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ABSTRACT

The sodium-cooled fast reactor is one of the candidates for a sustainable nuclear
reactor system. In particular, the French ASTRID project employs an axially
heterogeneous design, proposed in the so-called CFV (low sodium effect) core, to
enhance the inherent safety features of the reactor.

This thesis focuses on the accurate modeling of the control rods, through the
homogenization method. The control rods in a sodium-cooled fast reactor are used
for reactivity compensation during the cycle, power shaping, and to shutdown
the reactor. In previous control rod homogenization procedures, only a radial
description of the geometry was implemented, hence the axially heterogeneous
features of the CFV core could not be taken into account. This thesis investigates
the different axial variations the control rod experiences in a CFV core, to determine
the impact that these axial environments have on the control rod modeling.

The methodology used in this work is based on previous homogenization
procedures, the so-called equivalence procedure. The procedure was newly imple-
mented in the PARIS code system in order to be able to use 3D geometries, and
thereby be take axial effects into account.

The thesis is divided into three parts. The first part investigates the impact
of different neutron spectra on the homogeneous control-rod cross sections. The
second part investigates the cases where the traditional radial control-rod homog-
enization procedure is no longer applicable in the CFV core, which was found to
be 5-10 cm away from any material interface.

In the third part, based on the results from the second part, a 3D model of the
control rod is used to calculate homogenized control-rod cross sections. In a full
core model, a study is made to investigate the impact these axial effects have on
control rod-related core parameters, such as the control rod worth, the capture
rates in the control rod, and the power in the adjacent fuel assemblies. All results
were compared to a Monte Carlo-based model which served as the reference.

It was demonstrated that the treatment of the radial environment, surrounding
the control rod, has a small impact on the core parameters, and the traditional
radial homogenization procedure yields reliable results. For axial interfaces within
the control rod itself, the traditional radial homogenization procedure could no
longer capture the large environmental impact, hence 3D modeling is recom-
mended.

Keywords: Control rod, Homogenization, Fast Reactors, Reactivity Equivalence,
Monte Carlo





Preface

As a part of the negotiations in 2010, regarding the European Spallation Source
(ESS) which is being built in the south of Sweden, a large research agreement
was signed between Sweden and France. This research agreement was outlined
as a collaboration, where Sweden would send a number of PhD students and
postdoctoral fellows to France to work with French projects. The topic for this
collaboration was decided to be nuclear energy, divided into projects regarding
the prototype reactor ASTRID and the Jules Horowitz reactor. The collaboration
was funded by the Swedish Research Council.

This thesis is part of the joint project Core physics, diagnostics, and instrumentation
for enhanced safety of the sodium-cooled fast reactor ASTRID, and is outlined as a
collaboration between Chalmers University of Technology, Sweden, and CEA
Cadarache, France. During this project, which spanned over four years, I spent 2.5
years at the CEA Cadarache site in the south of France (where my office had a nice
view over the Jules Horowitz reactor, that was under construction). The first year
and the last six months of the project I spent at my university, Chalmers.

My hopes are that the outcome of this project will be of use for the continuation
of the ASTRID project and other fast reactor projects.

Mikael Andersson
Göteborg 2016/05/30
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CHAPTER 1

Introduction

This chapter introduces the topic and the project, as well as the limitations, and the outline
of this thesis.

1.1 Objective

Since the early 1940s, when the nuclear era begun with the Manhattan project and
Chicago Pile-1 [1], the first man-made critical system, a number of different reactor
concepts have been designed and some of them built. During the early years,
two reactor types were considered: the fast reactor, and the thermal reactor. The
first reactor built providing electricity was the fast reactor EBR-1 [2] (lighting four
200 W light bulbs). However, for the commercialization of nuclear power plants,
the thermal Light Water Reactors (LWRs) took the lead because of the simpler
designs and the fact that no new technology was needed for steam based electricity
production. At present, the majority of the nuclear power plants under operation
are of LWR type, and are of the second generation of nuclear power plants (Gen-II).
One disadvantage with thermal reactors using uranium-based fuel is the poor fuel
utilization, where large amount of radioactive waste will be produced, containing
a large amount of uranium combined with most of the elements and isotopes of
the periodic table. With a fast reactor on the other hand, the fuel utilization can be
increased and with an appropriate design, reprocessed spent fuel (the waste) from
LWRs can be used as fuel for fast reactors.

All the nuclear plants presently under construction are LWRs of the third
generation (Gen-III or Gen-III+). Gen-III reactors are thermal reactors using the
same concepts as Gen-II, however with enhanced safety systems, relying more
on natural laws, and more redundancy in the active systems to ensure a safe
operation, and to minimize the likelihood and fallout of a severe accident. The
fourth generation of nuclear power (Gen-IV) is a research initiative [3] aimed at
investigating a new concept of nuclear reactors, different from the Gen-II and Gen-
III concepts. Within Gen-IV, six different reactor concepts are investigated, both
of thermal and fast reactor designs, but with the common goals of: sustainability,
economics, safety, and proliferation resistance.

One of the reactor concepts investigated in the Gen-IV initiative is the Sodium-
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Chapter 1: Introduction

cooled Fast Reactor (SFR), which is a fast reactor concept with liquid sodium as a
coolant (instead of water as in LWRs). The SFR is not a new concept; over the years
a number of test reactors were built based on this concept, including EBR-II in the
US [4], Phénix [5] and Superphénix [6] in France, BN-600 [7] and BN-800 [8] in Russia,
and Monju [9] in Japan. One of the main projects concerning SFRs today, is the
Advanced Sodium Technological Reactor for Industrial Demonstration (ASTRID)
project in France, with the CFV core concept [10] (French acronym of Cœur à Faible
effet de Vide sodium, meaning low sodium void effect core).

Since one of the goals with Gen-IV reactors is enhanced safety, reliable mod-
eling tools are required to be able to predict the behavior of the reactor during
operation and during postulated accident scenarios. For the safety assessment of
a reactor, a number of different safety margins have to be considered, such as the
Control Rod Worth (CRW), and the shut down margin of the reactor. In a SFR, the
control rods are the only means of reactivity control, shutting the reactor down,
and power shaping, hence a reliable modeling of the control rods is essential. A
correct prediction of the reactivity effect of the control rods in fast reactor systems
was found to be problematic already during the seventies [11], and during the Su-
perphénix start-up tests [12] large discrepancies were found between the calculated
CRW and the measured data, hence new modeling procedures were needed.

The research presented in this thesis focuses on deterministic control rod
modeling in a CFV-type core. The objective is to: investigate how the axial
heterogeneities in the CFV-core affects the control rod, fulfill the required accuracy
for the CRW modeling, as well as highlight the limitations of the modeling and
the present control rod homogenization procedures. This project focuses on the
calculation methods regarding control rod homogenization, not the design work,
hence no design options are investigated and pre-conceptual designs of SFRs are
used throughout the work. However, some of the general conclusions are expected
to remain valid for other fast reactor concepts with similar control rod designs.

1.2 Outline

The first three chapters of this thesis give an introduction to the topic, the SFR,
the CFV core concept, the SFR control rods, and the computational tools and
methodologies used for control rod modeling and core calculations.

Chapters 4-6 summarize the appended papers, which concern models with
increasing order of spatial dimensions. Chapter 4 covers Paper I, in which a simple
1D model is used to study the impact the shifts in the neutron energy spectrum
have on the control rod modeling. Chapter 5 covers Paper II, where different
2D models were used to identify spectral regions in the CFV core, where the
traditional homogenization procedures can be questioned and special treatment
of the control rod might be necessary. Chapter 6 covers Papers III-IV, where the
control rod absorber is homogenized by utilizing a 3D model in order to assess

2
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the impact the different axial regions identified in Paper II have on the main
control-rod related core parameters in a CFV core.
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CHAPTER 2

Background

This chapter introduces the fast reactor systems and the Sodium-cooled Fast Reactor. The
chapter finishes with an introduction of the typical control rod in fast reactors which is the
main topic of this thesis.

2.1 Sustainable Nuclear Power & Nuclear waste

Most countries that have a fleet of nuclear power plants, use the so called once-
through fuel cycle [13], which means that the fuel is used once in the reactor,
and is afterwards considered as nuclear waste. With the once through fuel cycle
the waste has to be taken care of for about 100 000 years, before the radiation
levels are at the same level as the background radiation from uranium ore. One of
the candidates for such a storage is the deep geological depository developed in
Sweden and Finland [14], with Finland being the first country to build one [15].

A typical spent fuel from a PWR consists of 95.5% uranium (1% U-235), 1%
plutonium and higher actinides, and 3.5% fission products [13]. The radiotoxicity
for the different parts of the spent fuel is shown in Fig. 2.1, where it can be seen
that the main contributors to the long storage need are plutonium and americium,
followed by curium and neptunium.

Some countries, like France, uses the fuel twice in some reactors. After dis-
charge, the fuel is reprocessed, where the fission products, uranium, plutonium,
and americium are separated. The uranium and plutonium are used once again in
a reactor as Mixed Oxide Fuel (MOX). However, this can only be done once, since
the isotopic content of the plutonium will change, and no longer be suitable for a
thermal LWR [13].

To be able to utilize the uranium and plutonium fully, a different reactor type
than a LWR is needed, for instance a fast reactor combined with a reprocessing
facility. By using a fast spectrum and utilizing the plutonium, the fuel can be used
much more efficiently, leaving a waste solely composed of fission products, and the
required time in the depositories is reduced to 500-1000 years, as seen in Fig. 2.1.
One of the reasons why a fast spectrum is better suited for plutonium-based fuel
(compared with fuel based on U-235 as the fissile isotope), is that the plutonium
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Chapter 2: Background

Figure 2.1: Radiotoxicity level for different actinides and fission products for a PWR fuel
bundle [16]. Where the reprocessed U represents pure uranium, and Pu loss the amount
of Pu left in the uranium after the separation process.

has a higher fission cross section in the higher energy range. The higher fission
cross section combined with a lower capture cross section at high energies grants a
better fission/absorption ratio for plutonium in a fast spectrum than for a thermal
spectrum [13]. An example of this can be seen in Fig. 2.2, where the fission and
capture cross sections are shown for Pu-239.

Figure 2.2: Fission and capture cross section for Pu-239 [17].

2.1.1 Generation IV

The Generation IV International Forum (GIF) was launched in 2000 and consists of
13 countries [3]. In 2002, a roadmap was created for the R&D of the new generation
of nuclear reactors. The GIF roadmap has four main goals: sustainability, safety
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2.2. Sodium Cooled Fast Reactors

and reliability, economic competitiveness, and proliferation resistance and physical
protection. To focus the world effort within GIF, six different reactor types were
chosen, both thermal and fast systems:

• Sodium cooled fast reactor (fast)

• Lead cooled fast reactor (fast)

• Gas cooled fast reactor (fast)

• Molten salt reactor (fast/thermal)

• Very high temperature reactor (thermal)

• Supercritical water-cooled reactor (fast/thermal)

Throughout this thesis, the only reactor concept studied is the SFR. However,
for the fast reactor concepts (sodium, gas, and lead cooled) similar designs are
utilized, except for the choice of coolant [18, 19, 20].

2.2 Sodium Cooled Fast Reactors

The SFRs use liquid sodium as a coolant, compared with LWRs that use water.
By using sodium as a coolant a fast neutron flux is achievable, since sodium is a
heavier atom compared with both oxygen and hydrogen that can be found in the
coolant of LWRs, hence neutrons lose less energy in each scattering event. Even
though sodium is a poor moderator, it will slightly soften the neutron spectrum.
In the case of some accident scenarios where the heat removal is compromised,
the sodium can start to boil. Hence, the softening effect of sodium is removed
and comparatively, the neutron spectrum will harden in the fuel. Since the fission
cross section in plutonium (and uranium) as well as the mean number of emitted
neutrons in each fission (ν) is higher for higher energies, the reactivity will increase
in such voided situations [21]. This effect is called the sodium void reactivity effect
(SVRE).

Sodium has a high thermal conductivity and a large temperature span between
solid state and vaporization (melting temperature of 371 K and boiling temperature
of 1156 K). When used as a coolant, the core does not have to be pressurized, yet
having a large margin to boiling. Due to the high thermal conductivity, a higher
fuel/coolant ratio is attainable. To achieve a higher fuel/coolant ratio, a hexagonal
lattice is used for the fuel pins, instead of the square lattice most commonly used
for LWRs. An example of such a fuel subassembly from the SuperPhénix reactor
can be seen in Fig. 2.3. The MOX pellets are encased in a stainless steel cladding,
spaced with a wrapper wire to prevent flow blockage. Stainless steel is not used
as the cladding material in thermal reactor systems like LWRs, because of the
relatively high absorption cross section for Fe-56 (main isotope in steel) at thermal

7



Chapter 2: Background

Figure 2.3: Fuel subassembly design for the SuperPhénix reactor [6].

energies. However, in a fast neutron spectrum this is no longer the case, and
stainless steel is a suitable material for the cladding.

Sodium as a material is a chemically reactive substance in contact with water,
therefore extra precautions have to be taken to ensure that no contact between
sodium and water is possible. Especially when designing the heat exchanger and
with fuel handling when it is removed from the core.

In general, the SFR cores are pancake-shaped with a small fuel height (around
1 m). This construction allows for an increased neutron leakage to compensate and
reduce the voiding effect of sodium. In some core designs, the leaked neutrons
are used for plutonium breeding by introducing a fertile blanket. To increase the
power of a SFR, the number of fuel subassemblies is increased, expanding the core
radially, not axially. Examples of this are the Phénix reactor (350 MW), with a core
height of 85 cm and 102 fuel subassemblies [5], and the SuperPhénix (3000 MW),
with a core height of 100 cm and 364 fuel subassemblies [6].

8
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2.2.1 The CFV Core

The CFV core [10] is a French innovative SFR, that has been designed to fulfill the
requirements of the Gen IV initiative [3]. The CFV core model used in this thesis
(Chapters 5-6) is based on a pre-conceptual design of the ASTRID core [22]. The
radial and axial map can be seen in Fig. 2.4, and the main design parameters can
be found in Tab. 2.1. As can be seen in Fig. 2.4, the inner fuel subassemblies are
axially heterogeneous with two fissile zones, sandwiching a fertile blanket. The
outer fuel subassemblies only have one fissile region, and are 10 cm higher than
the inner fuel zone, to increase the radial neutron leakage. Above the active core
(inner and outer fuel zones), a sodium plenum and an upper neutron shield are
situated. Below the active core a fertile blanket is situated for plutonium breeding.

The core model used in this work is a 1500 MW (thermal) SFR, where the
active core consists of 291 fuel subassemblies (177 in the inner region and 114
in the outer region), radially surrounded by a stainless steel reflector. Each fuel
subassembly consists of 271 pins, built up by MOX pellets in a stainless steel
cladding. For non-proliferation purposes, the breeding gain is designed to be close
to zero (only breeding enough plutonium to be self sustaining). In addition, no
pure fertile subassemblies are present in the radial blanket to avoid subassemblies
with easily accessible plutonium. The fertile pellets consist of either depleted or
natural uranium oxide (UOX).

Figure 2.4: The axial core model (left figure), the axial geometry of the control rods (middle
figure), and the radial core model (right figure). The figure is obtained from [23], but it is
modified for this thesis.

In previous SRF designs, the SVRE was positive [10]. To increase the inherent
safety features in the CFV-core, the axially heterogeneous design was proposed
(see Fig. 2.4), which can achieve a negative SVRE globally. In the CFV-core design
parameters (see Tab. 2.1), the SVRE is -0.5 $ at End of Cycle (EOC).

The idea with the CFV core is that if the sodium starts to boil, the voided
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Chapter 2: Background

sodium will rise and the sodium plenum will eventually become fully voided.
In the worst case, the whole active core is assumed to be voided: all fuel zones,
the inner fertile blanket, and the sodium plenum. Liquid sodium is a rather
good reflective material for neutrons, but when sodium boils, the density drops
drastically, the reflective property fades, and the neutrons will escape through
the voided sodium plenum and can be absorbed in the upper shield (see Fig.
2.4). To increase this effect, an inner fertile blanket was introduced. With the
inner fertile blanket, the maximum flux will no longer appear in the middle of the
active core, but slightly shifted upwards to the upper fissile zone, and therefore
increasing the leakage effect through the sodium plenum in case of sodium boiling.
To achieve a negative SVRE, this leakage effect has to be larger than the effect of
the neutron-spectrum hardening in the fuel.

Table 2.1: Main design parameters for the pre-conceptual ASTRID core used [23].

Reactor power (MWth) 1500
Fuel residence Time (efpd* ) 1440
Cycle length (efpd) 360
Reloading frequency 4
Average breeding gain per cycle -0.02
Delayed neutron fraction β (pcm) 364
SVRE ($) -0.5
*effective full power day

2.3 Reactivity Control Systems for Fast Reactors

Most fast reactor system designs use two shutdown systems [24], the control
shutdown system (CSD) and the diverse shutdown system (DSD). The CSD is
designed to be used during operation for power shaping and reactivity compensa-
tion. During normal conditions the CSD is sufficient for reactor shutdown. The
DSD is during normal operation conditions always in parking position in the
sodium plenum, and available for scram in case of an emergency shutdown. Both
systems have to be able to keep the reactor sub-critical during cold conditions and
reloading.

The used control rod designs vary and a number of different absorber materials
can be used [25]. However, some similarities can be found, and an example of a
typical control rod design can be seen in Fig. 2.5. The control rod absorber region
consists of a number of absorber pins, depending on the absorber material. The
absorbing part of the control rod (compared with the fuel subassemblies) consists
of an outer and an inner wrapper tube. The outer wrapper tube is defining the
subassembly itself, and is axially fixed. The inner wrapper tube encases the
absorbing pins, and moves together with the absorbing pins. Axially, the typical
fast reactor control rod consists of three axial zones: the coolant rich follower, the
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2.3. Reactivity Control Systems for Fast Reactors

Figure 2.5: An example design of a fast reactor control rod [27].

absorber region, and a stainless-steel rich driver mechanism. The follower consists
of some kind of guide piston (see Fig. 2.5), used to help insertion through the
fixed control rod subassembly in case of deformed subassemblies. The absorber
region can, in the case of boron carbide (B4C) as the absorbing material, consist of
a number of different zones with different boron-10 content, in order to optimize
the amount of enriched B4C used versus the cost [26].

The modeling of the control rods have two main important parameters to
consider, the reactivity worth, and the capture rates. The reactivity worth is the
main parameter since reactivity control is the purpose of the control rods. However,
the capture rates will have different aspects of interest depending on the absorber
material used [24]. Ultimately, the capture rates in the absorber will determine the
depletion of the absorber material, and thereby their lifetime (typically a couple
of years). In case of boron as the absorber, the main capture reaction is the (n,α)
reaction and a helium build-up will occur, and consequently cause swelling of the
pins. Another capture rate-related parameter is the induced radioactivity in the
absorber material. This is most prominent in absorber materials such as europium
and tantalum, where the capture reaction is the (n,γ) reaction. However, a small
induction of radioactivity will be induced in boron as well through the (n,T,2α)
reaction. These different neutron captures will lead to different heat generation
rates in the absorber, hence the need for heat removal will be different for different
absorber materials.

Some fast reactor designs are equipped with some kind of passive reactivity
safety system, controlled for instance by a large temperature increase in the coolant
[28, 29, 30]. Most of these systems are designed to replace one or a couple of fuel
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Chapter 2: Background

pins in some fuel subassemblies, not a whole assembly like the control rods,
making some of these systems difficult to model in deterministic codes. These
kind of systems are not investigated or further discussed in this thesis.

In previous SFR modeling (like Superphénix), a homogeneous control rod model
was considered combined with a flux weighting scheme (see Sec. 3.1.1). This type
of homogenization schemes resulted in discrepancies between calculated values
and measured data, with an overestimation of the CRW of over 25% [12]. The main
cause of these overestimations was found to be the use of diffusion theory and the
neglecting of the heterogeneity effect in the homogenization of the control rods
[31]. With an upgrade to transport codes and an improved control rod modeling
(see Sec. 3.3), the discrepancies were reduced to ±5%. For the ASTRID project,
the aim is to have the same error margin for the CRW as found in the Superphénix
experience, with a maximum of ±5% discrepancy.

2.3.1 The Control Rod Systems in the CFV core

In this work, the absorbing material used is B4C, since it is the preferred choice
for the CFV core, and the design is based on [23]. The control rod absorber region
consists of 19 B4C pins, in a vented stainless steel cladding. Both rod designs
(CSD and DSD) consist of two axial absorber zones (see Fig. 2.4): the lower zone
containing low boron-10 content, and the upper zone with a higher boron-10
content. The main design parameters for the control rods used in this work are
summarized in Tab. 2.2. The CSD rods used in this work consist of natural B4C in
the lower zone, and B4C with a 48% boron-10 content in the upper zone.

This work mainly focuses on the absorber part of the control rod. Hence the
follower and the driver mechanism are only described as a homogeneous mixture
of sodium and stainless steel, and none of the smaller structural components (such
as plugs) are modeled.

Table 2.2: Geometrical parameters for the control rods used in the CFV core.

CSD DSD
Number of subassemblies 12 6

Lower absorbing length (cm) 60 20
Upper absorbing length (cm) 20 60
Lower boron-10 content (%) 19.9 48.8
Upper boron-10 content (%) 48.8 90

12



CHAPTER 3

Methodology

This chapter gives an overview of the present calculation procedures regarding neutronics
in nuclear reactors, as well as the computational tools used in this work. The latter part
covers the derivation of the equivalence procedure and the implementations of the procedure
used.

3.1 Neutron Calculations

One of the most important physics parameters inside the nuclear reactor to deter-
mine is the neutron flux. To calculate the neutron flux, two different methods can
be used: probabilistic or deterministic.

The probabilistic approach uses Monte Carlo techniques simulating one neu-
tron at a time, tracking its life and the life of any secondary neutrons created by
the initial neutron. The solution is obtained by running a large number of neutron
histories, thereby obtaining a distribution of the neutron flux and an estimate
of the statistical error. With Monte Carlo based methods, extensive details can
be put into the geometrical description, the neutron energy spectrum, and the
material compositions of the system. When enough neutron histories are used, the
statistical error can be reduced and reliable results are obtainable. However, to
achieve reliable results, computer clusters and long computational times (days
or even weeks) are needed for large systems, and this ”only” for steady state
conditions, hence transients scenarios are not an option as of now for industrial
applications.

The deterministic approach is based on solving the Boltzmann transport equa-
tion [32], which in steady state can be written as:

~Ω · ~∇ψ(~r, ~Ω, E)+Σtψ(~r, ~Ω, E) =∫ ∞

0

dE ′
∫

(4π)

d2Ω′Σs(~r, ~Ω
′ → ~Ω, E ′ → E)ψ(~r, ~Ω′, E ′)

+
1

k

χ(E)

4π

∫ ∞

0

dE ′νΣf (~r, E
′)φ(~r, E ′),

(3.1)

where ψ(~r, ~Ω, E) is the angular neutron flux as a function on space (~r), direction
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(~Ω), and energy (E), φ(~r, E) =
∫

(4π)
d2Ω′ψ(~r, ~Ω′, E) the scalar flux, Σ macroscopic

cross section with subscript t, s and f (corresponding to total, scattering and
fission, respectively), k the effective multiplication factor, χ the energy distribution
of fission neutrons, and ν the mean number of neutrons released per fission.

The standard deterministic calculation schemes use a two step approach [33]:
the homogenization step, and the nodal core calculation. The homogenization
step can consist of several model sizes, from single fuel pins to a number of
fuel subassemblies, where the geometries are heterogeneously described. The
subassembly model are most often performed in a 2D geometry, in order to be able
to describe the assemblies radially. With such small models, the homogenization
step can use a much finer discretization regarding energy, space, and angle. With
the neutron flux obtained from the heterogeneous model, the cross sections can
be condensed (averaging in energy) and homogenized (averaging in space), for
preparation to the subsequent core calculation. Another important part done
in the homogenization step is the depletion calculations, where a number of
different isotopes are tracked as a function of time as discrete depletion steps,
hence obtaining a cross section library for depleted fuel.

In the second step, the core calculation, the homogeneous cross sections from
the homogenization step are used to build up a 3D model of the core. The core cal-
culations are usually performed with a coarse spatial and energy mesh (compared
with the homogenization step). The angular dependency is most commonly han-
dled with the diffusion approximation. However other angular approximations
are available, such as spherical harmonics (PN ), simplified spherical harmonics
(SPN ), or discrete ordinate (SN ) [34]. In the core calculation step, the behavior
of the reactor is calculated, such as the power, and one tracks the burnup of the
different fuel subassemblies. In this approach, transients (time dependent) cases
can also be studied.

The main advantage of the deterministic approach compared with the proba-
bilistic approach is the computer power needed, where results can be obtained on
an ordinary desktop computer within minutes with the deterministic approach.

3.1.1 Homogenization Methods

To homogenize cross sections, a number of different methods can be used [35],
which are most often based on flux-volume weighting:

Σhom =

∫
dV Σ(~r)φ(~r)∫
dV φ(~r)

. (3.2)

The flux-volume weighting in Eq. (3.2) preserves the reaction rates from the
heterogeneous description to the homogeneous description. However, methods
based on flux-volume weighting will not preserve the eigenvalue (k in Eq. (3.1))
between the heterogeneous and homogeneous descriptions. In thermal systems,
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where diffusion theory is mostly used for the core calculations, this can be solved
by introducing discontinuity factors [35, 36]. For other angular approximations,
such as higher order PN or SN , the approach of discontinuity factors is not well
defined and not easily used.

Other homogenization methods used are adjoint flux weighting [37] and Su-
perhomogenization [38]. However, most methods focus on homogenizing for
diffusion theory, and on fuel regions, not on non-fissile construction materials or
control systems.

For fast reactor systems, the flux-volume based homogenization for control
rods along with the use of diffusion theory, were the causes of the large discrepan-
cies found between the calculated and the measured CRW in Superphénix [12]. To
deal with this issue, a reactivity preserving method was introduced, henceforth
denoted as the equivalence procedure. In Sec. 3.3 the equivalence procedure is
further discussed, and is the homogenization method used throughout this work.

Recent work has been utilizing the previously mentioned Superhomogeniza-
tion for control rod homogenization [39], which, like the equivalence procedure,
takes into account the heterogeneous structure of the control rod. However, this
was applied to a homogeneous core, using a radial 2D model, and not applied to a
heterogeneous core, such as the CFV core. The scope of this thesis is to evaluate
the impact the axial heterogeneities have on the control rod model, and where
(radial) 2D based methods are not adequate.

3.2 Computational Tools

In this work, a number of different neutronic codes were used, both deterministic
and probabilistic. The results in this thesis are presented in a 33 energy group
structure, commonly used for fast reactor calculations [40]. All calculations were
performed at room temperature and beginning of life (BOL) conditions. The room
temperature was chosen for simplicity where neither Doppler broadening nor
material swellings were included. The BOL conditions represent fuel where no
fission products are present (no burnup), and the fertile blankets are plutonium
free. These conditions have been used in order to minimize the possible causes for
discrepancies when comparing the deterministic and the Monte Carlo results.

3.2.1 ERANOS 2

The ERANOS code package [41] is a collection of deterministic codes used for fast
reactor calculations. The codes used within ERANOS during this work includes:
ECCO [42], BISTRO [43], and VARIANT [44].

ECCO is a lattice code, based on 2D collision probabilities. In this work, ECCO
is used to generated homogeneous cross sections for the fuel, and constructional
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materials such as the plenum and reflector. ECCO is also used as part of the
equivalence procedure (see Sec. 3.4).

BISTRO is a 2D finite difference transport code with a SN angular approxima-
tion. In this work, BISTRO is the base of the classical equivalence procedure in
ERANOS, used in Chapter 4.

VARIANT is a 3D finite difference nodal code, capable of both diffusion, SPN ,
and PN angular approximations. In this work, VARIANT is used for all core
simulations of the CFV core (Chapter 6).

3.2.2 PARIS

The PARIS code [45], uses the 3D finite element solver SNATCH, which is based
on an SN angular approximation. In this work, the equivalence procedure has
been implemented in PARIS in order to utilize its 3D SN solver. In Chapters 5
and 6, PARIS is used to generate equivalent homogenous cross sections for the
control-rod absorber, using the equivalence procedure.

3.2.3 TRIPOLI-4 R©

TRIPOLI-4 R© (T4) [46] is a continuous energy Monte Carlo code, developed by the
CEA. In this work, T4 has been used as a reference tool for the core calculations
(Chapter 6).

3.3 Homogenization with Reactivity Equivalence

The equivalence procedure used for control rod homogenization is based on two
descriptions of the control rod and its surrounding environment: one in which
the control rod is heterogeneously described, and one where the control rod is
homogeneously described. In both descriptions, the surrounding environment is
homogeneously described. Schematic geometries of such models can be seen in
Fig. 3.1. With these two models, perturbation theory can be used to derive the
equations needed for the homogenization.

3.3.1 Derivation of the Equivalence Procedure

To arrive at the equations needed for homogenization by reactivity equivalence, a
couple of definitions and derivations are needed. First the Boltzmann transport
equation and its adjoint representation is needed so that the exact formulation of
the classical perturbation can be obtained [32]. Perturbation theory can be used
to see how a small change in the input parameters, as the cross sections or the
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Figure 3.1: Schematic geometries of the heterogeneous (left) and the homogeneous (right)
descriptions of the models used in the equivalence procedure.

geometry, changes the behavior (reactivity) of the system. For the purpose of
homogenization, the exact formulation of the classical perturbation theory can be
used to derive equations for homogeneous cross sections to preserve the reactivity,
needed for the equivalence procedure.

The (direct) Boltzmann transport equation (3.1) can be written in operator form
as [32]: (

A− F

k

)
ψ = 0, (3.3)

where ψ is the angular flux and presented both in continuous energy representa-
tion, i.e. Eq. (3.4a,b) and multigroup theory, i.e. Eq. (3.4c,d) as:

Aψ = ~Ω · ∇ψ(~r, ~Ω, E) + Σtψ(~r, ~Ω, E)

−
∫

(4π)

d2Ω′
∫ ∞

0

dE ′Σs(~r, ~Ω
′ → ~Ω, E ′ → E)ψ(~r, ~Ω′, E ′),

(3.4a)

Fψ =
χ(E)

4π

∫ ∞

0

dE ′νΣf (~r, E
′ → E)φ(~r, E ′), (3.4b)

Aψ = ~Ω · ∇ψg(~r, ~Ω) + Σg
tψg(~r, ~Ω)

−
∫

(4π)

d2Ω′
∑

g′

Σg′→g
s (~r, ~Ω′ → ~Ω)ψg′(~r, ~Ω

′),
(3.4c)

Fψ =
χg
4π

∑

g′

νΣg′

f (~r)φg′(~r), (3.4d)

The adjoint flux is needed as well as the direct flux (ψ in Eq. (3.3)) for the
exact formulation of the classical perturbation theory. A self-adjoint operator M is
defined as [32]:

〈φ,Mψ〉 = 〈ψ,Mφ〉 , (3.5)
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where for our purpose, the inner product is defined as:

〈φ, ψ〉 =

∫ ∞

0

dE

∫

V

dV

∫

(4π)

d2Ωφ(~r, ~Ω, E)ψ(~r, ~Ω, E). (3.6)

However, the Boltzmann transport equation is not self-adjoint, and an adjoint
operator is needed, fulfilling:

〈
φ†,Mψ

〉
=
〈
ψ,M †φ†

〉
. (3.7)

With this definition, the adjoint Boltzmann transport equation can be defined as
[32]: (

A† − F†

k

)
ψ† = 0, (3.8)

where ψ† is the adjoint angular flux and

A†ψ† = −~Ω · ∇ψ†(~r, ~Ω, E) + Σtψ
†(~r, ~Ω, E)

−
∫

(4π)

d2Ω′
∫ ∞

0

dE ′Σs(~r, ~Ω→ ~Ω′, E → E ′)ψ†(~r, ~Ω′, E ′),
(3.9a)

F†ψ† =
νΣf (~r, E)

4π

∫ ∞

0

dE ′χ(E ′)φ†(~r, E ′), (3.9b)

A†ψ† = −~Ω · ∇ψ†g(~r, ~Ω) + Σg
tψ
†
g(~r, ~Ω)

−
∫

(4π)

d2Ω′
∑

g′

Σg→g′
s (~r, ~Ω→ ~Ω′)ψ†g′(~r,

~Ω′),
(3.9c)

F†ψ† =
νΣg

f

4π

∑

g′

χg′(~r)φ
†
g′(~r), (3.9d)

in continuous (3.9a,b), and multigroup representation (3.9c,d), respectively.

To get the expressions needed for the perturbation theory, a small perturbation
is added to the adjoint system:

(
A∗ − F∗

k∗

)
ψ∗ =

(
A† − δA− F† − δF

k − δk

)
(ψ† + δψ), (3.10)

where the perturbed flux ψ∗, which in a first order approximation is ψ† i.e. δψ = 0
in Eq. (3.10). The perturbed 1/k∗ term can be expressed in a more usable way as:

1

k∗
=

1

k − δk
=

1

k − δk +
1

k
− 1

k

=
−δk
kk∗

+
1

k

= ∆ρ+
1

k
.

(3.11)
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To be able to use the inner product (Eq. (3.6)) and to derive the exact for-
mulation of the classical perturbation theory, two fluxes are needed. Hence, Eq.
(3.10) is multiplied with ψ and integrated, and Eq. (3.3) is multiplied with ψ† and
integrated. Taking the difference between the two inner products, the following
expression can be found:

〈ψ†, (A− F

k
)ψ〉 − 〈ψ, (A∗ − F∗

k∗
)ψ†〉 = 0. (3.12)

Finally, by combining and rearranging Eq. (3.11) and (3.12), the expression for
the exact formulation of the classical perturbation theory can be written as:

〈ψ†,
(
A−A∗ − 1

k
(F− F∗)

)
ψ〉 −∆ρ〈ψ,F∗ψ†〉 = 0. (3.13)

With the exact formulation of the classical perturbation theory, the equations
needed for the homogenization can be derived. Within this work, only a non fissile
material is homogenized (the control rod), and reactivity equivalence is sought
(∆ρ = 0), hence Eq. (3.13) can be simplified to:

〈ψ†, (A−A∗)ψ〉 = 0. (3.14)

By assuming that the heterogeneous model (left in Fig. 3.1) is the reference
system, and the homogeneous model (right in Fig. 3.1) is the perturbed system,
term by term, Eq. (3.14) can be solved for the sought A∗. As can be seen in Eq.
(3.9c), A∗ consists of the total cross section Σt and the scattering cross section Σg→g′

s

in the ”perturbed” state.

For consistency, the total cross section is not calculated directly through Eq.
3.14, but rather as the sum of its components (in multigroup formalism) as:

Σg
t = Σg

c +
∑

g′

Σg→g′
s0 . (3.15)

The equivalent capture cross section which appears in Eq. (3.15) can, without
any additional approximations, be derived as:

Σg
c,hom =

∫
V
dV Σg

c,het(~r)
∫

(4π)
d2Ωψ†g(~r, ~Ω)ψg(~r, ~Ω)

∫
V
dV
∫

(4π)
d2Ωψ†g(~r, ~Ω)ψg(~r, ~Ω)

. (3.16)

To deal with the angular dependence of the scattering cross sections (see Eq.
(3.4c)), a Legendre expansion is used for the scalar product of the angles, i.e.
µ = ~Ω · ~Ω′, leading to:

Σg→g′
s (~r, µ) =

∞∑

l=0

2l + 1

4π
Σg→g′
sl (~r)Pl(µ), (3.17)

Σg→g′
sl (~r) =

∫ 1

−1

Σs(~r, µ)Pl(µ)dµ, (3.18)
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where Pl are the Legendre polynomials, which fulfill the following relations:
∫ 1

−1

Pl(µ)Pk(µ)dµ =
2δl,k

2l + 1
, (3.19)

Pl(~Ω · ~Ω′) =
l∑

m=−l

Ylm(~Ω)Ȳlm(~Ω′), (3.20)

where Ylm(Ω) is the spherical harmonics, of order l and m, and Ȳlm(~Ω′) its complex
conjugate.

Combining Eq. (3.14) ,(3.4), and adding Eq. (3.17) and (3.19) yields:
∫

V

dV

∫

(4π)

d2Ω

∫

(4π)

d2Ω′Σg′→g
s (~r, ~Ω′ · ~Ω)ψg′(~r, ~Ω

′)ψ†g(~r, ~Ω)

(3.17)
=

∫

V

dV

∫

(4π)

d2Ω

∫

(4π)

d2Ω′
∞∑

l=0

Σg′→g
sl (~r)

2l + 1

4π
Pl(~Ω · ~Ω′)ψg′(~r, ~Ω′)ψ†g(~r, ~Ω)

(3.19)
=

∫

V

dV

∫

(4π)

d2Ω

∫

(4π)

d2Ω′
∞∑

l=0

Σg′→g
sl (~r)

2l + 1

4π
×

l∑

m=−l

4π

2l + 1
Ylm(~Ω)Ȳlm(~Ω′)ψg′(~r, ~Ω

′)ψ†g(~r, ~Ω)

=⇒
∞∑

l=0

∫

V

dV Σg′→g
sl (~r)φg′l(~r)φ

†
gl(~r), (3.21)

where

φg′l(~r) =

∫

(4π)

d2Ω
l∑

m=−l

Ȳlm(~Ω)ψg′(~r, ~Ω), (3.22a)

φ†gl(~r) =

∫

(4π)

d2Ω
l∑

m=−l

Ylm(~Ω)ψ†g(~r, ~Ω), (3.22b)

Using the relation in Eq. (3.21) and (3.14), each equivalent scattering cross section
of order l can be calculated as:

Σg′→g
sl,hom =

∫
V
dV Σg′→g

sl (~r)φg′l(~r)φ
†
gl(~r)∫

V
dV φg′l(~r)φ

†
gl(~r)

. (3.23)

For l = 0 (where Y00 = 1), and by including Eqs. (3.22a) and (3.22b), the
following expression is obtained:

Σg′→g
s0,hom =

∫
V
dV Σg′→g

s0 (~r, ~Ω)
∫

(4π)
d2Ωψg′(~r, ~Ω)

∫
(4π)

d2Ωψ†g(~r, ~Ω)
∫
V
dV
∫

(4π)
d2Ωψg′(~r, ~Ω)

∫
(4π)

d2Ωψ†g(~r, ~Ω)
. (3.24)
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By combining Eq. (3.4c) with Eq. (3.15), it can be seen that the zero-order self
scattering term Σg→g

s0,hom appears twice, once in the total cross section and once in
the scattering integral. Hence, Eq. (3.23) is modified and the self scattering cross
section for l = 0 is calculated as:

Σg→g
s0,hom =
∫
V
dV Σg→g

s0 (~r)
[∫

(4π)
d2Ωψg(~r, ~Ω)

∫
(4π)

d2Ωψ†g(~r, ~Ω)−
∫

4π
d2Ωψ†g(~r, ~Ω)ψg(~r, ~Ω)

]

∫
V
dV
[∫

(4π)
d2Ωψg(~r, ~Ω)

∫
(4π)

d2Ωψ†g(~r, ~Ω)−
∫

4π
d2Ωψ†g(~r, ~Ω)ψg(~r, ~Ω)

] .

(3.25)

3.4 Implementation

It can be seen in Eqs. (3.16) and (3.23) that the sought homogeneous cross sections
are dependent on the homogeneous adjoint flux, which in turn is dependent on
the homogeneous cross sections. This dependence calls for an iterative procedure
to solve the problem, where the adjoint flux will be updated in each iteration.
Throughout this thesis, two implementations are used, the older ERANOS imple-
mentation (in Chapter 4), and the new PARIS implementation (in Chapters 5 and 6).
Both utilize the same basic calculation scheme, and the PARIS calculation scheme
can be seen in Fig. 3.2. The two implementations have some slight differences:

1. the neutronic solver, used for the flux calculations

2. the initial adjoint flux used

3. some fix-ups for stability and convergence (see Sec. 3.4.1)

The input of the user consists of: the composition for each medium, the ge-
ometry of the system, and the cross section library. From these, ECCO is used to
calculate self-shielded cross sections for the absorbing material, the sodium and
stainless steel mixture in the rest of the control rod, and the surrounding materials.

Both implementations uses a Cartesian geometry, where the original circular
and hexagonal geometry (Fig. 3.1) is approximated with a Cartesian geometry,
seen in Fig. 3.3. To compensate for the change in volume between the two
descriptions of the system, the density (D) in the Cartesian geometry is corrected
as:

Dcart =
Vorg
Vcart

Dorg, (3.26)

to keep the number of atoms identical in both geometries.

With the geometry and the self-shielded cross sections from ECCO, the hetero-
geneous system is solved (in ERANOS with BISTRO, and in PARIS with SNATCH)
acquiring the direct flux ψhet. The PARIS implementation solves the adjoint equa-
tions for the heterogeneous system, and uses the obtained adjoint flux for the first
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homogenization, while the ERANOS implementation uses a flat flux approxima-
tion as the adjoint homogeneous flux ψ†hom for the first homogenization. After
these initial steps, the iteration (i) loop is initiated where the calculation steps are
as follows:

• Homogenize equivalent cross sections using the direct and adjoint flux, as
by using Eqs. (3.16), (3.23), (3.25), and (3.15)

• Solve the adjoint equations for the homogeneous system, updating the ad-
joint flux ψ†hom

• Check convergence |ρi−1 − ρi| < ερ

When convergence is achieved in reactivity, one last homogenization is made,
to make use of the last updated adjoint flux, and the equivalent homogeneous
cross section are saved.

Σghom =

∫
v
dV

∫
d2Ωψg

het
Σg

x,het
ψg†

hom∫
v
dV

∫
d2Ωψg

het
ψg†

hom

(
A† − F†

khom

)
ψ†
hom = 0

ψ†
het, khet

ψ†
hom, khom

khet − khom = 0

ψ†
hom

No

Yes

Done

?

(
A− F

khet

)
ψhet = 0

(
A† − F†

khet

)
ψ†
het = 0

Geometry

Compositions

XS LibraryECCO

ψhet, khet

Figure 3.2: Calculation scheme used for the equivalence procedure in the PARIS imple-
mentation.
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Figure 3.3: The Cartesian geometry used in the equivalence procedure

3.4.1 Numerical Stability Enhancement

The self-scattering is the most dominant reaction type in the control rod (see Sec.
3.5). When calculating the self-scattering cross section by Eq. (3.25), a minus sign
is present between two integrals. In some cases, this minus sign will give rise to a
negative (and unphysical) self-scattering cross section, and in the worst case, even
a negative total cross section. In addition to the unphysical results, this effect will
jeopardize the stability and convergence of the equivalence procedure.

In any implementation of the equivalence procedure, these negative self-
scattering cross sections need to be handled in some way in order to have a
stable procedure. In the ERANOS implementation, this was handled by a fix-up
that consisted of setting the self-scattering cross section to zero in case of negative
results from Eq. (3.25). This kind of fix-up is not uncommon, and will help the
procedure to yield results and converge. However, this fix-up might yield non-
reliable results in some cases. In case the fix-up is used in an intermediate iteration
(not the last homogenization), the next homogeneous system will be solved with
cross sections where in certain energy groups, the self scattering is zero. The new
homogeneous adjoint flux will for these groups be very high, causing in turn very
large self-scattering cross sections in the next iteration. Another source of this
behavior is in case the integral in (3.25) is positive but close to zero. These types
of behavior might give rise to an oscillating nature of some self-scattering cross
sections. The procedure may still converge in reactivity, but the cross section in
some energy groups might be fairly random, or zero (if the last homogenization
yielded negative self scattering cross sections). In the worst cases, these unphysi-
cal cross sections might even crash the neutronic solver, and no solution will be
obtained. An example of such oscillations can be seen in Fig. 3.4, for four energy
groups. In Fig. 3.4 both examples of instabilities can be seen, most commonly
with zero values (in most iterations), but also a small value for the self-scattering
cross-section at iteration 5 for the 40.2-67.9 eV and 22.6-40.2 eV energy groups.
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Figure 3.4: Oscillations seen in different iterations for four different energy groups, using
the ERANOS implementation with its fix-up.

In the PARIS implementation, another fix-up was introduced, where Eq. (3.25)
was modified to handle the negative self-scattering cross section, by using the
absolute value of the integral differences as:

Σg→g
s0,hom =
∫
V
dV Σg→g

sl (~r)
∣∣∣
∫

(4π)
d2Ωψg(~r, ~Ω)

∫
(4π)

d2Ωψ†g(~r, ~Ω)−
∫

(4π)
d2Ωψ†g(~r, ~Ω)ψg(~r, ~Ω)

∣∣∣
∫
V
dV
∣∣∣
∫

(4π)
d2Ωψg(~r, ~Ω)

∫
(4π)

d2Ωψ†g(~r, ~Ω)−
∫

(4π)
d2Ωψ†g(~r, ~Ω)ψg(~r, ~Ω)

∣∣∣
.

(3.27)

This fix-up will ensure that negative self scattering cross sections will never appear,
and prevent the integrals to end up with very small values.

To compare the two fix-ups, the final self-scattering cross section from the case
found in Fig. 3.4 and the result from the PARIS implementation with the fix-up
from Eq. (3.27), can be seen in Fig. 3.5. It should be noted that the largest value of
the ERANOS results (at 10−4 MeV) reaches 11 cm−1. It can be seen in Fig 3.5 that
for the ERANOS implementation in three energy groups, the self-scattering cross
section is zero, hence Eq. (3.25) yielded negative cross sections in three energy
groups in the last iteration. Below 2 · 10−4 MeV, none of the values are reliable,
and are entirely results of the ERANOS fix-up. With the new fix-up introduced
in the PARIS implementation (Eq. (3.27)), this behavior is no longer observed.
One can also notice that for high energies (above unit[10−2]MeV ), the fix-up in Eq.
(3.27) generates slightly higher self-scattering cross sections, compared with the
ERANOS implementation.

The impact of the absolute value in Eq. (3.27) is not investigated further, due to
the very uncommon cases in which the procedure can be used without any fix-up,
making an analysis of these impacts very difficult.
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Figure 3.5: Resulting self-scattering cross sections for the two different implementations.

3.5 The Classical Equivalence Procedure

As a basis in this work, the results from the classical equivalence procedure (radial
2D (X-Y) geometry) are used as a representation of how the procedure is used
classically. The classical equivalence procedure uses a model where a control rod
is radially surrounded by homogeneous fuel, as was seen in Figs. 3.1 and 3.3.

For the classical equivalence procedure, the resulting cross sections can be seen
in Fig. 3.6, where it can be observed that the main reaction is the self scattering,
and the sought capture is but a small part of the total cross section, even in low
energy regions. The reason for this can be seen in the corrective factors which are
defined as:

f =
Σequivalent

Σflux−volume
, (3.28)

where Σequivalent is the equivalent cross section, and Σflux−volume is the flux-volume
weighted cross section based on a homogeneous control rod description (Eq.
(3.2)). The corrective factors are used for tracking in which energy groups the
equivalence procedure has the largest impact. The corrective factors for the capture
cross sections, and the B4C capture cross section can be seen in Fig. 3.7, where the
difference from the flux-volume weighted cross sections are the largest for low
energies. This arises since the neutron flux and the adjoint flux are low in the B4C
pellets in the low energy groups.

In Chapter 6, this 2D (X-Y) model is used as a representation of how the
procedure is classically used. In Chapters 4 and 5, a model that is representative
of the studies made is used (a 1D model in Chapter 4, and a 2D (X-Z) model in
Chapter 5). The classically generated equivalent control rod cross sections in a fuel
environment are denoted TEXS (Traditional Equivalent Cross Section) throughout
the thesis.

In Chapters 5 and 6, only the PARIS implementation is used, always with
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the fix-up presented in Eq. (3.27), in order not to introduce differences from the
different neutronic solvers and fix-ups (as was observed in Fig. 3.5).

Figure 3.6: The resulting equivalent cross sections (total, capture, and self scattering), from
the classical 2D X-Y model with a fuel surrounding. The calculation was performed with
the PARIS implementation of the equivalence procedure.

Figure 3.7: Corrective factors for the equivalent capture cross sections (found in Fig. 3.6)
and the capture cross sections for the B4C pellets.
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CHAPTER 4

Spectral Impact on Cross Sections

This chapter describes the spectral shifts that occur in an SFR, and investigates the impact
that the spectral shifts have on the equivalent homogeneous control-rod cross sections.
This chapter is based on, and summarize Paper I, in which more details can be found.

4.1 Spectral Shifts

The SFR uses a fast neutron spectrum, as can be seen in Fig. 4.1. However,
the neutron spectrum is not uniform over the whole core. In a critical reactor,
the neutron spectrum has its main contribution from the Watt spectrum [47],
which is the spectrum with which neutrons were born (in the fission process).
The spectrum is then shaped depending on how the neutrons are scattered and
absorbed in different media.

The adjoint flux, also known as the neutron importance [32], describes the
usefulness of a neutron, i.e. whether it will be able to induce fission or not. As seen
in Fig. 4.1, in the fuel of an SFR, the spectrum of the neutron importance is largest
at high energies and at low energies, and correlates to where the neutron has the
highest probability to induce a fission in the fuel (See Fig. 2.2 for the fission cross-

Figure 4.1: The direct and adjoint flux in a typical SFR fuel assembly.
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section of Pu-239). In a non-fissile medium, the neutron importance will harden
with increasing distance from the fissile medium. This hardening is explained
by the fact that further away from the fissile medium, low energy neutrons have
much lower probability to scatter back into the fissile medium, compared with
high energy neutrons, which will have a larger probability to scatter into the fissile
medium, and thereby may cause a fission.

Since the equivalence procedure uses both the direct neutron flux and the
adjoint neutron flux to homogenize the control-rod cross sections (Sec 3.3), it is
important to know how spectral variations affect the homogenized control-rod
cross sections.

The main parameter determining the equivalent cross sections is of course
the control rod itself. However, this work focuses on the surrounding material
and the impact the environment surrounding the control rod absorber has on the
homogeneous equivalent control-rod cross sections. In the classical 2D equivalence
procedure, the control rod is surrounded by fuel (as seen in Fig. 3.1), hence the
important environmental parameters will be the fuel subassembly composition,
i.e. the plutonium content, and fuel/coolant ratio. In cases in which a non-fissile
medium surrounds the control rod, like the sodium plenum, the modeling is not
as simple with the classical 2D equivalence procedure, since no fissile material is
present and a neutron source is needed.

To enforce a spectral shift in the vicinity of a control rod, in order to study
the impact spectral shifts have on the equivalent control-rod cross sections, a 1D
model was used. In this simple model, a transition zone was introduced between
the fuel and the control rod, as can be seen in Fig. 4.2. By increasing the length
of the transition zone, the neutron spectrum experiences a stronger softening,
since more scattering events will take place before the neutrons reach the control
rod. Instead of varying the length of the transition zone, the composition can be
modified, and material dependencies can be investigated. These two mechanisms

Figure 4.2: Example 1D geometry of a control rod, with fuel sandwiching a transition
zone (Tz).
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cannot be studied totally independently, since when introducing a new material,
the volumetric ratios of the transition zone will change, and depending on the
cross sections of the new medium and its atomic weight (lethargy gain for neutrons
in each scattering event), a change in the softening effect will be seen. Therefore,
care has to be taken in order to distinguish these mechanisms.

4.2 Impact of Resonances

One of the mechanisms altering the neutron spectrum is obtained by adding a
medium, for which the isotopes have wide resonances. To determine the impact
the wide resonances have on the resulting equivalent control rod cross sections,
a 30 cm thick graphite transition zone was added. Graphite was chosen since its
cross sections do not vary significantly with energy, and do not contain any large
resonances, hence a uniform softening of the neutron spectrum will take place.
By introducing a small amount (5%) of a foreign isotope, containing one or two
wide resonances, the impact the resonance has on the resulting equivalent cross
sections can be studied. Four different isotopes were studied, and a summary of
their main resonances, and main usage in a SFR, can be found in Tab. 4.1.

Table 4.1: Isotopes tested, with their main resonances and where they can be found in a
SFR.

Isotope Resonance energy [MeV] Main usage

O-16 4.35 · 10−1

Oxide fuel and MgO reflector1.0
Na-23 2.8 · 10−3 Coolant

Mg-23 8.3 · 10−2

MgO reflector
2.57 · 10−3

Fe-56 2.8 · 10−2 Main isotope in stainless steel

Comparing the system with pure graphite in the transition zone and the sys-
tems where a small amount of foreign isotopes has been introduced into the
graphite, the difference in the neutron spectrum (at the boundary between the
transition zone and the control rod) can be seen in Fig. 4.3, and the difference
induced in the resulting equivalent total cross sections by the foreign isotopes can
be seen in Fig. 4.4.

As previously mentioned, the spectral changes have two main causes, the
slowing down effect and the wide resonances. In Fig. 4.3, the impact of the
resonances can clearly be seen for their respective energies, where the neutron
flux is reduced in the energy group containing the resonance. The slowing down
effect can be seen by looking at how the spectra harden. The spectral hardening
is dependent on the atomic weight of the scattering medium. Since all isotopes
tested (Tab. 4.1) are heavier than graphite (C-12), all spectra are shifted towards a
faster regime.
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Figure 4.3: Difference in neutron spectra in case of a graphite transition zone with small
amounts of single isotopes. The black vertical lines indicates the resonances.

In the difference in cross sections seen in Fig. 4.4, the resonance groups can
clearly be observed. However, the differences seen in cross section do not follow
the same sharp changes as the differences seen in the flux (Fig. 4.3). It can be
observed that the cross sections in the energy groups around the resonances also
show a substantial change, and in some cases a change as large or even larger than
the energy group containing the resonance. This is an effect of the usage of the
receiving group in the scattering cross section calculations (Eq. 3.23).

At the highest energy groups, a rapid change can be seen in Fig. 4.4. This is a
numerical effect, due to a very low flux level in the high energy group, and the
calculation of the cross sections will diverge (division by a small number). This
is an effect induced by the transition zone itself. With a lot of scattering in the
transition zone, very few neutrons with high energies will reach the control rod.

Figure 4.4: Errors induced in the total cross section, in case of a graphite transition zone
with small amounts of single isotopes. The black vertical lines indicate the resonances.
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This effect has to be treated carefully when dealing with materials situated far
from a fissile medium.

4.3 Impact of Spectral Softening

To determine the impact a softened neutron spectrum has on the equivalent cross
sections, a more realistic material was used, compared with the fictive graphite
mixtures used in Sec. 4.2. For this purpose, a fresh fertile UOX blanket (no
plutonium i.e. low amount of fission neutrons) was chosen as the composition
of the transition zone. By varying the length of the transition zone, the control
rod will experience different degrees of spectral softening. With four different
transition zone lengths: 0 cm (ref), 10 cm, 30 cm, and 50 cm. The neutron spectra at
the interface between the transition zone and the control rod can be seen in Fig.
4.5, and the difference in total cross section, compared with a system without a
transition zone (transition zone length of 0 cm), can be seen in Fig. 4.6.

Figure 4.5: Neutron spectra for different lengths of transition zone containing a fertile
blanket.

It can be seen in Fig. 4.5 that with each increase of the transition zone length,
the neutron spectra get softer and more distorted, due to the down-scattering of
neutrons and the reduced amount of fissions in the fertile material. For all spectra,
in two energy groups, the flux is more or less stable. By comparing Fig. 4.5 and 4.3,
it can be noted that these are the energy groups that contain the wide resonances
from Na-23 and Fe-56, which are both present in the fertile UOX blanket.

In the changes seen in equivalent cross sections (Fig. 4.6), two effects can be
seen: the transition zone length independent peaks in the 10−6 − 10−4 MeV region,
and the transition zone length dependent changes in the 10−2 − 1 MeV region.
The independent peaks in the low energy region are, as described in the previous
section (Sec. 4.2), caused by wide resonances, in this case from different uranium,
plutonium, and americium isotopes. The length-dependent changes, induced by
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the softening of the spectrum, represent a much slower process than the changes
induced by the resonances. After a 10 cm transition zone, the maximum change
is less than 2%, and after 30 cm, differences of 3-5% can be seen. The changes
induced between transition zone lengths of 30-50 cm are very small, indicating
that the effect of spectral softening reduces with distance.

Figure 4.6: Difference in total cross section for different lengths of transition zone contain-
ing a fertile blanket.
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CHAPTER 5

Characterization of Axial Regions

This chapter summarizes Paper II, in which more examples and details can be found.
The main goal of this chapter is to identify, by simple models, regions where the axial
heterogeneities found in the CFV core will affect the control rod. These results will help to
find quantitative approximations for the full core model.

5.1 Control Rod Environments

The CFV core consists of a number of different materials and material interfaces
(seen in Fig. 2.4), which the control rod will experience at different axial positions.
To distinguish between all these different environments, they can be divided into
three groups: radial environments, core interfaces, and axial control rod interfaces. The
radial environments and the core interfaces are fixed since they are part of the core,
and hence can be grouped as core environments. The axial control rod interfaces
are not stationary, and change with the control rod position.

In the CFV core used in this work, the main radial environments found in
Fig. 2.4 that the control rod will experience are: the two fissile zones, the inner
fertile blanket, and the gas and sodium plena. These environments have different
neutronic properties, where the fissile zones are highly absorbing with production
of fission neutrons, the fertile blanket is highly absorbing but with low fission
neutron production, and the plena, which are characterized by high scattering
and low absorption. These main radial environments can in turn be combined to
form a number of core interfaces, such as the interface between the fissile zone
and the fertile blanket. The axial control rod environments can be found at the
interfaces between the absorbing part and the structural part of the control rod,
as the follower and driver, and in the case of different B4C zones with different
boron-10 content within the absorber (see Fig. 2.4). The different environments
found in the CFV core are summarized in Tab. 5.1, together with the abbreviations
used in this thesis.

Since the control rod can be moved from its parking position, in the sodium
plenum, down to the fully inserted position, the absorber will experience all the
different core environments and interfaces listed in Tab. 5.1. In addition, the axial
control rod interfaces, when moved through the core, will experience different
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Table 5.1: The different environments found in the CFV core, with the abbreviations used.
When two abbreviations are given, the first letter determines the radial environment of
that segment.

Type Description Abbreviation
Radial Fissile f

Environment Plenum p
(E) Fertile blanket b

Core Interface Fissile/Fertile blanket f/b, b/f
(I) Fissile/Plenum f/p, p/f

Axial Absorber/Follower abs/follower
Control Rod Natural boron/48% Boron-10 na/48, 48/na

Interface 48% Boron-10/90% Boron-10 48/90, 90/48
(S) Absorber/Driver abs/driver

core environments depending on the control rod position. Thereby, combined
environments will emerge, which in turn are new unique environments for the
control rod. These combined environments will create a vast amount of different
environments and yield a unique neutron spectrum within the control rod for
each combination, thereby changing the equivalent homogeneous control-rod
cross sections. To reduce the amount of homogenizations needed to a manageable
amount, qualified approximations are needed.

In the previous chapter (Chapter 4), the impact a change in the spectrum
has on the equivalent cross section was investigated, with the abrupt response
from the wide resonances, and the more far reaching softening effect. For this
investigation, an axial 2D (X-Z) model is used, since the 1D model previously used
is not representative of the environments listed in Tab 5.1, and the range of impact
these environmental changes have cannot be assessed with such a simplified
model. With all the possible environments that emerge due to the combined
environments, all cases cannot be investigated in the same detail, and therefore, a
few representative models are chosen for further studies.

The first model used represents one of the axial control rod interfaces (the
follower/absorber interface) for which a correct modeling is of great importance,
especially during operating conditions, when the control rod is just slightly in-
serted into the core. A 60 cm model (axially), with reflective boundary conditions
on both at the top and the bottom (z = 0 cm, and z = 60 cm), is used, where the
control rod is placed between 30-60 cm with a follower below (0-30 cm); radially
(x-direction) the control rod and follower are surrounded by fuel solely.

To evaluate the core environments, a 150 cm model (axially) of the CFV core
(Fig. 2.4) was used, with a control rod extending through the whole core, with no
axial control rod interfaces. This kind of control rod is not realistic, but is used
to obtain a model independent of the axial control rod interfaces. At the top and
the bottom of the model (z = 0 cm, and z = 150 cm), a black boundary condition is
applied.
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5.2 Means of Characterization

To investigate where the reliability of the classical equivalence procedure can be
questioned, a number of methods can be used. Studying the neutron spectrum,
as was done in Chapter 4, will no longer be practical, because of the additional
dimension introduced. In this work, two characterization techniques were chosen:
spectral indicators by microscopic reaction rates, and change in homogeneous
reaction rates.

The spectral indicators used in this work is based on microscopic reaction rates
defined as:

σ̄ix =

∑
g σ

g
x,iφg∑
g φg

, (5.1)

where σ̄ix is the spectral indicator, σgx,i the microscopic cross section, i the isotope,
and x the reaction. Throughout this work, the spectral indicator used is the ratio
between the U-238 capture and U-235 fission rates:

IU238c
U235f =

σ̄U238
c

σ̄U235
f

. (5.2)

This spectral indicator was chosen since it is an indicator that increases with an
epithermal flux, and it can be measured in a reactor. In general, the used spectral
indicator will have its minimum values when surrounded by fuel, and with a
softer spectrum, it will increase. Worth noticing is that for a a thermal neutron
spectrum, this spectral indicator will decrease, since there are no resonances in
σc,U238 at thermal energies, while σf,U235 increases for thermal energies.

The typical SFR control rod (Fig. 3.1) can radially be divided into two regions,
the inner region, where the absorbing materials are located, and the outer region,
which contains sodium and the wrapper tubes. These two regions are quite
different from a neutronic point of view, where the inner region is characterized by
high absorption (and will affect the capture cross section in the homogenization),
and the outer is characterized by high scattering. The spectral indicator will yield
one value per mesh point, and by taking the mean value for each axial plane over
the inner and outer regions of the control rod, two axial distributions are obtained
and can thus be studied.

The homogeneous reaction rates are calculated as:

Rt =
∑

I⊂V

∑

g

Σg
homφ

I
g, (5.3)

where Σg
x,hom is the equivalent homogeneous cross sections. Presented in this

Chapter are the total reaction rates, calculated in each axial level, with two different
sets of cross sections: the environmentally corrected equivalent cross sections
(ECXS) and the TEXS. The TEXS are generated in a small X-Z model in a fuel
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environment, representing the results from Sec. 3.5. The ECXS are generated in
the previously described X-Z models, for each axial level. However, a stability
issue was found when homogenizing multiple axial levels at the same time. To
handle this issue, one axial level was homogenized at a time.

5.3 Interface Characteristics

5.3.1 Absorber/Follower Interface

The spectral indicators for the absorber/follower interface can be seen in Fig. 5.1,
where the left side (0-30 cm) represents the follower and the right side (30-60 cm)
represents the absorber.

Figure 5.1: The IU238c
U235f spectral indicators at the follower/absorber interface.

It can be seen that the spectral indicators are stable in the follower region, then
increase in close proximity to the absorber. The increase at the interface can be seen
as a hardening of the neutron spectrum, since the low energy neutrons will quickly
be absorbed in the B4C, hence leading to an increase of the spectral indicator. The
hardening continues within the absorber some distance from the follower, up to
20 cm from the interface.

The total reaction rates are presented in Fig. 5.2, where TEXS shows a constant
behavior throughout the absorber, even in the presence of a spectral shift at the
interface with the follower. With the ECXS on the other hand, a large effect close to
the interface can be seen, where the difference between the two is over 12%. The
main differences observed between the TEXS and the ECXS can be seen 10-15 cm
from the interface.
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Figure 5.2: The total reaction rates at the follower/absorber interface.

5.3.2 Core Environments

In Fig. 5.3, the axial distribution of the spectral indicators can be seen for the
core environments. The spectral indicators are varying all over the core, have a
smooth behavior, and the indicators for the inner and outer regions follow the
same pattern, except in the plena, where the indicators for the two regions differ.
It can be seen that the lower fissile zone (30-55 cm) does not, even in the center,
reach the same spectral hardness as the upper fissile zone (75-110 cm). This effect
is explained by the farther reaching of the slowing down effect (see Sec. 4.3),
combined with the fact that the upper fissile zone is 10 cm higher than the lower
fissile zone. However, the impact of the interfaces cannot easily be determined
just by the spectral indicators themselves. In order to clearly expose the spectral
changes close to the interface, the derivative of the spectral indicators has to be
studied. This is presented in Fig. 5.4.

Figure 5.3: The IU238c
U235f spectral indicators for the core environments.

37



Chapter 5: Characterization of Axial Regions

In the derivative of the spectral indicators, irregularities are observed around
each environment interface. Since these irregularities are the product of both
the slowing down and the resonance effect (Sec. 4.2), the exact impact of each
respective contribution is difficult to determine. However, these irregularities are
sufficient to determine the range of the main (short range) spectral impact around
the core interfaces. At the fissile/fertile interfaces (at 30 cm, 55 cm, and 75 cm),
the irregularities have a range of about 5 cm on both sides of the interface, with
a slightly farther reach for the inner region. The spectral shift occurs outside the
control rod, and will therefore affect the outer region first hand. The inner region
will experience the spectral shift from the environment after yet another spectral
shift in the outer region, hence the farther reach can be seen as a second order
effect.

Figure 5.4: The derivative of the spectral indicators ∂
∂z I

U238c
U235f for the core environments.

The total reaction rates can be seen in Fig. 5.5, presented for the homogeneous
system, calculated with TEXS, ECXS, and the difference between the two. Within
the fuel zones, an offset can be seen between the two results, slightly larger
in the lower fissile zone. In the upper fissile zone (most representative of the
classical procedure), the discrepancy increases close to the interface. Similarly
to the irregularities in the derivative of the spectral indicators (see Fig. 5.4), the
range of these discrepancies is of about 5 cm from the material interfaces. As can
be expected, in all non-fuel zones, the discrepancies increase.
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Figure 5.5: Total reaction rate for the core environments.

5.4 Remarks

The main discrepancies between the TEXS and the ECXS could be seen at the
follower/absorber interface, not in any core environment. This effect can be
explained by the location of the material interface. When the environment changes
outside the control rod (i.e. the core environments), the neutron spectrum will
change for the outer absorbing pins. However, the inner pins will be somewhat
shielded from the spectral change by the outer pins, hence being less susceptible
to the spectral change in an exterior environment. If the material change occurs
internally instead, a part of this shielding effect of the inner pins disappears, where
the worst case is for the follower/absorber interface, where the inner pins are
directly connected to the low absorbing follower. Therefore, a much larger effect is
seen for the internal control rod interfaces, compared with the core environments.
Similar effects are to be expected at the driver/absorber interface (see Fig. 2.4).

For the core environments, the main impact of the spectral shifts could be
found in the first 5 cm from an interface. Since the spectral change occurs at first
hand close to the outer part of the control rod, the range of 5 cm is very similar to
the mean free path of neutrons in the outer part (5.4 cm).

The offset seen in the reaction rates (Figs. 5.2 and 5.5) can have multiple
explanations, including the approach of homogenizing one axial level at a time.
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CHAPTER 6

Impact on Core Parameters

This chapter describes the impact the spectral shifts have on important control rod related
core parameters, through the homogenization of the control rods. This chapter is based on
and summarizes Papers III & IV, and only covers the most important results.

6.1 Control Rod Related Parameters

The control rods in the CFV core represent the only mechanism used for reactivity
control, shut down, and power shaping. For the safety assessments of a core, the
shut down margin has to be predicted accurately, so that a safe shut down can be
assured during different scenarios. Thus, the reactivity effect of the control rod
(the CRW) is the most vital of the control rod related parameters. The reactivity
will be presented in $ which is defined in $ = ρ/β. For the Superphénix reactor, for
which the classical equivalence procedure was experimentally tested, the error
found in the CRW was ±5% [12], the same error margin is set for the CFV core.
The CRW is calculated as:

CRW = ρj − ρref , (6.1)

where ρj is the reactivity at control rod position j, and ρref is a reference reactivity.
Usually, ρref is taken at the parking position of the control rods, but since the error
is sought for all positions, the reference position used in this thesis is when the
control rods are withdrawn past the upper protection (see Fig. 2.4), hence the core
will only experience the follower.

Another important reactivity parameter is the SVRE. Since the CFV core is
designed to have a negative SVRE, as described in Sec. 2.2.1, the effect the control
rod cross sections has on the SVRE is studied and is calculated as:

SV RE = ρvoided − ρnominal. (6.2)

Besides the reactivity effects, different reaction rates are important for different
types of subassemblies. For the B4C control rods, the capture rate (the (n,α) reac-
tion) is the most important reaction rate, since it determines the boron depletion
and the swelling of the B4C, hence its lifetime (see Sec. 2.3). The equivalence proce-
dure is however not constructed to preserve the reaction rates (as the flux-volume
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weighted cross sections are), but is still important to study. In the fuel subassem-
blies the fission rate is most important, since this determines the power output
as well as the burnup of the fuel. The fuel subassemblies that are neighboring a
control rod will be affected by the control rod cross sections. Hence, it is of interest
to study the impact of the control rod cross section on the fission rate (or power).

6.2 Control Rod Partitioning

With the minimum 5 cm range of the largest spectral impact on the cross section,
found in Chapter 5, the 80 cm control rod absorber is divided into eight 10 cm
segments, to be able to take all interfaces into account. Based on the results from
Chapter 5 the following approximations and assumptions are made:

• In the sodium plenum, the cross sections are assumed not to change farther
than 10 cm away from the fissile zone, and the same cross section set is used
for all control-rod segments situated in the plenum. This is also done to
avoid the numerical effects at high energies seen in Sec. 4.2, when modeling
regions far from a fissile material.

• When a segment is farther away than 5 cm from an interface, the effect of
that interface is neglected.

• The effect of the combined environments (eg. axial control rod interface
situated at an interface between two core environments) is assumed to act in
the same range as in the individual cases.

• When no axial control rod interface is present (as for the follower/absor-
ber), the fissile/fertile interfaces will be treated in the same way.

To investigate the impact the ECXS have on the different core parameters, an
S-curve is calculated. An S-curve is defined as the reactivity worth the control rod
has in different axial positions. For the S-curve calculation, the whole control rod
bank is moved stepwise from the parking position to fully inserted. In this work, a
total of eleven different control rod positions have been used, between 210 cm and
120 cm, to form the S-curve. To reduce the number of homogenizations needed,
only the CSD rods are studied. However, the results obtained for the CSD rods are
transferable to the DSD rods. For a fully inserted control rod, the environments
can be seen in Fig. 6.1. Since the axial control rod interfaces move through the core,
a number of different environments will arise. For the whole S-curve calculation,
27 unique sets of cross sections are needed (for the CSD rods), which have to be
calculated twice, once for the nominal core and one for the voided core, ultimately
ending up to 54 unique sets of control rod cross sections.
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Figure 6.1: Partitioning of a fully inserted control rod. The nomenclature can be found in
Tab. 5.1

6.2.1 Control Rod Homogenization

The cross sections in a fuel environment Ef , are calculated with the classical 2D
equivalence procedure (see Sec. 3.5), while the rest are generated using the 3D
implementation of the equivalence procedure (see Sec. 3.4). All 3D models have a
size of 20 cm in the X-Y plane, and 60 cm in the axial Z direction. All boundary
conditions are reflective, except when a sodium plenum is present in the model, in
which a black boundary condition is applied at z=60 cm.

An example of a geometry used for control rod homogenization can be seen
in Fig. 6.2, where the follower/absorber interface is modeled at the interface
between the fuel and the fertile blanket. In all cross section generations, the PARIS
implementation of the equivalence procedure was used (see Sec. 3.4) with the
same fix-ups applied, as discussed in Sec. 3.4.1. As was also discussed in Sec. 5.2,
only one region could be homogenized at a time due to some stability problems.
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Figure 6.2: Geometry of a control rod at the follower/absorber interface, at the core
interface between the fissile zone and the fertile blanket. The axial arrangement can be
seen in a), the different radial representations for the different axial zones in b), c) and d).

6.3 Calculation Route

The presented results use most of the computational tools presented in Sec. 3.2.
The equivalent cross sections are prepared with the PARIS code, as described in
Sec. 3.4. These cross sections are later used in the VARIANT solver (within the
ERANOS code package), for the core calculation. As a reference, a T4 model of the
core was used, which was calculated for each control rod position, both for the
nominal and voided cores (see Sec. 6.3.1).

For the nominal case, two sets of cross sections are compared, the 2D generated
TEXS, and the 3D generated ECXS.

For the voided case, it is assumed that the entire active core is voided (fuel
zones, inner fertile blanket and the sodium plenum), and three sets of cross sections
are compared, the TEXS, the 3D ECXS in a nominal environment, and the 3D ECXS
in the voided environments (ECXSvoid). In all these cases, the sodium is present
within the control rod, which is a standard assumption for voided calculations in
a SFR.

In order to combine these to evaluate the SVRE, three combinations were used:
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• The original procedure, where the TEXS is used for both nominal and voided
cases, denoted TEXS/TEXS. The voided environment is not taken into ac-
count.

• The axial heterogeneities are taken into account using the ECXS for both
nominal and voided cases, denoted ECXS/ECXS. As in the original procedure,
the voided environments are not handled.

• The correct environments are used, where the ECXS are utilized for the
nominal case and the ECXSvoid for the voided case. This case is referred to as
ECXS/ECXSvoid.

6.3.1 The TRIPOLI-4 R© Reference Model

Since no experimental data are available for a CFV type core, a Monte Carlo model
was used as a reference case.

The T4 model uses a heterogeneous description of all the fissile and fertile parts
of the fuel subassemblies, as well as the absorbing part of the control rods. The
rest of the subassemblies (as reflectors, plena and protection) are homogeneously
described, since no structural data for these regions were used in the deterministic
approach.

To be able to compare the T4 and VARIANT results, the tallies used in T4 were
set to be the same as for the computational mesh in VARIANT, and all reaction
rates and fluxes were normalized to power (1500 MW). All T4 calculations were
performed with 5 · 108 neutron histories.

6.4 Reactivity Effects

The two T4 reference S-curves and their differential CRW, for the nominal and the
voided cores can be seen in Fig. 6.3. From Fig. 6.3, the efficiency of the control
rods is shifted downwards in the core in the voided case, because of the increased
leakage through the plenum. However, the total CRW is not notably affected by
the voided core.

The difference in reactivity for each control rod position in the nominal case
can be seen in Fig. 6.4, and for the voided case in Fig. 6.5. In both cases a similar
trend can be seen for the TEXS, where a good agreement can be found for the fully
withdrawn (210 cm) and fully inserted positions (120 cm). However, when the
control rod is slightly inserted around operating positions (180 cm and 190 cm), the
maximum discrepancy for the TEXS are found. For the nominal case the maximum
error is 4%, but for the voided case the error is over 10%. With the ECXS the effect
is damped for both cases at the most exposed positions, and the induced error is
reduced. In the voided case (Fig. 6.5), the ECXS reduces the discrepancy, at the
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Figure 6.3: The T4 reference S-curve, for both the nominal and voided cases.

worst position (190 cm) to below 6%. Moreover, with ECXSvoid the discrepancy
is reduced to below 3.5%. It can be seen that the main difference between ECXS
and ECXSvoid, can be found for control rods slightly inserted into the core, where
a majority of the control rod absorber is still in the plenum. With the main bulk
of the absorber inserted into the core, only a small difference can be seen. This is
because the main difference in material composition can be found in the plenum
between the voided and nominal conditions, not in the fuel region.

For both ECXS and ECXSvoid (i.e. for both nominal and voided conditions), a
large discrepancy can be found at positions within the sodium plenum (210 cm),
and this effect will be discussed in more detail in Sec. 6.4.2. However, excluding
the 210 cm position, with the fully environmental description for the two cases, the
error found never exceeds ±2.5% in the nominal case and ±3.5% for the voided
case.

Figure 6.4: Difference in reactivity in the S-curve for the nominal case.
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Figure 6.5: Difference in reactivity in the S-curve for the voided case.

6.4.1 Reactivity Effect of Individual Environments

By breaking down the ECXS into the separate environments, the impact of the
different interfaces can be studied. For this purpose, two different control rod
positions (for the nominal case) are chosen, at 180 cm and at 120 cm, respecively.
The individual contributions of the different ECXS can be found in Tab. 6.1, where
it can be seen that the main contributors to the difference between the TEXS
and the ECXS are the axial control rod interfaces, such as the follower absorber
interface (at the 180 cm position), and different boron enrichment interfaces (for
the 120 cm position). In comparison, the core environments have a small impact
on the full ECXS effect. The smallest effect is seen for the fertile blanket, even
though the calculations were performed BOL conditions, where the fertile blanket
contains no plutonium, thereby enhancing the difference between the fertile and
fissile compositions.

Table 6.1: Individual contributions of the ECXS, presented as difference in CRW from the
T4 reference.

XS set ∆CRW
CRW

[%]
Control Rod Position 180 cm 120 cm

T4 -5.13 $ (ref) -11 $ (ref)
TEXS -4.1 -0.02

Absorber/Follower -1.1 0.1
Plenum -5.1 -

Fertile blanket - -0.2
Enrichment interfaces - -2.1

Full ECXS -2.1 -2.3
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6.4.2 Fine Partitioning of the Follower/Absorber Interface

The largest discrepancies found in Sec. 6.4 for the ECXS appear at the top of the
core (210 cm). At this control rod position, the absorber is not connected to the
fissile zones, and the follower/absorber interface will have the largest impact on
the reactivity, hence the modeling of these interfaces will play a large role. As
found in Sec. 5.3.1, a large change could be seen for the first 10 cm of the absorber.
To take the large changes seen into account, a separate model was used, where
instead of the 10 cm segment size of the Cnat

1 (see Fig. 6.1), a 2.5 cm partitioning
was used. The 3D equivalence procedure was then applied to generate ECXS for
these segments.

The investigation was conducted at the 210 cm position, where the discrepancy
was the largest for the 3D generated cross sections. The difference in CRW from
the T4 reference, for the TEXS and the ECXS with both the 10 cm or the 2.5 cm
partitioning, can be seen in Tab. 6.2.

Table 6.2: Error in reactivity at the 210 cm control rod position.

Cross section set δ CRW [%]
TEXS 1.5

ECXS (10 cm) 5.8
ECXS (2.5 cm) 1.7

By reducing the mesh size of the follower/absorber interface, taking the large
spectral gradient found into account(Sec. 5.3.1), the error in CRW for the control
rod situated in the sodium plenum is greatly reduced.

It should be noted that when reducing the partitioning size, the effect of the
approach of homogenizing one region at a time will increase, and additional
errors will be introduced. However, this example shows the significance of the
partitioning size at this exceptional environment.

6.4.3 Sodium Void Reactivity Effect

The SVRE (Eq. (6.2)) for the reference case and the three investigated cases can
be seen in Fig. 6.6, where a large discrepancy of 1 $ can be found between the
reference and the three deterministic cases. This was studied in [48], and was
found to be caused by errors in the leakage modeling through the sodium plenum.
However, the difference between the three deterministic approaches is small, with
a maximum difference of 3% (0.09 $).

A much larger effect in SVRE can be seen for the control rod position, where the
difference in SVRE between different control rod positions is more than 1 $. The
lowest SVRE is found for a control rod inserted through the entire upper fuel zone,
and can be considered as a shielding effect. When the control rods are slightly
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inserted into the core, the neutron flux is pushed downwards into the core, hence
reducing the leakage through the sodium plenum (which is the largest source of
leakage for the voided core), and thereby reducing the SVRE.

Figure 6.6: The SVRE for the reference and the cases obtained with the three different
cross section sets.

6.5 Impact on Reaction Rate

For the nominal case at the 180 cm control rod position, the capture rates in one
of the central control rods can be seen in Fig. 6.7. As indicated in Sec. 5.3.1,
the classical equivalence procedure is not able to capture the steep gradient in
the absorber close to the follower. With the ECXS, this effect is more accurately
predicted (despite the coarse partitioning). However, in the rest of the absorber,
the capture rates are underpredicted.

A disadvantage with the ECXS can also be seen in Fig. 6.7, with discontinuities
at the boundaries between the different segments. This is an effect arising from
assigning different cross sections (for the same material) to the different segments,
which are larger than the calculation mesh.

The difference from the T4 reference in the linear power rate (directly connected
to the fission rate) for the two sets of cross sections can be seen in Fig. 6.8, with the
standard deviation from the T4 results (2σT4) gvein for comparison. It can be seen
that, at this control rod position, the linear power rate is slightly reduced with the
3D generated equivalent cross sections, because of the higher capture seen in Fig.
6.7. However, both cases show results within the 2σT4 statistical error of the T4
results.
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Figure 6.7: Capture rates in a control rod, at critical insertion (180 cm), in the nominal case.

Figure 6.8: Error in Linear Power rate, at critical insertion (180 cm), in the nominal case,
for a fuel subassembly adjacent to a control rod.
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CHAPTER 7

Summary and Future Work

This final chapter summarizes the results found, as well as highlight some problems found.
Most importantly, this chapter contains possible further studies that will bring this field
forward.

7.1 Summary

In any type of nuclear reactor, reliable computational tools are needed to be able
to predict the core performance, and to perform safety assessments for postulated
accident scenarios. In previously built SFRs, the control rod worth was greatly
overpredicted, and new computational tools and procedures were needed. In
the innovative new designs of fast reactor systems, like the CFV core, a number
of different axial zones are utilized to increase the inherent safety features. With
the axial heterogeneities found in the CFV core, the performance of the previous
procedures for control rod homogenization, is questionable.

To assess how different environments affect the control rod, a series of studies
were performed, ranging from simple 1D models to full 3D core models.

7.1.1 Impact of Environmental Differences

A simple 1D model was used to understand how the spectral shifts affect the
control rod and the homogenization scheme used. It was found that two different
effects had to be regarded: the short range effect of wide resonances, and the more
long range effect of the softening of the neutron spectrum.

To identify the regions where these effects were the greatest, some representa-
tive CFV environments were investigated in a 2D model. The largest effects could
be found at the interfaces inside the control rod, such as the follower/absorber in-
terface. When the environment changed outside the control rod, a smaller impact
was seen, where the main differences could be found at the transition between dif-
ferent materials, and in the sodium plenum. The main changes around a material
interface could be localized within 0-5 cm from any interfaces, with some smaller
effects seen 5-10 cm from the interface.
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Assessing the impact the different control rod cross sections (induced by spec-
tral shifts) have in a CFV core, some of the main core parameters connected to
the control rods were investigated. This was done by comparing the classical 2D
procedure and a new 3D procedure for control rod homogenization, with a Monte
Carlo reference. The equivalence procedure was implemented in 3D so that the
different axial interfaces could be modeled while homogenizing the control rod.

Compared with a Monte Carlo reference for a core at nominal conditions, the
classical equivalence procedure could recreate the CRW within the requested 5%
error margin, with a maximum error margin of 4%. However, at certain control rod
positions in a voided core, the results were not within the required error margin,
where errors of up to 11% were found for the classical equivalence procedure.
With the 3D equivalence procedure, the errors could be reduced to 2.5% for the
nominal case and 3.5% for the voided case. Both procedures were within, or close
to, the statistical error from the Monte Carlo reference, when considering the linear
power of a fuel assembly next to the control rod.

The SVRE was not greatly affected by the control rod cross sections. However,
the control rod position could make a large difference, hence care has to be taken
when defining the SVRE, if the SVRE is to be calculated at the most probable
control rod position (fully inserted), or at the worst position (half-way inserted).

7.1.2 Disadvantages & Complications

With the equivalence procedure in general, a disadvantage can be connected to
the need for fix-ups to make the procedure stable. With most fix-ups, changing
the integrals or values of the calculated cross sections, the reactivity equivalence
will be broken, and complete reactivity equivalence will not be obtained.

A couple of disadvantages with the newly implemented 3D equivalence pro-
cedure can be found, connected to the needed axial discretization. If a coarse
partitioning is chosen, discontinuities will arise at the boundaries between differ-
ent segments. If instead a fine partitioning is used, a large amount of cross section
sets are needed, which in turn will increase the computing power needed for the
homogenization.

With a finer partitioning, the question arises how much impact only homoge-
nizing one segment at a time will have on the homogeneous cross sections. This
approach was used because of instabilities in the implemented equivalence pro-
cedure, while homogenizing multiple regions at the same time. Unfortunately,
the cause of this instability could not be identified, hence the full extent of the
impact the ”one region at a time” approach has on the equivalent cross sections
could not be assessed. If the cause of these instabilities could be determined, the
computational time could be reduced drastically, and a finer partitioning would
become more feasible (since multiple ECXS can be generated in each calculation).
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7.2 Conclusions

In this thesis, a number of spectral shifts a control rod can experience were studied.
These spectral shifts arise at different positions in a CFV-type core, because of the
different environments. With the spectral shifts, the equivalent control rod cross
sections change, and thereby affect the core parameters.

The core environments separate from the fissile environment (fertile and
sodium plenum) showed a small effect on the core parameters, and the classical 2D
equivalence procedure yields reliable results at nominal conditions. The only core
environment that presented a challenge for the 2D procedure was for control rods
situated in a voided plenum, and in such cases 3D modeling is recommended.

The largest environmental impacts were found at the axial control rod inter-
faces, such as the interface between the follower and the absorbing part of the
control rod, which is poorly represented by the traditional 2D (X-Y) equivalence
procedure, and a more detailed 3D modeling is advisable.

For other fast reactor concepts, analogous behaviors are to be expected, espe-
cially at the axial control rod interfaces, although to a different extent depending
on the materials used. However, with new core environments (different reflec-
tive materials or blankets) different from the investigated environments, similar
studies have to be conducted, especially for materials that cause a large softening
effect on the neutron spectrum.

The presence of the effects investigated in this thesis are independent of the
homogenization scheme used. However, the performance will not be the same for
other homogenization techniques such as the superhomogenization technique.

7.3 Outlook

There are a number of possible ways to proceed with the topic of control rod
modeling in fast reactor systems, and the most important suggestions, identified
in this work, are listed below:

• Reference experiments are recommended, especially regarding the follower/
absorber interface, and other material transitions within the control rod, such
as transition zones between different boron-10 enrichment.

• A more detailed model of the follower/absorber interface might be required.
In this work, the most simple homogeneous model was used. Since the
follower/absorber interface is very exposed during operating conditions,
the actual steel structure below the absorber will make a difference. This
includes the modeling and the cross sections of the follower close to the
absorber.
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• For a full evaluation of the 3D procedure, a burnup model (similar to [23])
should be implemented. This should be done with a heterogeneous model,
to take into account the shielding effect the outer absorbing pins have on the
inner pins, as well as the lack of shielding effect at the follower/absorber
interface. This would allow for a better life time assessment of the control
rod, and for predicting more accurate conditions during EOC and at the
most exposed parts of the absorber.

• To be able to use a 3D homogenization scheme, resolving the constraint
of only homogenizing one region at the time is crucial. It would be of
importance to be able to study the effect of a smaller partitioning, as well as
the impact the ”one region at a time” approach used in this work has. To be
noted, the root of this problem might be (neutronic) solver sensitive, as well
as the procedure itself.

• In this work, only one homogenization procedure was used, having its
disadvantages (Sec. 7.1.2). Hence investigating the performance of superho-
mogenization in 3D would be of interest, especially for the axial control rod
interfaces.
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