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Abstract

The nodal solver OSCAR-4 reactor analysis system contains a series of approximations (non-
linear extensions) which aim to correct the full-core nodal calculation (mostly via corrections
to the homogenised cross-sections) for typical errors induced during coarse-mesh homogeni-
sation and group condensation. These schemes are intended to correct the nodal diffusion
result as compared to an idealised full-core transport solution, which is in practice seldom
performed or even practical to attempt. These schemes were developed for PWRs and the
application and relevance of these schemes to highly heterogeneous research reactor designs
have not as yet been fully quantified. This work focuses on the analysis of the cross-section
re-homogenisation correction scheme. The purpose of this work is to perform an evalua-
tion of this non-linear model as implemented in OSCAR-4, specifically with respect to the
newly proposed OSCAR-4 SAFARI-1 core model. The new model is based in part on nodal
cross-sections generated from the Monte Carlo based Serpent code. Serpent is a consistent
reference transport solution against which the capability of the re-homogenisation scheme
is measured. The SAFARI-1 mini-core model results show that the scheme is applicable in
some cases, like the fuel-follower. In the full-core model, the environmental error due to
infinite lattice approximation was 252 pcm, 2.30 % in average assembly power and 4.59 %
in maximum power. The scheme reduced these to 83 pecm, 1.69 % and 3.52 % respectively.
The scheme should therefore be applied selectively in the full-core to maximise it’s capability.

The work will support both the verification and validation of SAFARI-1 reactor models.

Keywords: Nodal diffusion methods; spatial homogenisation; re-homogenisation; infinite

fuel lattice; equivalence theory; environmental error; cross-section moments; form functions.
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This is a list of abbreviations used in this dissertation listed in alphabetical order

ANM
ARI
ARO

BA
BA/F-W
BOC
BTE
CORANA
CROGEN
F-FF
F-W
FF-W
HEADE
HEU
LEU
JEFF
LINX
LWR
MANM
MC

Analytic Nodal Method

All Rods In

All Rods Out

Burnable Absorbers

Fuel assembly with burnable absorbers, placed next to a water-box
Beginning Of Cycle

Boltzmann Transport Equation

CORe ANAlysis

CRoss-section GENeration

Fuel assembly placed next to a fuel-follower
Fuel assembly placed next to a water-box
Fuel-follower placed next to a water-box
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Highly Enriched Uranium

Low Enriched Uranium

Joint Evaluated Fission and Fusion
Cross-section library linking code

Light Water Reactor

Multi-group Analytic Nodal Method
Monte-Carlo
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MGRAC Multi-Group Reactor Analysis Code

MTR Material Testing Reactor
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Necsa South African Nuclear Energy Corporation
NEM Nodal Expansion Method

NTE Neutron Transport Equation

OSCAR-4  Opverall System for the CAlculation of Reactors version 4

POLX Polynomial cross-section fitting code
PWR Pressurised Water Reactor

RRA Radiation and Reactor Analysis

RRT Radiation and Reactor Theory

RS Radiation Science
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SAFARI-1 South African Fundamental Atomic Research Installation 1
SOC State Owned Company
WIMS Winfrith Improved Multi-group Scheme-D



Acknowledgements

Firstly, I would like to thank my supervisors, Dr Vishana Naicker, Dr Rian Prinsloo and Mrs
Suzanne Groenewald for their mentorship and guidance. We spent long hours in discussions,
often having to repeat themselves countless times, for me to grasp some concepts. The
manuscript went through many iterations, hence they spent many hours reading through
it. They graciously took the time to show me the ins and outs of the Serpent code, the
OSCAR-4 code system and numerous other utility tools required, not only for this work,
but for the day-to-day applications in the nuclear industry. This work is a sum total of their
hard work, patience and resilience. I would like to thank them for not giving up on me, even
though it would have been understandable for them to do so - under the circumstances. I

also thank Dr Francois van Heerden for introducing me to the Serpent community.

Many thanks to my wife, Tapiwa and our two lovely kids, Tawananysha and Tanaka for their
support, for being there for me and for absorbing some of the frustrations I would sometimes

vent on them when things were not going well.

I would also want to thank Mr Johann van Rooyen (former RRA Head), Dr Djordje Tomasevié
(RRT Section Head), Dr Gawie Nothnagel (former Radiation Science Department Senior
Manager), Mr Fabrizio Dionisio (Divisional Executive - R&TD) and the entire Necsa man-
agement, for giving me the time to carry out my studies and most importantly, for funding

my studies.

A big thank you to all my colleagues in the RRT Section of the R&TD Division at Necsa for

their support, their advice and empathy as I went through my studies. Without them this

v



ACKNOWLEDGEMENTS v

work would not have seen the light of day. A special mention goes to Dr Pavel Bokov and

Mr. Lesego Moloko, for their expert advise and training on Latex.

A special thank you to my colleague and friend, Ms Carmen Jacobs for starting, walking and
finishing this journey with me. The words of advise and encouragement, the long arguments,

the long drives to Potchefstroom all contributed to the success of this work.

I also want to thank Ms Hantie Labuschagne for proof reading and language editing this

manuscript.

Lastly I would like to thank God, Almighty for taking me thus far.



Contents

[Abstractl i
(Nomenclature ii
[Acknowledgements| iv
(1__Introductionl 1
(1.1 Backeground| . . . . . . ... 1
M2 A . .o 4
(1.3 Objectives| . . . . . . . . . . 4
(1.4 Dissertation Outlinel . . . . . . ... .. o o 5
(Lo Conclusions| . . . . . . . . . 5

2 eor 7
2.1 Introduction| . . . . . . . . .. 7
[2.2  Neutron Transport Theoryl . . . . . . . .. ... ... ... ... ... .... 8
[2.2.1 'T'he neutron transport equation| . . . . . . . . . . .. ... ... ... 8

2.3 The Reactor Calculational Pathl . . . . . .. .. ... ... ... .. .. .. 10
2.3.1  Monte-Carlo methods|. . . . . . . . . ... .. ... L. 11

2.3.2 Deterministic methodsl . . . . . . . . ... o000 11

[2.3.3  Assumptions and simplifications| . . . . . . . . ... ... L. 12

[2.3.4  Multi-group formulation| . . . . .. ... ..o 13

[2.3.5  Multi-group diffusion representation|. . . . . . . . . . . ... ... .. 14

vi



CONTENTS vii
2.3.6  Nodal diffusionl . . . . . . ... ... o 15

[2.3.7  Homogenisation| . . . . . . .. .. .. ... ... ... ... 19

[2.4  Generalised Equivalence Theory| . . . . . . . .. .. ..o 00000 21
[2.4.1 Practical applications of the deterministic path| . . . . .. .. .. .. 22

242 Full-core calculations . . . . . . . . ... oo 24

2.5 BFnvironmental Effectsl . . . . . ... o000 24
[2.6 Re-Homogenisation Method| . . . . . . .. ... .. ... ... ... ... . 25
[2.7 Recent Developments| . . . . . . . .. ... .. ... L 29
2.8 Conclusionsl . . . . . . . . 30

[3 Methodology| 33
3.1 Introduction| . . . . . . . . .. 33
[3.2  Code Systems| . . . . . . . . . 34
[3.2.1  Serpent| . . . . . ... 34

[3.2.2  OSCAR-4 code system| . . . . . .. .. .. ... ... ... .. ... 35

(3.3 General Procedurel . . . . . .. ..o 37
[3.3.1 SAFARI-1 facility overview| . . . . . .. ... .. ... ... ..... 40

3.4 Modelsl . . . .o 40
[3.4.1  Model constructionl . . . . . . ... 41

B.42 Mini-coremodeld . . . . .. ... oo 42

.43 Full-core modeld. . . . . . . ... ... 46

B.5 Conclusionsl . . . . . . . .. 47
4__Mini-Core Results| 49
M1 Introductionl . . . . . . . ..o 49
4.2 Fuel-Water (F — W) Model| . . . ... ... ... ... .. ........ 51
4.3 Fuel-Water with Burnable Absorbers (BA/F—W)| . . . .. ... ... ... 57
.4  Fuel-Follower Water (FF — W) Modell . . . . . ... ... ... ....... 59
4.5 Fuel Fuel-Follower (F —FF) Model| . . . . . .. ... ... ... ....... 61
4.6 Verificationl . . . . . . . . . .. 63



CONTENTS

6 Conclusions|
6.1 Future Workl

viil

63

65
65
66
68
73

75



List of Figures

[2.1 Schematic representation of the deterministic calculational path| . . . . . . . 23
[3.1  Overview of OSCAR-4 system components| . . . . . . . .. ... ... .... 37
(3.2  Flow diagram depicting how the calculations are performed|. . . . . . . . .. 38
[3.3  Schematic representation of the SAFARI-1 research reactor| . . . . . . .. .. 40
[3.4 SAFARI-1 fuel assembly| . . . . . .. .. . . o 42
[3.5 Schematic representation of the fuel-water modell . . . . . . . . . ... ... 43
[3.6 Schematic representation of the BA tuel-water modell . . . . . . . . .. ... 44
(3.7 Top (X-Y) view of the SAFARI-1 fuel-follower| . . . . . . ... .. ... ... 44
[3.8  Schematic representation of the follower-water model] . . . . . . . . . . . .. 45
[3.9 Schematic representation of the fuel-follower modell . . . . . . . . ... ... 46
[4.1  Top view of the fuel assembly showing the x- and y-directions| . . . . . . .. o1
[4.2  1-D macroscopic absorption cross-section profiles for the ¥ — W mini-core |

across fuel plates| . . . . . ... 53
[4.3  Power profile for the F' — W mini-core across fuel plates| . . . ... ... .. 54
[4.4  1-D macroscopic absorption cross-section profiles for the F — W mini-core |

along tuel plates|. . . . . . . . . ... 56
[4.5 Power profile for the F — W mini-core along fuel plates| . . . . . ... .. .. 56
4.6 1-D macroscopic absorption cross-section profile for the BA /F — W mini-core |

along tuel plates|. . . . . . . . . ... 58
4.7 Power profile for the BA/F — W mini-core along fuel plates| . . . . ... .. 59

X



LIST OF FIGURES b'e

4.8 1-D macroscopic absorption cross-section profile for the BA /F — W mini-core |

[ across fuel plates| . . . . . . . . 60

4.9 Power profile for the BA/F — W mini-core across fuel plates| . . . . . . . .. 60

.1 Assembly averaged relative power tractions for the reterence ARO case with |

| relative power errors for the infinite fuel approximation| . . . . . . . . . . .. 69

[5.2  Assembly averaged relative power iractions for the reference ARO case with |

[ relative power errors for the infinite fuel approximation with re-homogenisation| 70

[>.3  Re-homogenisation scheme map| . . . . . . . .. .. ... ... ... ... 71

[5.4  Assembly averaged relative power fractions with relative power errors for re- |

| homogenisation scheme selectively switched oftf . . . . . . . .. ... ... .. 72

(5.5 Re-homogenisation scheme map with re-homogenisation scheme selectively |

| switched offl . . . . . . . . 73




List of Tables

[4.1  Quantification of the environmental effect in the fuel-water model| . . . . . . 51
4.2 Quantification of the environmental effect in the fuel (with burnable ab- |

sorbers) water mini-core modell . . .. ..o 57
[4.3  Quantification of the environmental effect in tuel-follower mini-core model. . 61
4.4 Quantification of the environmental effect in the fuel and tuel-follower mini- |

coremodell . . ..o 62
[>.1 Reactivity and power errors for 2D, full-core ARO casel . . . . . .. .. ... 66

X1



Chapter 1

Introduction

1.1 Background

A nuclear reactor core can generally be described as a complicated collection of components
called assemblies, made up of an ensemble of different materials that maintain fission chain
reactions, producing a steady population of neutrons. Neutrons interact with heavy fissile
nuclei (such as uranium), which fission (split), releasing energy and more neutrons. The
released neutrons interact with more nuclei causing more fissions, perpetuating the fission
chain reaction (Duderstadt and Hamilton, 1976). Various assembly types, including fuel,
control and reflector assemblies are arranged in some way to make up the reactor core.

These fission reactions occur in the reactor core.

It is essential to the reactor analyst to have knowledge of quantities which influence the
reactor operation. These quantities include power distributions, shut-down margins, isotopic
depletion rates as well as many other reactor parameters. A number of reactor analysis
procedures and computer codes have been developed to model the reactor core such that

these parameters are determined as accurately and as fast as possible.

Reactor analysis applications include, but are not limited to, steady state neutron flux

distribution calculations (to determine neutron flux and power distribution throughout the
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reactor core as a function of energy and position), core-follow calculations (analysis focused
on modelling material transmutation through the reactor cycle, comprised of a combination
of flux and depletion calculations) and core reload analysis (a series of steady state core
calculations to confirm that the fuel loading and core configuration for an up-coming cycle

is within operating technical specifications).

The central problem in the applications listed above and other reactor analysis applications,
lies within the ability to accurately predict neutron distribution in space, velocity and time.
The neutron distribution can be determined by solving the neutron transport equation on
the scale of the reactor core. Solving the neutron transport equation is a complex process
even for modern, fast, multi-core computers. For practical solutions and for this idealised

equation to be tenable, some approximations are applied.

The complexity of the nuclear reactor core makes it computationally impossible to directly
solve the neutron transport equation analytically, especially for the full-core. Some modern

reactor analysis procedures use the so called “deterministic” calculation path.

The deterministic reactor calculation path, often based on nodal diffusion theory, follows
a two stage approach to simulating reactor cores (Duerigen) 2013). The first stage is the
homogenisation of cross-sections on the assembly level, to produce spatially homogenised
and energy condensed assembly cross-sections for each reactor component. Homogenisation
is achieved through 2D transport calculations, usually referred to as lattice calculations. The
aim of homogenisation is to reduce the complexity of the problem, by averaging the assembly
cross-sections, while preserving integral quantities of the transport calculation. In the second
stage, the produced homogenised cross-sections are used in a diffusion calculation. The 2D
homogenised regions are stacked together, axially, to simulate the 3D full reactor core, such

that the required parameters like the k-eff, flux and power distribution can be determined.

Fuel assemblies are usually shuffled around the core from cycle to cycle. This means that
a single fuel assembly goes into many different positions in it’s life time in the core. It
is impossible to model and prepare appropriate cross section for all the numerous possible

environments that the fuel assemblies can pass through when doing the lattice calculations.
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Approximate boundary conditions are therefore used in the lattice calculations. The real core
environment however, can be significantly different from the approximate environment used
in the lattice calculation, giving rise to the concept of the environmental error. According
to [Smith et al.| (1992) the environmental errors account for not more than 2% in power
reactors. The term error in this context refers to the difference between reactor parameters
calculated using a nodal method compared to those calculated using high-order (detailed)
Monte Carlo transport method, sometimes referred to as the reference solution. In this work,
we will consider these errors in the Material Testing Reactor (MTR) context, particularly

SAFARI-1. MTRs are often referred to as research reactors as well.

Some schemes have been developed to mitigate against these environmental errors when per-
forming reactor calculations. One such scheme is called the spatial re-homogenisation cross
section correction scheme. The scheme was developed following the work done by Smith and
Koebke (Smith, 1994; Koebke et al, |1985). It reduces the environmental error in the reactor
calculations through cross section correction factors determined in the lattice calculation.
Flux shape data from the lattice calculation is used to modulate the homogeneous flux in
the nodal calculation. This improves the assembly flux from the approximate flux used in
the lattice calculation. The improved flux is used to recompute homogenised cross-sections
and therefore improves the nodal solution by the superposition of the average flux with the

localised flux shape.

The re-homogenisation scheme was developed for Light Water Reactor (LWR) applications
although it has been adapted for use in research reactor simulations as well. Research
reactors, due to their very heterogeneous nature, are prone to substantial environmental
dependency of the homogenised neutron cross-sections. Traditionally, larger numerical un-
certainties could be tolerated in research reactors due to very conservative safety margins
as well as very little or no financial pressure. However, increased commercial applications
have resulted in aggressive operating strategies as in the case of the SAFARI-1 reactor. As
a result, more accurate calculations have become a priority. One of the major challenges

in reactor analysis and certainly in the analysis of research reactors, is the reduction of the



CHAPTER 1. INTRODUCTION 4

environmental error.

SAFARI-1 is a 20 MW tank-in-pool type MTR, owned and operated by the South African
Nuclear Energy Corporation SOC Ltd. (Necsa), located at its Pelindaba site near Pretoria.

In this work, we analyse the re-homogenisation cross section correction mechanism as applied
to the SAFARI-1 research reactor. The efficiency and accuracy improvement of the re-
homogenisation scheme to the highly heterogeneous research reactor designs have not yet

been formally investigated.

1.2 Aim

We aim to determine whether the re-homogenisation scheme, as applied in the SAFARI-1
research reactor, is able to mitigate the environmental error sufficiently for use in the more

heterogeneous research reactor core designs.

We are mainly concerned with the application and accuracy of these approaches in the
research reactor designs, particularly the SAFARI-1 research reactor. The insights gained in

this work can be applied to other existing and new research reactor designs.

1.3 Objectives

The specific objectives of this project are as follows:

e To isolate and quantify typical environmental errors introduced in the modelling of the

SAFARI-1 reactor with the current reactor analysis deterministic calculation path.

e To evaluate the capacity of the already implemented re-homogenisation scheme to

correct the environmental errors.

e To possibly propose improvements to both the scheme itself and to an improvement in

the application regime.
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1.4 Dissertation Outline

This chapter briefly describes the deterministic calculation path as applied by deterministic
reactor analysis codes like OSCAR-4. A brief outline of the source of errors encountered in

the path is given. The problem statement and research objectives are outlined as well.

Chapter [2| gives a brief account of the development of reactor analysis methods. It then pro-
vides a detailed description of the transport and diffusion theory culminating to a description

of the re-homogenisation correction mechanism.

Chapter [3| describes the computer codes and models used in this study. The OSCAR-4 code
system, Serpent and the OSCAR-Serpent link are described. Various mini-core models and

full-core models used to analyse the environmental error are also described.

Chapter [4] and Chapter [5| provide the results for the various mini-core and full-core calcu-
lations, respectively. The effect of re-homogenisation on the equivalent parameters for each
of the models are analysed. The effectiveness of the re-homogenisation mechanism in the

various models of the research reactor is evaluated.

Conclusions are drawn in Chapter [6] In this chapter we discuss the major findings on the
suitability of the re-homogenisation scheme in the SAFARI-1 reactor as a way of improving
reactor analysis results. We discuss SAFARI-1 configurations where the scheme works well
and where it fails. We also provide the scope for the future work that may be explore to

further improve the applicability of the scheme in research reactor designs.

1.5 Conclusions

It is essential for reactor analysts to accurately predict some important reaction operational
and safety parameters. This is achieved by accurately determining the neutron distribution

in the reactor core.

Numerous computer codes have been developed so as to carry out this task with relative
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ease. Nevertheless, this is still a daunting task due to the complexity of the nuclear reactor.
A two-stage deterministic calculational procedure is generally used for reactor analysis. The
procedure starts with homogenisation of cross-sections followed by the diffusion calculation.
Fuel assembly cross-sections are often homogenised in approximate environments due to

mobility of fuel assemblies, giving rise to the environmental error.

The re-homogenisation scheme was developed to mitigate against the environmental error.
The scheme is part of the deterministic reactor analysis path. The function of the scheme
is to reduce the environmental error obtained when fuel cross-sections from an infinite envi-
ronment are introduced during reactor calculations. The scheme was particularly developed
for power reactor designs although its applications has been extended to research reactor
designs. In this work, we investigate the ability of the scheme to reduce the environmental

error, in the research reactor design space.

We now proceed to look at how the re-homogenisation scheme fits into the deterministic

path.



Chapter 2

Theory

2.1 Introduction

Nuclear reactor analysis involves the use of computational methods for predicting the free
neutron population as stated in Section [I.I Most of the other parameters like power distri-
bution, shut-down margin, excess reactivity and many other reactor operational and safety
parameters can simply be derived from this neutron distribution, once it has been accurately
determined. It is therefore necessary to accurately characterise the neutron distribution in
the reactor core such that other required quantities can in-turn be determined. The neutron
distribution is governed by a fairly established mathematical model called the Boltzmann
Transport Equation (BTE) (Cai, 2014). Neutron distribution is modelled using a linear ver-
sion of the BTE known as the Neutron Transport Equation (NTE) (Chol 2012). Although
the NTE is a simplified form of the BTE, to solve it can still be very involved.

Over many years, dating back to the 70s and 80s, a series of simplifications has been de-
veloped to allow for the simulation of a snapshot reactor core flux distribution in a matter
of seconds and the simulation of a full reactor cycle in a matter of minutes on a desktop

computer.

In this chapter we will mainly focus on the series of these simplifications, approximations
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and calculations applied in day-to-day reactor analysis. These simplifications enable reactor
analysis to be performed at a full core-level with fairly good accuracy and short calculation
times. We will also look at the errors associated with these approximations and how these
errors can be reduced. In particular we will analyse the source of the environmental error

and test the application of cross-section re-homogenisation.

2.2 Neutron Transport Theory

The NTE is the most fundamental and exact description of the distribution of neutrons in
space, energy, time and direction of motion in the reactor. It is usually the starting point
even for approximate solution methods. The NTE is derived from a particle balance on a
particular volume, making a few assumptions that do away with generally phenomena which

are unimportant for reactor analysis, such as neutron-neutron interactions.

2.2.1 The neutron transport equation

The time dependent NTE equation is given below (Sekimotol 2007):

10(7, ), B, t)

o+ VU QB ) + o7 E)O (7 0, B t) =
v

/ / o (Y — O, E — E)W(FQ, E, t)dYdE +

47 JO

@ / / V(E)os(F, E'Y(F, & B t)dE dsY (2.1)
m 4 JO

where

(7,9, E,t) = angular neutron flux as a function of space (7), angle (Q3), energy (E) and
time (t),

0, = microscopic cross-section of type x’ of which (t) is total, (f) fission and (s) scattering,

v = average number of neutrons generated per fission, and
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X(E)dE = probability that a fission neutron is created in dE about energy E.

Equation [2.1] is derived based on mechanisms which are responsible for neutron production

(right hand side) and neutron loss (left hand side).

Ideally, we would like to solve Equation [2.1] on the scale of the heterogeneous reactor core,
in fine spatial, energy and angular detail. Considering that the equation has three spatial
variables, two angular variables, one energy variable and time which ranges from milliseconds

to years, solving this equation is a very expensive computational task.

In theory, the 3D neutron transport equation, (Equation can be solved in the entire core,
if thermal hydraulic properties and fundamental nuclear data of the reactor are available. A
discretised three-dimensional, multi-group neutron transport equation can be solved using a
fine mesh with uniform material properties within each such small region, obtaining multi-
group flux solution for the whole reactor core, often referred to as the “heterogeneous”
reference neutron transport solution (Forslund, [2000). However, due to the geometrical
detail required to model the entire core, i.e. fuel plates, control rods, water gaps, including
depletion regions (Smith, [1986)), this is a time consuming process. It is therefore not feasible
to solve the full core 3D transport equation directly within an acceptable time frame. The

acceptable time frame in this context ranges from a few minutes to a few hours.

A well established and ever growing set of direct solution schemes for this equation exists.
For some reactor physics applications, these direct solution schemes are practical and are
applied on the scale of the full detailed reactor description. These schemes are becoming
increasingly more viable with the continual development of computing technology, as finan-
cial costs continue to decline. For instance, a single point-in-time transport solution of the
a PWR reactor core on a small cluster (say 10 to 20 computing cores) currently requires a

calculational time in the order of hours to days.

However, complimentary to these highly accurate solution schemes, more efficient solution

schemes are often required, where a large number of reactor core simulations are needed in
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a relatively short time. These applications employ a number of simplifications, but allow for
the simulation of a relatively accurate solution, at assembly level, in a matter of seconds,
and the simulation of a full reactor cycle in a matter of minutes on a desktop computer.
In order to achieve this kind of benefit at an acceptable accuracy, a multi-step approach to
solving Equation is employed. Notwithstanding the considerable advances in computer
technology, few group nodal diffusion theory methods still prevail in global reactor analysis

(Miiller, [1939).

For most routine reactor calculations, the steady state conditions are sufficient, hence the

time independent neutron transport equation (Eq. below) is often used (Stacey, |2007)):

Q.Vw(F,Q,E)+at(F,E)¢(F,Q,E):/ / o (Y — Q E — EYW(F 0, B)dVdE +
47 JO

E %0 ; B,
’i(ﬁk) /M /0 V(E)os(F, E'V(F, & EdE'dTY (2.2)

where

k = k-eigenvalue (multiplication factor) of the system.

The k-eigenvalue modifies the number of neutrons produced by each fission to preserve the
global balance of neutrons. The ratio of the net loss-to-gain of neutrons is the k-eff. For a

reactor that is operating at a critical state, the value of k-eff is unity (i.e. k-eff = 1).

2.3 The Reactor Calculational Path

Solutions to Equation [2.2) can be divided into two broad categories namely Monte-Carlo and
deterministic methods. Monte-Carlo methods are sometimes referred to as probabilistic or

stochastic methods.
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2.3.1 Monte-Carlo methods

Monte-Carlo (MC) methods are used to simulate the physical processes that the neutron
undergoes, without directly solving the neutron transport equation. These methods simulate
the particle behaviour through a random walk process and use random numbers to record
some aspects of the particle’s behaviour. The only requirement for these calculations is
that the probability distribution functions for all the possible particle interactions, also
called reactions, is known. Once these have been specified, the calculations proceed by the
random sampling of the probability distribution functions. These high fidelity methods have
the ability to represent complex geometries in multi-dimensional space, without numerous
assumptions, usually implemented in 3D deterministic procedures. MC methods thus do not
have discretisation errors but instead have statistical errors. The Monte carlo method treats

all of space, energy and angle continuously.

The major advantages of the MC methods over the deterministic methods are the continuous
energy treatment and the precise modelling that can be carried out on the 3D geometry, hence
allowing for modelling freedom and access to very accurate fine scale flux profiles. While MC
calculations produce very accurate results in complex geometries, their turnaround times are
very long, to the extent that they are quite prohibitive for day-to-day support to reactor
operations. In general MC, methods are currently being used for model and code verification
purposes and not for routine calculations. Simulation of day-to-day operations is done via

the deterministic calculation path.

2.3.2 Deterministic methods

Deterministic methods use several approximations and discretisation of the independent
variables e.g. space, energy and direction, together with the application of some numerical
methods to solve the NTE. The solution gives some information about the average particle
behaviour. Independent variables (space, energy and direction) are transformed from con-

tinuous to a discrete representation. One or more numerical methods are used to solve the
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NTE for overall particle behaviour. In the end, the transport problem is reduced to a set of

linear equations that can be solved on a computer (Mervin|, 2013; Karriem), 2012]).

2.3.3 Assumptions and simplifications

The standard deterministic calculational approach employs a number of assumptions (Trkov
and Ravnik| |1994) in the modelling of the physical phenomena present in the operation of a

reactor as follows:

1. Firstly, in thermal reactor designs, neutrons cause fission in the thermal range (in the
order of eV), yet they are born in the fast range (MeV). They are moderated with
relatively large energy losses per collision between these two energy ranges. Thus, the
resolution of the energy variable could be simplified through the introduction of broad
energy groups. A full-core solution with 2 to 10 energy groups would be capable of
deducing the primary physical phenomenon. This is called energy group condensation,
and requires that the condensed cross-section over the broad energy groups retain

reaction rates deduced from the original fine-groups.

2. Secondly, for typical deterministic reactor analysis applications, it is of primary interest
to determine the solution to the most important physical observables, such as reaction
rates and power. For such applications, the detailed knowledge of the direction of
travel of the neutron is not very important. Therefore, the solution scheme need only

provide scalar flux as primary unknown as opposed to the angular flux.

3. Thirdly, it is observed that the fission process is the dominant reaction in a nuclear
reactor core. The fission reaction is an isotropic event. This observation implies that
the angular variable is not dominant and can potentially be treated in an approximate
sense, on the scale of at least an assembly level. This allows for the possibility of

applying some angular simplification to the transport equation, such as diffusion theory.

4. Lastly, for many analysis applications, a knowledge of region averaged (as opposed to

fine minute detail) fluxes and reaction rates could be sufficient. This naturally leads to a



CHAPTER 2. THEORY 13

simplification of the spatial domain and the introduction of the homogenisation process
to produce cross-section data on a simplified mesh. The requirement is that such
homogenised, region-averaged, cross-sections retain the reaction rate of the original

heterogeneous region.

We now consider each assumption in turn, to understand how each helps in simplifying the

determination on neutron flux distribution.

2.3.4 Multi-group formulation

Considering Assumption 1 in Section [2.3.3] we note that the NTE is of continuous form in
the independent variables. We therefore start off by discretising the energy variable in the
equation into G energy intervals. Integrating Equation over energy group g, we can
write the transport equation in it’s multi-group representation as (Duderstadt and Hamilton),

1976)
G
G vy (7, 9) + o2 (Fo(F G = 3 / P09 97, T = By (7, )
g’*l 4
1 G
X > v (A (7) + S9(, Q) (2.3)
g'=1

where g= 1, G.

Assuming energy separability in each energy group, we have
w(F, E,Q) =~ f(E)(F,Q), E,<E<E,, (2.4)
where f(FE), is the energy dependent shape function such that

(/dEﬂE)zl. (2.5)

g

The group angular flux is defined as:

WI(F, Q) = / dEY (7, E, Q). (2.6)



CHAPTER 2. THEORY

Multi-group parameters are then defined as follows:

oA )= [ [ arn o 5,
g

g/

nguédEX@W,

S9(7 Q) = / dES(F,
g

2.3.5 Multi-group diffusion representation

—

B, Q).

14

(2.10)

(2.11)

Considering Assumption 2 in Section we integrate Equation [2.3]over all angles to obtain

the multi-group balance equation (Bell and Glasstone, 1970),

-

V) + o (767(7) = wa )67 (7 +v2w

with group current defined as:

Jo(F) = | A, (7, 9).

A

The group scalar flux is given by:

¢'(7) = [ d(F,Q),

A7

the group external source as

50(7) = [ dosi(7.4),
4

and the group-to-group scattering cross-section as

o9 79(7) = / dQo? 797, Q' — Q).
47

O (7) + 5°(7),

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)
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The problem with Equation [2.12]is that both the scalar flux and current are unknown and
there is no direct way of relating to them. From Assumption 3 in Section [2.3.3] we can
introduce diffusion theory as an alternative to transport. This approximation is valid if the
angular flux is only linearly anisotropic. This means that neutron interactions with matter

exhibit only weak angular dependence.

Diffusion theory is introduced by assuming that neutrons obey Fick’s Law, which is stated
as (Stacey, [2007)
Jo(7) = —DI RV (7). (2.17)

Introducing this relationship between scalar flux and current, we obtain the multi-group
diffusion equation
e} a
=V DRV () + ol (9 (7) = Y ol (67 (1) + x* Y vo] (M7 (7) + 59(7). (2.18)
g'=1

!

g'=1

Equation [2.18| shows a simplified energy representation, angular representation and defines
the primary unknown as the scalar flux. However, the spatial variable needs to be simplified
as well, for a significantly fast solution. It is important to note at this stage that the solution

is usually sought on large homogeneous zones called nodes, rather than on a fine mesh.

2.3.6 Nodal diffusion

From Assumption 4, we consider that the solution is not sought on a fine mesh but on
large homogeneous regions called nodes. A node can be to the order of a fuel assembly or
more in the two radial dimensions and more or less the same size axially. Homogenisation

is performed at this nodal level.

Making the assumption that the solution is sought in one node and that the material proper-

ties for the node are provided, we can cast Equation [2.18|into a 3D nodal diffusion equation.

—DINV29 (u, v, w) + a2 (u, v, w) — S (u, v, w) = 0. (2.19)
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Note also in the equation that the radial dimension is split into 3 explicit coordinate directions
(u,v,w). The within group scattering cross-section is subtracted from the total cross-section

to obtain the removal cross-section.

Equation is obtained by dividing space into n nodes with node n having sizes (R, Fnvs Fnw)-
Integrating Equation [2.19| over the volume V,, then divided by the node volume and after

applying the divergence theorem, we obtain the nodal balance equation,

6
D A T+ 08RG, = S (2.20)
m=1

where

— 1
O = [ o8, 0,w)dV,, (2.21)
Vo Jv,
_ DI 9
ann = _sz a_ : /Smn ¢$z(u7 v, w)dsmm (222)
and the node-averaged source in energy group
—g 1
S, =— [ Q)(u,v,w)dV,. (2.23)
Vi Jv,

In Equation , 7im denotes the normal component of the side-averaged net current on
the surface between node n and m (with the normal pointing outward from node n), Sy,
represents the surface between nodes m and n. The term a]™ is the surface to volume ratio
of that surface. The term, 5791 represents the node-averaged flux in energy group g. The

averaged flux on the interface between node n and node m will be denoted by 5im

The system however, is under-specified and various approaches are utilised within the class
of nodal methods to find the relationship between the node-averaged fluxes and the side-
averaged net currents, so that Equation [2.20] may be solved. This distinction in how the
expression for side-averaged currents is obtained, is also the primary differentiating factor
between the various classes of nodal methods. One such method is the transversely integrated

nodal diffusion method.
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Transversely integration nodal diffusion methods

. 9
To obtain the average surface currents, J,,,,,

most modern nodal codes utilise the transverse
integration method (Prinsloo, [2012). Equation is integrated across the area transverse

to the direction of interest, to obtain 1D diffusion equations in each direction.

Starting from the time independent neutron transport equation (Equation [2.2)), integrating
the transport equation over all angles and applying Fick’s law, we have the diffusion equation

in rectangular coordinates (Stacey, [2007)),

-V DZ(U,U7U))V¢$L(U,U,U)) + O-f,n(uv v, w)¢g<u7v7w) = QZ(U, U,U}), (224)
where
[ & G
g _ g,,~9 g 99’ 1d' 29
Q4 (u, v, w) k—efng_lX vo, ;95 (u,v,w)+;an o7 (u,v,w), (2.25)

expanding, we get

9 D32 g9 u,v,w) — 2030 41w, 0,0) — D349 (u, 0, 0) + 08,08, v, w)(2.26)

Cou "ou ™ ov "owv ow "ow'™"
:Qi(u,v,w).

Integrating in the v— and w— direction to get the 1D diffusion equation in the u— direction

we have,

0 0
5D g8 () + a3 () = Qi) -

1 1
) -

L9 (u), (2.27)

n
hmw

where

1 1
) = [ do [ dw oy v.w), (2.28)
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and
L7%(u) = L /dw[—Dg—ngg(u v, w)]Y (2.29)
" Aw dy ™7
LI (u) = L /dv[—D9—¢g (u,v w)]“’f. (2.30)
" Av dw ™™

The 1D equation in the u— direction can be simplified to

d2
Dy () + 0256 (u) = Q4 (w) — L§™ (u) (2.31)

where L% (u) is the transverse leakage term, ALyL%”(u) + - L9 (u).

The 1D equations in the v— and w— directions are derived in an analogous manner.

Solutions to the 1D diffusion equations

There are several variants of the transverse integrated nodal diffusion methods that have
emerged; these can be distinguished by the methods used for solving the one dimensional

diffusion equations (Lewins et al., 2002).

To solve the transverse integrated equations, several approaches have been developed. Since
only node average surface leakages are known from a nodal solution, the transverse leakage
spatial dependence need to be estimated. This is usually done using the quadratic polyno-
mial, preserving the node average surface leakages of the node in question and its adjacent
nodes along the direction of interest. The solution of the 1D neutron diffusion equations
can be accomplished analytically - the analytic nodal method (ANM) (Smithl |1979; Cacuci,
2010) or using spatial trial functions - nodal expansion method (NEM) (Koyama and Aoy-
aamal, [1989)). The solution of the coupled nodal balance and transverse integrated equations

completes the nodal solution (Prinsloo and Tomasevi¢, [2008]).

Deterministic calculational tools have become a standard for in-core neutronic analysis,

particularly for core reload and core-follow type analysis. Nodal diffusion based methods,
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over viewed in |Lawrence| (1986]), with the primary formulations as the Nodal Expansion
Methods |Finnemann and Wagner| (1977)) and the Analytic Nodal Method [Smith! (1979), have
remained the typical workhorse for industry in performing such work, and have persisted as
such mostly due to their efficiency. Furthermore, due to a series of particular extensions to

their initial formulation, these methods are still in active use today [Smith et al.| (1992).

2.3.7 Homogenisation

The nodal diffusion parameters mentioned above are obtained from lattice calculations.
These are detailed neutron transport calculations performed in fine energy groups to produce
multi-group parameters for each component in the core. These lattice calculations are inde-
pendently performed for each material region with representative boundary conditions. The
parameters are cross-sections that are tabulated against relevant state parameters. These are

once-off calculations resulting in a library of tabulated assembly-homogenised cross-sections.

The homogenisation process makes it difficult to preserve spatial quantities in the smaller
nodes. The usual procedure is to preserve spatial integrals of the quantities of interest. The
most important quantities to be preserved are the node-averaged reaction rates, surface-

averaged group currents and the reactor eigenvalue (Stammler and Abbate, |1983).

In this work, we will denote the homogenised parameters with a " For instance, the ho-

mogenised multi-group cross-section for a reaction of type x is given by o9.

Comparing the multi-group version of the heterogeneous transport problem and the analo-

gous equation for the homogenised model (Stacey, 2007) we have:

—V - JUP) + o} (F) () = Zaﬁg o7 (

me (M7 (7) + S9(7),  (2.32)

9

G
—V - J9() + 67 2&50*9 7)Y (7) + MZV&?W@(MS%P), (2.33)
e g'=1
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where both equations are cast in their eigenvalue form, and with the neutron source term

written out in full.

The solution for Equation [2.32| gives a more accurate representation of the neutron distri-
bution, but is very expensive. On a full-core scale, we would therefore rather compute the
flux through Equation [2.33] because its solution is more efficient. We assume here that with
appropriate definition of the nodal parameters, the task is achievable. To ensure that the
homogeneous nodal solution is equivalent to the heterogeneous solution, we select the terms
that need to be preserved when performing the homogeneous calculation. Generally, the
nodal scalar flux, reaction rates in all groups as well as leakage terms need to be conserved.

It then follows that the k-eff is also conserved.

To conserve the volumetric reaction rates for node n, we have to impose that, for reaction

type x

Va

/&g(f)&(f‘):/ag(wg(f) and /V-jg(F)-dS:/V-Jg(F)-dS (2.34)

where V,, is the volume on the node n, and S! is the i" surface of node n.

From Equation [2.34] and assuming that all homogenised parameters are spatially constant
within each node as well as by applying the diffusion approximation (Equation [2.17)), we

have:

GG - [ J)-ds
59 =" and DI =

J oo (r)dr Sf Vo(7) - dS

(2.35)

Equation states that the heterogeneous cross-sections should be flux-volume weighted in
order to yield the desired parameters. It should be noted however that the full-core heteroge-
neous reference flux ¢9(7) is unknown. To overcome this problem, a single fuel assembly or a
number of fuel assemblies (referred to as a colourset) are modelled within reflective boundary

conditions, thus simulating an infinite array of fuel. A transport calculation is performed,
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replacing the full-core heterogeneous flux solution with the heterogeneous solutions from

these smaller regions.

In Equation the expression for diffusion coefficient should be valid on all the surfaces
of the node. This is in opposition to applying flux and current continuity with neighbouring
nodes on each surface. So, the flux continuity with neighbouring nodes is violated. To match
leakage on each surface, additional degrees of freedom are needed to allow the simultaneous

preservation of reaction rates and surface currents.

However, the solution to a global homogenised reactor problem does not really preserve any
of the parameters in Equations and These assembly flux-weighted cross-sections
preserve reaction rates of the infinite lattice. In a realistic reactor, having finite boundaries
or multiple assembly types, these reaction rates are not preserved. In order to improve the
accuracy of node-averaged reactor properties predicted through the homogenised parameters
discussed in Section [2.3.7, more advanced homogenisation methods have been developed.
Koebke (Smith} 1986) formulated a mathematical interface condition which allows exact
preservation of both reaction rates and net currents from the heterogeneous reactor problems

(Pekicten| 2011) referred to as the generalised equivalence theory.

2.4 Generalised Equivalence Theory

The generalised equivalence theory provide an extra degree of freedom to match the ho-
mogeneous solution to the heterogeneous assembly level solution. This degree of freedom
is represented in the form of additional homogenisation parameters known as discontinuity
factors, which account for the loss of spatial resolution at the interface between assemblies

during homogenisation (Smith, 1979).

Discontinuity factors are ratios of the node surface averaged heterogeneous flux to the cor-
responding surface average homogeneous flux. Together with other nodal equivalent pa-

rameters, discontinuity factors preserve the node surface averaged net leakage from the
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heterogeneous calculation (Lawrence, |1986)).

i
o

where f° is the side discontinuity factor. Side discontinuity factors as shown in Equation

= (2.36)

specify the ratio of the surface flux as produced by the assembly-level (heterogeneous)

calculation and the surface flux by the equivalent (homogeneous) calculation.

Discontinuity factors are supplied to the subsequent full-core nodal calculation in order to
simultaneously preserve the node surface average flux and net leakages from the heteroge-
neous calculation. While the homogenised cross-sections set the equivalence between the
homogeneous and heterogeneous configuration in terms of reaction rates, discontinuity fac-

tors set the equivalence in terms of neutron leakage through the node boundaries (Smithl,

1936)).

2.4.1 Practical applications of the deterministic path

Figure [2.1] shows a practical deterministic calculational path. The path proceeds from left
to right, where it starts with 2D single- or multi-assembly (colourset) transport calculations
in fine energy groups all the way to the 3D full-core nodal diffusion calculations (Akhmouch
and Guessous, [2003). As the path proceeds from left to right, the problem size increases

exponentially, while the spatial and energy detail diminishes as homogenisation takes place.
The process in practice is then as follows:

1. Perform a 2D transport (or lattice) calculation on the assembly level in a typical
environment (often reflective boundary conditions) by solving Equation in fine
energy and spatial detail. Note down the heterogeneous side-fluxes on all surfaces of
the node in each group g. This will normally be done for a range of all the expected
future states of the assembly, since this calculation is typically done once and the

results are stored. This means that lattice calculations are performed for, amongst
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DETERMINISTIC CALCULATIONAL PATH

PROBLEM SIZE

diefeuEm

Transport Theory Cross-section Nodal Diffusion
- 2D Single / Multi representation Theory
Assembly or full core * Continuous fit « Full 3D core

» Fine or continuous through point-wise » Few Energy Groups
Energy Groups data (2-10)

« Span state space * Multi-dimensional
model

ENERGY and SPATIAL DETAIL

Figure 2.1: Schematic representation of the deterministic calculational path

others, different burn-up, temperature and water density states of the assembly.

2. Tabulate node-averaged homogenised cross-sections and other equivalent parameters
calculated via Equation Use the flux solution from Step 1 as weighting function

in space and energy.

3. Perform a 2D single-node homogeneous diffusion calculation, solve Equation [2.35| using
the cross-sections obtained in Step (2) and impose the side-averaged transport currents
as boundary conditions on each surface. Note down the homogeneous diffusion side-

fluxes on each surface in each group g.

4. Calculate discontinuity factors on each surface of each node and store them along with
the cross-sections obtained in Step 2. Together this data now represents the set of
nodal equivalence parameters. There are additional equivalence parameters, such as
intra-assembly form factors used for fine-scale flux reconstruction inside the node, but

these are not discussed here.

5. Perform the 3D full-core solution by solving Equation [2.33 on the full-core level, using

discontinuous boundary conditions between nodes as per Equation [2.36
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2.4.2 Full-core calculations

In order to solve the global reactor problem, a neutron balance equation is used for each node.
The nodal balance equation is obtained by integrating the diffusion equation (with node-
wise constant coefficients) over the node volume. By solving the diffusion equation locally
within each node and imposing a continuity condition of the heterogeneous flux and the net
current over the node boundaries, an expression for the node surface-averaged homogeneous
flux gradient (i.e. net neutron current) as a function of the neighbouring node average fluxes
may be obtained and used for nodal coupling. Consequently, a coupled set of non-linear
equations with coefficients that depend on the flux solution itself is derived for the global
problem with node average fluxes as unknowns. Due to the non-linear character of these
equations, standard numerical iteration techniques have to be employed in order to get the

flux solution.

2.5 Environmental Effects

For full equivalence between heterogeneous transport and homogeneous nodal diffusion, the
nodal cross-sections and discontinuity factors must be generated for the assembly of interest

in its correct neighbouring environment.

Complications arise when the real assembly environment differ significantly from the idealised
conditions assumed in the single-assembly lattice calculation used for generating spatially
homogenised and energy collapsed nodal cross-section data. The difficulty with calculating
lattice parameters using Equations and is that the homogeneous flux has a spatial
shape and energy spectrum associated with the single assembly infinite medium problem
described in Section [2.3.7} It therefore lacks the effects of spatial and spectral interactions
with adjacent lattice cells of different types as obtained in the actual core environment.
However, for assemblies at the centre of a relatively homogeneous reactor core (like in power

reactors for instance, where the core consists mostly of fuel) the homogeneous flux obtained
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is likely to be a very good approximation of the heterogeneous flux. For the assemblies
near the edges of the core, or between assemblies with very different material properties, or
in highly heterogeneous cores like research reactors, there will be significant flux gradients.
In these cases the infinite lattice assumption exhibits significant errors, since it is a poor

approximation of the core flux.

In essence, the flux distribution of the operating reactor core differs from the lattice cal-
culation flux. By imposing reflective boundary conditions in the single assembly calcula-
tions, environmental effects due to interactions with neighbouring nodes, are not properly
accounted for in the cross-section homogenisation procedure. As a result, homogenisation
errors are induced in the flux-volume-weighted nodal equivalent parameters to be used in

the homogeneous coarse-mesh, few group nodal calculations.

In order to account for these effects, the nodal cross-sections have to be adjusted in some way
when solving the global problem. However, real equivalence is guaranteed only if the flux
shape inside the assembly in the core is close to the infinite medium flux shape, computed
in lattice calculations (Forslund, 2000). This realisation gave rise to the concept of re-

homogenisation.

A re-homogenisation method was designed to adjust infinite environment cross-sections to

the current global environment.

2.6 Re-Homogenisation Method

Given the environmental error discussed above, we now strive to formulate the re-homogenisation
procedure, which will allow for the correction of nodal cross-sections based on the true en-

vironment that the assembly experiences in the nodal core calculation.

For a given node, spatial homogenised and energy collapsed cross-sections, to be used in
the global environment, are computed in the lattice calculation with reflective boundary

conditions. In the real assembly environment, it is assumed that the assembly heterogeneous
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flux can be approximated by the product of the single assembly flux form function and the
core nodal homogeneous (average) flux solution. The single assembly form function is defined

as

O(7) ~ FO(r)o(7), (2.37)

where
¢(7) is the heterogeneous flux obtained in the lattice calculation, and

¢(F) is the intra-nodal homogeneous flux distribution which is assumed to be the same as

the equivalent homogeneous flux distribution.

FY(7) is the heterogeneous flux form function. It is the shape function for the infinite system,
which describes the local periodic behaviour of angular flux within the node (Trahan and

Larsen,, 2015]).

Considering a 2D space with two coordinate directions w, w and a unit single assembly of
radial mesh sizes h, and h,. The spatially smeared (homogeneous) node cross-sections in
the Cartesian coordinate system is given by Equation [2.35] Neglecting the energy variable

and writing out in 2D, we have,

. fhu du fhw dw o(u, w)(u, w)
o= fhu Ju fhv dw ¢hom(u,w) (2.38)

Inserting Equation [2.37]

fhu du fhw dw 0(“’? w)FO(T)(éhom(ua w)
fhu du fhw dw ¢hom(u, w)

The full-core global homogeneous flux ¢"™ (u, w) is approximated by a polynomial expansion

~
[

(2.39)

or by using hyperbolic basis functions. The full-core global homogeneous flux can be written

as,
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o(u, w) = "™ (u, w) Z ZQ U, Ww)al, ,, (2.40)

r=u,w [=1

where

L is the order of expansion,

@™ is the node-average homogeneous flux,

Q'(u,w) is the direction-dependent basis functions, and
l

a,, ,, is direction-dependent expansion coefficients.

Substituting Equation [2.40|into Equation [2.39] the homogeneous nodal cross-section expres-

sion, we have

o f du fh o(u, w)FO(u, w)[@ ™ (u,w) + > _ ule , Q' (u, w)auwr‘]dw. (2.41)

f du fh ¢hom + ZT:u,w lel Ql<u7 w) u,w]dw

After expanding the above expression and a bit of algebra, the above expression can be

written as

F f du fh u U))FO(U w)¢h0mdw + Zr U, W Zl 1 fhu du fh U ’U))FO(’I’)QZ(’U,, w)a’i,wdw
fhu du fhw phomdw + DS 21:1 fhu du fhw Q' (u, w)al, ,dw '

(2.42)

The basis functions have the property that:

12_1: /u du wQ u, w)dwla, , = 0. (2.43)

Consequently, the homogenised nodal cross-section becomes

du [, o(u,w)F°(u, w)"™dw _ L: du o(u, w)FO(u, w)Q' (v, w)dl, , dw
5~ ha ho _ r=u,w =1 Jh, hw _ u,w
Ju, du f,,, O dw Jn, du [, ghomdw

(2.44)

where fh du fhw dwd"™ = h,h,¢"™. Following some rearrangement, we have
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1 1
th—/ duh—/ o (u, w) F(u, w)dw +

Z Z / du—/ o (u, w)F°(u,w)Q' (u, w)al, ,dw (2.45)

r=u,w =1

¢hom

Importantly, we assume that the heterogeneous cross-sections used to compute these mo-

ments are independent of the local environmental conditions. This leads to:

:—/du—/w u, w)

1 1
R, ., = i /hu duE/ S(u, w) F(r)Q" (u, w)dw, (2.47)

Z Z u,Ww U’UJ’ (2'46)

ruwll

w

where
wa} are the radial homogenisation moments and
' are the direction-dependent expansion coefficients, determined from the nodal solution.

Since F° is the zero current single assembly radial flux form function, o(u,w) is the het-

erogeneous cross-section used in the single assembly lattice calculations and Rﬁm are the

predetermined basis functions. The cross-section radial re-homogenisation moments can be
pre-computed by the lattice code and can be presented as functions of the various state

parameters.

Equation can be rewritten as

G~ o0+ Ag"hom, (2.48)

where

7 = o / u du— / ol ) P, (2.49)
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L
Agrehem — a)hlom Y > R, (2.50)

r=u,w =1

When re-homogenisation moments are used to compute the cross-section homogenisation
corrections, the type of basis function expansion employed to generate the moments must
be known. In this work the cross-section will be generated via the Legendre cross-section

moments from the lattice code.

With Expression [2.48] we can now formulate a scheme for iteratively correcting the nodal
cross-section during the nodal calculation. In practice, the cross-section correction is per-
formed at the cross-section feedback iteration level (outermost level in the iterative scheme).

rehom

The iterative solution would continue until Ao converges to within a set tolerance.

It can be noted that colourset (multi-assembly) homogenization is also sometimes used to
generate required nodal parameters. However, a colourset can be computationally unwieldy,
because it calls for the simulation of each unique set of four assemblies surrounding the
assembly of interest and will appear throughout the reactor core life (Palmtag, |1997). In

this work therefore, nodal parameters are generated from a single assembly calculations.

2.7 Recent Developments

A number of strategies have been proposed to account for environmental effects on the
homogenised parameters. For instance, embedded lattice calculations have been proposed
(Mondot|, 2003; Ivanov et al., |2008; (Colameco, [2012; |Colameco et al., |2014]) based on the
iterations between nodal and lattice calculations. To ease the calculational burden of these
embedded calculations, a semi-heterogeneous method in the nodal core analysis was been
developed (Groenewald et al., [2017). In this method, the embedded transport calculations
are performed, with simplified handling of spatial heterogeneity, energy representation and

the order of the solution operator.

Recently, |Gamarino et al.| (2018]) proposed two methods; one in which spatial re-homogenization
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of nodal cross-sections is performed using the variation in the 2-D intra-nodal distributions
of the few-group flux and net current between the core environment and the infinite-lattice
approximation. This method uses on-the-fly variation in the 2-D intra-assembly flux distri-
bution between the core environment and the infinite-medium approximation. The second
method he proposes, builds upon spectral re-homogenization to predict the impact of local
density changes on the nodal cross-sections. The variation of the infinite-lattice condensa-
tion spectrum from a nominal state to a perturbed condition is computed to estimate the

variation in cross-sections.

2.8 Conclusions

In this chapter we started off by introducing the NTE which is the basis for reactor analysis.
We established that the solution to the transport equation is involved and computationally
time consuming. We reviewed the various assumptions and simplifications that ease the

solution of the NTE as applied in the deterministic calculational path.

The deterministic path starts off with a lattice calculation. For a given fuel assembly, detailed
2D neutron transport calculations in fine energy group structure are performed, obtaining
the heterogeneous flux. To avoid repeating this calculation every time, these 2D, lattice
depletion, multi-group transport theory calculations are performed for each assembly type,
at several depletion points and expected physical conditions in the core, with materials zones

characterized by fine-group cross-sections.

Reflective boundary conditions are applied effectively rendering the lattice transport problem
equivalent to the one involving an infinitely large core composed of a single assembly type.
In the actual core environment however, an assembly can be surrounded by assemblies of

different types, or similar assemblies of different materials, (different burn-up for instance).

Although other boundary conditions can in principle be applied, the reflective boundary con-

dition is considered to represent a more realistic approximation of the in-core environment.
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It should be noted here that it is very difficult to reproduce the actual core environment

because of the following reasons;

e Due the the flux shape, fuel assemblies burn non-uniformly - leading to different ma-

terial types

e Some assemblies, especially fuel are shifted around from time-to-time leading to differ-

ent burn-up states.

There are far too many combinations of the reactor states that impact on the environmental
conditions that it is not possible to model each and very one of them. Nevertheless, the
reflective boundary condition is a reasonable approximation because in general most fuels

assemblies, with the exception of a few cases, are placed next to other fuel assemblies.

The lattice calculation provides flux-volume weighted homogenised cross-sections and other
equivalent parameters like the diffusion parameters, discontinuity factors, flux form func-
tions, leakage currents etc, generally described as equivalent parameters. These equivalence
parameters are defined in such a way that component-average reaction rates and surface-
averaged net leakages are preserved when the global multi-group diffusion equation is sub-
sequently solved. The equivalent parameters also help to reduce the subsequent full core

calculation cost in terms of time and computer memory.

It was established that although the equivalence theory handles most of the errors due to
approximations in the pathway, the environmental error still persists. This is because the
cross-sections for loadable assemblies (assemblies that are moved around the core from cycle-
to-cycle) are regenerated in infinite lattice (approximate) environments. In general, the real

core environment is significantly different from these approximate environments.

This error can be addressed using the re-homogenisation scheme which tries to adjust the
infinite lattice environment cross-section to match the real environment cross-section in the
diffusion calculation. The scheme is implemented in the global calculation, where the global
parameters are determined. The suitability of the scheme in any configuration depends of

the severity of infinite lattice cross-sections moments and the basis functions.
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In the next chapter, we will develop the procedure to test the scheme for research reactors.



Chapter 3

Methodology

3.1 Introduction

In this chapter, we describe the procedure followed to analyse the environmental error en-
countered in various research reactor set-ups. The set-up are displayed using models. We
use the models to test the re-homogenisation mechanism as implemented in the OSCAR-4
code system. As stated in Chapter 1, this scheme was developed for power reactors and we
now want to test it for research reactor designs and in particular for the SAFARI-1 research

reactor.

In the first section of this chapter we describe the various codes used in the work. This
is followed by a description of the procedure followed to estimate the environmental errors
associated with research reactor operations. Lastly, we describe the construction of the

various models used.

33
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3.2 Code Systems

Two primary nuclear reactor analysis codes are used in this work, namely OSCAR-4 (Stander,
Prinsloo, Muller and DI} 2008) and Serpent (Leppanen, 2011), (Fridman and Leppénen,
2011). Additionally, an internally developed OSCAR-4-Serpent link (Erasmus et al.,|2015)was

used for data processing from Serpent to OSCAR-4.

3.2.1 Serpent

Serpent is a 3D continuous energy Monte-Carlo lattice physics code whose applications in-
clude group constant generation and spatial homogenisation for deterministic reactor simu-
lation calculations . Serpent was developed at the VI'T technical research centre in Finland
followed by a public release in 2009. Ever since its release, there has been a growing Serpent
user community, with more than 28 countries and over 100 organisations using the code
across the world. Serpent is currently being used in different nuclear fields including group
constant generation, fuel cycle studies, full-core Monte-Carlo reactor modelling as well as in

multi-physics calculations (Calic, 2017).

An OSCAR-Serpent pre- and post-processor called the OSCAR-Serpent link , has been de-
veloped at Necsa. This tool helps in creating correct Serpent input files for various assemblies
and various reactor configurations. It is also used to extract important data i.e. equivalent
parameters, as discussed in Section [2.3.7] transferring them in the correct OSCAR~4 format
for use in downstream calculations. This setting up of input files and extraction of data is a
very involved and error prone process. The tool provides an opportunity to isolate and quan-
tify some of the environmental errors inherent in the deterministic path. The cross-sections

and other equivalent parameters are processed using the tool, into the form accepted in the

OSCAR-4 system.

For this work, the OSCAR-Serpent link was used to generate homogenised, energy group col-

lapsed cross-sections for components in their correct environments. The Serpent calculations
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are considered as the reference solutions since the calculations are done with components in

their correct environment.

3.2.2 OSCAR-4 code system

OSCAR-4 is the code system that was developed and used by the Radiation and Reactor The-
ory (RRT) Section at Necsa for the calculational support of the SAFARI-1 reactor. Amongst
others, the OSCAR-4 system is used to simulate the day-to-day operations and perform safety
analysis for the reactor. The system is currently going through further development so that
it can support more reactor designs and incorporate more reactor computation codes for

more flexibility.

OSCAR-4 as a code system, consists of several independent codes, each with a specific
function. It employs the methods (Section , utilising transport solvers for spatial
homogenisation and spectral condensation and then acts as a full-core nodal diffusion solver
for the global solution. It consists of a 2D lattice code called the HEterogeneous Assembly
DEpletion code (HEADE), a 3D nodal diffusion solver for global core simulation called Multi-
Group Reactor Analysis Code (MGRAC), and other utility codes (Stander, Prinsloo, Muller,
and Tomasevid, 2008).

HEADE is a low order collision probability transport solver, utilises a response matrix for-
malism to solve a 2D fine-group transport problem for a given assembly type (Joubert, 1992).
It is used to produce multi-group homogenised diffusion parameters using a 172-group nu-
clear data library (based on JEFF 2.2) in either WIMS-E or WIMS-D format. Standard
unit assembly calculations are utilized to determine homogenized diffusion parameters for
fuel assemblies, while colour-set environments are used to determine control rod, irradiation
rig and reflector nodal equivalent parameters. HEADE supports both cylindrical and Carte-
sian geometry types, allows various symmetry options to be defined. Both eigenvalue as well

as fixed source calculations are supported.

HEADE produces a set of multi-group homogenized diffusion parameters for use in the global



CHAPTER 3. METHODOLOGY 36

diffusion calculation. These parameters include assembly averaged cross-sections (the user
can control the number and structure of the energy groups), but further also a number
of advanced equivalence parameters, such as cross-section moments, pin power/flux form
factors and discontinuity factors. These parameters allow for features such as cross-section
re-homogenization and flux/power reconstruction in the diffusion solver. The user has the
option to select any number of isotopes to be treated microscopically, with the remainder

lumped into a single macroscopic structural material.

Infinite models for fuelled elements (i.e fuel and fuel-follower) are modelled in HEADE.
This is done to allow microscopic burn-up and state dependent cross-sections to be used for
the fuel models, since these cannot as yet be generated through the OSCAR-Serpent link.
The HEADE based fuel models are generated with reflective (infinite) boundary conditions
around each element. The replacement of fuel cross-sections with these infinite fuel lattice
cross-sections, introduces the environmental error associated with the fuel assemblies, as
discussed in Section[2.5] The infinite fuel cross-section replacements then allow us to quantify
the environmental error as well as to analyse the effect of applying re-homogenisation, as

shall be discussed shortly.

The diffusion parameters are fitted against state parameters such as burn-up, fuel and mod-
erator temperature, moderator density etc., for each component type. This fitting is done
by a separate utility code called POLX. POLX fits multiple quadratic polynomials to the
few-group homogenised cross-section data so as to produce continuous representations of the
data. Homogenised cross-sections for all the core components are integrated into a single

run-time cross-section library by the utility code called LINX.

The OSCAR-4 system also houses a nodal diffusion solver called MGRAC. MGRAC is the
primary code used to simulate the operation of the SAFARI-1 reactor cycle. MGRAC
performs global (3D, full-core) multi-group nodal diffusion and depletion calculations using
the Multi-group Analytic Nodal Method (MANM) (Vogel, |1992)) as the primary solution
method. MANM is a variant of ANM as discussed in Section [2.3.6] In this work, MGRAC

is used for the nodal core calculations. The “core”in this work refers to the model under
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Figure 3.1: Overview of OSCAR-4 system components

Figure [3.1] shows the schematic representation of the calculational processes followed in
OSCAR-4 including the underlying codes utilised at each stage as well as the problems size
encountered at each stage. While the CROGEN suite handles assembly size calculations,
the CORANA suite handles core wide calculations.

3.3 General Procedure

To evaluate the impact of the re-homogenisation mechanism, some simplified SAFARI-1
representative models are developed. The models are divided into two broad categories i.e.
mini-core models and full-core models. The mini-core models consist of two nodes, such as

a fuel element and a water box placed side by side.

Figure [3.2]is a flow diagram of the procedure followed in evaluating the re-homogenisation

mechanism. Firstly, for each model, a 2D Serpent lattice calculation is performed to generate
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the required few-group nodal diffusion parameters required by the nodal diffusion solver,
MGRAC. These Serpent calculations provide the reference solutions since all the assemblies

are modelled in their correct core environments.

Serpent
Reference e Heterogeneous 2D Serpent calculations
Calculation e Generate homogenous cross-sections
e Data written MGRAC format
M(.ERAC e Cross-sections from Serpent used in MGRAC
Equivalent )
. ¢ The same environment
Calculation . .
¢ Equivalent calculation
« Model accuracy verified
MGRAC ¢ Fuel cross-sections replaced
Infinite Fuel e Infinite lattice cross-sections from HEADE used
Environment e Environmental error introduced and quantified

MGRAC Infinite
Fuel ¢ Re-homogenisation cross-section correction
Environment switched on
(with ¢ Impact of re-homogenisation on the model

re-homogenisation)

quantified

Figure 3.2: Flow diagram depicting how the calculations are performed

The OSCAR-Serpent tool is then used to convert the required parameters into data com-

patible with the OSCAR-4 system so that subsequent calculations can proceed. The cross-
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sections are then used in an equivalent calculation in MGRAC. Equivalence theory, discussed
in Section |2.4]is applied in generating these cross-sections, we expect the results from Serpent

and the “equivalent” MGRAC calculation to be exactly the same.

The MGRAC calculation is then repeated after replacing fuel cross-sections with homogenised
cross-sections from the infinite lattice environment, introducing an environmental error.
Cross-sections in the infinite lattice environment are also generated using the equivalence
theory but using a different environment to that of the core. Therefore we are intentionally
(out of necessity) breaking equivalence and can no longer expect results in MGRAC to be

equivalent to the reference Serpent calculation.

The difference in k-eff between the equivalence solution and this infinite environment solution

provides an indication of the environmental error introduced.

The MGRAC calculation is repeated again, this time with the re-homogenisation cross-
section correction mechanism switched on, taking note of the new k-eff and power distri-
bution (for full-core calculations). At this stage we can evaluate the effectiveness of the

re-homogenisation scheme for each model by noting the k-eff changes for the nodal solution.
This procedure gives us three important results, namely:

1. Affirmation that our models are set-up correctly and our calculation path functions

correctly when equivalence is obtained between the reference Serpent and reference

MGRAC,

2. An estimate of the environmental error associated with the use of homogenised cross-

sections from an infinite fuel lattice on a nodal calculation, and

3. A measure of the extend to which the re-homogenisation scheme corrects this error for

research reactor type core designs.

We reiterate here that the re-homogenisation scheme was designed for large homogeneous
reactors like power reactors which have a low susceptibility to environmental effects. The

scheme was extended to research reactor designs like the SAFARI-1 research reactor.
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3.3.1 SAFARI-1 facility overview

SAFARI-1 is a 20 MW tank-in-pool type research reactor. Figure shows the top (x-y)
view of the SAFARI-1 core. The SAFARI-1 reactor core has a checker-board configuration
of plate-type fuel elements, control elements and several different types of reflector elements.
It is composed of a 9x8 grid filled with various assemblies. It has 26 fuel elements and 6
control elements of the follower type. SAFARI-1 uses follower-type control assemblies, where
an MTR type fuel element is attached to the bottom of each absorber element. It is composed
of 15 fuel plates centred inside an aluminium frame beneath the cadmium absorber section.
The core is reflected by beryllium elements on three sides with one side (with no beryllium
reflectors) directly facing the reactor pool. It also has 9 in-core irradiation positions of which

7 are used for Mo-99 production and the other two are used for general isotope irradiation.

Fuel

Controlrod
Iradiation position
Solid beryllium
Hollow beryllium
Ringas facility

Lead assembly

Hydraulic rabbit

. Sold aluminium

Figure 3.3: Schematic representation of the SAFARI-1 research reactor

3.4 Models

As mentioned in Chapter 2, fuel assemblies are generally moved around the core. As a result,
any fuel assembly will have very different neighbours at different times during its duration

in the core e.g. next to other fuel assemblies of various burn-up states, next to control
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assemblies, next to irradiation positions, or next to control rods (fuel-follower or absorber
section). To identify the cases where the scheme may be of value, mini-core models, detailed
in Section [3.4.2) are investigated first. Several typical mini-SAFARI-1 environments on which
to test the scheme are modelled. Furthermore the scheme was also tested on a full SAFARI-1

core, to quantify the overall impact of the scheme on the global full-core level.

Due to the smaller neutronic size of fuel assemblies, (as opposed to LWR assemblies for
power reactors) and the more heterogeneous nature of the core layouts of research reactors,

it is of interest to quantify the capabilities of the scheme on such cores.

3.4.1 Model construction

The steps followed in the development of the models for the various cases used in this work
are consistent with the model development philosophy that has come about with the creation

of the OSCAR-Serpent link at RRT, as described in Section [3.2.1]

To understand the effect of re-homogenisation in the various typical SAFARI-1 environments,
several mini-core models are investigated. Each of the mini-core models comprises of two
nodes i.e a fuelled node either next to another fuelled or next to a non-fuelled node. The

mini-core models used in this work are as follows:
1. Fuel assembly placed next to a water-box (F — W),
2. Fuel assembly with burnable absorbers, placed next to a water-box (BA/F — W),
3. Fuel-follower placed next to a water-box (FF — W) and
4. Fuel assembly placed next to a fuel-follower (F — FF).

Reflective boundary conditions were used on all the outer edges for the four cases listed

above.
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3.4.2 Mini-core models
Fuel water (F-W)

The F-W is a particular case where a SAFARI-1 fuel element is placed next to a similar
sized channel filled with light water. This is a typical environment in the core as can be seen
in Figure [3.3] The figure shows that there is a significant number of irradiation production
rigs in the core. The irradiation rigs comprise mostly of water; there are 9 irradiation rigs
in SAFARI-1. Furthermore, in the SAFARI-1 core, 5 fuel elements are positioned such that

they are facing the pool-side facility.

The SAFARI-1 fuel assembly is a MTR type fuel, which consists of 19 fuel plates interspersed
between water. Figure 3.4 shows the X-Y section (top view) of the SAFARI-1 fuel assembly.
The element has external dimensions of 7.590 cm x 8.015 cm immersed in a water cell with
dimensions of 7.71 cm x 8.1 cm. The axial height of the active part of the fuel assembly is

59.37 cm.

| 7.71
| 7‘:0 ‘

' 6.68 |

S10'8
01'8

0.295

0.141251

Figure 3.4: SAFARI-1 fuel assembly
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The fuel itself consists of 19.75 % (by weight) enriched U-Al alloy, generally known as Low
Enriched Uranium (LEU). Figure |3.5/shows a top view of the Serpent F-W model.

Figure 3.5: Schematic representation of the fuel-water model

Fuel (with burnable absorbers) water (BA/F — W)

The BA/F-W consists of a similar type fuel as in Section above but the fuel has wire-type

burnable absorber (burnable poison) elements on the grid-plate (see Fig [3.6).

Burnable poisons are materials that have a high neutron absorption cross-section that are
converted into materials of relatively low absorption cross-section as the result of radiative
capture. The burnable poisons in the fuel suppress the neutron flux (by neutron absorp-
tion) hence modifying the neutron flux and in-turn adjusting the homogenised cross-sections
thereof. The burnable absorbers are made of cadmium. There are no burnable absorbers in

all the other cases.

This type of fuel assembly with BA is used commonly in research reactors. Although this
is not a SAFARI-1 fuel design, it is included in this study because it is expected to pro-
duce more severe environmental effects because of a combination of two factors, i.e. the
presence of water and the presence of burnable poisons. It is therefore a good test for the

re-homogenisation scheme.
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Figure 3.6: Schematic representation of the BA fuel-water model
Fuel-follower water (FF — W)
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Figure 3.7: Top (X-Y) view of the SAFARI-1 fuel-follower

In this case, the fuel-follower is placed next to water as shown in Figure (3.8, The fuel-follower

has less fissionable material (fuel) than the fuel assembly and hence there is more water and
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structure around it, creating a different environment from the fuel-water case above. Figure

shows the top (X-Y) view of the SAFARI-1 fuel-follower.

Figure 3.8: Schematic representation of the follower-water model

The follower water is also a typical environment in the SAFARI-1 research reactor which
become significant in the later stages of any cycle, as the control rods are withdrawn further

from the core.

Fuel fuel-follower (F — FF)

This is a case where the fuel assembly is placed next to the fuelled part of the control rod.
In the SAFARI-1 core, a number of fuel assemblies are situated next to control assemblies,
hence a model where fuel next to follower is an important one. Figure 3.9 shows a 2D

schematic diagram of the fuel-follower case.

The cases considered above cover a whole spectrum of possible outcomes when the re-
homogenisation mechanism is applied. The fuel designs for MTRs are inherently homoge-
nous. As result, we expect the F — W model, which typically exhibits the homogeneity
character of MTR fuels, to be a poor candidate for re-homogenisation. On the opposite end

of the spectrum is the F — FF model, which is significantly heterogeneous. We expect this
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Figure 3.9: Schematic representation of the fuel-follower model

model to be a better candidate for re-homogenisation. The BA/F — W is not a SAFARI-1
fuel design but was included on the list, to confirm that the re-homogenisation mechanism
works better in the more heterogeneous fuel designs. As mentioned before, this is one of the
reasons why re-homogenisation works well in power reactors. The heterogeneity in power
reactors is due to, among other things, different fuel enrichments, arrangement of different

fuel designs and the use of burnable absorbers.

3.4.3 Full-core models

Applying the same philosophy as detailed in Section [3.4.2] the full SAFARI-1 core model is
developed as depicted in Figure [3.3

A 3D SAFARI-1 Serpent model, based on the engineering description of the reactor com-
ponents as depicted in Figure is developed. From the 3D SAFARI-1 Serpent model,
full-core 2D cuts are selected at the core centre line. Two types of 2D cuts are used i.e.
All rods in (ARI) and All rods out (ARO) representing the 2 extreme cases for the rod
positions. Serpent generated homogeneous cross-sections for all nodes in the 2D cuts are
produced using the two cases. There after, various replacements are made so as to quantify

the environmental error in each of the selected cases.
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Full-core 2D Serpent calculations for these two full-core 2D slices are performed, in the
process generating the set of nodal equivalence parameters for each node (or core-grid com-
ponent) present in the 2D cut. Given that the core-diffusion model of the SAFARI-1 core is

designed on a 15 x 14 grid, 210 sets of nodal cross-sections are generated per 2D cut.

The ARO case is used as a base representative 2D cut, from which the majority of the core-
diffusion model is constructed so as to retain the radial equivalence characteristics with the
original Serpent transport calculation. However, the control rod absorber cross-sections are

taken from the ARI case, as these are not present in the ARO case.

The re-homogenisation model is tested on all the above models in a consistent manner.

3.5 Conclusions

To assess the applicability of the re-homogenisation scheme, two major reactor analysis codes
were used, namely Serpent and OSCAR-4. Serpent is a 3D continuous-energy MC reactor
physics burn-up calculation code recently developed at the VI'T technical research centre
in Finland. OSCAR-4 is an in-house reactor analysis code system, developed at Necsa.
OSCAR-4 contains a couple of lattice codes, one of which is used in this work (HEADE), a
nodal diffusion solver (MGRAC), a cross-section data processing and library generation tool.

An OSCAR-Serpent link is also used for processing data between Serpent and OSCAR-4 .

The re-homogenisation scheme is assessed by comparing the MGRAC solution to reference a
solution. In this work, the reference is the correct-environment, heterogeneous MC solution

from Serpent.

Various models, representing the typical SAFARI-1 configurations were developed, on which
the scheme is tested, are developed in both Serpent and OSCAR-4. The models can be

divided into two categories i.e mini-core and full-core models.

From the Serpent calculation, homogenised cross-sections, in the correct environment, are

generated. These cross-sections are then transferred to MGRAC and an equivalent calcu-
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lation performed. A small difference between these two calculations shows equivalence, in-
dicating the correctness of the models. In the next stage, the cross-sections in MGRAC
are replaced by the infinite lattice cross-sections produced in HEADE. The subsequent
MGRAC calculation after these infinite cross-section replacements, provide a measure of
the environmental error. This MGRAC calculation is then repeated, this time with the
re-homogenisation scheme switched on. This final solution again compared to the reference

solution provides a measure of how the efficiency of the scheme.

The re-homogenisation scheme was developed for power reactors but its application have been
extended to research rector designs, in particular the SAFARI-1 research reactor. SAFARI-1
is a 20 MW tank-in-pool type reactor using plate-type fuel assemblies. It has a checker-board
core configuration. To put the re-homogenisation scheme analysis into perspective, a fuel
assembly type with burnable absorbers, is used in one of the mini-core models. Although
this is not a SAFARI-1 fuel, these types of fuel assemblies are commonly used in research

reactor designs.

Chapter provides the results for the mini-core models.



Chapter 4

Mini-Core Results

4.1 Introduction

In this chapter we present the results for the various mini-core models, which were developed
in Chapter 3. These are, the fuel assembly next to water (F — W), fuel assembly with
burnable absorbers next to water (BA/F — W), fuel-follower next to water (FF — W) and
lastly the fuel assembly next to fuel-follower (F — FF). The results for the full-core model

are presented in Chapter 5.

As discussed in Chapter 1 (Section, re-homogenisation schemes have their birth and main
application in PWR (power) reactor designs. In these designs, assemblies have notable intra-
assembly cross-section variation (i.e. different pin types and finger type control assemblies).
Furthermore, the assemblies are much longer and therefore the underlying assumption of
environmentally independent cross-section shapes is sound. The question in this chapter is
whether these characteristics translate to and are sufficiently retained in MTR design cores

for re-homogenisation to prove useful.

For each mini-core model, we start by quantifying the environmental error associated with
the model. To achieve this, we compare the Serpent reference solution, to the solution from

subsequent MGRAC calculations, performed to evaluate the environmental error, as detailed

49
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in Section [3.3] The subsequent MGRAC calculations are as follow:
e The equivalent calculation (to check model consistency),

e The infinite fuel lattice replacement (quantification of the environmental error) and

then finally

e The MGRAC calculation applying the re-homogenisation scheme, which then helps to

evaluate the effectiveness of the scheme.

To further evaluate this scheme, we analyse the primary data applied internally by the
scheme i.e. spatial cross-section data from the transport solution (from which cross-section
moments are determined) and the core flux shape (from which the expansion moments are
obtained). In Section we established that the correction factors are estimated using the

radial re-homogenisation moments and the flux shape function (see Equation [2.47]).

In each mini-core, we estimate the expected re-homogenisation correction by analysing both
cross-section and flux shapes from the lattice solution. We extract this data from HEADE
output files. Together with other information, HEADE generates few-group (in this case, 6
energy groups) homogenised absorption cross-sections and power maps. This data is pro-
duced on a 2D fine mesh, from which 1D profiles can be produced by averaging the data
in each transverse direction. For each model we therefore present 1D cross-section and flux

profiles processed from the data obtained from HEADE.

HEADE does not generate flux maps directly. We therefore make use of the available power
maps as a proxy for flux. Since we are mainly interested in the flux shape, which is quite

similar to power shapes, the power profiles provide sufficient information.

The 1D profiles are plotted separately in the two directions indicated in Figure i.e. along
the fuel plates in the assembly (in the direction denoted “x”) and across the fuel plates (in

the direction denoted by “y”).
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Figure 4.1: Top view of the fuel assembly showing the x- and y-directions

4.2 Fuel-Water (F — W) Model

Table shows the k-eff values for a F — W mini-core model. The table shows that the
difference between the Serpent reference solution and the MGRAC equivalent calculation
is about 1 pcm. This confirms the equivalence between the heterogeneous solution and the
nodal diffusion solution. It is important to establish equivalence between the two calculations
so that only the environmental error remains when fuel cross-sections generated in the correct
environment are replaced by those from the infinite lattice environment. This ensures that

the environmental error is properly isolated.

Table 4.1: Quantification of the environmental effect in the fuel-water model

k-eff  Diff (pcm)

Serpent (reference calculation) 1.17033

MGRAC (equivalent calculation) 1.17032 -0.7
MGRAC (infinite fuel environment) 1.14294 -2046.9
MGRAC (with re-homogenisation correction) 1.13671 -2526.5

Table also shows that the infinite fuel replacements in the MGRAC calculation intro-
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duces about 2 000 pcm error. This difference compared to the reference solution is the

environmental error introduced into this model when the fuel cross-sections are replaced.

We reiterate here that in the normal day-to-day reactor operations, correct environment
fuel cross-sections are usually not available because of fuel movements described in Section
2.5 Infinite lattice replacements are therefore necessary in reactor simulations. The infinite
lattice environment is a practical approximation for the core fuel environment, in the ab-
sence of the correct environment. The environmental error thus introduced by cross-section
replacement is indeed quite large. The 2 node mini-core is therefore a very severe case to

consider i.e. a fuel assembly next to water.

The table also shows that the MGRAC calculation with re-homogenisation correction in-
creased the error by a further 500 pcm to about 2 500 pcm. This means that the scheme

failed to correct or even reduce the environmental error in this model set-up.
In summary, Table [4.1] shows the following:

1. There is equivalence between the heterogeneous Serpent calculation and the homoge-
neous MGRAC calculations. It means that all possible sources of error ranging from
modelling mistakes to errors due to the various approximations and simplifications

(dealt with through the equivalence theory) were effectively eliminated.

2. A significant environmental error was introduced in the model when correct environ-

ment fuel cross-sections were replaced by fuel infinite environment cross-sections.

3. The re-homogenisation schemes failed to reduce the environmental error for this par-

ticular model. The error actually grows when the re-homogenisation scheme is applied.

It would have been better to generate the infinite lattice cross-sections in Serpent, for consis-
tency. However, HEADE was used because Serpent had not yet been developed for generat-
ing cross-sections for infinite lattice calculations. HEADE was therefore the best alternative.
Furthermore, it is noteworthy that the re-homogenisation scheme was developed for infinite
lattice calculations. The theory used in the re-homogenisation correction has not yet been

extended to colorset (or multi-node) lattice calculations. This implies that we have no choice
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but to use the infinite lattice case as our “wrong ”representative environment when applying

re-homogenisation.

To understand why the scheme fails in the F — W model, we analyse the spatial cross-section

and flux shapes used by the re-homogenisation scheme in this mini-core model.

Figure shows neutron absorption cross-section profiles for the infinite fuel lattice en-
vironment and the core (Fuel-Water) environment. As mentioned in Chapter 2, the re-
homogenisation mechanism attempts to correct the infinite environment cross-sections to
match the core cross-sections. In this case the scheme attempts to match the infinite fuel

lattice cross-sections to the Fuel-Water cross-sections.
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Figure 4.2: 1-D macroscopic absorption cross-section profiles for the F — W mini-core across

fuel plates

We make two important observations from Figure [£.2] First, there is a significant off-set
between the infinite fuel lattice cross-sections and the core (fuel-water) cross-sections. The
off-set widens towards the right hand side (the water side of the mini-core). It is clear that
the presence of water creates an environment which significantly differs from the infinite
lattice environment. The underlying assumption in the re-homogenisation scheme is that the

cross-section shapes are independent of the environment. If this assumption is not severely
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violated, one can correct for the average cross-sections by weighting the cross-section shape
with the core (correct) flux shape. From Figure , the significant cross-section shape
difference indicates that this assumption is violated, hence this case is a poor candidate for

re-homogenisation.

Secondly, the cross-section profile from the infinite lattice shows very little shape variation.
While the core profile decreases along the x-direction, the infinite lattice profile is symmetric
about the centre of the fuel assembly. The off-set described above is therefore much wider
than the variation in the infinite lattice profile. As a result, there is very little room for
any weighting function (flux-shape) to produce significant corrections to the infinite lattice

cross-sections.

Homogenised cross-sections are flux-volume weighted, hence the flux profile give us an indi-
cation of the weighting function used. Although we have already established in this case that
no weighting function will adjust the infinite cross-section to match the core cross-sections,

we nevertheless have a look at the flux/power profile for the case.
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Figure 4.3: Power profile for the F — W mini-core across fuel plates

Figure shows the power profiles along the x-direction. As stated in Section [4.1], power
distribution is used in this work as a proxy for flux. The core (fuel-water) flux is used

as a weighting function to recompute the homogenised cross-sections. This function shows
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some potential to correct the cross-sections. However, the variation in this profile, is not
enough to adjust for the significant off-set we saw in the cross-section shapes in Figure 4.2
Considering Equation , the weighting function is made up of two parts i.e the zero™ order
term (average flux) and higher order expansion terms. The cross-section correction factor
is computed using the higher order terms since the zero” order term is assumed to cancel
(eq.. What this means is that if the off-set in the cross-sections (Fig is considerable,
there is no cross-section correction, because correction factors in the higher order terms do
not contribute sufficiently to the computation of homogenised cross-sections. It is for the

above reasons that the re-homogenisation scheme fails in the fuel-water mini-core.

A similar analysis for the 1D profiles in the y-direction i.e. across fuel plates, is performed

here.

Figure [4.4]is a plot of the cross-sections in the y-direction. The figure shows that the off-set
in the cross-sections is much wider in the y-direction than in the x-direction, which might
mean that much of the contribution to the environmental error comes from the y-direction.
However, the two profiles are quite similar and the off-set is constant across the fuel plates.
In the same way, as described above, there is very little chance that any weighting function

can correct for these cross-section differences. The weighting function for this case is shown
in Figure [4.5]

Figure is the power (flux shape) profile in the y-direction. The two profiles are almost
identical, which means that in the nodal diffusion calculation the homogenised cross-sections
are computed using the same weighting function as used in the transport calculation, hence

the correction factor is almost negligible.

It can be seen from the above discussion that the violation is more severe in the y-direction
than in the x-direction where there are significant flux shape differences (Figures|4.2{and .
The cross-section moments and flux shape functions are perturbed more in the x-direction
because of the water box in this direction. However, the off-set in the cross-sections is so
significant that the small cross-section correction in the x-direction does not result in a

reduction in the assembly wide environmental error.
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In summary the re-homogenisation scheme fails in the F — W model. This is because the
cross-section difference between the infinite lattice environment and the core environment is
much greater than the infinite cross-section shape variation. Thereby the weighting function

cannot correct for such an error.

4.3 Fuel-Water with Burnable Absorbers (BA/F — W)

Table shows the k-eff values for the fuel-water mini-core with burnable absorbers in the
fuel side plates (BA/F — W). Due to the presence of burnable absorbers, the reference
solution is sub-critical with a k-eff of 0.99217, compared to the reference solution for the F-
W case. The equivalent MGRAC solution shows very good equivalence at 2 pcm error. The
infinite environment introduces a 6 700 pcm difference. The re-homogenisation correction
significantly reduces this difference down to about 2 500 pcm. This therefore means that the
re-homogenisation cross-section correction mechanism reduced the error by about 4 300 pcm.
The above analysis shows that the homogenisation correction mechanism works very well in
this type of environment. We will take a look at the underlining mechanism to understand
why the scheme works in this case. As mentioned in Section [3.4.2] this is not a standard
SAFARI-1 assembly but it was included in this work to illustrate the typical example of a

case where the re-homogenisation scheme can significantly reduce errors.

Table 4.2: Quantification of the environmental effect in the fuel (with burnable absorbers)

water mini-core model

k-eff  diff (pcm)

Serpent (reference calculation) 0.99217
MGRAC (equivalent calculation) 0.99215 -2
MGRAC (infinite fuel environment) 1.06296 6712

MGRAC (with re-homogenisation correction) 1.01775 2533

Figure [4.6| depicts the cross-section profiles across the fuel plates in the (BA/F — W) model.
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The figure shows a major increase in the absorption cross-sections on the edges of the fuel
element. Neutron poisons (i.e. burnable absorbers) have a large neutron absorption cross-
section, hence their presence increases the average absorption cross-section in that region.
Next to the burnable poisons the absorption cross-section drops sharply only to increase sig-
nificantly again in the middle section of the fuel assembly. This shape variation is somewhat

reproduced in the other side of the fuel assembly.

The infinite lattice cross-sections in the figure are generally higher than BA /fuel-water cross-
sections indicating the error introduced due to infinite lattice replacements. Looking at the
figure again we see that the underlying assumption is again violated. There is a shape

difference between the infinite lattice and the core cross-sections.
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Figure 4.6: 1-D macroscopic absorption cross-section profile for the BA/F — W mini-core

along fuel plates

However, the shape variation (described above) in the infinite fuel lattice cross-sections is
more pronounced than the off-set. For instance the off-set is about 20 % and the shape
variation spans over an order of magnitude in cross-sections. A significant shape variation in
the infinite lattice cross-sections means that a different weighting function has the potential

to produce improved homogenised cross-sections, hence there is room for cross-section cor-
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rection. The extent of the correction then depends on the shape of the weighting function

(flux shape) used.

Figure [4.7 shows the infinite lattice and the mini-core flux shape. The mini-core flux shows
a slight variation along the fuel plates. However, because of the cross-section variations in
Figure [4.6] the small variation in the weighting function produces significant cross-section

changes.
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Figure 4.7: Power profile for the BA/F — W mini-core along fuel plates

Figures and [4.9 show the cross-section and flux profiles for the (BA /F — W) mini-core
in the y-direction. As we have seen previously, the y-direction is not perturbed and hence
there is not much variation in that direction. This again shows that there is very little

contribution to the cross-section correction from the y-direction

4.4 Fuel-Follower Water (FF — W) Model

Table |4.3| shows the results for the fuel-follower water (FF — W) mini-core model. The k-eff

of 1.09124 for the reference solution is lower than the reference solution for the (F — W)
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Cross-section Profile for BA/F-W in the y-direction
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Figure 4.8: 1-D macroscopic absorption cross-section profile for the BA /F — W mini-core

across fuel plates
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model. This is because the fuel-follower has fewer fuel plates than the fuel assembly. There

is less fissionable material, hence the follower is less reactive.

At 3 pem reactivity difference between the MGRAC and the Serpent calculations shows good
equivalence with the reference solution. Again the finite environment introduces a significant
error of about 3 000 pcm. The homogenisation correction mechanism again fail to correct

the error, in this case as evidenced by the further increase in the error by about 800 pcm.

Table 4.3: Quantification of the environmental effect in fuel-follower mini-core model

k-eff  diff (pcm)

Serpent (reference calculation) 1.09124
MGRAC (equivalent calculation) 1.09121 -3
MGRAC (infinite fuel environment) 1.05608 -3051

MGRAC (with re-homogenisation correction) 1.04797 -3784

The re-homogenisation mechanisms fails in the same way as described in Section [4.2] Since
the fuel-follower is quite similar to the fuel assembly although sightly smaller, we expect it

to behave in much the same way.

4.5 Fuel Fuel-Follower (F — FF) Model

The (F — FF) model is markedly different from the the previous models. While the previous
models were composed of a burnable element next to water, in this case we have two burnable
elements next to each other. This creates a significantly different environment. The results

for the fuel-follower mini-core environment are shown in Table [4.4]

The k-eff for all the calculations for this case shows very high reactivity due to the presence
of larger amounts of fissile material i.e. in both the follower and the fuel. The reference k-eff
at 1.634707. The table shows that the fuel infinite environment introduces a small environ-

mental error worth 201 pcm. As mentioned earlier, an element in an infinite environment is
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Table 4.4: Quantification of the environmental effect in the fuel and fuel-follower mini-core

model
k-eff diff (pcm)
Serpent (reference calculation) 1.63407
MGRAC (infinite environment -both components) 1.62872 -201
MGRAC (re-homogenisation on fuel) 1.62777 -237
MGRAC (re-homogenisation on follower) 1.62997 -153
MGRAC (re-homogenisation on fuel and follower) 1.62902 -190

akin to the element being surrounded by an infinite lattice of similar elements. The fuel next
to the fuel-follower mini-core is closer to this infinite environment than the other mini-core
cases reviewed. Since the fuel-follower environment is closer to the infinite, the cross-section

replacement produces a small error.

Table also shows the results where the re-homogenisation scheme is switched on selec-
tively. When the scheme is switched on in fuel, the error worsens to 237 pcm. This is
consistent with what we saw in the fuel-water case. The fuel assembly is very homogeneous
such that the cross-section movements do not have enough room for correction even in an
improved environment like we have in this case. However, when the scheme is switched on
in both the fuel and the follower, the error is reduced from 201 pcm to 190 pcm. This
improvement is attributed to the follower assembly. The follower assembly is smaller and
has more non-fuel structure around it. The cross-section shape is more pronounced because
of the structure around it, hence there is more room for cross-section correction. When the
scheme is switched on in the follower assembly only, the error is reduced further to 153 pcm.

The fuel-follower is therefore a very good candidate for re-homogenisation.

This noted improvement in the follower is an important result, as it identifies an area of po-
tential improvement in the SAFARI-1 model. The result also confirms our observation that
re-homogenisation only add value where the cross-section moments have sufficient shape to

offset the underlying assumption that the moments themselves are independent of environ-
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ment.

4.6 Verification

For this work, the aspect of verification is inherent in the procedure followed. All the various
mini-cores discussed in this chapter, and the full-core, discussed in Chapter [3], are modelled
in both Serpent and OSCAR-4, where the Serpent results are considered as reference. The
code-to-code comparison between the k-eff from the reference solution and the k-eff from
nodal diffusion solver helps the verify that the models are correct and consistent. In all the
cases, this comparison showed a very small difference in the reactivity, thereby confirming

that the models were correctly and consistently constructed.

4.7 Conclusions

he re-homogenisation cross-section correction mechanism is designed to adjust the infinite
lattice cross-sections in the nodal diffusion solver to match the real environment cross-section

using the cross-section moments obtained from the lattice calculation.

The re-homogenisation scheme is tested in the following mini-core models; (F — W), (BA/F — W),
(FF — W) and (F — FF). We managed to quantify the environmental error associated with

these various SAFARI-1 mini-core environments.

The results show that the re-homogenisation scheme fails in the (F — W) and the (FF — W)
models. The underlying assumption in the re-homogenisation scheme, that the cross-section
shapes are independent of the environment is violated in these models. In these two case, the
difference in the cross-section shape is much wider the correction-effect of the cross-section

moments. The overall result for these two case is that the solution worsened.

However the scheme reduces the environmental error in the (F — FF) and the (BA/F — W)

cases. Although the underlying assumption is also violated in these cases, the violation is not
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as severe. The (F — FF) is an important case in the SAFARI-1 reactor core. The SAFARI-1
core has 6 control assemblies. This case is particularly significant towards the end of cycle
where fuel-followers gets inserted into the core. The (BA/F — W) is not a SAFARI-1 design

but it indicates typical case where the scheme is supposed to work.

In the next chapter, we show the results of the full SAFARI-1 model and investigate the

impact of the re-homogenisation scheme on the full-core calculations.



Chapter 5

Full-Core Results

5.1 Introduction

The effects of the infinite fuel approximation and subsequent use of the re-homogenisation
correction mechanism in OSCAR-4 were further evaluated using a full-core, 2D ARO case,
with fresh fuel assemblies. Since SAFARI-1 uses fuel-follower type control assemblies, ARO
in this case means that all six control positions are occupied by fuel-followers. In Chapter
4 we saw that the mechanism showed potential in the model where fuel was placed next to

fuel-followers. This case is also explored further in the full-core model.

Full-core means calculations are performed on a core arrangement similar to the one used for
SAFARI-1 operations. However, the core configuration used in this model is slightly different
from the one used for commercial purposes. For instance, all the irradiation positions for
isotope and molybdenum production were modelled as empty. These empty rig positions

then represent the typical fuel-water case analysed in Chapter 4.

In this case, we will use both reactivity and full-core power distribution to quantify the
accuracy of the re-homogenisation scheme. We consider the average and the maximum

power produced.

65
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As per our procedure, we start off by comparing the Serpent (reference) solutions to the
subsequent MGRAC calculations. The infinite fuel replacement, with and without re-

homogenisation finally gives us a measure of the effectiveness of the scheme in this model.

5.1.1 Global results

Table.1|shows reactivity, the average power error and the maximum power error as obtained

in the global SAFARI-1 All Rods Out core with fresh fuel assemblies.

Table 5.1: Reactivity and power errors for 2D, full-core ARO case

Error Avg. Power Max. Power

Model k-eff  (pcm) Error (%) Error (%)
Reference (from Serpent) 1.30402

MGRAC (equivalent) 1.30306 -74

MGRAC (infinite fuel) 1.30634 252 2.30 4.49
MGRAC (re-homogenisation) 1.30421 88 1.69 3.52

The table shows the difference in k-eff between the Serpent reference solution and the equiv-
alent MGRAC calculation is 74 pcm. We notice here that this error in the equivalent cal-
culation for the full-core case is somewhat higher than is obtained in all the other mini-core
models analysed. However, the error is still small enough to signify equivalence. It is not
surprising that this error, at the full-core level is higher, because of the numerous combina-
tions of errors through-out the core. As the problem gets bigger, the errors due to modelling
approximations increase as well, hence the bigger error in the equivalence calculation for

full-core.

The table also shows that when correct core cross-sections are replaced with infinite fuel
environment cross-sections, an environmental error of 252 pcem is introduced. This error is
much smaller than the infinite environment error for mini-core models. It is important to

consider that the mini-core cases are quite extreme in nature e.g. a fuel assembly next to
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a water channel. The environment in this example is much different from the environment
where the replacement cross-sections are obtained from and thus the environmental error

introduced is quite substantial.

In the full-core model however, many more fuel elements have other fuel elements as neigh-
bours and so the infinite lattice approximation is much more reasonable. In practice, the
environmental error is often primarily induced from neighbour burn-up differences, which is
exactly the kind of environmental errors that the re-homogenisation scheme was developed
for. Be that as it may, a fresh core was used for quantification in this case. Although this
error is small, it still shows that using cross-sections from the infinite environment into the

real core introduces an environmental error, even on a full-core.

Table also shows that the equivalent calculation introduces a 4.49 % maximum power
error and a 2.30 % average power error. When the re-homogenisation mechanism is applied,
the error in k-eff is significantly reduced from 252 pcm to 88 pecm. The maximum power

error goes down to 3.52 % while the average power error also goes down to 1.69 %.

These results show that the re-homogenisation scheme improves the accuracy of the nodal
solution in the full-core calculation. The re-homogenisation mechanism significantly reduced

all the errors in the three parameters used here i.e. k-eff, average and maximum power.

Although the scheme appears to be working well on the full-core level, it is important to
evaluate whether it works in all the positions. As mentioned earlier, MTR type reactors
are heterogeneous such that various positions in the core might behave quite differently.
Furthermore, since in the previous chapter we isolated some potential candidates for re-
homogenisation to work well, it is necessary to evaluate how these candidates perform in the
full-core case. To this end, we analyse the power distribution in the core. Each assembly
which contains fissile material, contributes a certain fraction to the 20 MW produced in the

core. This power distribution is discussed in the next section.
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5.1.2 Power distribution

In this section, we analyse the power distribution for the full-core model. Figure |5.1| shows

the full-core relative power distributions in the SAFARI-1 full-core.

The figure only shows the relevant part of the SAFARI-1 core for this study i.e. it does
not show reflector assemblies since they do not produce power. The 10 core positions (in
blue) do not have fuel and therefore no power is produced there. As stated above, a core-
configuration with empty irradiation rigs was used. The control assemblies i.e the places

occupied by fuel-followers, are indicated with a red outline. The control assemblies are in

positions C5, C7, E5, E7, G5 and G7.

In each assembly there are two numbers. The top number is the reference calculation power
fraction for each assembly in this configuration. For example, position B3 produces 2.57
% which is approximately 514 kW. The number at the bottom in each assembly is the
relative error in the power obtained when infinite fuel lattice cross-sections are introduced.
In other words, this number indicates the environmental error introduced by the cross-
section replacements. It should be noted that since the total power is maintained at 20 MW,
introducing the approximate environment may reduce the power fraction in some elements,
resulting in power increase in other elements. As a result, the relative power errors can
either be positive or negative. A positive error value represents an increase in power fraction

whereas a negative value represents a reduction in the power fraction.

From Figure we see that the maximum power produced in a single fuel assembly is 4.65
% of the 20 MW produced in the SAFARI-1 reactor configuration and this maximum power
is produced at position E6. This position is situated in between control rod positions. In
general, the figure shows that the fuel assemblies situated in between control rod assemblies

produce significantly higher power than the other fuel assemblies.

The figure shows that the infinite fuel approximation introduces significant power errors
in positions C5, C7, E5, E7, G5 G7 including positions C6 and D7. These positions have

errors above 3.2 %. While the first six are control rod positions (fuel-followers), the last
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Figure 5.1: Assembly averaged relative power fractions for the reference ARO case with

relative power errors for the infinite fuel approximation

two are positions adjacent to the followers. This result confirms our observation that the

environment around control assemblies produces significant environmental effects.

We analyse the errors further after a MGRAC calculation applying re-homogenisation. The

success of the scheme is measured by the reduction of the power error.

Figure 5.2 shows the relative power distributions similar to the one shown in Figure[5.1 The
relative power (top number) is reproduced from Figure . However, the bottom number
in this case indicates the power error when the re-homogenisation scheme is applied. By
comparing the previous power error to the current power error we can identify the positions
where the scheme improves the nodal solution and where it gets worse. The table shows that
the re-homogenisation scheme reduces the power error in most of the positions. It can be
seen that the highest error reductions are in the fuel-followers where the environmental error
introduced by the infinite fuel environment almost halved when re-homogenisation is applied.
It can be seen therefore that the re-homogenisation in the research reactor environment,

particularly in SAFARI-1, could be quite valuable in the control rod assemblies where the
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Figure 5.2: Assembly averaged relative power fractions for the reference ARO case with

relative power errors for the infinite fuel approximation with re-homogenisation

environmental error tends to be large.

Figure [5.3] is the SAFARI-1 core map depicting the effectiveness of the re-homogenisation
scheme in the case under consideration. On the map, red represents positions were the
nodal solution worsened, green represents the place where it improves and grey represents

the places where the solution remains largely the same.

The figure shows that most fuel positions, with exception of those closely matching an x-
direction fuel-water configuration (i.e C4, E4 and G4), mildly improve or stay constant. The
other x-direction fuel-water configurations have followers around them, hence this negative

effect is somewhat suppressed.

The H-row shows mixed behaviour, as the cross-section moments (shape functions) are less
pronounced in the y-direction and hence re-homogenisation has a smaller impact. Column
4 shows a clear deterioration for fuel adjacent to the empty rig (fuel-water) case. It is

however interesting that Column 7 does not share this deterioration. This is largely due to
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Figure 5.3: Re-homogenisation scheme map

the overriding improvement from the neighbouring follower elements. It is also interesting
to note that there are various places where the scheme reproduced the infinite environment
error i.e. the error neither got better or worse. These indifferent positions concentrated

towards row H.

It seems evident that re-homogenisation can be used in this core design. However, it could
be of value to switch the scheme off in the particular fuel-water environments where it

deteriorates the solution.

Although the mechanism did not improve all the mini-core solutions analysed, it significantly
improves the results on a full-core scale, which is what we are interested in. We note that
the mini-core cases represent only a small subset of fuel positions. In particular, cases such
as row H or Column 4 (the typical fuel-water type cases) or the control rod positions (C5,
C7, E5, E7, G5 and G7) can easily be related to these cases. The rest show much milder

environmental variation, where we expect good improvement from re-homogenisation.

Two important observations can be drawn from the results thus far. First, considering the
structure of fuel assemblies, we see that the effect of homogenisation is direction dependent.

The x-direction shape function dominates the correction factor. The second observation is
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that, the severity of the F — W case as detailed in the previous chapter, is still quite evident,

even in the full-core case.

Considering these two preliminary observations, we can expect re-homogenisation to improve
the solutions further, if we selectively apply it. The strategy is to switch the scheme off in

all the fuel-water cases.

As a way of further analysis, the MGRAC calculation was repeated with re-homogenisation

switched off in the fuel-water cases as proposed.

From this selective position switching calculation the average power error improved further
from 1.69 % to 1.61%. Figure[5.4shows the power errors after the re-homogenisation scheme

was switched off in select positions matching x-direction fuel-water environment.

3 4 5
2.57 2.71 3.20
B
-0.78 -1.85 0.31
3.45 2.76
-1.45 -2.54
3.73 4.42
-2.41 1.13
4.16 3.34
-1.92 -2.69 2.60 Power fraction (reference)
3.67 438 2.31 Relative power error
-1.91 1.60
3.28 2.66
G
-0.91 -1.50
2.17 2.23 2.47
H | |

| o092 | -090 2.02

Figure 5.4: Assembly averaged relative power fractions with relative power errors for re-

homogenisation scheme selectively switched off

Figure [5.5| shows the core map again with the re-homogenisation scheme switched off selec-
tively in some places. Figures and show a further improvement of the errors. The

scheme improves the results in most of the positions. Only three positions are worsened.
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It is however quite interesting that when re-homogenisation is selectively applied, there was

a significant rise in the number of “indifferent” positions from 4 to 8.

It seems that further investigation into dynamic position and directionally dependent re-
homogenisation scheme could hold some promise and is proposed as a possible continuation
of this work. At this stage, we simply propose the various core environments are evaluated

on a case-by-case basis to determine in which positions the scheme should be applied.

3 4 5 6 7 8
B
C
Error reduced
D
Error increased
E Error unchanged
F No power output
G -
H J

Figure 5.5: Re-homogenisation scheme map with re-homogenisation scheme selectively

switched off

5.1.3 Conclusions

We introduced an environmental error in the full-core MGRAC calculation for SAFARI-1
by introducing fuel cross-sections from an approximate (infinite lattice) environment. We
quantified this error by comparing to the reference Serpent calculation. The environmental
error due to infinite approximation was 252 pcm, 2.30 % in average power and 4.59 % in
maximum power. We further quantified the capability of the re-homogenisation scheme to
reduce these errors by applying the scheme in the subsequent MGRAC calculation. The
scheme reduced these errors to 88 pem, 1.69 % and 3.52 % respectively.
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It was observed that the overall benefit of the re-homogenisation scheme applied to the full-
core calculation can be improved if the scheme is used selectively to avoid the core positions
where re-homogenisation does not apply. It was noted that the x-directed fuel-water case
consistently worsens the error. Further calculations to selectively switch off the scheme in
these cases were performed. These results showed further improvement with the average
power error going down from 1.69 % to 1.61 %. It was noted that cross-section correction
moments are direction dependent because of the structure of fuel assemblies (plate-type).

However, switching off the scheme in particular directions is beyond the scope of this work.



Chapter 6

Conclusions

The suitability of the re-homogenisation cross-section correction scheme was hereby analysed
and quantified. The scheme was developed for power reactors and is now being used in

research reactor designs.

The deterministic calculational path, used in the modelling and simulation of nuclear reactor
introduces a number of approximations and simplifications leading to errors in reactors
analysis. However, most of these errors are dealt with by the use of equivalence theory.
Nevertheless, there still remains a significant source of error in the path; the environmental
dependency in cross-section generation. This error comes as a direct consequence of the
need to replace correct environment fuel cross-sections with approximate environment fuel

cross-sections, giving rise to the environmental error.

In this work, a number of SAFARI-1 reactor models were built for the specific purpose
of analysing the homogenisation scheme. A number of mini-core models together with a

full-core All rods out case were used in this work.

The underlying assumption used in the re-homogenisation scheme is that cross-section shapes
are independent of the environment. However, this assumption is violated in most of the
cases, even in the cases in which the scheme improved the error. The results show that

the more severe cross-section shape is, the more room there is for the scheme to correct

75
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the error. As a consequence, in the more homogeneous and large mini-cores e.g. fuel-water
environment, the scheme failed to correct the error. However, in the more heterogeneous
environments e.g. BA/F -W the scheme reduced the error significantly. Although the BA/F
-W is not a SAFARI-1 environment, it helped to illustrate the typical environments where

the scheme works.

For SAFARI-1, it is quite interesting that the environment in which a fuel-follower is placed
next to standard fuel showed a lot of potential. It appears that in the SAFARI-1 case the

scheme is particularly useful in the areas around the control assemblies.

This observation was further strengthened in the full-core model where the fuel-followers
showed a greater sensitivity to environmental effects than the regular fuel elements. In

general, the scheme improved the nodal solution on the full-core environment.

We can conclude that the existing re-homogenisation model can potentially be used in the
research reactor environment. However, the scheme has to be used carefully, such that it is

only applied in the areas which do not violate too severely its underlying assumptions.

As a result, further work needs to be done to develop a “smart”’re-homogenisation scheme.
It might be useful if the scheme makes a quick analysis of the underlying cross-section shapes
and fluxes before the core calculation is executed (i.e. during the lattice calculation phase).

This way, the scheme can be switched on or off, depending on its potential for correction.

6.1 Future Work

Two important observation made in the work may form the basis for the future work that
may be carried out, to improve this cross-section re-homogenisation scheme. First, it was
noted that the cross-section correction capability of the scheme can be improved if it is
applied selectively in the core. The scheme can therefore be improved by incorporating an
algorithm which internally switches off the scheme in potentially adverse configurations like

the Fuel-Water case.
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It was also noted that due to the structure of the fuel assemblies, the correction effect of the

scheme is directional. An added capability of switching off the scheme in some directions

could prove valuable.
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