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Introduction

Fast reactors are under extensive research to facilitate their commercial deployment

and their introduction to the nuclear fuel cycle in the future. The use of these reac-

tors offers improved sustainability of nuclear energy production with the extension of

current reserves, while they also help reduce the amount of nuclear waste. At the Gen.

IV International Forum in 2000 [1], six concepts were selected for further development,

including sodium-, lead-, and gas-cooled fast reactor designs. Within the 7th Euro-

pean Framework Program (FP7), the objective of the Lead-cooled European Advanced

Demonstration Reactor (LEADER) project was to design the Advanced Lead-cooled

Fast Reactor Demonstrator (ALFRED)[2]. The construction and successful operation

of ALFRED would be a milestone in the process of developing the Lead-cooled Fast Re-

actor (LFR) concept. Gas-cooled Fast Reactors (GFR) are also in extensive research,

and the helium-cooled fast reactor, the ALLEGRO, could be the first demonstrator.

The reactor was originally developed by CEA until 2009, then the V4G4 Centre of

Excellence continued the preparation [3].

Due to the limited experience with fast reactors, the designs heavily rely on the

results of numerical simulations. In particular, sensitivity and uncertainty analysis

and transient simulations have a huge importance in identifying fundamental physical

processes and critical points of the systems under development.

Objectives

Lower-order approximations of the angular-dependent flux, such as diffusion the-

ory, are often applied for perturbation theory calculations or transient simulations.

However, a wide range of problems is known where diffusion theory does not provide

adequate results, and the application of higher-order transport approximation is rec-

ommended. One may easily find examples like [4], [5], [6], [7] and [8] in the field of fast

reactor calculations.

The main focus of my research was to perform sensitivity and uncertainty calcula-

tions and transient simulations for fast spectrum reactors in higher ordered transport

approximation; therefore, one of my main aims was to develop a new tool and compare

its capabilities with other available codes for these types of analysis.
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The newly developed code uses the PARTISN [9] deterministic discrete ordinate

neutron transport solver to perform its calculations. Deterministic calculation neces-

sitates group constants which are mainly applied for diffusion calculation. Developing

and investigating procedures for group constant generation and comparing the available

methods was also one of my main aims.

With the development of my own code, I aimed to provide a more accurate tool

for sensitivity and uncertainty calculations for fast reactors. The development required

different types of validation calculations, where I investigated the effect of the angular

and spatial discretisation of the angular-dependent flux solution on the results. I

have also implemented two time discretisation scheme into my code to perform time-

dependent neutron transport calculations on fast reactors.

Methods

The dissertation presents the applicability of the SEnTRi code in various areas of

the safety analysis of generation IV. reactor concepts. The effect of the angular and

spatial discretisation of the angular-dependent flux on the results of perturbation theory

calculations in sensitivity and uncertainty analysis is also investigated. Furthermore,

the extension of the SEnTRi code has begun to perform coupled thermal-hydraulic

calculations on fast reactors. Two different time discretisation scheme was implemented

into the code to solve the time-dependent neutron transport equation, and the extension

to take into account the thermal hydraulic feedback was done.

In order to perform a deterministic calculation, group constants must be prepared

previously. The assumptions and the modelling during the homogenisations and the

energy group condensation will highly affect the final group constants and, therefore,

the accuracy of the deterministic calculations. The majority of the codes available

for homogenised group constant generation for deterministic transport calculations

apply the approximation of scalar flux weighting during energy group condensation

of higher-order anisotropic scattering matrices. This condensation significantly affects

the final results of the higher ordered transport calculations and is investigated in the

dissertation.

The effect of the angular and spatial discretisation on the results of perturbation

theory calculations is also studied with the help of the SEnTRi code. The accuracy of

the calculations with the different angular flux discretisation options, namely discrete

ordinates representation and spherical harmonics, are crucial from the viewpoint of

perturbation theory and transient simulations.
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Sensitivity and uncertainty calculations were performed for the Comet Critical As-

sembly and the ALFRED reactor core. Reactivity coefficients and their uncertainties

originating from the nuclear data were determined using several codes and methods,

and the properties of these fundamentally different calculations are presented.

Reactor kinetic codes are crucial in safety assessment. Validation calculations of

the SEnTRi for a low power transient measured at the BME Training Reactor were

performed, and the extension of the code began to perform coupled thermal hydraulic

calculations on fast reactors. To test the newly developed features of the code, the

simulation of an asymmetrical control assembly withdrawal transient of the ALLE-

GRO reactor was chosen, and the effect of applying diffusion or higher-order transport

approximation was also investigated.
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New scientific results

The new scientific results presented in the thesis can be summarized in the form of

the following propositions:

Statement 1. I have investigated the bias introduced by the scalar flux-weighted lin-

early anisotropic scattering matrices, commonly used instead of current-weighted

ones, in discrete ordinate neutron transport calculations, and showed that it is

especially significant in small-sized, high-leakage cores with few group approxi-

mation. In such cases, the results showed larger deviations from the reference

Monte Carlo calculations than the diffusion approximation. I have shown that

in two energy groups, the results of the discrete ordinate calculations can be

significantly improved with diagonal first-order scattering matrices derived from

transport cross-sections. With an increasing number of groups, the bias from

scalar-flux-weighting diminishes, and the scattering matrix estimated from the

transport cross-section introduces more bias. [P1] [P3] [P5]

Statement 2. I have demonstrated with exact perturbation theory calculations based

on the PARTISN discrete ordinate neutron transport code that both the conver-

sion to spherical harmonics angular description and the use of cylindrical ge-

ometry introduce deviation in the calculation of the reactivity worth. This can

only be eliminated by increasing the order of angular representation, which has

to be considered when conversion between angular representations or cylindrical

geometry is applied in perturbation theory calculations. [P6]

Statement 3. I have developed the SEnTRi code to determine the sensitivity coeffi-

cients with the help of the PARTISN discrete ordinate neutron transport code.

Validation calculation was performed on the COMET lead-containing fast critical

assembly with the Serpent, SCALE and SEnTRi codes with excellent agreement.

I have shown that the inelastic scattering has an essential contribution to the pos-

itive void coefficient of the lead, which is reduced by the negative contribution of

the elastic scattering. Therefore, the appropriate angular and spatial discretiza-

tions are essential to estimate the sensitivity coefficients accurately. [P2] [P4]

[P8]

Statement 4. I performed sensitivity and uncertainty analysis and determined three

reactivity feedback coefficients and their nuclear data uncertainties of the AL-

FRED reactor with the SEnTRi code and compared them with the results of the
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calculations of the TSUNAMI sequence of SCALE and Serpent. I have shown

that radial leakage has an essential contribution to the lead void coefficient, and

the inadequate spatial or angular discretization of the flux can lead to relevant

distortion in the results. In the uncertainty calculations, the deterministic SEn-

TRi results were in good agreement with the Monte Carlo codes and provided

much lower variances. [P2] [P4] [P8] [P9]

Statement 5. I have implemented a first-order fully implicit time discretization

scheme into the SEnTRi code to perform time-dependent neutron transport

calculations in three-dimensional geometry with the PARTISN discrete ordinate

neutron transport code. The method was validated with the transient measure-

ments of the BME Training Reactor and a comparison with the GUARDYAN

Monte Carlo-based reactor kinetic code. I have determined the parameters of a

hypothetical experiment for the Training Reactor, which would be suitable to

test spatial-dependent reactor dynamics calculations. [P7]

Statement 6. I implemented a predictor-corrector quasi-static transient scheme into

the SEnTRi code that can perform a time-dependent neutron transport calcula-

tion using the PARTISN discrete ordinate neutron transport code. The code was

extended with the treatment of parameterized cross-section libraries and volume

mixing to consider thermohydraulics feedback during a simulation and prepare

the code for coupling with a system code. It was tested using an unprotected rod

withdrawal transient on the ALLEGRO core applying a precalculated temporal

temperature variation obtained from the KIKO3DMG calculation, and the effect

of the diffusion and transport approximations was investigated. It was shown

that the transport approximation affects the power distribution during the tran-

sient, although the effect is small and its importance could only be determined

with fully coupled neutron transport and thermal hydraulics calculations.
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[P8] Z. I. Böröczki. ”Sensitivity analysis with the PARTISN discrete ordinates neutron

transport code”. Proceedings of the PhD workshop of the Physics Doctoral School

at the Faculty of Science Budapest University of Technology and Economics (ed. F.

Simon), Budapest, Hungary, ISBN: 978-963-313-293-7, July 06, 2018.

7
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