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Résumé

Résumeé

Le 21°™ siécle a vu le boom économique de pays comme la Chine, I'Inde et le Brésil et doit faire face au
réchauffement climatique qui menace I'écosystéme et les populations cotiéres. L'énergie nucléaire est
I'une des plus propres en matiére d'émission de gaz a effet de serre et, malgré ses atouts, n'est développée
que dans quelques pays du monde. La sreté reste une question ouverte pour l'avenir de cette énergie
aprés l'accident de Fukushima. En France, la loi de 2006 sur la gestion des déchets soutient le
développement d'une nouvelle génération de réacteurs nucléaires et du prototype de Réacteur
Technologiquement Avancé au Sodium pour la Démonstration Industrielle (projet ASTRID) qui vise a
apporter une réponse industrielle et technologique a de nombreux enjeux de ce siecle. En effet, cette
nouvelle génération doit étre économiquement compétitive, transmuter les déchets radioactifs, faciliter la
gestion du combustible en utilisant tout le minerai d'uranium et obtenir des normes de s(reté identiques
ou supérieures a celles des réacteurs les plus récents, c'est-a-dire EPR.

L'une des préoccupations de la technologie du Réacteur a Neutrons Rapides et caloporteur sodium (RNR
Na) est la perte de ce dernier car elle pourrait entrainer un emballement de la réaction en chaine si I'effet
en réactivité de vidange sodium (SVRE) est positif. Lorsque le sodium est retiré du cceur, deux effets
antagonistes se produisent qui affectent I'équilibre neutronique: I'un augmente la réactivité du cceur et est
appelé la composante centrale (CC) et l'autre est la composante de fuite (LC) avec un effet négatif sur la
réactivité. Maximiser la derniére composante est I'une des réponses pour augmenter la slreté inhérente
aux RNR-Na. C'est pourquoi le CEA a développé un concept de cceur innovant: le «Ceeur a Faible
Vidange» (CFV) qui donne un SVRE négatif. Cependant, de telles innovations doivent étre validées
expérimentalement et l'incertitude sur cet effet en réactivité doit étre maitrisée. En soutien au
développement des RNR Na : la base de données expérimentale existante est assez importante avec, par
exemple, dans les installations expérimentales de MASURCA au CEA de Cadarache (France), les
programmes expérimentaux PRE-RACINE et CIRANO avec de nombreuses configurations différentes.
De plus, dans l'installation expérimentale BFS a Obninsk (Russie), deux programmes expérimentaux
dédiés aux spécificités du coeur CFV ont été réalisés en collaboration entre le CEA.

L'objectif de cette thése est de maitriser les différentes sources d'incertitudes dans le calcul de l'effet de
réactivité de vidange sodium et d'utiliser les expériences intégrales pour prédire l'effet de réactivité de
vidange sodium du cceur CFV d'ASTRID ainsi que son incertitude.

Dans les différents programmes expérimentaux considérés, l'effet en réactivité de vidange sodium
(SVRE) est mesuré pour des zones de tailles différentes afin de faire varier lI'importance relative des
composantes centrales et de fuites. Les réglettes ou les plaquettes de sodium sont remplacées
progressivement par des réglettes ou des plaquettes vides. La réactivité est mesurée par la position de la
barre de pilotage et/ou par l'ajout d'assemblages périphériques. Une chute de barre et l'utilisation de
I'équation de Nordheim assurent I'étalonnage de la réactivité. Cette réactivité est mesurée sur une échelle
en Besr qui est la fraction neutronique retardée du cceur. Une nouvelle analyse des Begr mesurés dans le
programme BERENICE (dans I'installation MASURCA) a donc été faite en utilisant le code Monte Carlo
TRIPOLI4® avec la méthode de probabilité de fission (IFP) nouvellement développée pour le calcul des
intégrales. Ces intégrales ont été utilisées pour réévaluer la valeur calculée mais également les corrections
calculées des valeurs mesurées. Le code TRIPOLI-4® donne du crédit aux codes déterministes tels que
ERANOS pour le calcul de B Cependant, I'atout de TRIPOLI-4® est la possibilité d'obtenir une
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meilleure représentation des cceurs expérimentaux, en particulier le cceur expérimental ZONA2 qui
présente de larges canaux expérimentaux pour I'hébergement de grandes chambres a fission. Pour JEFF-
3.2, les ratios C/E revisités sont de 1,2% * 3,6% pour le cceur ZONAZ lors de I'utilisation de la technique
de mesure du bruit. La propagation de l'incertitude des données nucléaires a conduit a une incertitude de
2,6% pour le cceur U-Pu, les principaux contributeurs étant le rendement de fission de neutrons retardés et
la section efficace de fission des valeurs U238. Ceci permet de revisiter plus précisément les expériences
dédiées aux mesures de réactivité de vidange sodium.

Pour analyser l'effet en réactivité des vidanges sodium, nous le séparons en deux composantes: la
composante centrale (CC) qui est un effet en réactivité positif dd aux changements de spectre et la
composante de fuite (LC) qui est un effet en réactivité négatif di & I’augmentation du libre parcours
moyen des neutrons. Afin d'étudier en détail I'incertitude associée au calcul du SVRE, on a développé une
procédure innovante basée sur la théorie des perturbations généralisées pour calculer les sensibilités de la
CC et de la LC indépendamment. Avec de telles sensibilités et I'utilisation de la matrice de covariance
COMAC-V2, nous sommes capables de calculer les incertitudes dues aux données nucléaires sur chaque
composante en utilisant des données nucléaires JEFF-3.2. L’utilisation de cette méthode sur le ceeur CFV
d’ASTRID montre une incertitude de 2,6% sur la CC, une incertitude de 2,0% sur la LC et un effet de
18% sur la réactivité totale du vide de sodium avec trés peu de corrélation entre les deux (—0,002).

Cette approche a permis d'étudier des programmes expérimentaux réalisés dans des installations critiques
comme MASURCA. L'analyse indépendante de chaque composante (CC et LC) de la SVRE a été
développée dans le cadre de ce travail de thése. L'utilisation d'une approche déterministe et stochastique
est obligatoire car méme si le code Monte-Carlo TRIPOLI-4® donne des résultats de référence en utilisant
les géométries «exactes » des cceurs, la perturbation généralisée n'a pas encore été implémentée dans ce
code. Le code déterministe ERANOS du CEA est donc utilisé en complément pour le calcul des
sensibilités et incertitudes sur ’effet de vidange global mais aussi sur la composante centrale (CC) et la
composante de fuites (LC).

Une fois les simulations effectuées pour chaque configuration des divers programmes expérimentaux, il
est possible d’évaluer la représentativité de différents programmes expérimentaux avec le cceur CFV
d’ASTRID mais aussi d'ajuster les résultats d'ERANQOS et de TRIPOLI-4® avec I’expérience grice a un
jeu de parameétre (a,B) et d’obtenir des incertitudes sur ces paramétres. Ce travail a été conduit pour
I’ensemble des programmes expérimentaux considérés et a montré que les résultats de TRIPOLI-4®
surestiment la composante centrale des zones combustibles lorsqu’elles sont vidangées de 11,3% et aussi
la composante de fuites lorsque le plenum sodium est vidangé de 6%. Ces écarts ne sont pas cohérents
lorsque 1’on regarde les incertitudes expérimentales et statistiques & 1o (qui sont respectivement pour la
CC et la LC de 4,8% en zone combustible et de 1,8% en zone plenum) et aussi celles dues aux données
nucléaires qui sont de 3,1% sur la CC et de 2,1% sur la LC. On suspecte une sous-estimation des
incertitudes sur les données nucléaires en particulier pour le sodium avec COMAC-V2.



Abstract

Abstract

The 21* century has seen the economic boom of countries like China, India and Brazil and has to face a
new issue: the global warming which is threatening the ecosystem and coastal population. The nuclear
energy is one of the cleanest energy with respect to greenhouse gas emissions and despite its assets is only
developed in few countries in the world. Safety remains an open issue for the future of this energy after
the Fukushima accident’. In France the 2006 act on the waste management ensures the development of a
new generation of nuclear reactors and has lead to the Advanced Sodium Technology Reactor for
Industrial Demonstration (ASTRID) which aims at bringing an industrial and technological advanced
answer to many issues of this century. Indeed this new generation has to: be economically competitive,
burn radioactive waste, make the material management easier by using the whole uranium ore as fuel and
get the same or higher safety standards than most recent reactors i.e. EPR...

One of the concerns in the sodium cooled fast reactor (SFR) technology is the loss of sodium coolant
accident because it might lead to a snowball effect in the chain reaction if the sodium void reactivity
effect (SVRE) is positive. When the sodium is removed from the core, two antagonistic effects arise that
affect the neutron balance: one increases the reactivity of the core and is called the central component
(CC) and the other is the leakage component (LC) with a negative feedback on the reactivity. Maximizing
the last component is one of the answer to increase the inherent safety of the SFRs. That is why the CEA
has developed an innovative core design: the “Cceur & Faible Vidange” (CFV : Core with low void effect)
which exhibits a negative SVRE. However, such innovations have to be experimentally validated and the
uncertainty on this reactivity effect has to be mastered. In support of SFRs the existing experimental data
base is quite large with for instance, in the MASURCA experimental facility at CEA Cadarache (France),
the PRE-RACINE and the CIRANO experimental programmes with many different voided
configurations. Furthermore, in the BFS experimental at Obninsk (Russia) two dedicated experimental
programmes have been done in collaboration between the CEA and IPPE in support to the specificities of
the CFV core.

The objective of this PhD thesis is to master the different sources of uncertainties in calculating the
sodium void reactivity effect and use the integral experiments to predict the sodium void reactivity effect
of the CFV core of ASTRID as well as its uncertainty.

In the various experimental programmes considered, the sodium void reactivity effect (SVRE) is
measured for zones of different sizes in order to vary the relative importance of central and leakage
components. The sodium rodlets or platelets are substituted step by step by voided rodlets or platelets.
Reactivity is measured by the position of shim rod or/and the addition of peripheral assemblies. A rod
drop and the use of the Nordheim equation insure calibration of the reactivity. This reactivity is measured
on a Besr scale which is the delayed neutron fraction of the core. A new analysis of B¢ measured in the
BERENICE programme (in the MASURCA facility) has been made using the TRIPOLI4® Monte Carlo
with the newly Iterated Fission Probability (IFP) method for calculating integrals. These integrals have
been used for reassessing the calculated value but also the calculated corrections of the measured values.
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The TRIPOLI-4® code gives credit to deterministic codes such as ERANQOS for calculating B.¢r. However,
the asset of TRIPOLI-4® is the possibility to get a better representation of experimental cores, especially
the ZONA2 experimental core which exhibits more experimental channels for hosting large fission
chambers. For JEFF3.2, the revised C/E ratios for B¢ are of 1.2% + 3.6% for the ZONA2 core when
using the Noise measurement technigue. The nuclear data uncertainty propagation has been leading to a
2.6% uncertainty for the U-Pu core with main contributors being the delayed neutron fission yield and the
fission cross section of U238 values. It allows revisiting more precisely the experiments dedicated to
sodium void reactivity measurements.

For analysing the sodium void reactivity effect, we split it into two components: the central component
(CC) which is a positive reactivity effect due to spectrum changes and the leakage component (LC) which
is a negative reactivity effect due to the increase of the neutron mean free path. In order to study in details
the uncertainty associated to the SVRE, a development of an innovative generalised perturbation theory
procedure for computing sensitivities of the CC and the LC has been conducted. With such sensitivities
and the use of the COMAC-V2 covariance matrix, we are able to calculate the uncertainties due to
nuclear data on each component using JEFF-3.2 nuclear data. The application of the method to the
ASTRID CFV core shows a 2.6% uncertainty on the CC, a 2.0% uncertainty on the LC and a 18% on the
total sodium void reactivity effect. There is a low correlation factor of -0.002 between the LC and CC
uncertainties.

This approach gives the possibility of studying experimental programmes performed in zero power
facilities such as MASURCA. Either the deterministic or the stochastic methods used to solve the
Boltzmann equation which rules the neutron balance in a core requires nuclear data as inputs (cross-
section, fission spectrum ...) which are known with significant uncertainties. These uncertainties induce
an overall uncertainty on the calculation result which is often more important than the experimental
uncertainty. The independent analysis of each component (CC and LC) of the SVRE was developed
within this PhD work. Using both deterministic and stochastic approach is mandatory because even if the
Monte-Carlo code such as TRIPOLI-4® gives reference results by using “as-built” geometry of the core
the generalised perturbation has not been implemented yet in this code. ERANOS allows developing
procedures to get the CC and the LC and the nuclear data uncertainties associated to each component.

Once simulations have been run for each experimental programme it is possible to adjust the results from
ERANOS and TRIPOLI-4® to experimental ones. Independent adjustment according to the fuel
composition, the core geometry lead to a set of parameter (a,B) to correct the CC and LC. The results
show that TRIPOLI-4® overestimate the CC by 11.3% when the fuel area is voided and that the LC is
overestimated by 6% when the sodium plenum is voided. These discrepancies are not consistent within 1o
uncertainty when we consider the experimental and statistical uncertainty (which is about 4.8% in the fuel
area for the CC and about 1.8% for the LC of the sodium plenum) and also the nuclear data uncertainties
which are about 3.1% for the CC and about 2.1% for the LC. An underestimation of the nuclear data
uncertainty is suspected in particular the one of sodium in COMAC-V2.
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Chapter 1. Introduction: motivation and
objectives

Introduction

A general introduction to the nuclear energy is given in this Chapter I, an historical recap is done in
the first section and it reminds the pioneer role of French researchers in this field. Then the evolution
of nuclear energy in the world during the cold war is described with a focus on the French situation.
The future of nuclear energy is discussed in respect to the 21* century challenges: economic growth,
global warming ... The second section presents the international collaboration about the development
of a new generation of nuclear reactors taking into account economic, safety, non-proliferation and
sustainability issues. The 6 designs of reactors chosen by the Generation IV International Forum (GIF
IV) are briefly described and the assets of Fast Reactors considering the sustainability and non-
proliferation issues are presented. Research in France is lead by the CEA with the Advanced Sodium
Technological reactor for Industrial Demonstration (ASTRID) project to build a Sodium cooled Fast
Reactor (SFR) prototype. The advantages of this technology and the design of this reactor prototype
are given in the third section. The development of such a technology means also a development in
numerical simulations in the different nuclear reactor fields. The proof of the developed tools must go
under the Verification, Validation and Uncertainty Quantification (VV&UQ) processes. In these series
of processes, the innovative features (but also the more standard ones) of nuclear reactors need to be
experimentally validated.
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Introduction: motivation and objectives

1.1 Nuclear energy around the world

1.1.1 Historical development of nuclear enerqy

Since Chadwick has discovered the neutron in 1932 and since the fission process has been discovered
by Lise Meitner and Otto Hahn in 1938, some scientists have planned to use the high amount of
energy released during this process to produce electricity. The French physician Joliot-Curie lead a
team of researchers of the "College de France" and they protected the idea of nuclear reactor power
plant with a patent in 1939 describing a system to produce energy: “Two ways are recommended for
the production of energy : the method of thermal neutrons using enriched Uranium-235; or the one of
fast neutrons with the hope that the capture of neutrons by Uranium-238 leads after all to a new
fissionable nucleus'.”

However it is the Italian physicist Fermi who emigrated to USA in 1939 who built the first atomic
“pile” in the underground of the Chicago stadium realising the product of Joliot-Curie's patent in
1942.

Figure 1.1.1: illustration of Fermi's pile

Credit: Melvin A. Miller of the Argonne National Laboratory

In the context of the Second World War, the USA launched the Manhattan project to develop the
atomic bomb. The Hiroshima (6 august 1945) and Nagasaki (9 august 1945) bombs have proved to the
world that the nuclear power is so strong that it has to be controlled in order to ensure the survival of
the life on Earth: the treaty on the non-proliferation of nuclear weapons has been signed in 1968.
Nevertheless the Cold War has seen USSR, Great-Britain, France and China developing their own
atomic and H-bombs. In the same times, nuclear reactors have taken advantage of this arms race and
have been developed to produce the Plutonium (which cannot be found in the environment) needed to
develop nuclear bomb. In France, the CEA? is created in 1945 and has developed the UNGG (Natural
Uranium moderated by Graphite and cooled by Gas see “Sidebar 1”) reactors which is really

! This new fissionable nucleus is *°Pu that will be discovered in Berkeley in 1941
Z Literally a pile of bricks of natural uranium and graphite.
¥ “Commissariat 4 I'énergie atomique™ for atomic energy commission
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proliferating because these reactors were able to produce enough Plutonium for the French military
nuclear project [1] (due to the use of natural uranium (99.3% of Uranium 238 [2])). Feeling the
opportunity the public electricity provider of France: EDF" invested in this generation of nuclear
reactor. Near Chinon, 3 reactors prototypes are built with a growing power between 1963 and 1966
(see Table 1.1 [3]).

Table 1.1: Power of UNGG prototypes

Chinon Al (1963) Chinon A2 (1965) Chinon A3 (1966)

Electric power (MWe) 70 210 480

However with the increase of power the UNGG reactors have reached their design limit. Then in 1969
it is decided to develop a new generation of nuclear reactors: the Pressurised Water Reactors (PWR)
with the Westinghouse licence, using enriched uranium and water as a moderator and coolant.

Sidebar 1 : Thermal reactors

To build a nuclear reactor you need :

-a fuel (natural uranium, enriched uranium, plutonium, thorium)
-a moderator (water (H,O), heavy water (D,0), graphite, sodium)
-a coolant (water, heavy water, sodium, gas (air, helium))

The nuclear fission process of a fuel nucleus is initialised by the absorption of a thermal neutron
(energy around 0.025 eV) and it produced 2 or more fast neutrons (energy around 2 MeV).

Table 1.2 : Thermal neutrons vield by type of fuel

nucleus U235 Pu239 U233
Thermal yield 242 2.87 2.49

To get a chain reaction these fast neutrons have to be slowed down to make efficient fissions. The
fast neutrons which can run some 10 cm between two interactions will go from the fuel zone to the
moderator zone in the core and be scattered by colliding on moderator nucleus. Collision after
collision the fast neutron will lose energy and become thermal. The less the number of collisions
needed to thermalize the neutrons the more efficient the moderator will be.

A little kinetic exercise can be done here to understand the impact of atomic mass in scattering power
[4]. In the laboratory referential there is a neutron (with A,=1) running at a speed of V_)n into a
moderator atom (with an atomic mass Ay = A) and the neutron is scattered with an angle Q.
Neglecting potential energy due to gravitation we can write that the neutrons is running forward with
an a speed: VT’, In the centre of mass referential the collision is assumed isotropic and this referential
is running with a speed Vg in the laboratory referential. In order to go from one referential to another
we write:

V=15+V,
We also introduce the relative speed:

—

Vrzj_w and V_)rlzv_rll)_@

! “Electricité de France” for Electricity of France
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In the laboratory \:n/, -
7. o)
S —— (@ 2T —

Using the conservation of the impulsion law we can write:
Vo + AVy = V) + AVy = (A + 1)V,

—» = A
Va=Vg+——V;
A+1
W=Yem a1
V=Vl + o
n £ A+1 T
VI :VI_ VI
M™% A4+1 T

Using the conservation of the kinetic energy law we can write:
V2 + AVE = V/2 + AV}?
A A
A+DVE+-——VF=(A+1D)V? +—=V2
. A+ DV + 257 @+1) A+1
As V, = Vg (no external forces applied on the system) we deduce that: V. = V; during a collision. The
relative speed not modified but the angle of the relative speed has changed, in the mass centre this

deviation is characterised by: 6 such as: VT : VT’ = V2cos 0. Now we consider that the nucleus is still

before the collision that is quite true when considering fast neutrons: W =0 and we look at the
(1.1) equations:

Vo =V,
V=T
& A+1 "
The first equation of the (1.2) system becomes:
N A 1 A —
vV, =V V’ =>V’ = V v/
n= Vet A Arintay1r

Then we square the equation:
2 2 nrt

1 A ViV,
V2= (—) V2 ( ) Vv,2 2A—n 0
n=layrr) "t A ATz
We get the new energy of the neutrons :

En A%+ 2Acos6 + 1
E, (A+1)2

An efficient moderator will minimise the A® + 2Acos® + 1 value which is done for a angle of
deviation equals to m: A*> — 2A + 1 = (A — 1)? and for A=1, the best moderator is then the Hydrogen
and by extension the ones with low mass number: helium (A=4), carbon (A=12), etc.
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1.1.2 450 nuclear reactors are operated all around the globe

Since this decision in France, 58 PWR have been built on behalf of energetic independence which
becomes relevant due to successive oil shocks occurring in 1973 and 1979. In fact the French energetic
bill was multiplied by 2.6 between 1972 and 1973 and by 4 between 1972 and 1981 because it was
mainly based on oil import. In 2016 these reactors have produced 384 TWh representing 72.3% of the
total electric production [5] when oil, gas and coal represent less than 10% of the energetic mix. Then
the energetic independence can be considered as successfully achieved.

According to the International Atomic Energy Agency (IAEA) 450 nuclear reactors are operational all
around the globe in 2018 [6] for an electric capacity of 393.7 TWe. Furthermore 60% of these plants
have been built in the countries of the security council of the United Nations Organisation (UNO) as a
legacy of the cold war (taking into account all reactors of the countries of the former USSR).

The world energy demand should increase in the next decades considering that developing countries
such India and China have a mean GDP growth of respectively 8.56% and 9.45% since 2010 [7] and
those increases have implied an increase of the electric production of respectively 39.3% and 41.2%
since 2010 in China and India [8]. This growing need of energy lead these countries to build nuclear
plants, 18 are under construction in China and 6 in India. In western countries 5 nuclear reactors are
under construction in Russia, 2 in USA and 1 in France. In the case of France the replacement of old
reactors built between the years 1970 and 2000 has already begun with the construction of the
Evolutionary Power Reactor (EPR) by EDF in Flamanville. The United-Kingdom is also interested in
this technology as 2 EPR are planned to be built at Hinkley Point. Even though the public opinion is
skeptical (47% for closing nuclear plants in France and 53% against [9]) the nuclear energy is still an
asset for France and for the planet as the world energy demand increases and this needs to be achieved
without increasing the greenhouse gases emission.

1.1.3 Sustainable and clean enerqy

The global warming is one of the main concerns of this century and has been enlighten thanks to the
work of the intergovernmental panel on climate change (IPCC). The physical phenomenon of
greenhouse gases increasing the average temperature of the globe is well known but the amplitude of
the negative feedback is still debated in the IPCC, that is why simulations predict an increase of the
average temperature by 2100 between +1°C and +2°C [10] in a optimistic scenario where the radiative
forcing is limited to 4.5W/m2,

In 2015 in Paris took place the COP21 (21 conference of parties) where 197 countries agreed to limit
the rise of the average temperature of the globe to 2°C by 2100, this is the most important agreement
on climate change since the one signed in Kyoto in 1997. This commitment implies a reduction of
greenhouse gases emission especially in developed countries because USA and European Union are
responsible of 24% of these emissions [11]. One answer is the development of renewable energies
(solar, wind, ...) which are among the lowest CO, emitter for electric production. Nevertheless, these
sources are intermittent while the electricity consumption respect a pattern well defined. Another issue
is the storage of their production for more than few hours for 30,000 houses consumption [12].
Furthermore the NEA report points out [13] that the nuclear energy produces less CO, per GWh than
solar energy (see Figure 1.1.2). Then nuclear energy allows a large scale production of electricity (up
to 23 MWe/m?2 when solar is about 1 MWe/m? [14]) with low emission of CO,.
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Figure 1.1.2: Greenhouse gas emissions by enerqy source

However the uranium resource is also limited: according to the IAEA if the electric production by
nuclear plants remains stable, the uranium proven stocks guarantees 100 years of supply. As seen
before the number of countries interested in nuclear energy to meet their increase of electricity
consumption is important meaning that the nuclear production will remain stable or will increase
making these 100 years of supply an upper limit for proven stock. Nevertheless only 99% of uranium
is exploited in current reactors then the development of another technology is needed to push back this
limit.

1.2 Important challenges of the 4" generation

1.2.1 The Generation IV International Forum challenges

In order to develop a new technology of nuclear reactors some countries have decided to launch a
research cooperation called the Generation IV International Forum (GIF). In 2000, on the initiative of
the US department of energy (DOE) 9 countries have decided to form a group of experts in order to
make recommendations on research and development of this new generation of nuclear reactors.
Nowadays this is 13 countries: South-Africa, Argentina, Australia, Brazil, Canada, China, South-
Korea, France, Japan, United Kingdom, Russia, Swiss, USA and the EU (with EURATOM) which are
pooling their effort to get an industrial deployment of this technology by 2040.

Four major challenges have been identified [15]:

» The sustainability: the system has to provide energy for a long-term, to efficiently use the
fuel and to minimise the waste produced.

» The economic competitiveness: the financial cost has to be similar with other energy sources.

» The safety and reliability: the probability of core damage and accident consequences without
the need of an offsite emergency response have to be the lowest possible.

» The proliferation resistance: these systems have to consume transuranic as fuel.

» The physical protection of people and the environment have to be ensured.

The panel of experts have selected 6 designs to meet these challenges and countries have picked
among them where invest research and funds.
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1.2.2 Designs studied for the 4™ generation

In these 6 designs selected: two projects are using thermal neutrons, the Very High Temperature
Reactor system (VHTR) and the Super Critical Water Reactor (SCWR). The VHTR uses graphite for
neutron moderation and helium at high temperature as coolant. Due to this high temperature (>800°C
compared to 320°C in PWR) when exiting the reactor core it enables high thermal efficiency for
electricity production. The SCWR is a high temperature and high pressure water-cooled reactor
operated above the thermodynamic critical point (374°C, 22.1 MPa) of water. The main advantage of
the SCWR s also a higher thermal efficiency for electricity production.

The 4 other designs use fast neutrons, the Gas cooled Fast Reactor (GFR), the Sodium cooled Fast
Reactor (SFR), the Lead cooled Fast Reactor (LFR) and Molten Salt Fast Reactor (MSFR). The GFR
is a high temperature gas-cooled reactor, it allows a higher thermal efficiency. The LFR uses lead as
coolant which has excellent properties for cooling and safety (its density, high boiling point, shielding
gamma-ray, ...). The MSFR uses liquid fuel dissolved in molten fluoride salt at low pressure, the main
benefit is the good cooling properties of molten salt and for its promotors its high level of safety. The
SFR is a low pressure reactor using the sodium as coolant which has also good cooling properties
(thermal capacity, ...).

All systems using fast neutrons have the same benefits: the sustainability and the proliferation
resistance. As seen before, the uranium resources are limited but PWR only use Uranium 235 as fuel
representing less than 1% of the uranium ore and Pu from the first PWR UOX recycled fuel. Fast
reactors are an answer to use the whole uranium ore, as under irradiation, the Uranium 238, a fertile
isotope, turns into Plutonium 239, a fissile isotope. In order to sustain a chain reaction it is needed to
get: 1 neutron for another fission plus 1 neutron to transmute **3U into ***Pu plus a fraction of neutrons
to balance sterile capture by other isotopes or the neutrons leaking out of the core and this is only
possible with fast neutrons. Then fast reactors can produce as much fissile materials as they burn
making it a sustainable source of energy. Burning plutonium decreases the radiotoxicity of waste
produced by operating PWR: in fact the uranium oxide fuel produce plutonium and minor quantities of
actinides (neptunium, curium, americium) which are the main contributors of long term radiotoxicity
(see Figure 1.2.1). Thus burning plutonium and minor actinides would minimise the volume of waste
produced and decrease the cost of storage of nuclear waste in a geological deposit.

The French parliament has passed a law on the management of nuclear waste in 2006 [16], the 3rd
article states the researchers have to work on:

“The separation and transmutation of long-life radioactive elements. The corresponding
studies and research will be developed in relation with the ones on the new generation of
nuclear reactor”

The CEA launched in 2010 the Advanced Sodium Technological Reactor for Industrial Demonstration
(ASTRID) project to fulfil this legal obligation.
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Figure 1.2.1: Radiotoxicity of nuclear waste (FP: fission products)

1.3 The ASTRID project

1.3.1 Choice of Sodium Fast Reactor

As seen in section 2.2 there are numerous choices of coolant to develop the 4™ generation of nuclear
reactors but they have to meet important specifications. Indeed the choice of the coolant structures the
whole project because:

-the heat removal has to be ensured even in case of accident so efficient thermal conductivity
and capacity are required.

-the coolant in the system can have an important thermal inertia which increases the safety of
the core.

-the coolant must not absorb and scatter neutrons in contrast to the thermal neutron reactor
using a moderator.

-the coolant must not corrode structural elements of the core or as less as possible.

The technology developed by the CEA for the 4" generation of nuclear reactor is the SFR. The sodium
coolant has many assets in regards of these important specifications:

-Its thermal capacity and conductivity are excellent and it is liquid in a large range of
temperatures with a high margin before boiling (around 350°C) at atmospheric pressure.

-Its hydraulic properties allow natural convection in the primary circuit even in case of loss of
pumps.

-Due to its atomic mass (A=23) the sodium is a poor moderator.

-Sodium has few interactions with steel structure.
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Table 3.1: Sodium and Lead-Bismuth properties comparison

Sodium Lead-Bismuth

Density (g/cm3) 0.847 10.45
Melting point (°C) 98 125
Boiling point (°C) 883 1670

Thermal conductivity 70 13

Corrosive power Medium High

Atomic mass 23 208

All these properties allow operation of a SFR at atmospheric pressure which is important for building
the vessel with important savings thanks to its thin thickness. Furthermore in case of accident no
depressurization is feared. Nevertheless sodium has also inconveniences, in contrast to water, the
sodium opacity forbids an easy optical checking of the vessel or fuel meaning that other methods using
acoustic waves or conductivity measurements have to be developed to inspect the structure integrity.
In addition to that, the sodium is highly reactive with air and water and hence a secondary loop of
sodium between the primary circuit and the water of the energy conversion systems is needed.

Sodium is already a proven technology especially in Russia (with BOR60, BN350, BN 600 and BN
800) and France (with, Rapsodie, Phénix andSuperphénix) so the industrial feedback is important and
is an asset for SFR development.

-The first French experimental SFR has been built in the CEA Cadarache site and was called
RAPSODIE (20 MWsth). It has been operated from 1967 to 1983. Many technology choices
have been set at this time such as: the oxide uranium-plutonium fuel, hexagonal assemblies,
etc. Irradiations of materials have been realised and results showed a swelling phenomenon of
the fuel pellet.

-The next step has been the construction of a demonstrator called PHENIX (563 MWth, 250
MWe) which has been operated from 1973 to 2010 in the CEA Marcoule site. Its operation has
to prove the ability of the SFR to produce electricity before going on industrial scale. Thanks
to PHENIX a better understanding of fuel pellet-clad interactions brought significant
improvements since any clad rupture events will be reported after 1988. Furthermore
irradiations experiments have been conducted by CEA in PHENIX to study the transmutation
of spent fuel.

-The industrial prototype SUPERPHENIX has been built in Creys-Malville with European
financial contribution (France 51%, Italy 33% and Germany 16%) and has been first operated
in 1985. Because of the prototype size some incidents have lead to many stops in its
operations but none of them could prevent the demonstration to go further. However due to
political decisions SUPERPHENIX has been stopped in 1997.

1.3.2 Design of the reactor

Within the GIF and the strategy defined by the 2006 law, France develops once again the SFR
technology. But safety rules have changed since the end of SUPERPHENIX especially since the
accident of Fukushima in 2011 meaning going back to old core configurations is not realistic. The
challenges of the ASTRID project are:

-proving that SFR have an equivalent or enhanced safety compared to PWR;
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-demonstrating the economic competitiveness of SFR;

-building a prototype by 2025 before the deployment of an industrial fleet of SFR by 2040.

The current design is a 1500 MWth prototype for a 600 MWe production, this power ensures the
representativity with the future industrial SFR and the electric production should recover the financial
cost of the prototype operation. The management of depleted uranium resources and the multi-
recycling of plutonium will be optimised with this prototype and it will allow experiments such as the
transmutation of minor actinides and irradiation of materials. The onload development methods of
inspections at CEA will also be tested. Last but not least, the core design should minimise the risk of
severe accidents especially in case of loss of coolant as we will see in chapter 4.
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Figure 1.3.1: ASTRID plan

1.3.3 VV&UQ process

The development of such a prototype is done using calculation softwares such as ERANOS or
APOLLO3 which calculate the characteristics of a core. These software have to go through the
Verification, Validation and Uncertainties Quantification process (VV&UQ).

The verification step ensures that algorithms are correctly implemented without programming errors
and bugs. The numerical validation compares the results of the code with the ones given by a reference
code (most of the times a stochastic code such as MCNP or TRIPOLI-4®), the ability of the code to
represent physical phenomena is also verified. The experimental validation compares the results with
experimental measurements. Possible computational errors are a combination of model biases and
nuclear data ones. Then the uncertainty quantification step has to quantify the nuclear data
uncertainties and technical uncertainties and model biases.

This PhD work is part of the VV&UQ process associated to the use of neutronic codes evolved in the
development of the ASTRID core. As we will see in Chapter IV an innovative design for the core, the
“Ceeur & Faible Vidange” (CFV') has been proposed by CEA with the objective of being more
resilient to unprotected transients. Such an innovative design has to be validated by comparing

L CFV: Core with low void reactivity effect in French
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simulations results with representative experimental ones. A detailed analysis of past and recent
experimental programmes such as PRE-RACINE!, CIRANO® and BFS’? is needed for a better
understanding of the two antagonistic reactivity effects (the central component CC and the leakage
component LC, see Chapter 1VV) competing in the core when the sodium coolant is removed. Two
complementary approaches to do neutronic simulations have been used: the stochastic method (to get
reference results) and the deterministic approach (which allows the use of perturbation theory) detailed
in the Chapter Il. Furthermore the experimental results of sodium void reactivity measurements are
given on a Beg scale. It is the reason for which a new analysis of the B¢ measurements made in the
BERENICE programme’ in Chapter 111 has been conducted. In the end the Chapter V analyses the
uncertainties due to nuclear data on each component of the Sodium Void Reactivity Effect (SVRE).
This allows making recommendation for each component of the SVRE when the sodium is removed
from the CFV core.

'in the MASURCA facility at CEA Cadarache
2 made in collaboration with the IPPE in the BFS facilities at Obninsk
® the delayed neutron fraction
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Chapter I1: Neutronic

Abstract

The neutronic is the study of neutrons behaviour in nuclear reactor cores based on the Boltzmann
equation as the neutron population is that large that a statistical treatment is possible. This equation is
presented in the first section of this Chapter Il and also the two solutions developed to numerically
solve it. Indeed this problem has too many unknowns to be analytically solved except in very
simplified cases and geometries. The first approach is the deterministic one which requires
approximations in order to decouple as much as possible the variables of energy, angle, space and
time. This calculation is done in two steps: the cell and the core calculations. A reactor core is made of
repeated pattern of small cells for instance the ASTRID core is built with thousands of hexagon cells
for the fuel, the fertile slab, the reflector, etc. Then the first calculation is made for one cell of each
pattern, this refined calculation in energy and space allows getting average values for cross-sections
which will be used in the core calculation. Hence once the cross-sections are homogenised and
condensed in few groups of energy the neutron flux can be calculated for the whole core using the
transport theory. The second approach is the stochastic’ one which allows using “as-built” geometries
and gives reference results because it needs no approximations. This method consists in selecting
random events for the neutron history and using the law of large numbers and the central limit
theorem. The simulation converges on the value of interest searched by simulating a high number of
particles. This last method is “exact” but the time needed to get accurate results is penalising.
Deterministic methods use approximations but the simulations are fast and post-treatment analysis®
treatments are much easier.. The second section presents the perturbation theory which is a post-
treatment of data given by the core calculation. Indeed the development of an innovative core design
needs parametric studies and to avoid many calculations sensitivity analysis can be done using the
perturbation theory at the post-treatment stage. In ERANOS the deterministic code used in this PhD
for fast-reactors calculations three methods have been implemented and they are detailed in this
section.

! Also called “Monte-Carlo” in reference of the Monte-Carlo project developed by the USA to get the atomic
bomb.

2 It also could be used in Monte-Carlo code such as in Serpent but it has not been implemented yet in TRIPOLI-4,
the code developed at CEA.

25



Abstract ....

Chapter I1: Neutronic

Contents

1.1 Boltzmann equation and its SOIULION ..........c.cciiiiiiiiiie e e

.11
11.1.2

The BoltZMann @QUALTON. ..........cviiiiiieie e
The deterministic code ERANOS ..........ooiiiiiiece st ere e

11.1.2.1  ThE ECCO MOUUIE .ottt ettt ettt ettt e et e st et e e e s e ea et e eeeesssannrrareeeeeas
11.1.2.2  ThE BISTRO SOIVET ......veeeiiitiie ettt ettt ettt e sttt e s st e e s st et e e s sbaeeessbaeeessaraeeesins

1.1.3

MONE-CArlo COUR TRIPOLIFA®.......ooiiieiiieeeeeeeeee e e ettt e e e s se e e et eeesesaset e eeeeeessaaaernreees

1.2 Perturbation tNEOIY .....cviii ittt st s ae e e e s te e esresreebenre s

1.2.1

The Standard Perturbation TREOTY ........cccccveiiiieiie e

11.2.1.1 Reactivity variation and the adjoint €qUAatIoN .............cvviirereieiee e

11.2.1.2  Meaning of the adjoint FIUX ..........ccoiiiiiii e

11.2.2

The Generalised Perturbation ThEOIY........cccooiiiiiiiiiiri e

11.2.2.1  Linear function of the FOrWard FIUX ...........oooveeiiioee ettt reee e eee e

11.2.2.2  Bi-linear function of the forward and adjoint fluX ...........cccccocereieiiiiiii e

11.2.3

The Equivalent Generalised Perturbation Theory .......ccccccveiviiiiiiciice e

1.3 NUCIEAr LA UNCEITAINTIES ....oeeeveeeeeeee e e e ettt e e et e ettt et e e e sas e et eeeesssasesaeseeeeeesssanssnnreeeeeesssanns

References

26



Chapter I1: Neutronic

1.1 Boltzmann equation and its solution

[1.1.1 The Boltzmann equation

The operation of nuclear reactors needs to load new fuels assemblies or to remove spent fuel
assemblies from the core, these maintenance operations have to be done with sub-criticality conditions
for obvious safety reasons. Then the industrial operator has to know the reactivity of the core during
these processes and it is done using computer calculations which solve the Boltzmann equation. This
equation states that the neutron flux behaviour: ® in an elementary volume is close to a perfect gas
and the balance is given by different terms:

» The disappearance of neutrons leaving the elementary volume:
—0-Vo(%E G,t) dr dE d?Q dt
» The removal of neutrons by absorption or scattering to another energy or angle:
—%,(% E 4, t)®(% E O t) d®r dE d2Q dt

» The inflow of neutrons by scattering:
f dE’f '3 (FE - EQ - 0,t) 0 (£ E,Q)t) d’rdEd2Qdt
0 4T

» The creation of neutrons by fissions

£ E) r® — _
XCE e [ g2 v ENZ (f«, E, Q) t) @ (F, E, Q) t) d3r dE d2Q dt
4t 0 41T

> The external sources of neutrons:
S(t.E Q,t)

The Boltzmann equation may be written as [1]:

16(1) o d— «© N —_— — N —
——+ Q- VP + 3D = f dE’' | d*Q'3(RE' - EQ - Qt)d(FE, Q' t)
v Ot 0 4T
11
X

+-— [ dE' [ d2Q" v} E, 0, t)0(FE, Q) t) + S(}E O, t)
4t Jy 41

Where Z, T and vZ; are the total, scattering and production macroscopic cross sections, x(%, E) is the
isotropic fission spectrum and S is an external source density. This equation is often written using two
operators: A the transport, removal and scattering operator and F the fission source operator.

A® —>ﬁ’-V’cb+2tcb—j dE’f 20 5(FE - EQ - G t)o(FE, Q1) 1.2
0 4T
Fo - X [Tap [ @ oz (B E, O )®(RE, 1.3
f(LE,Q,t)®(FE, Q' t)
4 J 4m
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Thus the Boltzmann equation becomes:

16¢—(F A)d+S
v ot

In core design, we mostly use the time-independent equation meaning that in such steady-state
condition the time derivative term vanishes and for most reactors there is no external source and the
equation becomes “homogeneous”. In order to keep the balance we need to introduce the “effective
multiplication factor” which is the multiplication factor of the neutron density between generation i
and i + 1. The equation (1.1) becomes:

1.4

ﬁ-ﬁq>+th>=f dE' | d2Q'Z(FE > E Q7 > G t)o(} E, 0 t)
0 4T
+llfde’ d2Q’ vE(F EL Q1) O (% E, O t)
k4m ), - AR A

1.5

Or simpler:
(A-F)o—o
)@=

This is an “eigenvalue problem” and we assume that there is an infinite countable set of real positive
values of k making this steady state equation solvable. The largest value k, is called the fundamental
multiplication factor and the associated fundamental flux: &. The other values arranged in decreasing
orders (kg > ki >...>k;) are called the “i-th harmonics”. The flux harmonics are only defined in
shapes and not in magnitude meaning that if &; is solution of the equation then for any real A, A®; is
also a solution.

This linear equation 1.6 seems easy to solve but the number of unknowns is huge, there are 3
dimensions of space using different meshes in each direction plus those of angle using other meshes
plus energy meshes. There exist two different ways to solve this problem: deterministic and stochastic.

The first one is deterministic and requires approximations to simplify the problem but leads to a rather
fast solution. The second one is called stochastic or Monte-Carlo method and requires the tracking of
neutrons from birth to death with a statistical treatment of the various solutions, it can be solved for a
refined geometry of the core and with continuous energy but leads to very long calculation times in
order to achieve sufficiently small statistical uncertainties. For the time being, it is used as a reference
since there are much less approximations and modelling errors.

A reactor is about some meters long, the neutron flux gradient is about some millimetres so the
number of an elementary volume of the geometry is about 10°x10°=10° a refined energetic
discretisation is about 10* groups in the range of 0 to 20 MeV and the angular discretisation needs
from 107 or 10° angles to get a good description of the angular flux. Then the problem is to solve the
Boltzmann equation on 10 elementary volumes of the phase space which cannot be handle by recent
computer even with the latest improvement in power of calculation because of limited memory.

The reactor physicist states that:

» The neutron density in the reactor is small enough to neglect neutron-neutron interactions.
» A heterogeneous medium can be replaced by a homogeneous one with equivalent properties in
the neutron balance equation if it does not disturb its environment calculation.

28

1.6




Chapter I1: Neutronic

» The solution of the Boltzmann equation on a refined discretised phase space can be used to
calculate averaged neutronic parameters in space and energy and these parameters can be used
in a homogeneous expression of the Boltzmann equation.

That leads to the deterministic method and the statistic treatment to solve this problem.

11.1.2 The deterministic code ERANQOS

The deterministic method consists to discretise the phase space (F, E, ﬁ) as refined as possible taking
into account times and convergences issues. Many models exist to discretise a given variable and there
are associated numerical methods to solve the Boltzmann equation. Nevertheless these discretisations
have to meet the variation of reactions cross-section and their dependence in energy, space and angle.
The deterministic code ERANOS" [2] solves the Boltzmann equation in two step with first step called
the “cell calculation” in which refined average broad group self-shielded cross-section are generated
for each medium of the core (cell fuel, cell blanket, etc.) and the second step called “core calculation”
is solving the transport equation at this broad group level to get the neutrons flux in the full core
geometry.

In the ERANOS scheme calculation the cell calculation is done by the ECCO? module and the core
calculation can be done with different solvers (BISTRO, PARIS) using different methods of solution
(Pn, Sn, SPy, ...). In this PhD the solver BISTRO has been selected for its fast solution of the RZ
transport equations.

Covariance matrix
(COMAC)

ERANOS !
|
|

Nuclear data Perturbation !
(JEFF library) BISTRO SOIVer tools |
| |

| |

I calculation of multi group self- Calculation of neutron flux in 1

: shielded cross-sections the core geometry :

|

Figure 11.1.1: ERANQOS platform description

The ERANOS platform uses nuclear data (cross-sections, fission spectrum, ...) stored in international
libraries such as JEFF, ENDF, etc. It also allows perturbation calculations and sensitivities
calculations which lead to nuclear data uncertainties on calculated parameters using covariance matrix
data and it is described more in details in part 2 of this chapter.

The flux calculation is rather complex in reactors because the variables of the phase space are not
independent then the deterministic approach uses approximations in order to decouple them as much
as possible. The deterministic approach considers that refined variations of the flux can be calculated
more precisely on an infinite geometry at a sub-assembly scale then self-shielded (see “Sidebar 17)
and homogenised cross sections are produced for a third step: the neutron flux calculation at the core
scale using homogeneous media.

! European Reactor ANalysis Optimised calculation System
2 European Cell COde
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This approach is based on the fundamental mode theory which considers that the space variable
behaviour can be split into two step calculations. Indeed reactors are made of large zones of fuel,
fertile blanket, etc., compared to the mean free path' of fast neutrons. The cell calculation is done
using a refined energetic mesh (1968 energy groups in ECCO) and a heterogeneous geometry
description of the cell. The core calculation uses homogenised cross section to get the flux using the
transport theory at the core level. The Figure 11.1.2 illustrates the smallest variations in green due to
the alternating steel and fuel pins at the sub assembly scale and the global shape of the neutron flux in
blue.

sub assembly scale

P
.

0 Critical height

Figure 11.1.2: Schematic neutron flux axial traverse of an homogeneous core

(non representative sclae)

The cell calculation is made by the ECCO module when the core calculation is done by the solver
BISTRO.

11.1.2.1 The ECCO module

As said earlier the ECCO module is used to do refined calculation at the cell scale. The heterogeneous
geometry description with the material composition is given to ECCO [3] with nuclear data then it
needs between 3 or 5° steps to get homogenised and self-shielded cross sections for each cell. The
project scheme is made to be faster than the reference scheme with some supplementary
approximations. For instance the reference scheme for a fuel cell is presented in Figure 11.1.3.

! The mean free path is the mean distance that a neutron travels between two interactions. About 10 cm for fast
neutrons.

2 Bldimensionnal Sn TRansport Optimised

® Dependent on the scheme used (Reference or Project) and the cell type (fuel, fertile or structure)
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Geometry description

Nuclear data . .
Material composition

v ECCO v

Step 1: initialisation search for critical Buckling
Flux calculation in the heterogeneous cell
23 energy groups

Self-shielding

v

Step 2: refined calculation
Flux calculation in the heterogeneous cell
1968 energy groups
Buckling from Step 1
Self-shielding

v

/" Step 2: search for critical Buckling after condensation )
Flux calculation in the heterogeneous cell
33 energy groups

Self-shielding

v

[~ Step 4: homogenisation R
Flux calculation in the homogeneous cell
232 energy groups
Buckling from Step 2
\_ Self-shielding )

v

Homogenised and
Self-shielded cross sections

Figure 11.1.3: Reference scheme for fuel cell calculation

The homogenised and self-shielded cross-sections are then used by a solver which calculates the
neutron flux distribution at the core scale.
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Sidebar 1: The self-shielding phenomenon

The discretisation in energy is one of the main issues for developing calculation scheme because the
lesser energy groups you get the faster the simulation will be. However some cross-sections have
important variations on small energy range, the most famous example is the case of total cross-section
of the 28U (see Figure 11.1.4). From 0.025eV to 5.5 eV the cross-section is almost constant but
between 5.5 eV and 20 keV the variations are important and very close from one to another, these
variations are called resonances. Using a low number of groups to discretise it won’t allow a faithful
description of these variations and using thousands of groups or more in the core calculation is not an
option. Getting a faithful representation in 33 groups of this is handled by the self-shielding process.

10000+

5000+

1000+

5001 ‘

Cross-section (b)

' I I ' I I ' I '
+ + + + + + + + t
LE-7 1E-6 1E-5 1E-4 0.001 0.0 0l 1 10

Incident energy (MeV)

Figure 11.1.4: U238 total cross-section

When the total cross-section is important on an energy interval the neutron flux is inversely very low
on this interval due to the absorption of neutrons or the high scattering potential. Then the self-
shielded cross-sections on the 33 energy groups discretisation have to well represent the neutron flux
shape on this group. We define the multigroup scalar flux: ®&(¥) such as:

DE(T) = f ®8(T, E)dE 1.7
g
Then the multigroup self-shielded cross-sections are defined such as the multigroup reaction rate is

equal to the punctual reaction rate integrated over the energy group. In other words we want to keep
the same numbers of reactions by unit of time and volume in a group.

oS (D) DPE(F) = f o,.(E)P8(% E)dE 1.8

g
The self-shielded cross-section is dependent of the space variable because it is weighted by the neutron
flux which is calculated with the multigroup Boltzmann equation using the self-shielded cross-
sections. This shows how complex the problem is indeed it is hard to get these cross-sections because:
» The punctual reaction rates are unknown because the punctual flux is unknown.
» The cross-section behaviour in the group can be resonant.

The punctual flux can be replaced by a weighting spectrum calculated by solving the slowing-down
equation to get the energetic behaviour of the neutron flux. The sub-group method [4] used in ECCO
calculates the multigroup self-shielded cross-sections without modelling the slowing down operator
but by directly solving this equation on each self-shielded region a to get:

[ 0.(E)PE( E)dE

of () =E 1.9
J, Pa(E)E
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11.1.2.2 The BISTRO solver

The solver BISTRO [5] is implemented to solve the Boltzmann equation in transport theory which
became the standard in neutronic through the improvements in calculation power and numerical
methods since the beginning of simulation with the diffusion theory. This solver is able to solve the
transport equation on 2D core geometries which is not a big issue since the cores studied can be
approximated by a RZ description (see Chapter Il and 1V), the discrete ordinates method (or S,
method) is used and the angular flux is discretised on a group of directions in 4z steradian.

Z

Figure 11.1.5: Schematic view of the 24 directions of the Sg symmetric quadrature

11.1.3 Monte-Carlo code TRIPOLI-4®

The Monte-Carlo approach [6] [7] consists in simulating the "reality" of microscopic phenomenon, the
neutrons are tracked (to get their "histories™) and their interactions (called "events") are registered and
randomly chosen between: diffusion, capture, etc. Simulating a big enough number of particles allows
to get the macroscopic values of interest. Typically one billion of histories is enough to get results with
an accuracy of some pcm on reactivity or 1% on the power map.

This method is said "exact" compared to the deterministic method because no approximation is used to
solve the Boltzmann equation. Another asset is the ability of this method to simulate 3D exact
geometries (and not using homogeneous media). Nevertheless the convergence of this method is quite
long making it unusable for parametric studies.

The stochastic approach is based on:

» The definition of a statistic "set" from a source: the histories of the particles and their events.

» The definition of a random variable X(Z) associated to the physical value searched R(Z), X is
called the estimator. When a particle interacts in the area Z of interest a weight w is calculated
and the estimator is the sum of these weights.

» The random selection of: the path of the particle, the probability of each interaction, the
energy of the particle... The probability densities have to be chosen such as: E(X(Z)) = R(Z).

» The "set" has to be repeated independently M times. TRIPOLI-4® in practice repeats M times
the set in N batch.
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M
- 1
Xn(2) =5 ) 0mn(2)
m=1

» The law of large numbers states that if N is high enough R(Z) is calculated as:

- 1 -~
Xn@) =5 ) Xn(2)
n=1

> The "central limit theorem" states that X,, are distributed following a Gaussian law and the
variance associated is calculated as follows:

N
1 -
S = NN =D n§=1(xn<2) —Xn(2))?

» The trust interval is given as:
o leg, for68.9% of trust

o 2ex, for 95.4% of trust
o 3ex, for 99.7% of trust

TRIPOLI-4
L. . N
Emission of the particle
»Choice of its energy
»Choice of its direction
# Choice of its position y
A 4
Path i
»Choice of its length )
Boundary of Medium boundaries
the reactor A 4 N

Interaction
)Choice of the nuclide
» Choice of the interaction
Reflection
Post-interaction
J’ » Choice of its direction
Capture

Leakage » Choice of its energy

l

End of the story of the partlcle

Figure 11.1.6: TRIPOLI-4 general algorithm (in blue random sampling)

TRIPOLI-A® [8] is a reference tool for the CEA and its validation has been done according to the NEA
standards. An intensive use of this reference tool has been done during this PhD.
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11.2 Perturbation theory

The perturbation theory [9] is a powerful tool to analyse the breakdown of reactivity effect by
nuclides, reaction and energy groups and also to get the sensitivities of macroscopic values to nuclear
data and their associated uncertainties. It allows doing less calculations in parametric studies because
the sensitivity to each parameter can be easily calculated using perturbation theory. This section
presents the three major theories implemented in ERANOS.

[1.2.1 The Standard Perturbation Theory

11.2.1.1 Reactivity variation and the adjoint equation

The reactivity variation dp in the core is calculated as a variation of each operator A and F, the
variation of the flux has also to be taken into account. In order to access this reactivity variation it is
needed to derive the steady-state Boltzmann equation:

F
d[(A—E)QJ]:O 2.1
The derivation of such equation leads to:
(dA dF)CD (A F)dCD dkF(b =0 2.2
[ TR TR e ] - |
We remind that the reactivity is defined as:
1 dk
p=1—E then dp=ﬁ 2.3
Meaning that:
dF F
k0 =~ [(aa— ) o + (A F) ao] 2.4
Usually to get rid of the flux variation dependence this equation is weighted by a function u:
dF F
dp(u, Fd) = — [(u, (dA - ?) ®) + (u, (A - E) dCD)] 25

The adjoint operators A™ and F* are introduced here, respecting the adjoint equation and vanishing the
term in d&:

F+
A+_T u=20 2.6

This function u is then referring to the adjoint flux ®* giving for the reactivity variation:

dF
+ _—

dp:_@”(dA i) 2.7
(0, FP)

The perturbation theory allows to breakdown a reactivity variation by energy group, by medium and
by reaction.

11.2.1.2 Meaning of the adjoint flux

The adjoint flux is a mathematical function obtained by solving the adjoint Boltzmann equation. There
is a physical way to read that solution. Considering the case where the system is critical, we introduce

a source S of one neutron emitted at t, at position Ty with an energy E and flying in the direction Q.
The time dependent equation is then (see equation 1.4):
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109

200 2.8
—o-=(F= AP+

We define the operator: H = F — A such as before the introduction of S, ¥ is solution of; H¥Y = 0 and
W+ is solution of H*W* = 0. Multiplying the 2.8 equation by W* and integrating other all variables
leads us to:

+ ‘109 + ’ +
¥ f_ﬁdt) f(lP SJHO)dEt+ | (PF,S)dt 2.9
ts

As H*W* = 0 the second term vanishes. The third term gives the adjoint flux at t: W*(?S,ES,Q_S)).
We assume that if we consider a time t long enough, the transients harmonics of the flux & will vanish
and only the fundamental mode will remain, meaning that for t — co we have: ® — AW. The constant
Ais then:

W (Ty, Es, Q)

A= 1
(W, ¥)

The asymptotic solution for the neutron flux when we introduce one neutron at t, at position ry with
an energy E and flying in the direction STS in a critical system is:

W+ (tg, Es, Q)

1
+ =
(w5

Y(REGt) to>oo ¥(%,E Q)

We find there that the adjoint flux is related to the number of fissions that a neutron will produce in a
chain reaction, we call it the "importance™ of the neutron.

[1.2.2 The Generalised Perturbation Theory

The reactivity is not the only interesting physical value in a reactor core, the operation of such a
reactor implies the use of detectors such as fission chambers which gives a reaction rate or other
kinetic parameter. Then getting the sensitivities of this reaction rate or of this kinetic parameter to
nuclear data is important and is done using the Generalised Perturbation Theory [10].

11.2.2.1 Linear function of the forward flux

The reaction rate given by the response of a fission chamber is written as R = (Z; @), the derivation of
this value includes variation of flux terms, to get an independent expression of flux variation we
introduce a Lagrange multiplier defined as follows:

F
— In(R) — (¥*, (A - E) ) 2.10
The derivation of T gives the sensitivity of the reaction rate to a nuclear data o: S(R, o) = %%
_ (dZ¢ P+Z¢ dD) _ + _ E _ + _ E _ + _ E
dT = (Zf D) (d¥, (A k) P) — (¥, (dA k ) ®) — (¥, (A k) d) 2.11

=0
The adjoint generalised importance W+ is built as the solution of the following equation (grouping d®
terms):
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Ft %
AT —— |yt = 2.12
( k) (Z; D)

Finally we get the sensitivity of the reaction rate with a direct and an indirect sensitivity term

“Rdo R| (I ) ’ K :
direct term Indirect term

11.2.2.2 Bi-linear function of the forward and adjoint flux

It can also be interesting to get the sensitivity of parameters using flux and adjoint flux such as delayed
neutron fraction in that case another generalised importance function is added, a forward one: ¥ built
as the solution of the equation grouping the d&®™* terms. The indirect terms is then the sum of two
terms:

+

, dF dF
Indirect term = (¥, (dA - T) ®) + ([ dAT — 'S ot p) 2.14

11.2.3 The Equivalent Generalised Perturbation Theory

In order to study the sensitivities of a reactivity variation: Ap = p, — p; is calculated using the first
order perturbation theory twice.

(@5,(da; - G2) @,) (@7, (da; - L) @)

2.15
d(Ap) = dp, —dp; = — +
PP (®F, F,,) (@], F;®y)
Then the sensitivities are calculated by normalizing this expression by the reactivity variation:
dF. dF.
o dap) 1 [(@F (82 = T2) @) (@f,(dAs — L) 20)
S(Ap,0) = — - n - 2.16
p dG Ap (CD iFZCI)Z) <CD1’F1CD1)

As we will see in the Chapter V this sensitivity is very sensitive to the Ap value indeed if the two
reactivities are very close (i.e. Ap = 0) even if the operators A and F are very different between the

two states the S(Ap, o) will skyrocket due to the A—lp factor.

1.3 Nuclear data uncertainties

As seen in the previous section, neutronic codes needs nuclear data such as cross-sections, fission
spectrum to solve the Boltzmann equations. These data are coming from international evaluated
libraries such as ENDF (USA), JEFF (Europe), JENDL (Japan) ... These tabulated values are the
results of microscopic experiments or of simulations® which model the nucleus and its component to
get access to energetic levels. Indeed, as it is impossible to get access to experimental data for each
cross-section for each existing isotope then only the most used materials are under experimental
studies. Furthermore these values are known with uncertainties which imply an overall uncertainty on
the calculated parameters. This uncertainty due to nuclear data (ND) on one parameter p can be

! with CONRAD [11] at CEA for instance.
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calculated using the sensitivities of this parameter to ND (Sp,) and with the help of “Sandwich” law
and of a covariance matrix (B):

I=S.BS, 3.1

The covariance matrix takes into account the covariance between energetic distribution of the
uncertainty and between cross-sections because their behaviour are not fully independent. The library
JEFF is associated to the covariance matrix COMAC [12]. There exist different version of this matrix,
the two used in this work are the COMAC-V1 which is the latest version of COMAC produced
without an integral assimilation work by CEA whereas the COMAC-V2 incorporates information
from some experiments (GODIVA, JEZEBEL and PROFIL). For the main actinides present in nuclear
reactors (such as “°U, 28U and %°Pu) the covariance matrices of COMAC-V1 were produced at CEA
using the CONRAD code. For the other isotopes, including actinides such as **°Pu or #**Pu, covariance
data have been retrieved from COMMARA-V2.0 or the covariance matrices associated to JENDL-4.0.
The delayed neutrons data covariance have also been taken from the JENDL-4.0 library. The origin of
the covariance matrices present in COMAC-V1 is given in Table 3.1 for several actinides.

Table 3.1: Origin of the covariance matrices present in COMAC-V1 for the different nuclear of

several actinides. PENS stands for Prompt Fission Neutron Spectrum

. Neutrons
Isotope Cross sections T e
multiplicities Thermal

U-235 CEA JENDL-4.0-up2 CEA ENDF/B-VII.1
U-238 CEA JENDL-4.0-upl JENDL-4.0-upl JENDL-4.0-upl
Pu-238 ENDF/B-VII.1 JENDL-4.0-upl ENDF/B-VII.1 ENDF/B-VII.1
Pu-239 CEA JENDL-4.0-upl CEA JENDL-4.0-upl
Pu-240 CEA JENDL-4.0 JENDL-4.0 JENDL-4.0
Pu-242 ENDF/B-VII.1 ENDF/B-VII.1 ENDF/B-VII.1 ENDF/B-VII.1
Am-241 ENE?IS@—&/RIIET)(JOM.) ENDF/B-VII.1 JENDL-4.0-upl JENDL-4.0-upl

E:fissionv E:absorptiona

Nuclear data Escatteringa Ltotals + dX, +dy <
Zn xns Xtot » Xd Sensitivities
' And

l Covariance matrix

p : reactivity, +dp

Geometry, - . @ : flux +dd <€
Material compositions Neutronic code Ap : void sodium +d(Ap)
reactivity effect

Figure 11.3.1: Influence of nuclear data uncertainties on calculated parameters

These uncertainties can be very important and their knowledge is a key challenge for the safety of
nuclear reactors. Indeed a better understanding of the source of these uncertainties decreases the gap
needed to guarantee the safety margin and then the financial cost of the plant for its construction and
its operation.
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Abstract

In this Chapter, the first section introduces the effective delayed neutron fraction and its importance in
the safety and operation of a nuclear reactor. Furthermore in experimental programme the reactivity is
measured by the position of shim rod or/and the addition of peripheral assemblies. A rod drop and the
use of the Nordheim equation insures the calibration of the reactivity. Then the reactivity is measured
in a Bogr scale which is the effective delayed neutron fraction of the core. A new analysis of Bgs
measured in the BERENICE programme (in the MASURCA facility) has been made using different
experimental methods which are presented in the second section with the raw experimental values and
the parameters calculated through simulations and required to access the measured Bqs. The three
cores of the BERENICE programme in which these measurements have been conducted are presented
in the third section. As the calculated B.s can be obtained with the ERANOS deterministic code or
with the stochastic code TRIPOLI-4® using different methods, the fourth section gives an exhaustive
recap of these methods and their results for the three studied cores. This section also presents the use
of the IFP method recently implemented in TRIPOLI-4® to get adjoint flux integrals and sources
importance mandatory to get access to experimental B¢ The last section analyses the uncertainties
sources affecting the measurements and the simulations. The use of the Generalised Perturbation
Theory allows getting the sensitivities of the B.¢ to nuclear data and with recent nuclear data
covariances and the sandwich formula, we obtain 2.8% of uncertainty for the B¢ of R2 cores and
2.6% for the ZONAZ2 core; values consistent with the C/E values and the experimental uncertainties.

41



Chapter I11: The effective delayed neutron fraction

Contents

AADSTTACT ... r et r e nn e 41
1.1 The effective delayed NEULION FraCtioN...........ccccvoviiiiiiie i 43
I11.1.1  Physics of the Chain rEACTION ..........coviiiiiiii e 43
I11.L1.2  The effective delayed neutron fraCtion............cccccvveieii i 44
1.2 Experimental measurements teChNIQUES. .........cccv i 46
I11.2.1  The Californium source MEethod...........cccoiriiiiiiiiiii e 46
111.2.2 The NOISE TECANTQUE .......viiiieii e 48
I11.L3  The BERENICE PrOGramMIME.......civiiieieiieeeeitesteestesteseesresteesaestesteetesseessessesseessessesssessessesssessens 50
ITE3.L RZ COMES ...ttt bbbt ne e 50
H13.2  ZONAZ COTE ..ttt sttt et bt bt sab e s bbb e et e et e e sbeesbbeenbeenbe e e 50
I11.4  The new analysis of experimental MEASUEMENTS .......c.covieeiieiieeeere e sre e sne s 50
I11.4.1  Calculated Beff With SIMUIALIONS........ccccoviiiiiccecc e 50
[11.4.1.1  DeterminiStic METNOM ........ccoiiiiiiiiiie s 50
[11.4.1.2  StOChaStiC MELNOGS ..........oieiiiiiiiiee e 51
111.4.2  New analysis of the MeaSUIrEMENTS...........ccivciieieiieie e e 52
1.4.2.1 IFP method for adjoint flux integralS ...........ccceoeiiiiiiiie e 52
111.4.2.2  The ®*Cf source Method FESUILS .............cc.ovververeesreeseecsesesiee e 53
[11.4.2.3  The noise teChNiQUE rESUILS ..........cooiiiiiiicee e 54
e T O oo 0] = 0] SR 55
HES  UNCEAINTY QNATYSIS ...vveiiciieiiiiciite ettt 56
I11.5.1  Statistical uncertainties of the stochastic Mmethod .............cccooviriiiiiicic s 56
I11.5.2  Experimental UNCEMAINTIES .......cccciiiiiieie ettt st st sre e 56
11.5.3  Uncertainties due t0 NUCIEAr Aata.............ccuiviiriieriiiiieieesse e 57
IT1.6  CONCIUSTON ...ttt bbbt 59
RETEIENCES ...ttt b bt h bt b h b et bt h Rt bbbt 60

42



Chapter I11: The effective delayed neutron fraction

I11.1 The effective delayed neutron fraction

[11.1.1 Physics of the chain reaction

In a nuclear reactor, a chain reaction of neutron emissions is maintained for long periods. The fission
of an Uranium or Plutonium nuclei produces prompt neutrons’ and the times interval between two
prompt fission in a fast nuclear core is about T = 10~7s. If only prompt neutrons were existing and if
an increase of only one tenth of pcm were occuring during one second, then the neutron population
would be multiplied by:

1.0000011°” ~ 22000

The operation of such a core would be impossible even with computer control. During the fission
process, some fission products are produced which are radioactive isotopes®. They decay to more
stable nuclei by B~ decay. These decays have a longer period and hence they create delayed neutrons
because of this late emission after the fission event.

The delayed neutrons are only a fraction of the total of neutrons emitted in the core each second. For
instance in enriched Uranium based fuel cores the effective delayed neutrons is about 665 pcm
(0.665% 1) and around 350 pcm for Plutonium based fuel cores. As it exists hundreds of precursors
they have been classified historically in 6 or 8 families according to their decay period [1].

Table 111.1.1: Delayed neutrons groups emitted by the Uranium 235

Decay constant

Average lifetime

A(s?) Bi (pem) v (5)
1 1,247 107 22 80,21
2 2,829 1072 102 35,35
3 4,252 10% 61 23,52
4 1,330 10" 31 7,516
5 2,925 10™ 220 3,419
6 6,665 10 60 1,500
7 1,635 54 0,6117
8 3,555 15 0,2813

Average: 7,681 10” Total : 665  Average: 13,02

The introduction of these delayed neutrons has a huge impact on the neutron population behaviour in
the core because we can calculate the mean time between two generations of neutrons as follow:

t=(1—Beff)xr+ZBix(ri+r)=0.087s

In one second, there are 1/0.087 = 12 generations of neutrons. If we now consider a reactivity
insertion of 100 pcm during one second, the neutron population would be multiplied by:

! with an energy of around 2 MeV, there are fast neutrons: see chapter 1.
2 radioactive isotopes are also produced during the operation of the plant.

43



Chapter I11: The effective delayed neutron fraction

1.000100%? = 1.012

The neutron population increases reasonably (compared to possible reactivity insertion by control
rods) making the operation of a nuclear reactor possible.

[11.1.2 The effective delayed neutron fraction

The cores studied in this chapter are small enough to allow the use of the point kinetic model to
describe the neutronic behaviour of the core. The delayed neutrons are emitted by I precursor families
and each family i has the following characteristics:

> A the disintegration constant of the precursors family (in s™)

Xai the delayed neutron spectrum

vgi the delayed neutron yield

C; (T, t) the delayed neutrons density emitted by the precursors of the family i, i.e. the product
of the precursors density (in cm™) by the delayed neutron yield vg; divided by 4, the delayed
neutrons emission is isotropic.

> Bi= :ﬂ the delayed neutron fraction associated to the family i, with v, the fission yield i.e.
tot

the average number of neutrons emitted by fission (prompt and delayed).

YV V V

The neutron balance is then expressed with the Boltzmann equation dependent on the time (see
Chapter I, section 1.1) and the Bateman equations giving the delayed neutron emission by the $~
decay of precursors.

I
lf 10¥
;E + AY = quJ + Z )\iXdiCi +S
i=1 11
aC; .
E-i_)\ici:BquJ 1=1,...,I
With:

> W the neutron flux,
» v the neutron speed,
> S an external source of neutron
> F, the prompt fission operator, the neutron yield and spectra are the ones of prompt neutrons,

> P the production operator such as: F = x(%, E, t)P

We do not consider the migration of precursors in the fuel in this work because the fuel used is solid
[2]. The neutron flux is factorised such as: ¥(,E, Q, t) = N(v). (%, E, Q, t) in order to split the fast

neutron flux magnitude variation N(t) from a shape function CD(F, E,Q, t) with slow variation as
function of times. To make this factorisation unique we have to add a normalisation condition with the
adjoint flux such as:

4 @* 1oy =0
ot v T

The perturbation considered is small enough so that the core remains close to the criticality. Hence, the
neutron flux keeps the same spectrum and distribution when adding the delayed neutrons. Weighting
the 1.1 system by the adjoint flux we get:
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i=1 1.2

15¢ 10N
!(cbt )+ (@1, 2520) +(@F, AD) = (B, Fy®) + (0¥, > AxaiCi) + (®F,5)
I + 96 + + ;
k (P 'E> + (DT, AC) = (D7, BiPP) i=1,..,1

By normalising these equations by (®*,= CD) we get the following system with effective values:

I
( _ Pefi — BeffN N Zliceff,i t S

4 et i=1 13
| effl Beffl

= N — A;Cotri i=1,..,1
ot Aeff i“effi 1

The effective values are defined as follow:

Table 111.1.1: Effective values

—1_ 1 (P*,AD) The effective reactivity defined from the effective multiplication
Peff Kerr (®+,FO) factor.
(D*]S) . . . .
Seff = 7——=—1 The effective source is the ratio of the importance of the source
<q)+ | 1 q)> by the importance of the neutrons of the core.
\'
o+|ddic . - _
C _ 4m ! The effective delayed neutrons density is the ratio of the delayed
effi = —<q>+| 1 CI>> neutron density importance by the importance of the neutrons.
<CI>+| lq)) The effective neutrons production time is the ratio of the
A= \% importance of the neutrons by the importance of the fission
ff ~ (d+|Fo) production (prompt and delayed)
(®F|Bixqi PP) The effective delayed neutrons partial fraction is the ratio of the
Betti :—dl importance of the delayed neutrons production of the it" family
(O*|FD) by the importance of the fission production.
Besr = z Befri The effective delayed neutron fraction.

The effective delayed neutron fraction is a value of interest for reactor physics, it is also expressed as
the weighted delayed neutron production operator (Fq) by the adjoint flux normalized by the total
neutron fission operator(F):

_ (DT, Fy®)
Beff - <CD+, FCI)) 14

As it defines the upper limit of prompt criticality, the Bos is used as reference factor for reactivity
measurements. Indeed when we study the case of a sub-critical reactor supplied by a neutron
stationary source S, the neutron balance is given by:

(A—F)d =S 15
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The adjoint homogeneous equation is:

F* Fro*
<A+ —?> ®* =0 or A*P*t = K 1.6

Multiplying equation 1.5 by the adjoint flux, we get:

(@F,S) = (@7, (A - F)®) = (¥, AD) — (OF,FD)
1
(@*,5) = (A* 0¥, @) — (&4, F) = (1. — 1) (&%, F) = —p(&*, F)

_(@7,5)

(0%, Fo)
The static reactivity' is then the ratio of the importance of the neutrons emitted by the source, by the
importance of the fission production. During rod drop experiments or when introducing a neutron
source in the core, the reactivity is measured in dollars which is the ratio of the reactivity of the core
by the effective delayed neutrons fraction: pg = p/Bets-

1.7

111.2 Experimental measurements technigues

This section presents two experimental techniques [3] to get access to the Bog thanks to fission
chambers located in the experimental core: the Californium source method developed by Mihalczo in
1971 [4] and the noise technique method. There are other techniques but we limit this chapter to those
which have been measured in the MASURCA facility during the BERENICE Programme [5].

[11.2.1 The Californium source method

This experimental method consists in introducing a punctual source (4x4 mm?) of *°Cf (S¢g) emitting
neutrons by spontaneous fission at the core centre and to measure the “apparent” reactivity variation.
The counting rate of in-core detectors is directly related to the reactivity level because of the neutron
flux levels inverse dependence on the reactivity (see equation 1.7). Since in a reactor there is always a
diffuse source of neutrons S, (due to spontaneous fission or from (a,n) reactions on oxygen, ...) then
the product of the counting rate R by the reactivity gives the level of this source:

R.|p| = Sy = constant 21

The neutron balance in the core before (indexed 0) and after (indexed 1) the introduction of the **Cf
source is given by:

A-F)d;=S, and (A-F); =5, 2.2

However the introduction of the °2Cf source is too small to change the reactivity but still impacts the
counting rate, the flux change is then seen as an “apparent” reactivity variation to keep the 2.1 relation
true.

To define this “apparent” reactivity variation we can write the reactivity expression before and after
the introduction of the **2Cf source thanks to equation 1.7:

_ (CD+,S()) _ <CD+JSI>
Po= "ot Fo,) (0F, Fd,)

2.3

! The reactivity of the core without the source of neutrons.
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With: (@7, 5;) = (¥, S) + (T, S¢r) and (@7, Fdy) = (P, F(Pg + Pcr))

These reactivity expressions imply to know the adjoint flux distribution in the core but this cannot be
measured. However, counting rates (Z4(®, + ®¢r)) have been determined by some detectors located
at different places in the core. One detector is chosen as a reference and it is the absolute fission rate of
1g of #*U placed at the core centre (Zf°(P; + ®,)). Then we can develop the 2.3 expression with
terms which can be measured or calculated:

—p (Zf°®,) _ (@7, ;) (S1) (Zq(Dy + Pp)) (us PN D)
(EP5 (D1 4+ Dp))  (usPTHSL) (Za(Pr + D)) (ZP5 (P + Dp))  (PF, FD)
The first term is a counting rate (R) ratio and according to the approximated multiplication source

method [6][7] is equivalent to a reactivity ratio, then multiplied by the reactivity it gives the
“apparent” reactivity variation: Ap.

EPe) ( (Zf5dy) > B ( Rwithout Cf> _
_ = —p(1 - athoutch) _ 5,

_p — —
(Z}Js(‘bl + ®p)) (E}JS(Cbl + @y)) Rwith cf

The reactivity variation is measured in $ meaning that: Ap = Begr. Apg. The second term of the 2.4
equation is obtained thanks to measured and calculated parameters defined as follow:

S.. = (S,) The measured integrated intensity of the californium 252 source
SC 1 (n/S)
(d+,S,) The calculated relative importance of the californium 252 source to

the neutrons emitted by the fission of 1g of **U at the core centre

Csc = o prr .o
(xus ™) (S1) (without dimension).

N = (Z4(P1 + Pp)) The measured counting rate of one detector (reactions/s)
K = (Zf° (@1 + Dp)) The measured counting rate ratio of 1g of ?°U at the core centre to
¢ Cq(Py + D)) the counting rate of the detector (without dimension)
(®F,Fd,) The calculated importance ratio of the total fission operator to the

neutrons emitted by the fission of 1g of the reference nucleus at the

c= +} . (yU5
(us®*) - EP1)  core centre (without dimension)

Then we get the effective delayed neutron fraction with one calculated parameter P, and another one
measured Py,:

(pSC SSC

=—————"_ _=P.P
Beff KC N Ke- |Ap$| c-*m 25
With:
This parameter only needs the calculated value of the importance of the
P, = Psc californium source S; and the neutron flux due to this source:
K (A-F)d, =5,
And it also needs the nuclear data of **°U: xys and ZP°.
= L This parameter needs the counting rates of two detectors and the integrated
N. Ke. |Aps] intensity of the source experimentally measured.
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[11.2.2 The noise technique

In a sub-critical reactor in a stationary state the absorption, the leakage and the production of neutrons
are considered as random phenomena ruled by a Poisson distribution creating a noise. These neutronic
fluctuations can be studied thanks to a transfer function and thanks to the intercomparating analysis of
the signals of two detection chains.

To get the transfer function we look at the spectral density (pulsation w) of the noise given by:

Nv(v—1)

— N
8s(w)|” =24 ——— 26

With: N the neutron population of the reactor, A the production time of prompt neutrons and v the
neutronic yield. Meaning that N/A is the number of neutrons emitted each second in the reactor also

equals to: v.F = N/A. The Diven factor is defined as:

viv—1)
D=—0F—
Then we have:
s =2(Y) 2
ss@lF=2(3) 3 -

This source of noise is creating fluctuation of neutrons population and in precursors and then in
reactivity in 1.3 equations.

(95N —B I N
| = P CeaN 1 > 0i8Ces + 1 8
ot Aeff £ iOQLeffi A p

08Cefri  Pefri i *
B‘E = Aeeffl N —Ai8Cefr;  1=1,...,1

Using the Fourier transformation on this linear differential system, we get the following transfer
function:

8N(w) Aetr
8s(w)

H(w) =
(w) _ 1 AiBetti
1Aer0d — (et — Betr) — Xi=1 A +iw 23

Which gives:

I8N (w)]? = |8s(w) . [H(w)]?

N\2D Aetf?
2 Ny Y eff
|8N(w)| _Z(A) F A2 Bt 2 ABeiri \
I i Peffi I iPeff,i
<Beff — Peff — Lij=1 )\iz + 002) - w? <Aeff + Zi=1 )\iz + wz) 2.10

By choosing a pulsation w such as:
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I

Z}\l f_effl K peff — Berr and Z IBEHI 5 K Aege

The 2.10 expression is simplified as:

|6N(w)|? 2D 1
F

N? Befr — Pefr)? — 02 Aefr”

Furthermore if: wAqfr < |Befr — Pest] then:

BN D 1
N? F (Betf — Petr)?

In this case: the first term is the power spectral density (PSD) of the fluctuations of the neutron
population which can be measured in the reactor. Two detectors are needed in order to get rid of the
detection noise when analysing the signal: the non-correlated events are eliminated and only the
simultaneous ones are kept. This is called the intercomparated PSD (IPSD).

211

[PSD D 1
2

ViVo  “F (Bett — Pefr)?

g2y DWWV
eff = “F.IPSD(1 + |pg])? 2.12

With: V; and V, the voltage of the two detection chains. We get F, the global fission rate in the core,
thanks to measured counting rates of two detectors and one calculated parameter:

(Zrefcb) (chb)

F = (Z;®) = N.K. K, = (Z4D) 5.0) TD)

With:

» N the measured counting rate of one detector

» K, the measured counting rate ratio of a reference detector to the first one.

» K. the calculated global fission rate in the core core on the counting rate of a reference
detector.

Then we have:

2D VL.V
Bog? = —— 1- V2 —p.P
e T K. N.Ke.IPSD(1 + [pgDZ &' ™ 213

With a calculated parameter P. and a measured one Py, given by:

P. = ZD/K This calculated parameter needs the global fission rate in the core
c divided by the reference fission rate and the Diven factor.
V. V.
P =172 N.K..IPSD(1 + |p$|)2 This measured parameter needs the IPSD and the counting rate of

two detectors.
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111.3 The BERENICE programme

The BERENICE programme is detailed in the Appendix A where all the experimental programmes of
the MASURCA facility are presented.

111.3.1 R2 cores

Two different cores with enriched Uranium (20% of *°U) based fuel have been built, the first one is
homogeneous and is called “reference” and the other one has some heterogeneities in the inner fuel
zone to let a large fission chamber go through the core (which is required for the noise technique
measurements). The basic cell of R2 fuel is given (Figure 111.3.1), it is composed of 32 sodium pins,
16 enriched uranium pins and 16 steel pins.

| . ! . DSndium
H E B N

B R B .Uranium
| B N BN

" | M re203

' E N
| |
el 15 a 9 rl L a

Figure 111.3.1: R2 cell

111.3.2 ZONAZ2 core

The last core built during the BERENICE programme is a U-Pu based fuel core. With the inner fuel
zone composed of 90% of PIT pins (with a Pu-vector of 18% of 2*Pu/Pu) and with 10% of POA pins
(with a Pu-vector of 8% of **°Pu/Pu). The basic cell is composed of 32 sodium pins and 32 U-Pu fuel
pins.

|:|5nr.|iun1

. {U,Pu) Fe

Figure 111.3.2: ZONAZ2 cell

111.4 The new analysis of experimental measurements

I11.4.1 Calculated B.¢ with simulations

[11.4.1.1 Deterministic method
The delayed neutron fraction can be calculated with the perturbation theory [8]. Indeed the
perturbation at first order is given by the following formula:
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dF
dic _ _(cl>+,(dA - T) @)
K2 (®F, FD)

If the perturbation is only on the delayed neutron production operator Fq then dF = —F4 and the 4.1
equation gives:

dk  (®*,dF®) (O, F4®)

k (&, Fd) (O Fd)
The reactivity effect is then only due to delayed neutrons:

_ (DT, FqD)
Beff - <CD+, FCD)
For each precursor p [9] the delayed neutron fraction associated to this precursor is calculated with:

s I (5 07 (B Vg )T

T (S 100093 (T VeorZee®g ) &
With vg and v, the delayed and total neutron yield per fission, x4 and x..: the delayed and total
fission spectrum and X, the fission cross-section of the precursor p. The effective delayed neutron
fraction is the sum of these partial delayed neutron fractions. The ERANOS [10] results obtained with
this approach are given in Table 4.2.

[11.4.1.2 Stochastic methods

In TRIPOLI-4® it exists different methods to calculate the B¢ : the Nauchy's method [11][12] and the
Iterated Fission Probability method (IFP) [13]. The first one evaluates the B¢ as the ratio of the
average number of neutrons produced by the fissions induced by the delayed neutrons of a given
generation and the average number of neutrons produced by all fissions of this generation. The IFP
method evaluates the ratio of the importance of the delayed neutron production operator Fy and the
importance of the total neutron production operator. These two methods have been used to get the Begr
of the three experimental cores of the BERENICE programme using the JEFF-3.1.1 nuclear data and
results are presented in the following table.

Table 111.4.1: Monte-Carlo evaluation of B.¢ Wwith JEFF-3.1.1

ZONA2 Bess (PCM) dBess (PCM)
Nauchi
IFP

R2-A dBess (PCM)

Nauchi

IFP

R2-B dBess (PCM)
Nauchi

IFP

The two methods give consistent results for the B¢ (Within a 2% discrepancy) the IFP method will be
preferred in this work because it is the most recent one implemented in TRIPOLI-4® and the most
accurate. Indeed it evaluates the importance of delayed neutrons using more generations of neutrons
than the Nauchy's method (see 111.4.2.1). The Uranium based-fuel of R2 cores gives higher values of
Besr due to the more important delayed neutron yield of ***U compared to **U or Plutonium.
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Table 111.4.2: calculated B.¢s comparison with different nuclear data and codes

calculated B¢ (pCm)

Nuclear Cores :
Code
Data ZONA2 R2-ref R2-exp
ERANOS JEFF-3.1.1 357,6 740,5 739,9
JEFF-3.2 361,6 748.,9 748,2

JEFF-3.1.1 346.7 +0.9 736.1 +3.2 739.0 +1.9
JEFF-3.2 349.9 +0.9 742.4 +3.2 748.4 +5.2

TRIPOLI4A® (IFP)

The main difference between JEFF-3.1.1 and JEFF-3.2 comes from the better evaluation of fission
cross sections of *Pu and **U in JEFF-3.2 than in JEFF-3.1.1. ERANOS and TRIPOLI-4® give
consistent results (with a 3.3% difference for ZONAZ2). The main difference from these two results
comes from the delayed neutron spectrum that is the same for all nuclides with ERANOS. The
statistical uncertainties are given (at 1c) in the Table 111.4.2 for TRIPOLI-4® results. The influence of
the main fissile isotope, >*°U and ?**Pu, respectively, on Bes is quite evident.

111.4.2 New analysis of the measurements

As seen in section 2 the experimental results needs calculated parameters (P.) to get access to the Begr
and these parameters are dependent of the nuclear data and methods used, the objective is then to
calculate these P. with JEFF-3.2 nuclear data and stochastic methods.

111.4.2.1 IFP method for adjoint flux integrals

Adjoint flux integrals are needed to get these P. with the experimental method of the californium 252
source as seen is section 2.1. The adjoint flux is related to the “importance™ of neutrons as seen in
Chapter Il. The IFP method [14] consists in calculating the average neutron importance by estimating
the number of neutrons produced after L generations, L being called the "length of the IFP cycle". As
seen in the section 2.1.2 of the Chapter Il if a simulation is launched with a neutron source at position
T, with an energy E, then the importance of the neutrons is related to the number of neutrons
produced: NY, after L cycles and it is calculated as the product of the normalisation factors of each
cycle g:

L
NG, ) = | kg
g=1

These normalisation factors are the estimators called kg, in TRIPOLI-4® which allows getting the
exact calculation of the number of neutrons. This neutron population is the image of the power
injected by the source in the core. If this power is too important the core become overcritical and the
neutron population diverges and if the core is still sub-critical, the neutron population tends to 0. As
the importance of the source cannot be defined with divergent solutions, these factors have to be
normalised by the asymptotic value kg_,, [15].

L
k
(e 1) = | [
g=1 g—o00

In this work we use this method to get the importance of a spectrum previously normalised (i.e.
Jy X(E)AE = 4m):
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(S(E) 1B, D) = [ x@ae] |
0 _ kg—)oo
g=1
In most cases the product of H'ézl ke quickly converges and the IFP cycle length which should be

kg—>oo
theoretically infinite can be chosen between 10 and 20 cycle. The statistical uncertainty associated to
this method is the standard deviation of a series of simulations (1000 for each spectrum).

Choice of the length of the cycle L

1,4 25
== kstep
1,3 20
o dkk/kk
E——
1,2 / 15
X
1,1 10 ‘c
o 8
[
g ! S B
09 \.¢0\ &3 /']-rbl:l\ﬂ/w i . n 0 g
o0 ¥ v ¢ ,M S
0,8 O -5
0,7 = -10
0,6 -15
0 5 10 15 20 25 30 35

Length of the cycle

Figure 111.4.1: Relative convergence of the Keien estimator (in red) and of their products (in

yellow)

In blue on this Figure I11.4.1, we can see the quick convergence of the kg, to their asymptotic

" . . Kstep—Kstep— : .
values (near the critical value), in red the relative convergence(%) and in yellow the relative

step—1
convergence of the product i.e. the difference between the product at the cycle L and at the cycle L-1.
A cycle length of about 10 steps ensures a satisfying statistical convergence (<1%).

111.4.2.2 The **°Cf source method results
The new evaluation of B¢ consists in getting P. with the most recent implementation in the stochastic
code TRIPOLI-4®. For this experimental technique, two adjoint integrals have to be calculated for the
P term.

_ (CD+, Sl) _ (XCfCD+)
P T e ®) (S (P
The two integrals (xce®*) and (x,®*) are obtained with the IFP method previously introduced. First
by introducing the californium source in the core and then by introducing a source of 1g of ?*U at the
core centre. The results are presented in the following Table 111.4.1 (with the statistical uncertainty at
lo).
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Table 111.4.1: Spectrum importances

ZONAZ2 R2 ref R2 exp
e @) 1.7547 (0.0051) 1.6475 (0.0051) 1.6461 (0.0036)
@) 1.6548 (0.0051) 1.6207 (0.0051) 1.6173 (0.0036)

The last calculated values for this method concern the K. term that gives the relative importance of the
total production of neutrons by fission to the importance of the fission rate of 1g of **U at the core
centre.

_ (CI)+, Fcbl) _ (Xftotcb+> ' ((Ude + Upr)cbl)

- (Erefq)1> ! (qu)+) - (Zrechl) ! (qu)+)

With: vgNg + v, N, = P, N, being the number of prompt fission and Ny the number of events of
delayed neutron production. The (xso: @) integral is calculated with the IFP method by introducing a
source with the total fission spectrum i.e. a first simulation to get this fission spectrum has to be run
with the response “fission spectrum” in TRIPOLI-4®. The integral ((vgNg + v,N,)P,) is also

calculated in the first simulation with the responses: “macroscopic reaction rate” allowing to get the
“nu delayed fission” and the “prompt fission” in the core. The last factor (Z..f, @1) can be split into:

K¢

(Zrer 1) = N(FEf(lg))«yf,refq)l)

Where: o,e¢ is the microscopic fission cross-section of the reference nucleus and the microscopic
reaction rate is obtained with the response “reaction” in TRIPOLI-4®. To get the macroscopic reaction
rate it is necessary to multiply this result by the number of reference atomic nuclei in 1g, in this case
the chosen reference nucleus is the 2°U, i.e. 2,5618.10% nucleus. All the results needed to get the new
evaluation of the K. term are presented in the following table:

Table 111.4.2: Integrals for K,

ZONAZ2 R2 ref R2 exp
(D |Xfror) ~ 1.7584 (0.0029) 1.6515 (0.0039) 1.6488 (0.0046)
((vaNq + VN, Py) 8.7363 (0.0014) 8.6900 (0.0022) 8.5093 (0.0010)
(0 rsr P1) 7.185.10° (1.4.10”) 6.516.10° (1.0.10°)  5.926.10° (1.4.10”)

Then a new evaluation of the experimental B.¢ can be calculated and the results are given in the
following table:

Table 111.4.3: Evaluation of B.¢ With P. calculated with TRIPOLI-4®

Besr (PCM) 326.5 739.8 728.6

The use of TRIPOLI-4® tends to decrease the B¢ Value for each core in comparison to a previous work
done using ERANOS and JEFF-3.1 nuclear data with -8% on ZONAZ2 and -1.6% on R2 exp. This
important discrepancy for the result on ZONAZ2 is going to be discussed in the section 4.3.

111.4.2.3 The noise technique results
The noise technique measurements only needs a new evaluation of the K. factor that is the global
fission rate in the core divided by the fission rate of 1g of 235U at the core centre.
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_ (ZD)

© (T ®)
The (Z¢®) integral is directly issued from a TRIPOLI-4® simulation using the response “macroscopic
reaction rate” which calculates the macroscopic fission rate of all isotopes in the core. This gives a

new evaluation of the experimental Be¢¢

Table 111.4.4: global fission rate in the cores

ZONAZ2 R2 exp
(2 D) 4.2585 (0.0003) 4.8999 (0.0004)
Befs 345.61 757.35

111.4.3 C/E comparisons

The new evaluation of the experimental values of the B¢ Nnow can be compared with the calculated
values obtained in the section 4.1. The following tables give the C/E ratio for:

» ERANOS: comparison of the experimental values obtained in a previous work with our
calculated results obtained with JEFF-3.1.1 and JEFF3.2 nuclear data.

» TRIPOLI-4®: comparison of our new evaluation of the experimental values (see section 4.2)
with our calculated results obtained with the IFP methods for JEFF-3.1.1 and JEFF-3.2
nuclear data.

The associated uncertainties presented in these tables are the quadratic sum of: experimental
uncertainties and nuclear data uncertainties (see section 5).

Table 111.4.5: C/E results for the ?°>Cf source method

C/E (californium 252 source method)

Nuclear Cores
Code
data ZONA2 R2 ref R2 exp
ERANOS JEFF-3.1.1 0,9979 + 0,060 0,9360 + 0,045 0,8965 + 0,046
JEFF-3.2 1,0090 + 0,056 0,9466 + 0,043 0,9066 + 0,045
JEFF-3.1.1 1,0620 + 0,051 0,9950 + 0,044 1,0143 + 0,046
TRIPOLI-4®
JEFF-3.2 1,0720 + 0,045 1,0035 + 0,043 1,0272 + 0,044

The use of TRIPOLI-4® and the IFP methods gives better C/E for R2 cores compared to the ones
obtained with ERANOS with E being measured with the Cf252 source method. However, for the
ZONA2 core, the results are consistent within the 2o uncertainties but ERANOS gives better C/E, this
comes from an important increase of the experimental Bq¢ With TRIPOLI-4® which comes from the
assessment of the K. factor, while for the . factor ERANOS and TRIPOLI-4® agreed well.
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Table 111.4.6: C/E results for the noise method

C/E (Noise method)

Nuclear Cores
Code
data ZONA2 R2 ref R2 exp
ERANOS JEFF-3.1.1 1,0546 + 0,053 - - 0,9640 + 0,039
JEFF-3.2 1,0664 + 0,048 - - 0,9748 + 0,038
JEFF-3.1.1 1,0032 + 0,042 - - 0,9757 + 0,039
TRIPOLI-4®
JEFF-3.2 11,0125 + 0,036 - - 0,9882 + 0,037

The use of TRIPOLI-4® and the IFP methods gives better C/E for R2 cores compared to the ones
obtained with ERANOS, especially for the experimental R2 core that comes from a refined description
of its geometry in TRIPOLI-4®.

I11.5 Uncertainty analysis

In this chapter, an important focus on the various sources of uncertainties has been made. Indeed the
use of new method such as IFP for the evaluation of adjoint flux integrals implies a statistical
uncertainty on the results. This uncertainty has to be added to the experimental ones and it has been
done in a conservative approach [16]. Furthermore the use of GPT (see Chapter I1) allows getting the
sensitivities of the Bqs to nuclear data and then with recent nuclear data covariances (COMAC V2)
[17] and the sandwich formula, it is possible to obtain the associated uncertainty. The delayed
neutrons data covariances have also been taken from the JENDL-4.0 library

I11.5.1 Statistical uncertainties of the stochastic method

The use of refined geometries in TRIPOLI-4® reduces the calculation bias but it introduces a statistical
bias on the results obtained with the stochastic code. Hence, the calculated parameter P. of each
experimental method comes with a statistical uncertainty. The relative uncertainties are presented in
the following table:

Table 111.5.1: Impact of the statistical uncertainties on P,

Cores Relative uncertainties on P, (in %)
P. Cf 252 P, Noise
ZONAZ2 0.58 0.195
R2 ref 0.61 _
R2 exp 0.46 0.24

These statistical uncertainties have a negligible impact on the B.¢ compared to uncertainties due to
nuclear data or experimental ones as we will see in the following sections.

[11.5.2 Experimental uncertainties

The experimental uncertainties have been evaluated during the Veronique Zammit thesis [19] and
concern for instance the measurements of: the integrated intensity of the 22Cf source, the reactivity,
counting rates, etc. In the conservative approach, we consider that these sources of uncertainties are
independent [18]. A series of measurements were conducted for each method so we have to take into
account the dispersion of this series of measurements. The total experimental uncertainties are the
guadratic sum of the method uncertainties and the dispersion. Results in the Table 111.5.2 show that the
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dispersion of measurements are higher for the R2 experimental core because fewer measurements
were conducted than in other cores (7 instead of 22):

Table 111.5.2: Relative experimental uncertainties on the effective delayed neutrons fraction

Method I\/!ethod _ Dispersion qf Total e>_<pe.rim_ental
uncertainties (in %o) measurements (in %) uncertainties (in %)
R2 ref 3.4 0.20 3.41
Cf 252 source R2 exp 34 1.24 3.62
ZONA2 3.5 0.52 3.54
Noise R2 exp 2.3 1.40 2.69
ZONAZ2 2.2 0.42 2.23

The noise method appears as the more accurate one and it can be expected to get information on
nuclear data with these noise measurements. That is why a comparison with uncertainties due to
nuclear data is needed.

[11.5.3 Uncertainties due to nuclear data

The sensitivities of the B to nuclear data are obtained with the GPT method (see Chapter I1) [20].
The Besr expression needs the forward and adjoint flux:

(DT, Fq®)
Betr = T FD)

Then two Lagrange operators are needed:

T = In(Begg) — (¥, (A - %F) - Py — (<A+ - %F+) LB, W) 5.1

We get the sensitivity of the B¢ to a parameter o as follows:

o d o d dA 1dF dA*™ 1dF*
Bett — R Beff:_ Pert _(W+;(————) Y= (W= ®") 5.2
e Berr do Befs do do kdo do k do

Direct term Indirect term
The direct term takes into account the variation of the parameter o on the B.¢ When the indirect term
takes into account the impact of its variations on the adjoint and forward flux variation. The

importance function ¥ and W* have been implemented with :

5.3

Fq® Fo (A 1 F) W and Fy oY Frot (A+ 1 F+) -
(@F,Fg®) (@, FD) " k) (0¥ Fd)  (0F, FO) Kk

An ERANOS procedure has been developed by Cyrille Bouret during his PhD Thesis [9] [21] and has
been improved during this work. The detailed sensitivities results are given in the Appendix B for
benchmark purpose [22]. The results for the R2 cores are not distinguished because the impact of the

heterogeneities of the experimental R2 core on the sensitivities can be neglected.

Table 111.5.3: Sensitivities of the B.¢ for R2 cores (in %/%0)

Fission Capture Elastic Inelastic  n.xn Fission
spectrum
JEFF-31.1 -00267 00365 -00064 00455 00019  -0,0152 0,9997 -0,9609 0,0744
JEFF-3.2 -0,0284 0,0325  -0,0027 0,0524 0,0027 -0,0118 0,9997 -0,9607 0,0836
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The sensitivities for the ZONAZ2 core are presented in the following table:

Table 111.5.4: Sensitivities of the B.¢ for the ZONA2 core (in %/%)

Fission Capture Elastic Inelastic n.xn Fission
Spectrum
JEFF-3.1.1  -0,0923 0,0121 0,0261 0,1136 0,0028 -0,0235 0,9998 -0,9475 0,0911
JEFF-3.2 -0,0981 0,0115 0,0257 0,1216 0,0037 -0,0282 0,9998 -0,9471 0,0888

Using the sandwich rule: 12 = S.B.S* and the covariance matrix COMAC-V1 for JEFF-3.1.1 nuclear
data and COMAC-V?2 for JEFF-3.2 nuclear data we get the uncertainties due to nuclear data on the
Befr. The detailed results are given in the Appendix B.

Table 111.5.5: Uncertainties due to nuclear data on the B.¢ of R2 cores.

Fission  Capture  Elastic Inelastic . Fission
Spectrum
JEFF-31.1 1,26 0,73 0,08 0,25 0,00 0,16 2,39 0,33 2,81
JEFF-3.2 0,61 0,58 0,11 0,30 0,04 0,16 2,38 0,32 2,57

Uncertainties for the ZONAZ2 core are presented in the following table.

Table 111.5.6: Uncertainties due to nuclear data on the B.¢ of ZONAZ2 core

Fission  Capture  Elastic EEST Fission
- P Spectum___ -
JEFF-31.1 281 0,50 0,16 0,84 0,02 0,35 2.31 0.31 3.60
JEFF-3.2 1,38 0,16 0,16 0,72 0,09 0,35 2,31 0,30 282

The main sources of uncertainty are the fission cross section and the delayed neutrons yield for the
ZONA2 core, which is based on U-Pu fuel. As expected, the most contributing isotope to the
uncertainty is the **Pu and results in an uncertainty of 2.8% for U-Pu based fuel core. The sources of
uncertainty for R2 cores are the same as for the ZONA2 core but the capture has also an important
contribution to the uncertainty because the ***U is an important contributor to the Beg.
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111.6 Conclusion

The use of Monte-Carlo code TRIPOLI4® and its recent development of the Iterated Fission
Probability method allow us to improve the C/E ratio for calculating B_eff. The detailed representation
of cores and the use of an energy dependency of the delayed neutron emission to the incident neutron
energy are the major contribution to this improvement. Also, the improvement comes from the
calculated terms used to derive B_eff from raw experimental measurements. The C/E ratios are greatly
improved when using the reliable Noise measurement technique with 1.2% * 3.6% for the ZONA2
core and -1.2% =+ 3.7 % for the R2 experimental core.

The complementary use of the deterministic code ERANOS is fundamental for the uncertainty
guantification process, with the sensitivity analysis and uncertainty propagation leading to a 2.82%
uncertainty for U-Pu core and 2.57% for enriched uranium cores whose main contributors are the
delayed neutron fission yield and the fission cross section of U238.

This work is part of the ASTRID project especially for the ZONA2 core because as we can see in the
Table 111.6.1 the breakdown of the B¢ on each contributors presents similarities.

Table 111.6.1: Contributors to the for ZONA2 and ASTRID core

Bh:(pcm) ZONA2 ASTRID
Am241 0,8 0,3
Np237 0,0 0,0
Pu238 0,2 2,9
Pu239 150,7 119,0
Pu240 14,2 17,8
Pu241 9,0 54,1
Pu242 1,0 10,0

U234 0,0 0,0
U235 8,3 53
U236 0,0 0,0
U238 177,5 173,9
Berr 361,6 383,3

However, since the experimental uncertainties are greater than the nuclear data uncertainties no
feedback can be extracted from this programme on nuclear data improvements. Only new
experimental techniques (noise method with faster electronic) could reduce current uncertainties of
reference codes in calculating Begt.
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Chapter IV: The Sodium Void Reactivity
Effect

Abstract

The Sodium Void Reactivity Effect (SVRE) is the difference in reactivity between two configurations
of the core, the first one is the nominal configuration of the core and the second one is the voided core.
This reactivity effect can be split into two components: the central component (CC) and the leakage
component (LC). When the sodium is removed from the core the neutrons are not anymore scattered
on sodium nuclei, the neutron spectrum is then shifted to higher energies increasing the probability of
getting more fissions on some isotopes (it is the case of ?°Pu but also of actinides with fission
thresholds like: 2**U, 2*°Pu, etc.) and hence the central component is positive. At the same time,
removing the sodium from the core means that the total cross-section is reduced, hence increasing the
neutron mean free path. The neutrons in outer areas of the core are more likely to leak out of the core.
The leakage component is hence negative. These two antagonistic effects are presented in details in
the first section of this Chapter V. The CFV design maximises the leakage component in order to get
a negative SVRE. The experimental programmes studied in this work are presented in the section 2.
Two programmes have been conducted in the MASURCA facility at the CEA Cadarache centre: PRE-
RACINE studying the impact of inner fertile area in the core and CIRANO studying the substitution of
fertile blanket by a sodium-steel reflector. The BFS programme has been done in collaboration with
IPPE in Russia, it studies more in detail some characteristics of the CFV design such as the inner
fertile slab in the core, the sodium plenum on the core ... The experimental uncertainties on the
reactivity measurements are also presented in this section. Some gaps in the experimental data base for
validating tools for the CFV design are identified and recommendations for an experimental
programme called GENESIS in MASURCA are given at the end of this section. The last section of
this Chapter 1V is presenting a complementary analysis of the SVRE calculated with refined
geometries thanks to the stochastic code TRIPOLI-4® and then both components (the CC and LC) are
calculated through perturbation theory with the deterministic code ERANOS using an RZ description
of the geometry.
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Chapter IV: The Sodium Void Reactivity Effect

1VV.1 The physical components of SVRE
IV.1.1 The antagonistic components CC and LC

IV.1.1.1 Fertile and fissile isotopes
Some fuel isotopes such as ?*U and #°Pu are called “fissile" because whatever the energy of the
incident neutrons the probability of fission is non negligible (see Figure 1V.1.1 [1]) due to their
nucleus structure, between 1b and 5b at high energy (>100keV) and more than 100b at thermal
energies (around 0.025 eV). In Fast Reactors (FR) even the neutron spectrum is centred at 100 keV.

100000 U2
so000- —— Pu239

10000+ =

5000 B

—
1000+ —

500

ection (b)

1004
504+

1E-11 1E-10 1E-9 168 167 166 LES LE-4 0.001

Figure 1V.1.1: Fission cross-section of >*U and >*°Pu in JEFF-3.1.1 nuclear data

On the contrary, isotopes like 22U and 2*°Pu are called "fertile" because the fission occurs essentially
at high energy with a threshold at around 1 MeV for what concerns U238 and because neutron capture
reactions transmute these fertile isotopes into fissile ones. These fertile isotopes have a rather high
neutron capture cross sections inducing the creation of new fissile isotopes. The threshold for 2°U and

#0py fission occurs at high energy (see Figure 1V.1.2) when the incident neutron brings enough
energy to break the binding of these nucleus structures.

Cross-section (b)
L

1E-11 LE-10 1E-9 168 L1E-7 1E-6 LES 1E-4 0.001

Figure 1V.1.2: Fission cross-section of >®U and ?*°Pu in JEFF-3.1.1 nuclear data
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IV.1.1.2 A spectrum effect

As seen in the Chapter | the sodium nuclei have a non-negligible moderator power meaning that the
neutron spectrum in the nominal situation is softer due to the scattering of neutrons on sodium nuclei.
Furthermore at high energy another moderating phenomenon appears, the inelastic scattering on
sodium and uranium due to the nuclei structure and their excited levels [2] [3]. Thus when the sodium
is removed from the core there is not anymore inelastic and elastic scattering on sodium nuclei which
shifts the neutron spectrum to higher energies. This is presented in the Figure 1V.1.3 where the
neutron flux spectrum has been obtained with ERANOS in 33 groups in the nominal and voided case.
In blue we see that between 0.1 keV and 60 keV the nominal neutron flux spectrum is more important
than the voided one due to the elastic scattering reactions while above 100 keV the voided spectrum is
more important because of the lack of scattering.

Flux spectrum in ASTRID CFV core
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Figure 1VV.1.3: Neutron flux spectrum in the ASTRID CFV core

The neutrons have more importance at high energy due to the reproduction factor which is the ratio of
production over capture (vZ¢/%,), of *°Pu but also of other isotopes and particularly the fertile
isotopes with their threshold fissions like 2*°Pu. For instance the Figure 1V.1.4 presents the adjoint
flux spectrum which is related to the importance of the neutrons (see Chapter 111, section 1) and this is
strongly correlated with the multiplication factor spectrum presented in the Figure 1V.1.5. It means
that neutrons gains importance in the voided configuration which increases the neutron production at
high energies.
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Adjoint flux spectrum
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Figure 1V.1.4: Adjoint flux spectrum comparison between the ASTRID CFV core and
experimental cores

Reproduction factor spectrum
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Figure 1V.1.5: Reproduction factor spectrum comparison between the ASTRID CFV core and
experimental cores
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The first impact on reactivity is then positive and it can be break down into different physical
components: capture, absorption by fission, production of neutrons by fission, fission spectrum, elastic
and inelastic and n,xn scattering removal. These components can be calculated using ERANOS
perturbation theory as presented in the Table 1V.1.1 with the adjoint and forward flux and the
variation of the concerned macroscopic cross-sections or fission spectrum. The sum of these physical
components is called the Central Component (CC) because it is more important in the inner parts of
the core but it can also be referred as the "spectral component™ in literature.

Table 1V.1.1: Expression of physical components

Capture cs = —61k. f DF. D dV
\
Fission ct = —Szﬁ.f DF. D dV
\%
Production
¢t = 8(vzh). j cpgz X, Py AV
v g
Fission . . N g
Spectrum C8 e = X dng.z VI dy dV
v g
Seattering G ok | [ opoav- [ oo
g v v

In the ASTRID CFV core during a total sodium void experiment the reactions of elastic and inelastic
reactions are responsible of 85.5% of the reactivity variation.

IV.1.1.3 Neutron leakage

The second impact on reactivity is antagonistic and then negative because when the sodium is
removed the total cross-section is less important than in the nominal configuration due to the simple
fact that scattering reactions on sodium nuclei are not anymore taken into account in the total cross-
section. This implies that the mean free path® of neutrons: L, defined as the average length travelled by
the neutrons between two interactions, is increased meaning that neutrons in outer parts of the fuel
areas can more easily leak out of the core. This negative component is then called the Leakage
Component (LC).

During some unprotected accidents i.e. without operation of control rods nor diesels, it is better to
have a negative reactivity variation in order to limit the power excursion and improve the intrinsic
safety feature of the IV" generation reactors (see chapter I). The only way is to increase the leakage
component by specific spatial arrangement (mostly axial) and decrease the central component by
reducing the sodium content in the fuel cells since the importance shape cannot be changed as it is due
to the nature of the fuel itself.

L= 1/):t the mean free path of neutrons in a medium is the inverse of the total macroscopic cross-section of
this medium.
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IVV.1.2 The CFV design maximises the LC

The CFV core [4] (“Coeur a Faible Vidange” : Core with low sodium void reactivity effect in French)
design has been proposed by the CEA in 2006 and exhibits a negative SVRE by maximising the
leakage component with different geometrical arrangements and reducing the central component by
reducing the Na volume fraction (which implies a reduction of the volumic power). The CFV design is
composed of an inner core (C1) and of an outer core (C2) using Mixed OXide (MOX based on U-Pu)
fuel with an inner fertile slab in the middle of the inner core (FCAM stands for "Fertile Couverture
Axiale Médiane" in French) and a lower axial fertile blanket (FCAI stands for "Fertile Couverture
Axiale Inférieure™ in French). A superior sodium expansion vase (SVES stands for "Sodium Vase
d'Expansion Supérieur") and a sodium plenum sits on top of the core with neutronic absorber on it. A
radial reflector is also added in order to decrease the radius of the core and hence its overall volume by
sending back into the core a fraction of those neutrons leaking out of the core.

Neutronic absorber

Sodium plenum

SVES

Upper fissile slab (C1)

Reflector

Inner fertile slab (FCAM)

Radial neutronic protection

Lower fissile slab (C1)

Lower axial blanket (FCAI)

Figure 1V.1.6: RZ description of the CFV design

The main innovations concern the objective of maximising the leakage component of the SVRE:

» The neutrons leaking out of the core are quite numerous because of the relative small height of
the core (60 cm) and because of the fertile inner blanket increasing the flux level at the top of
the inner fuel zone. These leaking neutrons are finding the sodium plenum which send them
back into the core before getting to the neutronic absorber which sits on the top of the sodium
plenum. When the core temperature increases too much, the sodium starts to boil on the top of
the core and in the sodium plenum. Once empty, the sodium plenum no longer acts as a
reflector and the leaking neutrons go directly to the neutronic absorber.

» The outer core is higher than the inner core to limit the radius of the core without minimising
the sodium plenum role and then the leakage component.

In our studies three configurations of sodium void have been analysed:

» A total void sodium configuration which is the main subject of this PhD, where the C1, C2,
FCAM, SVES, sodium plenum areas are voided.
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» A core void configuration when only the C1 and C2 areas are voided which maximise the CC.
» A void plenum configuration when only the sodium plenum and the SVES areas are voided
which maximise the LC.

The idea is to get configurations matching the experimental ones built in MASURCA and BFS
facilities, see Appendix A.

1VV.2 Experimental data base

IV.2.1 The reactivity measurements

IV.2.1.1 Introduction to measurements in reactor physics

The measurements in reactor physics are important for validating neutronic tools but also for the
operation of nuclear reactors in order to keep an eye on neutron population, power, reactivity... The
operators have access to the flux level with detectors such as ionizing chambers placed in the core. In
such a system, the neutron flux interacts with a fissile deposit creating fission products which ionized
the gas. The electric charges are then amplified and collected to get an electric signal in output. In
critical facilities, the use of fission chambers is quite important mainly for getting access to spatial
distributions (see Chapter I11). In these detectors, the neutrons interact with a fissile deposit placed in
the outer part of the detector and the fission products will ionize a gas. The charges are then collected
on an electrode and the signal can be amplified by some tools outside of the core. A particular
attention has to be given to the fissile deposit because if it is too thick the fission products will be
absorbed in it.

The neutron flux interaction with the fission chamber is described by a macroscopic cross-section
X4 (E) depending on the energy of the incident neutron and the counting rate is then:

Ct) = f f Z4(E)¥(RE G t) 2.1
detector E
With: W(7, E, 0, t) the neutron flux through times. As seen in (Chapter 111, section 1.2) the neutron flux
is factorised such as: LIJ(F, E, ﬁ, t) = N(t).CD(F, E, ﬁ, t) in order to split the rapidly changing neutron
flux magnitude fluctuation N(t) from a slowly changing shape function (D(F, E,Q, t). The counting rate
can be expressed as follows, using the detector efficiency: €4 (t).

C(D) = eq(H) N(D) 22
eq(t) = f fzd(E)cb(F,E,ﬁ,t) 23
detector E

If we consider that CD(F, E, ﬁ, t) is time-independent then eq4(t) is constant and the counting rate is
faithfully recording the neutron flux magnitude N(t) which is true when the detector is placed far
enough from the perturbation source. Otherwise the measurements are spoiled by errors due to:
» the position of the detector, the closer to the perturbation the detector is the greater the error is.
> the magnitude of the perturbation, the more important the perturbation is the more important
the error is.
» the sensing range: the more the perturbation affects the flux spectrum in the sensing range of
the detector the more important the error is.
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IV.2.1.2 The inversion of point kinetics equations
In the MASURCA experiment, the reactivity is measured using a control rod insertion for a given
loading. By inverting the point kinetics equations [5] we can directly relate the control rod position to
the neutron population and then to the reactivity of the core. Indeed from equations (111-1.3) presented
in the Chapter 11l the online reactivity can be deduced from the online measurements of the neutron
population.

8
Age [ON
p(t) = Besr + W’S (% - ; AiCefrj (0) 2.4

Using the evolution equation of each precursor concentration:
0Cefrity  Betti

The Cegri(t) can be expressed by solving the 2.5 equation with the variation of constants method
where the Ceg;(t) is supposed to get an exponential behaviour:

N(®) — A;Cefri (D) 25

Cerri(D) = Aj(DeM* 2.6
Integrating the 2.5 equation the "constant" expression of A;(t) is then:

ot
Ayt = Ai(0)+@f N(t') el dt’ 97
Aesr Jo
This leads to:
_ Betti [ i autrar ) it
Cerri (D) = Ceff,i(0)+A N(t") etitdt’ |e M 28
eff Jo

The initial concentration of the precursor can be deduced from the initial neutron population N, and
by setting the derivate terms to O because the perturbation has not been launched yet.

Befri
—N
Mgt 0 2.9

Cerfi(0) =

Using these results in the 2.4 equation we get:

8
Aegr (ON(D) _;L.t< A ft " >
t) = +— ——- e Mt N+ N(t") eriVdt’
p(t) = Besr N(t)< ot 121 Berri o hog ), (" 2.10

The reactivity is then dependent on the effective kinetic parameters and then from adjoint flux, using
the expression in dollar of the reactivity and by dividing the 2.10 equation by the effective delayed
neutron fraction we get:

8
1 [Aegr ON(E) 2 ( Aot . >
H=1+—= ——=— ) aje M Ny+ fN t') eMivdt’
ps(D) N(t)(Beff ot Z, i g § ) 2.11

With a; = Begri/Besr, the relative abundance of each family i of precursors. Thus the step by step
integration of the counting rate of a detector gives the online reactivity in dollar of the core after the
perturbation. The hypothesis made in 1VV.2.1.1 remains here because the shape function can be affected
by the rod drop.

69



Chapter IV: The Sodium Void Reactivity Effect

IV.2.1.3 The rod drop calibration
The control rod is then calibrated with the rod drop experiment, the reactivity is recorded during the
rod drop giving a typical “S-curve” and the efficiency of the absorption of neutrons by the control rod
(see Figure 1V.2.1).

i

SR B S
i |
T

Figure 1V.2.1: S-curve of PRE-RACINE IIA core

The magnitude of the control rod is less than 1 $ for safety reasons according to the nuclear safety
authority recommendations. Once the control rod is calibrated the small reactivity variations (<1$) are
deduced by the control rod position to get back to the criticality and the more important variation are
calculated by getting back to the criticality by adding peripheral fuel assemblies. The reactivity is
obtained with this loading by adjusting the control rod position.

1IVV.2.2 Experimental uncertainties on the SVRE

The Sodium Void Reactivity Effect (SVRE) is then the difference between the reactivity
measurements of the voided configuration and the reactivity measurement of the reference
configuration. The experimental uncertainty associated to the SVRE is the quadratic combination of
the uncertainty on each measurement. In such experimental programmes the SVRE measurements
takes months because the building of each configurations and the stabilisation (in temperature and
reactivity) takes days. Thus the reactivities are measured several times during the programme and the
decay of *'Pu (fissile isotope) into ***Am (absorbing isotope) with a period of 14.4 years, has to be
taken into account. In the PRE-RACINE and the CIRANO programme the decrease in reactivity due
to this decay has been estimated around -0.2 pcm/day [6].

Furthermore the temperature stabilisation is also important because due to Doppler feedback the
reactivity comparison is only possible at the same temperature. In the PRE-RACINE programme for
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instance a default in the air-cooling system has lead to an overheating (50°C) in the core [7] then two
campaigns have been conducted to get the SVRE with a correction in the second campaign for the
cooling system (temperature stabilised around 35°C). In the CIRANO programme the decrease of the
reactivity with the temperature has been estimated around -3 pcm/°C.

In addition to that the calibration of the control rod is impacted by uncertainties on the kinetic
parameters (Aefr, Befr, @j) USed to invert the point kinetics equations (uncertainties on B¢ due to
nuclear data have been estimated in the Chapter Il1l) and also by systematic errors due to fission
chambers (composition and thickness of the deposit) and by the mechanism to get the position of the
control rod.

However in the experimental programme conducted in the MASURCA facility the sources of these
biases and uncertainties and the correction of the reactivity measurements due to *'Pu decay have
been taken into account but not recorded properly. For instance in the PRE-RACINE programme the
reference reactivity measurements are given within a +0.7 pcm uncertainty and the voided
configuration within +1.5 pcm or £0.7 pcm if axial blanket have been voided or not.

Another interesting point is the building of voided configurations by replacing the sodium pins by
voided pins in MASURCA assemblies (see Appendix A) because when the tubes are removed from
the core to be manipulated in the workshop in an ideal world the fuel pins have to be put back at the
same position in order to keep exactly the same configuration as the reference one with the exception
of the sodium pins. However it is never mentioned in the experimental report if it has been done or not
but we will assume this has been done.

In the case of the BFS programme which is the most recent one the uncertainties have been given in
details by the Russian part and in dollar allowing to get SVRE values and uncertainties with our own
Befr Values using recent nuclear data (JEFF-3.2) and methods (IFP see Chapter 111).

In the following section are presented the overall uncertainties on SVRE for each voided configuration
and experimental programmes.

IV.2.3 Experimental data base

The details on the experimental database are given in the Appendix A. This section just presents the
assets of each programme to the experimental qualification of the ASTRID CFV core. In order to do
the comparison between these experimental cores and the CFV core we have to select some criteria:

» The presence of a sodium plenum,

» The core surrounding by a reflector or a blanket,

» The presence of an inner fertile area.

These three first criteria are only geometric and based on the innovations in the CFV design so the
oldest experimental programme will not meet all these points. Other criteria are based on composition
and neutron spectrum.

> The sodium and fuel volume fraction,

» The fuel composition,

» The hardness of the neutron spectrum.
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The hardness of the neutron spectrum is defined as the ratio of the average production cross-section to
the average slowing down power:

_ %

5
The inverse of r is the lethargy interval crossed in average by a neutron during its life: it is the
distance in lethargy between the fission spectrum and the disappearance spectrum. The light water
reactors (LWR) using thermal neutrons to fission ?*°U have an spectrum hardness index about 0.15
when in fast reactors (FR) the spectrum hardness index is in a range of 0.3-0.5. This parameter gives
information on the neutron spectrum shape which is influenced by the isotopic composition of the fuel
and the sodium volume fraction.

r 2.12

The ASTRID CFV Basic Design core uses Pu from reprocessed PWR MOX fuel. This Pu has a highly
degraded vector (35% of *°Pu in the Pu content) which can be represented by the P2K fuel which is a
50-50 mix of P4K and PIT Pu based fuel. The PIT fuel has a 18% **°Pu content while the P4K fuel has
a50% %°Pu content and the POA has a 8% of %°Pu content.

Table 1V.2.1: Experimental programme features comparison with the ASTRID CFV core

Sodium Reflector Inner Sodium Fuel + Fert Spectrum
fertile area fraction fraction

PRE-RACINE I X Blanket v 50% 50% POA 0.42
PRE-RACINE 2A X Blanket X 50% 50% POA 0.42
PRE-RACINE 2B X Blanket X 50% 50% PIT 0.41
CIRANO 2A X Blanket X 50% 50% PIT 0.51
CIRANO 2B X Reflector X 50% 50% PIT 0.51
BFS-115-1 v Reflector v 30% 70% Military 0.54
ASTRID CFV v Reflector v 28% 44% P2K 0.45

The fuel compositions are given by fuel type (see Appendix A) for MASURCA core and the ASTRID
CFV core is associated to giving the P2K composition. The fuel composition of BFS has a Pu-vector
of military quality meaning it is highly enriched in **°Pu which is far from being equivalent to the
ASTRID CFV fuel and the spectrum hardness is then much more important than the ASTRID CFV
one. Nevertheless the BFS-115-1 core is the only one built with a sodium plenum because the other
cores have been built before the CEA proposed the innovations on the CFV design.

IV.2.3.1 PRE-RACINE experimental uncertainties
The PRE-RACINE programme is detailed in Appendix A, this experimental programme is interesting
due to the number of voided configurations that have been built with configurations pointing out the
LC with only voided in outer axial part of the assemblies and others pointing out the CC with voided
areas in the inner part of the tubes. This section presents the overall uncertainties [8] on the SVRE
measurements in each core without the detailed breakdown because of a lack of information given in
the experimental reports.

72



Chapter 1V: The Sodium Void Reactivity Effect

Table 1V.2.2: Experimental uncertainties of SVRE in PRE-RACINE |

Configuration Uncertainty (1o in pcm)
Void V1 R=11.96

Void V2 R=11.96
Void V3 R=11.96
Void V5 R=11.96
Void V6 R=11.96
Void V7 R=11.96
Void V8 R=11.96
Void V9 R=11.96

VO |IN(N I NN L,

Void V5 R=7.33 5

The uncertainties for the PRE-RACINE | core are consistent for small voided areas because only areas
with an equivalent radius of 11.96 cm and 7.33 cm have been voided.

Table 1V.2.3: Experimental uncertainties of SVRE in PRE-RACINE 2A

Configuration Uncertainty (1o in pcm)
Void V1 R=11.96

N

Void V2 R=11.96
Void V3 R=11.96
Void V4 R=11.96
Void V5 R=11.96
Void V6 R=11.96
Void V7 R=11.96
Void V8 R=11.96
Void V9 R=11.96

uniph|lblhblWlwWlwW|WwW

Void V5 R=19.83

=
o

Void V5 R=29.45 7

The uncertainties for the PRE-RACINE 2A and 2B core are also consistent for small voided areas and
a bit more important for large voided areas.

Table 1V.2.4: Experimental uncertainties of SVRE in PRE-RACINE 2B

Configuration Uncertainty (1o in pcm)
Void V1 R=11.96 3
Void V3 R=11.96 3
Void V5 R=11.96 3
Void V5 R=19.83 4
Void V5 R=29.45 8
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IV.2.3.2 CIRANO experimental uncertainties
The CIRANO programme is also detailed in the Appendix A and the major asset of these cores are the
degraded Pu-vector (using PIT instead of POA type fuel) and the presence of reflector in the ZONA2B
core. This section presents the overall uncertainties on the SVRE measurements in each core without
the detailed breakdown because of a lack of information given in the experimental reports.

Table 1V.2.5: Experimental uncertainties of SVRE in CIRANO 2A

Configuration Uncertainty (1o in pcm)
Void V8 R=11.96 1.4
Void V16 R=11.96 14
Void V24 R=11.96 1.8
Void V4+4 R=11.96 1.5

Table 1V.2.6: Experimental uncertainties of SVRE in CIRANO 2B

Configuration Uncertainty (1o in pcm)
Void V8 R=11.96 1.9
Void V16 R=11.96 1.5
Void V24 R=11.96 1.0
Void V4+4 R=11.96 2.5
Void V8 R=20.72 1.5
Void V16 R=20.72 1.4
Void V24 R=20.72 2.5
Void V4+4 R=20.72 2.2

The experimental uncertainties are smaller than the ones of the PRE-RACINE programme due to
improvements in the calibration of the control rod method by applying an approximation method for
the rod drop record to an online record following the recommendations made after the PRE-RACINE
programme [7].

IV.2.3.3 BFS experimental uncertainties

The main asset of the BFS experimental programme [9] is the geometry of the core very similar to the
ASTRID CFV core with the axial scheme of the inner fuel and of the outer fuel. The presence of a
sodium plenum on the inner fuel, of a steel reflector and of an inner fertile slab (and not anymore an
inner radial area such as PRE-RACINE I) are also representative of the innovations of the CFV core.
A series of voiding and filling experiments in the inner tubes have been detailed in the experimental
reports given by the IPPE" to the CEA. The reactivity measurements and uncertainties have been given
in cents (1¢=0.01%).

! The BFS experimental programme has been done in collaboration between the CEA and the IPPE.
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Table 1V.2.7: Experimental uncertainties of SVRE in BES-115-1

Configuration Uncertainty (1o in ¢)
Plenum void 3.5 (or 13 pcm)
CSUP and Plenum void 4.3 (or 16 pcm)
Total void 4.8 (or 18 pcm)

The uncertainties are more important than in MASURCA due to the large voided areas.

IV.2.4 The need of GENESIS programme

As seen in the Table 1V.2.1 the features of the experimental programmes do not meet all the
innovations implemented for the ASTRID CFV design. Indeed there are some missing features such
as:

The lack of boron neutronic absorber on the core,

The lack of sodium superior expansion vase (SVES),

No sodium plenum on the outer core,

The use of Pressurised Water Reactor (PWR) Mix-Oxyde (MOX) spent fuel Pu-vector
(associated to P2K fuel type).

YV V VYV

In the BFS experimental programme the boron neutronic absorber have been replaced by neutronic
shielding made of depleted uranium using the high absorbing ability of the **U but this substitution
has an important impact on the SVRE when the sodium plenum is voided because it changes the
neutron spectrum of “returning” neutrons in the core. Furthermore there is no sodium plenum on outer
fuel and no SVES which also impacts the SVRE.

Table 1V.2.8: Comparison of the features of a core designed for GENESIS and the ASTRID

CFV core
Sodium Reflector Inner Sodium Fuel Spectrum
plenum or Blanket fertilearea  fraction fraction hardness
GENESIS v Reflector v 33% 50% P2K 0.44
ASTRID CFV v Reflector v 28% 44% P2K 0.45

This GENESIS programme is a real challenge for the CEA because it will bring new and important
measurements for the experimental validation of the CFV core [10] as we will see in Chapter V. The
skill transfer of experimental experts to the young generation of physicist appointed by the CEA after
the halt of the Phénix experimental programme in 2010 has also to be considered.
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1VV.3 SVRE calculated

In this section, are presented the results obtained with two neutronic codes on the SVRE of each
experimental programme. Section 1V.3.1 presents the results calculated with the Monte-Carlo code
TRIPOLI-A® and section 1V.3.2 with the deterministic code ERANOS (see Chapter Il for details).

IV.3.1 Refined geometry with TRIPOLI-4®

The main asset of the Monte-Carlo code TRIPOLI-A® is the ability to implement refined geometries
like “as built” and the fact that the results are considered as reference because there is no
approximation other than statistics (see Chapter II). In order to get the SVRE a simulation with the
refined geometry of the nominal configuration is launched to get the reference reactivity (with the
effective multiplication factor) and after that it is needed to launch as many simulations as there are
voided configurations. The statistical uncertainty on the reactivity is given by:

do = dKef
eff

Then the statistical uncertainty on the SVRE is calculated as the quadratic sum of the uncertainties on
each reactivity:

d(4p) = /(dpy)? + (dpy)? 3.2
The following sections present the discrepancies between the TRIPOLI-4® and experimental results (C-
E) for JEFF-3.1.1 and JEFF-3.2 nuclear data. The experimental reactivity measurements (made in $)
have been re-evaluated with the calculated Bes using the IFP method with TRIPOLI-4® (see Chapter

11).

IV.3.1.1 PRE-RACINE results
The following table presents the discrepancies between the TRIPOLI-4® and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the PRE-RACINE I core in regard of the statistical and
experimental uncertainties. All the voided areas are fertile in this core.

Table 1V.3.1: C-E in PRE-RACINE | with JEFF-3.1.1

Configuration C-E (in pcm) Exp unc (1o in pcm)  Stat unc (1o in pcm)
Void V1 R=11.96 -2.2 5 5.6
Void V2 R=11.96 -4.6 7 5.6
Void V3 R=11.96 -2.9 7 5.6
Void V5 R=11.96 0.3 7 5.6
Void V6 R=11.96 4.5 7 5.6
Void V7 R=11.96 7.8 6 5.6
Void V8 R=11.96 3.5 5 5.6
Void V9 R=11.96 43 5 5.6
Void V5 R=7.33 34 5 5.6

Globally the use of JEFF-3.1.1 estimates well the SVRE for all the voided configurations then the
nuclear data of JEFF-3.1.1 implied in the calculations of the SVRE such as U and sodium are in
good agreement with these measurements.
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Table 1V.3.2: C-E in PRE-RACINE | with JEFF-3.2

Configuration C-E (in pcm) Exp unc (1o in pcm)  Stat unc (1o in pcm)
Void V1 R=11.96 -9.5 5 5.6
Void V2 R=11.96 -4.8 7 5.6
Void V3 R=11.96 -0.8 7 5.6
Void V5 R=11.96 8.8 7 5.6
Void V6 R=11.96 10.0 7 5.6
Void V7 R=11.96 5.1 6 5.6
Void V8 R=11.96 14.5 5 5.6
Void V9 R=11.96 7.0 5 5.6
Void V5 R=7.33 9.0 5 5.6

With JEFF-3.2 the discrepancies are more important but the results are consistent within the 3 o
uncertainty.

The following table presents the discrepancies between the TRIPOLI-4® and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the PRE-RACINE 2A core in regard of the statistical and
experimental uncertainties. The voided areas are mainly in the fuel in this core and if fertile areas are
also voided the results are written in bold italic.

Table 1V.3.3: C-E in PRE-RACINE 2A with JEFF-3.1.1

Configuration C-E (in pcm) Exp unc (loin pcm)  Stat unc (1o in pcm)
Void V1 R=11.96 -7.2 4 5.6
Void V2 R=11.96 7.2 3 5.6
Void V3 R=11.96 5.0 3 5.6
Void V4 R=11.96 6.4 3 5.6
Void V5 R=11.96 10.1 3 5.6
Void V6 R=11.96 9.7 4 5.6
Void V7 R=11.96 5.7 4 5.6
Void V8 R=11.96 18.3 4 5.6
Void V9 R=11.96 13.7 5 5.6
Void V5 R=19.83 13.0 10 5.6
Void V5 R=29.45 -39 7 5.6

Globally the use of JEFF-3.1.1 overestimates the SVRE with an inconsistent result (even at 3c) for the
V8 R=11.96 voided configuration. As this configuration is mainly due to the Leakage Component it
seems to indicate a problem with JEFF-3.1.1 nuclear data involved in the LC calculation in the fuel
area.
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Table 1V.3.4: C-E in PRE-RACINE 2A with JEFF-3.2

Configuration C-E (in pcm) Exp unc (1o in pcm)  Stat unc (1o in pcm)
Void V1 R=11.96 2.0 4 5.6
Void V2 R=11.96 12.7 3 5.6
Void V3 R=11.96 19.3 3 5.6
Void V4 R=11.96 28.2 3 5.6
Void V5 R=11.96 25.2 3 5.6
Void V6 R=11.96 14.8 4 5.6
Void V7 R=11.96 3.5 4 5.6
Void V8 R=11.96 30.8 4 5.6
Void V9 R=11.96 29.6 5 5.6
Void V5 R=19.83 52.0 10 5.6
Void V5 R=29.45 57.6 7 5.6

Here the use of JEFF-3.2 really overestimates the SVRE with many inconsistent results (even at 3c)
for many voided configuration which are mainly voided fuel areas. The nuclear data of fuel isotopes of
a U-Pu based fuel in JEFF-3.2 seem not consistent at all for the SVRE in PRE-RACINE 2A.

The following table presents the discrepancies between the TRIPOLI-4® and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the PRE-RACINE 2B core. The voided areas are only in the
fuel in this core.

Table I1V.3.5: C-E in PRE-RACINE 2B with JEFF-3.1.1

Configuration C-E (in pcm) Exp unc (1o in pcm)  Stat unc (1o in pcm)
Void V1 R=11.96 -12.7 3 5.6
Void V3 R=11.96 9.7 3 5.6
Void V5 R=11.96 10.6 3 5.6
Void V5 R=19.83 3.7 4 5.6
Void V5 R=29.45 19.1 8 5.6

Globally the use of JEFF-3.1.1 nuclear data gives consistent results for this core within the 3o range of
statistical or experimental uncertainties.

Table 1V.3.6: C-E in PRE-RACINE 2B with JEFF-3.2

Configuration C-E (in pcm) Exp unc (1o in pcm)  Stat unc (1o in pcm)
Void V1 R=11.96 12.9 3 5.6
Void V3 R=11.96 22.5 3 5.6
Void V5 R=11.96 26.7 3 5.6
Void V5 R=19.83 49.5 4 5.6
Void V5 R=29.45 88.9 8 5.6
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Here again the use of JEFF-3.2 nuclear data gives inconsistent results for many voided configurations
which are voided fuel configurations. Nuclear data of Plutonium and Uranium really become suspect.
And as seen in PRE-RACINE 2A core the voided fertile configuration giving consistent results (for 2
out of 3 of them) and the main difference with the fuel being the lack of ?°U and Plutonium (in fertile
blanket made of depleted Uranium) that seems to save the nuclear data of **U.

IV.3.1.2 CIRANQO results

The following table presents the discrepancies between the TRIPOLI-4® and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the CIRANO 2A core. The voided areas are only in the fuel in
this core.

Table 1V.3.7: C-E in CIRANO 2A with JEFF-3.1.1

Configuration C-E (in pcm) Exp unc (1o in pcm)  Stat unc (1o in pcm)
Void V8 R=11.96 0.9 1.4 5.6
Void V16 R=11.96 9.9 1.4 5.6
Void V24 R=11.96 19.6 1.8 5.6
Void V4+4 R=11.96 5 1.5 5.6

Globally the use of JEFF-3.1.1 nuclear data seems to overestimates the SVRE with an inconsistent
result for the largest voided configuration (V24 R11.96).

Table 1V.3.8: C-E in CIRANO 2A with JEFF-3.2

Configuration C-E (in pcm) Exp unc (1o in pcm)  Stat unc (1o in pcm)
Void V8 R=11.96 10.0 1.4 5.6
Void V16 R=11.96 15.4 1.4 5.6
Void V24 R=11.96 22.2 1.8 5.6
Void V4+4 R=11.96 5.7 1.5 5.6

In this core, the use of JEFF-3.2 nuclear data increase the discrepancies and the overestimation of the
SVRE but it still has only one inconsistent result for the largest voided configuration (V24 R11.96).

The following table presents the discrepancies between the TRIPOLI-4® and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the CIRANO 2B core. The voided areas are only in the fuel in
this core.

Table 1V.3.9: C-E in CIRANO 2B with JEFF-3.1.1

Configuration C-E (in pcm) Exp unc (1o in pcm)  Stat unc (1o in pcm)
Void V8 R=11.96 -7 1.9 5.6
Void V16 R=11.96 10.8 1.5 5.6
Void V24 R=11.96 1.6 1.0 5.6
Void V4+4 R=11.96 4.8 2.5 5.6
Void V8 R=20.72 -4.5 1.5 5.6
Void V16 R=20.72 -0.1 14 5.6
Void V24 R=20.72 15.1 2.5 5.6
Void V4+4 R=20.72 -6.7 2.2 5.6
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Replacing the surrounding fertile blanket by a sodium-steel reflector is not a matter with the Monte-
Carlo code TrIPOLI-4® all the SVRE calculated with JEFF-3.1.1 are consistent with experimental
results.

Table 1V.3.10: C-E in CIRANO 2B with JEFF-3.2

Configuration C-E (in pcm) Exp unc (1o in pcm)  Stat unc (1o in pcm)
Void V8 R=11.96 -5.5 1.9 8.1
Void V16 R=11.96 11.6 1.5 8.1
Void V24 R=11.96 18.0 1.0 8.1
Void V4+4 R=11.96 2.1 2.5 8.1
Void V8 R=20.72 13.9 1.5 8.1
Void V16 R=20.72 294 14 7.6
Void V24 R=20.72 47.0 2.5 8.1
Void V4+4 R=20.72 4.7 2.2 8.1

Nevertheless, the use of JEFF-3.2 seems again problematic especially in the largest voided
configurations where the CC is important.

IV.3.1.3 BFS results

The following table presents the discrepancies between the TRIPOLI-4® and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the BFS-115-1 core. The voided areas are as well fuel medium
or sodium plenum as fertile medium. The configurations selected for this study are detailed in
Appendix A.

Table 1VV.3.11: C-E in BFS-115-1 with JEFF-3.1.1

Configuration C-E (in pcm) Exp unc (1o in pcm)  Stat unc (1o in pcm)
Plenum void -65.0 13 5.8
CSUP and Plenum void -86.7 16 5.8
Total void -92.8 18 5.8

Globally the use of JEFF-3.1.1 nuclear data for these three voided configurations gives inconsistent
results with discrepancies between 12% and 22% to the experimental values. However, the main
suspect here is the sodium because if we only consider the configuration where the sodium plenum is
voided the discrepancy with experimental result is already representing 65 pcm meaning that 70% of
the discrepancy on the total voided configuration comes from this first error if we put apart
compensating effect.

Table 1VV.3.12: C-E in BFS-115-1 with JEFF-3.2

Configuration C-E (in pcm) Exp unc (loin pcm)  Stat unc (1o in pcm)
Plenum void -35.3 13 3.7
CSUP and Plenum void -41.8 16 3.7
Total void -36.7 18 3.7

Here the use of JEFF-3.2 nuclear data for these three voided configurations gives consistent results
because the discrepancies are reduced and already 30 pcm have been gained on the voided plenum
configuration. It tends showing that the sodium of the JEFF-3.2 nuclear data is better than the one of
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JEFF-3.1.1. These results also shows compensating effects because the difference between the
discrepancies of the voided plenum and the total voided configurations is only about 1 pcm and of
course the resulting error due to the fissile medium in JEFF-3.2 is much more than 1 pcm as we have
seen with MASURCA cores that 2°U and Plutonium have an important impact on these errors.

IVV.3.1.4 Conclusion on C-E comparison with TRIPOLI-4®

The first conclusion of this work, thanks to PRE-RACINE and CIRANO experimental programmes is
that:
» Voided configurations in fertile areas are well calculated with JEFF-3.1.1 and JEFF-3.2
» Voided configurations in fuel media are not well calculated with JEFF-3.2 and when the LC is
important JEFF-3.1.1 is also inconsistent.
» The voided plenum configuration in BFS-115-1 is better calculated with JEFF-3.2 than with
JEFF-3.1.1.

Then the main suspects of this work are:

» The JEFF-3.2 nuclear data of ***U and Plutonium are responsible for the discrepancies in the
PRE-RACINE and CIRANO cores,

» The sodium nuclear data in JEFF-3.1.1 is the main responsible for the important discrepancies
in the BFS results. It is confirmed by the fact that when the LC is important in some sodium
voided configurations of the MASURCA cores the results are inconsistent with JEFF-3.1.1
nuclear data because the nuclear data of the sodium (with elastic and inelastic scattering) is the
main responsible of the LC.

IV.3.2 RZ geometry with ERANQOS

As seen in Chapter 1l the use of a deterministic code in complement of a stochastic code allows using
perturbation theory to get access to the breakdown of the SVRE in physical components and then to
calculate the CC and the LC. In the ERANOS code, the RZ model of the core configuration has been
chosen for applying the new procedure calculating the sensitivity of the CC to nuclear data (see
Chapter V). Then all the results presented in this section are calculated using the RZ model, transport
theory and the Sg angular discretisation. The following tables will present the comparison between the
calculated and the experimental results on the SVRE and the proportion: P.¢ = CC/(CC + |LC|) and
P.c = |LC|/(CC + |LC|) for each voided configuration.

IV.3.2.1 PRE-RACINE results
The following table presents the discrepancies between the ERANOS and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the PRE-RACINE | core. All the voided areas are fertile in
this core.
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Table 1V.3.13: C-E in PRE-RACINE | with JEFF-3.1.1

Configuration C-E (inpcm)  Exp unc (in pcm) Pcc (in %0) Pc (in %)
Void V1 R=11.96 -2.4 5 100 0
Void V2 R=11.96 -2.4 7 97 3
Void V3 R=11.96 2.2 7 91 9
Void V5 R=11.96 13 7 75 25
Void V6 R=11.96 17.3 7 68 32
Void V7 R=11.96 7 6 38 62
Void V8 R=11.96 7 5 55 45
Void V9 R=11.96 11.8 5 49 51
Void V5 R=7.33 -5.5 5 81 19

These results are consistent within the 3o range of experimental uncertainties with very good
agreement where the LC is low and higher discrepancies where the LC becomes relevant.

Table 1V.3.14: C-E in PRE-RACINE | with JEFF-3.2

Configuration C-E(inpcm)  Exp unc (in pcm) Pcc (in %0) Ppc (in %)
Void V1 R=11.96 -1.6 5 97 3
Void V2 R=11.96 0.4 7 97 3
Void V3 R=11.96 6.9 7 92 8
Void V5 R=11.96 21.5 7 77 23
Void V6 R=11.96 27.7 7 70 30
Void V7 R=11.96 8.5 6 39 61
Void V8 R=11.96 10.4 5 57 43
Void V9 R=11.96 17 5 50 50
Void V5 R=7.33 -7 5 82 18

Using JEFF-3.2 nuclear data gives inconsistent results with ERANOS for voided fertile areas
especially in total voided configurations (V5 and V6) with important contributions of the central
component.

The following table presents the discrepancies between the ERANOS and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the PRE-RACINE 2A core. The voided areas are mainly in the
fuel in this core and if fertile areas are also voided the results are written in bold italic.
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Table 1V.3.15: C-E in PRE-RACINE 2A with JEFF-3.1.1

Configuration C-E (inpecm)  Exp unc (in pcm) Pcc (in %) Pic (in %)
Void V1 R=11.96 0.6 4 93 7
Void V2 R=11.96 2.4 3 86 14
Void V3 R=11.96 6.4 3 74 26
Void V4 R=11.96 114 3 61 39
Void V5 R=11.96 12.5 3 50 50
Void V6 R=11.96 11.6 4 44 56
Void V7 R=11.96 1.8 4 25 75
Void V8 R=11.96 6.2 4 30 70
Void V9 R=11.96 4.9 5 28 72
Void V5 R=19.83 27.4 10 47 53
Void V5 R=29.45 16 7 42 58

Globally the results calculated with ERANOS are consistent within the 3o range of experimental
uncertainties (exception made of the V4 and V5 R=11.96 configurations). ERANOS and JEFF-3.1.1
seems to overestimate the SVRE when the fuel areas are voided.

Table 1V.3.16: C-E in PRE-RACINE 2A with JEFF-3.2

Configuration C-E (inpcm)  Exp unc (in pcm) Pcc (in %0) Pyc (in %)
Void V1 R=11.96 1.7 4 93 7
Void V2 R=11.96 53 3 87 13
Void V3 R=11.96 11.3 3 76 24
Void V4 R=11.96 18.7 3 63 37
Void V5 R=11.96 22.7 3 52 48
Void V6 R=11.96 24.6 4 46 54
Void V7 R=11.96 4.2 4 27 73
Void V8 R=11.96 11.4 4 31 69
Void V9 R=11.96 12.7 5 29 71
Void V5 R=19.83 55.1 10 49 51
Void V5 R=29.45 77.8 7 43 57

Here the results calculated with ERANOS and JEFF-3.2 are less consistent within the 3o range of
experimental uncertainties than with JEFF-3.1.1 and it concerns as much as the configurations
pointing out the CC than the total voided configuration with an important contribution of the LC.
ERANOS and JEFF-3.2 overestimate the SVRE when the fuel areas are voided.

The following table presents the discrepancies between the ERANOS and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the PRE-RACINE 2B core. The voided areas are only in the
fuel in this core.
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Table 1V.3.17: C-E in PRE-RACINE 2B with JEFF-3.1.1

Configuration C-E (inpecm)  Exp unc (in pcm) Pcc (in %) Pic (in %)
Void V1 R=11.96 -0.1 3 94 6
Void V3 R=11.96 53 3 76 24
Void V5 R=11.96 15 3 53 47
Void V5 R=19.83 19.6 4 50 50
Void V5 R=29.45 30.1 8 45 55

The largest voided configurations are not consistent within the 3c range of experimental uncertainties.
This seems to show that in the voided configuration with an important contribution ERANOS and
JEFF-3.1.1 nuclear data greatly overestimate the SVRE and the LC.

Table 1V.3.18: C-E in PRE-RACINE 2B with JEFF-3.2

Configuration C-E (inpcm)  Expunc (in pcm) Pcc (in %) Py (in %)
Void V1 R=11.96 13 3 94 6
Void V3 R=11.96 11 3 78 22
Void V5 R=11.96 26.5 3 55 45
Void V5 R=19.83 50.5 4 52 48
Void V5 R=29.45 98.7 8 47 53

This is the same conclusion than the one with JEFF-3.1.1 with even greater discrepancies for the
largest voided configurations.

IV.3.2.2 CIRANQO results

The following table presents the discrepancies between the ERANOS and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the CIRANO 2A core. The voided areas are only in the fuel in
this core.

Table 1V.3.19: C-E in CIRANO 2A with JEFF-3.1.1

Configuration C-E (in pcm) Exp unc (in pcm) Pcc (in %0) Prc (in %0)
Void V8 R=11.96 0.8 1.4 86 14
Void V16 R=11.96 4.5 1.4 67 33
Void V24 R=11.96 5.0 1.8 49 51

Void V4+4 R=29.45 5.8 1.5 28 72

The results given by ERANOS with JEFF-3.1.1 nuclear data are quite consistent within the 3o range
of experimental uncertainties even the use of ZONAZ2 fuel increased the sodium volume fraction the
discrepancies are not important.
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Table 1V.3.20: C-E in CIRANO 2A with JEFF-3.2

Configuration C-E (inpecm)  Exp unc (in pcm) Pcc (in %) Pic (in %)
Void V8 R=11.96 51 1.4 87 13
Void V16 R=11.96 14.1 1.4 69 31
Void V24 R=11.96 19.8 1.8 51 49

Void V4+4 R=29.45 111 1.5 29 81

Otherwise, the use of JEFF-3.2 gives very important discrepancies which is understandable because
the fuel fraction is also increased with the use of ZONA2 (50%) cells instead of ZONA1 (37.5%).

The following table presents the discrepancies between the ERANOS and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the CIRANO 2B core. The voided areas are only in the fuel in
this core.

Table 1V.3.21: C-E in CIRANO 2B with JEFF-3.1.1

Configuration C-E (inpcm)  Exp unc (in pcm) Pcc (in %0) Pyc (in %)
Void V8 R=11.96 -4.0 1.9 84 16
Void V16 R=11.96 4.2 1.5 67 33
Void V24 R=11.96 -0.7 1 48 52
Void V4+4 R=11.96 0.9 2.5 25 75
Void V8 R=20.72 -15.0 1.5 72 28
Void V16 R=20.72 -31.4 1.4 60 40
Void V24 R=20.72 -28.6 2.5 45 55
Void V4+4 R=20.72 -8.2 2.2 24 76

Replacing the surrounding fertile blanket by a sodium-steel reflector seems problematic with
ERANOS and JEFF-3.1.1 nuclear data especially for the largest voided areas because for the smaller
ones in the centre of the core, the neutron spectrum is not really influenced by the substitution of the
fertile blanket by a reflector.

Table 1V.3.22: C-E in CIRANO 2B with JEFF-3.2

Configuration C-E (inpcm)  Exp unc (in pcm) Pcc (in %0) Py (in %)
Void V8 R=11.96 11 1.9 85 15
Void V16 R=11.96 144 1.5 68 32
Void V24 R=11.96 16.3 1 50 50
Void V4+4 R=11.96 6.1 2.5 26 74

Void V8 R=20.72 1.0 1.5 73 27
Void V16 R=20.72 -2.3 1.4 62 38
Void V24 R=20.72 14.1 2.5 47 53
Void V4+4 R=20.72 6.0 2.2 26 74

Replacing the surrounding fertile blanket by a sodium-steel reflector seems a bit less problematic with
ERANOS and JEFF-3.2 nuclear data because the largest voided areas give more consistent results and
the discrepancies are reduced.
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IVV.3.2.3 BFS results

The following table presents the discrepancies between the ERANOS and experimental results of the
SVRE with JEFF-3.1.1 nuclear data for the BFS-115-1 core. The voided areas could be fuel regions or
sodium plenum or even fertile medium. The configurations selected for this study are detailed in
Appendix A.

Table 1VV.3.23: C-E in BFS-115-1 with JEFF-3.1.1

Configuration C-E (inpcm)  Exp unc (in pcm) Pcc (in %0) Ppc (in %)
Plenum void -322 13 7 93
CSUP and Plenum void -342 16 20 80
Total void -319 18 29 71

The use of ERANOS and JEFF-3.1.1 nuclear data shows important discrepancies here, this is due to
ERANOS trouble with the model of a sodium plenum.

Table 1VV.3.24: C-E in BFS-115-1 with JEFF-3.2

___Configuration ___C-E(inpcm) _ Expunc (in pem)  Pec (in %) Py (in %)
Plenum void -293 13 8 92
CSUP and Plenum void -302 16 21 79
Total void -269 18 30 70

The use of ERANOS and JEFF-3.2 nuclear data shows again important discrepancies here even if it is
decreased of 30 to 50 pcm according to the configuration, this is due to ERANOS trouble with the
model of a sodium plenum with sodium discs.

1V.3.3 Deterministic biases and experimental uncertainties

Once we got the SVRE calculated with ERANOS and TRIPOLI-4® for all these series of voided
configurations we want to find a set of parameters (o, ) to adjust the CC anc LC values in order to
minimise the difference between the adjusted and experimental values of SVRE.

Apadj = a.CC+ B LC 33

Using the 2 generalised method it is needed to initialise the set of parameter to (1,1) then with two
loops it is easy to set a and to vary (. At each step the 2 is calculated as follow, taking into account
the experimental uncertainties oeyp,:

x:

experiments

2
2 <Apexp _Apadjusted>

Oexp 3.4

Once the %2 is minimised the values of (a, B) are kept to get the adjusted values of the series of CC and
LC.
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Figure 1V.3.1: Adjustment of the set of parameter (a, 8)

The convergence of this method to a minimum can be shown on a “map of the x2 values” because at
each step these values are stored on an output file.
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Figure 1V.3.2: ¥2 map for the ERANOS-experimental adjustment of the PRE-RACINE 2A&B
cores
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In Figure 1V.3.2 is presented the “y2 map” of the adjustment of the ERANOS (obtained with JEFF-3.2
nuclear data) values of the CC and LC (calculated with JEFF-3.2 nuclear data) to minimise the
difference with the experimental SVRE. The two black crossing lines indicate the (o, 3) values
minimising the y2.

This work has to be done between the ERANOS values of CC and LC and the experimental SVRE but
also between the ERANOS values of CC and LC and the TRIPOLI-4® SVRE. Indeed as in TRIPOLI-4®
has not yet been implemented the ability to break down the SVRE into physical components the
discrepancies with experimental results have to be compared with the CC and LC calculated with
ERANOS.

The values o and 3 are meant to be the C/E values for, respectively, the central component (CC) and
the leakage component (LC).

IV.3.3.1 Uncertainties in the adjustment
The adjustment takes into account the experimental uncertainties only when the calculation is
performed between ERANQOS and experimental results and the statistical uncertainties on the TRIPOLI-
4® results when it is performed between ERANOS and TRIPOLI-4® results. In order to get the
uncertainties of each of the parameters (a, ) the 10000 draws of the experimental/TRIPOLI-4® SVRE
value are randomly set according to a Gaussian distribution around the experimental/TRIPOLI-4®
SVRE value within a standard deviation equals to the experimental/statistical uncertainty.

Then 10000 adjustments are realised on each series and the mean values of the 10000 set of
parameters (o, B) converges to the previous ones calculated with the y2 generalised method and the
standard deviation gives the uncertainty on o and [3 associated to these experimental/statistical
uncertainties.

IV.3.3.2 Experimental adjustment of the ERANOS CC and LC
In the following table, are presented the results of the adjustment of the ERANOS CC and LC
calculated with JEFF-3.1.1 to the experimental SVRE for each core with the uncertainty on each
parameter due to the experimental uncertainties.

Table 1V.3.25: experimental/ERANOS adjustment with JEFF-3.1.1 nuclear data

Cores o da (] dp
PRE-RACINE I 0.993 0.029 1.148 0.054
PRE-RACINE 2A 0.905 0.025 0.964 0.020
PRE-RACINE 2B 0.919 0.033 0.973 0.030
CIRANO 2A 0.994 0.013 1.035 0.015
CIRANO 2B 1.073 0.006 1.019 0.007
BFS-115-1 0.730 0.059 0.640 0.016

ERANOS with JEFF-3.1.1 nuclear data overestimates the CC and the LC when the voided zone
concerns the fuel for BFS and PRE-RACINE 2A&B. The magnitude of this overestimation is
significantly larger when the voided configuration includes a sodium plenum. In the case of voided
fertile areas configurations with PRE-RACINE |, it calculates well the CC with an underestimation of
the LC.

In the following table, are presented the results of the adjustment of the ERANOS CC and LC
calculated with JEFF-3.2 to the experimental SVRE for each core with the uncertainty on each
parameter due to the experimental uncertainties.
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Table 1V.3.26: experimental/ERANOS adjustment with JEFF-3.2 nuclear data

Cores o da d
PRE-RACINE | 0.964 0.025 1.189 0.043
PRE-RACINE 2A 0.873 0.024 1.004 0.020
PRE-RACINE 2B 0.886 0.031 1.019 0.032
CIRANO 2A 0.938 0.012 1.063 0.015
CIRANO 2B 1.010 0.006 1.040 0.007
BFS-115-1 0.716 0.056 0.662 0.017

In most cases the use of ERANOS and JEFF-3.2 nuclear data shows an overestimation of the CC
[from 3.6% up to 28.4%], with the exception of the CIRANO 2B results and an underestimation of the
LC [from 0.8% up to 18.9%] if we exclude the BFS results which are very specific of the study of the
sodium plenum. These adjustments show that, with JEFF-3.2, the CC have to be more adjusted than
with JEFF-3.1.1 whereas the detailed analysis of the experimental discrepancies has shown that JEFF-
3.2 get better results with voided configuration pointing out the LC due to best sodium nuclear data.
These two conclusions seem antagonistic but we will show in Chapter V that the influence of Uranium
and Plutonium nuclear data on the LC are not negligible which explains these results for f3.

Furthermore a focus on the PRE-RACINE 2A&B results giving indications independently of the Pu
type proves that the LC is well calculated for voided fuel areas configurations when the CC is
overestimated by 12.4%.

IV.3.3.3 Deterministic bias: TRIPOLI-4® / ERANOS adjustment
In the following table, are presented the results of the adjustment of the ERANOS CC and LC
calculated with JEFF-3.1.1 to the calculated SVRE with TRIPOLI-4® for each core with the uncertainty
for each parameter due to the experimental uncertainties. In this case the combined adjustment of
CIRANO 2A and CIRANO 2B results gave reduced discrepancies with the adjusted values compared
to the initial ones.

Table 1V.3.27: ERANOS/TRIPOL 14 adjustment with JEFF-3.1.1 nuclear data

Cores o da (] dp
PRE-RACINE I 0.961 0.029 1.043 0.064
PRE-RACINE 2A 0.923 0.039 0.963 0.029
PRE-RACINE 2B 0.944 0.030 0.970 0.024
CIRANO 2A 1.045 0.050 0.982 0.052
CIRANO 2B 1.073 0.019 0.998 0.017
BFS-115-1 0.722 0.025 0.710 0.007

For the PRE-RACINE and CIRANO experiments calculated with the JEFF-3.1.1 nuclear data the
results on the LC have a good agreement within the adjustment between ERANOS and TRIPOLI-4®
(the B is included in the 2o range). On the other hand for the CC PRE-RACINE and BFS results show
an important overestimation [from 5.7% to 27.8%] by ERANOS.

In the following table, are presented the results of the adjustment of the ERANOS CC and LC
calculated with JEFF-3.2 to the calculated SVRE with TRIPOLI-A® for each core with the uncertainty
on each parameter due to the experimental uncertainties. In this case, the combined adjustment of
CIRANO 2A and CIRANO 2B results gave reduced discrepancies with the adjusted values compared
to the initial ones.
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Table 1V.3.28: ERANOS/TRIPOL 14 adjustment with JEFF-3.2 nuclear data

Cores o da d
PRE-RACINE | 0.946 0.028 1.031 0.067
PRE-RACINE 2A 1.015 0.038 1.027 0.030
PRE-RACINE 2B 1.109 0.048 1.109 0.044
CIRANO 2A 1.055 0.047 1.056 0.054
CIRANO 2B 1.077 0.025 1.017 0.025
BFS-115-1 0.744 0.017 0.704 0.005

The use of JEFF-3.2 with ERANQOS calculations improves the agreement with TRIPOLI-4® for the CC.
The results on the LC are also consistent (exception made of BFS results) with a slight overestimation
for PRE-RACINE2A&B voided configurations due to the influence of the poor nuclear data of
Uranium and Plutonium in JEFF-3.2 since these voided configurations are mainly in the fuel medium.

Then a deterministic bias between ERANOS and TRIPOLI-4® can be estimated with this work for
JEFF-3.2 divided by type of voided medium considering that PRE-RACINE | gives information for
the voided fertile medium, PRE-RACINE 2A&B and CIRANO 2A&B for the voided fuel
configurations and the BFS results for the study of the sodium plenum:

Table 1V.3.29: Deterministic bias with JEFF-3.2

Voided configuration CC LC
Fertile -5.4% +2.8% 3.1% +6.7%
Fuel 6.0% +2.8% 3.7%+2.4%
Plenum -25.6%11.7% -29.6%+0.5%

These assumptions are less likely to be done with JEFF-3.1.1 due to the antagonistic conclusions in the
results of PRE-RACINE 2A&2B and CIRANO 2A&2B for the voided fuel configurations.
Furthermore the important deterministic and modelling bias on the sodium plenum built with sodium
discs should be carefully considered as a particular situation indeed as we will see in Chapter V this
bias is significantly reduced for the ASTRID CFV core.

IV.3.3.4 Indirect comparison between the experiments and TRIPOLI-4® results
Once these two comparisons have been done (Experience/ERANOS and TRIPOLI-4®/ERANOS) an
indirect adjustment between TRIPOLI-4® and the experimental results can be made by dividing the set
of values (a, ) of the Experience/ERANQOS adjustment by the ones of the TRIPOLI-4®/ERANOS
adjustment. This leads to get a virtual CC and LC for TRIPOLI-4®, we can then compare these values
to the experimental results.

Table 1V.3.30: experimental results / TRIPOLI-4® comparison with JEFF-3.1.1

Cores o da B dp
PRE-RACINE | 1.033 0.041 1.101 0.084
PRE-RACINE 2A 0.980 0.046 1.001 0.035
PRE-RACINE 2B 0.974 0.045 1.003 0.038
CIRANO 2A 0.951 0.052 1.054 0.054
CIRANO 2B 1.000 0.020 1.021 0.018
BFS-115-1 1.011 0.064 0.901 0.017

This comparison erases the overestimated values of ERANOS for the CC and LC of the BFS-115-1
experiments. Then TRIPOLI-4® seems to well calculate the CC with JEFF-3.1.1 nuclear data (~1.1% of
error) but the LC mainly due to the voided plenum is overestimated by almost 10%.
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Table 1V.3.31: experimental results / TRIPOLI-4® comparison with JEFF-3.2

Cores o da d
PRE-RACINE | 1.019 0.038 1.153 0.080
PRE-RACINE 2A 0.860 0.045 0.978 0.036
PRE-RACINE 2B 0.799 0.057 0.919 0.054
CIRANO 2A 0.889 0.049 1.007 0.056
CIRANO 2B 0.938 0.026 1.023 0.026
BFS-115-1 0.962 0.059 0.940 0.018

The use of JEFF-3.2 nuclear data reduces the discrepancy on the LC for the BFS-115-1 experiments
but the CC is then overestimated by 3.8% due to errors in the nuclear data of fuel isotopes (mainly
239

Pu).
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1VV.4 Conclusion

This Chapter has presented in details the SVRE and its physical components: the CC and the LC due
to different phenomena: a spectrum effect by the missing scattering reaction on the sodium nuclei, the
increase of the number of fissions due to the increase of neutron importance with energy, etc. The
CEA has proposed an innovative design (called CFV) in order to increase the intrinsic safety features
of the generation IV" nuclear reactors. This design has a negative SVRE thanks to its innovative
geometry which maximises the LC and to its sodium void fraction which reduces as much as possible
the CC. The addition of a sodium plenum, an outer core higher than the inner core, neutronic absorber
on the sodium plenum increases the LC and the addition of an inner fertile slab also increases the LC
and at the same times reduces the CC in the inner core.

In the second section the experimental methods used in the MASURCA facility to measure the
reactivity have been detailed, especially the inversion of the point kinetics equations and the rod drop
calibration. The uncertainties on the SVRE measurements come from: the temperature stabilisation,
uncertainties on the kinetic parameters (Acsr, Berr @) Used to invert the point kinetics equations
(uncertainties on Beg due to nuclear data have been estimated in the Chapter I1l) and by systematic
errors due to fission chambers and to the mechanism to get the position of the control rod. The overall
uncertainties are given in this section for each core and voided configuration of the experimental data
base. Some gaps in the experimental data base for the experimental validation of the CFV design have
been found then it justifies the need of a new experimental programme (called GENESIS).

The last section details the comparisons between the experimental results and the simulation made
with the Monte-Carlo code TRIPOLI-A® using refined geometry of each core and the JEFF-3.1.1 and
JEFf-3.2 nuclear data. These comparisons lead to some conclusions concerning the quality of the
nuclear data because:

> Voided configurations in fertile areas are well calculated with JEFF-3.1.1 and JEFF-3.2

» Voided configurations in fuel media are not well calculated with JEFF-3.2 and when the LC is
important JEFF-3.1.1 is also inconsistent.

» The voided plenum configuration in BFS-115-1 is better calculated with JEFF-3.2 than with
JEFF-3.1.1.

Thus the main sources of errors are:

> In the JEFF-3.2 set of evaluations, nuclear data of ?**U and Plutonium are responsible of the
SVRE discrepancies in the PRE-RACINE and CIRANO cores,

> The sodium nuclear data in JEFF-3.1.1 is the main responsible of the important discrepancies
in the BFS results. It is confirmed by the fact that when the CC is very important in some large
voided configurations of the MASURCA cores the results are inconsistent when using the
JEFF-3.1.1 evaluation set because the sodium nuclear data (with elastic and inelastic
scattering) is the main responsible of the CC.
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Chapter V: The Sodium Void Reactivity
Effect: nuclear data uncertainties analysis

Abstract

The Sodium Void Reactivity Effect (SVRE) is the difference in reactivity between two configurations
of the core, the first one being the nominal configuration of the core and the second one being
incidental where the sodium is removed from the core. This reactivity effect is split into two
components: the central component (CC) and the leakage component (LC). These components have
been presented in the Chapter 1V with their physical explanations. Their calculations require the use of
the S, transport theory as it has been shown in the Cyrille Bouret PhD thesis (reference [21] of chapter

11).

Now, one of the main concerns in the reactor core design is coming from the nuclear data uncertainties
as it represents up to ~959 pcm for the reactivity of the ASTRID CFV core! [1]. The SVRE
uncertainty due to nuclear data is also of some concerns as it affects the safety of the plant. The
uncertainty on the SVRE might be large in relative terms since SVRE is a balance between two
antagonistic components: the CC and the LC. The SVRE uncertainty calculation has hence required
new developments in ERANOS in addition to the existing equivalent generalised perturbation theory
(EGPT) used for the SVRE. This new development concerns the implementation of the generalised
perturbation theory (GPT) for the CC in ERANOS. Its validation has been performed on a reflected
cell without LC. It was hence possible to get the sensitivities for the CC and LC independently and
this was used in the following sections.

In the second section, sensitivities of the CC and the LC of the SVRE of the cores of the experimental
database were calculated as well as those of the CC and the LC of the SVRE of the ASTRID CFV
core. With these sensitivities and covariances associated to nuclear data, it is hence possible to
calculate the representativeness of the SVRE experiments with ASTRID, component per component.

The transferability to the ASTRID SVRE is based on the biases and the representativeness results for
each component of the SVRE of the different experimental programmes. This is described in the third
section and allows adjusting the CC and the LC of the ASTRID core in order to get discrepancies with
experiments on each of the components and their associated experimental uncertainties. These
discrepancies are compared to the SVRE uncertainties due to nuclear data of the CFV core of ASTRID
which are of 2.4% on the CC, 4.0% on the LC and 16.4% on the SVRE (~100 pcm). It appears these
nuclear data uncertainties are underestimated. All these values enable to make recommendations for
calculated biases and uncertainties for the SVRE.

! Using JEFF-3.2 nuclear data and the covariance matrix COMAC-V2
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V.1 Development of GPT associated to each component
V.1.1 The GPT method implemented in ERANOS for the CC

V.1.1.1 The Legendre polynomial basis
As seen in the Chapter IV, the SVRE in transport S, theory can be split into several physical
components with the positive contribution being the Central Component (CC): the capture, the fission,
the production, the spectrum variations and the scattering removal.

Table V.1.1: Physical components of the CC expressions

Capture ct = 528, f Y
\%
Fission ct = —61%. f OF. D,dV
\%
Pr ion
oductio s = 8(vz). j <I>gng<D§ dv
% g
Fission . . . y
spectrum Cerec = 8xB | @;. ) VEI{ Dy dV
\ g
Scatterin -
° G ok | [ opoav- [ oo
g v %

The LC is then expressed as the transport physical component with the following expression:

p

Na
SEF. jqngmgdv—Jzw(ﬁi’)¢+(—_s1i’).@g(ﬁi) v
v v i=1 :
Ng
Transport Corans = 4 +8(DgB§)f Zw(ﬁl’)d);(—_ﬂf)%(ﬁf) dv 11

+ZZ szsg;ftl f CD;J.CDg’ldV - f DF). Dy dV

\%

with:

> w(ﬁf) the weight associated to the S, direction Q, and the angular forward flux (or adjoint)
associated to this direction: ®{" (%)
D, the diffusion coefficient in the group g.

v

> BZ the buckling in the group g
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The scattering term and its macroscopic cross-section are developed on the orthogonal Legendre
polynomial basis P;(€,) with:

— — 1 - — —
Lscatt (@ > Q) = EZ(ZI + DX Pi(Q - Q) 1.2

Where X, is the product of the angular scattering cross section and the Legendre polynomial P,
integrated over the angle of deviation.

The neutron flux is developed on the orthonormal basis of the spherical harmonics:

CD(Q)—ZCD(Q) 1.3

In S, transport theory, we can take into account the amsotropy of the scattering reaction with Legendre
P1 terms. Indeed for 1=0 the scattering term represents the removal of neutrons from an energy to
another while the higher order of the scattering term represents the anisotropy of the reaction and are
part of the leakage component when described in transport theory.

V.1.1.2 The GPT method applied to the CC
As seen in Chapter Il the sensitivity to nuclear data of a reactivity variation Ap = p, — pq, IS
calculated using the Equivalent Generalised Perturbation Theory (EGPT) but we also have seen that if
the two states are closed to each other, the sensitivities values can skyrocket. Another option is to use
the Generalised Perturbation Theory with the exact perturbation expression of the reactivity variation:

(7, (88~ 4F) o
Ap = — 1.4
(], F1 )
Using two Lagrange multipliers (see Chapter Il section 2.2.2) the expression of the derivation of this
reactivity variation is then:

(of, (8 - 2) ®) F, . F, s
Ap =— (O, F,,) —(® ,<A1 - k_1) Y1) — (¥ ,(Az - k_) ;) '
ot (an_0F + (aan— 98FY o _aF
(o (8A- kz) ;) + (@}, (dAA kz) ;) + (@}, (24 L ) de,)
(CI)I"qu)2>
dk, (®f, AFD,) (dOT,F1®y)  (@F,dF @) (P, Fddy)
dap)={ K (@I Fd,) (0] F9,) <<1>+,F1c1>2> (®F, F1P;) 16
F
~ a0, (Ag - 12) W) - 5, (A~ 2) doy)
kq k;
dF, dF;
— (@7, (dAy = 12) ) — (0 (da, - T2) @)
\ k, k,

The d¥, and d¥;" terms are not written in 1.6 because the homogeneous equations of the states 1 and
2 are equal to 0. Then by grouping the d®; and d®, terms, it shows that the generalised importances
are the solution of the following equations:
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E (AA——éE)dh-+ApF1¢2
O —
! k1 ! (cbf,Fch)z) 1.7
s,
AF*
. R (AA+——k2)cp1++ApF1+cp1+
AL — -2 \pr = —
<2 kz) 2 (0], F;®,) 18
s,

With (¥, Ff @F) = 0 and (¥}, F,®,) = 0.

This method has been never used in practice to get the sensitivities of the SVRE because
implementing the sources to calculate the generalised importances, is difficult to calculate while the
EGPT is much easier to implement.

In the case of the central component, the procedure is the same as presented here but the operator AA
becomes an operator AACC without the leakage component i.e. without the scattering terms of higher
order than 0 and only the scalar flux are considered (meaning the angular flux of order 0). During this
work, some functions have been implemented to get the sources of the inhomogeneous equations of
the generalised importances (1.7 and 1.8) and others to get the direct and indirect term once we have
calculated the generalised importances.

dAF
+ cc _ dAar
Direct term = — ik (dAA ks ) b g (o1 dF1®)  dk, (O, AF D) 1.9
(®F, Fy®,) PO F1d,) | KE (07, F1dp)
] dFl dFZ
Indirect term = — (&7, (dA; = 1) ¥) = (¥4, (44, = 2) ) 110
1 2

Then the sensitivity of the CC to the nuclear data o is expressed as follows:

soo= O %€ g (dA dFl)q,) (i (dA’ sz)q)) 111
cC — CC @g ) 1 kl 1 27 2 k2 2 *
Direct term Indirect term

This work has been presented with a direct derivation of the CC (but without the details of the direct
term) and the same calculation of the indirect term at the PHYSOR 2018 conference [2] and at BEPU
2018 conference [3].

V.1.1.3 The sensitivities of the LC to nuclear data
Once we get the sensitivity of the CC (S¢c) and of the SVRE (S,,,,: using the EGPT procedure) to
nuclear data we can calculate the sensitivity of the LC to nuclear data as follows (S ¢):

SApNaApNa = SCCCC + SLCLC 1.12
Apy cC
SLC = SAPNa LCa - CCE 1.13
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V.1.1.4 Nuclear data uncertainties
Once sensitivities S are calculated we use the Sandwich formula to get the uncertainty due to nuclear
data I [4]:

12 =S%“B.S 1.14
Where: B is a matrix which is based on the covariance matrix (such as COMAC developed at CEA

[5])- The covariance matrix depends on the nuclear data library used: COMAC-V1 for JEFF-3.1.1 [5]
and COMAC-V2 for JEFF-3.2. This covariance matrix takes into account the covariance between all
neutronic parameters for each isotope.

We can also calculate the representativeness between two sensitivity sets with:

'S,.B.S,
Rz = 1.15
\/1S1.B.S;.1S,.B.S,

Then we are able to compare the sensitivity of the CC and of the LC of one core which gives us the
correlation between the CC and the LC but it also possible to get the representativeness between the
sensitivity set of the CC of one core with the sensitivity set of the CC of another core. Indeed this
parameter R, , varies between -1 to +1 and the closer to |1| the more representative (or correlated) it
is.

V.1.2 The case of a reflected cell

These procedures have been validated for the direct term on the case of a reflected cell of fuel. Indeed
in this example there is no LC (i.e. no higher order than O for the angular flux) when the sodium is
removed from the fuel cell and then the direct term of the sensitivity set calculated by our procedure
for the CC has to be equal to the sensitivity set calculated by the EGPT for the SVRE. Indeed the

reactivity variation expression uses the same forward flux @, for the variation operator (AA - g) and
2

it is normalised by the fission integral: (@7, F;®,). Then the EGPT method has to use the forward
flux @, for the first kqe sensitivity (state 1) and the second keg sensitivity (state 2) has to be
normalised by (®F, F; ®,).

dF dF
(@F, (dAy = T2) @) (@F,(dAy — L) @2
d(8p) = dp, — dp; = — o o 10
(cbliFchZ) <cD1ﬁF1CD2)

There are some differences between the two different results as shown in the Table V.1.2. There is no
difference more important than 0.5%, with the exception of the sensitivity to the n,xn reaction. Since,
this last one contributes to less than 0.1% to the total sensitivity, it can be considered as negligible and
hence the method is validated.

Furthermore the sources S; (1.7) and S, (1.8) are built with the same function used to calculate the
direct term then we can assume that the indirect term of the sensitivity is also validated if the condition
of convergences of the generalised importances is respected. Another verification that the sources are
well built is to calculate the integrals: (®7,S,) and (S,, ®,). Indeed the results have to be null:

F; F{
o+, S,) = CD+,<A ——)tp ={( At —— ot ¥,)=0
( 1) =A(P7, Ay K, 1) = (| A1 k)1 1) 117

=0
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+

1.18

Fission
spectrum
B10 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
N14 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
016 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Na23 0.00% 0.02% -0.02% 0.03% 0.52% 0.00% 0.00% 0.00%
Cr50 0.00% 0.00% 0.00% 0.00% 19.49% 0.00% 0.00% 0.08%
Cr52 0.00% 0.00% 0.00% 0.00% -0.29% 0.00% 0.00% 0.00%
Cr53 0.00% 0.00% 0.00% 0.00% 66.20% 0.00% 0.00% 0.28%
Cr54 0.00% 0.00% 0.00% 0.00% 10.19% 0.00% 0.00% 0.04%
Fe54 0.00% -0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Fe56 0.00% -0.02% 0.01% -0.01%  -2.37% 0.00% 0.00% -0.01%
Fe57 0.00% 0.00% 0.00% 0.00% -1.05% 0.00% 0.00% 0.00%
Fe58 0.00% 0.00% 0.00% 0.00% -0.03% 0.00% 0.00% 0.00%
U234 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
U235 0.00% 0.00% 0.00% 0.00% 0.04% 0.00% -0.01% 0.00%
U236 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
U238 0.43% 0.01% 0.00% 0.00% 5.09% 0.27% 0.06% 0.04%
Np237 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Pu238 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Pu239 0.18% 0.00% 0.00% 0.00% 0.55% 0.13% -0.07% -0.01%
Pu240 0.02% 0.00% 0.00% 0.00% 0.04% 0.02% 0.02% 0.00%
Pu241 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Pu242 -0.02% 0.00% 0.00% 0.00% 0.00% -0.01% 0.00% 0.00%
Am241 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Am243 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Isotope Fission Capture Elastic Inelastic n,xn

Part >0 0.18% 0.04% -0.02% 0.03% 0.78% 0.13% 0.08% 0.02%
Part <0 0.43% -0.03% 0.01% -0.01% 97.61% 0.27% -0.08% 0.41%
Sum 0.61% 0.01% -0.01% 0.02% 98.39% 0.40% 0.00% 0.42%
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V.2 Sensitivity, uncertainty and representativeness analysis

In this section, are presented the results of the application of the procedure presented in the previous
section to each experimental configuration to each core. The calculations have been done using the
transport theory and a Sg discretisation for the angle variable.

V.2.1 Results for the experimental data base

V.2.1.1 PRE-RACINE 1
The analysis of the PRE-RACINE 1 void experiments is very interesting because all the voided
configurations have been done in the inner fertile medium.

V.2.1.1.1  Sensitivity
In the following table is presented the sensitivity of the CC to nuclear data for the V5 R=11.96cm
voided configuration with JEFF-3.2 nuclear data.

Table V.2.1: Sensitivity of the CC to nuclear data for the V5 R=11.96cm voided configuration
with JEFF-3.2 nuclear data

Isotope Fission Capture Elastic Inelastic n,xn v Fission Total
spectrum

016 0.000  0.010 0.003  0.000  0.000  0.000  0.391
Na23 0.000 _ 0.082 0300 0000  0.000  0.000  0.948
Cr50 0.000  -0.001  0.005  0.000  0.000  0.000  0.000  0.004
Cr53 0.000  -0.003 _ 0.006  0.000  0.001  0.000  0.000 _ 0.004
Fe54 0.000  -0.001  0.002 _ 0.002  0.000  0.000 _ 0.000 _ 0.004
Fe56 0000  -0.051 _ -0.027 _ 0.042 __ 0.000 _ 0.000  0.000  -0.037
Fe57 0.000  -0.002  0.003 _ 0.006  0.000  0.000 _ 0.000  0.007
-0.005  0.009  0.000 _ 0136 _ 0.013  -0.584

-0.063 | 0295  0.005 | -0.335 -0.137  -1.080

-0.271 _ -0.008  0.011 _ 0.000 | -0.459 | =0:550 -2.012 |

Pu240 -0.023  -0.022  -0.001 _ 0.001 _ 0.000  -0.032 _ -0.009 _ -0.086
Pu241 -0.003 _ -0.001 _ 0.000  0.000  0.000 0001  -0.004 _ -0.007
Am241 0000  -0.001 _ 0.000  0.000  0.000  0.000  0.000  -0.001
SUM 1660  -0.956  0.855  0.681 _ 0.008  -0.690  -0.687  -2.449

The main contributors to the sensitivity of the CC to nuclear data are the:

» Sodium and oxygen elastic scattering, they are the main responsibles to the moderation of
neutrons in the core,
> 2U and *®U with their capture and fission cross sections,

This is not surprising because these are the isotopes of the voided fertile medium but the first
contributor is the ?°Pu so the influence of spectrum changes due to the sodium void experiment in the
inner fertile area on the fuel is strong.

The analysis of the influence of the voided configuration on the sensitivity set is interesting. In order
to perform this analysis, we compare a voided configuration with almost no LC (for instance the V3
R=11.96cm configuration with 8% of LC) to a reference one (here the V5 R=11.96 cm with 23% of
LC) and also to a configuration with an important LC (for instance the V7 R=11.96cm with 61% of
LC) [see Chapter IV section 3.2 for the proportion].
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The differences between the V3 and V5 R=11.96 configurations on the sensitivity of the CC to nuclear
data are presented in the following table.

Table V.2.2: Differences between the V3 and V5 R=11.96 configurations on the sensitivity of the
CC to nuclear data

Isotope Fission Capture Elastic Inelastic n,xn Fission Total
spectrum
016 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -1.6%
Na23 0.0% 0.0% -2.5% -0.2% 0.1% 0.0% 0.0% -0.9%
Cr50 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Cr53 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0%
Fe54 0.0% 0.0% -0.1% 0.0% 0.0% 0.0% 0.0% 0.0%
Fe56 0.0% 0.2% 1.0% -0.3% 0.0% 0.0% 0.0% 0.5%
Fe57 0.0% 0.0% -0.1% -0.1% 0.0% 0.0% 0.0% 0.0%
U235 -0.3% 0.3% 0.2% -0.2% -0.3% 1.1% 1.3% -0.7%
U238 03% AN 21%  -23% RSN 0.9% 0.3% 3.6%
Pu239 0.0% 1.3% 0.3% -0.1% -0.1% -0.7% 0.3% 0.5%
Pu240 0.1% 0.1% 0.0% 0.0% 0.0% 0.2% 0.0% 0.2%
Pu241 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Am241 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Total 0.0% 6.3% -11.2% -3.2% -4.8% -0.7% -0.7% 6.9%

The influence of the size of the voided area on the first contributor (***Pu) is quite negligible but the
influence on the **®U, oxygen and sodium sensitivities are important. Indeed the decrease of the size
decreases the sensitivity of the CC to the elastic cross-section of the oxygen and sodium and the same
conclusion can be drawn for the inelastic of the *®U while the sensitivities to the capture and elastic
cross-section of *8U are increased. As less sodium is removed, the scattering removal is less important
so it explains the decrease of sodium and oxygen sensitivities but in the non-voided part of the fertile
medium, neutrons are scattered and then can be captured by the resonances of the **U explaining the
increase of sensitivity of its capture cross-section.

The differences between the V7 and V5 R=11.96 configurations on the sensitivity of the CC to nuclear
data are presented in the following table.
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Table V.2.3: Differences between the V7 and V5 R=11.96 configurations on the sensitivity of the

CC to nuclear data

Isotope Fission Capture Elastic Inelastic n,xn Fission
spectrum
016 0.0% -0.5% -0.1% 0.0% 0.0% 0.0% 11.4%
Na23 0.0% 2.1% SRS -10.1%  -1.3% 0.0% 0.0% 9.4%
Cr50 0.0% 0.0% -0.1% 0.0% -1.6% 0.0% 0.0% 0.0%
Cr53 0.0% -0.3% -0.1% 0.0% -5.4% 0.0% 0.0% 0.0%
Fe54 0.0% 0.1% 0.4% 0.0% 0.0% 0.0% 0.0% 0.3%
Fe56 0.0% -3.2% -1.7% 1.2% 0.0% 0.0% 0.0% 0.2%
Fe57 0.0% -0.2% 0.3% 0.7% 0.0% 0.0% 0.0% 0.4%
U235 2.3% -5.1% -0.2% -0.2% 0.1% -19.1%  18.2% @ 11.5%
U238 6.4% |HESOI0 S.4% 11.0% | 246% @ -23.7% -11.7%  -40.6%
Pu239 -0.7% = -18.9% 0.3% 0.0% 0.1% 8.5% -7.0% -8.2%
Pu240 -0.9% -1.4% 0.0% 0.0% 0.0% -3.1% -0.2% -2.2%
Pu241 0.1% -0.1% 0.0% 0.0% 0.0% 0.3% 0.0% 0.2%
Am241 0.0% -0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Total 5.6%  -84.4%  103.3%  2.6% 15.7% 2.7% 3.1% -71.9%

The variations are much more important than in the previous case, mainly due to the difference in the
voided size and by its location. Indeed in that case only the outer part of the assembly are voided in the
axial fertile blanket then the CC is mainly due to scattering removal than to capture and fission
because the faster neutrons are more likely to leak out of the core than to be captured in the core.

V.2.1.1.2  Nuclear data uncertainties
In the following table, are presented the nuclear data uncertainties calculated with the sandwich
formula (with JEFF-3.2 nuclear data and the COMAC-V2 covariance matrix) on each component of
the SVRE and for each experimental configuration.

Table V.2.4: Nuclear data uncertainties with JEFF-3.2 and COMAC-V2

. ) Uncertainties (in pcm) Relative uncertainties
Configuration
Ap cC LC cc LC
Void V1 R=11.96 1.4 1.5 6.3 4.4% 4.4% 626.1%
Void V2 R=11.96 4.2 4.2 2.0 4.6% 4.5% 70.5%
Void V3 R=11.96 6.4 6.6 33 4.9% 4.5% 24.7%
Void V5 R=11.96 8.9 9.3 5.8 6.2% 4.5% 9.1%
Void V6 R=11.96 9.5 10.1 7.1 7.4% 4.4% 7.2%
Void V7 R=11.96 1.0 0.7 1.3 8.6% 3.5% 4.0%
Void V8 R=11.96 2.7 2.5 2.4 17.3% 4.1% 5.1%
Void V9 R=11.96 3.6 3.5 4.0 360.6% 4.2% 4.9%
Void V5 R=7.33 1.9 21 1.4 4.7% 4.0% 12.3%

The absolute uncertainties on each component of the SVRE depend of the size of the voided area.
Furthermore, the relative uncertainty on the SVRE is not constant especially for configurations where
the CC and the LC almost compensate each other. However, the relative uncertainty on the CC is
almost constant and hence much more predictable. For voided inner fertile configurations, the nuclear
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data uncertainty is about 3.5-4.5%. For configurations where the LC is important enough (from the V5
to the V9 R=11.96¢cm for instance) the nuclear data uncertainty is about 4.0-9.1%.

In details the following table presents the breakdown of the nuclear data uncertainty on the CC of the
V5 R=11.96cm configuration

Table V.2.5: Nuclear data uncertainties by isotope and by reaction

Isotope Fission Capture Elastic Inelastic Fission
spectrum

016 0.00 0.20 0.33 0.02 0.00 0.00 0.00 0.39
Na23 0.00 0.08 0.02 0.08 0.00 0.00 0.00 0.11
Fe56 0.00 0.56 0.24 0.10 0.00 0.00 0.00 0.62
U235 023 [N 0.17 0.12 0.00 0.22 0.16 2.49
U238 0.14 1.67 0.18 1.57 0.05 0.08 0.15 2.30
" pPu23o A 141 0.12 0.13 0.00 0.37 0.39 2.88
Pu240 0.16 0.09 0.01 0.02 0.00 0.01 0.04 0.19
TOTAL 2.46 3.35 0.35 1.58 0.05 0.44 0.45 451

The main contributors to this uncertainty are:

> The #°Pu with its capture and fission cross section but also with its neutron emission yield
per fission and spectrum.

> The #U with its capture cross-section is also an important contributor

> The U with the capture and inelastic cross-sections.

V.2.1.1.3  Representativeness
Once the sensitivities of the CC, LC and SVRE have been calculated for each experimental
configuration, we can get the representativeness (see 1.15) between the CC (or the LC or the SVRE)
of the experiment to the CC (or to the LC or to the SVRE) of the ASTRID CFV core for different
voided configurations:

> A total sodium void configuration where the fuel (C1 and C2), the inner fertile area (FCAM),
the sodium expansion vase (SVES) and the Sodium Plenum areas are voided.
» A fuel void configuration when only the C1 and C2 areas are voided.

A void plenum configuration when only the Sodium plenum and the SVES areas are voided.

Table V.2.6: Representativeness between PRE-RACINE 1 and ASTRID CFV

. . Total void Sodium plenum voided Fuel voided
Configuration
Ap CC Ap CcC LC Ap CcC
Void V3 R=11.96 -0.806 0.745 0.704 | -0.476 0.678 0.351 | 0.836 0.721 0.727
Void V5 R=11.96 -0.841 0.742 0.617 | -0.495 0.679 0.302 | 0.870 0.716 0.637
Void V6 R=11.96 -0.853 0.733 0.577 | -0.503 0.676 0.280 | 0.880 0.704 0.592
Void V7 R=11.96 0.604 0557 0.398 | 0.357 0593 0.184 | -0.592 0.506 0.393
Void V9 R=11.96 -0.802 0.677 0.437 | -0.469 0.649 0.205 | 0.817 0.642 0.446

The best results for the representativeness of the SVRE are obtained with the comparison to the CFV
fuel voided configuration. Concerning the representativeness between the CC we see that the larger the
voided area is, the less representative the CC is and it is the same for the LC. The explanation is that in
small voided configurations (V3 R=11.96¢cm for instance), the CC is more sensitive to fertile and fuel
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isotopes and the LC is also strongly related to these isotopes. Furthermore, the representativeness with
the sodium plenum void configuration are very low because in that case the CC and LC are more
sensitive to sodium than fuel or fertile isotopes.

For PRE-RACINE 1 we also have compared the sensitivity of the experimental components with
another CFV voided configuration:

A fertile void configuration where only the FCAM area is voided.

Table V.2.7: Representativeness between PRE-RACINE 1 and fertile void of ASTRID CEFV

Fertile voided
_Bp CCLC
Void V3 R=11.96 0.808 0.731 0.717
Void V5 R=11.96 0.850 0.736 0.620
Void V6 R=11.96 0.868 0.735 0.581
Void V7 R=11.96 -0.659 0.669  0.406
Void V9 R=11.96 0.839 0.712 0.434

Configuration

The representativeness of the CC is better with this configuration than with the CFV fuel voided
configuration as expected but the results are similar to the CFV total void configuration for the CC.

V.2.1.2 PRE-RACINE 2A&?2B
The analysis of the results on the PRE-RACINE 2A and PRE-RACINE 2B core is done in this section
in order to analyse the impact on the sensitivity of the CC (or LC or SVRE) to nuclear data of different
fuels. The Pu-vector is more deteriorated in the case of PRE-RACINE 2B which uses a PIT fuel (with
18% of 2*Pu/Pu) than the one of PRE-RACINE 2A which uses a POA fuel (with only 8% of
0py/Pu). In these two cores, voided V1 to V5 configurations only concern fuel media.

V.2.1.2.1  Sensitivity
In the following table is presented the sensitivity of the CC of the V5 R=11.96cm voided configuration
to nuclear data for the PRE-RACINE 2A core.
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Table V.2.8: Sensitivity of the CC of the V5 R=11.96cm voided configuration to nuclear data

Fission

Isotope Fission Capture Elastic Inelastic n,xn v Total
spectrum
016 0.000 0.027 0.281 0.004 0.000 0.000 0.000 0.313
Na23 0.000 0.125 0.279 BEEEEN 0.000 0.000 0.000 0.968
Cr50 0.000 -0.002 0.006 0.000 0.001 0.000 0.000 0.005
Cr52 0.000 -0.012  -0.025 0.014 0.000 0.000 0.000 -0.024
Cr53 0.000 -0.006 0.011 0.000 0.003 0.000 0.000 0.009
Fe54 0.000 -0.002 0.003 0.003 0.000 0.000 0.000 0.004
Fe56 0.000 -0.074  -0.017 0.045 0.000 0.000 0.000 -0.046
Fe57 0.000 -0.004 0.003 0.006 0.000 0.000 0.000 0.006
U235 -0.417  -0.102  -0.004 0.004 0.000 0.117 0.027 -0.376
U238 -0.561 | S1.108" -0.031 0.257 0.000 -0.842 0.357 -1.929
Pu238  -0.001  -0.001 0.000 0.000 0.000 0.000 0.000 -0.002
Pu239 [ 0.886 0729 0004 0027 0000  -0.263 |EBGOONN -3.257 |
Pu240  -0.095  -0.063 0.000 0.003 0.000 -0.133 0.050 -0.238
Pu241  -0.014  -0.005 0.000 0.000 0.000 0.013 -0.028  -0.033
Pu242  -0.001  -0.001 0.000 0.000 0.000 -0.001 0.000 -0.003
Am241  -0.002  -0.004 0.000 0.000 0.000 -0.002 0.001 -0.008
SUM -1.978  -1.963 0.508 0.928 0.005 -1.114  -1.002  -4.616

The main contributor to the sensitivity is 2°Pu with its fission and capture cross-sections and neutron
emission yield per fission and spectrum that is logical since the voided medium is the POA fuel area.
The #°U and ?**U isotopes are also in the composition of POA fuel and of the fertile pin of the
ZONAL fuel (see Appendix A) so their contributions are also important. .

The differences with the sensitivity of the CC of the V5 R=11.96¢cm voided configuration of the PRE-
RACINE 2B core are presented in the following table. As the contribution of the *°Pu increases when
the ones of the ?°Pu decreases, the ones of the ?**U and #**U also decreased in order to keep the same
level of reactivity. Hence, the PIT U-Pu fuel is a bit more enriched in Pu/(U+Pu) than the POA fuel.
The CC of a voided configuration in a PIT fuel area tends to be more sensitive to the elastic scattering
cross-section of the sodium as a result of a more important adjoint flux gradient at high energy.
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Table V.2.9: Differences between the sensitivity of the CC of the V5 R=11.96cm voided
configuration of the PRE-RACINE 2B and PRE-RACINE 2A cores

Isotope Fission Capture Elastic Inelastic n,xn v Fission Total
spectrum
016 0.0% -0.2% -2.2% -0.1% 0.0% 0.0% 0.0% -0.3%
Na23 0.0% -0.8% 7.0% -2.1% -0.1% 0.0% 0.0% 0.0%
Cr50 0.0% 0.0% -0.3% 0.0% -2.2% 0.0% 0.0% 0.0%
Cr52 0.0% -0.1% -0.7% -0.2% 0.0% 0.0% 0.0% -0.1%
Cr53 0.0% 0.0% -0.4% 0.0% -7.3% 0.0% 0.0% 0.0%
Fe54 0.0% 0.0% -0.1% 0.0% 0.0% 0.0% 0.0% 0.0%
Fe56 0.0% -0.4% -1.1% -0.4% -0.1% 0.0% 0.0% -0.2%
Fe57 0.0% 0.0% -0.1% -0.1% 0.0% 0.0% 0.0% 0.0%
U235 -2.5% 0.2% -0.2% 0.0% 0.8% 7.4% 8.9% -4.7%
U238 -4.2% -5.8% -2.2% 0.9% SRR REN -3.8% -6.3%
Pu238 0.1% 0.1% 0.0% 0.0% 0.0% 0.1% 0.0% 0.1%
Pu239 -4.0% -7.3% -0.4% -0.3% 0.7% 1.6% -6.2% -5.7%
Pu240 5.8% 2.9% 0.1% 0.4% 1.6% 6.1% 5.8%
Pu241 -0.5% 0.8% 0.0% 0.1% 1.1% 6.6% 0.8%
Pu242 0.3% 0.2% 0.0% 0.0% 0.1% 0.7% 0.4% 0.3%
Am241 0.5% 1.0% 0.0% 0.1% 0.2% 1.3% 0.5% 0.9%
SUM -4.9% -7.7% 7.8% -3.4% 5.4% -7.5% -6.6% -8.8%

The same work has been done for the LC. The following table presents the sensitivity of the LC of the
V5 R=11.96cm voided configuration to nuclear data of the PRE-RACINE 2A core. The reader has to
be careful with the sign of these sensitivities as the LC is negative a negative sensitivity will in fact
increase the LC.

Table V.2.10: Sensitivity of the LC of the V5 R=11.96cm voided configuration to nuclear data

Isotope Fission Capture Elastic Inelastic n,xn Fission
spectrum
016 0.000 0058 | 4052 | 0.011  0.000  0.000  0.000  1.126
Na23 0.000  0.010  -0.020 0128  0.000 _ 0.000 _ 0.000 _ 0.118
Cr50 0.000  -0.004  0.014  0.000  0.003  0.000  0.000  0.012
Cr52 0.000  -0.025  0.023  0.054 _ 0.000 _ 0.000  0.000  0.052
Cr53 0000  -0.010  0.025  0.000  0.009  0.000  0.000  0.024
Fe54 0.000  0.004  0.022 0012  0.000 _ 0.000  0.000  0.038
Fe56 0000  -0.142 _ 0.216 0198  0.000 _ 0.000 _ 0.000  0.272
Fe57 0.000  -0.007 _ 0.012  0.019  0.000  0.000  0.000  0.024
U235 -1.042  -0077 _ 0.006  0.021 _ 0.000 _ -0.745 _ -0.836  -2.673
U238 1127 B0 0374 | 0815  0.005 18080 -0.683  -4.619
Pu238 -0.002  -0.001 _ 0.000  0.000 _ 0.000  -0.002  -0.001 _ -0.006
Pu239 0073 4y 0053 0067  0.000 |GG 0621  0.739
Pu240 -0.178 _ -0.148  0.005  0.007 _ 0.000 _ -0.253  -0.079 _ -0.645
Pu241 -0.005  -0.010 _ 0.000  0.001 _ 0.000  0.036  -0.016 _ 0.005
Pu242 -0.003 _ -0.002 _ 0.000 _ 0.000 _ 0.000  -0.004  -0.001 _ -0.009
Am241  -0.003 _ -0.009  0.000  0.000  0.000  -0.005  -0.002  -0.019
SUM 2288 -4300  1.788  1.335 _ 0.018  -1.117  -0.998  -5.563
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The LC is very sensitive to neutron emission yield per fission and fission spectrum as it leads to the
production of fast neutrons. The main contributors are ?°U, ®U and *°Pu of the fuel. The capture
cross-section is the main source of negative sensitivity as an increase of the capture cross-section will
shift the neutron spectrum to higher energy and then increase the LC. The sensitivity of the LC to the
elastic scattering is positive or very low as an increase of this cross-section would decrease the LC.

The differences with the sensitivity of the LC of the V5 R=11.96cm voided configuration of the PRE-
RACINE 2B core are presented in the following table.

Table V.2.11: Differences between the sensitivity of the CC of the V5 R=11.96cm voided

configuration of the PRE-RACINE 2B and PRE-RACINE 2A cores

Isotope Fission Capture Elastic Inelastic n,xn Fission Total
spectrum
016 0.0% 0.0% 4.1% 0.0% 0.0% 0.0% 0.0% 0.4%
Na23 0.0% 0.0% -3.0% 1.5% 0.0% 0.0% 0.0% 0.8%
Cr50 0.0% 0.0% -0.2% 0.0% 0.2% 0.0% 0.0% 0.0%
Cr52 0.0% 0.0% 0.4% 0.1% 0.0% 0.0% 0.0% 0.0%
Cr53 0.0% 0.0% -0.3% 0.0% 0.5% 0.0% 0.0% 0.0%
Fe54 0.0% 0.0% -0.2% 0.0% 0.0% 0.0% 0.0% 0.0%
Fe56 0.0% 0.1% 1.1% 0.5% 0.0% 0.0% 0.0% 0.2%
Fe57 0.0% 0.0% -0.1% 0.0% 0.0% 0.0% 0.0% 0.0%
U235 -7.0% 1.8% 0.0% 0.0% 0.8% -15.9%
U238 -2.8% 0.4% 0.0% 4.1% -7.8% -4.6% -4.7%
Pu238 0.1% 0.2% 0.0% 0.0% 0.0% 0.1% -0.1% 0.1%
Pu239 -3.6% -8.4% -1.0% 0.0% 1.1% -19.3% -8.5%
Pu240 12.6% 9.1% 1.4% 1.3% 4.4% 11.5% 19.0%
Pu241 7.0% 2.1% 0.3% 0.3% 1.8% 7.6% 11.2%
Pu242 0.6% 0.5% 0.1% 0.1% 0.1% 1.5% 0.5% 0.9%
Am241 1.0% 2.9% 0.1% 0.1% 0.5% 2.5% 0.8% 2.4%
SUM 0.6% 8.7% 10.6% 7.9% 35.4% -7.6% -7.9% -2.4%

Here again the contribution of **°Pu is increased when the contribution of **°U, ?*U and **°Pu are
decreased for the same reasons than for the CC. However the variations are much more important
especially for the sensitivity of the LC to the neutron emission yield per fission and spectrum, this is
due to the more important gradient of the adjoint flux at high energy.

V.2.1.2.2  Nuclear data uncertainties
The nuclear data uncertainties on each component and for each voided configuration of the PRE-
RACINE 2A core are presented in the following table. The conclusion on the behaviour of the relative
uncertainties is the same as for PRE-RACINE 1 results but the figures are a bit different. Indeed for
fuel voided configurations, the nuclear data uncertainty on the CC is more important between 5.6%
and 7.5% and on the LC the uncertainty is about 3.6-7.6% for voided configuration where the LC is
important enough to consider the uncertainty.
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Table V.2.12: Nuclear data uncertainties with JEFF-3.2 and COMAC-V2 for PRE-RACINE 2A

. ) Uncertainty (in pcm) Relative uncertainty
Configuration
Ap cC LC Ap cC LC
Void V1 R=11.96 1.8 1.6 0.8 9.0% 7.5% 53.3%
Void V2 R=11.96 5.1 4.6 24 9.8% 7.4% 25.1%
Void V3 R=11.96 8.0 7.1 3.9 12.2% 7.4% 12.6%
Void V4 R=11.96 10.2 8.9 5.5 20.1% 7.2% 7.6%
Void V5 R=11.96 12.3 10.0 7.2 141.6% 7.1% 5.4%
Void V6 R=11.96 124 10.6 8.4 45.1% 6.6% 4.5%
Void V7 R=11.96 11 2.8 36.0 42,8% 6,3% 5,6%
Void V8 R=11.96 4.1 2.9 3.5 7.7% 6.6% 3.6%
Void V9 R=11.96 5.4 3.4 4.7 6.0% 5.6% 3.1%
Void V5 R=19.83 28.7 25.8 20.0 169.6% 7.1% 5.3%
Void V5 R=29.45 58.5 48.7 454 28.8% 7.2% 5.2%

The following table presents the nuclear data uncertainties for each component of all the voided
configurations of PRE-RACINE 2B core. The values of the uncertainty on the CC are even less spread
than for PRE-RACINE 2A and it is about 6.3-6.7% when for the LC the uncertainty vary between
5.3% and 5.6%.

Table V.2.13: ND uncertainties with JEFF-3.2 and COMAC-V2 for PRE-RACINE 2B

. . Uncertainty (in pcm) Relative uncertainty
Configuration
Ap cc LC Ap cc LC
Void V1 R=11.96 1.7 1.6 0.8 7.7% 6.7% 57.1%
Void V3 R=11.96 7.7 7.1 3.9 10.0% 6.6% 12.8%
Void V5 R=11.96 11.3 9.9 7.3 42.8% 6.3% 5.6%
Void V5 R=19.83 29.5 25.2 204 96.8% 6.3% 5.5%
Void V5 R=29.45 55.8 48.5 45.7 51.1% 6.5% 5.3%

More in details, the following table presents the breakdown of the nuclear data uncertainty on the CC
for the V5 R=11.96cm voided configuration of the PRE-RACINE 2A core.
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Table V.2.14: ND uncertainties on the CC with JEFF-3.2 and COMAC-V2 for
PRE-RACINE 2A

Isotope  Fission Capture Elastic Inelastic n,xn Fission Total
spectrum
016 0.0 0.6 0.4 0.0 0.0 0.0 0.0 0.7
Na23 0.0 0.1 0.3 0.1 0.0 0.0 0.0 0.3
Cr52 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1
Fe54 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.1
Fe56 0.0 0.8 0.9 0.1 0.0 0.0 0.0 1.2
U235 0.3 2.0 0.2 0.1 0.0 0.2 0.1 2.0
U238 1.2 2.7 0.6 1.0 0.2 0.4 0.2 3.1
pu2zo EE 28 0.2 0.1 0.0 1.0 11 5.8
Pu240 0.7 0.4 0.0 0.1 0.0 0.0 0.1 0.8
Pu241 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.1
Total 51 4.5 0.9 1.0 0.2 11 11 7.1

The main source of uncertainty on the CC is the ?*°Pu once again and the capture cross-sections with
important contributions of 2°U and #**U, the main isotopes of the fuel composition.

The next table presents the differences on the uncertainty of the CC between the V5 R=11.96cm
voided configuration of PRE-RACINE 2A and PRE-RACINE 2B core.

Table V.2.15: Differences between ND uncertainties of PRE-RACINE 2A and PRE-RACINE 2B

on the CC
Isotope  Fission Capture Elastic Inelastic n,xn Fission
spectrum

016 0.0% -1.8% -2.8% -0.3% 0.0% 0.0% 0.0% -1.1%
Na23 0.0% -0.4% -4.8% 1.1% 0.0% 0.0% 0.0% -0.6%
Cr52 0.0% -0.2% -0.3% -0.2% 0.0% 0.0% 0.0% -0.1%
Fe54 0.0% -0.2% -1.9% -0.2% 0.0% 0.0% 0.0% -0.3%
Fe56  0.0% -1.8% DRS00 -0.4% 0.0% 0.0% 0.0% -2.2%
U235 0.4% 4.8% -0.7% -0.4% 0.1% 0.4% 2.5% 3.1%
U238 -3.8% -7.8% -7.9% 8.1%

Pu239 | -16.8%  -12.3% -5.0% -1.0% -1.2%
| Pu240 [NNIGIROON 10.1% @ 3.0% 9.2% 0.8% 2.7%
Pu241  2.9% 3.8% 0.6% 0.9% 1.0% 6.0%
Total -12.8%  -8.3%  -13.7% 6.8% -19.2% -17.1%  -12.1%  -10.6%

As expected the contribution of 2*°Pu is increased by the use of PIT-fuel instead of POA and it is also
the case for *'Pu contribution while the ?°Pu, **U and ?**U contributions are reduced. A more
deteriorated Pu-vector tends to get less uncertainty on the CC from the structural materials such as *°Fe
but its contribution in PRE-RACINE 2A already was almost negligible.

The following table presents the uncertainty on the LC for the V5 R=11.96cm voided configuration of
the PRE-RACINE 2A core.
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Table V.2.16: ND uncertainties on the LC with JEFF-3.2 and COMAC-V2 for PRE-RACINE 2A

Fission

Isotope  Fission Capture Elastic Inelastic n,xn Total
spectrum
016 0.0 0.1 0.8 0.0 0.0 0.0 0.0 0.8
Na23 0.0 1.7 0.9 15 0.0 0.0 0.0 2.5
Cr52 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.1
Feb54 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.1
Fe56 0.0 0.2 14 0.3 0.0 0.0 0.0 1.4
U235 o5 [ 03 0.0 0.0 0.3 0.4 4.0
U238 0.4 0.4 0.1 2.0 0.1 0.1 0.4 2.0
Pu239 0.7 0.4 0.2 0.1 0.0 0.2 0.3 0.8
Pu240 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.2
Pu241 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 0.7 4.4 1.8 2.5 0.1 0.4 0.7 5.4

The main uncertainty source for the LC are the capture cross-section of U, the inelastic cross-section
of *®U and the capture cross-section of sodium.

The next table presents the differences on the uncertainty of the LC between the V5 R=11.96¢cm
voided configuration of PRE-RACINE 2A and PRE-RACINE 2B core.

Table V.2.17: Differences between ND uncertainties of PRE-RACINE 2A and PRE-RACINE 2B

onthe LC
Isotope  Fission Capture Elastic Inelastic n,xn v Fission Total
spectrum

016 0.0% 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0%
Na23  0.0% -0.2% 8.2% 4.2% 0.0% 0.0% 0.0% 2.1%
Cr52 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0%
Fe54  0.0% 0.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0%
Fe56  0.0% 0.2% 0.3% 0.3% 0.0% 0.0% 0.0% 0.1%
U235 -0.3% 3.2% -0.1% 0.3% 0.1% 1.0% 1.0% 2.5%
U238  1.3% 2.3% 0.8% -1.5% -4.7% 1.6% 1.1% -0.2%
Pu2zo (B 16%  07%  04%  -02% | -45% 6.3% -1.1%
| Pu240 [SEIS%NY  3.5% 1.0% 1.3% 1.6% 2.3% 5.3%
Pu24l  2.6% 0.3% 0.6% 0.1% 1.9% 4.3% 5.1%
Total  2.7% 2.8% 4.8% 1.5% -4.8% -0.6%  22.5% 3.1%

As expected the contribution of °Pu is increased by the use of PIT-fuel instead of POA and it is also
the case for ***Pu contribution as the (***Pu+***Am)/(Pu+Am) concentration goes for 1% to 4% when
the ***Pu, 2*U and #*U contributions are reduced.

V.2.1.2.3  Representativeness
The following table presents the representativeness between the sensitivity set of the CC (or of the LC
or of the SVRE) of an experimental configuration with the sensitivity set of the CC (or of the LC or of
the SVRE) of a voided configuration of the ASTRID CFV core.
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Table V.2.18: Representativeness of PRE-RACINE 2A (and 2B) with ASTRID CFV

Total void Sodium plenum voided Fuel voided
Ap cc Ap cc LC Ap cc LC
Void V3 R=11.96 -0.778 0.839 0.351 | -0.778 0.839 0.351 | 0.850 0.846 0.487
Void V5 R=11.96 -0.782 0.845 0.354 | -0.782 0.845 0.354 | 0.845 0.850 0.449
Void V6 R=11.96 -0.784 0.854 0.380 | -0.784 0.854 0.380 | 0.840 0.855 0.454
Void V5 R=29.45 0.759 0.824 0.303 | 0.455 0.660 0.134 | -0.814 0.832 0.385
Void V3 R=11.96 -0.840 0.844 0.377 | -0.560 0.659 0.123 | 0.886 0.868 0.534
PRE-RACINE 2B Void V5 R=11.96 0.886 0.871 0.482 | -0.564 0.670 0.144 | -0.846 0.849 0.369
Void V5 R=29.45 0.812 0.823 0.314 | 0.534 0.642 0.119 | -0.850 0.844 0.412

Configuration

PRE-RACINE 2A

As expected the PRE-RACINE 2B is more representative than the PRE-RACINE 2A core when it is
compared to the CFV total void or fuel voided configuration due to the use of PIT fuel instead of POA
as the CFV core is using a very deteriorated Pu-vector. More in details the representativeness of the
CC reaches 0.871 and the best representative experiment is the V5 R=11.96cm configuration in the
PRE-RACINE 2B core.

V.2.1.3 CIRANO cores
In this section, the influence of the reflector on the sensitivity of the CC, LC and SVRE to nuclear data
is analysed. Indeed the two cores of the CIRANO programme have the same fuel composition (with
this exception of a small POA fuel zone in the outer assemblies of the ZONA2A core). The ZONA2A
core is surrounded by fertile blanket while the ZONAZ2B is surrounded by a reflector made of steel and
sodium.

V.2.1.3.1  Sensitivity
The following table presents the sensitivity of the CC to nuclear data of the CIRANO ZONAZ2A core
calculated with JEFF-3.2 for the V24 R=11.96cm voided configuration.

Table V.2.19: Sensitivity of the CC of CIRANO 2A for the V24 R=11.96cm configuration

Isotope Fission Capture Elastic Inelastic n,xn Fission
spectrum

016 0000 0022 0496 0003 0000 0000  0.000 0222
Na23 0000 0084 [ 0370 JNOBOSMN 0000 0000 0000  0.963

Fe56 0.000  -0.043  0.007 0033 0000 0000 0000  -0.003
U235 0031 -0009 0000 0001 0000 _ 0014  -0.052 _ -0.076
U238 0482 0772 0.051 063 0001 | -0.665 | 0320 | -1.386
Pu238 0.002 0001 0000 0000 0000  -0.001  0.000 _ -0.004
Pu230  [EI2I2NN 0575  0.012 0.021 0000  -0.182 |NSIMOMNN 3494 |
Pu240 0213  -0120 _ 0.003 0006 0000  -0295 0.8  -0.431
Pu241 0012 -0009 0000 0001 0000 0039  -0.078  -0.059
Pu242 0.007 0004 0000 0000 0000  -0.009 0006  -0.014
Am241  -0030 0064 0000 0001 0000  -0.041  -0003  -0.136
Total 2.049  -1.508  0.646 0755 0003  -1142  -1115  -4410

In comparison with PRE-RACINE core, the sensitivity of the elastic cross-section of sodium is more
important (37% for CIRANO ZONA2A compared to respectively 25% and 15% for PRE-RACINE
2A and PRE-RACINE 2B). This is due to the fact that neutron flux spectra are harder than the ones of
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PRE-RACINE core since the U-Pu fuel volume has increased between the two programmes from
18.75% to 25%, by replacing the fertile pin of the ZONAL scheme by a U-Pu fuel pin. Then the
sensitivities of Pu isotopes have increased and the ones of ?*U and **®U have decreased. However, the
238 stays a main contributor to the sensitivity.

The next table compared the sensitivity of the CC of the V24 R=11.96cm configuration of the
CIRANO 2A core with the one of the V24 R=11.96cm configuration of the CIRANO 2B core.

Table V.2.20: Differences of the sensitivity of the CC between CIRANO 2A and 2B for the V24
R=11.96 cm configuration

Isotope Fission Capture Elastic Inelastic n,xn Fission Total
spectrum
016 0.0% 0.1% -2.4% 0.0% 0.0% 0.0% 0.0% -0.2%
Na23 0.0% 0.7% SO 4.7% -0.1% 0.0% 0.0% -1.0%
Fe56 0.0% 1.4% 15.4% 0.9% 2.2% 0.0% 0.0% 2.4%
U235 -1.4% -0.1% 0.0% 0.0% 0.0% 0.6% -0.8% -0.9%
U238 -0.5% -2.9% -6.6% 5.1% -7.0% 3.5% 22.2% -5.7%
Pu238 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Pu239 23.7% 2.4% 0.1% 0.5% 0.6% 22.3% G 30.2%
Pu240 1.7% 0.6% -0.1% 0.2% 0.3% 4.0% 10.3% -0.3%
Pu241 0.8% 0.1% 0.0% 0.0% 0.1% -0.4% 3.6% 1.2%
Pu242 0.1% 0.0% 0.0% 0.0% 0.0% 0.1% 0.3% 0.0%
Am241 0.2% 0.4% 0.0% 0.0% 0.1% 0.5% 0.1% 0.4%
SUM 24.6% 1.9% 51.4%  11.9%  23.9%  30.3%  33.4%  29.2%

The main differences are concerning the sensitivity the CC to the **°Pu as it is greatly increased
(30.2%) with a major contribution of the fission spectrum sensitivity (63.4%) since the reflector has an
important influence on the neutron spectrum changes. There is also a decrease of the sensitivity of CC
to the elastic scattering of sodium. An explanation is that the substitution of the blanket made of
depleted uranium by a reflector decreases the capture reaction rate in the blanket then the elastic
scattering of neutrons on sodium nuclei is less important.

V.2.1.3.2  Nuclear data uncertainties
The next table presents the nuclear data uncertainties on each component for each experimental
configuration of the CIRANO 2A core calculated with JEFF-3.2 and COMAC-V2.

Table V.2.21: Nuclear data uncertainties with JEFF-3.2 and COMAC-V2 for CIRANO 2A

. . Uncertainty (in pcm) Relative uncertainty
Configuration
Ap cC LC Ap cc LC
Void V4+4 R=11.96 2.8 2.0 2.0 4.5% 4.6% 1.8%
Void V24 R=11.96 12.1 9.2 6.1 137.2% 5.0% 3.5%
Void V16 R=11.96 8.4 7.3 4.3 11.0% 5.3% 6.9%
Void V8 R=11.96 4.6 4.0 2.2 7.3% 5.4% 19.3%

The following table presents the nuclear data uncertainties on each component for each experimental
configuration of the CIRANO 2B core calculated with JEFF-3.2 and COMAC-V2.
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Table V.2.22: Nuclear data uncertainties with JEFF-3.2 and COMAC-V2 for CIRANO 2B

. . Uncertainty (in pcm) Relative uncertainty
Configuration
Ap cC LC Ap ccC LC
Void V4+4 R=20,72 8.6 7.0 7.1 4.1% 6.4% 2.2%
Void V24 R=20.72 32.9 28.5 20.3 48.9% 5.5% 3.5%
Void V16 R=20.72 25.6 14.2 13.3 17.1% 5.7% 5.4%
Void V8 R=20.72 14.2 12.3 6.9 10.2% 5.7% 8.9%
Void V4+4 R=11.96 3.1 2.5 2.5 4.3% 6.4% 2.3%
Void V24 R=11.96 37.9 104 7.1 1995.0% 5.7% 3.9%
Void V16 R=11.96 9.5 8.6 4.8 12.2% 6.0% 7.3%
Void V8 R=11.96 5.2 4.5 2.5 8.1% 5.8% 18.1%

The conclusion on the behaviour of the relative uncertainties is the same as for PRE-RACINE results
but the figures are a bit different. Indeed, for configuration where the sodium is removed from the fuel
medium, the nuclear data uncertainty on the CC is about 5.5-6.4% and on the LC the uncertainty is
about 2.2-8.9% for voided configuration where the LC is important enough to consider the
uncertainty.

V.2.1.3.3  Representativeness
The following table presents the representativeness between the sensitivity set of the CC (or of the LC
or of the SVRE) of an experimental configuration with the sensitivity set of the CC (or of the LC or of
the SVRE) of a voided configuration of the ASTRID CFV core.

The results could be a bit surprising as the presence of a radial reflector in CIRANO 2B like in the
ASTRID CFV core seems more representative than a fertile blanket. In fact, the presence of an axial
reflector deteriorates the flux by sending back to the core, neutrons at lower energy than the ones
leaking out. This is very different from a sodium plenum for which once voided, neutrons are leaking
out and are absorbed in neutronic shielding. Hence, this is a bit similar to the behaviour of the fertile
blanket that is absorbing neutrons in U,

Table V.2.23: Representativeness of CIRANO 2A (and 2B) with ASTRID CFV

‘ Sodium plenum voided

. bp cc LC

V16R=11.96 |-0.842 0.842 0.511 |-0.609 0.625 0.254 | 0.865 0.877 0.626
CIRANO 2A V24R=11.96 |-0.862 0.856 0.592 | -0.652 0.644 0.371 | 0.866 0.888 0.635
V4+4R=11.96 |-0.853 0.903 0.687 |-0.720 0.723 0.569 | 0.807 0.919 0.581
V16R=11.96 |-0.829 0.839 0.449 |-0.607 0.625 0.196 | 0.852 0.874 0.592
V24R=11.96 | 0.839 0.837 0.506 | 0.644 0.619 0.274 | -0.847 0.872 0.600
V4+4R=11.96 | 0.792 0.866 0.522 | 0.685 0.681 0.369 | -0.756 0.890 0.517
CIRANO 28 V16R=20.72 |-0.835 0.842 0.453 |-0.625 0.621 0.218 | 0.850 0.879 0.583
V24R=20.72 | 0.841 0.835 0.518 | 0.657 0.614 0.295 | -0.842 0.871 0.599
V4+4R=20.72 | 0.792 0.867 0.525 | 0.690 0.681 0.379 | -0.754 0.891 0.514
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V.2.1.4 BFS cores

V.2.1.4.1  Sensitivity
The following table presents the sensitivity of the SVRE to nuclear data of the BFS-115-1 core
calculated with JEFF-3.2 for the total voided configuration.

Table V.2.24: Sensitivity of the SVRE for the total voided configuration in BFS-115-1

Fission

Isotope Fission Capture Elastic Inelastic n,xn Total
spectrum
016 0.000 0.021 0.007 0.000 0.000 0.000 0.485
Na23 0.000 -0.055 -0.523 -0.283 0.000 0.000 0.000 -0.862
Cr52 0.000 0.000 0.030 0.015 0.000 0.000 0.000 0.045
Fe54 0.000 0.006 0.011 0.004 0.000 0.000 0.000 0.021
Fe56 0.000 0.005 0.153 0.070 0.000 0.000 0.000 0.228
Fe57 0.000 0.001 0.006 0.004 0.000 0.000 0.000 0.011
U235 -0.027 -0.008 0.001 0.002 0.000 -0.019 -0.011 -0.062
U238 -0.493  -0.239 0.250 -1.470
Pu239 _ -0.307 0.023 0.031 0.001 -0.179 -0.162 -1.124
Pu240 -0.025 -0.016 0.001 0.002 0.000 -0.030 -0.031 -0.099
Pu241 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Am241 -0.001 -0.002 0.000 0.000 0.000 -0.001 -0.001 -0.006
Total -1.076 -0.590 0.418 0.414 0.015 -0.999 -0.999 -2.817

The next table presents the difference in sensitivity of the SVRE between the total voided
configuration and the voided sodium plenum voided configuration.

Table V.2.25: Differences of the sensitivity of the SVRE between the plenum voided

configuration and the total voided configuration in BFS-115-1

Isotope Fission Capture Elastic Inelastic Fission Total
spectrum
016 0.0% 12.0% 2.0% 0.0% 0.0% 0.0% -15.2%
Na23 0.0% -32.7% -108.6%  0.1% 0.0% 0.0% 26.7%
Cr52 0.0% -0.7% 8.5% 3.2% 0.0% 0.0% 0.0% -0.8%
Fe54 0.0% 1.7% 3.6% 0.8% 0.0% 0.0% 0.0% -0.4%
Fe56 0.0% -3.7% 451%  14.2% 0.1% 0.0% 0.0% -4.0%
Fe57 0.0% 0.2% 1.7% 1.1% 0.0% 0.0% 0.0% -0.2%
U235 -1.0% -7.0% 0.4% 0.6% 0.3% -2.4% -3.1% -2.3%
U238 229% [IES22O%N 99.7% | 148.6%  140.8% @ 41.0%  49.6%  41.6%
Pu239 -154% [ -1983% @ 10.4% 9.0% 8.5% -40.6%  -48.9%  -33.8%
Pu240 1.1% -10.0% 0.5% 0.5% 0.6% 1.6% 2.1% 2.4%
Pu241 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Am241 0.0% -1.5% 0.0% 0.0% 0.0% 0.1% 0.1% 0.2%
Total 75%  561.2%  172.2%  715%  172.6%  -0.3% -0.3% 13.8%

The main difference concerns the fuel isotope as the fuel medium is not voided in this last
configuration. Also, the sodium has less impact than in the total voided configuration however the
elastic scattering of sodium and elastic and inelastic of U has an increased sensitivity due to
spectrum effect in the top of the superior fuel area.

116



Chapter V: The Sodium Void Reactivity Effect: nuclear data uncertainties analysis

V.2.1.4.2  Nuclear data uncertainty
The next table presents the nuclear data uncertainties on each component for each experimental
configuration of the BFS-115-1 core calculated with JEFF-3.2 and COMAC-V2.

Table V.2.26: Nuclear data uncertainties with JEFF-3.2 and COMAC-V2 for BFS-115-1

Uncertainty (in pcm Relative uncertaint

Configuration ty (in pem) ved ny
LC Ap CcC LC
Total void 23.3 34.3 52.4 4,9% 6.4% 5.2%
Sodium plenum void 9.8 55 52.2 1.6% 7.2% 7.8%

The differences on the relative uncertainty of the SVRE are less important than in the other
experiments due to high negative values of these SVRE.

V.2.1.4.3  Representativeness
For the BFS experiments, the calculation of the generalised importance needed for the indirect
sensitivity did not converge. Hence, the sensitivity of the CC is only built with the direct term and the
representativeness with the ASTRID CFV CC is calculated with the direct sensitivity of the CC of the
CFV to keep a consistent comparison.

Table V.2.27: Representativeness of PRE-RACINE 2A (and 2B) with ASTRID CFV

Total void Sodium plenum voided Fuel voided

Configuration

Ap CcC LC Ap CcC LC Ap CcC LC
BFS Total void 0.763 0.721 0.722 | 0.540 0.719 0.720 | -0.755 0.726 0.726
BFS sodium plenum void | 0.555 0.730 0.731 | 0.535 0.733 0.734 | -0.475 0.736 0.737

The main important result there is the higher values of representativeness between the LC of the
experiments and the one of the CFV reflecting a more representative geometry. Even if we expected to
get more difference in representativeness with the CFV but as the direct term only takes into account
the macroscopic variations and not their influence on the flux (and then their spatial impact) the
impact of a more representative geometry is limited.

V.2.2 Results on ASTRID core

V.2.2.1 Sensitivity
In this section, are presented the sensitivity of the CC, LC and SVRE to the nuclear data in different
sodium void configurations (see Chapter IV):

> A total sodium void configuration where the fuel (C1 and C2), the inner fertile area (FCAM),
the sodium expansion vase (SVES) and the Sodium Plenum areas are voided.
» Avoid plenum configuration when only the Sodium plenum and the SVES areas are voided.

The following table presents the sensitivity of the SVRE of the total sodium void configuration
calculated with the EGPT method and the JEFF-3.2 nuclear data.

The SVRE is very sensitive to the elastic cross-section of the sodium that is coming from the presence
of a sodium plenum on the top of the core. The contribution of the oxygen elastic scattering is not
negligible. The fuel isotopes *®U, *°Pu, *°Pu and #*'Pu are also major contributors to the sensitivity of
the SVRE with their fission cross-section and neutron emission yield per fission and fission spectrum.
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Table V.2.28: Sensitivity of the SVRE of the total voided configuration of the ASTRID CFV

Fission

Isotope Fission Capture Elastic Inelastic n,xn Total
spectrum
B10 0.000 -0.489  0.060 0.000 0.000 0.000 0.000 -0.428
016 0.000 0.047 0.000 0.000 0.000 1.213
Na23 0.000 -0.247 0.000 0.000 0.000 -4.856
Cr50 0.000 -0.004  0.008 0.000 0.002 0.000 0.000 0.006
Cr52 0.000 -0.032  0.058 0.047 0.000 0.000 0.000 0.073
Cr53 0.000 -0.014  0.015 0.000 0.006 0.000 0.000 0.007
Fe54 0.000 0.008 0.037 0.017 0.000 0.000 0.000 0.063
Fe56 0.000 -0.235  0.383 0.293 0.000 0.000 0.000 0.441
Fe57 0.000 -0.008  0.012 0.025 0.000 0.000 0.000 0.029
Fe58 0.000 -0.001  0.002 0.001 0.000 0.000 0.000 0.002
U235 0.019 -0.012  0.001 0.002 0.000 0.032 0.057 0.099
U238 0925  -1510 0.285 | 0.903  0.007 -1.495  -1.653  -4.389
Pu238 -0.017  -0.074  0.003 0.003 0.000  -0.016 -0.021  -0.122
Pu239 0724 -0827 0025 0037 0000 [NIGONNNEGSEN 2470 |
Pu240 -0.831  -0563  0.024 0.037 0.001 -1.173  -1.276  -3.781
Pu241 0.591 -0.102 0.005 0.007 0.000 0.868  0.983  2.353 |
Pu242 -0.260  -0.166  0.009 0.014 0.000  -0.363 -0.387 -1.154
Am241 -0.015  -0.037  0.001 0.001 0.000  -0.020  -0.023  -0.094
Total -0.713  -4267  -1.103  -0.023  0.016 -0.989  -0.989  -8.068

The next table presents the sensitivity of the CC of the total sodium void configuration calculated with
our GPT method and the JEFF-3.2 nuclear data.

Table V.2.29: Sensitivity of the CC of the total voided configuration of the ASTRID CFV

Isotope Fission Capture Elastic Inelastic n,xn Fission
spectrum
B10 0.000 0.005 0.001 0.000 0.000 0.000 0.000 0.006
016 0.000 0.006 0.369 0.002 0.000 0.000 0.000 0.377
Na23 0.000 0.055 0.347 0.000 0.000 0.000 0.969
Cr50 0.000 0.003 0.001 0.000 0.000 0.000 0.000 0.005
Cr52 0.000 -0.005 0.010 0.007 0.000 0.000 0.000 0.013
Cr53 0.000 0.004 0.003 0.000 0.001 0.000 0.000 0.008
Fe54 0.000 0.000 0.008 0.003 0.000 0.000 0.000 0.011
Fe56 0.000 -0.043 0.073 0.053 0.000 0.000 0.000 0.083
Fe57 0.000 -0.002 0.004 0.007 0.000 0.000 0.000 0.009
Fe58 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001
U235 -0.012 -0.003 0.000 0.000 0.000 0.003 -0.030 -0.041
U238 -0.155 -0.356 0.045 0.187 0.003 -0.191 0.154 -0.312
Pu238 -0.016 -0.014 0.000 0.001 0.000 -0.010 -0.003 -0.042
Pu23o  [BBSOB 0157 0004 0011 0000 | -0.502 [ROOO7N -2.942 |
Pu240 -0.132 -0.104 0.004 0.011 0.000 -0.174 0.213 -0.182
Pu241 -0.309 -0.021 0.001 0.002 0.000 -0.052 -0.386 -0.764
Pu242 -0.042 -0.032 0.002 0.005 0.000 -0.055 0.068 -0.055
Am241 -0.002 -0.008 0.000 0.000 0.000 -0.003 0.000 -0.012
Total -1.968 -0.669 1.095 0.636 0.005 -0.983 -0.982 -2.866
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The CC in the total sodium void configuration is very sensitive to the elastic sodium scattering and the
main contributor is the 2°Pu. Then the CC is strongly related to the sodium nuclear data.

The next table presents the differences between the sensitivity set of the CC of the total sodium void
configuration and the sensitivity set of the CC of the sodium plenum void configuration calculated
with JEFF-3.2 nuclear data.

The difference between the two configurations is the increase of the sensitivity of the sodium elastic
cross-section due to the sodium plenum and as the sodium is not removed from the fuel media there is
less influence of a spectral component so the sensitivity of the fission spectrum is reduced in the
sodium plenum void configuration.

Table V.2.30: Differences of the sensitivity of the CC between the sodium plenum void
configuration and the total voided configuration of the ASTRID CFV

Isotope Fission Capture Elastic Inelastic n,xn Fission Total
spectrum
B10 0.0% 5.4% 0.4% 0.0% 0.0% 0.0% 0.0% 1.4%
016 0.0% -0.8% 3.2% -0.2% 0.0% 0.0% 0.0% 0.9%
Na23 0.0% 3.1% 82BN -0.9% -0.6% 0.0% 0.0% 11.5%
Cr50 0.0% 2.0% 0.1% 0.0% -0.4% 0.0% 0.0% 0.5%
Cr52 0.0% -0.3% 1.0% 0.9% 0.0% 0.0% 0.0% 0.7%
Cr53 0.0% 3.3% 0.1% 0.0% -1.0% 0.0% 0.0% 0.8%
Fe54 0.0% 0.4% 0.3% 0.5% 0.0% 0.0% 0.0% 0.3%
Fe56 0.0% -1.0% 2.3% 10.2% -0.1% 0.0% 0.0% 3.4%
Fe57 0.0% -0.1% 0.2% 0.8% 0.1% 0.0% 0.0% 0.3%
Fe58 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
U235 0.2% 0.0% 0.0% 0.0% 0.0% -0.2% -2.2% -0.5%
U238 -5.8% -6.6% 0.3% 95% [DEl0M00ei88%Y -13.1%  -3.7% |
Pu238 0.4% -0.5% 0.0% 0.0% 0.0% 0.9% 1.2% 0.9%
Pu239 14.7%  -4.3% 0.2% 0.0% -0.1% [HSOHOON 144% " 16.4% |
Pu240 -2.2% -5.5% 0.2% 0.1% -0.7% -6.3% EIB8%N  4.4%
Pu241 5.3% -1.0% 0.1% 0.0% 0.3% 13.4% BRI6M%N 2.5%
Pu242 -1.0% -1.1% 0.1% 0.0% 0.1% -2.7% -5.4% 1.0%
Am241 -0.1% -0.4% 0.0% 0.0% 0.0% -0.2% 0.1% -0.2%
SUM 11.5%  -28.6%  40.9% 1.7% 22.3%  22.7%  22.9% 0.9%

The next table presents the sensitivity of the LC of the total sodium void configuration calculated with
JEFF-3.2 nuclear data.
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Table V.2.31: Sensitivity of the LC of the total voided configuration of the ASTRID CFV

Fission

Isotope Fission Capture Elastic Inelastic n,xn Total
spectrum
B10 0.000 -0.075  0.010 0.000 0.000 0.000 0.000 -0.064
016 0.000 0.013 [OESA 0.003 0.000 0.000 0.000 0.512
Na23 0.000 0.006 -0.039 0.061 0.000 0.000 0.000 0.028
Cr50 0.000 0.002 0.002 0.000 0.001 0.000 0.000 0.005
Cr52 0.000 -0.009  0.018 0.014 0.000 0.000 0.000 0.022
Cr53 0.000 0.001 0.005 0.000 0.002 0.000 0.000 0.008
Fe54 0.000 0.001 0.013 0.005 0.000 0.000 0.000 0.019
Fe56 0.000 -0.074  0.123 0.092 0.000 0.000 0.000 0.141
Fe57 0.000 -0.003  0.005 0.010 0.000 0.000 0.000 0.013
Fe58 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001
U235 -0.007  -0.004  0.000 0.001 0.000 0.007 -0.016  -0.019
U238 0.279 | -0.543  0.084 0.303 0.004 0402  -0.138  -0.971
Pu238 -0.016  -0.024  0.001 0.001 0.000 -0.011  -0.006  -0.055
Pu23o  [EO -0.265  0.008 0.015 0.000 -0.230 | 0621 -2.067
Pu240 -0.245  -0.178  0.007 0.015 0.000 -0.335  -0.027  -0.764
Pu241 -0.163  -0.034  0.002 0.003 0.000 0.097 -0.165  -0.260
Pu242 -0.077  -0.053  0.003 0.006 0.000 -0.105  -0.006  -0.232
Am241 -0.004  -0.013  0.000 0.000 0.000 -0.006  -0.004  -0.026
SUM -1.765  -1.251 0.740 0.530 0.007 0984  -0983  -3.707

The next table presents the differences between the sensitivity set of the CC of the total sodium void
configuration and the sensitivity set of the CC of the sodium plenum void configuration calculated
with JEFF-3.2 nuclear data.

Table V.2.32: Differences of the sensitivity of the LC between the sodium plenum void
configuration and the total voided configuration of the ASTRID CFV

Fission

Isotope Fission Capture Elastic Inelastic n,xn Total
spectrum
B10 0.0% 2.7% 0.3% 0.0% 0.0% 0.0% 0.0% 0.8%
016 0.0% -0.8% [B -0.4% 0.0% 0.0% 0.0% -8.9%
Na23 0.0% 0.0% -0.8% -4.8% -0.5% 0.0% 0.0% -0.7%
Crs50 0.0% -0.1% -0.2% 0.0% -5.5% 0.0% 0.0% -0.1%
Cr52 0.0% -0.5% -1.0% -1.4% 0.0% 0.0% 0.0% -0.2%
Cr53 0.0% 0.0% -0.4% 0.0% | -17.1%  0.0% 0.0% -0.1%
Fe54 0.0% -0.1% -0.9% -0.5% 0.0% 0.0% 0.0% -0.3%
Fe56 0.0% -4.1% -9.4% -8.3% 0.0% 0.0% 0.0% -1.7%
U235 0.3% -0.3% 0.0% -0.1% 0.0% 0.2% -0.3% 0.5%
U238 -6.4% [DES6I0% -6.9% |DESOI0EA06% -19.9%  05%  -13.4%
Pu238 0.9% -1.4% -0.1% -0.1% 0.0% 1.9% 2.4% 1.1%
Pu239 | -17.4% -155%  -0.6% -2.0% 1.1% 2O  -4.3% -7.4%
Pu240 6.1%  -109%  -0.6% -1.9% 31%  -180%  6.9% -9.1%
Pu241 0.0% -2.0% -0.1% -0.4% -0.6% 0.2% -1.2% 4.4%
Pu242 -2.1% -3.2% -0.2% -0.8% -0.1% -6.0% 1.9% -3.0%
SUM -30.9%  -70.3%  -62.5%  -605%  -70.0%  5.5% 5.6%  -14.2%
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The difference on the sensitivity of the LC in the sodium plenum void configuration compared to the
total void configuration is mainly due to the **U. Indeed the capture reaction rate is quite similar to
the nominal situation when the sodium plenum is voided. Neutrons with the lowest energy stay in the
core. However in the total sodium void configuration there are less neutrons at low energy due to the
lack of scattering in the fuel.

V.2.2.2 Correlation between CC and LC
Thanks to the sensitivity of the CC and of the LC to nuclear data it is possible to calculate the
representativeness (see 1.15) between the two set of sensitivity for the same voided configuration
which gives the correlation between the CC and LC sensitivity profiles.

Table V.2.33: Correlation between the CC and the LC sensitivity sets of the ASTRID CFV

Configuration Rcelc

ASTRID CFV total void 0.002
ASTRID CFV fuel void -0.14
ASTRID CFV sodium plenum void -0.05
ASTRID CFV fertile void -0.26

The results are near 0 meaning that the two components have an almost independent behaviour. This
justifies a posteriori the independent study of the CC and LC in sodium void experiments. Indeed as
experimental configurations highlight the LC when other ones emphasise the CC. It seems obvious to
do it even if a perturbation in one part of the core can have effect on the opposite side by perturbing
the harmonics of the neutron flux but this needs dedicated tools to characterise it [6].

V.3 Prediction for ASTRID core

After getting the representativeness between the sodium void experiments and the different ASTRID
CFV sodium void configurations the experimental results can be transferred. The CC and LC of the
SVRE calculated by TRIPOLI-4® are then corrected by taking into account the TRIPOLI-4®-
experiments adjustment results of the Chapter 1V.

V.3.1 Nuclear data uncertainties

The sensitivities on each component of the SVRE of each voided configuration for the ASTRID CFV
core presented in the section 2.2 enable calculating the nuclear data uncertainties thanks to 1.14. In the
following table, are presented the nuclear data uncertainties obtained with JEFF-3.2 and the covariance
matrix COMAC-V?2 for the four voided configurations:

> A total sodium void configuration where the sodium is removed from: the fuel (C1 and C2),
the inner fertile area (FCAM), the sodium expansion vase (SVES) and the Sodium Plenum
areas.

» A void plenum configuration when only the Sodium plenum and the SVES areas are voided.

> A fuel voided configuration where the sodium is removed from only the fuel (C1 and C2)
media.

» A fertile voided configuration where the sodium is removed from the inner fertile slab
(FCAM) is voided.
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The relative uncertainties on the CC are about 2.1% to 3.0% according to the configuration when the
relative uncertainties on the LC is included between 1.4% and 5.1% when the LC is enough important
as 17.3%.

Table V.3.1: Nuclear data uncertainties for ASTRID CFV SVRE

Configuration Uncertainty (in pcm) Relative uncertainty
Ap CcC LC CcC LC
CFV Total Void 96.8 71.0 65.7 18.1% 2.6% 2.0%
CFV Sodium plenum Void 35.6 9.9 34.7 1.9% 2.1% 1.4%
CFV Fuel Void 60.5 54.2 35.3 5.3% 3.0% 5.1%
CFV Fertile Void 10.1 8.7 8.4 3.1% 2.3% 17.3%

V.3.2 Corrections of the components of the SVRE

In this section, the CC and the LC of the total voided configuration of the ASTRID CFV core
calculated with ERANOS are corrected of the modelling and deterministic bias with the TRIPOLI-4®
comparison and then each experimental programme is used to correct the CC and the LC medium by
medium.

V.3.2.1 Correction process

V.3.2.1.1  Deterministic and modelling bias
First, the values of CC and LC calculated with ERANOS for the total voided configuration of the CFV
core have to be corrected from the deterministic and modelling bias.

Table V.3.2: Discrepancies between TRIPOLI-4® and ERANOS for different voided
configuration of the CFV core with JEFF-3.2 nuclear data

Sodium removed from Ap(TRIPOLI-4®)-Ap(ERANOS)
Fuel: C1 and C2 media -56
Fertile: FCAM medium -25
Sodium plenum -8
Total voided (Fuel, Fertile and Plenum) -67

These results show that the deterministic and modelling bias from the sodium plenum is significantly
reduced for the CFV core in comparison to an average discrepancy of —250 pcm between TRIPOLI-4®
and ERANOS results of SVRE for different voided configurations of the BFS core (see Chapter V).
Thanks to these results we can adjust a set of parameters (ag, 84). The uncertainty given takes into
account the statistical uncertainty on the TRIPOLI-4® results:

(ag + dag, Bg + dBq) = (0.969 + 0.006,0.995 + 0.005) 3.1

Now the nuclear data uncertainties calculated in section 3.1 have to be considered. Indeed different
voided configurations have been calculated in order to get the impact of each medium on the values of
the SVRE and its components (CC and LC) and their uncertainties. These values have been calculated
with nuclear data uncertainties and then it has an impact on the adjustment with TRIPOLI-4® results.
The correction of the deterministic and modelling bias has to take into account the nuclear data
uncertainty impact, this has been done by introducing the nuclear data uncertainty on the CC and LC
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of the different voided configurations of the CFV in the adjustment process which lead to an overall
uncertainty on each parameter (ag, Bq) presented in equation 3.2:

(aq + dog, Bg = dBg) = (0.969 +0.030,0.995 + 0.020) 3.2

Then by adding the statistical uncertainty presented in the equation 3.1 to the nuclear data uncertainty
we get the overall uncertainty on the adjustment with the results:

(ag + dag, Bq + dBq) = (0.969 +0.031,0.995 + 0.021) 33

These results show that the deterministic and modelling bias is consistent within the nuclear data and
statistical uncertainties.

V.3.2.1.2  Experimental validation
The use of the deterministic code ERANOS allows calculating the CC and LC in each medium of the
core, the breakdown of the CC and LC by medium is presented in the following table for a total SVRE
of -535 pcm:

Table V.3.3: SVRE breakdown by medium in the total voided configuration of the ASTRID

CFV core
C1 1092.6 -359.7 732.9
C2 759.4 -371.6 387.8
FCAM 407.4 -40.9 366.5
SPLN 514.5 -2537.7 -2023.2
Total 2774.1 3309.9 -535.8

The idea is to correct these values with the set of parameters (o, B;) of each experimental programme.
This is done by taking into account the representativeness between the CC of the experiments and the
one of the total voided configuration of the CFV core (through the use of the a; parameter) and the
representativeness of the LC of the experiments and the one of the total voided configuration of the
CFV core (through the use of the 3; parameter).

Indeed, three experimental programmes (PRE-RACINE, CIRANO and BFS-115-1) give information
on the CC and the LC of the C1 and C2 medium because in these programmes there are fuel voided
zones. The PRE-RACINE 1 and the BFS-115-1 experimental cores give information on the CC and
LC of the inner fertile slab (FCAM medium) because in these two cores an inner fertile area has been
voided and only the BFS programme gives information on the CC and LC of the sodium plenum.

Then for each medium the CC and LC are multiplied by a predicted set of parameters (ap, Bp)
calculated as the mean of the set of parameters (a;, ;) weighted by the representativeness

(Recir Rici)

_ Yi(oy. Regis Bi- Rici)
(o, Bp) = _ _ ,
Yi(Reci Ric i)
First the deterministic and modelling bias is corrected from these values using the set of parameters:
(g, Bq) giving the breakdown into the CC and LC fitting the best with the TRIPOLI-4® results giving
a total SVRE of -605 pcm which is a more negative effect than calculated by ERANOS.

3.4
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Table V.3.4: SVRE in the total voided configuration of the ASTRID CFV corrected of the

deterministic and modelling bias

CC(pcm) LC (pcm) APNa

Cl 1058.7 -357.9 700.8
C2 735.9 -369.7 366.2
FCAM 394.8 -40.7 354.1
SPLN 498.6 -2525.0 -2026.4
Total 2688.0 3293.3 -605.3

Then, these values are corrected using the adjustment between the experiments and TRIPOLI-4®.
Values have been obtained with the following experiments:

» PRE-RACINE 2A, PRE-RACINE-2B, CIRANO-2A, CIRANO-2B and BFS-115-1 results for

the fuel set (o, Bp),

> PRE-RACINE 1 and BFS-115-1 results for the fertile set (a, B,),
> BFS-115-1 results for the plenum set (a, Bp)-

Table V.3.5: Set of parameter (a,, B,) by medium

By
Fuel (C1 and C2) 0.8875 0.9817
Fertile (FCAM) 0.9901 1.0921
Sodium Plenum (SPLN) 0.9624 0.9403

These sets of parameters give predicted values for the CC and LC presented in the following table for
a total SVRE of -670 pcm which is again more negative than calculated with TRIPOLI-4®.

Table V.3.6: SVRE in the total voided configuration of the ASTRID CFV corrected of the
deterministic and modelling bias

~CC(pcm)  LC(pcm)  Apya

C1 939.6 -351.4 588.2
C2 653.0 -363.0 290.0
FCAM 390.9 -44.4 346.5
SPLN 479.8 -2374.4 -1894.6
Total 2463.3 -3133.2 -669.9

Indeed the corrections on the CC are very important for the fuel medium when the corrections on the
LC are quite negligible for the fuel medium. There is a need of a 9.2% increase in the fertile area for
the LC but this component is very small (-40 pcm) making it negligible. For the plenum medium the
correction is only about 6% but this does not compensate the previous corrections on the CC. The
experimental feedback on the SVRE shows an overestimation of the CC by TRIPOLI-4® and once
corrected the CFV design is then well labelled with a SVRE more negative than calculated.

V.3.2.2 Uncertainties of the corrections
In the process of calculating the experimental-calculation discrepancy on the central component and
the leakage component (see Chapter 1V), the experimental uncertainties associated to the reactivity
measurements and the statistical uncertainties due to TRIPOLI-4® are transferred to the CC and LC. In
such a process the conservative way is the easiest one to implement:
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\/Zi ((dai- Rcc,i)z, (dB;. Rcc,i)z)
\/Zi(RCC,i' Ric i)z

which gives us the following uncertainties on the set of parameters of each medium:

3.5

(do‘p’ dBp) =

Table V.3.7: Experimental and statistical uncertainties on the set of parameter (o, 8,,)

Fuel (C1 and C2) 0.048 0.045
Fertile (FCAM) 0.050 0.074
Sodium Plenum (SPLN) 0.059 0.018

V.3.3 Conclusion

The experimental feedback of the PRE-RACINE, CIRANO and BFS programmes show that
ERANOS and TRIPOLI-4® when using the JEFF-3.2 nuclear data, overestimates the CC, especially in
the fuel medium. While the LC is well calculated for inner fertile and fuel areas exception made of a
small overestimation for the LC of the sodium plenum but this compensating effect is not enough to
balance the decrease of the CC in the fuel. But only one experiment has been taken into account for
this result and it will be better to corroborate this one with other experiments (for instance in the future
GENESIS experimental programme in MASURCA see Chapter IV section 2.4). The results of the
experimental feedback are summed up in the following table:

Table V.3.8: Set of parameter (ap, Bp) by medium and its associated uncertainties

a, day, Bp dg,

Fuel (C1l and C2) 0.8875 0.048 0.9817 0.045
Fertile (FCAM) 0.9901 0.050 1.0921 0.074
Sodium Plenum (SPLN) 0.9624 0.059 0.9403 0.018

This shows a good agreement with TRIPOLI-4® on the LC (ERANOS gives similar results) and a
slight overestimation of the CC but this is included in 1o uncertainty.

In addition to the experimental uncertainty (and statistical due to the use of TRIPOLI-4®) presented in
the previous table 3.7, the nuclear data uncertainty on each component has to be considered as seen in
section 3.1

Table V.3.9: Nuclear data relative uncertainties on each component of the SVRE of the CFV

Configuration Relative uncertainty

Ap CcC LC
CFV Total Void 18.1% 2.6% 2.0%
CFV Sodium plenum Void 1.9% 2.1% 1.4%
CFV Fuel Void 5.3% 3.0% 5.1%
CFV Fertile Void 3.1% 2.3% 17.3%
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Since, correction factors and experimental uncertainties are available for each medium and not for the
overall total void reactivity effect, we use the adjustment procedure as described in section 3.2.1.1 to
get the uncertainties on the total void reactivity effect with equation 3.5.

(aq + dog, Bg = dBg) = (0.969 +0.031,0.995 + 0.021) 3.6

These uncertainties of 3.1% and 2.1% on the components (ag, Bq) Of the total void reactivity effect
have been calculated by taking into account the nuclear data uncertainty on each component of the
SVRE of 4 different voided zones of the ASTRID CFV core.

This shows a good agreement between TRIPOLI-4® on the LC and a slight overestimation of the CC
by TRIPOLI-4® but this is included in 1o uncertainty.

1,2
1,1
1 | | I
1 l I Fuel
0,9 T Fertile
l Sodium Plenum
0,8 — ND Uncertainties COMAC
0,7
0,6 T )
a B

Figure V.3.1: Comparison of the predicting set of parameters (aI., BP) by media in regard of the
nuclear data and experimental uncertainties

This Figure V.3.1 shows that the JEFF-3.2 nuclear data and “experimental” uncertainties (also taking
into account the statistical ones) do not explain all the discrepancies given by the bias on the CC of the
fuel medium and on the LC of the sodium plenum. It appears obvious that an underestimation of the
nuclear data uncertainties with COMAC-V2 is occurring. For the LC as only one experiment has been
used, this discrepancy could be due to an underestimation of the experimental uncertainty.
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Chapter VI. General conclusions and
Perspectives

Introduction

This chapter compiles the conclusions of this PhD work on nuclear data, uncertainty quantifications
and corrections for the effective delayed neutron fraction (Chapter Ill) and on the Sodium Void
Reactivity Effect (SVRE) (Chapter 1V and V). It outlines the progresses of this PhD work and gives
perspectives for further work on these both topics.

The objective of this PhD thesis is to master the different sources of uncertainties in calculating the
sodium void reactivity effect and use the integral experiments to predict the sodium void reactivity
effect of the CFV core of ASTRID as well as its uncertainty.

In the various experimental programmes considered, the sodium void reactivity effect (SVRE) is
measured for zones of different sizes in order to vary the relative importance of central and leakage
components. This reactivity is measured on a B¢ Scale which is the effective delayed neutron fraction
of the reactor. A new analysis of Bes measured in the BERENICE programme (in the MASURCA
facility) has been made using the TRIPOLI4® Monte Carlo with the newly Iterated Fission Probability
(IFP) method for calculating integrals. It allows revisiting more precisely the experiments dedicated to
sodium void reactivity measurements.

For analysing the sodium void reactivity effect, we split it into two components: the central component
(CC) which is a positive reactivity effect due to spectrum changes and the leakage component (LC)
which is a negative reactivity effect due to the increase of the neutron mean free path and, thus,
neutron leakage. In order to study in detail the uncertainty associated to the SVRE, a development of
an innovative generalized perturbation theory procedure for computing sensitivities of the CC and the
LC has been conducted. Using both a deterministic and a stochastic approach, is mandatory because
even if the Monte-Carlo code such as TRIPOLI-4® gives reference results by using “as-built” geometry
of the core the generalized perturbation has not been implemented yet in this code [1].

Once simulations have been run for each experimental programme it is possible to adjust the results
from ERANOS and TRIPOLI-4® to experimental ones. Independent adjustment according to the fuel
composition and the core geometry lead to a set of parameter (o,B) to correct the CC and LC of the
SVRE of the CFV core of the ASTRID plant. This SVRE best-estimate value is associated to certified
uncertainties.
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Chapter VI: General conclusions and Perspectives

V1.1 Conclusion on nuclear data

VI1.1.1 For the delayed neutron fraction

The analysis of the measurements made during the BERENICE programme (see Chapter I11) using the
latest developments in the stochastic code TRIPOLI-4® has lead to new C/E (with JEFF-3.2 nuclear
data):

» with improvements for Uranium fuel based cores for the results with the 252Cf source method,
the C/E ratio goes from: 0.9466 to 1.0035 for the R2 reference core

» with improvements for U-Pu fuel based cores for the results with the noise method, the C/E
ratio goes from: 1.0664 to 1.0125 for the ZONAZ2 core.

The experimental uncertainties have been studied during V. Zammit PhD and have been updated in
this one taking into account the statistical uncertainty on the series of measurements, the following
table summarises up the results according to the method used and for each core of the experimental
programme:

Table 1.1: experimental relative uncertainties on the B.¢¢

Cores Relative uncertainties on s (in %0)
Cf 252 method Noise method

ZONA2 3.54 2.23
R2 ref 341 -
R2 exp 3.62 2.69

Furthermore the sensitivity and uncertainty analysis on the effective delayed neutron fraction using the
deterministic code ERANOS has lead to an uncertainty of:

» 2.6% on the B¢ for Uranium fuel based cores with JEFF-3.2 nuclear data and COMAC-V2
covariance data.

» 2.8% on the Beg for U-Pu fuel based cores with JEFF-3.2 nuclear data and COMAC-V2
covariance data

The main source of uncertainty due to nuclear data are the ones on the fission cross-section and on
neutron emission yield per fission especially the one of *®*U and ***Pu.

VI1.1.2 For the Sodium Void Reactivity Effect

The analysis of PRE-RACINE, CIRANO and BFS experimental programmes where many different
voided configurations have been built to allow a critical analysis on the quality of some nuclear data
(see Chapter IV). Indeed some voided configurations emphasise the Leakage Component (LC)
whereas others emphasise the Central Component (CC) which are not sensitive to the same nuclear
data. The LC is more sensitive to fission neutron spectrum, capture cross-section when the CC is also
sensitive to these nuclear data but even more to elastic scattering cross-section especially the one of
the sodium. The comparison of calculated results (with TRIPOLI-4® and ERANOS) to experimental
results show that:

» Voided configurations in fertile areas are well calculated with JEFF-3.1.1 and JEFF-3.2
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» Voided configurations in fuel media are not well calculated with JEFF-3.2 and when the LC is
important JEFF-3.1.1 is also inconsistent.

» The voided plenum configuration in BFS-115-1 is better calculated with JEFF-3.2 than with
JEFF-3.1.1.

Thus the main sources of errors are:

> In the JEFF-3.2 set of evaluations, nuclear data of **U and Plutonium are responsible of the
SVRE discrepancies in the PRE-RACINE and CIRANO cores,

» The sodium nuclear data in JEFF-3.1.1 is the main responsible of the important discrepancies
in the BFS results.

V1.2 Corrections and uncertainties for the Sodium Void
Reactivity Effect

VI1.2.1 Uncertainties quantifications

The sensitivity and uncertainty analysis have shown that independent analysis of the CC and LC can
be conducted because the correlation between the two sensitivity sets is almost null or very low.
Indeed according to the voided configuration for the ASTRID CFV core the correlation vary between:
0.002 and -0.26 (see Chapter V).

The results on the relative uncertainty due to nuclear data on the CC or the LC (when their values are
significant) shows a nearly constant behaviour according to the voided configuration in opposition to
the behaviour of the relative of the uncertainty due to nuclear data on the SVRE.

The nuclear data uncertainties calculated with JEFF-3.2 nuclear data and the COMAC-V2 covariance
matrix, on the ASTRID CFV core are summed up in the following table according to the voided
configuration:

Table 2.1: Nuclear data uncertainties for ASTRID CFV SVRE

Configuration Uncertainty (in pcm) Relative uncertainty
Ap CC LC CC LC
CFV Total Void 96.8 71.0 65.7 18.1% 2.6% 2.0%
CFV Sodium plenum Void 35.6 9.9 34.7 1.9% 2.1% 1.4%
CFV Fuel Void 60.5 54.2 35.3 5.3% 3.0% 5.1%
CFV Fertile Void 10.1 8.7 8.4 3.1% 2.3% 17.3%

V1.2.2 Corrections for the SVRE

The series of adjustment of the CC and LC calculated with ERANOS with the experimental SVRE and
of the CC and LC calculated with ERANOS with the SVRE calculated with TRIPOLI-4® made in the
Chapter 1V for each experimental programme allow to get a set of parameters (ap, Bp) to correct the
TRIPOLI-A® SVRE of the total voided configuration of the ASTRID CFV core by taking into account
the representativity of each experimental core with the CFV core. Firstly the deterministic and
modelling bias has to be corrected and this is done by getting a set of parameters (ag, Bq) with the
adjustment of the CC and LC calculated with ERANOS for different voided configuration of the
ASTRID CFV core with the SVRE calculated with TRIPOLI-4®:
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(agq £ dag, Bg £ dBgq) = (0.969 + 0.031,0.995 + 0.021) 2.1
The uncertainty given for the set of parameters takes into account the statistical uncertainty on the

TRIPOLI-4® results and the uncertainty due to nuclear data. Then the SVRE of the total voided
configuration of the CFV core is broken down by medium: fuel, fertile and plenum. Indeed in the
different experimental cores the voided configurations have been made in different media then each
experimental core bring different information on the CC and LC according to the medium voided.

Thus a set of parameter (cxp, Bp) is calculated for each medium: fuel, fertile and plenum, using the:

» PRE-RACINE 2A, PRE-RACINE-2B, CIRANO-2A, CIRANO-2B and BFS-115-1 results for
the fuel set (o, Bp),

> PRE-RACINE 1 and BFS-115-1 results for the fertile set (o, B,),

> BFS-115-1 results for the plenum set (a, Bp)-

These sets are given in the following table:

Table 2.2: Predicting set of parameter according to the experimental feedback

a, day, Bp dg,

Fuel (Cl and C2) 0.8875 0.048 0.9817 0.045
Fertile (FCAM) 0.9901 0.050 1.0921 0.074
Sodium Plenum (SPLN) 0.9624 0.059 0.9403 0.018

and the predicted values for the CC and LC presented in the following table give a total SVRE of
—670 pcm which is more negative than the one calculated with TRIPOLI-4®. The overall uncertainty
on each set of parameter takes into account the experimental uncertainties of each configuration of
each core of each programme.

1,2
1,1
1 I I I Fuel

0.9 T I Fertile

l Sodium Plenum
0,8 .

= ND Uncertainties COMAC
0,7
0,6 T )
a B

Figure 2.1: Comparison of the predicting set of parameters (ap, Bp) by media in regard of the
nuclear data and statictical uncertainties

This Figure 2.1 shows that the nuclear data and “experimental” uncertainties (also taking into account
the statistical ones) do not fully explain the discrepancies given by the bias on the CC of the fuel
medium and on the LC of the sodium plenum. It appears obvious that an underestimation of the
nuclear data uncertainties with COMAC-V2 is occurring. For the LC as only one experiment has been
used, this discrepancy could be due to an underestimation of the experimental uncertainty.
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V1.3 Perspectives

V1.3.1 For the delayed neutron fraction

Currently the delayed neutron covariances used in COMAC-V2 are coming from the covariance
matrix of the Japanese library JENDL4. A work is ongoing at the LEPh of Cadarache by a PhD
student Daniela FOLIGNO in order to get a new evaluation of the delayed neutrons constants of each
family of precursors (see Chapter I11) but also to evaluate their uncertainty and to produce covariances.

The need of other integral experiments with B, measurements is also outlined since experimental
uncertainties with the noise technique are larger than the uncertainty induced by the nuclear data
uncertainties. Also, the Cf252 technique remains reliable but the noise technique produces better
results with less experimental uncertainties. An improved noise technique is under study at Cadarache
in order to reduce the experimental uncertainty and it could be used in the GENESIS programme.

V1.3.2 For the SVRE

The experimental data base for this work includes the PRE-RACINE, CIRANO experimental
programmes from the MASURCA facility and the BFS-1 experimental programme. An extension to
other experimental programmes has been considered such as SNEAK 9B and 9C2 programmes, ZPR®,
ZPPR2 and ZPPR10 programmes. This could bring information on the SVRE, CC and LC of the fuel
area but not on the sodium plenum. For the sodium plenum, new measurements are planned at the BFS
facility in another experimental configuration. Also the GENESIS programme in support of the CFV
core design has been drawn and would possibly take in the MASURCA facility refurbished.

A work has been performed at LEPh by the PhD student Virginie HUY on the nuclear data for
improving actinides nuclear data by assimilation of integral experiments. And a future work could be
to calculate the feedback of this assimilation work on the SVRE and evaluate the nuclear data
uncertainty after this assimilation. Since this assimilation work has been using critical mass and
spectral indices, it might be interesting to supplement it with sodium void reactivity experiments. Then
new assimilation work could be done so as to better predict the sodium void reactivity coefficient both
on ®Na but also on actinides whose contribution is mainly due to the energy slope of the fission and
capture cross sections at high energy.

CEA is also moving from the deterministic code ERANOS to the APOLLO3-RNR code. APOLLO3
will replace ERANOS (deterministic code for fast reactors) and APOLLO2 (deterministic code for
thermal reactors) in the same solver platform. The specificities of SFR computational tools are studied
with the PhD student Bastien FAURE. When sensitivity procedures will be available in APOLLO3,
the same work of experimental validation and of uncertainty quantification of the SVRE for the
ASTRID CFV core will be possible.

References
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Appendix A: Experimental programmes

1 MASURCA

1.1 The experimental facility

Figure 1.1: MASURCA reactor buildings

The experimental facility of MASURCA has been commissioned in 1966 in order to conduct
experimental programmes in support of Fast Reactors development. Located in the CEA Cadarache
centre this facility has a thermal power of 5 kW, the in-core temperature is about 25°C and it is cooled
by air. The main asset of this facility is its high flexibility indeed the steel assemblies of a square base
of 10.6x10.6 cm dimension can be filled with discs or rodlets according to a defined pattern. Studies
on different: fuel (Uranium; Plutonium, ...), diluant (Sodium, graphite, ...), core configurations
(fertile blanket, reflector, ...), kinetic parameters, etc have been performed until the beginning of its
refurbishment in 2006. Furthermore the fuel inventory is important and very diversified which
combined with the ability to put different moderator allows getting different neutron spectrum. Since
2011 the facility has been refurbished in order to match the new safety standard since the Fukushima
accident [1].

The assemblies of MASURCA (see Figure 1.3) have defined patterns with 64 rodlets, it exists three
series of fuel patterns (see Figure 1.2): the R series made of metallic enriched uranium with sodium
and ferrite diluent, the Z series is the twin of the R series but with metallic U-Pu fuel and the ZONA
series is made of oxide U-Pu fuel with sodium. The first fuel cell of each series has fertile rodlets
made of depleted uranium with a ratio of 1 fertile rodlet for 3 fuel rodlets. In the fuel inventory there
some different U-Pu vector, three are used in the studied programmes: the POA, PIT and P2A which
are made of:

ZONA-POA: with 8% of *Pu/Pu and less than 1% of (***Pu+***Am)/(Pu+Am),
ZONA-PIT: with 18% of °Pu/Pu and about 4% of (***Pu+***Am)/(Pu+Am),
ZONA-P2A: with 18% of *°Pu/Pu and about 8% of (**'Pu+***Am)/(Pu+Am),
ZONA-P4K: with 45% of 2°Pu/Pu and about 8% of (***Pu+***Am)/(Pu+Am).

YV V V
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ZONA1 ZONA2

Figure 1.2: Fuel cells used in MASURCA

Figure 1.3: Steel assembly of MASURCA with 32 rodlets at the forefront on a diffusor
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1.2 The BERENICE programme

The Beta Effective Reactor Experiment for a New International Collaborative Evaluation
(BERENICE) programme has been conducted between 1993-1994 for experimental measurements of
Besr With two different fuels:

> R2 cores with enriched uranium
» ZONAZ2 core with 90.7% of PIT cells and 9.3% of POA cells.

Two cores with R2 fuel cells have been built, the first one is called “reference” because it is an
homogeneous core surrounded by fertile blanket. The other one is the twin of the “R2 ref” core but it
has four big axial channels in the fuel area (see Figure 1.4) and is called the “R2 experimental core”.

" depleted U

-}Sodinm

m Fe203
@ enriched U

Figure 1.4: ¥ of the R2 experimental core with two axial channels (rose squares)

As descripted in Chapter 111 three experimental methods have been used, the **Cf source method, the
Noise method and the a-Rossi method but only the results of first two are presented in this Chapter 111
because the a-Rossi method gave poor results (a discrepancy greater than 7% with no consistency
within the 3o confidence interval).

These three cores have been modeled in RZ geometry: the four axial channels have been homogenized
meaning that a greater radius of the fuel area is needed to get enough reactivity reserve with this core.
The diffusor with placed at the top and the bottom of the fuel area is also represented (between Z
30.48 and 31.28 c¢m) this piece is here to improve the air circulation in the core.
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1.2.1 R2reference and experimental cores

102.40 —p z
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1128 U02-Na Radial
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U02-Na
R
t t t
R2 ref : 48.40
R2 exp : 49.72 86.25 136.24

Figure 1.5: RZ model of R2 cores (dimensions in cm)

These two cores have been built using enriched Uranium fuel and are surrounded fertile blanket of
sodium and depleted uranium.

1.2.2 ZONAZ2 core
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51.60 —»
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Figure 1.6: RZ model of ZONAZ2 core (dimensions in cm)

The ZONA2 core is using U-Pu fuel of mainly PIT type and a bit of POA type and it is also
surrounded by fertile blanket of sodium and depleted uranium.
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1.3 The PRE-RACINE programme

The first programme studied from the MASURCA experiments is the PRE-RACINE programme,
conducted between the years 1976 and 1979 it studied the design of heterogeneous cores with inner
fertile block and fertile blankets. Numerous voided configurations have been made during this
programme the idea is to get different contributions from the central and the leakage components. The
axial configurations are presented in the following Figure 1.7.

V1 V2 V3 V4 V5 Vi V7 V8 Va
Fuel or inner fertile area with Na Blanket with Na

. Fuel or inner fertile area without Na . Blanket without Na

Figure 1.7: Axial voided configuration

The V1-V4 points out the central component when the V6-V9 points out the leakage one; with the V5
configuration a rather balanced situation is reached between these two components.

1.3.1 PRE-RACINE |
The first core built during the PRE-RACINE programme is very heterogeneous because it has an inner
fertile area composed of depleted uranium plus a fuel area of U-Pu fuel of POA type and an outer area
of enriched uranium fuel R1. The core is surrounded by fertile blanket using depleted uranium mixed
with sodium or not. Two radial voided configurations have been done in this core: the first one the
sodium is removed in a radius between 0 and 7.33 cm and the last one the sodium is removed in a
radius between 0 and 11.96 cm.
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Figure 1.8: RZ model of the PRE-RACINE I core (dimensions in cm)

1.3.2 PRE-RACINE 2A
The second core built during this programme is also heterogeneous like the previous one and it is
composed of an inner fuel area of U-Pu of POA and P2A type plus an outer fuel area of enriched

uranium R1. The core is surrounded by fertile blanket using depleted uranium mixed with sodium or
not.

116.84

66.84
4652
45.72 -7
53.6573 85.2077
15.8227 T 135.2
35.3806

29.4501

Figure 1.9: RZ model of PRE-RACINE 2A core (dimensions in cm)
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Three radial voided configurations have been studied in this core: the first one the sodium is removed
in a radius between 0 to 11.96 cm, the second one the sodium is removed in a radius between 0 to
19.83 cm and the last one the sodium is removed in a radius between 0 and 29.45 cm.

1.3.3 PRE-RACINE 2B
The third core built during this programme is the twin of the previous one and it composed of an inner
fuel area of U-Pu of PIT and P2A type plus an outer fuel area of enriched uranium R1. The core is
surrounded by fertile blanket using depleted uranium mixed with sodium or not.

'y z
116.84
Axial Shield
66.84 Radiald
Axial Blanket UO2-Na | Blanket Shield

4652 Rad. U

4572 ¥
Radial

R1 Blanket
U0z
R
/‘ T 54.0723 85.2077 135.2
35.3806

29.4501

Figure 1.10: RZ model of PRE-RACINE 2B core (dimensions in cm)

Three radial voided configurations have been studied in this core: the first one the sodium is removed
in a radius between 0 to 11.96 cm, the second one the sodium is removed in a radius between 0 to
19.83 cm and the last one the sodium is removed in a radius between 0 and 29.45 cm.

1.4 The CIRANO programme

The CIRANO programme has been conducted between 1994 and 1997 to study cores having the
ability to burn plutonium because since 1992 and the French adhesion to the Non Proliferation Treaty
(non proliferation treaty), MASURCA cannot produce more plutonium than it can burn. Then during
this programme:

> one core have a steel reflector instead of fertile blanket (where %°Pu is produced from #2U),
» the fuel used is highly enriched in plutonium with ZONA2 cells fuel,
» the cores built have smaller heights than before.

The height goes from 45.72 cm to 30.48 cm which decreases the number of possible axial voided
configurations (see Figure 1.11) and only fuel areas have been voided.
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Fuel with sodium
. Fuel without sodium

VE V1a V24 Vi+4

Figure 1.11: Axial voided configurations in CIRANO

141 ZONA2A
The first core built during this programme is ZONA2A and it is composed of U-Pu fuel of PIT (90.4%

of the tubes) and POA (9.6% of the tubes) type and it is surrounded by fertile blanket made of depleted
uranium and sodium.

'y z
112.56
Axial Shield
Radial
51.60 Shield
Axial Blanket
128 | UO:Na Radial
30.48-7 Blanket
UO2-Na
R
BE_23D 131.5T0
4T 468 45524

Figure 1.12: RZ model of ZONAZ2A core (dimensions in cm)

In this core only one radial voided configuration have been made: it was the four central tubes which
have been voided and this is equivalent to remove the sodium from 0 to 11.96 cm.

142 ZONA2B
The first core built during this programme is ZONA2A and it is composed of U-Pu fuel of PIT type

and it is surrounded by a reflector made of steel and sodium.
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Figure 1.13: RZ model of ZONA2B core (dimensions in cm)

In this core only two radial voided configurations have been made: it was the four central tubes which
have been voided and this is equivalent to remove the sodium from 0 to 11.96 cm and the 12 central
tubes and this is equivalent to remove the sodium from 0 to 20.72 cm.

2 BES

2.1 The experimental facility

The collaboration between the CEA and the IPPE! has lead to a common experimental programme
conducted in the BFS? facility at Obninsk between 2013 and 2017. The BFS facility has been
operational in 1969 and the facility is very flexible then experiments can be designed with many
different configurations and measurements of kinetic parameters are also easily implemented [2]. The
BFS facility used hexagonal assemblies made with cells which are built by stacking discs (see Figure
2.2) [3]. The fuel discs used during this collaboration are very thin and it can induce heterogeneities
effects on the multiplication factor or on axial reaction rate traverses.

The objective of this collaboration is to study some of the innovations of the CFV design, in first place
the addition of a plenum sodium on the core and of an inner fertile slab in the core.

! Institute for Physics and Power Engineering named after A. I. Leypunsky
2 From the Russian for « Big Physical Facility »
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Figure 2.2: stacking of discs in an assembly of BES

2.2 The BFS-115-1 core

The BFS-115-1 core is made of an inner core composed of U-Pu fuel (highly enriched in #°Pu/Pu)
with an inner fertile slab made of depleted uranium and sodium, a plenum sodium sits on top of this
inner core, an outer core higher than the inner one (as in CFV design see Chapter 1V) but without
plenum sodium on it and only fertile shielding made of depleted uranium and the outer core is
surrounded by a steel reflector (see Figure 2.3). Three different axial voided configurations have been
studied in it (see Figure 2.4):

» A total voided configuration in the 91 inner tubes (which is equivalent to remove the sodium
between a radius of 0 and 25.5 cm).

» A voided plenum configuration in the 91 inner tubes.

» A voided plenum and voided superior fuel configuration in the 91 inner tubes.
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Figure 2.3: RZ model of the BFS-115-1 core (dimensions in cm)
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nominal total void superior fuel plenum void
and plennom void

Figure 2.4: axial void configurations in BFS-115-1 core compared to the nominal configuration

The blank areas are the ones where the sodium has been removed compared to the nominal
configuration.
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Appendix B: Detalled sensitivities and
nuclear data uncertainties on the delayed
neutrons fraction

1 Sensitivities
Table 1.1: Sensitivities on the B.¢ in R2 cores with JEFF-3.1.1 nuclear data

Total Fission

Isotope  Fission Capture Elastic Inelastic n.xn Nu total Nu delayed Total
Spectrum

U235 -0.219320 0.021939 -0.002418 0.006470 0.000423 -0.243128 0.780889 -0.884586 -0.539731
U238 0.192575 0.015961 -0.008638 0.024847 0.001453 0.227933  0.218814 -0.076274 0.596670
Na23 0.000000 -0.000101 0.001188 0.003811 0.000001 0.000000  0.000000 0.000000 0.004898
Feb6 0.000000 0.000410 0.000665 0.008767 0.000011 0.000000  0.000000 0.000000 0.009852
016 0.000000 -0.001836 0.001854 -0.000056 0.000000 0.000000  0.000000 0.000000 -0.000038
Cr52 0.000000 0.000170 0.000923 0.001687 0.000002 0.000000  0.000000 0.000000 0.002782
TOTAL -0.026745 0.036543 -0.006426 0.045526 0.001889 -0.015196  0.999703 -0.960859 0.074434
Table 1.2:Sensitivities on the B.¢s in r R2 cores with JEFF-3.2 nuclear data

Total Fission

Isotope  Fission Capture Elastic Inelastic n.xn Nu total  Nu delayed Total
Spectrum

U235 -0.222915 0.019723 -0.002125 0.007255 0.000762 -0.241979  0.778873 -0.886046 -0.546451
U238 0.194483 0.013938 -0.007878 0.027780 0.001883 0.230225  0.220827 -0.074702 0.606555
Na23 0.000000 -0.000093 0.000718 0.005403 0.000001 0.000000  0.000000 0.000000 0.006030
Fe56 0.000000 0.000262 0.001366 0.009758 0.000010 0.000000  0.000000 0.000000 0.011396
016 0.000000 -0.001401 0.003980 -0.000047 0.000000 0.000000  0.000000 0.000000 0.002532
Cr52 0.000000 0.000098 0.001251 0.002235 0.000002 0.000000  0.000000 0.000000 0.003585
TOTAL -0.028431 0.032527 -0.002689 0.052385 0.002658 -0.011755  0.999700 -0.960748 0.083648
Sensitivities for ZONAZ2 core are presented in the following tables:

Table 1.3: Sensitivities on the B.¢ in ZONA2 core with JEFF-3.1.1 nuclear data

Total Fission
Spectrum

U235 0.003355 0.000022 -0.000014 0.000144 0.000007 0.003809 0.013725 -0.007658 0.013391
U238 0.425221 0.002013 -0.004971 0.065215 0.002562 0.458471  0.446905 -0.057317 1.338097
Pu238 -0.000793 0.000020 -0.000003 0.000011 0.000000 -0.000707  0.000484 -0.001174 -0.002161
Pu239 -0.524822 0.010694 -0.001656 0.006810 0.000197 -0.499507 0.465296 -0.805964 -1.348951
Pu240 0.001243 0.002183 -0.000442 0.002065 0.000032 0.010663  0.042692 -0.054858 0.003578
Pu241 0.001448 0.000138 -0.000021 0.000140 0.000017 0.001389 0.027683 -0.019125 0.011668
Pu242 0.002044 0.000081 -0.000015 0.000095 0.000002 0.002344  0.003018 -0.001397 0.006171
Na23 0.000000 -0.000182 0.009951 0.011700 0.000001 0.000000  0.000000 0.000000 0.021471
Feb6 0.000000 -0.000342 0.003662 0.022234 0.000021 0.000000  0.000000 0.000000 0.025575
016 0.000000 -0.002514 0.017490 0.000330 0.000000 0.000000  0.000000 0.000000 0.015306
Cr52 0.000000 -0.000018 0.002099 0.004873 0.000003 0.000000  0.000000 0.000000 0.006957
TOTAL -0.092304 0.012095 0.026080 0.113617 0.002842 -0.023537  0.999802 -0.947494 0.091100

Isotope  Fission Capture Elastic Inelastic Nu total Nu delayed
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Table 1.4: Sensitivities on the B¢ in ZONA2 core with JEFF-3.2 nuclear data

Total Fission

Isotope  Fission Capture Inelastic Nu total Nu delayed Total
Spectrum

U235 0.003275 0.000010 -0.000010 0.000140 0.000012 0.003746  0.013746 -0.007731 0.013187

U238 0.429162 0.001577 -0.004711 0.065140 0.003308 0.462393  0.451687 -0.055880 1.352677
Pu238  -0.000772 0.000019 -0.000003 0.000011 0.000000 -0.000686  0.000480 -0.001144 -0.002093
Pu239  -0.534791 0.010135 -0.001637 0.007152 0.000289 -0.508501  0.460062 -0.807821 -1.375111
Pu240 0.001253  0.002074 -0.000437 0.002253 0.000065 0.010778  0.043250 -0.054483 0.004753
Pu241 0.001717 0.000129 -0.000020 0.000145 0.000016 0.001688  0.027585 -0.018712 0.012548
Pu242 0.002043  0.000075 -0.000015 0.000097 0.000002 0.002339  0.002990 -0.001358 0.006174
Na23 0.000000 -0.000182 0.007454 0.017215 0.000002 0.000000  0.000000 0.000000 0.024489
Fe56 0.000000 -0.000383 0.003957 0.023188 0.000021 0.000000  0.000000 0.000000 0.026783
016 0.000000 -0.001876 0.018846 0.000328 0.000000 0.000000  0.000000 0.000000 0.017299
Cr52 0.000000 -0.000046 0.002233 0.005886 0.000003 0.000000  0.000000 0.000000 0.008076
TOTAL -0.098113 0.011534 0.025658 0.121556 0.003719 -0.028242  0.999799 -0.947129 0.088781

These sensitivities are given for comparative purpose, they are calculated with RZ modelisation of the

core and with S, transport in ERANOS-2.4.

2 Nuclear data uncertainties
Uncertainties results for R2 cores:

Table 2.1: Uncertainties on the B.¢ with JEFF-3.1.1 and COMAC-V1 in R2 cores

Isotope  Fission  Capture Elastic Inelastic n.xn Nu total Nu delayed Tgtaelcliéisrﬁn Total

U235 0.1516 0.6531 0.0600 0.0392 0.0017 0.0721 2.2698 0.3089 2.3868
U238 1.2517 0.3170 0.0504 0.2583 0.0069 0.1721 0.7400 0.1039 1.4785
Na23 0.0000 0.0031 0.0214 0.0134 0.0001 0.0000 0.0000 0.0000 0.0254
Fe56 0.0000 0.0135 0.0563 0.0269 0.0000 0.0000 0.0000 0.0000 0.0639
016 0.0000 0.0510 0.0425 0.0004 0.0000 0.0000 0.0000 0.0000 0.0664
Cr52 0.0000 0.0054 0.0029 0.0024 0.0000 0.0000 0.0000 0.0000 0.0066
TOTAL  1.2609 0.7279 0.0807 0.2535 0.0071 0.1563 2.3874 0.3259 2.8093

Table 2.2: Uncertainties on the B.¢ With JEFF-3.2 and COMAC-V2 in R2 cores

Isotope  Fission  Capture  Elastic Inelastic n.xn Nu total Nu delayed Tgtal Fission
pectrum

U235 0.1538 0.5844 0.0544 0.0434 0.0031 0.0727 2.2642 0.3001 2.3625
U238 0.5865 0.1024 0.0635 0.2982 0.0447 0.1734 0.7474 0.1031 1.0138
Na23 0.0000 0.0027 0.0197 0.0173 0.0001 0.0000 0.0000 0.0000 0.0264
Fe56 0.0000 0.0121 0.0561 0.0297 0.0000 0.0000 0.0000 0.0000 0.0646
016 0.0000 0.0381 0.0442 0.0004 0.0000 0.0000 0.0000 0.0000 0.0583
Cr52 0.0000 0.0052 0.0029 0.0031 0.0000 0.0000 0.0000 0.0000 0.0067
TOTAL  0.6064 0.5768 0.1118 0.3033 0.0448 0.1575 2.3843 0.3173 2.5724
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Uncertainties results ZONAZ2 core:

Table 2.3: Uncertainties on the B.¢ with JEFF-3.1.1 and COMAC-V1 in ZONA2 core

Isotope  Fission  Capture  Elastic Inelastic n.xn Nu total Nu delayed Tgtaelcli:,zsr']?n Total

U235 0.0013 0.0019 0.0003 0.0008 0.0000 0.0018 0.0377 0.0046 0.0381
U238 2.6538 0.4860 0.0880 0.8504 0.0161 0.3456 1.5090 0.2022 3.0002
Pu238 0.0005 0.0003 0.0001 0.0001 0.0000 0.0022 0.0071 0.0007 0.0075
Pu239 0.9100 0.0796 0.0070 0.0942 0.0018 0.0121 1.7325 0.2169 1.9728
Pu240 0.0509 0.0093 0.0064 0.0236 0.0009 0.0048 0.2058 0.0769 0.2242
Pu241 0.0032 0.0039 0.0003 0.0039 0.0005 0.0016 0.1372 0.0196 0.1387
Pu242 0.0038 0.0006 0.0002 0.0012 0.0001 0.0026 0.0287 0.0026 0.0292
Na23 0.0000 0.0036 0.0451 0.0427 0.0001 0.0000 0.0000 0.0000 0.0620
Fe56 0.0000 0.0069 0.0533 0.0662 0.0000 0.0000 0.0000 0.0000 0.0852
016 0.0000 0.0701 0.1085 0.0023 0.0000 0.0000 0.0000 0.0000 0.1292
Cr52 0.0000 0.0039 0.0035 0.0068 0.0000 0.0000 0.0000 0.0000 0.0086
TOTAL  2.8060 0.4974 0.1562 0.8418 0.0162 0.3459 2.3113 0.3070 3.6046

Table 2.4: Uncertainties on the B.¢ with JEFF-3.2 and COMAC-V2 in ZONA2 core

Total Fission

Isotope  Fission  Capture  Elastic  Inelastic n.xn Nu total Nu delayed Spectrum Total
U235 0.0013 0.0016 0.0003 0.0008 0.0000 0.0018 0.0379 0.0045 0.0383
U238 1.3243 0.1767 0.0948 0.7080 0.0865 0.3480 1.5263 0.2023 2.1753
Pu238 0.0005 0.0002 0.0001 0.0001 0.0000 0.0021 0.0070 0.0023 0.0077
Pu239 0.3913 0.0440 0.0135 0.0809 0.0018 0.0213 1.7111 0.2148 1.7709
Pu240 0.0443 0.0074 0.0054 0.0213 0.0008 0.0049 0.2086 0.0685 0.2230
Pu241 0.0033 0.0039 0.0003 0.0040 0.0005 0.0020 0.1367 0.0127 0.1375
Pu242 0.0038 0.0006 0.0002 0.0012 0.0001 0.0025 0.0285 0.0004 0.0289
Na23 0.0000 0.0050 0.0431 0.0577 0.0002 0.0000 0.0000 0.0000 0.0718
Fe56 0.0000 0.0065 0.0538 0.0693 0.0000 0.0000 0.0000 0.0000 0.0879
016 0.0000 0.0509 0.1127 0.0024 0.0000 0.0000 0.0000 0.0000 0.1237
Cr52 0.0000 0.0037 0.0035 0.0084 0.0000 0.0000 0.0000 0.0000 0.0098
TOTAL  1.3816 0.1634 0.1622 0.7180 0.0866 0.3487 2.3070 0.3032 2.8226

Uncertainties due to nuclear data are reduced with JEFF-3.2 nuclear data thanks to a great work on
U238 and Pu239 fission cross section. These results show that uncertainties on vyq data must be
improved.
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Quantification des biais et incertitudes sur ’effet en réactivité de vidange sodium dans le cceur
d’ASTRID a I’aide des mesures intégrales

Résumé en francais

L'énergie nucléaire est I'une des plus propres en matiere d'émission de gaz a effet de serre et, malgré ses atouts,
elle n'est développée que dans quelques pays du monde. La sreté reste une question ouverte pour l'avenir de cette
énergie apres l'accident de Fukushima. En France, la loi de 2006 sur la gestion des déchets soutient le
développement d'une nouvelle génération de réacteurs nucléaires et du prototype de Réacteur Technologiquement
Avancé au Sodium pour la Démonstration Industrielle (projet ASTRID) qui vise a apporter une réponse
industrielle et technologique & de nombreux enjeux de ce siécle.

L'une des préoccupations de la technologie du Réacteur a Neutrons Rapides et caloporteur sodium (RNR Na) est
la perte de ce dernier car elle pourrait entrainer un emballement de la réaction en chaine si I'effet en réactivité de
vidange sodium (SVRE) est positif. Lorsque le sodium est retiré du cceur, deux effets antagonistes se produisent
qui affectent I'équilibre neutronique: I'un augmente la réactivité du cceur et est appelé la composante centrale (CC)
et l'autre est la composante de fuite (LC) avec un effet négatif sur la réactivité. Maximiser la derniére composante
est l'une des réponses pour augmenter la sdreté inhérente aux RNR-Na. C'est pourquoi le CEA a développé un
concept de ceeur innovant: le «Ceeur a Faible Vidange» (CFV) qui donne une SVRE négatif. Cependant, de telles
innovations doivent étre validées expérimentalement et I'incertitude sur cet effet en réactivité doit étre maftrisée.
En soutien au développement des RNR Na : la base de données expérimentale existante est assez importante
(PRE-RACINE, CIRANO).

Dans les différents programmes expérimentaux considérés, la réactivité est mesurée sur une échelle en Begr qui est
la fraction neutronique retardée du cceur. Une nouvelle analyse des B.¢r mesurés dans le programme BERENICE
(dans l'installation MASURCA) a donc été faite en utilisant le code Monte Carlo TRIPOLI4® avec la méthode de
probabilité de fission (IFP) nouvellement implémentée dans le code pour le calcul des intégrales d’importance.

L’effet de réactivité de vidange sodium se décompose en une composante centrale positive (d0 a un effet de
spectre) et une composante de fuites négative (di a ’augmentation du libre parcours moyen des neutrons). Afin
d'étudier en détail l'incertitude associée au calcul du SVRE, on a développé une procédure innovante basée sur la
théorie des perturbations généralisées pour calculer les sensibilités de la CC et de la LC indépendamment. Avec
de telles sensibilités et l'utilisation de la matrice de covariance COMAC-V2, on peut calculer les incertitudes dues
aux données nucléaires sur chaque composante en utilisant des données nucléaires JEFF-3.2.

Le code Monte-Carlo TRIPOLI-4® donne des résultats de référence en utilisant les géométries «exactes » des
cceurs mais la méthode des perturbations généralisées n'a pas encore été implémentée dans ce code. Le code
déterministe ERANOS du CEA est donc utilisé en complément pour le calcul des sensibilités et incertitudes sur
I’effet de vidange global mais aussi sur la composante centrale (CC) et la composante de fuites (LC). Une fois les
simulations effectuées pour chaque configuration des divers programmes expérimentaux, il est possible d'ajuster
les résultats d'ERANOS et de TRIPOLI-4 avec I’expérience grice a un jeu de paramétre (a,B) et d’obtenir des
incertitudes sur ces parametres. Ce travail a été conduit pour I’ensemble des programmes expérimentaux
considérés et a permis I’obtention de corrections a apporter aux composantes du ceeur CFV en fonction de la
représentativité des diverses zones y compris le plénum sodium et les incertitudes dues aux données nucléaires
qui leur sont associées.
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Cette thése a donc permis de maitriser les différentes sources d'incertitudes dans le calcul de la SVRE et d'utiliser
les expériences intégrales pour prédire l'effet de réactivité de vidange sodium du cceur CFV d'ASTRID ainsi que
son incertitude.

154



Quantification of biases and uncertainties on the sodium void reactivity effect in the
ASTRID core using integral measurements

Abstract in english

The nuclear energy is one of the cleanest energy in regard of greenhouse gas emission and despite its
assets is only developed in few countries in the world. Safety remains an open issue for the future of this
energy after the Fukushima accident’. In France the 2006 law on the waste management ensures the
development of a new generation of nuclear reactor and has lead to the Advanced Sodium Technology
Reactor for Industrial Demonstration (ASTRID) which aims to bring an industrial and technological
advanced answer to many issues of this century.

One of the concerns in the sodium cooled fast reactor (SFR) technology is the loss of sodium coolant
accident because it might lead to a snowball effect in the chain reaction if the sodium void reactivity
effect (SVRE) is positive. When the sodium is removed from the core, two antagonistic effects arise that
affect the neutron balance: one increases the reactivity of the core and is called the central component
(CC) and the other is the leakage component (LC) with a negative feedback on the reactivity. Maximizing
the last component is one of the answer to increase the inherent safety of the SFRs. That is why the CEA
has developed an innovative core design: the “Cceur a Faible Vidange” (CFV : Core with low void effect)
which exhibits a negative SVRE. However, such innovations have to be experimentally validated and the
uncertainty on this reactivity effect has to be mastered. In support of SFRs the existing experimental data
base is quite large (PRE-RACINE, CIRANO, ...).

In these experimental programme the reactivity have been measured by the position of shim rod or/and
the addition of peripheral assemblies. A rod drop and the use of the Nordheim equation insures calibration
of the reactivity. This reactivity is measured on a B Scale which is the delayed neutron fraction of the
core. A new analysis of Bes measured in the BERENICE programme (in the MASURCA facility) has
been made using the TRIPOLI-4® Monte Carlo with the newly Iterated Fission Probability (IFP) method
for calculating integrals of importance.

For analysing the sodium void reactivity effect, we split it into two components: the central component
(CC) which is a positive reactivity effect due to spectrum changes and the leakage component (LC) which
iS a negative reactivity effect due to the increase of the neutron mean free path. In order to study in details
the uncertainty associated to the SVRE, a development of an innovative generalized perturbation theory
procedure for computing sensitivities of the CC and the LC to nuclear data has been conducted. With such
sensitivities and the use of the COMAC-V2 covariance matrix, we are able to calculate the uncertainties
due to nuclear data on each component using JEFF-3.2 nuclear data.

The Monte-Carlo code such as TRIPOLI-4® gives reference results by using “as-built” geometry of the
core the generalized perturbation have not been implemented yet in this code that is why ERANOS the
deterministic code for SFR at CEA is used in complement. Once simulations have been run for each
experimental programme it is possible to adjust the results from ERANOS and TRIPOLI-4® to
experimental ones. Independent adjustment according to the fuel composition, the core geometry lead to a
set of parameter (a,p) to correct the CC and LC. This work provide a set dedicated to the CFV core of

! ranked at the level 7 of the INES scale
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ASTRID to take into account the experimental feedback on the SVRE and it also gives the uncertainties
associated to each component and to the set of parameter

This PhD thesis has been mastering the different sources of uncertainties in calculating the sodium void
reactivity effect and use the integral experiments to predict the sodium void reactivity effect of the CFV
core of ASTRID as well as its uncertainty.
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