schemes for the prediction of the safety analysis. 
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Therefore, the improvement and updating of a multi-physics and multi-scale methodol-

ogy will always something to keep in mind. 

In addition, the satisfactory preliminary results presented in the application case of Chap-

ter 5.1, encourage to continue with further validation cases. The good results and team 

work between UPV and KKL pave the way to future collaborations that may allow the 

application of this methodology to other Plant Transients. The availability of plant data 

is an aspect that facilitates a solid validation of the different features of this methodology. 

The evaluation of other transient cases, such as the stability transients, can be a very 

interesting application case that will allow exploring other capabilities of the proposed 

methodology and the research area of BE simulations and Uncertainty Analysis. 

On the other hand, there is an additional interest in the further development of Uncer-

tainty Quantification that could be applied to this work in the future. The analysis of the 

uncertainty propagation is another interesting that is considered very suitable for this 

methodology. The proposed methodology has proven the capability of exchange data 

from step to step. With the corresponding data, it can be possible to model the sampling 

and analysis process from the first step to the final result, evaluating through the different 

steps the propagation of the uncertainty. 

Lastly, it could be of significant interest to be able to validate the methodology to plant 

transients of PWRs. Unfortunately, as commented, plant data is not always available, 

and for this future objective, it will be necessary to wait for further projects. 

To summarize, besides the commented aspects, there are short-term lines of future work 

to be developed. 

- Starting on the step of generating Cross Section Libraries, the GenPMAXS 

methodology using CASMO data is still in development phase. Further appli-

cation cases will be carried out to provide the methodology with solid PMAXS 

files retrieved from CASMO. This step of the methodology will be validated 

and verified in order to make the GenPMAXS interface a reference part of the 

methodology for the generation of Cross Section Libraries. 

In addition, it must be accounted that CASMO/SIMULATE is a commercial 

tool very extended in the Nuclear Engineering field due to its proven capabili-

ties. Nevertheless, other recent sources for generating Cross Section Libraries 

can be investigated. Currently, the code POLARIS can be used with the 

GenPMAXS interface, and its transport methods can be evaluated for generating 

the PMAXS libraries in future work. 

- The analysis of the system scale uses a 3D core model where the fuel channels 

are lumped in 3 average channels. A more accurate definition of this model will 

account a channel-by-channel core model. This will mean more calculation 

power to be used, but the results will be enhanced since the thermal-hydraulic 
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behavior of each channel will be accounted, instead using averaged values for 

each lumped channel. 

The purpose of this future work is to provide more detailed core conditions to 

the subchannel thermal-hydraulic and neutron kinetics analysis step. This step 

was undertaken using a CTF-UPVIS channel-by-channel model, coupled with 

PARCS. The purpose is to locate the critical fuel channel. However, performing 

the previous step with a channel-by-channel core model in the TRACE input 

deck will already yield the critical fuel channel. Therefore, afterwards this fuel 

channel will be defined as a pin-by-pin fuel channel, in the channel-by-channel 

core model of CTF-UPVIS input deck. The improvement of this model will ac-

count more realistic boundary conditions in this step for the heat transfer of the 

pin-by-pin model through the adjacent fuel channels. Notice that this improve-

ment will help to skip the next step, the pin-by-pin fuel channel analysis, allow-

ing to go directly to the fuel performance analysis at pin level. 

- The last step of the proposed methodology quantifies the uncertainty in the 

boundary conditions and different correlations for the prediction of the Mini-

mum CPR. The analysis was undertaken to evaluate how these uncertainties are 

propagated through the simulation tool. This step needed the corresponding 

analysis of the scientific literature that helped to define the probability density 

functions of the input variables, and the definition of it was also supported in 

the engineering criteria of the author of this work. Nevertheless, it will add a 

better approach of the propagation of the uncertainties the analysis from the first 

step, and how these uncertainties are propagated from one step to another. 

As observed, there are different future lines to be tackled in short and long terms. Fur-

thermore, the development of this methodology will have to be adapted to the corre-

sponding LWR and the available state-of-the-art tools that will integrate this multi-scale 

and multi-physics methodology. Nonetheless, author counts on the fact that the work 

developed and presented here will be a useful proof and support of the improvement of 

the Deterministic Safety Analysis towards a more cost-efficient and safer way to design 

the operation and analyzing the behavior of Nuclear Power Plants. 
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