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Abstract

Energy production and distribution became over the years among the most crucial
challenges of our societies and the nuclear facilities are at the heart of the resulting
changes. Due to the tremendous costs generated by the nuclear power plant de-
commissioning and dismantling and the consequent wish to extend their lifetime,
the scientific community decided to take a closer look at the fluence surveillance
during the ten-year inspections.

In 2014, EDF performed fluence calculations for the Perseus nuclear power plant
owned by ARGOS. This study permitted to check the evolution of the fluence re-
ceived at the hot spot of the reactor vessel and to check that the obtained values
did not exceed the fixed limits for up to 40 and 60 years. The calculations showed
a strong and e�cient impact of the fluence reduction program implemented by
Perseus since the 9th cycle. Moreover, the extrapolated fluences up to 40 and 60
years did not exceed the fixed limits and do not endanger the integrity of the nu-
clear facility in the future.

In order to understand the results and verify the methodology used by EDF, sev-
eral calculation have been done and are described in this thesis. The impact of
changes in core calculations parameters has been studied and several parameters
have been successfully optimized in order to better fit Perseus characteristics. Fi-
nally, Perseus fluence results have been compared to EDF feedback to position the
fluence reduction strategy of Perseus with regards to the one implemented at EDF
power plants. It appeared that EDF strategy is more e�cient at the hot spot and
less at the other azimuths.

To conclude, the methodology used by EDF for core and attenuation calculations
has been verified, although it could be slightly optimized in order to fit perfectly
Perseus characteristics. This methodology applied to Perseus calculations show
coherent and conservative results. Further fuel loading strategy optimizations will
depend for instance on the need of the plant owner to extend the lifetime of its
reactors.
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Introduction

In 2012, the electricity coming from nuclear energy represented 10.8% of the elec-
tricity produced across the world [1]. Today 435 commercial nuclear power reactors
are build in 31 countries. Their total installed capacity exceeds 375000 MWe. 70
further nuclear reactors are under construction with a capacity equivalent to 20%
of the existing capacity.
In 2015, the average age of all the nuclear power reactors amounts to 29 years.
More precisely, 17% of these nuclear power reactors are older than 40 years [2].
Taking into account this situation, the nuclear authorities and utility companies
recently decided to study the feasibility of nuclear power plant lifetime extension.
In fact, the energy utility companies are tempted to extend the nuclear power
plants’ lifetime because of the tremendous increase of the construction costs and
the financial risk for new nuclear build. The initial investments of older reactors
are already paid-o↵. These reactors are consequently cash-generative, whereas new
nuclear reactors would not become significantly profitable before several decades.
Moreover, it minimizes the global carbon emission from nuclear industry and thus
buys extra time for governments to invest in renewable energies [3].
One of the key factor of a nuclear power plant life extension is the capacity of the
reactor vessel to sustain mechanical and thermal shocks despite a long period of
irradition. Therefore, the scientific community decided to focus attention on the
fluence received by the reactor vessel in order to ensure that nuclear power plants
operate safely.
The purpose of the thesis was to understand the methodology used by EDF regard-
ing the fluence surveillance. This methodology has been tested on the Perseus nu-
clear power plant, which was commissioned in the 1980s and operated by ARGOS.
Perseus facility contains two pressurized water reactors (PWR) of 900 MWe. Both
units have been operated for 19 cycles, which corresponds to approximately 27
running years.
In 2008, EDF calculated the neutron flux at the hot spot and the associated fluence
for the cycles 1 to 16 of the units 1 and 2. Since 2008, each Perseus unit has operated
for 3 or 4 cycles. The specific fuel management strategy has been optimized to
limit the increase in the RPV fluence by maximizing the shielding e↵ect of the fuel
assemblies with the highest burn-up. However, the current end of life (EOL) fluence
is extrapolated from the pre-optimized fuel assembly loading strategy. It may result
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2 Contents

in an overestimation of the e↵ective fluence, and possibly in the implementation of
unnecessary operational modifications. Therefore, the neutron flux for the cycles
17 to 19 needs to be calculated in order to determine more accurately the EOL
fluence.
Additionally, one decided to optimize the methodology used by EDF and the asso-
ciated calculations parameters. Therefore, the codes used at the di↵erent steps of
the calculations have been verified.



Chapter 1

Methodology

1.1 Neutron transport theory

The neutron is assumed to be a point-like particle having no internal structure. A
neutron moving in a source medium (e.g.the PWR core) travels through various
media. It is characterized by a set of seven parameters [4, 5]:

• Three position coordinates r = xi+ yj+ zk,

• Three velocity coordinates: the velocity module V
n

= |Vn| with Vn = dr
dt

and

the two components of the direction ⌦ = Vn
V

n

,

• The time t.

The prime physical quantity in neutron transport theory is the neutron angular
density n(r, V

n

,⌦, t), which represents the neutron population density. At a time
t, the number of neutrons in the volume element d3r surrounding r, in the velocity
element dV

n

surrounding V
n

, and in the solid angle element d2⌦ surrounding ⌦ is
given by n(r, V

n

,⌦, t)d3rdV
n

d2⌦ [5].
The angular flux is defined as [5]:

�(r, V
n

,⌦, t) = V
n

n(r, V
n

,⌦, t). (1.1)

The neutron angular current is defined as [4]:

J(r, V
n

,⌦, t) = ⌦ �(r, V
n

,⌦, t). (1.2)

The Boltzmann equation is used to model the neutron behaviour. The linear form
of the Boltzmann equation is justified by the absence of neutron-neutron inter-
actions [5]. The neutron transport equation is derived as the phase-space balance
relation for the neutrons located in a control volume. A control volume C is defined
first. The number of neutrons located in C is given by

R
C

d3rn(r, V
n

,⌦, t)dV
n

d2⌦.

3



4 Chapter 1. Methodology

These neutrons travel with a velocity V
n

(within an interval dV
n

) in direction ⌦

(within a solid angle d2⌦). The number of neutrons in C will thus vary during a
period of time �t. Thus, the following quantities can be defined [5]:

• The change rate in number of neutrons in C during �t is given by:

d3A =

Z

C

d3r [n(r, V
n

,⌦, t+�t)� n(r, V
n

,⌦, t)]dV
n

d2⌦. (1.3)

• The number of neutrons streaming out of C during �t is given by:

d3B =

Z

C

d3r r.⌦�(r, V
n

,⌦, t) dV
n

d2⌦ �t. (1.4)

• The number of collisions in d3r during �t is given by:

d3D =

Z

C

d3r ⌃(r,Vn, t)[Vn

n(r, V
n

,⌦, t)]dV
n

d2⌦ �t (1.5)

where the macroscopic total cross section ⌃(r,Vn, t) is assumed independent
of ⌦.

• The number of neutrons created in d3r during �t is given by:

d3F =

Z

C

d3r Q(r, V
n

,⌦, t)dV
n

d2⌦ �t (1.6)

where Q(r, V
n

,⌦, t) is the source density.

The neutron balance is written d3A = �d3B � d3D + d3F .[5]
Introducing the angular flux and setting �t to zero, the di↵erential form of the
transport equation is written as [5]:


1

V
n

@

@t
+⌦r+ ⌃(r, V

n

, t)

�
�(r, V

n

,⌦, t) = Q(r, V
n

,⌦, t). (1.7)

The steady-state equation reduces to [5]:

⌦r�(r, V
n

,⌦) + ⌃(r, V
n

)�(r, V
n

,⌦) = Q(r, V
n

,⌦). (1.8)

Using the fact that E = 1

2

mV 2

n

, this equation becomes [4]:

⌦r�(r, E,⌦) + ⌃(r, E)�(r, E,⌦) = Q(r, E,⌦). (1.9)

Assuming that the fission reactions are isotropic in the reactor core, the source
density in steady-state conditions is given by [5]:

Q(r, E,⌦) =

Z

4⇡

d2⌦0
Z 1

0

dE0 ⌃
s

(r,⌦0 ! ⌦, E0 ! E)�(r,⌦0, E0)+
1

4⇡K
e↵

Qfiss(r, E).

(1.10)
where
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• ⌃
s

(r,⌦0 ! ⌦, E0 ! E) is the macroscopic di↵erential scattering cross-section
taking into account (n,xn) reactions.

• K
e↵

is the e↵ective multiplication factor. If the number of created neutrons
does not compensate the number of neutrons which have disappeared in any
volume, the steady-state condition is not satisfied. K

e↵

is the factor by which
the fission sources must be divided in order to maintain the steady-state
condition.

• Qfiss(r, E) the isotropic fission sources.

Due to the reactor core complexity, solving the Boltzmann equation is too expensive
regarding computations. The Boltzmann equation is thus approximated by the
multi-group di↵usion equations.
Using the Fick law, a relation between the neutron current and the gradient of the
neutron flux in the energy group g is established [4, 6]:

J

g

(r) = D
g

(r) r�
g

(r) (1.11)

where

• J

g

is the neutron current in group g,

• D
g

is the di↵usion coe�cient in group g,

• �
g

is the neutron flux in group g.

It shows that neutrons have a tendency to migrate from the densely populated
regions to the less populated regions. This relation is validated on the scale of the
complete reactor. The neutron balance in any control volume in the energy group
g becomes [6]:

�r.D
g

(r)r�
g

(r) + ⌃
rg

(r)�
g

(r) = Q⇧
g

(r) (1.12)

where [6]:

• ⌃
rg

(r) is the removal cross section

• Q⇧
g

(r) =
P

G

h=1h 6=g

⌃
g h

(r)�
h

(r) + �

g

(r)
K

eff

P
G

h=1

#
h

⌃
fh

(r)�
h

(r).

In the two-energy group case (fast (1) and thermal (2) neutrons), one obtains [6]:
⇢

Q⇧
1

(r) = 1

K

eff

[#
1

⌃
f1

(r)�
1

(r) + #
2

⌃
f2

(r)�
2

(r)]

Q⇧
2

(r) = ⌃
2 1

(r)�
1

(r)
(1.13)

Computing these two source terms in the two group di↵usion equation, one ob-
tains [7]:

(
�~r.(D

1

~r�
1

) + ⌃
r1 �

1

= 1

K

eff

(#
1

⌃
f1

�
1

+ #
2

⌃
f2

�
2

)

�~r.(D
2

~r�
2

) + ⌃
r2 �

2

= ⌃
2 1

�
1

(1.14)

where:
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• �
1

and �
2

is the fast and thermal neutron fluxes,

• D
g

is the di↵usion coe�cient of the fast or thermal neutrons (g = 1, 2),

• ⌃
r

g

is the removal cross section of the fast and thermal neutrons (g = 1, 2),

• ⌃
2 1

is the scattering cross section,

• #
k

⌃
fg

is the product of the macroscopic fission cross-section by the average
number of neutrons emitted per fission for the fast or thermal neutrons (g =
1, 2).

For a 900 MWe PWR with 157 assemblies, each consisting of 264 fuel pins, the
number of neutrons coming from uranium and plutonium fissions is given by the
formula:

Qfiss

core

=
X

k

X

i

Qfiss

i,k

. (1.15)

Qfiss

i,k

corresponds to a discretization of Qfiss(r, E) found in Eq. 1.10 and can be
expressed as [8]:

Qfiss

i,k

=
P
k

1.602 · 10�19 · �
i

#
iP

z

j=1

�
j

E
f

j

· 1

V
k

(1.16)

where:

• P
k

is the global power released in the fuel pin k (Watt),

• 1.602 · 10�19 (J.eV�1) is the conversion factor,

• �
i

is the fission fraction of the fissile isotope i,

• #
i

is the average number of neutron emitted by fission of the isotope i,

• E
f

j

is the average energy released by fission of the isotope j (MeV),

• V
k

is the volume of the fuel pin k (cm3).

The power released per fuel pin k can be written as [8]:

P
k

=

 
P

total

157

· f
ass

· f
k

264

!
. (1.17)

Where f
ass

and f
k

are power factors depending on the assembly and its position in
the core. The mean energy released by fission is equal to

P
z

j=1

�
j

E
f

j

.
The sources are characterized by their intensity and by their energy spectrum. The
emitted neutron spectrum is represented by the Watt formula [7]:

�(E) = 2 exp

✓
�b

4a

◆
a

3
2

p
⇡b

exp(�aE) sinh(
p
bE). (1.18)

�(E) represents the probability for a neutron to have an energy contained between
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E and E + dE. The integral of �(E) with respect to the neutron energy is equal
to 1. ENDF/BV or CRANBERG coe�cients a and b for each fissile isotope are
summarized in Table 1.1 [7]:

Table 1.1. Watt formula coe�cients

CRANBERG ENDF/BV
Uranium a=1.03627 ; b= 2.29 a= 1.012 ; b=2.249
Plutonium a=1.02 ; b= 2.459 a= 1.035 ; b=2.842

Assuming that the neutron flux �(r) is known, the fluence attributed to a point r
is given by [7]:

�(r) = �(r) · t
cycle

(neutrons.cm2) (1.19)

where t
cycle

is the length of the cycle and �(r) the fluence.

Three di↵erent energy domains are considered for the neutrons:

• The thermal neutrons for E < 1 eV,

• The epithermal neutrons for 1 eV < E < 1 MeV,

• The fast neutrons for E > 1 MeV.

Only fast neutrons are considered for the fluence surveillance program. In order to
assess the fluence that could be reached after 40 or 60 years of operation, one can
use the following equation [7]:

�
up to

(XXyears) = �(t
eocY Y

)
cumul

+K
p

(XXyears� t
eocY Y

) · �(HS,E > 1MeV)
(1.20)

where:

• �
up to

(XX years) is the extrapolated fluence value up to XX years,

• �(t
eocY Y

)
cumul

is the cumulated fluence at end of cycle YY (eocYY),

• K
p

is the estimated production coe�cient corresponding to the availibility of
the power plant to produce electricity,

• �(HS,E > 1MeV) is the mean flux at the hot spot, forecasted to be respected
for the following years.

1.2 Material Irradiations

The reactor vessel and the primary circuit constitute the second containment bar-
rier. This system is pressurized and can undergo important thermal stress under
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certain conditions. The failure of this equipment is not considered within the frame-
work of the safety assessments, it is therefore necessary to make sure that this failure
could not occur at any time.
The ferritic steel constituting the reactor vessel can be a↵ected in two di↵erent
manners, depending on the temperature, and become either brittle or ductile [9].
The irradiation e↵ects it undergoes are due to the neutrons coming from the core
of the reactor. These irradiation e↵ects lead to an increase of the brittle-ductile
transition temperature that characterizes the change in the failure mode. It is thus
necessary to make sure that the material remains intact at all temperatures during
normal operating conditions or accident situations to avoid severe failures of the
reactor vessel.
In fact, the neutron damage has two origins: first, the direct neutron bombarde-
ment, and secondly, the complementary e↵ect of the interaction between the neu-
tron bombardment and the thermal ageing of the material.
When a fast neutron penetrates the material, it undergoes several collisions within
the atomic lattice. The neutron transfers a part of its kinetic energy to the lat-
tice atoms during the collisions. After the first collision, the atom may be ejected
from its original lattice position. The resulting vacant lattice position is called a
vacancy and the defect, which results from the ejected atom’s new position in a
site where there is usually no atom, is called a self-interstitial defect. The couple
“vacancy-self interstitial defect” forms a Frenkel pair. In turn, the ejected atom
acts in turn like a missile and causes further displacements, creating other Frenkel
pairs by cascade e↵ect [10]. One neutron can thus cause a high number of Frenkel
pairs in the material. The number of displaced atoms by cascade e↵ect is variable,
depending on the energy of the incident neutron. It is estimated to be 2800 for an
energy of 10 MeV, 440 for 1 MeV and 1 for 4 keV [9].
The complementary damage is a consequence of the interaction of the direct neutron
bombardment and the thermal ageing of the material. This damage is character-
ized by clustering and segregation phenomena. For example, copper is able to
precipitate in steel, meaning that nickel, manganese, silicon and phosphorus dif-
fuse towards copper atoms [10]. Although this phenomenon is usually observed
at high temperature, it appears that it is amplified by the neutron flux. This is
due to changes of the physical properties a↵ecting the di↵usion of atoms through
clusters of vacancies in the network. Finally, segregation is one of the causes of
grains boundaries weakening [10]. Thus, in accordance with the French legislation,
a surveillance program for the surveillance of the principal mechanical properties
has to be implemented [9]. The aim of this program is to confirm the conservatism of
the weakening hypotheses of the reactor vessel materials under neutron irradiation,
which were considered within the framework of the safety assessment. Moreover,
it is used to define the acceptable pressure-temperature domains for operation and
testing.
The steel used for the construction of the pressure boundary has been chosen ac-
cording to the ASME code (American Society for Mechanical Evaluations) and the
associated norms (American Society for Testing Materials). The follow-up program
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is based on US rules and especially the Code of Federal Regulation (10 CFR 50
appendices G & H) [9]. The mechanical properties are deduced from testpieces rep-
resentative of the materials in the reactor vessel. They are periodically extracted
after exposure to a neutron flux higher than the flux to the RPV (Reactor Pressure
Vessel) in order to predict the mechanical behaviour.
The justification of the mechanical behaviour of the vessel rests on the failure anal-
ysis under thermal shocks (possibly pressurized). It brings in the toughness of the
materials in the brittle fracture zone. Due to practical reasons of testpieces’ size,
the toughness is obtained by an extrapolation following the procedure described in
the ASME code [9]. The procedure employs the toughness curve described in the
ASME code. This curve is a minimal estimation of the toughness results K

1C

(crit-
ical static toughness) and K

1A

(static toughness). They correspond respectively to
the instability and the brutal propagation of a defect, and to the end of the bru-
tal propagation of a defect.It was decided within the framework of the American
HSST (Heavy Section Steel Technology) program of characterization of the steel
toughness used for the reactor construction. This curve is defined by [9]:

K
1R

= min

(
29.43 + 1.355 exp(0.0261(T �RT

ndt

) + 88.9)

220 +MPa.m1/2

(1.21)

K
1R

values are given depending on T-RT
ndt

.T is the temperature.RT
ndt

is the
reference temperature that characterizes the mechanical properties at a given time
and state [9, 10]. The reference temperature RT

ndt

(Reference Temperature Nil
Ductility Transition) is defined by the ASME code. Its determination is based first
on the Pellini tests to determine the Nil Ductility Transition Temperature NDTT ,
and then on the Charpy tests [9]. The Charpy tests are performed with three
testpieces at the temperature TCV = NDTT + 33. If the fracture energy and the
lateral expansion are respectively equal to 8.6 daJ.cm�2 and 0.9 mm, one takes
RT

ndt

= NDTT . Should the opposite occur, the trials are repeated by increasing
the TCV temperature by 5oC each time, until the criteria reach those required. In
that case, one takes RT

ndt

= TCV � 33. The results of Charpy tests are shown in
Figure 1.1.
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Figure 1.1. Charpy Tests [9].

Due to the dependence of K
1R

on RT
ndt

, the toughness after irradiation is obtained
using the evolution of RT

ndt

. One makes the hypothesis that the shifting of the
transition temperature is equal to the shifting in RT

ndt

. The shifting in RT
ndt

depends on the copper concentration and on the neutron flux above 1 MeV received
at the end of the life (cumulated fluence). It is physically expressed by the following
equation fitted to EDF experimental data and shown in Figure 1.2 [9].

�RT
ndt

(oC) = (22 + 556(%Cu� 0.08) + 2778(%P � 0.008))

✓
F

1019

◆
0.5

. (1.22)

Figure 1.2. Evolution of RTndt regarding the fluence received at the vessel [9].
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Therefore the surveillance of the fluence received by the vessel is essential to follow
the variation in RT

ndt

and thus to ensure the integrity of the installation [9, 10].

1.3 EDF calculation methodology

Each assembly is defined by a letter and a number. It corresponds to its position
in the reactor core as shown in Figure 4.21 in Appendix 4.

The fluence surveillance program can be decomposed into three main stages:

• Calculations of the neutronic libraries and all the physical parameters linked
to the assemblies located in a reactor core.

• Calculations of the reactor core using the di↵usion approximation. These
calculations enable us to access any data relating to the reactor core, in par-
ticular the water parameters (e.g.temperature, density), the burn-up, which
is defined here as the actual energy released per mass of initial fuel, and the
power distributions.

• Calculations of neutron propagation through the vessel in order to assess the
neutron flux received by the vessel, the capsules or any component in the
vessel during its operating time.

This methodology has been adopted as a reference at EDF for the fluence surveil-
lance program. To summarize, EDF methodology regarding fluence calculations
can be represented by Table 1.2:

Table 1.2. EDF calculation methodology

Assembly Calculations Core Calculations for
each cycle

Capsule/Vessel Transport
Calculations

Output: Neutronic
libraries

Output: Power &
Irradiation distribution

Output: Neutron Flux &
Fluence
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Before any transport calculation, it is necessary to calculate the power density
distribution in the core and all the associated parameters. The following codes are
used at EDF:

• APOLLO2 for assembly transport calculations;

• COCCINELLE for core di↵usion calculations.

The APOLLO 2 code is used by EDF for the calculations of neutronic libraries for
all kinds of assemblies (the libraries include for instance microscopic and macro-
scopic cross-sections, feedback parameters, fine power distribution). APOLLO 2
solves the Boltzmann transport equation in a 2D geometry, with the collision prob-
ability method in the multigroup approximation [11]. For assembly calculations,
EDF industrial core design package tools have been validated both on AFA type
assemblies (generally loaded on French plants) and on Westinghouse type assem-
blies (including IFBA rods). The assemblies with gadolinium are assessed too [11].
The COCCINELLE code is a neutronic code which calculates the power density
and burn-up distribution by solving the equations of 2 energy group neutron di↵u-
sion approximation [11]. It can be done in 2D or 3D, statically or kinematically, in
a square lattice of 17⇥ 17 assembly, normally containing 264 fuel pins. The mod-
erator is light water and the neutronic properties of the modelled objects are read
in neutronic libraries generated using APOLLO 2. COCCINELLE integrates [11]:

• a kernel of neutronic di↵usion solver,

• and a model of counter reactions to couple the neutronic with:

– The temperature and the moderator density,

– The fuel temperature,

– The boron concentration.

The simulations are done using the homogeneous model with a power factorization:
the code calculates a homogeneous power distribution per assembly which a factor
of heterogeneous form is applied to. The neutronic libraries are read and a power
map is obtained pin by pin. Two types of numerical methods coexist in COC-
CINELLE to solve the 2 energy group neutron di↵usion equation [11]: the finite
volumes method and the nodal method of fourth order. They have been developed
successively following the R&D program in order to improve the performances of
the software:

• the finite volumes method was the first method to be introduced in COC-
CINELLE. The unknowns (thermal and fast fluxes) are calculated at the
tops of the mesh;

• then, the nodal method has been developed to approximate the neutron flux
by a fourth order polynomial.
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The global solution of the system concerning the 2 group di↵usion equation is the-
oretically obtained by a Tchebyche↵ method [11].

The COCCINELLE input data is:

• the positioning and the characteristics of the assemblies in the core,

• the characteristics of the nominal operating point (including stretch out con-
ditions),

• the length of the cycles which is defined in terms of e↵ective full power seconds
and converted in MWd/t.

The general characteristics of Perseus 1 and 2 cycles 17 to 19 (nominal functioning
points) are summarized in Table 1.3. The calculations are made for each unit

Table 1.3. Perseus nominal operating point characteristics [12]

Physical Parameter Unit Value
Thermal power MWth 2775

Primary flow rate (design) m3/hr 63225
Primary flow rate (best estimate) m3/hr 68100
By-pass flow rate (6.5% of design) m3/hr 4109,7

Core inlet temperature �C 277.1
Core exit temperature �C 314.1
Mean core temperature �C 295.6

and each cycle using Perseus fuel loading patterns and the real historical data on
operating conditions provided by ARGOS. Four main kinds of assemblies loaded
during refueling can be distinguished:

• ASSEMBLY 1 with or without gadolinium,

• ASSEMBLY 2 with or without gadolinium,

• ASSEMBLY 3,

• ASSEMBLY 4.

These assemblies correspond to Framatome andWestinghouse assemblies with small
di↵erences in shape, materials and assemblies’ internals but they are equivalent in
size. Their characteristics are summarized in Table 1.4.
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Table 1.4. Assemblies characteristics [12]

Type of assembly Enrichment Gadolinium content Comments
ASSEMBLY 1 3.9% - -

3.9% 12 gado rods -
ASSEMBLY 2 4.4% - axial blanket UOX 2.5%

4.4% 12 gado rods axial blanket 2.5%
ASSEMBLY 3 4.4% - axial blanket UOX 2.6%
ASSEMBLY 4 4.4% - axial blanket UOX 2.6%

The main assumption for the core calculations included first to adjust the COC-
CINELLE calculations according to the real cycle and the stretch out lengths (be-
fore and after the stretch out program), and then, to adjust the 2D assembly burn-
up at the beginning of each cycle. These have been done in COCCINELLE with
EDF adjustment parameters. The adjustment parameters used for Perseus simula-
tions have been implemented for CP0 reactors. Two sets of adjustment parameters
have been tested: Set A and Set B. They correspond to the adjustment parame-
ters used for 2 di↵erent EDF PWR reactors with slightly distinct operating points.
These parameters sets were used in 2008 for previous calculations. Each adjustment
set contains 3 parameters:

• D1: the fast di↵usion coe�cient of the radial reflector acts on the radial leaks
and thus on the bulge of the radial flux distribution. D1 is adjusted to fit
more accurately the experimental power output distribution over the core.

• RI: the forced reactivity acts directly on the critical boron concentration and
thus on the cycle length. RI is adjusted to fit more accurately the cycle length.

• AJUBORE: AJUBORE is a corrective coe�cient applied to the microscopic
absorption cross section of the boron.

During the calculation, COCCINELLE runs first until the critical boron concentra-
tion in the core has reached 0 ppm (end of cycle length). The stretch out length is
then adjusted according to the real stretch out length communicated by ARGOS.
For fluence calculations, the assembly and pin power, and the burn-up values, both
at mid-cycle and mid-stretch out lengths, have been used to obtain the associated
neutron sources. Cycles 119a and 219 have only been computed at 500 and 8000
MWd/t respectively since both cycles have finished before they were expected to.
Practical burn-up and core power distributions for each cycle of both Perseus units
were provided by ARGOS for comparison. This data was given at three di↵erent
global burn up levels: 0 MWd/t, 8000 MWd/t and at the end of the stretch out.
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After the assemblies and core calculations, propagation calculations have been per-
formed. The Boltzmann equation can be solved using deterministic or Monte Carlo
methods. One distinguishes 2 main segments of codes depending on the details of
the physical phenomena modelled:

• The codes of Monte Carlo statistically approximate the transport equation in
three dimensions (TRIPOLI, MCNP),

• The deterministic codes that assume a straight attenuation of the neutrons
in a 3D geometry (EFLUVE).

The Monte Carlo methods enable us to solve the transport equation by simulating
a real route of a finite neutron population, and establish then a statistic over these
simulations. Theoretically, no approximation is required for these methods. They
can treat point cross-sections and complex geometries. The Monte Carlo codes can
be used for two di↵erent types of calculations [13]:

• The shielding calculations: in this domain, the neutrons attenuation is high
and a huge number of neutrons must be simulated to obtain a result with an
acceptable statistical accuracy.

• The core calculations: the migration of the neutrons is done on a small scale
and a fine description of the cross sections is required to treat the resonances
properly.

Due to the significant computational time they require, the Monte Carlo codes are
mainly utilized for reference calculations. They can also model complex geometries.
Due to the large size of the vessel geometry, biasing techniques are used.

The straight attenuation model is based on the notion of the uncollided flux. The
principal assumption is that the flux at a point r is only due to the particles that
have been emitted at the point r0 in the direction r, and that have undergone
no interaction. This flux is called flux without collisions. At a distance r of an
elementary (or point like) and isotropic source S

0

, it is given by [14]:

�(r, E) =
S
0

4⇡r2
exp(�⌃(r, E) r) (1.23)

with ⌃(r, E) a total macroscopic cross section, which depends on the materials
involved, the thickness and the disposition of the materials, and the energy distri-
bution of the neutrons. The global answer due to the finite size sources is found by
integration over the total volume [13].

The Monte Carlo code TRIPOLI, limited to the shielding mode, has been used
for Perseus transport calculations. The main input data for the TRIPOLI code
was the neutron sources (calculated by EFLUVE using COCCINELLE results),
the Perseus 3D geometric model, the materials composition and the simulation
parameters corresponding to Perseus characteristics.
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Figure 1.3. Perseus reactor vessel upper-
view Figure 1.4. Perseus capsules

The main assumptions for the geometric model in TRIPOLI were:

• 1/8 of the vessel was modelled, and reflective boundary conditions were used,

• due to the asymmetry of the thermal shield, the 1/8 model for vessel calcu-
lations di↵ers from the one for the capsule calculations,

• the core assemblies were modelled as rectangular volumes,

• the capsules of the reactor vessel surveillance program (RVSP) were mod-
elled precisely with 29 axial volumes (approximately one meter of the capsule
length).

The capsules contain several testpieces used for traction tests, Charpy tests and
analysis of the mechanical rupture [13].
Radial and axial geometrical models of Perseus type reactors are shown in Fig-
ures 1.3, 1.4 and 1.5.
600 batches of 200 000 neutrons have been simulated. Since these values give a
good trade-o↵ between the statistical error (below 1�) and the calculation time.
The data provided by the TRIPOLI 3.5.1 vessel calculations is the flux above 1 MeV.
The flux is calculated on the vertical surface between the stainless-steel cover and
the vessel. The height of this surface is about one meter, in front of the core fuel
zone. The values are provided for 10 di↵erent azimuthal points between 0� and
45�.
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Figure 1.5. Axial representation of the vessel and the capsule

The mean flux for each cycle multiplied by each cycle length leads to the fluence
received by the vessel for each unit. The cumulated fluence after 19 cycles has
been extrapolated using the formula 1.20. Di↵erent assumptions could be made
concerning K

p

and the expected flux values. The extrapolated fluences have been
evaluated on the following basis [13]:

• EDF former conservative approach (used in 2008): K
p

= 0.80 ; neutron flux
� = 6.16 · 1010 neutrons.cm�2.s�1 (which overestimates the hot spot flux by
26.5%), (highly conservative approach),

• EDF current conservative approach: K
p

= 0.85 ; flux � = 4.61010 neutrons.cm�2.s�1,
(conservative approach),
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• EDF realistic approach applied to Perseus loading patterns: K
p

= 0.85 ; flux
� = 4.25 · 1010 neutrons.cm�2.s�1, which corresponds to a weighted average
value of the maximum flux over the last 3 cycles of each unit during the cycle
length before the stretch out, (realistic maximum approach),

• A more accurate approach applied to Perseus loading patterns: K
p

= 0.85 ;
flux � = 3.83 · 1010 n.cm�2.s�1, which corresponds to a weighted average
value of the flux over the last 3 cycles of both Perseus units. (realistic mean
approach).

The data provided by the TRIPOLI 3.5.1 capsule calculations, used for dosimetry
calculations, are listed below. For each of the 29 volumes constituting the model of
a capsule:

• the flux values above 1 MeV and above 100 KeV : integrated values in each
volume, and radial gradient values,

• the main reaction rates for the di↵erent reactions in the dosimeters, using
IRDF85 libraries and IRDF90 libraries.

The principal sources of uncertainties that a↵ect the calculations are [13]:

• Uncertainty in the assessment of the neutron sources:

– Uncertainty in the nominal power output of the reactor,

– Uncertainty in the power distribution over the assemblies and in the
redistribution of the power over the peripheral assemblies (presence of a
reflector and important power gradient),

• Uncertainty in the nuclear database (cross section, #),

• Uncertainty due to numerical simulations (statistical error for Monte Carlo
calculations, approximations for straight attenuation)

• Uncertainty coming from the model and the description of the geometry.

All these uncertainties have an impact on the neutron flux calculations and thus
on the fluence. The main uncertainties amount to [13]:

• 18.3% for the uncertainty on the neutron flux at the vessel walls,

• 17.8% for the unvertainty on the neutron flux in the capsules.
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1.4 Calculation verification methodology

Perseus units are considered as “young” units compared to EDF reactors. ARGOS
has adopted a program of fluence reduction in order to protect its RPVs from age-
ing and manufacturing defects. This program came into operation during the 9th
cycle for both units. The impacts of this program have been studied and the results
have been compared with the program adopted by EDF for its own reactors. Only
CP0 and CPY EDF units have been considered for comparisons.

CP0 reactors are the first units commissioned by EDF (before 1980). They are
based on a Framatome design and are 900 MWe. Their core characteristics are
similar to Perseus units’ core characteristics. The internals’ characteristics are sim-
ilar at the location of the RPV hot spots. Six power plant units contain this type
of reactors:

• Fessenheim 1-2

• Bugey 2-3-4-5

CPY reactors were commissioned by EDF after 1980. They are based on a Fram-
atome design and are 900 MWe. Their internals’ characteristics are identical to
Perseus internals’ characteristics. 28 power plant units contain this type of reac-
tors:

• Blayais

• Chinon

• Cruas

• Dampierre

• Gravelines

• St-Laurent

• Tricastin

The results of the comparisons are based on the feedback from EDF reactors and
on Perseus core calculations, done for ARGOS in 2008 and 2014.
First the neutron flux have been compared for the di↵erent reactors. Then several
comparisons have been done on the extrapolated fluences. The formula used to
extrapolate the fluence of EDF reactors is the one which had been used for Perseus
calculations, except for the parameter values. Only parameters values changed.
2 sets of assumptions have been used to calculate the extrapolated fluences:

• The “conservative” parameters which correspond to an extrapolation using
K

p

= 0.85 and � = 4.6 · 1010 neutrons.cm�2.s�1 (Current EDF calculations)
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• An even more realistic approach applied to all loading patterns: K
p

= 0.85 ;
a weighted average mean value of the flux over the 4 last cycles of each unit:
CPY (3.6·1010 neutrons.cm�2.s�1) and Perseus (3.94·1010 neutrons.cm�2.s�1).
(Realistic mean approach)

After the comparisons made between EDF reactors and Perseus units, several stud-
ies have been carried out to verify the Perseus fluence calculations.
Many parameters are required to process COCCINELLE simulations. Most of
them are gathered in the input data file of COCCINELLE. These parameters con-
cern some important characteristics of a reactor core. Several input data sets have
been tested in order to understand the sensitivity of the code on these parameters.
When possible, the parameters used by EDF for Perseus calculations have been
improved.
First, the sensitivity of COCCINELLE simulations towards three water parameters
has been investigated:

• Inlet temperature of the core,

• Flow rate through the core,

• Flow rate of the by-pass.

In order to get a general understanding of the impact caused by the variation of the
inlet temperature on the natural length of cycle, 100 COCCINELLE calculations
have been performed with di↵erent inlet temperatures.
Three di↵erent inlet temperatures have been then considered: 276.9�C�277.1�C�
277.7�C. These temperatures correspond to the core inlet temperature at rated
power (100%). All these temperatures have been used by ARGOS as inlet temper-
atures on at least 1 cycle since the commissioning of the plant. 276.9�C (Set 4) was
the temperature used for the previous calculations of 2008. 277.1�C (Set 2) is the
one used for cycles 17 to 19. 277.7�C (Set 5) is the temperature at 0% (Nominal
Power) given by ARGOS.
Two di↵erent flow rates through the core have been considered. They corresponded
to a design flow rate (63225m3/h) given by the reactor designer and a best-estimate
flow rate (68100 m3/h) obtained by measurements during the first cycle. Both val-
ues have been communicated by ARGOS to EDF [12].
The associated by-pass flow rate has been fixed to 6% of the design flow rate. In
order to understand the impact of a variation in the by-pass flow rate, two di↵erent
values have been tested: 6% and 6.5% of the design flow rate.
Globally, 21 COCCINELLE simulations have been processed to assess the impact
of a variation of the water parameters. 7 parameter sets have been further con-
sidered and are presented in Table 1.5. The length of each cycle was compared to
the reference length given by ARGOS for each set of parameters [12]. Afterwards,
the cycle lengths have been compared to each other to find the best simulation
parameters. The di↵erent sets permitted to study the variations of each parameter
separately. The core mean temperatures have also been compared to the reference
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Table 1.5. Water parameters sets

Set1 Set2 Set3 Set4 Set5 Set6 Set7
Inlet Temp. (�C) 277.7 277.1 276.9 276.9 277.7 277.1 276.9
F.Rate (m3/h) Design B.E. Design B.E. B.E. Design Design

By-Pass 6% 6% 6% 6% 6% 6.5% 6.5%

temperatures given by ARGOS to verify the accuracy of the results.

The irradiations at the beginning of each cycle have been adjusted for Perseus
calculations. This enabled us to reduce the discrepancies existing at the end of
the simulations. Consequently, the impact on the power and burn-up distributions
through the core have been analysed.
Several COCCINELLE calculations have been made to understand the importance
of the adjustment of the irradiation. 2 simulations have been performed in the
following way for each cycle:

• a simulation before the readjustment of the irradiation at the beginning of
the cycle,

• a simulation after the readjustment of the irradiation at the beginning of the
cycle.

These simulations have been compared as error maps in terms of power and burn-
up per assembly.

Because of the core calculation results found for ARGOS, it has been decided
to determine a set of adjustment parameters specific to Perseus reactors. These
adjustment parameters should simulate better the power distribution over the as-
semblies and their irradiations. The adjustment of the parameters has been done
according to the following rules:

• D1 has been adjusted to fit the power distribution over the core,

• RI has been adjusted to fit the natural length of the cycle.

Before any optimization, it was important to understand the direction of the vari-
ations of both main parameters.
For D1, a color scheme has been set, based on the error between the experimental
data and the simulation : (P

exp

� P
sim

)/P
exp

.
For RI, the variations of the natural length with RI have been plotted after 100
Coccinelle calculations.
Three estimators were then used for D1 optomization:
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• Fluence type: 3 assemblies were taken into account (A8, A9, B8). These as-
semblies are the three main assemblies concerning the fluence over one eighth
of a core. They are responsible for 50%, 30% and 8% respectively (±5%) of
the neutron flux at the hot spot. The comparisons have been done in terms
of mean absolute error over the 3 assemblies.

• Core type Mean: All assemblies from the core have been used for the com-
parisons. The comparisons have been done in terms of mean absolute error
over all assemblies.

• Core type Max: All assemblies from the core have been used for the compar-
isons. The comparisons have been done in terms of maximum absolute error
over all assemblies.

A first variation range has been set for D1 with coarse steps (0.1) to obtain an
overview of the variations of D1 regarding the used estimator. A second variation
range has been set with fine steps (0.02) around the minimum calculated during
the last simulations.
For RI adjustment, only one comparison has been used. Due to its linear depen-
dency, a linear regression has been used. Two simulations have been run with
di↵erent RI (far away from each other) and the linear regression has been deter-
mined using the results. This linear regression has been then used to find the value
that estimated the real cycle length the best.
After these steps, a set of adjustment parameters for Perseus was determined and
used to calculate the azimuthal flux distribution with TRIPOLI. The results were
compared with previous calculations made with EDF adjustment parameters.

Finally, the impact of the choice of di↵erent EDF codes for core and propagation
calculations has been studied:

• 2 versions of EFLUVE3.4.3 or EFLUVE3D for source calculations were com-
pared and verified. In order to understand clearly the obtained results, a
computational tool based on a theoretical source formula from CEA has been
developed.

• 2 versions of TRIPOLI (Monte Carlo code) or EFLUVE3.4.3 (straight atten-
uation code) for propagation calculations were compared.

The calculations were based on COCCINELLE simulations done for cycle 19b of
Perseus unit 1 and cycle 17 of Perseus unit 2. These cycles have been chosen among
the 7 cycles of both Perseus units studied in 2014. The choice of 119b and 217 cycles
has been done arbitrarily among the cycles that were not constrained to an early
stop (no stretch out). These cycles had also quite simple loading patterns regarding
the assembly type. Cycle 217 has been used to confirm the results observed on cycle
119b and to show that the restart after cycle 119a had no impact.
First, the computational tool has been developed. The input file required was the
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output file from COCCINELLE, in order to extract the power of each assembly at
the required burn-up. Two sets of parameters have been adjusted:

• The interpolation parameters between the di↵erent burn-up values in the
neutronic libraries: a linear interpolation between two adjacent values to the
burn-up value has been used to fit the theoretical values. This linear inter-
polation has been first verified. The fission fractions for 6 isotopes obtained
for each calculation have been summed and the resulting error has been cal-
culated. The sum is theoritically equal to 1.

• The volume of the fuel pin: the volume considered has been equal to a mesh
of slab with tide side of 1.26 cm and the height of 366 cm.

Calculations were done and the source maps were compared with the source maps
from EFLUVE3D calculations. A renormalization factor was applied to compare
the results obtained after the EFLUVE3D calculations.

EFLUVE3.4.3 and EFLUVE3D were then compared. One of the major di↵er-
ences between EFLUVE3.4.3 and EFLUVE 3D lies in the fact that EFLUVE3.4.3
requires 2D calculations from COCCINELLE. It was necessary to condense the cal-
culations done in 3D for EFLUVE 3D to be able to compare the codes. The sources
calculations were then done in EFLUVE3.4.3 with a distinction of all plutonium
atoms. A separation between fast and thermal neutrons was also taken into ac-
count. EFLUVE3.4.3 and EFLUVE 3D required a neutronic library input, which
contains the fission fractions related to an assembly type. 4 neutronic libraries have
been used:

• a text file used in 2008 and 2014. It contained the fission fractions of 235U,
238U, 239Pu and 241Pu atoms for the following enrichments: 1.80%, 2.40%,
3.10%, 3.25%, 3.90% and 4.40%. This neutronic library did not allow di↵er-
entiating the assemblies with gadolinium or other specificity (zoning).

• a binary file called “Without Gadolinium”. It included the values of the
fission fractions for fuel without gadolinium.

• a binary file called “full”. It included the values of the fissions fractions for
all assemblies and all associated specificities (except zoning).

• a binary file called “Gadolinium”. It included the values of the fission fractions
for fuel with gadolinium.

EFLUVE3.4.3 and EFLUVE3D provided sources with small discrepancies. In order
to assess these discrepancies, several assumptions were examined:

• Specificities of Perseus reactors,

• 2D/3D zoning e↵ect,



24 Chapter 1. Methodology

• 2D/3D irradiation e↵ect,

• the fission fractions e↵ect.

Finally, TRIPOLI and EFLUVE3.4.3 propagation calculations were done using the
same source input file. The use of EFLUVE3.4.3 and TRIPOLI for the transport-
attenuation permitted to compare the physical theories by straight attenuation or
by Monte Carlo resolution. The resulting azimuthal neutron flux distributions were
compared to each other.
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Results and discussions

2.1 Perseus calculation results

The COCCINELLE input data has been first studied. Both adjustment parameters
sets (Set A & Set B) have been tested for each Perseus unit. Set A is more
favorable for unit 2 and Set B for unit 1. The error regarding the real cycle length
given by ARGOS has been calculated. The results are displayed in Table 2.1 and 2.2.
It is obvious that the forced reactivity (RI) has a strong impact on the results. One
observes a di↵erence of 2.5% (approximately) between Set B and Set A. This
di↵erence remains constant after the adjustment of irradiations at the beginning of
each cycle. Due to an early end of the cycle, the cycles 119a and 219 have been not
modelled.

Table 2.1. Procedures results - Unit 1

Errors regarding the real cycle length
Cycle Set A before

adjustment
Set A after
adjustment

Set B before
adjustment

Set B after
adjustment

Cycle 117 4.05% 3.48% 1.49% 0.93%
Cycle 118 2.67% 2.18% 0.09% -0.42%
Cycle 119a - - - -
Cycle 119b 2.26% 2.23% -0.43% -0.46%

Having assessed the optimized EDF adjustment parameters set for both units, the
COCCINELLE calculations were done for each cycle.
The results of cycle 117 are presented in Figure 2.1 and Tables 2.3 and 2.4 as an
example of the calculated data.
Table 2.3 presents the di↵erent types of assemblies in the reactor core.

25
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Table 2.2. Procedures results - Unit 2

Errors regarding the real cycle length
Cycle Set A before

adjustment
Set A after
adjustment

Set B before
adjustment

Set B after
adjustment

Cycle 217 0.86% -0.41% -1.83% -3.11%
Cycle 218 0.32% 0.24% -2.33% -2.41%
Cycle 219 - - - -

Table 2.4 presents the main characteristics at 150 MWd/t for cycle 117 calculations
and Perseus data (if known):

• CTM : Temperature Moderator Coe�cient in ppm/�C

• BC: Critical boric concentration in pcm

• F�H
max

: Maximum pin power ratio (P
pin

/P
Assemblymean

) in the core

• the cycle + stretch out length in MWd/t

• the cycle length in MWd/t

A core map at the beginning of the cycle (150 MWd/t) is also shown in Figure 2.1.
The values of the following parameters can be seen for each assembly:

• assembly burn-up (MWd/t),

• assembly mean power ratio (P
assembly

· 157/P
core

),

• maximum pin power ratio (Pmax

pin

/P
assembly

) in the assembly,

• loading pattern (kind of assembly) related to Table 2.3.

Table 2.3. Assembly types in cycle 117 reactor core

Assembly N� Assembly type Enrichment
1-9 Assembly 2 4.40%

11-91 Assembly 2 4.40% with gadolinium
3 Assembly 1 3.90%

73-81-82-83-84-94 Assembly 3 4.40%
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Table 2.4. Cycle 117 calculated & theoretical core characteristics at 150 MWd/t

Physical parameter Calculations value Real values
BC (pcm) 1481

CTM (ppm/�C) -16.1
F�H �Max 1.568

The final cycle time (MWd/t) 16662 16662
The natural cycle time (MWd/t) 16135 16286

Figure 2.1. Cycle 117 core quarter at 150 MWd/t

The 4 source maps are presented in Figures 2.2, 2.3, 2.4 and 2.5:

• Figures 2.2 and 2.3 correspond to a neutron source map at 8000 MWd/t for
uranium atoms (on the left) and plutonium atoms (on the right),

• Figures 2.4 and 2.5 correspond to a neutron source map at mid-stretch out
for uranium atoms (on the left) and plutonium atoms (on the right).
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Figure 2.2. Uranium sources at
8000 MWd/t (neutrons.cm�3s�1)

Figure 2.3. Plutonium sources at
8000 MWd/t (neutrons.cm�3s�1)

Figure 2.4. Uranium sources at mid-
stretch out (neutrons.cm�3s�1)

Figure 2.5. Plutonium sources at mid-
stretch out (neutrons.cm�3s�1)
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The results given by COCCINELLE are quite satisfactory: the calculated cycle
length is in good agreement with the real one. The maximum discrepancy is less
than 1.5% as mentioned before. Moreover, this agreement to the calculated values
is verified for the power distribution among the core with a maximal error of 1.5%
at 8000 MWd/t.
The sources maps show a decrease of the uranium content with an increase of the
burn-up. The reverse e↵ect is observed for the plutonium. These evolutions have a
good physical consistency.

After the core calculations, the transport calculations have been performed. To
verify the accuracy of all calculations, flux calculations have been made for each
step of burn-up during cycle 118. A graphic representation of the hot spot flux
variation during the cycle is given in Figure 2.6, in order to investigate the physical
phenomena involved. The error bars in Figure 2.6 correspond to the statistical error
given by the code for each value. The first decrease of flux is due to a power drop

Figure 2.6. Hot spot flux variations during Cycle 118

of the B8 assembly. From 4000 MWd/t, the power of the B8 assembly is slightly
decreasing but the e↵ect is compensated by a power increase of both A8 and A9
assemblies. The decrease at the end of the cycle in the stretch out is mainly due
to a drop of the water temperature in the vessel, which increases the water density
and consequently slow down the neutrons more.
The hot spot flux at 8000 MWd/t and hot spot flux at mid-stretch are compared to
the weighted average value of the hot spot flux. Errors are smaller than 1% (0.72%
and 0.73% respectively). This verifies EDF use of the hot spot flux at 8000 MWd/t
and the hot spot flux at mid-stretch as shown in Table 2.5.
Figures 2.7 and 2.8 present the flux variations obtained with TRIPOLI for each
cycle, at mid-natural life (8000 MWd/t except cycle 119a at 800 MWd/t). All
errors related to the azimuthal distribution and presented in Figures 2.7 and 2.8
are smaller than 0.90% except for 2 values - 2.75% and 1.28% for cycles 118 at 20�

and 218 at 15� respectively.
The neutron fluxes in the capsules above 1 MeV and 100 keV for cycle 117 are
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Table 2.5. Comparisons of mean fluxes vs fluxes at mid cycle time - Cycle 118

Period of time Weighted average
flux over the period
(neutrons.cm�2.s�1)

Flux at mid period
(neutrons.cm�2.s�1)

Error

Cycle length 4.16 · 1010 4.13 · 1010 (8000
MWd/t)

0.72%

Stretch out length 4.11 · 1010 4.08 · 1010 (mid
stretch out)

0.73%

Figure 2.7. Unit 1 - Azimuthal distribution - 8000 MWd/t (if possible)

presented in Table 2.6. Capsules Z and U correspond to the capsules at 17� and
20� respectively. The results obtained for capsules Z and U of cycle 117 show an
overestimated neutron flux above 1 MeV. This flux is 3.35 times higher than the
flux at the hot spot for the capsule Z and 2.89 times higher for the capsule U. On
average for Perseus 1, the flux in the capsule Z is 3.48 times higher and the flux
in the capsule U is 3.01 times higher. If the capsules were placed in the vessel for
approximately 13 years, it would provide an estimate on the fluence that would be
reached after 40 years at the hot spot.
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Figure 2.8. Unit 2 - Azimuthal distribution - 8000 MWd/t

Table 2.6. Neutron fluxes in capsules Z & U - Cycle 118

Neutron flux (neutrons.cm�2.s�1)
Energies & errors Capsule Z Capsule U

E>1MeV 1.4 · 1011 1.21 · 1011
Error 0.21% 0.22%

E>100keV 5.61 · 1011 4.65 · 1011
Error 0.16% 0.16%

Two graphical representations of the axial neutron flux distribution for cycle 118
and 217 are given in Figures 2.9 and 2.10.
They show the impact of the reactor core internals on the neutron flux received by
each axial volume of the capsules. The two waves on the graphics are due to the
sti↵ness strengtheners. The flux distribution is thus axially inhomogeneous. The
axial location in the vessel on which the surveillance must be focused correspond
to the axial locations +20cm and �40cm in the capsules.
An example of energy spectrum is given in Figure 2.11 on log scale. The predomi-
nance of neutrons around 1 MeV confirms a physical consistency of the calculations.
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Figure 2.9. Axial flux distribution
- Cycle 118

Figure 2.10. Axial flux distribu-
tion - Cycle 217

The results obtained for the extrapolated fluences are displayed in Tables 2.7
and 2.8. Although the second unit fluence is smaller after 19 cycles, one can see
that the extrapolated fluence after 40 years is higher. This comes from the fact
that the second unit has operated for 219 EFPD (equivalent full production day)
less.

Table 2.7. Extrapolated fluence up to 40 years

Fluence (neutrons.cm�2)
Approach Unit 1 Unit2

Highly conservative 4.98 · 1019 5.03 · 1019
Conservative 4.59 · 1019 4.62 · 1019
Realistic max 4.47 · 1019 4.49 · 1019
Realistic mean 4.34 · 1019 4.35 · 1019
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Figure 2.11. Neutron flux spectrum - Capsule Z - Cycle 118

Table 2.8. Extrapolated fluence up to 60 years

Fluence (neutrons.cm�2)
Approach Unit 1 Unit2

Highly conservative 8.08 · 1019 8.14 · 1019
Conservative 7.05 · 1019 7.08 · 1019
Realistic max 6.75 · 1019 6.77 · 1019
Realistic mean 6.39 · 1019 6.40 · 1019

The same assumptions have been used in 2008 and 2014 to extrapolate the fluence.
The comparison of the results leads to the impact of the 3 last cycles on the fluence.
One observes in Table 2.9 that the extrapolated fluence up to 40 years has signifi-
cantly decreased since 2008. Using the highly conservative approach, one observes
a decrease of 7% for unit 1 and 2. Using the realistic mean approach, one observes
a slight decrease (-0.23%) for unit 1 and a significant decrease for unit 2 (-2.03%).
Those results show that the realistic mean approach used in 2008 was appropriate
for the extrapolated fluence.
Thus, the full low leakage loading patterns strategy over the 3 last cycles is e�cient.
Carrying on with this strategy is the best way to reduce the fluence on the vessel.
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Table 2.9. Extrapolated fluence up to 40 years comparisons: 2008 and 2014

Highly conservative approach
Fluence U1 (n.cm�2) Fluence U2 (n.cm�2)

2008 calculations 5.38 · 1019 5.39 · 1019
2014 calculations 4.98 · 1019 5.03 · 1019

Impact of the 3 last cycles �7.4% �6.7%

Realistic mean approach
Fluence U1 (n.cm�2) Fluence U2 (n.cm�2)

2008 calculations 4.35 · 1019 4.44 · 1019
2014 calculations 4.34 · 1019 4.35 · 1019

Impact of the 3 last cycles �0.23% �2.03%

2.2 Calculation verification results

The fluxes at the hot spot for the 28 running cycles of EDF CP0 reactors have
been studied and compared to Perseus hot spot vessel fluxes. It shows that Perseus
decided earlier to apply a fluence reduction program to its reactors. Both units
present a significant reduction of the neutronic flux from the 9th cycle. A similar
program was applied to EDF CP0 reactors between the 13th and 15th cycle. The
transition towards the fluence reduction program in terms of EFPD (equivalent full
production day) is plotted for 4 reactors in Figure 2.12 : Perseus 1&2, CP0 1 and
CP0 2.
It clearly shows an early transition for Perseus units. However, the stabilization of
the low flux seems to be more complicated for Perseus units (variations between
3.28 · 1010 n.cm�2.s�1 and 4.81 · 1010 n.cm�2.s�1 appear for unit 2).
It becomes clear that the fluence reduction program has a significant impact on the
flux at the hot spot for all the units.
Table 2.10 confirms that the weighted average flux for Perseus units is lower than
the weighted average flux for EDF CP0 reactors. Perseus units 1 and 2 flux is 9%
lower. If one takes into account the fluxes before the reduction fluence program,
the flux is, once again, lower (5% for both units). If one takes then into account the
fluxes after the fluence reduction program, the flux is higher (1%). Consequently
the EDF reduction program is more e�cient.
The increase of the di↵erence between the weighted average flux since commission-
ing and the weighted average flux before the fluence reduction program is due to
the early application of the fluence reduction program for Perseus units.
The fluxes at the hot spot of EDF CPY reactors have also been studied and com-
pared to Perseus hot spot vessel fluxes.
It shows, again, that Perseus decided earlier to apply a fluence reduction program
to its reactors. A similar program was applied to EDF CPY reactors between the
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Figure 2.12. Transition towards the fluence reduction program - CP0 versus
Perseus

Table 2.10. Weighted averaged fluxes at the Hot Spot over di↵erent periods of time
- CP0

1010 (neutrons.cm�2.s�1)
Period of time CP0 Weighted

average flux
Perseus Weighted

average flux
Di↵erence

Since
commissioning

5.4 4.94 �9%

Before the fluence
reduction program

7.21 6.88 �5%

After the fluence
reduction program

3.91 3.96 1%

9th and 15th cycles. The transition towards the fluence reduction program in terms
of EPFD is plotted for 5 reactors in Figure 2.13: Perseus 1&2, CPY 1, CPY 2 and
CPY 3.
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Figure 2.13. Transition towards the fluence reduction program - CPY versus
Perseus

One can note an important discrepancy regarding the total EFPD number of each
CPY reactor, which impacts the transition towards a low fluence loading pattern.
However, one observes that, on average, the fluence reduction program of ARGOS
was applied earlier (30% approximately).
The di↵erence between CPY reactors and Perseus units mean fluxes is globally
smaller than the di↵erence between CP0 reactors and Perseus units. The mean
fluxes for Perseus units are 4.63% lower. The same di↵erence for the mean fluxes
before the fluence reduction program (4.71%) was obtained. Unlike the di↵erences
with CP0 reactors, one can see a significant increase of the di↵erence between CPY
reactors and Perseus units after the fluence reduction program (3.66% higher). This
shows that the EDF fluence reduction program for CPY reactors is more e↵ective
at the hot spot than the one of ARGOS. The resulting fluxes and flux di↵erences
are summarized in Table 2.11.
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Table 2.11. Weighted averaged fluxes at the Hot Spot over di↵erent periods of time
- CPY

1010 (neutrons.cm�2.s�1)
Period of time CPY Weighted

average flux
Perseus Weighted

average flux
Di↵erence

Since
commissioning

5.18 4.94 -4.6%

Before the fluence
reduction program

7.22 6.88 -4.7%

After the fluence
reduction program

3.82 3.96 3.7%

One decided then to focus on the azimuthal flux distribution for all units.
The azimuthal distribution of the neutron flux above 1 MeV varies due to the di↵er-
ent fluence reduction programs. All the average distributions shown in Figure 2.14
have been calculated after the implementation of the fluence reduction program for
CP0, CPY and Perseus reactors.

Figure 2.14. Azimuthal distribution comparisons

One can see that the fluence reduction program at Perseus has a strong impact
after 15� for unit 1 (�10% to �22%) compared to EDF CP0 reactors. A similar
impact is observed for unit 2 (�4% compared to EF CP0 reactors) between 15�

and 35�. However, the di↵erence reverses after 35� (from +2% to +12%).
Figure 2.14 also shows that EDF CPY fluence reduction program has a strong im-
pact on the neutron flux at the hot spot compared to Perseus fluence reduction
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program. EDF CPY fluxes are globally 13% lower at the hot spot.
However, it is interesting to understand the sharp change after 25� for EDF CPY
reactors: this sharp increase occurs at the same azimuth as the end of the thermal
shield in the vessel. Although Perseus has the same internal characteristics, the
sharp change is not observed. This predominantly comes from Perseus decision to
apply a full low leakage program in order to reduce globally the fluence received by
the vessel. The presence of a full thermal shield around the core is thus relevant to
reduce the fluence after 25� for CP0 reactors.
The di↵erence between units 1 and 2 can mainly be explained by the presence of
more irradiated assemblies at B11, C12 and D13 positions (at the periphery of the
core) for unit 1, as shown in Table 2.12.

Table 2.12. Unit 1 peripheral assemblies irradiation

Burn up (MWd/t)
Cycle Assembly B10 Assembly B11 Assembly C12 Assembly D13
117 18609 39620 41807 40782
118 19065 41176 22553 22610
119a 19896 40779 32633 32107
119b 20554 41098 33080 32562

217 20480 22522 23003 21435
218 19588 41830 23257 23247
219 20706 33381 24020 24063

Despite a better fluence reduction program at the hot spot, the late transition af-
fects the extrapolated fluence up to 40 and 60 years of EDF reactors.
The comparisons in terms of extrapolated fluence have been done using two sets of
assumptions:

• the conservative approach,

• the realistic approach.

Using the Conservative approach, one obtains a fluence, which is on average 6%
higher for EDF after 40 years compared to Perseus values, and 4.12% higher for
EDF after 60 years. The di↵erence decreases slowly and the impact of the transi-
tion time is slowly compensated. (see Table 2.13)
Using the Realistic approach, the extrapolated fluence one obtains for EDF reactors
is 6.33% higher after 40 years (on average compared to Perseus units mean), and
1.44% higher after 60 years (again, on average compared to Perseus units mean).
Due to a better fluence reduction program, the di↵erence between EDF reactors
and Perseus units decreases with the time. The results are displayed in Table 2.14.
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Table 2.13. Perseus versus 900 MWe EDF reactors - Extrapolated fluence - Con-
servative approach

Extrapolated fluence neutrons.cm�2

EDF reactors up to 40 years up to 60 years
900 MWe 4.89 · 1019 7.36 · 1019

Table 2.14. Perseus versus 900 MWe EDF reactors - Extrapolated fluence - Realistic
approach

Extrapolated fluence neutrons.cm�2

EDF reactors up to 40 years up to 60 years
900 MWe 4.66 · 1019 6.59 · 1019

In fact, the extrapolated fluence stays higher after 60 years due to ‘conservative’
realistic assumptions. 3.6·1010 neutrons.cm�2.s�1 is the realistic flux used by EDF.
Two more accurate fluxes have been assessed by the author for CPY Garance and
CPY PMOX. They have been calculated as a mean value over the 4 last cycles
of each reactor. They amount respectively to 3.41 · 1010 neutrons.cm�2.s�1 and
3.48 · 1010 neutrons.cm�2.s�1. Using these values, one observes that the extrap-
olated fluence after 60 years decreases more drastically and becomes 0.22% lower
for EDF reactors. Again, the results show a higher e�ciency of the EDF fluence
reduction program at the hot spot.

In order to verify the Perseus fluence calculations, several studies have then been
carried out to:

• understand the impact of the water and adjustment parameters in COC-
CINELLE simulations,

• compare the codes used by EDF,

• verify the physical consistency of several codes.

The variations of the cycle length have been studied with respect to the variations
of the inlet temperature. The results are plotted in Figure 2.15.
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Figure 2.15. Variations of the natural length versus Temperature - Cycle 218

The cycle length decreases when the temperature increases. Physically, when the
temperature decreases, the core temerature increases and the water density de-
creases. Consequently, the neutrons are less moderated and the reactivity of the
core decreases. As the Boron concentration is adjusted to have K

eff

= 1 at any
time, the required Boron concentration becomes smaller. Thus, the reactivity of the
core becomes insu�cient and the simulation stops (which corresponds to a Boron
concentration of 0 pcm).
The slope change at 308�C corresponds to a beginning of boiling inside the core.
In fact, the core temperature locally exceeded 344.8�C, which corresponds to the
saturation temperature at 155 bars. COCCINELLE is not able to manage boil-
ing crisis and the implemented model is not adequate either. Thus the results are
meaningless above 310�C.
Three di↵erent inlet temperatures have then been considered. The other parame-
ters were kept constant. The results obtained with 276.9�C and 277.1�C are similar.
The di↵erence between both simulated cycle lengths corresponds to 0.08% on av-
erage and the di↵erence between both core temperatures corresponds to 0.06%,
which is similar to the di↵erence between both inlet temperatures. The simulated
core temperature using Set 4 fits more accurately the core temperature given by
ARGOS than using Set 2 (0.12% of error versus 0.18%). Similar di↵erences and
errors have been obtained with 277.7�C (Set 5). The induced variations on the
mean core temperatures are less predictable and seem to increase not linearly with
the increase of the di↵erences between the inlet temperatures. The non linearity
comes from the temperature dependence on the heat transfer coe�cient.
After the simulations with di↵erent inlet temperatures, two di↵erent core flow rates
have been compared. Set 1 was compared to Set 5 and Set 3 was compared to Set
4. In both cases, using the best estimate value introduces an improvement of 0.75%
of the cycle length. This error is 10 times smaller than the di↵erences between both
flow rates. The mean core temperatures were also impacted. A shift of 0.49% ap-
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pears (results with 68100 m3/h are 0.49% lower). Both phenomena can be explained
physically:

• The flow rate is smaller in Set 1 than in Set 5 but the water has to retrieve the
same amount of heat from the core. Thus, the water temperature increases.

• Due to a lower temperature, the density increases and thus, the reactivity
increases. The cycle length, which is related to the Boron concentration
increases. In fact, a higher reactivity requires a higher boron concentration.

Having studied the impact of the core flow rate value, two di↵erent values of the
by-pass flow rate have been used: 6% and 6.5% of the core flow rate. Set 3 and
Set 7 have been used for this part.
The di↵erence in cycle length is equal to 0.06% after the simulations (0.06% lower
for Set 7). This result shows that the by-pass flow rate has a really small impact
on the calculations. The same impact is observed on the core mean temperature,
which is higher with Set 7 . This can be understood physically: the by-pass flow
rate is higher and the flow rate through the core is thus smaller. The water retrieves
the same amount of heat from the core and the temperature is consequently higher.

In order to fit the Perseus data, the irradiation at the beginning of each cycle has
been adjusted. Obviously, the burn-up results after adjustment were quite good.
On average, the absolute value of the error did not exceed 1%. Only 3 assemblies
clearly exceeded 1% at 8000 MWd/t. They contained gadolinium and two of them
were fresh. However, the modeling of gadolinium assemblies cannot be considered
as the main issue, since many other gadolinium assemblies were found in the core
with smaller error.
The error in irradiation remains problematic after adjustment at 8000 MWd/t for
B8 assembly, which has a strong impact on the fluence at the hot spot. However,
this error is balanced by the small error on A8-A9 assemblies (0.09%-0.07%). These
two assemblies are responsible for roughly 80% of the fluence at the hot spot, while
B8 assembly is only responsible for 8%.
Globally, the adjustment in irradiation was e�cient on the burn-up distribution
(see Figures 2.16 and 2.17).
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Figure 2.16. Burnup distribution error - before adjustment - Cycle 118

Figure 2.17. Burnup distribution error - after adjustment - Cycle 118

However, the errors on the power distribution did not improve after the adjustment
in irradiation. Both e↵ects compensate each other.
The choice to adjust the burn-up has been made partly because the cycle length
and the core temperature fitted better the data given by ARGOS. The results are
presented in Appendix 2 in Tables 4.4 to 4.8. Moreover, the impact on the power
distribution after the irradiation adjustment are relatively small (errors < 3%), as
shown in Figures 2.18 and 2.19.
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Figure 2.18. Power distribution error - before adjustment - Cycle 118

Figure 2.19. Power distribution error - after adjustment - Cycle 118

Given the core calculations made for ARGOS, one decided to determine a set of
adjustment parameters specific to Perseus reactors. The variations of D1 and RI
have been studied first.
The power distribution swing regarding the variations of D1 is depicted in Fig-
ure 2.20. It shows that an increase of D1 impacts the power distribution by de-
creasing the power of peripheral assemblies in the simulations. It is thus consistent
with the definition of D1: an increase of D1 raises the radial leaks.
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Figure 2.20. Power distribution swing regarding D1 variations - Cycle 117

Figure 2.21 shows the variations of the natural length as a function of RI. It con-
firms a linear dependency between RI and the cycle length. This physical property
will be use for further optimization.

Figure 2.21. Variations of the natural length of cycle regarding RI variations -
Cycle 218

The fluence type estimator was the first estimator used. The mean error over A8,
A9 and B8 assemblies was quite di�cult to analyze. The variation of the error on
the power of B8 assembly is opposite in direction to the variation of the error on
the power of A8 and A9. Therefore, the global mean estimator yields large error
values and the results are not completely satisfying. However, a D1 parameter has
been found for each cycle and the results are shown in Table 2.15. The results are



2.2. Calculation verification results 45

acceptable for cycles 117, 118, 119b and 218. There is a huge discrepancy between
the cycle 217 and other considered cycles (25% increase). A mean D1 either could
not be found or was not satisfying for the calculations.

Table 2.15. Fluence type - D1 & RI adjustment - Procedure optimization

Cycle D1 RI Lexp

nat

� Ltheoretical

nat

117 1.625 -480 -0.02%
118 1.516 -280 0.03%
119b 1.531 -280 0.05%

217 1.91 -60 0.02%
218 1.594 -40 -0.04%

RI has also been adjusted for each cycle. Again, an important discrepancy is
found between the results with a variation between �480 and �40. The results are
satisfying for each cycle separately, with an error smaller than 1% for the power
distribution and a di↵erence of 7 MWd/t, which corresponds to 0.2 EFPD (in terms
of cycle length).

Figure 2.22. Core type Max - D1 coarse variations

Then, one used the core type max estimator. The variations of the maximum ab-
solute error are convex and parabolic and thus, lead to a minimum. Figure 2.22
shows the curves for each cycle. Only cycle 217 has a slightly di↵erent shape which
is not smooth.
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In order to find the minimum, the D1 interval was set to 0.2-0.3 and a 0.02 step was
used. The results are displayed in Figure 2.23. The required minimum is not easily
identifiable due to the fact that the function is not strictly monotonic. Moreover,
depending on the cycle, the minimum does not correspond to a single parameter
value. Cycles 117, 119b and 217 reach a minimum for three, seven and two di↵erent
values of D1 respectively, which corresponds to a range of uncertainty of 0.04 to
0.14 (in term of D1). This is due to the fact that the code searches among the 157
assemblies of the core to find the maximum error, which is certainly not unique.

Figure 2.23. Core type Max - D1 fine variations

The method is thus ine�cient to set an appropriate D1 for each cycle and conse-
quently to set a global D1. The results for each cycle are gathered in Table 4.1 in
Appendix 2.
Thirdly, the core type mean estimator was used. It hides the isolated errors, which
could lead to isolated misunderstandings during further uses of the results. As
the previous method, the variations of the mean absolute error over the core are
monotonic when studied using coarse steps. Figure 2.24 depicts the curves for each
cycle.
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Figure 2.24. Core type Mean - D1 coarse variations

In order to find the minimum, the interval for D1 was set to [0.2 � 0.3] with a
0.02 step. The results are displayed in Figure 2.25. Unlike the previous method,
the mean absolute error over the core varies in a more understandable way. The
variations of the maximum absolute error are roughly convex and parabolic and
thus lead to a unique minimum.
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Figure 2.25. Core type Mean - D1 fine variations

Table 2.16 summarizes the results for each cycle and presents the chosen minimum.
The mean absolute error is relatively small (0.6%). The errors are globally satisfac-
tory since the code uncertainty amounts to 1.9% on this type of calculations [11].

Table 2.16. Core type mean - D1 & RI adjustment - Procedure optimization

Cycle D1 RI Lexp

nat

� Ltheoretical

nat

117 1.62 -475.6 -0.04%
118 1.56 -290.1 0.01%
119b 1.5 -261.1 -0.04%

217 1.66 10.3 -0.01%
218 1.58 -42.5 -0.02%

Based on these results and their convergence, a weighted average value for D1 has
been found to be equal to 1.583 (a none weighted value would yield to 1.584). The
error for a such D1 estimate varies between 0.57% and 0.67%, which is satisfactory
for all cycles of both units.
After having assessed D1, the optimal RI has been found. Due to its linear variation
with respect to the cycle length, a simple linear regression was used to determine
the optimum value. A large discrepancy is observed on those values, varying from
�470 to 32. The mean bias over the 5 cycles was minimized using one RI. RI was
found to be equal to �216 (after recalculations using D1 equal to 1.583 for each
cycle), inducing a maximal error of �2% on cycle 117 and an absolute mean error
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of 1.3%. knowing that the uncertainty for COCCINELLE calculations amounts to
1.4% (on the cycle length), one can consider these measures as relevant.

The adjustment parameters were then used to perform COCCINELLE calcula-
tions. The resulting sources were calculated and propagated using TRIPOLI. It
permitted to see the impact of D1 and RI on the neutron flux at the hot spot and
on the azimuthal flux distribution.
All the results are displayed in Tables 2.17 and 2.18. The change in procedure
had a constant impact among the cycles. The neutron flux decreased by roughly
1% with the new procedure. It shows that EDF used conservative assumptions
to perform the calculations. Moreover, a di↵erence of 1% is acceptable regarding
the uncertainty of the calculations. From another point of view, these calculations
showed that the new adjustment parameters are relevant to simulate the neutron
propagation towards the vessel. The new procedure was thus verified.

Table 2.17. Azimuthal flux distribution - Procedures comparisons Core Mean vs
Set B - Unit1

Di↵erence between CTM? and Set B parameters
Angle (�) Cycle 117 Cycle 118 Cycle 119b

0 �1.09% �1.10% �1.00%
5 �1.09% �1.16% �1.00%
10 �1.04% �1.16% �1.04%
15 �1.00% �1.06% �0.99%
20 �0.95% �1.06% �0.97%
25 �0.99% �1.04% �0.98%
30 �1.01% �1.10% �0.98%
35 �0.95% �1.07% �1.02%
40 �0.92% �1.03% �0.90%
45 �0.88% �0.83% �1.01%

?Core Type Mean (dedicated to Perseus)
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Table 2.18. Azimuthal flux distribution - Procedures comparisons Core Mean vs
Set A - Unit2

Di↵erence between CTM? and Set A parameters
Angle (�) Cycle 217 Cycle 218

0 �1.05% �1.17%
5 �1.09% �1.21%
10 �1.10% �1.18%
15 �1.10% �1.08%
20 �1.07% �1.01%
25 �1.19% �1.05%
30 �1.18% �1.05%
35 �1.17% �1.08%
40 �1.12% �1.11%
45 �1.09% �1.05%

?Core Type Mean (dedicated to Perseus)

Other results are presented in Appendix 2 in Tables 4.2 and 4.3 to compare the
fluence and core type mean optimization. The results are not stable and the fluence
type optimization is not conservative.

After the adjustment parameters optimization, EDF codes for source and prop-
agation calculations have been compared:

• Python tool, EFLUVE3.4.3 and EFLUVE3D for source calculations,

• EFLUVE3.4.3 and TRIPOLI for propagation calculations.

The linear interpolation used in the Python tool has first been verified. The maxi-
mum di↵erence obtained was 0.42%, which verifies the method.
Then, the impact of a change in volume in the python tool was then studied. A
change of 0.01 cm in the square side changes the volume by 1.58%. The renormal-
ization factor comes from the di↵erences in mesh size used in the Python tool and
EFLUVE3D.
Several maps of a core eighth are presented in Figures 4.14 to 4.17 in Appendix 3
in order to compare the Python tool and EFLUVE 3D. They show the di↵erences
obtained with identical input data. It is interesting to see that the error shrinks
when plutonium and uranium sources are summed. The errors are small, varying
from �0.5% to 0.5% for uranium (Figure 4.14) and plutonium (Figure 4.15) sources
separately. This error is divided by 5 when the sources are summed, varying from
-0.1% to 0.1% (Figure 4.16). These results have verified the Python tool and con-
firmed the use of the theoretical formula stated in Chapter 1. The residual error,
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although minimal, should come from the linear interpolation: the linear interpola-
tion is not optimal since the maximum error is 0.42%.

In order to assess the result discrepancies between EFLUVE3.4.3 and EFLUVE3D,
several assumptions have been examined:

• Specificity of Perseus reactors: up-dated tests have been done on datasets
without axial zoning in fuel assemblies in order to ensure the likelihood of the
di↵erences previously mentioned. They showed that COCCINELLE has di�-
culties to model the power of gadolinium assemblies, which have axial zoning.
These di�culties are visible in Figures 4.6 to 4.13. Two COCCINELLE-
EFLUVE3D simulations were done:

– a COCCINELLE simulation with axial zoning in 3D for EFLUVE3D,

– a COCCINELLE simulation without axial zoning in 3D for EFLUVE3D.

Both simulations have been compared to the same EFLUVE3.4.3 simulations.
It appears that the error over the pins that contained gadolinium decreases
dramatically when the simulation without axial zoning is compared to the
simulation made with EFLUVE3.4.3. However, an error of approximately
1.5% persisted. It seems interesting to underline that the axial zoning in-
creases the uranium source in Gadolinium pins.

• 2D/3D zoning e↵ect: a python script was written to understand whether
the ‘3D to 2D’ simulations required for EFLUVE3.4.3 had an impact on the
results. This python script used the output file from COCCINELLE 3D to
generate an input file used by EFLUVE3.4.3. The same is also done by
COCCINELLE in 2D. However, it requires to calculate again all the core
parameters. The code is not able to take into account the axial zoning, which
possibly introduces errors. It was observed that the gadolinium assemblies
were not impacted when the python script was used. The results remained
comparable. The methodology of 2D calculations had no significant impact
on the final output.

• The 2D/3D irradiation e↵ect: the 2D simulation slightly impacts the irradia-
tion and power distribution over the core. Figures 4.18, 4.20 show the impact
on the error of the irradiation and power adjustment (replacing the 2D power
and irradiations by the 3D results). The errors are reduced by 2%, mainly
at the hot spot. Again, the obtained di↵erences are small and not significant
when the whole core is considered.

In fact, EFLUVE3.4.3 and EFLUVE3D treat di↵erently the fission of the fuel. One
can see in Appendix 3 that the global di↵erences (uranium + plutonium) shrink and
become negligible (from �2% to 1.6% on average) as shown in Figures 4.4 to 4.8.
More precisely, the number of neutrons coming from plutonium atoms is minimized
with EFLUVE3.4.3 (until 14% lower) in Figure 4.3. On the contrary, the number
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of neutrons that come from uranium atoms is maximized (up to 9% higher) in Fig-
ure 4.2. Similar errors were found in Figures 4.6 and 4.8. The represented errors
did not take into account the fact that new and old assemblies generated very low
plutonium and uranium sources respectively. The errors were thus significant but
the di↵erences were in comparison very small.
The di↵erences in the processing method of the fission fractions could partially ex-
plain the results. However, the neutronic libraries were simple and simplified for
these calculations and the same fission fractions were used in both cases. Moreover,
the existing di↵erences are explained in EFLUVE3.4.3 and EFLUVE3D working
papers (EDF internal papers) and should not lead to such discrepancy in the re-
sults.
One remaining assumption is that EFLUVE3.4.3 did not consider exactly the in-
tended irradiation values. This assumption should be thus further investigated.
The distribution of the di↵erences over the assemblies of the first column comes from
the symmetrization of the results given by EFLUVE3.4.3 (see Figures 4.10, 4.12, 4.18).
In fact, EFLUVE3.4.3 gives the results for half an assembly on the median line of
the core. A quarter of the values is given for the H8 assembly in EFLUVE3.4.3
(at the center of the core) since only one quarter is concerned by the calculations.
The symmetrization does not permit to obtain consistent results. The assemblies
on the median line of the core have not necessarily symmetrical power and burn up
distributions due to their previous position in the core. The di↵erences in source
calculations between EFLUVE3.4.3 and EFLUVE3D did not impact significantly
the azimuthal flux distribution: both sources were propagated using TRIPOLI. It
appeared that EFLUVE3.4.3 maximizes the flux at the hot spot by 3%. This di↵er-
ence is constant among the angles. The discrepancies should be further investigated
to verify this point for any fluence study.

Having compared the source codes, the impact of the neutronic library choice on
core and transport calculations has been investigated.
The use of di↵erent fission fractions for the cycle 119b and the cycle 217 yield small
di↵erences. The di↵erences at the hot spot does not exceed 0.9%. The libraries
used for the comparisons di↵er because of the presence of 4.4% assemblies with
or without gadolinium. In fact, the cycle 119b reactor core contained only one
3.9% assembly without gadolinium (present in every library) and 4.4% assemblies
with or without gadolinium. The comparisons of the results with the text library
enabled us to evaluate the relevance of the results delivered to Perseus. Taking
into account the cumulated error from TRIPOLI calculations, the di↵erence is con-
sidered acceptable from a physical point of view. All the results are presented in
Table 2.19. The use of the text library for Perseus calculations was thus verified.
A more rigorous comparison with a library that contains more accurate data on
the assemblies would permit to strengthen the author’s judgment. However, the
version of EFLUVE3D did not allow it.
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Table 2.19. Di↵erences between calculations using 2 di↵erent neutronic libraries -
Cycle 119b

Di↵erences
Angle (�) Gadolinium library vs

Text library
Without Gadolinium
library vs Text library

0 �0.8% �0.8%
5 �1.0% �1.1%
10 �0.2% �0.5%
15 0.6% �0.3%
20 �1.5% �0.3%
25 �1.1% �1.2%
30 �3.4% 0.9%
35 0.9% �1.1%
40 2.1% 0.5%
45 7.3% �0.8%

Finally, using EFLUVE3.4.3 and TRIPOLI3.5.1 for the propagation enabled us to
compare the physical theories by straight moderation or by Monte Carlo resolution.
The results given by EFLUVE3.4.3 maximize those given by TRIPOLI3.5.1. An
overestimate of 3-4% at the hot spot was found. It is interesting to see that this
di↵erence increases regularly to reach 8-9% after 35�, as shown in Table 2.20. The
relative errors obtained for Perseus are in agreement with those calculated for EDF
reactors. In order to compare both softwares, the inlet temperature of the water
for TRIPOLI3.5.1 has been modified. In fact, the reference temperature used by
EFLUVE3.4.3 for CPY reactors is 304.6�C (mean core temperature). But the
temperature for Perseus units is equal to 295.9�C. The author must thus change
the temperature in TRIPOLI3.5.1 to 304.6�C to be able to perform comparisons
with a physical meaning. If di↵erent temperatures were kept, a 13% di↵erence
would be observed at the hot spot. Knowing that the error is equal to 4% without
temperature di↵erences at the hot spot, one can understand that 1�C brings 1% of
error (9�C for 9%). These values are consistent with EDF calculations.
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Table 2.20. Di↵erences between EFLUVE3.4.3 and TRIPOLI propagation (with
E3D sources) - Cycle 119b

Di↵erences of propagation : EFLUVE3.4.3 vs TRIPOLI
Angle (�) With Gadolinium library With Full library

0 3% 3%
5 3% 2%
10 1% 1%
15 �1% �1%
20 �2% �1%
25 �2% �2%
30 �5% �4%
35 �8% �8%
40 �9% �7%
45 �8% �7%
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Summary and conclusions

The core and transport calculations have put forward a significant impact of the
fluence reduction program implemented by ARGOS since the 9th cycle. The fluence
has roughly been reduced by 25% after 19 cycles. Although Perseus encountered
di�culties to stabilize its neutron flux over several cycles, the full low leakage load-
ing pattern seems e�cient. The extrapolated values up to 40 and 60 years are
satisfactory (regarding the limit values).
The di↵erences between ARGOS and EDF fluence reduction programs and their
impact on the extrapolated fluences for up to 40 and 60 years have been identified.
Despite a later transition, EDF program shows better results. The inversion of
the di↵erence between Perseus and EDF CP0-CPY extrapolated fluences appears
around 60 years, which corresponds to the current general age limit for nuclear
reactors.
The physical parameters used for the core simulations are the key factors of a good
agreement between theory and practice. As all these parameters vouched for a
physical consistency, their impacts on the calculations had to be understood.
It transpired that the best estimate flow rate gave consistent results. The model
used for the water flow rate in the code was thus verified. Although the role of the
inlet temperature has been well defined and its impact understood, it was more
di�cult to ensure that the real temperature fitted perfectly the one used for the
simulations. However, the resulting di↵erences are small. These di↵erences can be
overwhelmed by the uncertainty of the code. Finally, the adjustment parameters
optimization showed that a set of parameters could be deduced from the data given
by ARGOS, which led to a good agreement with the reactor data (errors smaller
than 1% on average). Nevertheless, the di↵erences between the calculations made
with EDF set of parameters and with the set created by the author are small
(roughly 1%). The calculations were conservative and thus verified.
The comparison of the codes used by EDF for the sources and attenuation cal-
culations gave great insight on the implementation of di↵erent physical models
in the codes. It transpired from the sources calculations that EFLUVE3D and
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EFLUVE3.4.3 did not have the same discretization approach although they are
based on the same physical equation. EFLUVE3.4.3 and EFLUVE3D minimize
the number of neutrons coming from plutonium and uranium fissions respectively.
The propagation calculations were based on two di↵erent theories (attenuation and
transport). The comparisons showed that EFLUVE3.4.3 (attenuation) maximizes
the neutron flux at the hot spot (+3%) and is conservative. This tendency gets
inverted after 15� and the error increases with increasing width of water layer vary-
ing from �1% at 15� to �8% at 45�.

After all calculations, a strong basis for further calculations on Perseus reactors
have been set. The applicability of EDF codes for calculations on foreign reactors
has been verified. To go further, one could develop a complete set of parameters
dedicated to Perseus reactors for core calculations. It would lead to strenghten the
calculations made with EDF parameters and to estimate better the extrapolated
fluences.



List of acronyms

ASME American Society for Mechanical Evaluations

B.E. Best estimate

CEA Commissariat a l’energie atomique

CFR Code of Federal Regulation

CP0 Contrat programme 0 - EDF reactor type

CPY Contrat programme Y - EDF reactor type

EDF Electricite de France

EFPD Equivalent full production day

EOL End of life

HSST Heavy Section Steel Technology

NDTT Nil ductility transition temperature

PMOX Type of reactor core containing mix oxide fuel

PWR Pressurized water reactor

RI Forced reactivity

RPV Reactor pressure vessel

RVSP Reactor vessel surveillance program
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Chapter 4

Appendix

4.1 Appendix 1

Figure 4.1. Variations of the Hot Spot flux - Cycle 1 to 19 - Perseus units
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4.2 Appendix 2

Table 4.1. Core Max type - D1 & RI adjustment - Procedure optimization

Cycle D1 RI
117 1.84-1.88 -
118 1.72 -
119b 1.66-1.78 -
217 1.62-1.64 -
218 1.74 -

Table 4.2. Azimuthal flux distribution - Procedures comparisons Core Mean vs
Fluence type - Unit1

Di↵erence between CTM? and Fluence type parameters
Angle (�) Cycle 117 Cycle 118 Cycle 119b

0 �0.39% 0.63% 0.36%
5 �0.45% 0.56% 0.36%
10 �0.43% 0.50% 0.49%
15 �0.54% 0.68% 0.46%
20 �0.22% 0.31% 0.51%
25 �0.50% 0.65% 0.42%
30 �0.42% 0.47% 0.43%
35 �0.74% 0.82% 0.29%
40 �0.76% 0.22% -0.08%
45 �0.18% 0.30% 0.60%

?Core Type Mean (dedicated to Perseus)
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Table 4.3. Azimuthal flux distribution - Procedures comparisons Core Mean vs
Fluence type - Unit2

Di↵erence between CTM? and Fluence type parameters
Angle (�) Cycle 217 Cycle 218

0 �2.40% �0.18%
5 �2.31% �0.17%
10 �2.27% �0.16%
15 �2.22% �0.21%
20 �2.46% �0.04%
25 �2.41% 0.15%
30 �2.19% �0.24%
35 �2.36% 0.21%
40 �2.46% �0.07%
45 �2.55% �0.38%

?Core Type Mean (dedicated to Perseus)

Table 4.4. Set 1 characteristics
Set 1: Input data

T
inlet

277.7�

Flow rate 63225 m3.h�1
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Table 4.5. Set 1 - Unit 1 cycle length simulations results

Error regarding the
cycle length with Set

A

Error regarding the
cycle length with Set

B
Cycle Cycle

length
(MWd/t)

Before
adjustment

After
adjustment

Before
adjustment

After
adjustment

Cycle 117 16286 �5.09% �4.53% �2.48% �1.9%
Cycle 118 16528 �3.66% �3.19% �1.14% �0.65%
Cycle 119a 882 - - - -
Cycle 119b 15334 �3.346% �3.313% �0.633% �0.6%

Table 4.6. Set 1 - Unit 1 temperature simulations results

After adjustment
Cycle Error regarding the

core mean
temperature with

Set A

Error regarding the
core mean

temperature with
Set B

Cycle 117 0.88% 0.87%
Cycle 118 0.87% 0.87%
Cycle 119a 0.71% 0.69%
Cycle 119b 0.88% 0.88%
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Table 4.7. Set 1 - Unit 2 cycle length simulations results

Error regarding the
cycle length with Set

A

Error regarding the
cycle length with Set

B
Cycle Cycle

length
(MWd/t)

Before
adjustment

After
adjustment

Before
adjustment

After
adjustment

Cycle 217 15727 �1.952% �0.649% 0.782% 2.054%
Cycle 218 16249 �1.311% �1.231% 1.231% 1.311%
Cycle 219 16315 - - - -

Table 4.8. Set 1 - Unit 2 temperature simulations results

After adjustment
Cycle Error regarding the core

mean temperature with
Set A

Error regarding the core
mean temperature with

Set B
Cycle 217 0.88% 0.88%
Cycle 218 0.88% 0.87%
Cycle 219 0.88% 0.87%
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4.3 Appendix 3

Figure 4.2. Uranium Sources - E343-
E3D - 150 MWd/t - Cycle 217 - Without
zoning

Figure 4.3. Plutonium Sources -
E343-E3D - 150 MWd/t - Cycle 217 -
Without zoning
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Figure 4.4. Uranium & Plutonium
Sources - E343-E3D - 150 MWd/t - Cy-
cle 217 - Without zoning

Figure 4.5. Cycle 217 after
150 MWd/t - Assembly irradiation
- E343-E3D
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Figure 4.6. Uranium Sources - E343-
E3D - 8000 MWd/t - Cycle 217 - With-
out zoning

Figure 4.7. Plutonium Sources -
E343-E3D - 8000 MWd/t - Cycle 217 -
Without zoning
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Figure 4.8. Uranium & Plutonium
Sources - E343-E3D - 8000 MWd/t - Cy-
cle 217 - Without zoning

Figure 4.9. Cycle 217 after
8000 MWd/t - Assembly irradia-
tion - E343-E3D
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Figure 4.10. Uranium Sources - E343-
E3D - 8000 MWd/t - Cycle 217 - Zoning

Figure 4.11. Plutonium Sources -
E343-E3D - 8000 MWd/t - Cycle 217 -
Zoning
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Figure 4.12. Uranium & Plutonium
Sources - E343-E3D - 8000 MWd/t - Cy-
cle 217 - Zoning

Figure 4.13. Cycle 217 after
8000 MWd/t - Assembly irradia-
tion - E343-E3D
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Figure 4.14. Uranium Sources -
Python tool-E3D - 8000 MWd/t - Cy-
cle 119b

Figure 4.15. Plutonium Sources -
Python tool-E3D - 8000 MWd/t - Cy-
cle 119b
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Figure 4.16. Uranium & Pluto-
nium Sources - Python tool-E3D - 8000
MWd/t - Cycle 119b

Figure 4.17. Cycle 119b after
8000 MWd/t - Assembly irradia-
tion - Python tool-E3D
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Figure 4.18. Uranium Sources - E343-
E3D - 8000 MWd/t - Cycle 217 - With
adjustment

Figure 4.19. Plutonium Sources -
E343-E3D - 8000 MWd/t - Cycle 217 -
With adjustment
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Figure 4.20. Cycle 217 after 8000 MWd/t - Assembly irradiation - E343-E3D
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4.4 Appendix 4

Figure 4.21. 900 MWe Reactor core grid


