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Chapter 1

Introduction on nuclear fuel

1.1 Nuclear fuel behavior

1.1.1 General aspects of nuclear fuel

Currently, there are worldwide 450 nuclear reactors producing almost 11% of the world’s
electricity. Next 60 reactors are under construction [1], which means that the nuclear
industry plays and will play an important role in the electric energy generation sector.
Contrary to the electricity produced from fossil fuels, the nuclear industry is character-
ized by low greenhouse emission and high availability of the fuel. Despite that, it still
has many opponents. Lack of understanding of processes occurring inside the reactor,
general fear of radiation and nuclear accidents are problems that the nuclear industry
needs to face every day. To avoid further accidents, a lot of efforts have been put to
improve safety standards and to fully understand and explain phenomena accompanying

operation of nuclear reactors.

Source of energy in nuclear reactors is nuclear fission. This reaction occurs when a
neutron splits a nucleus of a heavy atom and produces fission fragments (usually 2,
rarely more) and new neutrons. One thermal fission of 23°U liberates ~190 MeV of

energy, most in the form of kinetic energy of Fission Products (FPs).

A continuous and self-sustaining fission reaction is called a chain reaction. To obtain
this reaction, certain conditions have to be met. One of them is a sufficient number of
neutrons in the system. For this reason, Light Water Reactors (LWR) use fuel enriched
in fissile isotopes that are more likely to be fissioned. These isotopes are usually 23°U
and 2°Pu.

Products of nuclear reactions are radioactive and dangerous for the environment. During
the whole operation of a nuclear reactor they should stay inside the fuel rod. Fuel rods

are elements of fuel assemblies. For example, the European Pressurized Reactor (EPR)

1
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2 Chapter 1 Introduction on nuclear fuel

will have 241 assemblies. Each one will contain 265 fuel rods. The active length of the
assembly is 4.2 m whereas the total length is 4.8 m [2]. A fuel assembly spends between
2 to 6 fuel cycles inside the reactor. Duration of a cycle is 12-24 months. It depends on
the initial enrichment in fissile isotopes, doped burnable poisons and the localization of
the assembly in the core [3]. A schematic representation of the fuel pellet—fuel rod—fuel

assembly is shown in Figure 1.1.

Fuel pellet Fuel rod Fuel assembly

Figure 1.1: Schematic representation of a fuel pellet, a fuel rod and an
assembly [4].

In a fuel rod, one may distinguish 3 main sections (Figure 1.2):

e the fuel
e the gap
e the cladding
Cladding

Gap

Fuel

Figure 1.2: A cross section of a fuel rod of a light water reactor.

Fuel of LWRs has a shape of cylindrical pellets. Diameter of these pellets is around

8 mm whereas the height is around 10-14 mm. Chamfers and dishes (central voids at
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Chapter 1 Introduction on nuclear fuel 3

the pellet ends) are usual to ease the introduction in the cladding and to provide extra
volume. Pellets can be made of uranium dioxide (UO2) or Mixed OXides of uranium
and plutonium (MOX). It is possible to incorporate dopants like oxides of gadolinium
or chromium. Addition of these species has an impact on reactivity and grain growth

respectively.

Gap separates fuel from the cladding at the beginning of the first fuel cycle. The role
of the gap is to facilitate fuel fabrication and to make space for swelling fuel. During
irradiation, nuclear fuel swells and changes its shape. This leads to the closure of the
gap. It generally occurs after 2 years of irradiation [5]. In most cases, the initial gap is
filled with helium (pressure around 30 bars) because of its chemical neutrality and good
thermal conductivity. The thickness of a gap is commonly below 0.1 mm. Too thick gap

would work as a thermal insulator.

Cladding is the barrier separating radioactive fuel from the primary circuit of the power
plant. Currently, most of the alloys used as cladding are based on zirconium. These
materials have good chemical and mechanical properties that allow standing even harsh
conditions (high thermal gradients, mechanical stresses and corrosion). Moreover, zir-
conium is almost transparent to neutrons. The thickness of the cladding in French
Pressurized Water Reactors (PWR) is ~0.57 mm [2].

Heat generated in nuclear fuel is used to heat up the coolant, which is water in PWRs.
In consequence, very high temperature gradients can be found within a fuel pellet,
see Figure 1.3. The temperature difference between the center and the periphery of a

fuel pellet is around 700 K and can exceed 1500 K in case of power transients.
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4 Chapter 1 Introduction on nuclear fuel

Temperature profile

Power generation profile

Pellet surface 500°C
Clad inner surface 420°C
Clad outer surface 330°C

Coolant 300°C

Figure 1.3: ”"Temperature profile in light water reactor fuel during base irradi-
ation.” Adapted from Baron and Hallstadius [3].

Hot water leaves the reactor core and is cooled down in the steam generator, which is a
heat exchanger. Cold water is pumped back to the reactor core, which closes the circuit
called the primary loop. The secondary loop starts in the steam generator where the
heat transferred from the primary loop is used to generate steam that drives the turbine,
cools down, condensates in the condenser and it is pumped back to the steam generator.
The turbine is connected to the electric generator that produces electricity. A schematic

representation of a PWR power plant is shown in Figure 1.4.
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Chapter 1 Introduction on nuclear fuel 5

Nuclear power plant
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Figure 1.4: Schematic representation of a PWR nuclear power plant. Adapted
from [6].

1.1.2 Fission Products

The elemental composition of nuclear fuel changes with irradiation. The reaction of
nuclear fission splits a heavy nucleus into light ones and releases energy. The parameter
describing the amount of energy released from nuclear fuel is called burnup. There are

2 main units in which burnup can be expressed:

o %FIMA (at%) — Fission per Initial Metal Atom

e GWd/tHM — GigaWatt-Days per Ton of Heavy Metal

The relation between the two units is approximately: 1 GWd/tHM = 0.10884 at% [3].
Modern nuclear reactors are designed to reach over 60 GWd/tHM of average discharged
assembly. Values of burnup available in literature refer usually to average values of
burnup of fuel pellets, rods or even fuel assemblies. At the reactor scale, the average
burnup of the fuel element increases the most rapidly at the center of the core (the
highest flux of neutrons). At the fuel pellet scale, burnup is strongly dependent on the
radial position. Burnup estimations are based on the neodymium concentration, one of
the fission products, because neodymium is immobile in UQO,. Figure 1.5 presents the

measured values of neodymium and the corresponding values of burnup in a sample of
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6 Chapter 1 Introduction on nuclear fuel

average burnup 102 GWd/tHM. As can be seen, the burnup rapidly increases near the
periphery of the pellet. Increment comes from the high concentration of fissile plutonium
in that region. Source of plutonium is the reaction of resonance neutron capture by the

main component of the fuel which is 233U [7].

4 300
=

¥ 3 £y
# 200 §
g
g, =
- &
= T
7 cecosee cocotee . 100 E

| feeesseeTieTTee a

0 0

0 0.2 0.4 0.6 0.8 1.0
Relative Radius, r/r,

Figure 1.5: Weight fraction of neodymium (left axis) and burnup (right axis) as
a function of the relative radius. Measurements come from a UQOs sample with
a very high average burnup of 102 GWd/tHM. Adapted from Walker et al. [7].

Nuclear fission produces a large number of isotopes. It is important to know the exact
FP yields. Some fission products release delayed neutrons that allow controlling the
reactor. Few fission products are poisons [8]. To determine the maximum duration of
the fuel cycle, one needs to take into account buildup of poisons [3]. Next important
factor associated with fission products is decay heat generation. Most of the FPs are
unstable isotopes that undergo series of decays. Short-lived FPs along with actinides
are responsible for very high residual heat after shutdown of the reactor. Spent fuel has
to be cooled for a few years in pools near reactors before moving to reprocessing plants

for spent UOq fuels in case of the French fuel cycle strategy.
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Figure 1.6: Fission product yields of 23U and 23°Pu for thermal neutrons.
Horizontal axis expresses the mass number and the vertical one presents the
fractional cumulative fission yield. Adapted from Dayman et al. [9]

Fission product yields depend on the isotope and neutron energy. They form two picks
visible in Figure 1.6. In case of 23°U, the picks correspond to %Zr (left pick) and 3°Xe
(right pick). Comparison of FP yields of 23U and 23°Pu is shown in Table 1.1.

Table 1.1: Cumulative fission product yield of chosen isotopes for thermal fission
of 23°U and 23Pu [10].

235U

Yield (%) Isotope
6.502 9B7r
6.498 9Nb
6.132 Mo
6.59 1331
6.39 1351
6.6 133X e
6.61 135X e
6.6221 137Cs
6.315 1407,
6.314 1404

239Pu

Yield (%) Isotope
4.949 BZr
4.946 9Nb
6.185 Mo
6.97 1331
6.33 1351
6.99 133Xe
7.36 135X e
6.588 137Cs
5.333 14075
5.322 140B,,

Heavy nuclei like uranium or plutonium have greater ratio of neutrons to protons than

lighter, stable isotopes. Due to this fact, FPs often have excess of neutrons. In order to

reach stability, they decay by S~ emission (electron).
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8 Chapter 1 Introduction on nuclear fuel

n—pt+e +7, (1.1)

In 5~ decay, a neutron turns into a proton p', an electron e~ and an anti-neutrino
V.. FPs undergo these decays until they turn into a stable isotope. Table 1.2 presents

examples of 7 decay chains and half-life times (loss of half of the initial quantity).

Table 1.2: Examples of decay chains for Y and !3°I

Y — Mo

Nuclide Half-life 1357 _, 135B4
9y 1.47
o ) Nuclide Half-life
a2l 135 6.57
99m N 2.6 min 135y 0141
e .
99Nb 15 s

135Cs 2.3E+6 y

9m2)\[ 0.76 us
K 1358, stable

WmiNo  15.5 us
Mo 2.75d

Isotopes present in irradiated fuel have various half-life times. It can vary from seconds
to millions of years. Due to nuclear reactions, the chemical composition of irradiated
fuel varies with time even outside the reactor. Fraction of short-lived isotopes decreases
at the expense of long-lived and stable isotopes. A very detailed isotopic inventory of
irradiated fuel can be calculated with neutron transport codes. Figure 1.7 presents an
example of the evolution of fission and activation (neutron capture) products in the fuel
pellet as a function of burnup calculated with the code ORIGEN-S [11].
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e
.
1

Mass of Chemical Element [at%)]

Burnup [GWd/H(U)]

Figure 1.7: The predicted evolution of fission and activation products integrated
across the pellet. Adapted from [12].

However, a very precise description of the fuel composition is not always necessary. Most
of FPs estimations used in fuel performance modeling are based on empirical linear func-
tions of the burnup which provide very close approximations of FP quantities. Table 1.3
shows estimated quantities of FPs 3 months after the end of reactor operations. One
may assume that all the short-lived isotopes have disappeared. The linear correlation
coefficients in Table 1.3 are based on simulations of fuel irradiation history with the
neutronics code CESAR [13]. These correlation coefficients are valid for burnups up to
10 at% [14].
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Table 1.3: Elements considered in CESAR, representative elements and their
affiliations to families. Correlations valid up to 10 at% expect for Pu (valid up

to 5.4 at%).
Elements Representative Creation Family
element (mol/mol UOy/at.%)
Xe+Kr Xe 3.06x1073 Inert fission
Cs+Rb Cs 1.70x1073 gas and
I+Br I 1.31x10* volatile fission
Te+Se Te 3.02x1074 products
Ba+Sr Ba 1.38x1073 Stable oxides
Zr+Nb Zr 2.62x1073
Mo Mo 2.33x1073
Ru+Tc+Rh Ru 2.44x1073 Metallic fission
Pd Pd 1.02x1073 products
Ce Ce 1.24x1073 Fission
Eu+Sm Eu 3.81x1074 products and
La+Y La 9.31x10~% actinides in
Gd+Nd+Pm Gd 1.92x1073 solid solution
Pu+Pr Pu 5.35x1073 in UOy
U U -0.0127

One exception to a strictly linear evolution with burnup is Pu which is part of the chain:
28 4n =29 U =29 Np =239 py (1.2)

239Py is the most abundant isotope of plutonium in irradiated fuel. It comes from activa-
tion of 238U and two beta decays of 239U and 2Np. One may see from Figure 1.7 a fast
increase of Pu content at first caused by activation of 22*U (see Eq. 1.2). Concentration
of Pu is on the contrary nearly constant for burnups higher than 50 GWd/tHM (5.4
at%). It means that the production rate of Pu is equal to the fission rate and capture

rates of Pu.

Baron and Hallstadius have presented the affiliations of FPs to families by marking
them with different colors in the periodic table in Figure 1.8. It is a simple visualization
showing distribution of FPs in the Mendeleev table. In reality, FPs can interact with
each other to form chemical compounds belonging to different families depending on

parameters like temperature or pressure.
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|1| 2a 3b 4b 5b 6b 7b
3| 4 5 [ 6 7181 9|10
Li | Be B|[C|N|O|Fe|[Ne
1| 12 13 [ 14 [ 15 | 16 | 17 | 18
Na Mg 3a 4a 5a 6a 7a 8 1b 2b Al l si P s | ci|Ar
19 | 20 | 21 [ 22 [ 23 [ 24 [ 25 | 26 |27 | 28| 29 [ 30 | 31 | 32 | 33 | 34
K|[Ca|[Sc|Ti|V |Cr(Mn|Fe|Co| Ni|Cu|Zn|Ga|Ge | As | Se

39 40— 43 [ 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51

Y Mo| Tc |Ru|jRh| Pd|Ag|Cd| In | Sn | Sb |Te

57 | 72 | 73 | 74 | 75 | 76 | 77 | 78| 79 | 80| 81 | 82 | 83 | 84 | 85 | 86
La|Hf [ Ta| W [Re|Os| Ir | Pt|Au|Hg| Ti |Pb| Bi | Po| At [Rn

87 | 88 | 89 |04 | 105 | 106 | 107 | 108 | 109
Fr |[Ra|Ac| 2 | 2 [Sg |NI?|Hs?|Mt?

.| 58|59 |60]|61|62|63[64]656667(6869(70][71
~|Ce| Pr |Nd|Pm|Sm|Eu|Gd|Tbh |Dy[(Ho | Tr ITm|Yb | Lu

90 | 91 | 92 | 93 | 94 | 95 | 96 | 97 | 98 | 99 (100|101 [ 102 | 103

Oxides dissolve in fuel

Métallic precipitate (alloys)

Figure 1.8: ”Chemical state of the fission products in the light water reactor
fuel.” Adapted from Baron and Hallstadius [3].

1.1.3 Fuel thermomechanics

The French energy production is based on nuclear power plants, and thus the fleet of
French reactors works in the load-follow mode. It means that the power of reactors is
adjusted to the current electricity demand. When the demand from the power grid is
high, the reactors increase their power, which is associated with power transients. Those
power transients lead to changes in the fuel structure. Cracking and swelling result in
deformation of the pellet. At some point, the separating gap disappears and the pellet
touches the cladding. This contact is known as a Pellet-Cladding Mechanical Interaction

(PCMI).

Increasing power leads to higher fuel temperature and hence to fuel swelling with max-
imum diameter in front of pellet ends. Thermal deformation of fuel leads to thermal
stresses at the origin of fuel fragmentation, as illustrated in Figure 1.9 by cross sections
of irradiated fuel. A fuel pellet submitted to a high power change resembles an hour-
glass, its deformation is therefore usually referred as ”hourglassing”. Consequence of

this shape is an unbalanced gap closure. Gap closes earlier near pellet ends.
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12 Chapter 1 Introduction on nuclear fuel

Figure 1.9: Hour-glassing of a fuel pellet [3].

Consequence of the pellet deformation and pellet-clad contact is a printing of the pellet
shape in the cladding, resulting in a bamboo-like cladding. Regular ridges can thus be
found in the cladding in front of pellet ends, as schematically illustrated in Figure 1.10.
The difference between maximum and minimum rod diameters is dependent on the

thermal gradient, the pellet length and the presence of dishes in fresh fuel [3].
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Figure 1.10: ”Evolution of the gap between the cladding and the fuel during
irradiation. a) fresh fuel, b) first cycle and start of second irradiation cycle,
¢) second half of second cycle: first cladding—pellet contact and appearance of
primary ridges, d) in the case of power ramp: appearance of secondary ridges.”

Adapted from [15].
1.1.4 Fission Gas Release

There are two noble gases among FPs. Krypton and xenon appear directly as FPs or

indirectly from decays of other elements. Isotopes of xenon account for 15% of all fission
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Chapter 1 Introduction on nuclear fuel 13

products whereas for krypton it is only ~1.5% [16]. Nuclear fuel has a grain structure.
Gases created by nuclear fission gather in nano-bubbles that combine at some point to
form intra-granular gas bubbles. If the temperature is high enough, the bubbles migrate
toward grain boundaries and form there inter-granular bubbles of micrometer size. When
these bubbles connect, a tunnel on grain edges appear. Movement of the bubbles towards
grain edges is faster at high temperatures. Some tunnels may collapse during cooling
down. However, some of the tunnels can be observed at room temperature. Noble gases
can escape the fuel microstructure by these tunnels and reach the free volume of the
rod and the cladding. A schematic illustration of nuclear fuel grain structure is shown

in Figure 1.11.

Intragranular Intergranular
gas bubbles gas bubbles

Figure 1.11: Schematic illustration of the grain structure of nuclear fuel with
distinction of intragranular and intergranular bubbles [17].

In Figure 1.12, one may see from optical microscopy the grain boundary tunnels that

form at the fuel grain faces.
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Figure 1.12: Micrograph showing tunnels on the grain face of fuel irradiated up
to 22 GWd/tHM [18]. Sample power ramped in the Halden Reactor. Maximum
temperature 1800 °C, holding time 1800 s.

Small quantities of fission gases can also be released at the pellet external surface by
recoil or knock-out processes [19]. Fission Gas Release (FGR) is also dependent on the
fuel grain size [20], larger grains leading to lower FGRs. Another consequence of the
formation of intra- and inter-granular bubbles is a fission gas-induced swelling of the fuel
that results from the process. The so-called fission gas swelling depends on the stress
state in the fuel that can be considered as the boundary condition of the fission gas

bubbles. Large compressions can hinder gas bubble growth, FGR and fuel swelling.

Besides noble gases, there are other volatile FPs. The most important are iodine,
bromine, tellurium and cesium (above 1600 K). Mechanisms of release from the UO2
matrix are similar to the ones of noble gases. However, there are publications saying
that the diffusion coefficient of halogens (I and Br) during irradiation is two orders of
magnitude higher than that of xenon [21]. FGR is usually very limited during normal
operation in reactor and increases with the fuel average burnup reaching a few % of
the rare gas inventory in the most irradiated samples. In case of high power transients,
the FGR kinetics and magnitude can be notably increased in consequence of the high
temperatures reached at the pellet center, as illustrated in Figure 1.13. Differences in
FGR seen in the graph between standard UOg and Cr-doped UQOq are related to the
much greater grain size of the latter (~ 60 um compared to ~ 10 um for standard UOs).
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Figure 1.13: Comparison of fractional fission gas release as a function of power
for different types of fuel irradiated in different reactors. The average burnup
of samples is 20-40 GWd/tHM. Figure from [22].

1.1.5 Pellet-Cladding Interaction Failure

Swelling fuel puts pressure on the cladding and changes its shape causing tensions.
Especially high tensile stresses occur in front of fuel pellets ends and in front of pellet
radial cracks during high power variations [23]. Figure 1.14 presents the triple point,
which is the place of the maximum stress at the fuel-clad interface. In case the power
variation is too important, cladding rupture can occur, generally in front of triple points.
This type of failure is referred in the nuclear community as a Pellet-Clad Interaction

failure or PCI failure.

A X
1UU|_|1|m :/‘
4/ . — Cladding

Fuel

ot SRt SRR NG

Crack in the pellet

Figure 1.14: Left figure: 3D model showing the pellet cladding interaction.
Right figure: Image of the crack propagation in the cladding and of its localiza-
tion in front of a fuel pellet radial crack [24].
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16 Chapter 1 Introduction on nuclear fuel

However, PCI does not stem only from mechanical interaction. Even in case of high
power transients, the stresses and strains in the cladding are generally far below their
expected mechanical limits. PCI failures are in fact associated with the numerous chem-
ical species formed from FPs and released from the fuel pellet in case high temperatures
are reached at the fuel pellet core. Once released from the fuel, they migrate in the
radial cracks of the fuel and start interacting with the cladding, as illustrated in Figure
1.15.

"""""" #% EVENTUAL DUCTILE
FRACTURE

PROPAGATING
ScC

SCC PROPAGATED?
RUPTURE DEFECT’

Y FRESH SURFACE ©
-+ RUPTURE DEFECT,

EMBRITTLING
F.P.SPECIES
RELEASE

Figure 1.15: Schematic representation of of PCI in 2D. Adapted from [25].

Some of the interactions are protective for the fuel rod and some may cause failures.
The first known failure by PCI was reported on June 17th, 1963. It happened in G.
E. Test reactor at Vallecitos. A fuel rod failed during the start-up of the third cycle of
irradiation. Researchers identified iodine as an element responsible for failures [26,27]

and started working on the so-called Iodine induced Stress Corrosion Cracking (I-SCC).

The fleet of PWRs in France has to adjust to varying power demand. It is associated with
frequent power changes that cause PCI stresses. French reactors have to stand operation
in nominal conditions, load follow and Extended Reduced Power Operations (ERPO).
They also have to be resistant to the failure during upset conditions (Class 2 Event)
[28]. Experiments simulating Class 2 Event led to the definition of a “PCI technological
limit”. This criterion, not dependent on burnup, refers to the minimum hoop stress
that is needed for a cladding to fail by PCI. Definition of the PCI technological limit is
illustrated in Figure 1.16.
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Figure 1.16: PCI technological limit [28].

To define the PCI technological limit of a nuclear fuel, the common approach is to
carry out power transients on a single fuel rod in a dedicated experimental reactor with
well controlled conditions. This type of experiment is called a power ramp. Before the
power ramp experiment, the studied fuel is irradiated in a commercial reactor. This
sequence is called the base irradiation. Once the burnup of interest is reached, part
of the irradiated fuel rod is extracted (by a so-called re-fabrication process) and power
ramped in a research reactor. Power ramping means submitting the rodlet to specified
power transients leading higher than expected temperatures in the fuel to exacerbate the
fission gas release from the fuel and the mechanical loading of the cladding, potentially
till the clad failure. Figure 1.17 shows a schematic representation of a power ramp

experiment.

Holding time
at Ramp Terminal Level
{0stal12h)

Pre-heating
PWR irradiation holding time
(about 2 years here) (12 to 24 h)

- ———————»

T

Time

Power ramp
rate = 100W/em/min
(100 to 200 s)

Lineic Power Density

Figure 1.17: Schematic illustration of a power ramp test [24].

In the nuclear industry, power transients are usually specified from the time evolution
of the Linear Power Density also called Linear Heat Rate (LHR) which has units of
Watts per unit length of fuel rod. First step of a power ramp test is to reproduce the
conditions that prevailed in the tested sample during the last irradiation cycle in the

commercial reactor. Then, the rodlet is submitted to a power transient at a constant
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18 Chapter 1 Introduction on nuclear fuel

rate of 100 W/cm/min till the maximum prescribed power is reached (called Ramp
Terminal Level RTL). The duration of the transient is generally around 2-3 minutes.
If failure of the cladding does not occur during the transient, the sample is hold at
the maximum power during several hours [24]. The schematic representation shown in
Figure 1.17 is only an example illustrating a power ramp experiment. Power histories
can vary depending on the needs. The French Alternative Energies and Atomic Energy
Commission (CEA) has an extensive database of power ramp experiments dedicated to
PCI investigations [24]. An interesting conclusion coming from this database is that
if PCI failure occurs, it takes place within the first minutes at the maximum power.
The post-irradiation analysis of the cladding crack lengths shows that the rods with 2
cycles of irradiation (burnup within 25-45 GWd/tHM) are the most susceptible to I-SCC
failure [24].

1.2 Modeling nuclear fuel behavior

Describing all the aspects of fuel behavior modeling is out of the scope of the present
work and is available in a recent chapter of the Comprehensive Nuclear Materials [29].
In this section, the main components of a fuel performance code relevant for this thesis
will be briefly recalled with a focus on the code ALCYONE, co-developed by CEA,
EDF and FRAMATOME within the PLEIADES software environment. Most of fuel
performance codes worldwide consider an axial discretization of the fuel rod in slices
of variable height related to each other only by the flow of the coolant (no mechanical
interaction) and solve independently for each slice the heat balance equation and the
mechanical equilibrium equation on the 1D radial system (fuel pellet, gap, cladding,
coolant) inherent to the cylindrical fuel rod geometry. This description is often referred
as 1.5D. A schematic representation of the discretized fuel rod in the 1.5D scheme of
ALCYONE is presented in Figure 1.18.
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Figure 1.18: Typical fuel rod and fuel pellet discretization in the 1.5D scheme
of ALCYONE.

A schematic representation of the different phenomena that need to be considered in
order to simulate fuel behavior under irradiation is shown in Figure 1.19. They are

briefly detailed in the next subsections.
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Figure 1.19: Main phenomena that need to be taken into account in fuel behav-
ior modeling [30].
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20 Chapter 1 Introduction on nuclear fuel

The difficulty in fuel performance modeling stems from the inter-dependence of the

phenomena which result in a strongly coupled problem.

1.2.1 Main phenomena
1.2.1.1 Neutronics

The first step in fuel performance modeling is to perform neutronics calculations. Neu-
tron fluxes and their spectrum have some impact on the generated heat and the fis-
sion products inventory in the fuel. To calculate the later, one may use sophisticated
neutron transport codes like MCNP [31], Serpent [32] or APOLLO [33], that were de-
signed to model complete reactor cores. However, in practice, simplified neutronics
models adapted to specific applications are generally used in fuel performance codes,
leading to much shorter calculation times. In the fuel performance code ALCYONE,
the ”simplified” neutronics model PRODHEL has been specifically developed for PWR
fuel simulations [34]. It gives access to a very large inventory of FPs isotopes and of
actinides. It also provides the heat generation rates in the fuel pellet originating from
nuclear reactions. Heat generation is a very local value and varies considerably close to
the pellet periphery due to fission of Pu isotopes. Example of a worldwide used model
for computing the heat generation is RADAR [35].

1.2.1.2 Thermal calculations

The heat balance equation with the heat generated by nuclear fissions is then solved.
The heat is transferred to the coolant flowing outside the fuel rod. Heat transfer must
thus be considered in the cladding wall that surrounds the fuel pellets but also in the
pellet-clad gap. Heat transfer depends on the fuel and clad materials thermal properties
(thermal conductivity, density and heat capacity). The pellet-clad gap that closes pro-
gressively during irradiation is another important aspect of fuel performance modeling,
making the thermal analysis strongly coupled with fuel and clad mechanics. In fact,
the change in the gap size modifies considerably heat exchange between the fuel rod
and the coolant. Sophisticated models have been developed for the heat transfer in the
gap, such as URGAP which is used in ALCYONE [36]. In this model, heat transfer
includes contribution from heat conduction in the gap, radiation between the pellet and
clad walls and pellet-clad contact. In simulations of in-reactor nominal irradiation and

power ramps, steady-state is generally considered in thermal calculations.
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1.2.1.3 Mechanics

The fuel structure and shape changes during irradiation. The pellet swells with temper-
ature increase and cracks in consequence of thermal stresses. The fuel pellet fragments
tend to deform as a banana (or hourglass) in consequence of the radial temperature
gradient. After some time, the pellet-cladding gap disappears. The fuel interacts with
the cladding and deforms it. It causes stresses and strains that might lead furthermore
to a loss of cladding integrity. The modeling of fuel rods mechanics forms the core of
most of fuel performance codes with varying degree of complexity. The static mechanical
equilibrium equation is solved in the fuel pellet and in the cladding. Upon pellet-clad
gap closure, radial and tangential forces between the two structural elements are taken
into account in the mechanical problem, leading to a much more complex resolution.
The main source of non linearity in fuel performance codes is however associated to
material behavior which are usually far from elasticity. Accurate calculation of stresses
in the fuel is also important for predicting of fission gas release, the last phenomenon

considered in fuel performance codes.

1.2.1.4 Fission gas release

Modeling of FGR is important in fuel performance simulations since it contributes to
increase the fuel rod internal pressure (filled with 26 bars of He at room temperature
in standard non irradiated PWR rods) that might exceed at hot state the coolant ex-
ternal pressure (155 bars) with deleterious consequences (gap re-opening, depleted heat
transfer in the gap, temperature increase in the fuel pellet...). Modeling of fission gas
release is usually limited to the noble gases xenon and krypton which constitute the
bulk of fission gases in irradiated fuel. Fission gases cause furthermore swelling of the
fuel pellet. In ALCYONE, the mechanistic code MARGARET has been implemented.
MARGARET describes most of the fission gas transport phenomena observed in ir-
radiated fuels, whether the gas diffusion occurs at the atomic scale or within bubbles
(coalescence, thermal diffusion). Different bubble populations are considered within the
fuel microstructure (nanobubbles within the grains, microbubbles at the grain bound-
aries, microbubbles within the grains when formation of the High Burnup Structure is
likely). Fuel swelling induced by fission gas retention within the grains and at the grain
boundaries are also simulated [37]. Fission gas swelling (gas bubble growth or shrinkage)
is dependent on the stress state within the material, illustrating another coupling in fuel

performance simulations.

1.2.2 Advanced thermo-mechanical modeling of PCI

ALCYONE is able to perform simulations of the fuel rod behavior in nominal conditions,

power ramps and accidental conditions. It is possible to simulate different configurations
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22 Chapter 1 Introduction on nuclear fuel

(complete fuel rod, pellet fragment with overlying cladding). The 3D scheme has been
developed specifically for PCI analyses since it allows a precise description of stress-strain
localization at the so-called triple point [38] (in front of a pellet radial crack and pellet
end, at the clad inner wall) where PCI failures in PWRs typically occur during class 2
power transients [24]. The mesh, mechanical boundary conditions and the location of the
triple point are shown in Figure 1.20. The top plane of the shown pellet fragment is called
the Mid-Pellet (MP) plane while the bottom plane is called the Inter-Pellet (IP) plane. In
the 3D scheme, owing to the symmetries at hand, only one fourth of a fuel pellet fragment
is considered (half of the fragment height, half of the fragment angle). The fragmentation
of the cylindrical fuel pellet in 8 identical pieces on average is a direct consequence of
the first power excursion seen by the fuel in reactor and is therefore taken into account
at the beginning of any simulation. The thermo-mechanical calculations in ALCYONE
rely on the finite element code Cast3M from which nodal quantities are calculated at
each time step (temperature, fuel and cladding displacements, stresses), completed by
nodal estimations of fission gas swelling and release. The thermo-mechanical calculation
accounts for many non-linearities, related either to material behavior (e.g., fuel and clad
creep, clad plasticity, fuel cracking) or structural behavior (e.g., pellet-clad unilateral

contact with friction, axial locking of the pellet and the cladding).
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Figure 1.20: Mesh and mechanical boundary conditions used in the 3D scheme
of ALCYONE (left figure) and the calculated pellet deformation (right figure)
with the triple point marked in red. Figure from [14].

In this respect, the 3D scheme provides very detailed simulations of PCI accounting for

most of the phenomena, as illustrated in Figure 1.21.
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Figure 1.21: Images of 3D simulation performed in ALCYONE [39]. Colors
correspond to inelastic strains in the fuel pellet. 1. 1 cycle, full power, 2. 27¢
cycle, full power, 3. End of the 2"¢ cycle, pellet-cladding gap is closed, 4. End
of the base irradiation, 5. Beginning of the power ramp, 6. Maximum linear
heat rate of the power ramp, 7. Holding period of the power ramp, filling of the
dishes by fuel creep, 8. Holding period of the power ramp, development of the
cladding ridges.

1.3 Conclusions

Fuel geometry is by essence relatively simple, consisting of cylindrical fuel pellets encased

in a zircaloy tube. Fuel behavior simulations are however characterized by the coupling
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of several phenomena occurring at different scales (nuclear deposition at the atomic
scale, fission gas release mechanisms at the scale of the fuel microstructure, thermo-
mechanics at the macroscopic scale) that explains the difficulties in actually predicting
with great accuracy fuel behavior. All fuel performance codes worldwide are primarily
focused on thermo-mechanics as it is of primary importance to assess the mechanical
resistance of the cladding during power transients, in particular for PCI studies. Less
fuel performance codes deal with FGR and fission gas-induced fuel swelling owing to the
complex system of equations that stems from a mechanistic description of gas diffusion,
bubble formation and coalescence, channels formation at the grain boundaries, and so
on. Most fission gas release models are furthermore limited to noble gas release that

form the bulk of the gas phase but are of limited interest for PCI analyses.

PCI failure/non failure assessment by fuel performance calculations relies on a PCI
technological limit derived from power ramps performed in Material Testing Reactors
(MTR), usually based on a maximum stress or strain energy density criterion. The
mechanism at the origin of PCI failures is however lodine-Stress Corrosion Cracking, re-
lated to iodine, one of the FPs, released from the fuel during a power transient. Treating
in more details PCI requires therefore a description of iodine release from the fuel which
is the goal of this thesis. Several aspects have to be considered to obtain a realistic
estimation of iodine release during a power transient. First, iodine is not volatile at all
temperatures and can combine with other FPs to form gaseous compounds. Thermo-
chemistry of FPs in the fuel should therefore be considered in fuel performance simula-
tions. Second, there are many quantities that can influence thermochemical equilibria in
nuclear fuel such as temperature, mechanical stresses and oxygen content. Their spatial
and temporal evolutions during a power transient should be assessed as best as possible.
While temperature and stresses are already part of fuel performance codes simulations,
oxygen content is generally assumed fixed and unchanged during a power transient in
PWRs.

In the next chapter, a review of existing data and models on thermochemistry of irradi-
ated fuel will first be given to explain the importance of oxygen in the system. Literature
review on oxygen transport in the fuel pellet will follow to discuss the potential evolu-
tion of oxygen related parameters during power transients. PCI failure mechanisms will
then be detailed and analyzed with a focus on the chemical aspects and the potential

importance of oxygen.
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Chapter 2

Literature Review

This chapter provides a literature review concerning the phenomena important in this
study. In the first section, thermochemistry of nuclear fuels is discussed. Section 2.2
presents publications concerning oxygen transport and its parameters. The data avail-
able in the open literature on the chemical aspects of PCI are discussed in Section
2.3. Fuel modeling approaches including or discussing thermochemistry and/or oxygen
transport are presented in Section 2.4. Finally, in the last section, the literature review

chapter is summarized and the objectives of this thesis are justified.

2.1 Thermochemistry of irradiated nuclear fuel

2.1.1 Introduction

In irradiated oxide fuels, oxygen, FPs and actinides may interact with each other and
form various chemical compounds. The mobility of these elements in the fuel microstruc-
ture and their potential interactions depend on various parameters related mainly to
temperature, pressure, burnup and fission pikes density. The chemical state of FPs
can be classified into the following main groups, slightly adapted from the classification

proposed by Lewis [19]:

e fission gases and other volatile fission products: Kr, Xe, Br, I, Cs and Te.

e fission products forming metallic precipitates: Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn,
Sb and Te.

e fission products forming oxide precipitates: Rb, Cs, Ba, Zr, Nb, Mo and Te.

e fission products dissolved in the fuel matrix: Sr, Zr, Nb, and the rare earths Y, La,
Ce, Pr, Nd, Pm, and Sm.

25
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26 Chapter 2 Literature Review

As can be seen, some FPs can be found in several groups. It is for example the case of Cs
which can form gaseous compounds such as cesium iodide Csl, simple oxide precipitates
such as cesium oxide CsO or complex oxide precipitates such as cesium molybdate
CsaMoQy. The transition from one group to another depends on the local values of
the temperature, pressure and burnup in the fuel. As may be expected from the radial
burnup and temperature profiles at hand during irradiation, the chemical speciation of
FPs is strongly dependent on the radial position along the fuel pellet radius. Speciation

of FPs is also likely to change significantly between nominal irradiation and power ramps.

Another usual way of classifying the FPs compounds is to group them in different phases.

Three main phases can be considered in irradiated oxide fuels:

e the gas phase (noble gases and chemically-reactive gases formed from volatile fission

products),

e the fluorite solid solution (the uranium dioxide matrix with dissolved rare earths and

plutonium oxides),

e the noble metal phase (Mo, Rh, Pd, Ru and Tc), which corresponds to metallic

amalgams,

to which must be added all the solid or liquid stoichiometric compounds which form each
a specific phase (metallic precipitates, oxide precipitates). A specificity of irradiated
oxide fuels is their ability to incorporate in the UOy matrix (fluorite solid solution) a
great number of FPs oxides. A schematic representation of irradiated fuel with the main

phases is given in Figure 2.1.
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Figure 2.1: Schematic of irradiated fuel.
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2.1.2 Oxygen potential

Fission reactions in the fuel lead to the liberation of oxygen atoms that can associate
with FPs. The potential formation of FPs oxides is mostly dependent on temperature
and the partial pressure of oxygen. The equilibrium oxygen pressure for the reaction

involving a typical FP may be written as [19]:
2 2
E(FP) + O02(9) = E(FP)OH (2.1)

where (FP) and (FP)O,, denote the fission product and its oxide, respectively. Equation 2.1

yields the oxygen partial pressure as follows:

PO, = €xXp <AGP> (2.2)

RT

where AG),, is the standard Gibbs energy of formation of the fission product oxide per
mole of oxygen at 1 atm pressure and temperature 7. Another way of expressing the
oxygen partial pressure is to define the so-called ”oxygen potential” AGo, (which should
be referred as the relative partial molar Gibbs energy of oxygen of the fission product
oxide) as follows:

AGo, = RT'Inpo, (2.3)

The ”oxygen potential” is equal to the relative partial molar Gibbs energy of oxygen of
the fission product oxide. The potential formation of oxides from the fission products
is summarized by the Ellingham diagram of Figure 2.2 where the ”oxygen potential”
of several fission products/fission products oxides reactions are plotted as a function of

temperature.
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Figure 2.2: Relative partial molar Gibbs free energies of oxygen of the fission
product oxides and of UOgy, [19].

In Ellingham’s diagram are also given the oxygen potentials of several non irradiated
uranium oxides, i.e., the oxygen partial pressure in equilibrium with the fuel at a given
temperature and 1 atm pressure. One may see important differences in oxygen poten-
tial in spite of small changes in stoichiometry deviations (compare the lines relative to
UO2.000 and UOg,go;1 in the graph). The stoichiometry deviation x in uranium dioxide
UOa34, is defined by:

x=12-0/U]| (2.4)

with O/U the oxygen over uranium ratio. One of the difficulty with uranium oxides

is their accommodation to important stoichiometry changes without phase changes, as
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illustrated by the U-O binary phase diagram from reference [19].
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Figure 2.3: Phase diagram of the binary system U-O. The lines of constant
Hy/H50 and point of constant Dy /DO ratios are calculated from Equations 4
and 5 in reference [19].

The diagram in Figure 2.3, calculated with the Royal Military College of Canada (RMC)
thermodynamics database, shows that UO2y, is stable in the expected range of tem-
peratures encountered in fuels during normal reactor operations (400 to 2500 °C). For
instance, the formation of uranium oxides of higher oxidation degree (U4Og) occurs at
stoichiometry deviations close to 0.25. Another important point, is the marked evolu-
tion of the equilibrium oxygen partial pressures of uranium dioxide with stoichiometry
deviation (marked by the O/U ratio) and temperature, as shown in Figure 2.4 from

reference [40].
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Figure 2.4: Oxygen partial pressure as a function of O/U. Symbols correspond
to selected experimental data and curves present calculated values [40].

Figure 2.4 shows that the equilibrium oxygen partial pressure depends greatly on the
O/U ratio of the fuel, as will be the case of the oxygen potential. In general, non
irradiated uranium dioxide fuel is fabricated such as to yield an O/U ratio very close
to 2, generally slightly over 2 (maximum 2.005). The oxygen potentials associated with
fission products oxides of Figure 2.2 must therefore be compared with those of the non
irradiated UOg,gpp and UOggp1. One may see that rare earths (La, Ce, Nd, Pr, Y), Zr,
Ba and Pu oxides have oxygen potentials far lower than fresh uranium dioxides. It is
therefore very likely that they will form oxides in the matrix. Some fission products
oxides have oxygen potentials close or intersecting those of fresh uranium dioxide. It
is in particular the case of Mo which may co-exist in metallic or oxide form in the fuel
depending on temperature. Other FPs with greater oxygen potential are less likely to

form oxides in the fuel.

By analogy with the O/U ratio of non irradiated oxide fuel, one usually defines the ratio

of oxygen atoms to metal atoms of irradiated fuel as follows:
O/Mtot:O/(U+FPS) (25)

According to Lewis, the O/M;,; ratio slowly increases with burnup.
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2.1.3 Chemical state of fission products in irradiated fuel

Standard experimental techniques applied to irradiated fuel samples in PWRs to charac-
terize the FPs include optical observations on fuel cross-sections, either from axial cuts
or transverse cuts, Scanning Electron Microscopy (SEM), Electron Probe MicroAnalyzer
(EPMA) and Secondary Ion Mass Spectrometry (SIMS). A very common procedure is
to use transverse fuel cross-sections and perform measures at regular positions along a
radius or diameter of the pellet. All techniques have limits that will be discussed in the

next sections.

2.1.3.1 Fission products dissolved in the fluorite solid solution

A non negligible number of FPs oxides can be dissolved in the UO9 matrix by replacing
the uranium cation on the normal lattice site. Most of them are listed in Table 2.1. These
oxides have different solubilities in the UOy matrix. The experimental data concerning
the solubility of these oxides in the UOy matrix were reviewed by Kleykamp [41]. The
author studied the solubility of 12 oxides that may be formed in irradiated fuel.

Table 2.1: Oxides that may be found in the solid solution phase of irradiated
UOg2. Adapted from Lewis[19].

MO MO M;03 MO,
CSQO SrO 06203 CGOQ
RbQO BaO DYQO3 M002

Hos03 NbOo
LasO3 NpOo
NdsO3 PuOs
PryO3  TeOs
SmsO3  ZrOs
Y203

According to Kleykamp, a high solubility of rare earth (Y, La, Ce, Pr, Nd) oxides is
observed for a wide range of temperatures. The rare earth (RE) elements are expected
to be found as REOy and RE2O3 oxides in the fuel matrix [41]. Actinides (Pu mainly)
are also important ingredients of the solid solution. They do not show tendency to
segregate and they are dissolved in the fuel matrix as oxides [19]. Gadolinium can
be used as a burnable poison in oxide fuels. It belongs to lanthanides and has similar
chemical behavior as lanthanum. Solubility of these elements are very similar. Europium
is another lanthanide that can be applied as a burnable poison. It has high solubility
exceeding 60 mol% at high temperature [42,43].
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Zirconium oxides are easily soluble in PuOg but their solubility in UOs is strongly de-
pendent on temperature [41]. During normal operation of the nuclear reactor (maximum
temperature <1200 °C), the maximum solubility of ZrOy in UOg is around 0.4 mol%.
However, higher temperatures that may occur during power ramps are associated with
high solubility of zirconia (15 mol% at 1500 °C and 51 mol% at 1700 °C) [44,45]. Ac-
cording to Romberger [46], zirconium has a high solubility thanks to the presence of
lanthanides. Schleifer et al. [47] performed experiments in which he studied solubility
of the Ln-Zr-U-O system (Ln stands for lanthanides).

Barium has a very low solubility in UO5 due to the large crystal radius of Ba?t. However,
its solubility can be enhanced by presence of an element with a much smaller crystal

radius, as shown by Fujino [43] who carried out experiments on the system U-Ba-Y-O.

Oxides of molybdenum, tellurium and cesium are characterized by a very small solubility.
These elements tend to gather in separate phases [48,49]. Solubility of elements like Ru,
Rh and Pd is below the detection limit even at very high temperatures (2100-2400 K)
[48].

Available data on fission products solubility are summarized in Table 2.2.

Table 2.2: Thermodynamic data of selected fission products. Adapted from
Lewis et al. [19].

Oxide Solubility in UO, Temperature (K) Excess Gibbs energy (w.r.t. solid) Cations per formula
(mol%) (Jmol™) mass
Cs0 2173 230 2
Lay03 69 523 —2686+ 8.505T 2
Lay03 50 1523 2
Pr,05 55 1523 —4268 4 8.505T 2
Nd>03 68 1523 —771448.505T 2
PuO., Miscible 0 1
NpO. Miscible 0 1

Dissolved FPs contents in the fuel can usually be assessed from EPMA measurements
performed at regular intervals along the fuel radius. An example of EPMA profile for Nd
is given in Figure 2.5, compared to that of Cs. The signal does not present significant
peaks meaning that Nd is homogeneously distributed within the UO2 matrix, as would

be expected from a FP oxide completely dissolved in the fuel.
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Figure 2.5: Radial EPMA profiles of Cs and Nd measured in the fuel sample
irradiated to 32 GWd/tHM and power ramped at the linear heat rate of 463
W/cm during 12 h [50].

To quantify the amount of FPs oxides dissolved in the fuel, the ratio of oxygen atoms to
dissolved metal atoms O/M may be used instead of the oxygen over metal ratio O/M;y
of Equation 2.5, which includes all the fission products, whether or not incorporated in

the fluorite solid solution.

2.1.3.2 Fission products and dopants precipitates at the pellet center

In LWR fuel rods irradiated in normal conditions, very few observations of metal-
lic and oxide precipitates have been reported owing to the low temperatures at hand
(600-1000 °C). Most observations concern fuel rods irradiated during power ramps or
high power sequences. The high temperatures reached at the pellet center (generally

exceeding 1500 °C) are in favor of the existence of a local thermodynamic equilibrium.

Early observations from an LWR UQO;-Zircaloy-4 fuel rod irradiated till a burnup of
41 GWd/tHM at a high local rod power of 430 W/cm were reported by Kleykamp
[51]. The maximum temperature of the central core of the pellet was estimated to be
around 1800 °C. Evidence of biphasic metallic precipitates composed of Mo and Ru
were found in the central part of the pellet till mid-pellet radius. The author related
these observations to the existence of a noble metal phase composed of Mo, T¢, Ru, Rh
and Pd, as previously identified in Sodium Fast Reactor (SFR) irradiated MOX fuels
[48]. They indicate that the oxygen potential of the fuel reached low values during the
high power period. From the percentage of Mo measured in the precipitates, Kleykamp
estimated the local oxygen potential in the range [-420;-380] kJ/mol Oz. In the same
study, Zr was found in the fuel mainly in dissolved form, as shown by the flat EPMA

diametral profiles of Figure 2.6, contrary to Mo which shows a significant decrease of the
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signal at the pellet center. The author could not identify any specific phase including

Cs.
I e e L A &
t Cesium :
KWO-HLB :
|
. [
b 1 h I- .I . 'l . .l 'I)h
03 i
Motybdenum Lg'
-.~= : 8
- 02F (=
z I.Q
%
01+ |2-
. . . |
a " i i i i 1 i M |
04 — T T r
xr R4 ' | -
03f Tat .IE : 'l
IR . - P
02} LA . : 1
Zirconium f
o1k .
I
n A 1 L i 1 1 L l.
T T T T L] T L} Ll 'll
Xenon 1 s l
i —
§ i 'lD Ig
} . 5‘%
A . | o

O‘I,EI 0806 04 02 0 02 04 06 0B 10

rire —

Figure 2.6: Diametrical weight fractions of Cs, Mo and Zr and of Xe bonded in
the fuel rod studied by Kleykamp [51].

Observations on PWR Cr-doped UQOs-Zircaloy-4 fuel rods irradiated till a burnup of
30 GWd/tHM and power ramped at RTLs of 470 and 530 W/cm during 12 h were
published by Riglet-Martial et al. [52]. The maximum temperatures at the central core
of the pellet were estimated to be around 2000 and 2200 °C, respectively. Evidence of
co-localized Mo, Ru and Cr metallic precipitates were found in the central part of the

pellets till approximately mid-radius, as shown by the X-ray maps of Figure 2.7.
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Figure 2.7: X-ray maps of Cr, O, Mo and Ru in the fuel studied by Riglet-
Martial et al. [52]. Brighter color corresponds to a higher concentration.

EPMA radial profiles of Cr and Mo furthermore indicated drastic changes in the mea-
sured signals along the fuel pellet radius. While a high content was recorded from the
periphery till mid-pellet radius, consistent with the initial dopant content and fission
products content expected at this burnup, a sharp decrease of the content was measured

in the fuel pellet core, see Figure 2.8.
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Figure 2.8: Radial profiles of the EPMA measures of Cr and Mo (left axis) and
of the temperature (right axis) in the fuel studied by Riglet-Martial et al. [52].

The change in the signal between the cold and hot sections of the pellet was interpreted
as a change in the chemical form of Mo and Cr in the fuel. The peaks observed in the
EPMA signals are characteristics of large or small precipitates. While Mo is usually
considered having a low solubility in uranium oxides, Cr is known to have a measurable
solubility (around 0.1 wt% after fabrication) which depends mostly on the oxygen partial

pressure and temperature [53].

The relation between the oxygen potential and chromium solubility in fresh UOs has
been described by Riglet-Martial et al. [53]. They have proposed a chromium solubility
model based on experimental results and thermodynamic calculations. Figure 2.9 shows

the evolution of the Cr solubility with oxygen partial pressure and temperature.
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Figure 2.9: Relation between chromium mole fraction in UO (i.e., chromium
solubility) and oxygen partial pressure for various temperatures. One may notice
the stability areas for Cr(,), CrO() and CrOg/y,). Figure adapted from [53].
Experimental data from [53-55].

The curves describing chromium solubility are calculated with the following equation:

U
logyg yor = qlogigpo, +V + T (2.6)

where

q, V and U - coefficients from Table 2.3
Yyor - chromium mole fraction
PO, - oxygen partial pressure [bar]

T - temperature [K]
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Table 2.3: Coeflicients of Equation 2.6, necessary to prepare curves from Figure
2.9. Table adapted from [53].

Chromium phase Slope g V, v(J/K Mol) U (%1074, u+10"* (J/Mol)

Crz04 0.00 0.1385 —0.4827
—2.651 9.242
Cro 025 —4.872 1.034
93.28 -19.80
Cr(T=1651°C) 0.75 —-8.391 2816
160.63 -5391
Cr(T<1651°C) 0.75 —6.076 2370
116.32 -4538

The measured Cr content at the pellet center after the power ramp being above the
detection limit of the EPMA device (0.005 wt%), Equation 2.6 was used to assess the
oxygen potential (or partial oxygen pressure) of the fuel pellet core. The authors es-
timated the oxygen potential to be within [-450;-350] kJ/mol Og for the temperature
range [1550;2000] °C, consistent with the earlier estimations of Kleykamp [51] and the

presence of metallic Mo and Ru.

In a recent paper [56], Desgranges et al. analyzed the FPs distribution in a fission gas
bubble located within a fuel grain situated near the pellet center of a PWR Cr-doped
UO2-M5 fuel rod of average burnup 36 GWd/tHM that had been ramped till an RTL
of 470 W/cm during 12 h. The analyzed fission gas bubble of radius close to 1 um was
formed in consequence of the power transient, according to the authors. SIMS images
after sputtering and EPMA mapping showed the presence of Xe, Cs, Te, I, Ba, Ru, Tc,
Mo, Pd and Cr in the bubble. The noble metal phase composed of Mo, Ru, Tc and
Pd was found in two metallic precipitates close to the bubble boundaries. Cs, Te and
I were also found co-located in the bubble but in two ”precipitates” distinct from the
ones including noble metals. The round shape of the precipitates led the authors to
suggest the formation of a possible Cs-Te-I liquid phase at hot state. Another striking

observation was the lack of specific phase formation outside of the fission gas bubbles.

2.1.3.3 Volatile fission products at the pellet-clad interface

It is impossible to directly observe the chemical speciation of volatile FPs in the fuel
during in-reactor irradiation. Only the volatile FPs that have been released from the
fuel and are found in the pellet-clad gap or at the clad inner surface can be assessed after
irradiation. If some co-localization of FPs is found, it does not imply that the chemical
form existed in the fuel prior to its release. It is possible that interaction of FPs and
formation of the compounds occurred in the fuel pellet clad gap. In high burnup fuel
rods, the analysis is further complicated by the formation of a U-Zr-O layer between

the fuel and the cladding with a high concentration in FPs [57]. Most observations refer
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to power ramped fuel samples since the high temperatures reached at the pellet center

lead to significant loss of volatile FPs.

Kleykamp analyzed the pellet-clad interface of the previously discussed LWR UO»-Zy4
fuel rod irradiated till a burnup of 41 GWd/tHM at a high local rod power of 430
W/cm. He found evidence of U, Zr and Cs in the gap region but without complete
spatial coincidence. He considered there could be formation of some Cs-Zr oxide that
could however not be identified. a-Zr and ZrOz layers of maximum 20 pm thick were
identified on the cladding inner side from which the local oxygen potential at the fuel
external surface was estimated to reach a very low value of -800 kJ/mol Og. According
to the author, the excess oxygen of the analyzed fuel, slightly hyperstoichiometric upon
fabrication (O/U = 2.003), was likely gettered by the zircaloy cladding during irradia-
tion. This conclusion appears questionable because, as shown by systematic recording
of maximum zirconia layer thickness from SEM images of irradiated fuel [58,59], the
formation of a homogeneous zirconia layer at the pellet clad interface is a process that
can take several years in reactor. The zirconia layer is generally strongly discontinuous
both in the axial and circumferential directions even in fuel rods with average burnups

of 40 GWd/tHM. An example of a zirconia layer is shown in Figure 2.10.

<4— Cladding

Zirconia

Fuel

Figure 2.10: Zirconia layer on the cladding inner wall observed in a UOq fuel
rod after 5 cycles [60].

A very different conclusion was drawn by Desgranges et al. in their analyses of the
chamfer region of a UO9-Zy4 fuel pellet irradiated till a burnup of 32 GWd/tHM and
subsequently power ramped at an RTL of 470 W/cm during 12 h [50]. The lack of pellet
clad contact in this specific region allowed the authors to give estimations of phase
formation without any impact from the cladding. Based on quantitative estimations
by EPMA of the Cs-I-Te-Mo-Ba-U-O concentrations in this region and thermochemical
calculations, the authors concluded that a vU4QOg phase rich in Cs and other FPs was
likely to have formed at the grain boundaries of the UOy sample. The corresponding
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oxygen potential was estimated to be greater than -350 kJ/mol Og at 400 °C, therefore
far above that of the expected Mo-MoO4 buffer.

Desgranges et al. analyzed the release of Xe, Cs, Te and I from UQOy-Zy4 irradiated
samples [61] (average burnups of 26 and 35 GWd/tHM). The first rodlet (26 GWd/tHM)
was subsequently ramped till a RTL of 450 W/cm followed by an immediate unloading
(no holding period at RTL). The second rodlet (35 GWd/tHM) was ramped till an RTL
of 520 W/cm maintained during 90 s. Figure 2.11 shows SIMS measurements of the
radial profiles of these FPs along the fuel pellet radius after the power transients. Note
that SIMS measurements are not quantitative (except for Xe) but relative to a stable
isotope in the fuel (?**U for cations, 80 for anions). The measurements are compared
in each case to estimations of the quantity of FPs resulting from the fission reactions

(curve "creation” in the graphs).
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Figure 2.11: SIMS measurements presenting radial distribution of Xe, Cs, I and
Te along the mid-pellet plane. NHT—no holding time, SHT-short holding time.

Adapted from [61].

As can be observed, the greatest differences between the creation line and the mea-

surements points took place at the pellet center where the higher temperatures were

reached. Three main observations were reported by Desgranges et al. from the SIMS

profiles. First, the Xe and Cs profiles were found to be very close, meaning that the

release of these two volatile FPs is driven by similar mechanisms, as reported by other

authors from out-of-pile annealing experiments [62]. Second, the Te and I profiles were

found well correlated to each other and significantly different from those of Xe and Cs,

indicating a more important and faster release of these FPs during the power transients.
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In particular, the first ramp test with no holding time at RTL showed a non negligible
loss of Te and I but no release of Cs and Xe. Desgranges et al. confirmed these re-
sults by performing SIMS ionic images of the pellet clad interface on the same sample.
SIMS images revealed the presence of high concentrations of °T and ¥°Te in most case

co-localized at the clad inner surface, see Figure 2.12.

Figure 2.12: SIMS images presenting 2?1, 139Te and '3"Cs near the pellet pe-
riphery. Dark blue corresponds to the lowest concentration and red to the
highest concentration [61].

High concentrations of 37Cs were also observed but could not be correlated with 21
and 30Te. A rather surprising observation since the presence of Csl compounds in
the fuel pellet clad gap is well supported by experimental characterization [14,63] and
highly expected since its formation is thermodynamically favored [5]. What is not clear
is whether CsI compounds are formed before reaching the gap (i.e., in the fuel) or
in the gap [19]. To discuss this point, Desgranges et al. proposed a thermodynamic
study of the quaternary chemical system Cs-O-I-Te in the thermal conditions of the fuel
pellet periphery (600 °C), summarized in Figure 2.13. Assuming that the oxygen partial
pressure in this region is controlled by the irradiated fuel (see the black point in the left
figure), they concluded that the most likely gas compounds in the gap would be Telyy)
and Csaly(y), in consistency with the SIMS images.
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Figure 2.13: Cs-I-O-Te gas phase diagram at 600 °C with the assumption that

0 < ﬁ < % The red and blue points refer to the experiments studied by

Desgranges et al. Figure adapted from [61].

2.1.4 Oxygen potential measurements in irradiated fuel

Because of its importance with regards to FPs speciation, great efforts have been put
over the years to measure the oxygen potential of irradiated fuel. Some experiments
on irradiated and SIMulated irradiated FUELs (called SIMFUEL) have been performed
[7,64-67]. All the authors used the solid state galvanic cell method to measure the
oxygen potential. Most of the measurements were made at temperatures between 750
and 1000 °C and are therefore representative of irradiated fuel in normal operating
conditions. They are presented in Sections 2.1.4.1 and 2.1.4.2. A few measures were
performed on irradiated fuels after power ramps. They show the impact of the power

transient on the oxygen potential and are detailed in Section 2.1.4.3.

The galvanic cell consists of a reference electrode, a working electrode and a solid oxide

electrolyte. The electromotive force between the reference and working electrodes is
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related to the oxygen potential. The oxygen potential of the reference electrode is

known and the oxygen potential of the studied sample can be determined.

2.1.4.1 SIMulated irradiated FUEL (SIMFUEL)

Une and Oguma prepared SIMFUEL samples by mixing oxides powders of Zr, Nd, Y,
Ce and Pr with an initially stoichiometric UO2 powder [64]. The authors used fission
products that are expected to form soluble oxides in the fuel matrix. Three samples
were prepared that simulated irradiated fuel of average burnups 2, 5 and 10 at% (which
corresponds to 18, 46 and 92 GWd/tHM respectively according the the relation given
in Section 1.1.2).

The authors measured the oxygen potential of the SIMFUEL samples at 1000 and
1300 °C. The impact of fission products addition on the oxygen potential was clearly
seen at 1300 °C. Oxygen potentials measured in the 10 at% burnup sample were the
highest. It was concluded that oxygen potential increases linearly with burnup. Sec-
ond conclusion drawn was that oxygen potential increases with increasing O/M ratio.

Experimental measurements are shown in Figure 2.14.
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Figure 2.14: Oxygen potential of SIMFUELSs of increasing burnups (2, 5 and 10
at%) as a function of the O/M ratio at 1000 and 1300 °C. Adapted from [64].

2.1.4.2 Irradiated fuel in normal operating conditions

Une et al. carried out one more experiment a few years later [65]. The authors measured
the oxygen potential in irradiated UOy and UO2-Gd203 samples (weight fraction of
Gda03 — 2%). The samples were irradiated in commercial BWRs. The range of burnups
was 13-30 GWd/tHM. Oxygen potential was measured at 750 °C which corresponds to

the external temperature of a fuel pellet. Experimental measurements are shown in
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Figure 2.15. It can be noticed that samples with higher burnup have higher oxygen
potential. Oxygen potential seems to decrease from the rim region to the fuel pellet
center. The experiments showed that the gadolinium-doped samples had slightly lower

oxygen potentials than the UO9 samples in spite of close burnups.
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Figure 2.15: Oxygen potential measured in irradiated UO; (a) and gadolinium-
doped fuel (b). Adapted from [65].

All measurements are upper bounded by the Mo/MoOs redox buffer, as shown by Elling-
ham diagram. The oxygen potential corresponding to this redox system at 750 °C is
around -404 kJ/mol Oa.

Matzke also carried out experiments on irradiated fuel [67]. The author measured the
oxygen potential in uranium dioxide fuels irradiated in a commercial LWR. The measure-
ments obtained on four samples with three different burnups are shown in Figure 2.16.
The measurements were repeated three times on every sample (1%, 2"¢ and 3"¢ run in
the figure). One can notice a small scatter between runs. The author explained that it
could be a result of rearrangement, precipitation or compound formation of fission prod-
ucts during the first run. An alternative explanation is a surface oxidation of samples

varying between runs.
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Figure 2.16: Oxygen potential measurements of samples with burnups of 28.9

GWd/tHM (top left), 34.5 GWd/tHM (bottom left) and 58 GWd/tHM (top
right). Adapted from [67].

While the samples with 28.9 and 34.5 GWd/tHM average burnups have very close oxygen
potentials, a significant decrease of the oxygen potential was observed on the measure-
ments relative to the high burnup sample (58 GWd/tHM average burnup). Matzke has
reported that this decrease may be caused by an unusual irradiation history with high
power during the first cycle, lower during the second one and high again in the last
cycle. The author concluded that the measured values indicated a probable buffering
of the oxygen potential by Mo/MoO2 (28.9 and 34.5 GWd/tHM) or by the Zr/ZrO-
(58 GWd/tHM) from the cladding. As explained before, the Zr/ZrO, buffering is likely
to occur in consequence of the pellet-clad gap closing during irradiation. Oxygen from
the fuel pellet rim leads to the formation of an internal layer of zirconia approximately
10 pm thick that certainly influences the oxygen potential of the fuel. The high average
burnup of one of the fuel is consistent with the presence of a continuous layer of zirconia
at the pellet-clad interface [68].

Matzke measured the oxygen potential in the rim region of a highly irradiated fuel
[66]. Fuel was irradiated in a PWR reactor up to an average burnup of 75 GWd/tHM.
According to numerical calculations and measurements of the concentration in Nd, the
rim region had a very high burnup, exceeding 200 GWd/tHM [69, 70]. The author
measured the oxygen potential in samples from the rim region and from the central
part of the pellet. The rim zone being very narrow (<0.5 mm) and the variation of
burnup being very important, the three studied samples from this small region had
different burnups. The authors indicated that the burnups of the sample fell in the
range 75-200 GWd/tHM without more precision. Comparison of the measured oxygen

potentials in this region with those from the center of the fuel is shown in Figure 2.17.
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Figure 2.17: Oxygen potential at the center compared to oxygen potential from
the rim region [66]. Specimens 1, 2 and 3 were sampled from the rim of the fuel
pellet.

Oxygen potentials measured in the rim region were very low despite the very high
burnups of the samples. All measured values were surprisingly in the range of those
relative to fresh, stoichiometric UO5 fuel. Due to the high burnup and the location of
the samples (pellet periphery), nearly all fissions can be attributed to Pu (low initial
235U enrichment). The authors concluded that the low oxygen potentials measured in

the rim region could be explained by the possible buffering by Zr/ZrOs.

The most recent measurements of oxygen potentials in irradiated fuel were published
by Walker et al. [7]. The authors investigated a fuel pellet with an average burnup of
102 GWd/tHM irradiated in a commercial PWR (9 cycles). Initially, the pellet had a
standard enrichment of 3.5% and was slightly hyperstoichiometric. Oxygen potentials
were measured at 4 radial positions. The authors pointed out that there were big
uncertainties concerning the oxygen potentials measured at the center of the pellets.
The measurements at four radial positions at two different temperature increase with

radius, which is shown in Figure 2.18.
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Figure 2.18: Comparison of oxygen potentials at different temperatures [7].

The measured oxygen potentials were found to increase with temperature and burnup,
but not linearly as found by Une and Oguma for burnup. The highest oxygen potential
was measured in the sample coming from the pellet periphery (r/R=0.98), reaching
-275 kJ/mol Oz at 1000 °C. In disagreement with the measurements of Matzke (see
Figure 2.17), the authors concluded that oxygen potential increases even at very high
burnups and that the measured values cannot be attributed anymore to Mo/MoOq
buffering. The measured oxygen potential in the rim region of the fuel was attributed
by the author to an increasing quantity of oxide phases non dissolved in the fuel matrix
(BaO, MoO3 and Cs20), in consequence of the likely reach of the solubility limit for a
number of FPs. Based on the measurements of Corcoran [71] and from thermodynamic
calculations of this high burnup fuel, Loukusa et al. attributed the high oxygen potential
of the pellet periphery to the formation of the UMoOg oxide [72], only possible at burnups
exceeding 50 GWd/tHM.

Together with direct measurements of the oxygen potential, Walker provided estimates
of the O/M ratio of the fuel. Based on ICP-MS (Inductively Coupled Plasma Mass
Spectrometry) measurements of the FPs contents at four radial positions and on as-
sumptions on the quantity of oxide phases not dissolved in the fuel, he found that the
O/M ratio had decreased during the nominal irradiation (initial O/M ratio of 2.005)
reaching 1.982 at the pellet center and 1.955 at the pellet periphery, see white squares
in Figure 2.19.
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Figure 2.19: "Fuel and stoichiometric O/M ratios and the quantity of free oxy-
gen as a function of radial position in the high burnup fuel.” Fuel O/M ratio-the
ratio of oxygen to FPs and actinides in solid solution and FPs forming secondary
phases, stoichiometric O/M ratio-the average O/M ratio of all the FPs and ac-

tinides combined with oxygen to form stoichiometric oxides. Adapted from
Walker et al. [7].

As for the oxygen potential, the O/M values are in contradiction with former estimates
of the evolution of the O/M ratio of the fuel where it is stated that an initially slightly
hyperstoichiometric fuel should yield an O/M close to 2 after irradiation, owing to the
oxygen gathered by the cladding [51].

2.1.4.3 Irradiated fuel in power ramps

There are very few measurements of the oxygen potential of irradiated fuel after a
power ramp. Adamson et al. measured the oxygen potential in various radial posi-
tions along the fuel pellet diameter of a BWR UQO3-Zy2 fuel rodlet of average burnup
11.4 GWd/tHM which was irradiated at an average power of 365 W/cm [73]. The initial
O/U ratio of the fuel was 2.00154+0.0015. The samples were drawn off power within one
minute which was considered quite effective to freeze the oxygen gradients within the
fuel'. The fuel maximum temperature during the irradiation sequence was estimated
over 1600 °C owing to the large diameter of the pellets (> 12 mm). Oxygen potential

measurements were performed at 750 °C and are summarized in Figure 2.20 as LIT2/3.

!Note that the quenching of fuel rods used for oxygen potential measurements is rarely mentioned in
the open literature and makes any interpretation of the results delicate
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Figure 2.20: Oxygen potential measured in the fuel rods LIT-2/3 and LIT-B/4
studied by Adamson et al. [73].

The oxygen potential was found to increase with the radial position from a minimum
value at the pellet center of -540 kJ/mol Oy till -460 kJ/mol O2 at the pellet periphery.
According to Ellingham diagram and assuming that the Mo/MoO3 oxide buffer controls
the oxygen partial pressure, the oxygen potential should be around -264 kJ/mol Og
at 1600 °C. The authors attributed the very low oxygen potential at the pellet center
to a migration of oxygen from hot to cold regions of the fuel. Connected to these
measurements, they estimated that the O/M ratio decreased at the pellet center during

the power sequence till ~1.997 while it increased at the pellet outer surface till ~1.999.

Adamson et al. measurements are in line with the estimations from Riglet-Martial et
al. based on chromium solubility in Cr-doped UOs fuel rodlets after power ramps,
as detailed in Section 2.1.3.2. According to the latter authors, these results are ev-
idence of a significant reductive perturbation in the high temperature section of the
pellets during the power transients. The evolution of the fuel may be summarized by
Figure 2.21, based on thermodynamic calculations of an irradiated UQO3 fuel of average
burnup 30 GWd/tHM.
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Figure 2.21: Evidence of the strong reduction of oxygen potential during the
power ramp. Calculations performed with the Factsage software [74,75]. The
blue and purple points show the equilibrium state after two power ramps studied
by Riglet-Martial et al. [52].

Curve (1) in the figure represents the oxygen potential of the fuel if it was controlled, as
expected, by the Mo/MoO; oxide buffer. Experimental points give the calculated oxygen
potentials in the two studied fuel pellets after power transients at 470 and 530 W /cm,
as deduced from chromium weight fraction measurements by EPMA. From the ther-
modynamic calculations, it appears that the post-ramp state is in the vicinity of the
CsaMo0O,4/Cs + Mo redox system. This was found consistent with the stabilization of
intermetallic phases of Mo, Ru and Cr as observed experimentally (see Figure 2.7). The
reductive perturbation during the power transient is indicated by the dotted line. As
Adamson et al., the authors attributed this perturbation to oxygen redistribution from
the hot center to the cold periphery induced by the thermal gradient. A non discussed
point in the work of Riglet-Martial et al. is the possible oxygen back redistribution in
the fuel during the cooling down period at the end of the power ramps. It is there-
fore not excluded that the estimated oxygen potentials are upper bounds of the levels
reached during the power transient. Note that cesium molybdate, CsoMoQy, a complex
oxide, has never been observed in irradiated PWR fuels but is known to be formed at
the pellet-clad interface of SFR fuels [76].

Besmann et al. performed thermodynamic calculations of most of the aforementioned

fuels with oxygen potential measurements (Une et al., Adamson et al., Matzke, Walker
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et al.) [77]. Only the measures relative to the fuel mid-pellet radius and performed at
750 °C were considered. They plotted the selected oxygen potential measurements in

function of burnup and showed that a bi-linear trend appeared, see Figure 2.22.
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Figure 2.22: Oxygen potential calculated at 750 °C without and with oxygen
loss due to cladding oxidation. Adapted from Besmann [77].

One interesting point is that the authors had to remove oxygen from the system to ob-
tain meaningful estimates of the oxygen potential. They attributed however the oxygen
deficiency to the development with burnup of the zirconia layer at the pellet clad in-
terface. Seducing as it is, this hypothesis does not explain how oxygen from mid-pellet
radius reached the pellet periphery during irradiation, whether released in a gaseous
compound or by diffusion in the fuel. It was furthermore shown by Minne that oxygen
liberated at the pellet periphery by fission reactions is largely sufficient to explain the

formation of a ~10 pum layer of zirconia [59].

2.1.5 Conclusions

Evidence of a reductive perturbation in the fuel pellet core during power ramps was
pointed out by a few authors based on direct measurements of the oxygen potential,
indirect estimations of oxygen potential from dopants solubility or thermodynamic cal-
culations. This apparent decrease of the oxygen potential is consistent with the sta-
bilization of intermetallic phases as observed experimentally. Authors attribute these
changes to oxygen transport in the fuel in relation to the high thermal gradient at hand,

a phenomenon referred as oxygen thermal diffusion [78].
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2.2 Oxygen transport in the fuel

In this section, the literature on oxygen transport in nuclear fuels by thermal diffusion

is reviewed. The main parameters governing oxygen transport are then discussed.

2.2.1 Theory
2.2.1.1 Introduction

Matter transport (actinides, fission products and oxygen) in nuclear fuels has first been
studied in (SFR) fuels due to the high temperature gradients encountered, which lead
to composition gradients (uranium, plutonium, oxygen and fission products). Matter
transport has been attributed to thermal diffusion in the solid, by analogy with the
phenomenon first studied by Soret in certain aqueous solutions. The application of the
thermal diffusion theory to nuclear fuels was published in the 70’s by Bober and Schu-
macher [78]. In PWR fuels, the temperatures are usually too low to lead to observable
thermal diffusion of uranium, plutonium and FPs. For this reason, the presentation of
thermal diffusion mechanisms in this section will be restricted to the most mobile ele-
ment, oxygen. At moderate temperatures, solid state mass transport is considered the
dominant process at the origin of oxygen redistribution. A review of matter transport
phenomena in SFR fuels was recently proposed by Welland [79]. The general descrip-
tion of thermal diffusion in solids is obtained from the thermodynamics of irreversible
processes. The basic idea is that for numerous irreversible processes, there exist linear
relations between the thermodynamic forces and the fluxes. In the case of simultaneous
heat and mass transport, the matter and heat fluxes (J; and J, respectively), are related

as follows to their respective thermodynamic forces X and Xj:
n
Je =Y aiXj+arXy k=1,...,n
j=1

n
D= Y X+ X, 27)
j=1

where the ayj, arq, agj and agq are the phenomenological coefficients. In general, the

following thermodynamic forces are used:

X, = —grad (su) (2.8)
1
Xy = —Tgrad (T) (2.9)
with T the absolute temperature and u; the chemical potential per mole of component

k given by:
p = pg + RT In ey, (2.10)
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where py is the standard chemical potential, R the gas constant, - the activity coeffi-
cient and zj the mole fraction of component k. The set of equations 2.7 can be applied
to diffusion processes in which the interactions with vacancies in the solid lattice are
or not involved. With mathematical manipulations, the mass and heat fluxes can be
expressed as a function of the mole fraction gradients instead of the chemical potential
gradients resulting in the standard equations for thermal diffusion as described in the
next sections. Complete derivation of the thermal diffusion equations starting from the

theory of irreversible processes is detailed in Appendix A.

2.2.1.2 Thermal diffusion in hypostoichiometric fuels

Thermal diffusion in non irradiated hypostoichiometric mixed oxide fuels has been for-
mulated by Bober and Schumacher [78]. Hypostoichiometric mixed oxide fuel consists
of a Uj_¢PuyOs_, matrix where = 2—0O/(U + Pu) > 0 is the stoichiometry deviation
and ¢ the mole fraction of Pu. These fuel materials are used in SFRs. Stoichiometry
deviations can reach high values (0.2-0.4). According to Bober and Schumacher, the
thermal diffusion process can be adequately represented by a binary system including
oxygen atoms and oxygen vacancies. The evolution of the system is governed by the
flux of oxygen vacancies J, in the lattice defined by:

*

(1= 20)a, % grad (T) (2.11)

1+ (O@ln~y,/0lnz,) R

Jy = —ND, |grad (z,,) +

with

N-total number of oxygen atoms per unit volume
D,~chemical diffusion coefficient of oxygen vacancies
T,-atomic fraction of oxygen vacancies

1+ (0ln~,/01n x,)-thermodynamic factor
Yp-activity coefficient of oxygen vacancies

Q;-molar heat of transport of oxygen vacancies
R-gas constant

T-absolute temperature

The specificity of thermal diffusion is the oxygen vacancies flux that results from the
application of a thermal gradient (grad(7') # 0), even if there is no concentration
gradient (grad (z,) = 0). A number of interesting properties are derived from the theory
of irreversible processes at the origin of the thermal diffusion formulation. In the binary
system at hand, there is equivalence between the oxygen vacancies and oxygen atoms

—J,), diffusion coefficients of oxygen vacancies and atoms (Do, = D),

fluxes (Jo =
heats of oxygen vacancies and atoms transport (Q,, = @) and thermodynamic factors

(1+0ln~v,/0lnz, =1+ 91In~,/dInzx, with z, = 1 — x, the atomic fraction of oxygen
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atoms). This implies that a unique equation needs to be solved to describe the evolution
of the oxygen in the material. Furthermore, in non irradiated mixed oxide fuels, Bober
and Schumacher show that the oxygen vacancy concentration and the stoichiometry
deviation are related as follows:

x = 2x, (2.12)

The thermal diffusion equation can therefore be equivalently formulated as a function
of the stoichiometry deviation. To further simplify the system, Bober and Schumacher
consider a dilute solution of oxygen vacancies. In this case, the dIn~,/dInx, term

disappears and 1 — x, equals approximately 1.

The transient thermal diffusion equation in hypostoichiometric mixed oxide reads as

follows:
0xy,

N
ot

— —div. (J,) (2.13)

Lassmann proposed the first transient solution for thermal diffusion at the end of the
80’s, a model that was implemented in the fuel performance code TRANSURANUS and
applied to SFR fuels [36]. Considering the axial symmetry of the fuel rod and the lack
of axial gradients, reformulating the problem in terms of the stoichiometry deviation,

the following equation was solved by the author:

dr 10 [ ~ (v Qb dT
% ror {TDOU <ar e a)} (2.14)

where r is the fuel pellet radius. Equation 2.14 depends on two parameters: the so-called
chemical diffusion coefficient of oxygen Do, and the heat of transport of oxygen Qp,, in

hypostoichiometric fuel.

2.2.1.3 Thermal diffusion in hyperstoichiometric fuels

In a hyperstoichiometric oxide or mixed oxide fuel U;_,Pu,Oz4, (with z = O/(U +
Pu) — 2 > 0), another diffusion mechanism needs to be considered: the movement of
interstitial oxygen atoms to neighboring interstitial sites without permanently displacing
lattice atoms. According to Bober and Schumacher, the flux of interstitial oxygen atoms
has negligible effect on the overall oxygen atoms. Thus, it is possible to describe the
evolution of the material by only considering the flux of oxygen interstitial atoms which

can be expressed as follows:

i 2

1+ (811’1%/8111:@) RT

Ji= _NEO,L- grad (x;) + ;grad (T) (2.15)

where
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N-total number of oxygen atoms per unit volume
lN?ofchemical diffusion coefficient of oxygen interstitials
x;—atomic fraction of oxygen interstitials

1+ (0In~;/01n x;)~thermodynamic factor

~v;—activity coefficient of oxygen interstitials

Qp, molar heat of transport of oxygen interstitials
R-gas constant

T—absolute temperature

Considering a dilute solution of oxygen interstitial, the equation can be further simplified
since the Oln~;/0Inx; term disappears. The transient thermal diffusion equation in

hyperstoichiometric fuel reads as follows:

al'i

Nat

= div. (J;) (2.16)

As for hypostoichiometric fuel, the stoichiometry deviation is related to the oxygen

interstitial atomic fraction as follows:
T =z (2.17)

The thermal diffusion equation can therefore be equivalently formulated as a function
of the stoichiometry deviation. Noting that Equation 2.14 equally applies to (hypo-) or
hyperstoichiometric fuel and provided the assumption of a dilute solution of (vacancies)
interstitials is considered, Lassmann applied the thermal diffusion equation 2.14 to PWR
hyperstoichiometric fuels [36] with a specific heat of transport of oxygen interstitials Qo, .
The diffusion coefficient of oxygen interstitials was considered equal to that of oxygen

vacancies Do, = Do, = Do.

One dimensional simulations of oxygen radial redistribution in hyperstoichiometric ura-
nium oxide have been detailed by Ozrin et al. [80]. The authors used the formulation
with the thermodynamic factor and coupled their macroscopic thermal diffusion calcu-

lations with FPs diffusion at the grain scale.

Two- and three-dimensional thermal diffusion simulations were performed by Ramirez
et al. [81] and Mihaila et al. [82,83] based also on the formulation with the ther-
modynamic factor (without the hypothesis of a dilute solution of interstitial atoms).
The COMSOL commercial software was used to solve the thermal diffusion equation for

hyperstoichiometric uranium oxide fuel in the following form:

or . ~ r  Qp,
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Equation 2.18 depends on three parameters: the chemical diffusion coefficient of oxygen
interstitials 150,;, the heat of transport of oxygen interstitials @, and the thermody-
namic factor F(z,T) = 1+ 0ln~,;/0Inx; in hyperstoichiometric fuel. In these works,
the oxygen thermal diffusion equation was coupled with the heat transport equation,
most of the parameters being dependent on temperature and stoichiometry deviation.

The impact of oxygen redistribution on the maximum fuel temperature was studied.

Higgs et al. included thermal diffusion of oxygen in numerical simulations of defective
fuels in CANDU reactors to model the pronounced oxidation of the fuel resulting from
the ingress of water vapor [84]. Welland extended the work to couple oxygen thermal
diffusion and heat transport in CANDU fuels with consideration of non congruent fuel
melting [85]. Oxygen thermal diffusion was implemented in solid and liquid uranium

oxide.

2.2.2 Chemical diffusion coefficient of oxygen

Discussion on chemical diffusion coefficient of oxygen will be limited to uranium oxides
(UO24,) since this work will only concern PWR standard oxide fuels. In his first imple-
mentation of transient thermal diffusion [86], Lassmann used the following expression
for the chemical diffusion coefficient of oxygen, based on the review of experimental data
of Matzke [87]:

Do = 1.39 x 10~% exp(—75900/ RT) (2.19)

with ]_N)O in m?/s and T the temperature in K. Due to the scattering of data, the known
dependency of the chemical diffusion coefficient on the hypo- or hyperstoichiometry of

the fuel was neglected by the author.

Since then, a few authors have proposed more precise estimations of the chemical diffu-
sion coefficient of oxygen with a clear separation between the hypo- and hyperstoichio-
metric domains. They are usually based on measurements of the self-diffusion coefficient
of oxygen, obtained from the evolution of a radioactive oxygen tracer (*30) in the fuel.
In these tracer experiments, no oxygen chemical potential gradient is considered. Dur-
ing self-diffusion, vacancies and interstitials execute a random walk among sites in the
crystal structure. The trajectories they follow involve a series of discrete jumps and each
jump is uncorrelated with the previous one. There are many publications concerning
the self-diffusion coefficient of oxygen in uranium dioxide. They present values of the
self-diffusion coeflicient for a wide range of temperatures and stoichiometry deviations.
The first attempt to gather them was made by Breitung in 1978 [88]. He collected all
the available data and compared to his model. To determine the self-diffusion coeffi-
cient, Breitung used the dynamical theory of self-diffusion. This theory is first described

in the next section. A second way to estimate the self-diffusion coefficient is to define
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the mobilities of point defects, as proposed by Moore et al. [89]. The mobility based

approach is also described in the next section.

From the estimation of self-diffusion coefficients, and by considering the relation between
the chemical potential and the mole fraction of oxygen, it is possible to determine the
chemical diffusion coefficient which relates the molar flux to the mole fraction gradient.

The last part of this section will detail the derivation of the chemical diffusion coefficient.

2.2.2.1 Self-diffusion coefficient (or tracer diffusion coefficient)

The dynamical theory of self-diffusion

To describe the self-diffusion coefficient, Breitung used the dynamical theory of self-
diffusion. This theory proposed by Rice [90] assumes that Frenkel defect pairs formation
has the biggest impact on the self-diffusion coefficient.

In the dynamical theory, concentration of oxygen vacancies [V and oxygen interstitials

[O;] may be expressed as:

—x — Kpo + [(x + Kro)? + 4K po)'/?

Vo] = 5

(2.20)

t— Kro + [(x 4+ Kro)? + 4K po]'/?
2

0] = (2.21)
where z is the stoichiometry deviation of the fuel. Establishment of Equations 2.20 and
2.21 are explained in details in Appendix B. Kpp from Equations 2.20 and 2.21 is the
Frenkel pair formation constant dependent on enthalpy AHpo and entropy ASgo of

formation of Frenkel defects:

(2.22)

—AH AS
Kpo = eap ( ro | FO)

R,T R,

Equations 2.20, 2.21 and 2.22 may be used to write a single equation for the oxygen self-
diffusion coefficient in hypo- and hyperstoichiometric fuels. The self-diffusion coefficient

of oxygen in non-stoichiometric UOs9 reads as follows:

—AHY,

Y —AHg, 2.23

D§ = D%)/O [Volexp < T
g

> +2Dg, [O;] exp <
AH{}‘O and AHg are migration enthalpies of oxygen vacancies and interstitials respec-
tively. AH{}"”O describes the energy which an atom needs to cross the potential barrier
between its position and a nearby vacancy site. AH})"Z_ is the amount of energy needed
by an atom to jump from its position to a non-lattice site. D?,O and D%i are constant

parameters for oxygen vacancies and interstitials, respectively [88].
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Breitung’s approach was re-evaluated by Berthinier et al. [91]. The author used new
experimental results to improve the model. By optimizing the parameters of the Frenkel
pair defects model, better agreement with the experimental data has been achieved.
However, there are still values that differ from the calculations significantly. The high-
est inconsistency is near the exact stoichiometry. These differences are up to few orders
of magnitude. The author explains that by the existence of unknown phenomena con-
trolling the self-diffusion. Comparison between the model with the parameters proposed
by Berthinier and the experiments can be found in Figure 2.23 (hyperstoichiometric
fuel) and Figure 2.24 (hypostoichiometric fuel).

Self-diffusion of O in UO,,,

9 [ —m-Auskemn and Belle (1958)
o | | _ OM=20 0 2.01
—- Auskern and Belle (1961
M OMJ=2.002)
- —4- Auskern and Belle (1961)
wn 12 - O/U=2.004
NE —e- Auskern and Belle (1961)
- =13 < OU=2.063
— &-Calc OU=2
A4 - -
o
b 15 - Calc OU=2.01
3’ 16 - Calc O/J=2.002
o
- AT 1 Calc O/U=2.004
-18 Calc O/U=2.063
49 | ! | | | |
4 6 8 10 12 14

10000/T (K)

Figure 2.23: Figure from Berthinier et al. [91]. Comparison of the self-diffusion
coefficient of oxygen proposed by the author with the experimental data [92,93].
Values for the hyperstoichiometric domain.
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Self-diffusion of O in UO,_,
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Figure 2.24: Figure from Berthinier et al. [91]. Comparison of the self-diffusion
coefficient of oxygen proposed by the author with the experimental data [88,94].
Values for the hypostoichiometric domain.

Mobility based self-diffusion model

Moore et al. have done an assessment of a mobility based oxygen diffusion model [89].
The authors model atomic transport using point defect diffusion with a CALPHAD-type
description of the defect structure. The thermodynamic model used in the assessment

is based on the work of Guéneau et al. [40]. The authors use 3 sub-lattices:

(U, U, U"), (0%, Vo), (0%, Vo), (2.24)

The first lattice concerns metal atoms, the second one describes oxygen atoms on the
tetrahedral site of the fluorite structure and the third one includes additional oxygen
atoms incorporated in the interstitial positions. Oxygen vacancies may be present on

the second and third sub-lattices.

Contrary to the dynamical theory of diffusion, Moore et al. use mobilities of point
defects. This approach has been proposed by Andersson and Agren [95]. The Nernst-
Einstein equation gives the following relation between the mobility and the self-diffusion

coefficient of oxygen:

D}y = M}RT (2.25)

where

D}, - self-diffusion of oxygen [m?/s]
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M}, - mobility of oxygen in UOy [m*mol/s/J]
T - temperature [K]
R - gas constant [J/mol/K]

Since the authors treat oxygen sub-lattices separately, the mobility of oxygen can be

expressed as:

M4 = My, + My, (2.26)
with
My, - mobility of oxygen vacancies
M;j, - mobility of oxygen interstitials

These individual mobility terms are expanded as follows:

— + 1-—- A— BT
My, = yvo (1 = yv,) My, exp < Do+ 1 { RTyVO) ( )) (2.27)
Q1o + 1o (1 —y1,) A
M, =y, (1= y1,) M}, exp ( Qo y’]‘%j(, Yio) > (2.28)

M‘(}O and M?O are pre-factors that give information on the atomic vibrational frequency
and jump distances. Qy, and @y, are activation energies. A and B are parameters
of the Redlich Kister polynomials describing interaction between species on each sub-
lattice. yyv,, and yj, are the site fractions of point defects. Parameters @);, Mio, A and

B were adjusted in order to fit experimental measurements. Results are in Table 2.4.

Table 2.4: Parameters for oxygen diffusion in UOg4, [89].

Assessed Oxygen Mobility Parameters

Regular Oxygen Sublattice (My,) Regular Oxygen Sublattice (My,,)

Qv, 53498 [J/mol] Q1 95411 [J/mol]
MY, 4.38x10712 [m?2/s] MY 2.76x10712 [m?/s]
A-BT 2234 [J/mol]-19.91T A -90548 [J /mol]

Calculated oxygen self-diffusion coefficients are in good agreement with experimental

data on hypo- and hyperstoichiometric oxide fuel, as shown in Figure 2.25.
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Figure 2.25: Calculated values of oxygen self-diffusion compared to experimental
data from [94,96].

2.2.2.2 Chemical diffusion coefficient of oxygen
The chemical diffusion coefficient is usually defined from the self-diffusion coefficient by
consideration of a thermodynamic factor such that:

.« Olnag
N O@lnxo

Do (2.29)
where:

xo-atom fraction of oxygen [-]

D}-self-diffusion coefficient of oxygen [m?/s]

ag-activity of oxygen [-]

Note that the term (Olnag/dInzp) is the thermodynamic factor previously defined in
thermal diffusion Equations 2.11 and 2.15 since ag = ypxg with vg the activity coefficient.

To relate oxygen activity in the solid solution ag to the more practical oxygen partial
pressure in equilibrium with the solid, the following equilibrium conditions between

gaseous dioxygen Oy(,) and oxygen in the fluorite solid solution O has to be written:

1
502(9) — O(g) (2.30)
O(g) < O(SS) (2.31)
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From these equilibria, the chemical potentials of oxygen in the solid and in the gas phase
may be related as follows:

1

1 1
— — _ p
/’LO(ss) = Mo = 5”02(57) — 5,“102(!]) + §RT lnp02 (232)

with '“%2(9) the standard chemical potential of gaseous dioxygen and po, the oxygen

partial pressure.

The relation between oxygen activity and oxygen partial pressure follows from equation
2.32: )
Inap = 5 Inpo, (2.33)

Derivation of the logarithm of oxygen activity with respect to the logarithm of oxygen
atom fraction (zo = (2+)/(3+z)) in a UO94, leads the expression of the thermody-

namic factor in the following form:

OJlnag 0lnpo,

ox

- %(3 +2)(2+ ) (2.34)

dlnzo
The complete derivation of Equation 2.34 is detailed in Appendix A. Considering that
uranium dioxide is a multi-component system (U and O), most authors refer to the inter-
diffusion coefficient of oxygen instead of the chemical diffusion coefficient. Darken’s rela-
tion is then used to calculate the inter-diffusion coefficient of oxygen in uranium dioxide
from the self-diffusion coefficients of the individual components and their atom fractions
[97]. As the self-diffusion coefficient of uranium is several order of magnitude smaller
than that of oxygen, a general assumption is to consider uranium atoms immobile, lead-

ing to the approximate expression of equation 2.35:

~ 1
Do :xUD’(k)a n ag

dlnzo (2.35)

where
xy = 1/(3 4+ x) is the uranium atom fraction.

Combined with the expression (2.34) of the thermodynamic factor, the so-called chemical
diffusion coefficient of oxygen (in reality the inter-diffusion coefficient) takes the well-

known following form:

24+ x0lnpo,
ox

Do = D} (2.36)
Note that this equation applies equally to hyper- and hypostoichiometric fuel. In the
latter case, x < 0. The difficulty in the estimation of the chemical diffusion coefficient
lies in the derivation of the oxygen partial pressure with the stoichiometry deviation, as

can be expected from the general shape of the curves given in Figure 2.4.
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Equation 2.36 has been used by Breitung [88] to calculate the chemical diffusion co-
efficient of oxygen. Measurements on hypostoichiometric uranium dioxide being not
available at the time, the author prepared calculations for the hyperstoichiometric do-

main only. The dlnpp,/0z function was derived from the Blackburn model [98,99].

Breitung’s approach to the chemical diffusion of oxygen was improved by Berthinier [91]
by the use of the uranium oxide model available in the Thermodynamics of Advanced
Fuels-International Database (TAF-ID) [40], illustrated in Figure 2.4, probably the most
complete model available today on uranium dioxide [100]. From thermodynamic calcu-
lations performed with the THERMOCALC software of the equilibrium oxygen partial
pressures as a function of the stoichiometry deviation and temperature, the author pro-
posed mathematical functions to approximate the relation between the partial pressure
Po,, the temperature T' and the stoichiometry deviation z. The equation describing the
equilibrium oxygen partial pressure in stoichiometric uranium dioxide depends only on

temperature:
po,(T) = 10~ A +7:0024 (2.37)

In the hypostoichiometric domain, the following relation was defined:

po, (2, T) = 10%74.2“0&0 |z]+11.9 (2.38)
In the hyperstoichiometric domain, the relation reads:

o, (2, T) = 10 AT —1-95xlogyg |a]+4.59 (2.39)

The calculated oxygen partial pressures from these functions are shown in Figure 2.26.
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Figure 2.26: Oxygen partial pressure as a function of the logarithm of the
stoichiometry deviation. Different curves correspond to different temperatures.
Calculations done by Berthinier et al. [91].

Derivation of these functions with respect to stoichiometry deviation led to estimations
of the thermodynamic factor and of the chemical diffusion coefficient of oxygen that was
compared to available experimental data. As can be expected, the resulting chemical

diffusion coefficients depend on temperature and stoichiometry deviation.

Moore et al. [89] also prepared an assessment of the chemical diffusion coefficient of
oxygen from their model of oxygen mobility and from thermodynamic calculations per-

formed with the uranium dioxide TAF-ID model [40] to get the thermodynamic factor.

The comparison to available experimental measures in hyperstoichiometric fuel is shown

in Figure 2.27.
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Figure 2.27: Oxygen chemical diffusion coefficient as a function of O/U. Com-
parison of calculations with experiments [101-105]. Figure adapted from [89].

As can be seen, the scatter of experimental data is very important. Very few data are

furthermore available in the hypostoichiometric domain.

2.2.3 Heat of oxygen transport

There are very few measurements of the heat of oxygen transport in oxide fuels. The
most comprehensive work published on the topic is that of Sari and Schumacher from
1976 [106]. In the experiments carried out by the authors, samples of hypo- and hy-
perstoichiometric mixed oxide fuels with various plutonium content (U;_,PuyO24, with
x = O/(U + Pu) — 2 and ¢ the Pu content) have been submitted to a temperature
gradient in the axial or radial direction. After the tests, the O/M ratios were measured
at the center and at the periphery of the samples (or at the extremities in case of an
axial temperature gradient) by determination of the weight change after equilibration
of the samples in a CO/COq environment. The heat of oxygen (vacancy or interstitial)
transport QQ, was estimated as follows from the steady-state solution of the thermal dif-

fusion Equations 2.11 and 2.15 considering a dilute solution of vacancies and interstitials

22— Q0 <1 - 1) (2.40)

oxygen atoms:

where
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x1 and xg are the stoichiometry deviations at the center and periphery (i.e. extremities)
of the fuel pellet

T, and T are the temperatures at the center and periphery (i.e. extremities) of the fuel

pellet

The most important result obtained by the authors is the opposite evolution of oxygen
flux in hypo- and hyperstoichiometric mixed oxide fuels. In hypostoichiometric fuel,
oxygen vacancies were found to increase in the hot part of the sample, leading smaller
than initial O/M ratios while the O/M ratios in the cold part increased during the
experiments. In hyperstoichiometric fuel, the hot part of the sample saw an increase
of oxygen interstitials (i.e. the O/M ratios increased) while the O/M ratios in the cold

part decreased with respect to the initial value.

The calculated heat of oxygen transport are represented in Figure 2.28 as a function of
the O/M ratios of the fuels.

0/(U+Pu) 1n (UggPuyy)0y,,
236 2.08 200 1.98 196 19

T T

heat of transpert

Figure 2.28: Figure from [106]. Data comes from Sari and other authors [73,107].
Different symbols correspond to different concentration of plutonium in samples.

Negative heats of transport were identified by Sari and Schumacher in hypo- and hyper-
stoichiometric fuels with decreasing values when closer to the strict stoichiometry (oxy-
gen thermal diffusion more difficult when less oxygen vacancies and interstitials) and
increasing values as stoichiometry deviation becomes important. The authors derived
mathematical expressions to express the heat of transport as a function of Pu or U

valence. For hypostoichiometric fuel:
Qp, = —3.96 x 10° 4 2.37 x 10°Vp, — 3.6 x 10°V}3, (2.41)

where Vp, is the valence of plutonium and Qp, is given in J /mol. The idea behind
the use of plutonium valence is to relate the stoichiometry deviation to the conversion
of Pu*t atoms into Pu3t atoms assuming Ui—¢PuyOo_; can be considered as an ideal

solution of 1 — ¢ mole fraction of UO2 and ¢ mole fraction of PuOgy_,, where m = z/q.
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In PuOs_,, the fraction of plutonium in the 3+ valence state is 2z, and the average
valency of plutonium ions is:

Vi =4 — == (2.42)
q

For hyperstoichiometric fuel, the heat of transport of oxygen interstitials is expressed
by:
QpH, = —3.5 x 10* exp(—17Vy) (2.43)

where Vi is the valence of uranium and @, is given in J /mol. Assuming again that
U1—¢PuyO24,; can be considered as an ideal solution of 1 —¢ mole fraction of UO24,, and
g mole fraction of PuOs, the stoichiometry deviation is now related to the conversion
of two U% atoms into U™ atoms for each additional O~ ion. Thus, the fraction of
uranium in the 54 valence state is 2x. The valence of uranium in the hyperstoichiometric

material is given by:
2z

1—gq

Vo =4+ (2.44)

The authors also concluded that heat of transport is quasi-independent of the plutonium
concentration in the fuel. For this reason, most of the thermal diffusion simulations
performed on hyperstoichiometric UO2, fuels have been based on Sari and Schumacher
experimental results, usually with a reevaluation of the heat of transport expressions in

function of the stoichiometry deviation [81-83,86].

Finally, it must be mentioned that most of Sari and Schumacher’s experiments have
been performed on samples closed in metal covers to avoid matter exchange with the
surroundings. This encapsulation led to the creation of an electronic short-circuit. Be-
side the oxygen point defects flux, there is a non-zero electron flux as well. Presence
of this flux might have affected the measured values of the heat of transport of oxygen.
Janek and Timm estimated the electron flux and proposed estimations of the heat of
transport due to thermal diffusion only [108]. The obtained evolution of the heat of
transport is summarized in Figure 2.29 and compared to Sari and Schumacher’s mea-

sures.
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Figure 2.29: Heat of transport calculated by Timm and Janek (solid line) com-
pared to the experimental data from Sari [106], Evans [109] and Adamson [73].

The authors showed that the evolution of the heat of transport close to stoichiometry

might be much more pronounced than expected from the measurements.

2.2.4 Conclusions

Oxygen redistribution in nuclear fuels has been mostly studied in SFR mixed oxide fuels.
Thermal diffusion induced by the thermal gradient at hand during reactor operation is
considered as the dominant process behind any change in oxygen content along the fuel
pellet radius. Laboratory experiments have shown that thermal diffusion leads to an
increase of the oxygen vacancies in the hot part of a hypostoichiometric fuel pellet.
This phenomenon might be related to the reductive perturbation evidenced in the fuel
pellet core during power ramps, as discussed in the previous section. Since the chemical
speciation of the fission gases released from the fuel depends greatly on the oxygen
potential of the fuel, the reductive perturbation might have implications on I-SCC, a
phenomenon related to iodide gases. For this reason, the chemical aspects of I-SCC are

reviewed in the next section.

2.3 PCI failure by I-SCC

In this section, the data available in the open literature on the chemical aspects of PCI
failure by I-SCC are recalled. Some models developed to describe crack propagation by

I-SCC in irradiated zircaloy claddings are described in a second time.
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2.3.1 I-SCC mechanisms
2.3.1.1 Introduction

Todine is generally accepted to be the main cause of stress corrosion cracking of zircaloy
claddings. Normal operation of the nuclear reactor does not cause significant iodine
release [110]. According to [111], release of iodine starts when the linear power rate is
greater than 300 W/cm. The clad inner wall temperature exceeds 340 °C, temperature at
which iodine is expected to be very reactive with zirconium [5]. Ruptured fuel pins show
transgranular and intergranular crack propagation. The development and propagation
of cracks related to I-SCC has been studied extensively in out-of-pile experiments. A
review of the test conditions and results can be found in references [5,23] and [112].
The propagation of cracks induced by I-SCC in the thickness of a zircaloy cladding is

generally believed to be governed by different processes and parameters [113]:

e a pre-requisite to I-SCC is the breaking of the internal zirconia layer that form on
the clad inner surface, leading to a radial crack that reach bare zircaloy. Le Boulch
et al. [114] and Sidky [5] reported that a minimum strain of less than 0.5% can
crack the oxide layer. Lewis et al. suggested a minimum strain of 0.4-0.5% based
on the simulation of an extensive database of power ramps on CANDU fuel rods
[115].

e the subsequent propagation of the radial crack within the bare zircaloy requires the
establishment of adequate chemical conditions at the crack tip, often associated to
a Van Arkel process with iodine transport in the crack. This mechanism requires

time and is usually referred as the incubation period (slow crack propagation).

e once a proper chemical environment holds at the crack tip, and a critical crack
depth agce is reached (related to a threshold stress intensity factor K ]I -9 CC), the
propagation rate of cracks by I-SCC changes. It is first intergranular, as shown by

many SEM observations.

e when the progression within the clad thickness reaches several tens of um, the

intergranular propagation shifts to fast intragranular propagation.

e the last mechanism involves the ductile shear failure of the remaining clad ligament

when the crack reaches a few hundreds of um.

2.3.1.2 Zirconium iodides

Todine chemically interacts with zirconium, impurities and alloy components. Reaction
rates are dependent on temperature and iodine partial pressure. Various zirconium

iodides can be formed. Cubicciotti et al. [116] give the chemical thermodynamics of
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the Zr-I system. Figure 2.30 gives the equilibrium phases present as a function of
the iodine partial pressure and temperature. Possible iodides are: Zrly 1-Zrly 3 (non-
stoichiometric monoiodide), Zrl; o-Zrly ;1 (diiodide), Zrly g-Zrls 4 (triiodide) and volatile
tetraiodide Zrl4. Cubicciotti et al. indicate that iodine can be chemisorbed on bare Zr

surface.
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Figure 2.30: Pressure of iodine and species that it forms with zirconium as a
function of temperature. © is the amount of iodine needed to form a monolayer
[116].

Peehs et al. studied the kinetics of Io/Zr reactions at 400 °C in laboratory experiments
and analyzed the ZrI, layers [117]. They found that the iodine to zirconium ratio has to
be higher than 2 to cause [-SCC. The authors suggested that only Zrl, is volatile at the
cladding temperature and that it plays a crucial role in I-SCC. Peehs et al. proposed a
mechanism that explain the formation process of Zrly ;). When iodine reaches a freshly
exposed Zr site, Zrl,) must be the first compound formed, because Zr + I = ZrI has an
equilibrium constant K, which fixes the partial iodine pressure. This pressure is less than
the one fixed by the higher iodide which forms next in the sequence Zrly) + I = Zrlyy).

This means that Zrly) cannot form on Zr without Zrl) intervening. In the same
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way, two more successive reactions will give Zrly,. Four layers of different zirconium
iodides will therefore form successively, if sufficient iodine pressure is available. At each
reaction step, the Zrly,) partial pressure is determined by the equilibrium between the

two successive zirconium iodides:
(b—a)Zrlyy = (4—2) Zrl,_y) + Zrlyy (0<x<4) (2.45)

2.3.1.3 Van Arkel reaction

Once the internal zirconia layer (a few pum thick) that forms during reactor operation
is cracked (a minimum strain of less than 0.5% is necessary to break the layer, see
Section 2.3.1.1), gaseous iodine can reach bare Zr and the first stage of SCC takes place,
usually referred as the incubation period. Existence of initial flaws in the cladding
inner surface is therefore not necessary for I-SCC to occur. The formation of Zrlyg) is
essential to deepen the crack in the zirconia layer by removing Zr but is not essential
to cause cracking since iodine will cause cracking by lowering the Zr bond energy [5].
The presence of a temperature gradient between the crack mouth and the crack tip
drives a cyclic mechanism that is thought to be responsible for the crack propagation
and explains the low quantities of iodine needed in I-SCC failures. This self-sustaining
process is called the Van Arkel reaction [115,118]. This mechanism is illustrated in

Figure 2.31, reproduced from [23].
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Figure 2.31: Mechanism of SCC assuming presence of gaseous iodine [23].
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In this mechanism, iodine reacts with zirconium at the crack tip and forms Zrly)
after the successive iodides. Gaseous Zrly decomposes increasingly to Zr and iodine at
increasing temperatures (van Arkel process) and so it can ferry Zr from the crack tip
(cooler, near water) where it forms Zrly to the crack mouth (hotter, near fuel) where it
thermally decomposes, dumping Zr and forming iodine gas which goes down the crack
tip again to form Zrly cyclically [5]. As implied by the Van Arkel reaction, only a small
initial quantity of gaseous iodine is necessary to initiate the process which is then self-
sustained. Regeneration of gaseous iodine depends on the gaseous oxygen available from
the fuel.

In relation to the van Arkel process, it is usually believed that much of the incubation
period may be due to the formation of a critical Zrl4 concentration. In this respect, fail-
ure times in laboratory I-SCC experiments performed with Zrl) are much less than
with gaseous iodine [5]. The detrimental role of oxygen has furthermore been confirmed
by Yang and Tsai [119] which showed that the failure times in laboratory I-SCC tests
performed with Zrly, decreased at high oxygen partial pressure (82 Pa). They at-
tributed this result to the dissociation of Zrly in the oxygen containing environment

according to: Zrlygy + Ogg) <= ZrOy4)+4l(), which led to the generation of gaseous

9)’
iodine. Comparing tests performed in gaseous iodine and gaseous zirconium tetraiodide
(with 82 Pa and 10~%° Pa partial oxygen pressures), they showed that the failure times
of the different batch could all be ordered as a function of the monoatomic iodine partial

pressure in equilibrium with Zrlyg/Zr ).

2.3.2 lodine thresholds for I-SCC

A critical threshold in iodine is required for I-SCC to occur. Several authors published
experimental results with varying iodine content and expressed the iodine threshold in
grams of iodine per unit surface of inner cladding wall [120-124]. Obtained thresholds
vary significantly. Tasooji et al. [125] calculated concentration of 10~* g/cm? whereas
Busby et al. [126] say that even 5x107% g/cm? of iodine on the Zircaloy surface has an
impact on failure time. The dispersion of these experimental thresholds is due to the
large variability of the experimental conditions explored, mostly as regard temperature
and oxygen partial pressure. According to Sidky, if gaseous iodine is postulated as the
main cause for I-SCC, thresholds should not be expressed in g/cm? of clad surface which
is relevant for solid iodides, but in g/cm3 of free volume in contact with the cladding [5].
An alternative threshold which seems more consistent with I-SCC mechanisms is the

iodine partial pressure of the atmosphere in contact with the clad inner wall.

A series of very comprehensive I-SCC experiments have been performed in the frame of
the Studsvik Cladding Integrity Program (SCIP). A sophisticated experimental tech-

nique has been developed where a cladding tube is loaded by a pre-notched alumina
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hollow specimen in which a conical mandrel is forced axially. The experimental assem-
bly used in the test is shown in Figure 2.32. The tests can be performed under controlled

atmosphere of iodine and oxygen (continuous flow in an argon carrier).
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Figure 2.32: “Expanding mandrel sample configuration for I-SCC investigations
of irradiated fuel cladding materials, the aluminia insert with 4 longitudinal slits
and the pure Zr mandrel in the central part and a cross section of a cladding
sample after mandrel testing [127]; 1-alumina sheath; 2—Zircaloy cladding (sam-
ple); 3—plunger; 4-channel from pure Zr” [128].

The device reproduces the localized loading conditions taking place in reactor during
PCI (stress concentration in front of opening radial pellet cracks). The fuel pellet is
simulated by the alumina sheath with 4 notches representing the cracked fuel pellet. The
notches are also used to transport iodine to the cladding inner wall. The Zr mandrel
inside the alumina sheath expands radially when compressed axially. It causes cracking
of the cladding sample. When it fails, oxygen goes through the crack. The failure is
detected by the oxygen content increase. The experimental setup was designed and
installed in a hot cell in order to perform experiments on irradiated cladding. Anghel et

al. investigated the impact of iodine partial pressure on the strain to failure and failure
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times of irradiated Zy2 samples [128] with an average burnup of 49 GWd/tHM. The
experiments were performed at 320 °C with diiodine partial pressures ranging from 0
to 200 Pa. The oxygen partial pressure was assumed very low due to the incorporation
of an oxygen getter (Zr tube) at the flow inlet. Three constant strain rate stages were
applied to the sample: the first stage with a fast strain rate simulating the fast expansion
of the fuel and the cladding during a power ramp, the second one with a slow strain
rate simulating the slow expansion at RTL related to fission gas swelling of the pellet.

Results are shown in Figure 2.33.
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Figure 2.33: Total diametral strain to failure (blue points) and time to failure
(vellow points) as a function of Iy partial pressure. Figure from [128].

Anghel et al. concluded that only the experiments with a partial diiodine pressure
exceeding 60 Pa led to failure by I-SCC (small time to failure of less than 15 minutes
and limited plastic strains). The results were confirmed by SEM observations of the
failed cladding samples which showed typical signs of I-SCC (fracture surface usually
exhibit cleavage-like planes with some fluting [5], i.e., plastic failure of grains). No real
impact of the diiodine partial pressure was observed in the limited range studied 60-
200 Pa. Other tests performed at 60 Pa diiodine partial pressure but with different
temperatures and strain rates also resulted in systematic failure of the samples. The
tests have been simulated with the finite element code CAST3M to estimate the local
stress state in front of the notches. Hoop stresses of 400-500 MPa are reached depending
on the friction coefficient at the alumina sheath - cladding interface, in the range of
expected stresses at the fuel clad interface during power ramps [14]. In their I-SCC tests
in carefully controlled oxygen and iodine environment (internal pressurized tubes), Yang
and Tsai showed that failure of the samples could take place at iodine concentrations as
low as 0.012 mg/cm? (temperature 360 °C), corresponding to partial diiodine pressures
of Py, =245 Pa and that the failure time decreases with increasing iodine concentrations
[119]. Peehs et al. reports that the time to failure is inversely proportional to iodine

concentration [5,129].
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The work of Anghel et al. concerns laboratory experiments on irradiated claddings.
The experiments reproduce PCI as well as possible. Stress concentration in front of
pellet cracks are represented by notches in the alumina ring. The cladding samples are
irradiated to the burnup at which PCI failures are likely to occur. Gaseous iodine is
provided. Oxygen content is low. The temperatures used in the experiments are close
to those expected on the cladding inner wall during in-reactor operation. This is the
reason why the critical diiodine partial pressure of 60 Pa will be used in this work to

assess I-SCC initiation.

2.3.3 Origin of iodine in reactor

There is no consensus on the origin of the iodine involved in I-SCC in reactor. This
stems from the fact that cesium as a fission product is 10 times more abundant than
iodine and that the formation of cesium iodide Csl is thermodynamically favored at
all temperatures. A reasonable conclusion is that most of iodine released from the fuel
pellet should be found bound with cesium. Deposits of cesium iodide have been observed
near pellet cracks and cladding cracks by many authors [5]. In theory, gaseous Csly) is
not expected to react with Zr, implying that another mechanism needs to be taken into
account to free iodine. Laboratory experiments show that Csl does not cause I-SCC in
the absence of radiation [5,130]. Dissociation of CsI by fission fragments (radiolysis) has
been studied by several authors, mostly by calculations. Burns et al. estimated that
radiolysis of Csl can cause enough iodine pressure for Zr-I reactions and I-SCC to take
place, but that iodine pressure from chemical thermodynamics alone would not [130].
Later calculations by Ball et al. lead to similar conclusions [131]. Konashi et al. studied
the iodine partial pressure evolution in an LWR fuel rod induced by radiolysis of Csl()
by fission fragments and concluded that this mechanism could generate enough iodine to
cause SCC of zircaloy cladding [132]. Frégonese et al. have used the Csl () decomposition
rate versus distance from the fuel pellet surface later published by Konashi et al. [133]
in their estimation of thermally released iodine in the fuel rodlet free volume during a
power ramp. They considered Csl,) radiolysis in the inter-pellet zone and in the fuel
pellet radial cracks. Assuming that Csl(,) decomposition would take place in a 5 um
thick layer from the fuel pellet surface, they calculated a potential for dissociation of
20%.

A counter-argument to the predominance of Csl is suggested by the faster transport
of iodine compared to cesium within the fuel which could lead to a surplus of iodine
over cesium in the fuel-clad gap during a power transient [5]. In this case, free iodine
would be available to initiate [-.SCC. The differences in cesium and iodine release could
be associated to the formation of non volatile cesium compounds in the fuel (cesium

molybdate, cesium oxides) that would limit the actual release of cesium. Radial SIMS
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profiles of cesium and iodine performed after a power ramp seem to accredit this hy-
pothesis [61], cesium release being much less than iodine. From their SIMS observations
of the pellet-clad gap, Desgranges et al. have associated I-SCC with the presence of
gaseous tellurium iodides Tel,,), probably released from the fuel pellet center during
the power ramp. According to the classification by Cox of gaseous iodide compounds
as a function of the time to failure in out-of-pile I-SCC tests, tellurium tetraiodide is
one of the most efficient. Baurens et al. performed 3D thermo-chemical-mechanical
simulations of PCI with ALCYONE where they showed that the contribution of I, Iy,
and Tely,) released from the fuel to the iodine partial pressure in the neighborhood of
the clad inner wall is sufficient to exceed the low 60 Pa identified in the mandrel tests of
the SCIP project [14]. This result was obtained in spite of the fact that 90% of released
iodine was found associated with cesium. The same authors investigated the impact
of the reductive perturbation described in the previous sections on the speciation of

gaseous iodides in the fuel [134]. The calculation results are presented in Figure 2.34.
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Figure 2.34: Concentration of some chemically reactive species as a function of
the O/M ratio calculated at 2000 °C. Adapted from Sercombe et al. [134].

Thermochemical simulations showed that the reductive perturbation (decrease of O/M
ratio from an initial value of 2) would lead to the disappearance of Tely(g) from the fuel
hot part and to an increase of the concentration in gaseous cesium. Obviously, as stated

by the authors, it could have a major impact on I-SCC propensity.
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2.3.4 Modelling of I-SCC
2.3.4.1 Crack propagation in the cladding

I-SCC has been studied by Le Boulch et al. [114]. The authors have carried out a series
of internal pressurization tests to investigate and model the different stages of I-SCC:

1) the crack initiation phase, 2) the incubation phase, 3) the crack propagation phase.

The authors have studied both irradiated and non irradiated stress-relieved Zircaloy-4
cladding samples to investigate the impact of irradiation on I-SCC susceptibility. The
pressurization tests have been performed in inert and iodine environments. The iodine
concentration in the tests was around 1.5 mg/cm? of clad internal surface, far above the
thresholds discussed in Section 2.3.2. The temperatures in the experiments were 350 °C,
420 °C and 480 °C. The samples were initially smooth, which allowed to study the crack
initiation and incubation phases. The results of the pressurization test on non irradiated
samples are shown in Figure 2.35. It can be seen that the time to failure decreases with
increasing temperature and stress. Also, the presence of iodine visibly reduces the time

to failure.
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Figure 2.35: Impact of temperature on the evolution of the time to failure as a
function of the hoop stress during internal pressurization tests on smooth, non
irradiated specimens. Results obtained under inert and iodine environments.
Figure adapted from Le Boulch et al. [114].

Figure 2.36 presents the time to failure measured in irradiated and non irradiated sam-
ples at 350 °C.
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Figure 2.36: Comparison between experimental data and the model proposed

by Le Boulch et al. [114]. Irradiated and non irradiated samples are compared
at 350 °C.

The impact of irradiation is tremendous, leading to a marked dependency on the stress
level. Times to failure at 400-500 MPa drop down to around 30 minutes on irradiated

samples.

Internal pressurization tests have also been performed on non-irradiated, pre-cracked
samples. Crack propagation rates have been estimated from these experiments. The
obtained results, shown in Figure 2.37, suggest that a stress intensity factor threshold
for I-SCC propagation may exist. The authors estimated its value at K IFS CC = 42
MPay/m. According to these experiments, when the stress intensity factor K exceeds

around 6 MPay/m, the crack propagation rate is independent of temperature.
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Figure 2.37: Stress corrosion crack growth rate as a function of the applied
stress intensity factor during internal pressurization tests on pre-cracked, non
irradiated specimens. Figure adapted from Le Boulch et al. [114].

These experimental data have been used by Le Boulch et al. to model the three phases
of I-SCC. The authors assumed that iodine was always in sufficient quantity to induce

I-SCC. For this reason, no dependency on the iodine concentration was considered.

1) Crack initiation phase

According to the authors, there are two conditions necessary for crack initiation: 1)
the existence of incipient cracks in the protective zirconia layer and 2) a positive tensile
hoop stress. The first condition is usually met when the cladding hoop strain is high
enough to brake the zirconia layer. To find the critical strain value, Le Boulch et al.
have simulated the internal pressurization tests with the finite element code Cast3M

[135]. The authors concluded that for irradiated samples, the critical hoop strain is

below 0.5%.

3) Crack propagation phase

As concluded from Figure 2.37, the crack propagation rate is independent of temperature
and it needs a threshold stress intensity factor K } —9CC to start. According to Le Boulch

et al., the crack propagation rate can be expressed as follows:
a=C (1 +D (K - K{—SCC)) (2.46)

where a is the crack depth, K is the stress intensity factor and C' and D are constant

parameters that need to be identified. The K factor is given by the relation:

K = aoy/ma (2.47)
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where « is the crack shape coefficient and ¢ is the applied hoop stress. The experimental
data from Figure 2.37 have been used to fit the coefficients C and D (C = 101
m/s and D = 5500 M) These parameters are valid for non irradiated Zircaloy-4.
Crack propagation experiments have not been done on irradiated samples. The same

parameters are used to model I-SCC propagation in irradiated cladding.

2) Incubation phase

The incubation phase takes place between the crack initiation and crack propagation
phases. It is considered as the most important phase in I-SCC, even if the crack depth
due to this phase does not exceed 10-20 pm. It is a slow process that gives its overall
kinetics to I-SCC failure. This phase ends when the threshold stress intensity factor

K II —9CC s reached. The duration of this incubation phase t4,p is estimated as follows:

toup =tr —tz — tpropa (248)

where tg is the time to failure measured in the pressurization tests on smooth samples, ¢tz
is the time needed to brake the zirconia layer (assumed to be equal to zero in irradiated

materials) and tpope is the duration of the crack propagation phase.

Based on the tests performed on non irradiated samples, the incubation phase appears
to be dependent on temperature and has been treated with an exponential term such
that:

toup = AeT 0B (2.49)

where A, B and () are three constant coefficients. Also, the threshold stress intensity

factor K }_S CC defines the critical crack depth agcc where the incubation phase ends:

2
1 KIfSCC

By assuming that the crack propagation rate during the incubation phase is equal to

the mean crack growth rate, the following relation can be written:

a = 25¢¢ (2.51)

tsub

The experimental data from Figure 2.36 have been used to fit the parameters for non

irradiated and irradiated materials:
a=1,Q =20240K, A = 6.44 x 10*, B = —7 for non irradiated Zircaloy-4 (2.52)

a=1,Q =20240K, A = 97562, B = —1.5 for irradiated Zircaloy-4 (2.53)

Validation of the model against the experimental measurements on the non irradiated

and irradiated samples is shown in Figure 2.36. The comparison shows that the model
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predicts the times to failure properly.

2.3.4.2 Iodine chemistry and transport model

Crack propagation models usually do not consider iodine chemistry and transport in the
process. One of the most complete model for I-SCC on this topic has been proposed by
Lewis et al. [115] and applied to CANDU fuel rods. The diffusion equations used in the
model were solved in the COMSOL Multiphysics [136]. In order to develop their model,

Lewis et al. have considered the following phenomena:

iodine isotopes diffusion in the fuel matrix and release to the gap

CsI decomposition by radiolysis in the gap for the production of Iy

I(4) diffusion in the gap towards the crack site

Formation of gaseous Zrly(, at the crack tip by the Van Arkel reaction

The simulated phenomena are schematically represented in Figure 2.38.
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Fission fragment recoil
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Figure 2.38: Schematic representation of the I-SCC process. Adapted from
[115].

First step in the modeling of I-SCC consisted in the description of iodine release from
the fuel matrix. The authors used the well-known Booth model to account for solid-state
lattice diffusion of iodine isotopes (stable isotopes 271, 12°I, and radioactive isotopes '3'I-
1351) in the fuel matrix till the fuel-clad gap [137,138]. In the Booth model, diffusion is
considered to occur in idealized fuel grain spheres of radius a. Fission product release
to the fuel-clad gap occurs when isotopes reach the idealized grain boundaries. The
Booth diffusion model for a time-dependent diffusion coefficient D(t) and fission products

generation rate at time t is expressed as follows:

Fr(t)y
i%

o 2 or

(2.54)

oC(r,t)  D(t) 0 ( 2 0C (1, t)
or

PR ) <t +
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where

C(r,t) is the fission product concentration in the idealized fuel grain of radius a,
V' is the volume of this grain,

A - the decay constant

F - the fission rate

y - the fission product yield

Booth proposed an approximate analytical solution to this equation which takes the

following simplified form [139]:

D/
(R> ~ 32 (2.55)

where

(R/B)aify is the release over birth ratio (released quantity of isotope divided by the
production),

D' =D /a? is the solid-state empirical diffusion coefficient (or apparent diffusion coeffi-
cient) which accounts for such effects as radiation damage, atomic diffusion, gas-bubble

nucleation, bubble migration and bubble coalescence.

The empirical diffusion coefficient D’ is fitted to sweep gas experiments performed on
operating CANDU fuels. This technique relies on the forced flow of an inert carrier
gas through the fuel sample in order to retrieve the fission products released from the
fuel. The concentrations of fission products isotopes is then measured in a gamma-ray
spectrometer leading on-line measurements of the isotopes release rates. In the sweep
experiments, no iodine release was measured which led to the assumption that all iodine
released from the fuel reacted with cesium in the fuel-clad gap and led to the formation
of a Csl(, layer at the surface of the fuel pellet fragments. The diffusion coefficient is

identified from the release of Xe isotopes, daughter of iodine isotopes.
The deposited concentration of a given iodine isotope Cys; (and associated cesium)

atoms on the fuel surface is obtained from the mass balance equation as follows:

dCfsi _ Raigy.i
dt ST

—XiClsi (2.56)

where

Ry, is the release rate from the fuel,

St is the total fuel surface.
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Radioactive decay of the short lived isotopes is considered. The thickness of the Csl
layer can be estimated from the sum of the deposited concentration of the seven iodine

isotopes.

The free iodine necessary for I-SCC is then associated with the radiolysis of Csl. Decom-
position of Csl is due to the fission fragment bombardment that reach the fuel surface.

The release rate of a recoil fission fragment from the fuel surface R"“ is given by:

Tec 1
R = 2w (S/V) p ErysConin (2.57)

where

w - average range of fission fragments in UOg (~7.7 pm)

(S/V) ¢ - geometric surface to volume ratio of the fuel body

ygs - fission fragment yield [(2 recoil particles)/fission]

(skin - fission rate enhancement factor (due to plutonium buildup on the outer edge of
the fuel pellet)

The release rate of iodine Ry from the radiolysis of Csl is then expressed as a function

of the recoil fission fragment rate R"* by:

Ry = RreCY] (dE/dl‘) Afo,,ee(C,mlub (2.58)

where

Az is the thickness of the Csl deposit

Coanlup 18 a factor accounting for the impurities of the internal layer of CANDU claddings
(called CANLUB) that can bind iodine

dE /dz is the energy loss per path length in the surface deposit (~460 eV /Angstrom)
Y7 is the number of iodine atoms liberated per unit energy deposited (0.23 atom/eV)

The term (free equals 1 when the appropriate stress/strain conditions are met to ini-
tiate I-SCC. Loading parameters (maximum power, maximum power increase during
the ramp, holding time at maximum power) are used to define the critical mechanical
conditions leading to I-SCC. Although the Csl can recombine after dissociation, that
effect is ignored in the model, leading to a conservative estimation of iodine release from

Csl radiolysis.

Next step is to model diffusion of free iodine towards the crack site. The authors
consider axial diffusion in the gap of a binary mixture of iodine and helium according

to a standard diffusion equation given by:
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0C,.
ot

0*Cy
Ox?

=Dap —XiCyi + Ry i (2.59)
where D 4p is the binary diffusion coefficient from the Chapman-Enskog kinetic theory
[140]. The diffusion of iodine in the clad crack is neglected since its dimension is small

compared to the rod length.

To model the crack propagation, Lewis et al. consider that iodine reacts instantaneously

with zirconium to form gaseous Zrly. The release rate of Zrl, from the crack is as follows:

1
Rz, = §Rcrack,T (260)
and depends only on the amount of iodine that reaches the crack site per unit time,
Rerack,T, evaluated from the diffusion equation. The crack is simplistically modeled as a
right cylindrical cone with a typical crack base width of 5 pm. Breaking of the cladding

is assumed when the crack length reaches the clad thickness.

The I-SCC model has been benchmarked using 172 power ramp cases from commercial
reactors and 163 from experimental irradiations [115]. As in other models dealing with
iodine release from the fuel [141], no chemical association with other fission products is
considered to occur within the fuel. A strong argument in favor of this assumption is the
very low burnup of the fuels used in CANDUs which greatly limits the fission product
inventory and hence the possible chemical association of fission products. As can be
foreseen from the system of equations at hand, the kinetics of I-SCC propagation in the
clad wall depend mostly on the iodine release kinetics from the fuel, the Csl radiolysis

rate and the transport of free iodine to the crack site.

In later work, Oussoren used the FAST fuel performance code [142,143] to simulate
the CANDU database in order to estimate the temperature and the stress/strains at
the pellet-clad interface during the power transients [144]. From these estimations and
the definition of related I-SCC thresholds, he post-processed crack propagation in the
cladding thickness with the consideration of iodine release, Csl decomposition, iodine
diffusion in the gap from Lewis model. And also included the kinetics related to the
incubation and crack propagation phases, as proposed by Le Boulch [114]. So far, this
approach is the most complete on PCI failure of cladding related to I-SCC.

2.3.5 Conclusions

I-SCC models describe the propagation of a crack in the zircaloy cladding. They are
either based on the mechanical stresses calculated at the crack tip assuming iodine
is available or based on iodine transport and cesium iodide radiolysis assuming the

mechanical stresses/strains necessary to initiate I-SCC are met. None of these approach
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consider fuel thermochemistry in the process. Iodine release from the fuel is based on
solid-state diffusion of the isotopes with no consideration of the potential association
with other fission products prior to its release in the fuel-clad gap. No consideration
of the possible change of the oxygen potential in the fuel and of its impact on iodine

chemistry is neither part of I-SCC models.

2.4 Thermochemistry and oxygen transport in nuclear fuel

simulations

Fuel modeling approaches where fuel thermochemistry and/or oxygen thermal diffusion

are included or discussed are presented in the last section of this chapter.

2.4.1 Thermochemical database

To predict irradiated fuel thermochemistry, the standard procedure is to perform cal-
culations of thermodynamic equilibria on the fission products inventory in the UOq
matrix. Thermodynamic equilibrium calculations are difficult and time-consuming since
they concern a very large number of fission products and of potential reactions between
them. Generally, to reduce the computational cost, the fission products are grouped in
families with similar chemical behavior. The second difficulty comes from the non ho-
mogeneous distribution of fission products, temperature and mechanical pressure within
the fuel during reactor operation, meaning that a single thermodynamic equilibrium
calculation has no chance to be representative of the overall fuel behavior. Fuel perfor-
mance simulations require therefore a non negligible number of thermodynamic equilib-
rium calculations at each time step with a very large range of temperatures, typically
400-2500 °C. The quality of the simulations rely on the thermodynamic database used
to define all the potential compounds likely to form in nuclear fuel. Generally, sev-
eral hundreds of them are considered in nuclear fuel thermochemistry. The standard
way to achieve thermodynamic equilibrium is to determine the combination of chemical
species and phases that minimize the total Gibbs energy of the system subjected to
mass balance constraints and at prescribed temperature and pressure conditions. The
theoretical and numerical background behind thermodynamic equilibrium calculations
has been established in the seventies and has led to the development of several Gibbs
energy minimizers such as SOLGASMIX [145] and THERMOCALC [146]. In recent
years, efforts have been made to develop Gibbs energy minimizers that can be readily
implemented in fuel performance codes. This includes THERMOCHIMICA developed
by Piro [147] and NUTS developed by Loukusa [148]. CEA has coupled its fuel per-
formance code ALCYONE with the Gibbs energy minimizer SOLGASMIX, renamed
AdvaNced Gibbs Energy minimizer (ANGE) at this occasion.
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There are several thermodynamic databases developed by different organizations for dif-
ferent types of reactors and fuels. These databases define the thermodynamic properties
(such as the free enthalpy of formation) of expected chemical compounds as a function
of temperature and pressure and their belonging to the different phases likely to form
in nuclear fuel. One of the most complete database has been developed by the RMC.
It has been prepared for CANDU reactors [19,149]. In the last years, the international
project TAF-ID has been launched with a collaboration of many countries in order to
define a unified and as complete as possible thermodynamic database for nuclear fuel
[100]. Currently, TAF-ID takes into account 40 fission products. The database includes
at present 204 binary and 63 ternary compounds. Although CEA is involved in the de-
velopment of the TAF-ID, an older database will be used in this work. It was developed
in the 90’s by Garcia et al. [150] and Dumas [151] mostly for application to SFR fuels
and extended by Baurens [62]. The Gibbs energy minimizer ANGE is used to calculate
the thermodynamic equilibrium with this database. Recent work by Introini has made
possible fuel performance simulations with the TAF-ID [152] but this functionality was

not available in 2016 when this thesis started.

2.4.2 MFPR

MFPR (Module for Fission Products Release) is a mechanistic code developed within a
collaboration between IBREA (Russia) and IRSN (France). It gives a detailed descrip-
tion of the evolution of the fuel micro-structure and of fission gas transport in nominal to
accidental conditions. Thermochemical equilibrium calculations are included in MFPR
to determine the compounds that form in the wide range of temperatures encountered
(500-3000 K). The code takes furthermore into account the solid state diffusion of fis-
sion products towards grain boundaries where they can form gas bubbles and solid phase
precipitates. Mobility of fission products depends on the fuel oxidation state [153]. Cur-
rently, MFPR is a sub-module of the fuel performance code SFPR (Single Fuel Rod «»
Performance) [154].

Ozrin implemented in MFPR a model for radial redistribution of oxygen by thermal
diffusion [80]. He treated the problem at two different scales. The first scale is defined
by the grain size. The author described the fuel as a multiphase system composed of the
fluorite solid solution, solid precipitates and the gas phase. He calculated local thermo-
dynamic equilibria which give values of the oxygen potential and O/M ratio at different
radial positions in the fuel. The second scale is defined by the pellet radius where oxy-
gen redistribution is driven by the temperature gradient and the oxygen concentration
gradient (hyperstoichiometric fuel is considered). Ozrin compared his simulation results

to the experimental measurements of oxygen potential from Walker et al. [7] on a UOq
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PWR fuel irradiated up to a very high average burnup (102 GWd/tHM). Oxygen poten-
tials obtained by Ozrin were far from experimental data, except near the pellet center,

as shown in Figure 2.39.
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Figure 2.39: Comparison of results obtained by Ozrin with experimental work
done by Walker et al. [7].

Ozrin underlined that Walker’s oxygen potential measurements were much greater than
those reported by other authors (see section 2.1.4.2) on irradiated fuels but with lower
average burnups. The author did not explain why he included oxygen thermal diffusion
in MFPR but it may be due to the high oxygen potential measured by Walker at the
pellet periphery that could stem from oxygen redistribution. The irradiation conditions
of the PWR fuel studied by Walker were in fact characterized by two irradiation cycles
at high power (340 and 290 W /cm) which could have led to high temperatures in the

fuel and hence to oxygen thermal diffusion.

2.4.3 THERMOCHIMICA

Piro et al. included the Gibbs energy minimizer THERMOCHIMICA (that Piro devel-
oped [147]) in the Advanced Multi-Physics (AMP) platform, where coupling between
a wide-variety of external software packages can be achieved. As Ogzrin, the authors
performed simulations of the high burnup fuel studied by Walker et al. [7]. The detailed
isotopic composition of the fuel was estimated from the ORIGEN-S code [11] while the
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thermal analysis of the fuel during reactor operation was based on the models available
in the FRAPCON fuel performance code [155]. The fuel burnup was calculated from
the TUBRNP model from the TRANSURANUS fuel performance code.

Piro et al. reported a very good agreement between measured and calculated fission
products inventory, O/M ratios and oxygen potentials at various positions along the fuel
pellet radius. Comparison of the calculated/measured oxygen potentials is presented in

Figure 2.40 (same data as in Figure 2.39).
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Figure 2.40: Comparison of the oxygen potential calculated by Piro et al. [12]
with experimental data from Walker et al. [7].

Comparison of calculated /measured O/M ratios in the fluorite solid solution is shown

in Figure 2.41.
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Figure 2.41: O/M ratio predicted by Piro et al. [12] (line) compared to the
values estimated by Walker et al. [7] (points).

The authors attribute the good results to the sophisticated description of the fuel ther-
mochemistry available in the RMC database that includes the contribution of multiple
phases. In calculations of the same fuel with the RMC database but with the NUTS
Gibbs energy minimizer [72], Loukusa et al. attributed the high oxygen potential values
at the pellet periphery to the formation of UMoQOg from MoOs and UO,. He showed
that the reaction was likely to take place when the local burnup exceeds 50 GWd/tHM.
Note that the O/M of the fuel estimated by Piro et al. appears to be slightly less than
2 showing that it decreased with respect to the initial value (2.005).

Piro et al. report calculations of the radial profile of oxygen potential in the fuel during

in-reactor operation, as shown in Figure 2.42.
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Figure 2.42: Oxygen potential during in-reactor operation. Calculated by Piro
et al. [12].

The obtained spatial variation along the radius is convex, which is due to competing
effects from temperature and local burnup variations (higher at the pellet periphery due
to Pu fissions), according to the authors. They discuss the potential consequences of this
convex profile in case oxygen thermal diffusion is included in the simulations. Instead of
a one direction oxygen redistribution (from the hot part of the fuel to the cold part or
reverse) as expected from the equations derived in Section 2.2, they inferred that most
of oxygen interstitials would be driven from the bulk of the material to the pellet center
but also to the pellet surface near the pellet rim due to the change in curvature of the
oxygen potential. This complex thermal diffusion cannot be captured by a model based

on the stoichiometry deviation gradient.

A preliminary inclusion of fuel thermodynamic calculations with THERMOCHIMICA
in the multi-dimensional BISON fuel performance code has been presented by Besmann
et al. [156]. In particular, the authors tried to couple the oxygen thermal diffusion model
in hyperstoichiometric fuel proposed by Ramirez et al. [81] with THERMOCHIMICA.
The authors concluded that the oxygen thermal diffusion problem was difficult to couple
with fuel thermodynamic equilibrium since both calculations were related by the O/M
ratio of the fluorite solid solution, an output in both cases. Recently, Simunovic et
al. proposed a novel formulation of the thermal diffusion problem based on the Planck
potential gradient [157] (u/7 with p the chemical potential) instead of the standard
stoichiometry deviation gradient. A first coupling of thermodynamic equilibrium cal-
culations of irradiated fuel with thermal diffusion was achieved, based on the TAF-ID

database and the oxygen mobilities identified by Moore and al. [89,158]. Contrary to

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



92 Chapter 2 Literature Review

the O/M ratio, the oxygen potential can be used as an input in the thermodynamic

equilibrium calculation, which facilitates the coupling.

2.4.4 ALCYONE and ANGE

Implementation of the Gibbs energy minimizer ANGE in the fuel performance code
ALCYONE was recently achieved by Baurens [14,62]. The fission products inven-
tory was estimated from independent calculations performed with the depletion code
CESAR [13]. Thermo-mechanical simulations of PCI with ALCYONE provided esti-
mates of the temperature and pressure at each node of the finite element mesh. These
parameters together with the fission products inventory were used to initiate the ther-
modynamic equilibrium calculations with ANGE. In return, ANGE provided the mole
fractions of the chemical species formed in the fuel as well as the O/M ratio and the

oxygen potential at all finite element nodes of the mesh and at every time step.

As in MFPR, ALCYONE simulations include a fission gas model called MARGARET
to estimate the fraction of noble gases released from the fuel. Solid-state diffusion,
bubble formation and migration in the fuel grains, bubble coalescence and gathering
at the grain boundaries, interconnection of bubbles and release to the free volume are
mechanisms that are explicitly described in MARGARET. A preliminary coupling with
thermodynamic equilibrium calculations has been defined to determine the release of
the minor gases formed in the fuel since they can be of importance for I-SCC. The
release of minor gases was defined from their concentration in the fuel and from the flux
of noble gases in intergranular bubbles to the free volume given by MARGARET. The
coupling has been used to estimate the release of gaseous iodine compounds (I, Lyg)s
Telyg) and Csly)) in the fuel-clad gap during a power ramp and the resulting iodine

partial pressure. The coupling is schematically described in Figure 2.43.
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Figure 2.43: Schematic representation of the thermochemical solver ANGE im-
plementation into the fuel performance code ALCYONE. Adapted from Baurens
et al. [14].

The calculated evolution of Tely(,) in the 3D simulations of Baurens, one of the possible

9)
iodides involved in I-SCC during a power ramp, is illustrated in Figure 2.44.
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Figure 2.44: Tely) at different times during the power ramp simulated by
Baurens et al. [14].

The release of tellurium diiodide was found particularly important near pellet ends where

I-SCC failure are known to occur.

A first coupling between thermodynamic equilibrium calculations with ANGE and the

oxygen thermal diffusion model of Lassmann [86] was proposed by Baurens [62, 134].
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The author used the redistribution model to find the radial profile of O/M in the fuel
at each time step and then changed the oxygen content at each node along the radius
to obtain a similar distribution of O/M in the fuel with ANGE. The method required
several thermodynamic equilibrium calculations at each time step and at each node,
making it unsuitable in 3D simulations of PCI. Another limitation came from the
non conservation of the oxygen content in the fuel pellet. Baurens showed however
that some typical observations could be reproduced with oxygen thermal diffusion, such
as the precipitation of metallic fission products during a power ramp. The chemical
composition of the gas phase in the fuel was also shown to change significantly with
oxygen redistribution [134], as the iodides released from the fuel. Consequences on

I-SCC were foreseen by the authors.

2.4.5 Conclusions

A review of the few nuclear fuel performance simulations including thermodynamic equi-
librium calculations and/or oxygen thermal diffusion calculations has been presented
in this section. Due to the high computer cost required by thermodynamic equilib-
rium calculations, only one dimensional simulations have been performed so far. Only
Baurens [14] has proposed simulations of PCI including irradiated fuel thermochemistry
and oxygen thermal diffusion. Preliminary conclusions from this work demonstrate that
oxygen redistribution can have a major impact on the fission gases released from the
fuel during a power ramp and might modify the chemical conditions at the clad inner
wall leading to I-SCC.

2.5 Goal of the work

Irradiated nuclear fuel is a very complex chemical system. Chemistry has huge impact on
material properties. Swelling, creep and cracking lead to deformation of the fuel pellet
and interaction with the cladding. By pellet-cladding interaction one may understand
not only mechanical processes but also chemical. There are iodide gas species formed in
the fuel that can reduce the cladding resistance to stress and induce a cracking process.
When submitted to high power changes, these gas species, released from the fuel, can
reach the cladding inner wall and initiate a stress corrosion cracking process leading to

clad failure.

A lot of work has been done in the past years on pellet-cladding interaction and stress
corrosion cracking. Numerous experiments and observations have provided an under-
standing of the main phenomena occurring during irradiation. It has led to the devel-
opment of multidimensional and multiphysics codes simulating in-reactor behavior of
nuclear fuel. CEA, FRAMATOME and EDF jointly develop the fuel performance code
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ALCYONE. This code is able to simulate most of the thermo-mechanical phenomena
taking place during irradiation (creep, plasticity, friction...) but also the fission gas
behavior in the fuel pellet. In recent years, ALCYONE has been upgraded to include
a description of thermodynamic equilibria in the fuel during irradiation, with a strong
focus on the minor fission gases related to iodine, cesium and tellurium. Three dimen-
sional simulations of PCI including fuel thermochemistry are now performed on a routine

basis.

However, there are important phenomena influencing fuel behavior that have not been
fully implemented in ALCYONE yet. One of them is oxygen thermal diffusion which is
thought to be at the origin of a number of observations after power transients such as
the precipitation of metallic fission products. Oxygen redistribution in the fuel pellet
when submitted to a power transient seems to be a potentially important factor with
respect to PCI failures by I-SCC. This oxygen redistribution can possibly change the
oxygen potential along the radius. It can therefore strongly affect the chemical state of
fission products in the fuel and the concentration of minor fission gases including those

which might react with the cladding when released from the fuel.

The main objective of this thesis is to implement a robust oxygen thermal diffusion model
into the fuel performance code ALCYONE that can be used in 3D simulations of PCI.
Expected outcome is the prediction of potential risks of PCI failure by I-SCC during
operation of nuclear reactors in normal and off-normal conditions and the development of
PCI remedies based on the optimization of fuel pellet composition. The main parameters
of the oxygen thermal diffusion (the oxygen diffusion coefficient and the heat of transport
of oxygen) are known for fresh UOy and (U, Pu)O2 but experimental data concerning
irradiated fuel are not available. Derivation of these parameters valid for irradiated fuel
is in the scope of this thesis. Lack of experimental measurements must be compensated
by thermochemical computations and analysis of observations made after power ramp

tests which allow some estimation of the parameters.

In chapter 3 of this thesis, the modeling of irradiated fuel thermochemistry available
in ALCYONE is detailed. Applications to the available experimental measurements of
oxygen potential in irradiated fuels are presented to check the capability of the thermo-
dynamic models to catch the spatial and temporal variation of oxygen potential due to

irradiation.

In chapter 4, robust numerical solutions for oxygen thermal diffusion are proposed and
assessed by comparison to models from the open literature. A finite element based
solution is derived that can be implemented in the 3D scheme of ALCYONE fuel per-
formance code. The parameters for oxygen thermal diffusion in irradiated fuels are then

discussed and assessed from available observations on oxygen potential tracers.

In the last chapter, the oxygen thermal diffusion problem is coupled to fuel thermo-

chemistry in ALCYONE fuel performance code and applied to 3D simulations of PCI.
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Conclusions are drawn on the impact of oxygen redistribution on PCI failure propensity
by I-SCC.
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Chapter 3

Thermochemical modeling of

nuclear fuel

This chapter presents the models used in this thesis to estimate the FPs inventory and
the chemical species that are formed in the fuel during typical irradiation sequences
in commercial and experimental reactors. In the first section, the neutronics model
PRODHEL is presented and assessed by comparison to available measures of FPs in
irradiated fuels. In the second section, the Gibbs energy minimization technique behind
the thermochemical solver ANGE is explained and calculations performed on binary
or ternary U-O-FPs systems are presented to show the capacity of the thermodynamic
database at catching the pronounced evolution of the oxygen potential with stoichiome-
try deviation and soluble FPs content. In the last section, thermodynamic calculations
of irradiated fuels are presented and compared to experimental measures of oxygen po-

tentials when available.

3.1 Neutronics model PRODHEL

3.1.1 Fission Products isotopes in irradiated fuel

The first step in modeling nuclear fuel thermochemistry is to compute the FP inventory.
In previous works performed with ALCYONE [14,62], the FPs content of irradiated fuel
was based on a set of linear correlation coefficients derived from CESAR calculations
and given in Table 1.3. These simple, empirical, linear evolutions with burnup gave
the FPs content with a sufficient precision at least for the application to power ramps.
However, they were not applicable to normal operating conditions in reactor since they
gave concentrations of long-lived and stable isotopes only. To open new opportunities
for ALCYONE fuel performance simulations, the neutronics model PRODHEL has been

developed. It can compute the isotopic composition of irradiated fuel during different
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scenarii including base irradiation and power transients. The model can be used as a

stand-alone program or within ALCYONE fuel performance code.

Initially, only the chains of actinides (U, Pu, Am, Cm, Np) were taken into account in
PRODHEL in order to calculate the radial power density profile in the fuel pellet and
the local helium production due to a decay. Recentlyy, PRODHEL has been extended
to the following FPs: Xe, Kr, Cs, Rb, I, Br, Te, Se, Mo, Tc¢, Ru, Rh, Pd, Sr, Ba, Y,
La, Nd, Pm, Eu, Gd, Ce, Pr, Nb and Zr. The model uses the neutronics database
JEFF 3.1.1 of JANIS [159]. Overall, PRODHEL includes 194 isotopes of FPs and 23
isotopes of actinides. To simplify the neutronics calculations, only highly abundant FPs
in irradiated fuel and their isotopes having a significant impact on the isotopic inventory

are considered, i.e., isotopes with neutronics cross-sections above 0.1 barn.

Implementation of the extended version of PRODHEL has been done for the needs of
this work. Considered elements as well as the representative elements used in further
thermochemical computations (see Section 3.2) are shown in Table 3.1. PRODHEL has
been successfully validated by comparison to the evolution code CESAR [13] and to the
core-wide neutronics code APOLLO [160]. The advantage of PRODHEL over CESAR is
its integration in the fuel performance code ALCYONE. The advantage over APOLLO
is its simplicity, which is sufficient for the needs of fuel performance analysis. PRODHEL
can be used to simulate standard UO9, MOX and Gd-doped fuels.

Table 3.1: Elements considered in PRODHEL, representative elements and their
affiliations to families.

Element Representative Family
element
He+Xe+Kr He Inert fission
Cs+Rb Cs gas and
I+Br 1 volatile fission
Te+Se+Ge+As Te products
Ba+Sr Ba Stable oxides
Zr+Nb Zr
Mo Mo
Ru+Tc+Rh Ru Metallic fission
Pd+Sn+Sb Pd products
Ce+Pr Ce Fission
Eu+Sm Eu products and
La+Y La actinides in
Gd+Nd+Pm Gd solid solution
Pu+Np+Am+Cm Pu in UO9
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Table 3.1 differs from Table 1.3 mentioned in Section 1.1.2 since more elements are
available from PRODHEL calculations. It has been decided to represent Ce and Pr with
the same representative element since both are lanthanides. Before, Pr was represented
by Pu. In the current division into groups, Pu is together with other actinides Np, Am

and Cm.

3.1.2 Evolution of iodine isotopes

PRODHEL is able to calculate a detailed isotopic composition at any moment. It allows
to study the evolution of elements such as iodine, which is important from the point of
view of PCI. A common hypothesis used in previous simulations of PCI was to consider
only the stable iodine isotopes [14]. PRODHEL has been used to follow the evolution
of iodine isotopes during typical reactor sequences. Half-lifes of calculated isotopes are

presented in Table 3.2. There are two stable or quasi-stable isotopes, 1271 and '2°I.

Table 3.2: Isotopes of iodine considered in PRODHEL and their half-lifes.

Isotope Half-life

1271 stable
1281 24.99 min
1291 1.57 x 107 y
1301 12.36 h
1311 8.02 d
1321 2.29 h
1331 20.8 h
1351 6.57 h

The schematic of the power sequence used in the simulation is shown in Figure 3.1. The
parameters used in PRODHEL are in Table 3.3. The fuel is assumed to be irradiated
at LHR of 200 W/cm till a high average burnup of 60 GWd/tHM (4-5 years in reac-
tor). Figure 3.2 shows the calculated time evolution of the iodine isotopes considered in
PRODHEL after reactor shutdown. It can be noticed that the most abundant isotopes
of iodine are found as stable 27T and '?°I. Other isotopes are present in lower quantities

and their concentrations are negligible after the first 2 months.
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Figure 3.1: Schematic representation of the power sequence used in the simula-
tion of iodine isotopic evolution.

Table 3.3: Parameters used in the PRODHEL stand-alone simulation for the
iodine isotopic composition.

LHR Enrichment Burnup Radius
[W/cm)] [% 23°U] [GWd/tHM] [mm]
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Figure 3.2: Concentrations of iodine isotopes calculated in PRODHEL plotted
as a function of time at zero power. The plot starts at the end of base irradiation.
Simulation parameters are given in Table 3.3.
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Power ramp tests usually include a conditioning period before the power transient, aim-
ing at retrieving the thermo-mechanical conditions that the fuel had at the end of reactor
operation. The iodine isotopic evolution during the conditioning period has been stud-
ied with PRODHEL. The simulation started with the isotopic composition calculated
previously in the fuel that reached 60 GWd/tHM. Then, the fuel spent 3 months at
zero power. The cooling period was followed by the conditioning period. The schematic

representation of the power sequence used in the simulation is shown in Figure 3.3.

Linear Heat Rate

[W/cm]
years 3 months 20h
200
Base Cooli Conditioning
irradiation ooling period
0
Time

Figure 3.3: Schematic representation of the power sequence used in the iodine
isotopic evolution during the conditioning period.

Figure 3.4 shows evolution of iodine isotopes during a 20 hour-long conditioning pe-
riod at the linear heat rate of 200 W/cm. One may see that except for 21 and %1,

concentrations of iodine isotopes increase to nearly constant values within the first hour.
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Figure 3.4: Concentrations of iodine isotopes considered in PRODHEL plotted
as a function of time during a pre-ramp conditioning period. The plot starts
after 3 months at zero power. Simulation parameters are given in Table 3.3.

Only the stable isotopes 27 and 2T are found in significant quantities. The other

1287 1307 _ 1351 gince they

isotopes are furthermore found in negligible quantities, i.e.
have much shorter half-lifes. The half-lifes also explain the quasi-constant concentrations
of the short-lived isotopes in Figure 3.4. The production rate of these isotopes is balanced
by their decay rate. These simulations justify the consideration of only the stable iodine

isotopes in PCI analyses of power ramps.

Examples of complete isotopic compositions calculated with PRODHEL at different
burnups at the end of base irradiation and after 3 months of cooling are shown in

Appendix C.

3.1.3 Validation on a low burnup fuel

In the present work, PRODHEL estimations have been compared to very detailed weight
fraction measurements of FPs by EPMA after one of the power ramp experiments per-
formed by CEA and named PRI in this work. The studied fuel rod underwent two
irradiation cycles in a commercial PWR in France and then was used to fabricate a
rodlet for the ramp test. Details of the base irradiation and the ramp test are shown in
Tables 3.4 and 3.5.
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Table 3.4: Base irradiation history of the rodlet PR1.

Reactor cycle Average linear power Cumulative average burnup

[W/cm] [GWd/tHM]
137 17
2 188 32

There were 2.7 years between the base irradiation and the ramp test and this period
has been taken into account in the simulation. The schematic representation of PR1
is shown in Figure 3.5. The duration of PR1 is around 18 h, which means that the
burnup increase during this short period can be neglected when compared to the base
irradiation duration (more than 2 years). However, it has been simulated in order to

properly reproduce the entire experimental procedure.

Table 3.5: Main characteristics of the simulated power ramp PR1.

Test % 23U Average Max. Holding Cond. Period Cond.
name burnup LHR Period Power Period
[GWd/tHM] [W/cm] [h] [W/cm] [h]
PR1 4.9 32 470 0 169 18

The power transients shown in Figure 3.5 last a few minutes and have no impact on the

elemental composition.

Linear Heat Rate
tO HP
182 s
t0 ramp
. «— ~10 s
4.9 min

Time

Figure 3.5: Schematic representation of PR1. The conditioning period lasts
until 7t0 ramp”. The maximum LHR is reached at "t0 HP”. Durations of
power transients are marked.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



104 Chapter 3 Thermochemical modeling of nuclear fuel

The radial profiles of FPs have been calculated with PRODHEL implemented within
the fuel performance code ALCYONE. Figure 3.6 shows the calculated versus measured
FP inventory along the fuel pellet radius. The agreement is good except for FPs in very
low quantities such as Te. The highest deviation is for this element and it reaches about
35%. Other deviations range from < 1% for Pu to around 7% for Mo. However, the
Pu profile is not very well predicted along the entire radius. PRODHEL calculations
at the pellet periphery (r/Rpeier > 0.8) underestimate the Pu content by around 20%.
The Pu content measured at the periphery is not as steep as the Pu profiles of samples
irradiated in LWRs reported by Lassmann et al [161]. Thus the EPMA measurement of
Pu at the pellet periphery is questionable. The mentioned deviations are calculated as

follows:

Deviation — |ezp — Weatel 1500, (3.1)
Wexp

with wezp—measured weight fraction and weq.—calculated weight fraction. Dashed lines
in Figure 3.6 are calculated with the correlation coefficients based on CESAR calculations
(see Table 1.3) and the burnup profile of Figure 3.7. Weight fractions predicted with
these coefficients are in a comparably good agreement with PRODHEL except for Pu,
which is much better predicted by PRODHEL.
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Figure 3.6: Weight fractions of some FPs calculated with PRODHEL (thick
lines) and with CESAR (dashed lines) compared to EPMA measurements (thin
lines) after the PRI test.

The above comparison concerns a fuel with a burnup (32 GWd/tHM) that falls in
the critical burnup range for PCI failure in PWRs [30-45 GWd/tHM]. It shows that
PRODHEL calculations are able to very closely estimate the FPs inventory in the fuel.
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Figure 3.7: Calculated burnup radial profile of PR1.

3.1.4 Validation on a high burnup fuel

To validate PRODHEL on a high burnup fuel, the work of Walker et al. [7] has been
analyzed. The authors have studied a fuel that has reached a very high burnup (102
GWd/tHM on average). The characteristics of the studied sample and the power history
are shown in Tables 3.6 and 3.7.

Table 3.6: Main characteristics of the fuel rod studied by Walker et al. Adapted
from Walker et al. [7].

Pellet diameter [mm|] 9.3
Initial enrichment [%)] 3.5
Fuel density [%TD] 95
2D grain size [pum)] 9-12
O/M 2.005
Diametrical gap [pm)] 160-190
He fill gas pressure [bar] 22,5

Cladding material Zr-based alloy
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Table 3.7: Irradiation history of the fuel rod studied by Walker et al. Adapted
from Walker et al. [7].

Reactor cycle Max. average linear power Cumulative average burnup

[W/cm] [GWd/tHM]
1 340 19
2 290 37
3 230 48
4 200 59
5 180 67
6 170 72
7 160 82
8 140 90
9 140 98

ALCYONE with PRODHEL has been used to simulate the experiment according to
the fuel pellet characteristics and the power history reported by Walker et al. [7].
The authors did not specify the cooling time between the end of irradiation and the
measurements. To take into account the composition change due to radioactive decays,
the concentrations of the representative elements after different cooling times have been
studied. The calculated elemental compositions of Walker’s fuel after 1, 3 and 5 years
of cooling are shown in Figure 3.8. Differences between different cooling times are not

visible in this figure.
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o
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0.001
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Chemical element

Figure 3.8: PRODHEL calculations of the integral weight fractions of chemical
elements after 1, 3 or 5 years of cooling.

To show the difference in concentrations between the cooling times, the deviation from

the average value for each element has been calculated using the following expression:

|Caverage - Cz |

Caverage

Deviation from average = x 100% (3.2)
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where Cyperage i the average value of the element from three simulations with different
cooling times and Cj is the value calculated in the simulation with the cooling time

(i=1, 3, 5). The deviations are shown in Figure 3.9.

T T T
1 year N
3F 3years N _
5 years

Deviation from average [%]
N

He Cs Te | Mo Ba Zr Ce La Gd Eu Ru Pd ] Pu

Chemical element

Figure 3.9: Deviations from average value in PRODHEL calculations of the
integral weight fractions of chemical elements after 1, 3 or 5 years of cooling.

The highest deviation, reaching 4 % is calculated for Cs. Other noticeable deviations
exceeding 1% are for Ba, Eu and Pd. It can be concluded from this analysis that the
cooling time varying from one year to five years does not have a significant impact on
the concentration of representative elements. In the comparisons with experimental
measurements, a cooling time of 3 years is considered since this duration is in the range

of usual cooling times at CEA between power ramps and experimental measurements.

The burnup radial profile calculated with ALCYONE is very close to the one reported
by Walker et al. as shown in Figure 3.10. The deviation at the pellet center is around

4% while the maximum deviation is around 8% at r/Rpeyer = 0.8.
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Figure 3.10: Radial profile of burnup calculated with ALCYONE compared to
the estimates deduced from Nd concentration measurements by Walker et al.
(7).

Walker et al. have measured the average FP inventory in the fuel pellet. The authors
used the ICP-MS method for the average value. The predicted radial average FP inven-
tory in the fuel pellet is shown in Figure 3.11 and compared to Walker’s measurements.
This figure also includes the values calculated with the coefficients of Table 1.3 and the
burnup profile of Figure 3.10.
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Figure 3.11: PRODHEL calculations of the integral weight fractions of chemical
elements compared to ICP-MS measurements from Walker et al. [7] and to
CESAR calculations.

PRODHEL and CESAR results compared to ICP-MS measurements show that PROD-
HEL is in a better agreement with the measures for most of the considered elements.
All the deviations between the neutronics calculations and the experimental values cal-

culated with Equation 3.1 are shown in Figure 3.12.
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Figure 3.12: Deviations from the experimental measurements of average weight
fractions of FPs calculated by PRODHEL and CESAR.

Very large deviations are observed for Pd, Mo, Rh, Ru and Tc¢. However, as reported by
Walker et al., all these metals are insoluble in HNOj3, the solvent used in the ICP-MS
analysis. They were part of the residue remaining from the fuel dissolution. The authors
mentioned that for this reason concentrations of these elements measured by ICP-MS
were underestimated. The calculated Sm weight fractions also show a very high devia-
tion. Walker et al. have reported that the Sm weight fraction is exactly the same as the
Eu weight fraction, which was unexpected by the authors. According to PRODHEL and
CESAR calculations, the Sm content should be around 10 times higher than that of Eu.
The deviation of Sb is not satisfying either. According to the work of May et al. [162],
those discrepancies might be caused by polyatomic interferences during ICP-MS analy-
sis, such as ?°Bal®0Ot on P'Eut, B¥Bal®OH* and 99Ru160; on 478mt, 105pql6Q+
on '21Sb. Neutronics calculations of Walker’s experiment have also been performed by
Piro et al. [12]. The authors used the ORIGEN-S [11] code and obtained results very
similar to those from PRODHEL (overestimation of Pd, Mo, Rh, Ru and Tc).

Walker et al. also measured by EPMA the local FPs inventories at 4 radial positions
7/Rpeiier=0.1, 0.5, 0.8, 0.975 where r/Rpejiet is the relative radius of the pellet. Calcu-
lated local inventories are compared to measurements in Figures 3.13-3.16. In addition,
these figures include inventories calculated with CESAR’s correlation coefficients, given

in Table 1.3, and the burnup profile of Figure 3.7.
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Figure 3.13: PRODHEL calculations of the local atom fractions of chemical
elements compared to EPMA measurements from Walker et al. [7] and to
CESAR calculations at 7/ Rpejier=0.1.
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Figure 3.14: RODHEL calculations of the local atom fractions of chemical ele-
ments compared to EPMA measurements from Walker et al. [7] and to CESAR
calculations at r/Rpeier=0.5.
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Figure 3.15: PRODHEL calculations of the local atom fractions of chemical

elements compared to EPMA measurements from Walker et al. [7] and to
CESAR calculations at 7/ Rpejet=0.8.
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Figure 3.16: PRODHEL calculations of the local atom fractions of chemical
elements compared to EPMA measurements from Walker et al. [7] and to
CESAR calculations at 7/ Rpejjer=0.975.

In general, PRODHEL predictions of FPs and actinides concentrations are more precise
that those from CESAR. Deviation of the PRODHEL prediction of U (around 3%) is
also lower than that of CESAR (around 5%). One may notice that the concentration
of Cs calculated by PRODHEL in the central part of the pellet (r/Rpeie+=0.1 and 0.5)
is overestimated (Figures 3.13 and 3.14) while it is close to measurements at the other
radial positions (Figures 3.15 and 3.16). This result can be explained by high cesium
release from the central part of the pellet as measured by Walker et al. and shown in
Figure 3.17.
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Figure 3.17: Calculated radial profile of Cs weight fraction compared to the
EPMA measurements from Walker et al. [7].

Concentrations of nearly all elements (except Eu and Mo) at the pellet periphery are
slightly underestimated by PRODHEL, as shown in Figure 3.16. It may be caused

by some uncertainty on the radial position of the EPMA measurements. Near the rim
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region, burnup increases rapidly with radius (see Figure 3.10) and even a small variation

in radius may lead to a significant difference in elemental composition.

Walker et al. have also given the complete radial profiles of Pu and Nd from EPMA
measurements. However, as pointed by Piro et al. [12], integration of EPMA profiles
leads to average contents that significantly differ from the average values obtained by
ICP-MS. Using the trapezoidal rule, Piro and al. integrated the EPMA radial profile
of Pu and found an average value 29% lower than the one reported by Walker et al
from ICP-MS measurements. This difference was attributed to a larger uncertainty in
EPMA measurements. This calculation has been repeated in this work. Integration
of EPMA profiles using the same method gives average concentrations of Pu and Nd
in the fuel pellet lower by 31% and 12% as compared to ICP-MS measurements. Piro
et al. proposed to normalize the EPMA profile in order to be consistent with average
concentrations from ICP-MS which present less uncertainties. As shown in Figure 3.18,
the normalized EPMA profiles are in better agreement with the calculated profiles, in

particular for Pu.
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Figure 3.18: Calculated radial profiles of weight fractions of Nd (left figure) and
Pu (right figure) compared to the EPMA measurements from [7].

To summarize, PRODHEL gives consistent estimations of the FPs and actinides inven-
tory in fuel irradiated up to high burnups. The radial profiles are also well reproduced
with a marked increase near the pellet periphery. The comparison to local measure-
ments at the pellet periphery is more imprecise since a very strong variation of burnup
is encountered in the rim region of the fuel which might have led to some leveling of the

concentrations.
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3.2 Thermochemical solver ANGE

All thermodynamics calculations are carried out using the code ANGE [150] (for Ad-
vaNced Gibbs Energy), based on SOLGASMIX [145]. ANGE uses the Gibbs energy
minimization method to find the thermodynamic equilibrium of a multicomponent and
multiphase system at given temperature and pressure. A brief presentation of the min-
imization method will be given in the first part of this section since modifications have
been introduced to couple oxygen thermal diffusion and thermochemistry, as discussed
in Section 5.1.2.

The calculations require an extensive thermodynamic database including the possible
chemical compounds that can form from the FPs, uranium, oxygen and actinides. In

ANGE database, the following phases are considered :

e a gas phase

a solid solution phase for the FPs and actinides dissolved in uranium dioxide

a noble metal phase

pure condensed phases

The main compounds of each phase are described in the second and third part of this
section. The validity of the solid solution phase model is checked in the last part of
this section by comparing the calculated oxygen potentials at various temperatures with

data from the open literature on binary or ternary systems.

3.2.1 Gibbs energy minimization method

The minimum of the Gibbs energy of a system corresponds to its energy at thermody-
namic equilibrium. By minimizing the Gibbs energy, one can predict the composition of
the chemical system at equilibrium. In this part, the Gibbs energy minimization method
is briefly presented. It is based on the work of Eriksson [163], and thus the nomenclature

and symbols proposed by the author are used in this section.

The method can be explained by considering a system composed of s pure condensed
phases and one gas phase consisting of m compounds. The Gibbs energy of the system

is given by:
m S
G = Znigg + Z nLgy (3.3)
k=1 k=1

where nj is the number of moles of each gaseous compound and nf is the number of
moles of each condensed phase. gf (T, P) and g§(T') are the partial molar Gibbs energies

of the compound k of the gas mixture and of the k-th pure condensed phase, also equal
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114 Chapter 3 Thermochemical modeling of nuclear fuel

to the chemical potentials of the compounds and phases. Assuming that the gas mixture

is ideal, the Gibbs energy of the system G divided by RT for convenience, is given by:

m og S oc
_ Ik Ik
G/RT—;ni [RT+1nP+lna:g] —l—;niRT (3.4)

where 2 (nk / Z nk> is the mole fraction of the gaseous compound k in the mixture.

9°(T) and gp¢(T ) are, respectively, the partial molar Gibbs energies of the compound
k of the gas mixture and of the k-th condensed phase at the total pressure 1 bar and at
the temperature 1. P is the pressure of the gas mixture. The goal of the minimization
method is to find the numbers of moles of each compound (n] and nf§) that minimize
the total Gibbs energy of the system under mass balance constraints for the chemical
elements from which the compounds are formed. These constraint conditions are intro-
duced to ensure that the number of moles of each chemical element is conserved. They

take the following form:
m S
> alni+> ajmni=b; j=1,.,NE (3.5)

where ak’jc is the number of atoms of j-th element in the k-th compound of the system.
bj is the quantity of the j-th chemical element in the system. NE is the number of

chemical elements.

As can be seen, Equation 3.4 is non-linear and it needs an iterative treatment. The
algorithm used in ANGE is based on the work of Eriksson [163]. The conservation
conditions given by Equation 3.5 are treated by the Lagrange method of undetermined
multipliers. Practically, the function that needs to be minimized takes the following

form:
L (nf,nj, A\ RT Z [ (Z aijni + Zazjn,‘; - bj)] (3.6)
k=1 k=1

with

Zni%’“T—i—lnPan—i—anln — +Zni% (3.7)
k=1 k=1 Z k=1

m
where the mole fraction xi of the gas k was replaced by ni / k2—:1 nz. The constants A;
from Equation 3.6 are the Lagrange multipliers, additional unknowns of the system (with

the nz, k=1,..,mandnj,k=1,.., s). The minimum of the function L is reached when

the partial derivatives with respect to the ni, ng, and A; are null, leading the following
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system of equations:

(2) B = 2 a4 =0, k=1,..s (3.8)

The first line is given by the derivative OL/dnj (gaseous compounds), the second one
by OL/0n§ (condensed phases) and the third one by dL/0A; (Lagrange multipliers).
m

The total number of moles in the gas phase kzl ni has been replaced by N9. The total
number of equations and of unknowns is m + s + NE.

In case no gaseous compounds are formed, the system described by Equation 3.8 is
linear as a function of the number of moles of condensed phases and of the Lagrange
multipliers. To solve the system in the presence of gaseous compounds, Eriksson chose

to linearize the Innjy/NY term in the m equations 3.8.(1) using the Taylor function
(Inz~Iny+ (z —y/y)):

In 2k 3.9

with g7 an initial estimate of the number of moles of the kth gaseous compound nf, Y9 =
m

Z y; an initial estimate of the total number of moles in the gas phase. By introducing
k=1
Equation 3.9 into Equation 3.8.(1), each number of moles ni can be expressed as a

function of the initial estimations (y; and Y9) and of the total number of moles of the

gas phase NY:

og
ng =y —]g%iT—lnP—ln——i———i—Za k=1,...m (3.10)

FEriksson separated the known and unknown parts of Equation 3.10 by defining the
quantity f7 given by:

y?
=y {RT—i—lnP%—ln Yg] k=1,...m (3.11)
which allows to rewrite Equation 3.10 in the following form:
NE
N9
=y |yt N —fl k=1..m (3.12)
j=1

where the only unknown is N9/Y9, which is the ratio of the total numbers of moles in the
gas phase obtained in two successive iterations. This parameter is also the convergence

criterion of the iterative scheme. Its value tends to one. Summing all equations 3.12 for
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all the gaseous compounds leads to a single equation of the form:

NE m m
Z)\j aijyg = Z I (3.13)
j=1 k=1 k=1

Introducing the number of moles nj from Equation 3.12 into Equations 3.8.(3) leads to

the following linear system:

o NE
(1) BT — 2 agiA =0, k=1,..s

NE mj_1 m
(2) SN alul = X i k=1,....m

Jj=1 k=1 k=1 (3‘14)

& g 9.9 [N S99 %
IR A0 Yi t [W . ] ];1 a9 t kzl agng, =

(3) =1 k=1 . j=1,..NE
= 5% af, (2 =) + s

The Gaussian elimination method is used to solve this system. One obtains the s
numbers of moles of condensed phases nf, the NE Lagrange multipliers and the ratio
N9/Y9. The y9 and Y estimates are updated and the system of Equation 3.14 is itera-
tively solved till convergence is reached. The m numbers of moles of gaseous compounds
are then calculated from Equation 3.12. The system size is related to the number of
chemical elements INVE and to the number of pure phases s. The number of considered

chemical compounds in each phase is quasi-unlimited.

Taking into account the solubility of certain compounds in UO4 requires the considera-
tion of an additional phase into the multiphase system described previously. The Gibbs

energy of the system with d compounds in the solid solution phase ® can be expressed

as:
a m gog m m nd
=X nlE+mP Y nl+ Y njnmt— | +
k=1 k=1 k=1 Z nz 3 15
= (3.15)

oc
k

d os d s s
s 9k s "k cd
+ <k21 Ny rT T kzl ngIn gk | + kZ1 N RT

where the solid solution phase is assumed to be ideal to simplify the equation. The solid
solution phase consists of d species with mole numbers nj. The number of moles of all

the species present in the solid solution is given by:

d
N* = "n (3.16)
k=1

The NE equations of conservation for each of the chemical elements in the system

described in Equation 3.5 has to be rewritten to include the compounds in the solid
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solution phase:

m d s
ZaijnZ—i—ZazjnZ—i—Zaijni =b; j=1,.,NE (3.17)
k=1 k=1 k=1

It leads to d new equations in the system 3.8. These new equations come from the
partial derivatives of the function L with respect to the mole numbers nj, (0L/0n}, with
k=1,..,d):

a’

s NE
RT+1n%—Zaszj =0 k=1,..d (3.18)
j=1

By linearizing the natural logarithms of Equations 3.18 using the Taylor function, this

will yield to an additional equation in the system 3.14 and to an additional unknown

d
(N®/Y*® with Y* = 3~ y}), similar to the one defined for the gas phase:
k=1

goc NE
(1) RT — Zlaij)‘j =0, k=1,..,s
]:
NE g g m 9
(2) >N Zakjyk: > Jios
=1 —1 k=1
NE d d
(3) >N > apye = 2 fis
j=1 " k=1 k=1
& N g.g.g N9 N g g (3 19)
SN 2 alylvi + [y — 1] X alyi+ :
i=1 k:cll J =1 7
NE m
+ 20N 3 aiaii + [55 1] X ajuit
(4) =1 k=1 ) k=1 j=1,..,NE

k=1

NE

d
aj,; (L —vl) + kzl ag; (fi — ) + b

k=1

where the m and d terms f,f and f7 can be expressed as a function of the yg and y;

estimates according to:

og g
1=y [%T +1nP+1n%} k=1,..,m

s h (3.20)
ff=v {ﬁJrlnY—’g} k=1,..d

The system given of Equations 3.19 contains s + NFE + 2 equations with an identical
number of unknowns: the s numbers of moles nj, the NE Lagrange multipliers A;, the
ratios N9/Y9 and N°/Y*. The system is linear as a function of each of these unknowns
and it can be solved with the Gaussian elimination method. The last phase considered
in ANGE database is the noble metal phase which can be introduced in the system in a

similar manner.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



118 Chapter 3 Thermochemical modeling of nuclear fuel

3.2.2 Thermodynamic database

In order to run Gibbs energy minimization calculations, it is necessary to define the
thermodynamic quantities g°/RT for each compound of each phase or each pure con-
densed phase. According to Eriksson, there are two alternative methods to calculate the

¢°/RT. First, by the expression:

gO B AfGO
RT  RT

(3.21)

where A;G° denotes the Gibbs energy of formation from the elements in their chosen
reference state. A;G° can be expressed by a function of temperature in the following
form: AyG° = a/T + b+ T + dT? 4 ¢T3 + fTInT. Alternatively, ¢°/RT can be
calculated by:

(3.22)

g _ 1 [GO - Hé)gs] " At
RT R T RT
where % is the free energy function and A yH3yg is the heat of formation at 298
K. Each of these two conventions gives the same result for the equilibrium calculation,
provided consistency is maintained. The thermodynamic database of ANGE has been
built using the first method. The A ;G° functions are expressed as simple linear functions
of temperature:

AfGO =b+cT (3.23)

For a given compound in a phase or a condensed phase, several linear A;G° functions

can be defined depending on the temperature range.

The actinides and fission products considered in ANGE database are summarized in Ta-
ble 3.1. In order to simplify the system, elements with expected close chemical behavior
are grouped together leading to 14 representative elements. They have been classified in
five different families: 1) inert fission gases and volatile fission products, 2) stable oxides,
3) molybdenum, 4) metallic FPs and 5) FPs and actinides in solid solution in UO,. All
chemical elements to which must be added oxygen (O), uranium (U) and chromium in
case the fuel is doped (Cr), lead to a total of 17 representatives elements (He, Cs, I, Te,
Ba, Zr, Mo, Ru, Pd, Ce, Eu, La, Gd, Pu, U, O, Cr). The compounds and stoichiometric
phases considered in ANGE thermodynamic database that can form from these elements

are briefly discussed below:

e The gas phase includes 61 species with as main components, Xe(y), Cs(g), Csy(g),
Cslig), Cs2la(y), Lig), Ta¢g) Te(g)s Tearg), Tes(g)s Tes(q), Telag), Cs2MoOy(yy. Special
attention was given to tellurium, for which major experimental results were ob-
tained recently at CEA [61], evincing the occurrence of gaseous tellurium—iodine
compounds in power-ramped UQOs fuel rods. As mixed tellurium-iodine com-

pounds were not taken into account initially, the thermodynamical functions of
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the gas Tely, given in the SGPS database of the FactSage software [74,75] were
introduced into ANGE. Then, in consistency with experimental observations, the
dominant gaseous iodine species formed in an irradiated fuel at high temperatures
(>1200 K) are Tely(4) and Csl(4) with relative fractions in the gas phase depending

on the cesium and oxygen partial pressures.

e The pure condensed phases include solid and liquid uranates, molybdates and
zirconates, such as CsaUQy(4), CsaMoOy(y ), Cs2ZrOs(y), BaZrOjz,), and other im-
portant compounds such as MoOy(,y, MoOg(4 1), Csl(s ), Ters ), Cs(syy, CsaTe(y ),
BaTey,). A total of 82 stoichiometric separate phases is considered in the database.
Recent re-evaluations at CEA of the Gibbs energy functions of CsyTe(,;) were
added to the database [164]. Most other thermodynamic data come from the
SGPS database of the FactSage software.

e The noble metal phase includes 3 representative species [151] that are often ob-
served simultaneously in irradiated fuels in amalgam form: Mo(,), Ru, (for Ru
+ Tc + Rh) and Pd(,). They are treated on the basis of results obtained by
Yamawaki et al. [165].

e The fluorite oxide solid solution contains 17 dissolved species that will be detailed
in the next section. Prior to calculations, the A ;G° data for all relevant compounds

were checked and updated to enlarge their validity up to 2300 K.

To check the thermodynamic database, cross-comparison of basic thermodynamic equi-
librium calculations performed with ANGE and the FactSage software (without the flu-
orite solid solution) on typical irradiated fuel compositions and at various temperatures

were performed.

3.2.3 The Fluorite solid solution phase

The fluorite solid solution phase includes binary and ternary compounds of U, Pu, rare
earths, Eu, Zr and Cr. Overall, this phase contains 17 species that will be detailed in the
next subsections. The validity of the fluorite solid solution model of the thermodynamic
database of ANGE will be showed by comparing experimental and calculated oxygen
potentials for a number of binary and ternary chemical systems relevant for nuclear

fuels.

3.2.3.1 U-O system

The U-O system, representative of non irradiated uranium dioxide fuel, has been care-
fully examined over the years and its thermodynamic behavior is well characterized.

The thermochemical parameters, temperature (7") and oxygen partial pressure (po,),

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



120 Chapter 3 Thermochemical modeling of nuclear fuel

are known to affect the stoichiometry deviation, expressed as x in UOs24,. In the ther-
modynamic database of ANGE, the thermodynamic model proposed by Lindemer and
Besmann [166] is used. It includes fictitious species to describe non-stoichiometric UOq,
namely Uy /3(55) to model hypostoichiometry and, both UsOg(,s) and U3zOz(s,) to model

the hyperstoichiometric domain.

The thermodynamic parameters used for the Gibbs energies of formation (Equation
3.23) are given in Table 3.8.

Table 3.8: Species and parameters used in the original UOs4, model of Lindemer
and Besmann [166].

Compound Limit b c
temperature [K] [J/mol] [J/mol/K]
UOy(ss) 3000 -1080000  169.0
UsOg(as) 3000 9250000  391.4
U307(ss) 3000 -3396400 569.9
U1 /3s5) 3000 73433 -18.4

The thermodynamic model proposed by Lindemer and Besmann has been established
on an extensive set of experimental measurements of oxygen partial pressures in equi-
librium with non stoichiometric and stoichiometric uranium dioxides. Since then, the
CALPHAD based model of Guéneau et al. [40], the most detailed description of non
stoichiometric UQO3, has been established on a selection of these experimental measure-
ments. In Figure 3.19, the evolution of the oxygen partial pressure of non irradiated
UOg24, fuel with temperature and O/U ratio as calculated with ANGE database is

compared to the most recent set of data gathered by Guéneau et al. [40].
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Figure 3.19: The original UO2,, model proposed by Lindemer and Besmann

[166] (lines) compared to the experimental data gathered by Guéneau et al. [40]
(symbols).

The experimental measurements are satisfactorily reproduced with the thermodynamic
model proposed by Lindemer and Besmann [166], except in the low temperature region of
the hyperstoichiometric domain. These experimental data have been used to reevaluate
the model of Lindemer et Besmann [166]. It turned out that the data can be represented
more precisely without considering UsOg( ) as shown in Figure 3.20 and with a slight

modification of the Gibbs energy of formation of UsOgz(y) and Uy 3. Optimized
parameters are given in Table 3.9.

Table 3.9: Species and parameters of the Gibbs energy of formation used in this
work to describe the U-O system.

Compound Limit b c
temperature [K| [J/mol] [J/mol/K]
UOy(ss) 3000 -1080000 169.0
U307(ss) 3000 -3382979 558.7
Ul /3(s5) 3000 73333 -18.9

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



122 Chapter 3 Thermochemical modeling of nuclear fuel

80 K
><>goo K

1000 K
1100 K
1200 K
1300 K —

1400 K —

1500 K =—

20 + —_—

1 1600 K -

{ 1700 K

| | | | | | |

19 192 194 196 198 2 2 2.05 2.1 2.15 2.2
O/M ratio O/M ratio

log10(Po,) [bar]

+

Figure 3.20: Experimental data gathered by Guéneau et al. [40] for UOgy,

(symbols) compared to ANGE calculations (lines) using the optimized Lindemer
and Besmann model.

3.2.3.2 U-Pu-0O system

The U-Pu-O system has been well studied since it is important for the MOX fuels

that have been used in SFRs. Numerous experimental measurements are available.

The thermodynamic description is based on the work of Besmann and Lindemer [167].

The fictitious species considered (Puy/30(ss) and PuOy(,,)) and their Gibbs energies of
formation are presented in Table 3.10.

Table 3.10: Species and parameters of the Gibbs energy of formation used to
describe the Pu-O system.

Compound Limit b c
temperature [K] [J/mol] [J/mol/K]
Uy /3Py /309(s9) 3000 73433 -18.4
Puy /3055 3000 -1091900 169.7
PuOy(ss) 2663 ~1047800 187.7

Contrary to the U-O system, a good fit of experimental oxygen partial pressures could

not be obtained by Besmann and Lindemer on the assumption of an ideal mixture of
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Puy/309(5s) and PuOy(4,). Interaction terms had to be introduced based on the Redlich-

Kister polynomial formulation. The partial molar Gibbs energies read as follows:

gPuoE(ss) = AfGOPuOQ(gg) + RT ]‘n(xPuO2(ss))
+(—41510 + 30.2T)Z pu, ;30000 [~ 2T PuOy ) + TPus 50m00n (3.24)

+2xpuo2(ss) ($PU02(SS) - $Pu4/302(ss) )]

Pusj0200) = A1 G Puy 30y, T BT I(ZPu,305,,)
+(—41510 + 30-2T)55Pu02(53) [2$Pu4/302(85) (3.25)
T LPuOqg(ss) 2xpu4/302(ss)(xpu4/302(ss) - xPUO2(ss))]
where 2pyo, ., and &py,;0,., are mole fractions of PuOy() and Puy/305(s,) in the

solid solution.

A third fictitious species,, not present in the original publication of Lindemer and Be-
smann, was added in ANGE database to describe very hyperstoichiometric MOX fuels:
Uy /3Puy/309(ss). Its Gibbs energy of formation is equal to that of Uy /3, given in Table
3.9. It must be mentioned that this species is of little interest in this work but it has

been kept for consistency with former thermodynamic calculations performed at CEA.

Figure 3.21 shows ANGE calculations of the U-Pu-O system compared to selected ex-
perimental data [168-170]. Only the experiments performed on UPuO fuels with the
lowest Pu contents have been considered here since Pu is only present in small quantities

in the UOq fuels of interest in this work (fission product).
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Figure 3.21: Calculated oxygen partial pressure in Uj_,Pu,O24, (lines) as a
function of O/M, temperature and Pu mole fraction compared to measured
values (symbols). Experimental data from [168-170].

3.2.3.3 U-Gd-O and U-La-O systems

The thermodynamic representation of rare earths solubility in ANGE database is the
one proposed by Lindemer and Brynestad [167]. The authors investigated the following
rare earth: Y, La, Nd and Gd. In the thermodynamic database, Y is represented by
La and Nd by Gd which reduces the thermodynamic data to La and Gd. The fictitious
species considered by Lindemer and Brynestad are URe2Og(gs) and Rey /30955 with
Re = La,Gd. The functions describing the Gibbs energies of formation of these species

in the solid solution are exactly the same. They can be found in Table 3.11.

Table 3.11: Species and parameters of the Gibbs energy of formation used to
describe the U-Re-O systems (Re = Gd, La).

Compound Limit b c
temperature [K] [J/mol] [J/mol/K]

URe2Og(ss) 3000 -3234500 522.5

Rey/309(5s) 3000 -1203700 187.5

ANGE calculations of Gd and La solubility compared to experimental data are shown
in Figures 3.22 and 3.23 respectively. As for Pu, the La and Gd contents in published

experiments are higher than what can be expected in irradiated UOy fuels.
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Figure 3.22: Calculated oxygen partial pressure in U;_,GdyO24, (lines) as a

function of O/M, temperature and Gd mole fraction compared to measured
values (symbols). Experimental data from [171-173].
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Figure 3.23: Calculated oxygen partial pressure in U;_,La;Oo4, (lines) as a
function of O/M, temperature and La mole fraction compared to measured
values (symbols). Experimental data from [174-176].
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3.2.3.4 U-Ce-O system

In spite of being also part of the rare earth family, Ce has a different behavior than Gd
and La and it cannot be represented by the same model. The thermodynamic description
of the U-Ce-O system is based on the work of Lindemer and Brynestad [167]. The
authors expressed the Gibbs energy of formation of the fictitious species Cey/305(4,) in
function of the cerium content since a marked dependency of the parameters b and c
was observed. The parameters relative to the lowest Ce contents are of interest in this
work and are given in Table 3.12.

Table 3.12: Species and parameters of the Gibbs energy of formation used to
describe the U-Ce-O system.

Compound Limit b c
temperature [K] [J/mol] [J/mol/K]
CeOs(ss) 3000 -1021670  164.2
Cey/30(ss) 3000 -1120367 157.5

The validation against experimental data is shown in Figure 3.24. Again, only the tests
performed on the UCeO fuels with the lowest Ce contents (< 0.3) have been considered.
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Figure 3.24: Calculated oxygen partial pressure in U;_,Ce,O2+, (lines) as a
function of O/M, temperature and Ce mole fraction compared to measured

values (symbols). Experimental data from [177-179].
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3.2.3.5 U-Eu-O system

There is not much experimental work done on the U-Eu-O system. The available ex-
periments have been analyzed by Dumas [151]. The author based his model on the
experimental work of Fujino [43]. Dumas introduced three fictitious species to describe

Eu solubility in UOg, EuO(yy), Euy/305(s,), UEuO33(55) and proceeded similarly as

Lindemer and Besmann to fit the Gibbs energy of formation of these species.

parameters describing the system are given in Table 3.13.

Table 3.13: Species and parameters used to describe the U-Eu-O system.

Compound Limit

b c
temperature [K] [J/mol] [J/mol/K]
EuO ) 2000 -569592 102.3
Euy /3055 1300 -1102485 206.0
3000 -1095228 201.5
UEuOs3 8355 3000 -2000020 325.0

Validation of the model against the experiments of Fujino [43] is shown in Figure 3.25.
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Figure 3.25: Calculated oxygen partial pressure in Uj_,Eu,O24, (lines) as a
function of O/M, temperature and Eu mole fraction compared to measured
values (symbols). Experimental data from [43].
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3.2.3.6 U-Zr-0O system

The solubility of Zr in irradiated UO; fuel is not fully understood and experimental data
are limited. Dumas [151] has tried to find a thermodynamic description of zirconium
behavior based on experimental data from Schleifer et al. [47] relative to complex
quaternary systems U-Zr-Re-O (with Re=La, Nd or Ce). The parameters for the Gibbs

energies of formations identified by Dumas are summarized in Table 3.14.

Table 3.14: Species and parameters used to describe the U-Zr-O system [151].

Compound Limit b c
temperature [K|] [J/mol] [J/mol/K]
ZrOgss) 1407.98 -1096709 186.5
2550 -1079458 174.2

Validation of the model proposed by Dumas against the experimental data from Schleifer
et al. [47] is shown in Figure 3.26. The calculated values are far from the experimental

measurements.
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Figure 3.26: Calculated oxygen partial pressure in Uj_,_.Zr,Ln.Os4, (lines)
as a function of O/M and mole fractions of Zr and Ln (Ln=La, Ce) compared
to measured values (symbols). Both experiments and calculations performed at
1250 K. Experimental data from [47].

Unsuccessful tries have been made to find a better representation based on the experi-

mental work of Schleifer et al. and considering the three quaternary systems U-Zr-La-O,
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U-Zr-Nd-O, U-Zr-Ce-O [47]. It has not been possible to find a model which led to a
good agreement with both the ternary systems U-La-O, U-Gd-O and U-Ce-O and the
quaternary systems of Schleifer et al. In spite of its shortcomings, the model proposed

by Dumas has been kept in this work.

3.2.3.7 Chromium solubility model

Chromium is introduced during sintering to enhance grain growth of UOs fuel. Cr
presents a limited solubility which depends on temperature and oxygen partial pressure.
A solubility model has been proposed by Riglet-Martial et al. [53] where the soluble
compound is CrOgz/9(.s). A complete description of the phase diagram of Cr in UOq
requires the consideration of the following pure condensed phases: Cr(y), Cr(;), Cr203(4)

and CrO(;), that can appear depending on the conditions, as illustrated in Figure 3.27.
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Figure 3.27: Phase stability diagram of chromium in UOs. The dashed curves
are the chromium iso-solubility curves. The labels in italics are the iso-solubility
expressed in %wt Cr. The blue and purple points refer to the power ramps
studied by Riglet-Martial [52].

The parameters for the Gibbs energies of formations of the U-Cr-O system identified
by Riglet-Martial are given in Table 3.15. These are corrected values obtained after
re-assessment of the experimental solubility data from reference [53]. Some values are

thus slightly different than those from the original publication (see Table 2.3).
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Table 3.15: Species and parameters for the Gibbs energy of formation used to
describe the U-Cr-O system. Corrected parameters obtained after re-assessment
of the data from [53].

Compound Limit b c
temperature [K] [J/mol] [J/mol/K]
CrO3 ) (as) 3000 -469918 125.09
Cr(s) 2130 0 0
Crg) 2130 24340 -11.42
3000 18410 -8.56
CraOss) 2000 1092420 237.94
CrOg 3000 -239925 15.76

Validation of ANGE calculations (lines) against experimental measurements (symbols)
of Cr solubility is shown in Figure 3.28. The lines represent the maximum mole fraction
of Cr in the fluorite solid solution under the given temperature and oxygen partial
pressure conditions. The weight fraction of Cr used in the simulations is consistent with

the introduction of 0.2 wt% of Cra203(s) during fabrication of the fuel.

The chromium solubility model has been validated only up to 1800 °C.
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Figure 3.28: Calculated mole fraction of Cr in solid solution (lines) as a function

of oxygen partial pressure at different temperatures compared to experimental
measurements (symbols) from [53,55,180].
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3.2.3.8 Validation on SIMFUELSs

The overall validity of the solid solution model used in ANGE was checked by nu-
merical modeling of laboratory experiments performed on simulated irradiated fuels
(SIMFUEL). Une and Oguma [64] have prepared samples simulating irradiated fuel by
adding oxides of Zr, Nd, Y, Ce and Pr to UOs. Three samples were prepared to simu-
late irradiated fuels with burnups of 2, 5 and 10 at%. Compositions of the samples are
shown in Table 3.16. Une and Oguma measured the oxygen potential at 1000 °C and
1300 °C by thermogravimetry. The consequences of FPs addition were clearly observed
at 1300 °C leading to a significant increase of the oxygen potential in the hyperstoichio-
metric domain. Experimental measurements of Une and Oguma compared to ANGE
calculations are shown in Figure 3.29. Pr, Nd and Y used by the authors are not ex-
plicitly considered in the database of ANGE. These elements are represented by Ce, Gd

and La respectively.

Table 3.16: Compositions of the SIMFUEL samples. Adapted from Une and
Oguma [64].

Metal 2% at. 5% at. 10% at.

U 98.21 95.52 91.01
Zr 0.74 1.86 3.73
Ce 0.25 0.62 1.24
Pr 0.12 0.30 0.60
Nd 0.58 1.46 2.93
Y 0.10 0.24 0.49

The comparison confirms that the solid solution model used in ANGE is able to repro-
duce the increase in oxygen potential with the burnup. The evolution of the oxygen
potential in the hyperstoichiometric domain is well reproduced with ANGE. The pre-
dicted values near the exact stoichiometry are also close to the measurements at 1000 °C.
Small differences in simulated /measured oxygen potentials are observed at 1300 °C (see
the blue and orange curves) with a slightly faster decrease of the O/M ratio in the

simulations.
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Figure 3.29: Oxygen potential of SIMFUELSs at burnups of 5 at% (left figure)
and 10 at% (right figure) measured by Une and Oguma [64] (symbols) compared
to ANGE calculations (lines).

3.3 Thermochemical modeling of irradiated fuels

3.3.1 General aspects
3.3.1.1 Oxygen potential and stoichiometry deviation

Incorporation of FPs with various valencies into the initial UO9 matrix changes the
O/M ratio (defined as O/[U+FP ,]) of the material. As described in the last section,
trivalent rare earths, highly abundant FPs in irradiated fuel, can be incorporated in
the lattice. Figure 3.30, adapted from Olander [181], illustrates the consequences of
FPs incorporation in the uranium dioxide solid solution. The left figure shows the state
before irradiation, the system contains only oxygen anions and uranium cations. The
right figure shows the system with 2 trivalent FPs cations that replaced 2 uranium
cations after fission. Electrical neutrality implies the creation of an anion vacancy in the
fluorite structure. In consequence, the O/M ratio of the system decreases compared to

its initial value.
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Figure 3.30: Schematic representation of UQ» lattice when a trivalent FP re-
places a U atom after fission (adapted from Olander [181], chapter 12, Figure
12.8). Left figure: perfect UOq lattice. Right figure: irradiated fuel.

Thermochemical calculations of irradiated fuels performed by several authors have shown
that the oxygen potential versus O/M ratio curves significantly differ from that of non-
irradiated fuels because of the numerous FPs in the material [72,112]. In Figure 3.31,
the oxygen potentials calculated at different temperatures with ANGE are plotted in
function of the O/M ratio of the fluorite solid solution for non irradiated and irradiated
UO; fuels up to different burnups (20, 40, 60 GWd/tHM), typical of PWR irradia-
tion sequences. The elemental compositions, shown in Table 3.17, were calculated with
PRODHEL, considering a UO4 fuel pellet of radius 4.1 mm and an initial enrichment of
3.5%. The linear heat rate was assumed to be constant and equal to 200 W /cm.
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Table 3.17: Elemental compositions of irradiated fuels used in ANGE calcula-

tions.

Element

Concentration (mol/mol UO;) at burnup of
20 GWd/tHM 40 GWd/tHM 60 GWd/tHM

He 6.56 x 1073 1.15 x 1072 1.97 x 1072
Cs 3.75 x 1073 6.56 x 1073 1.12 x 1072
I 2.80 x 1074 4.68 x 1074 8.02 x 1074
Te 6.89 x 10~* 1.20 x 1073 2.06 x 1073
Ba 3.31 x 1073 5.80 x 1073 9.93 x 1073
Zr 6.18 x 1073 1.08 x 1072 1.85 x 1072
Mo 5.30 x 1073 9.27 x 1073 1.60 x 1072
Ru 5.01 x 1073 8.76 x 1073 1.50 x 1072
Pd 1.44 x 1073 2.52 x 1073 4.32 x 1073
Ce 2.64 x 1073 4.61 x 1073 7.91 x 1073
Eu 8.69 x 104 1.52 x 1073 2.61 x 1073
La 221 x 1073 3.87 x 1073 6.63 x 1073
Gd 4.50 x 1073 7.88 x 1073 1.35 x 1072
Pu 6.52 x 103 1.14 x 1072 1.96 x 1072
U 9.73 x 1071 9.53 x 1071 9.18 x 1071
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6‘ 200 0 GWd/tHM | 0 GWd/tHM
5 20 GWd/tHM 20 GWd/tHM
g 40 GWd/tHM 40 GWd/tHM
2 400 |60 GWditHM | 60 GWd/tHM
3
5
‘g_ -600 -
g
<  -800 [ -
o | | | |
9N -200 + OIGWd/“I'”V' - OIGWd/ﬂI'|M _I ! I I
g 20 GWd/tHM 20 GWd/tHM ———
5 40 GWd/tHM 40 GWd/tHM
= .400 [-60 GWd/tHM 60 GWd/tHM =
©
£ g0 L L 1500°C -
o
S
2 -800 - o .
3 ! ! ! ! ! ! ! ! ! ! ! !
1.94 1.96 1.98 2 202 204 206 194 196 1.98 2 2.02 2.04 2.06
O/M O/M

Figure 3.31: Oxygen potential at different burnups and temperatures. Elemen-
tal compositions used in calculations are given in Table 3.17.

One may observe that the curve for non irradiated fuel shown in Figure 3.31 presents
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a strong increase of the oxygen potential in the vicinity of the exact stoichiometry. In
irradiated fuel, the oxygen potential increase is not as marked and the transition seems
to be shifted towards lower values of the O/M ratio when the fuel burnup increases.
With increasing burnup, the oxygen potential of the fuel increases while its O/M ratio
decreases. This is due to i) the increase in solid solution of fission products of valence
< +4 (trivalent rare earth mainly) which contributes to decrease the O/M ratio, ii) the
consecutive liberation of oxygen in excess which contributes to enhance the Oy partial
pressure (i.e. the oxygen potential). Temperature is a factor having a strong impact on
the oxygen potential - O/M ratio curves. In Figure 3.31, one may see that the oxygen
potential transition between hypo and hyperstoichiometry is shifted towards lower values
of the O/M ratio with increasing temperature. It is a consequence of the solubility of

FPs which increases with temperature.

The complexity of irradiated fuel is also associated with the presence of numerous re-
dox systems likely to affect the oxygen potential. Redox pairs work as oxido-reduction
buffers. At a constant temperature, the oxidizing or reducing components of a redox pair
may keep a constant oxygen potential in spite of adding or removing oxygen from the
system. The effect of redox systems on the oxygen potential can be seen in Figure 3.32
as ”steps” where the oxygen potential increases softly. Calculated oxygen potentials are

this time expressed as a function of the total oxygen content of the fuel.

-100 T T T T T
CsaTe(s,)tMos) / Cs2M0O4()+Te(g)

. 200 /
N
o)
S -300 - ]
E
2 -400 Moys) / M0Oz(s) 1 ocwdtHm ——
3 00 - | 20 GWdAtHM ——
= 40 GWd/tHM
S eo0 | 60 GWd/tHM
[
Q
> -700 [ ]
X
5 I

-800 BaUOB(S)+MO(S) / BaMOO4(S)+UOZ(Ss)

-900 ' : : ' '

0.96 0.98 1 1.02 1.04
O, concentration [mol/mol UO,]

Figure 3.32: The oxygen potential at 1500 °C at different burnups as a function
of the total oxygen concentration. Elemental compositions used in calculations
are given in Table 3.17.
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A redox pair that is of great importance in UOg fuels at oxygen content > 1 mol Oy/mol

UQag, is that of molybdenum defined by the following reaction:

MO(S) + Og(g) = MOOQ(S) (3.26)

As long as the reductant Mo(,) and the oxidant MoOy(,) are simultaneously present in
the system, the Oq partial pressure (or oxygen potential) at a given temperature remains
stabilized, even though the total amount of oxygen varies, see Figure 3.32. Two other
significant redox systems are shown in Figure 3.32. They are described by the reactions
3.27-3.28 below.

3
BaUOg(s) + MO(S) + 502(9) = BCLMOO4(S) + UOQ(SS) (3.27)

CSgTe(l) + MO(S) + 202(g) = OSQMOO4([) + Te(g) (3.28)

3.3.1.2 Gas phase

As shown in the last subsection, a variation of the oxygen potential of the fuel can
be expected with burnup. The oxygen potential of the fuel has a strong impact on
the speciation of all phases, and the gas phase in particular. Figure 3.33 shows the
calculated concentrations of the gaseous compounds of importance for I-SCC that are
likely to form in an initially stoichiometric UOq fuel irradiated up to burnups of 20,
40 and 60 GWd/tHM and heated at 2000 °C, a typical temperature occurring at the
pellet center during power ramps. At high oxygen potentials, the gas phase contains a
significant quantity of Csl,), I(4) and Tey4). As the oxygen potential is lowered, I,
disappears from the gas phase while Cs(, is formed in great quantity. The curves at
different burnups show a similar behavior, the main difference is the range of values that

increases with burnup.
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Figure 3.33: Concentrations of volatile species important in SCC as a function
of oxygen potential at 2000 °C. Fuels irradiated to 20, 40 and 60 GWd/tHM.
Elemental compositions used in the calculations are given in Table 3.17.

3.3.2 Oxygen potential measurements in irradiated fuel

In this section, several experiments on irradiated fuels have been simulated with ANGE
to assess the capacity of the thermodynamic database to catch the evolution of the

oxygen potential with irradiation.

3.3.2.1 Irradiated BWR fuels

Une et al. have measured the oxygen potential in two types of irradiated BWR fuel [65]:
a standard UOg irradiated up to burnups of 18 and 30 GWd/tHM, a 2wt% Gd2Os3-
doped UOq fuel irradiated up to burnups of 13 and 27 GWd/tHM. The authors have
made measurements at different positions along the fuel pellet radii. It has not been
possible to simulate this experiment properly using ALCYONE and PRODHEL since
they are not designed to model BWR fuels behavior. Therefore it has been assumed
that the samples at different radial positions have the same burnup and thus the same
elemental composition. Two of the samples may come from the rim region but their
radial positions have high uncertainties and for the needs of this work it is assumed
that they have the same burnup as the other samples. Since the authors did not give
any irradiation history details, it has been assumed that the studied fuels have been
irradiated at a constant LHR of 200 W/cm and that the initial enrichment is close to
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3.5%. The elemental compositions calculated with PRODHEL under these assumptions

and used to study Une’s experiments are given in Table 3.18.

Table 3.18: Elemental compositions used in ANGE calculations for modeling
Une’s experiment.

Element Concentration (mol/mol UO;) at burnup of
18 GWd/tHM 30 GWd/tHM 13 GWd/tHM 27 GWd/tHM
+2wt%Gd203  +2wt%Gd,05
He 6.27 x 1073 1.14 x 1072 4.41 x 1073 1.006 x 102
Cs 3.51 x 1073 6.17 x 1073 2.48 x 1073 5.47 x 1073
Te 5.10 x 10™* 9.84 x 107 3.47 x 107* 8.53 x 1074
I 2.53 x 1074 4.90 x 10~ 1.71 x 1074 425 x 1074
Mo 4.86 x 1073 8.69 x 1073 3.43 x 1072 7.68 x 1073
Ba 2.93 x 1073 5.11 x 1073 2.10 x 1073 4.53 x 1073
Zr 5.62 x 1073 9.59 x 1073 4.06 x 1072 8.57 x 1073
Ce 3.78 x 1073 6.58 x 1073 2.71 x 1073 5.85 x 1073
La 2.04 x 1073 3.52 x 1073 1.46 x 1073 3.13 x 1073
Gd 4.01 x 1073 7.23x 1073 3.29 x 1072 3.61 x 1072
Eu 7.13 x 10~* 1.44 x 1073 4.69 x 1074 1.24 x 1073
Ru 4.83 x 1073 8.99 x 1073 3.34 x 1073 7.87 x 1073
Pd 1.23 x 1073 3.27 x 1072 7.02 x 107 2.64 x 1073
Pu 6.95 x 1073 9.63 x 1073 5.53 x 1073 9.03 x 1073
U 9.73 x 107! 9.53 x 107! 9.80 x 107! 9.58 x 107!

Une et al. reported that the initial O/M ratios of the samples have not been precisely
measured but their values were close to 2.000. To analyze the impact of the uncertainty
on the initial O/U ratio of the fuel, the UOy samples have been simulated with + 0.0025
mol Oy/mol UOg, to which corresponds initial O/U ratios ranging from 1.995 to 2.005.
In the case of Gd-doped fuel, the 2 wt% addition of Gd2O3 lowers the initial O/M ratio
to around 1.985. Then, a variation of £+ 0.0025 mol Oz/mol UO, was used to estimate
the uncertainty of the initial O/M ratio (between 1.98 and 1.99).

Simulated oxygen potentials at different radial positions are compared to experimental
measurements and shown in Figures 3.34 and 3.35. Upper and lower values of calculated
oxygen potentials correspond to higher/lower oxygen contents and are shown with error
bars. Additionally, both figures include for comparison a horizontal dashed line which

corresponds to the redox system Mo,)/MoOgy(y).
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fuel. The horizontal dashed line corresponds to the Mo/MoOg redox system.

Comparison of ANGE calculations to experimental measurements performed on irra-

diated UOq fuels leads to a good agreement. All the calculated values are within 50

kJ/mol Og from experimental measurements, the later are within the error bars.
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Simulation of the Gd2O3-doped fuel shows that ANGE calculations underestimate oxy-
gen potential for every sample, as shown in Figure 3.35. The oxygen potentials calcu-
lated for the three samples at the pellet center (r/Rpeyer < 0.5) are quite close to the
experimental measurements with a difference of less than 50 kJ/mol Os. The predicted
oxygen potential of the 27 GWd/tHM sample at r/Rpejet = 0.8 is however underesti-
mated by around 50 kJ/mol Oy while the 13 GWd/tHM sample, which is the closest to
the periphery, is underestimated by around 10 kJ/mol Oa.

One may notice that the measured oxygen potential increases with radius despite very
similar burnup. Une et al. suggest that such radial profiles of oxygen potential could
be caused by thermal diffusion of oxygen from the pellet center towards the periphery.
It is also visible that oxygen potential increases with burnup. This behavior is correctly
predicted by ANGE calculations.

3.3.2.2 Irradiated PWR fuels

Next simulations concern two experiments carried out by Matzke. In the first one, the
author has measured the oxygen potential of LWR samples irradiated up to different
burnups [67]. In the second one, Matzke has studied samples irradiated in the Danish
Heavy Water Reactor (HWR) in Risg up to a very high burnup. As in the case of Une’s
experiments, Matzke does not give the data necessary to model the entire irradiation
history of the studied fuels. The author gives only the initial enrichment and the average
burnup of the investigated samples. These values are shown in Table 3.19. Samples 1,

2 and 3 were irradiated in the LWR and samples 4a and 4b in the Risg reactor.

Table 3.19: Details of the fuel samples studied by Matzke. Adapted from [67].

Sample Initial Burnup Radius
enrichment [%] [GWd/tHM] [mm)]
LWR
1 6.85 28.9 not reported
2 5.0 34.5 not reported
3 8.25 58 not reported
Risg
4a 1.46 75 6.35
4b 1.46 up to 200 6.35

RIM zone of 4a

The fuels 1-3 were fabricated with a high 23°U enrichment and their final burnup is
mostly related to the fission of this isotope. The fuel 4 had a lower enrichment but it
reached a much higher burnup. Such high burnup is a consequence of 2*?Pu thermal

fissions. Burnups reached by fission of different isotopes result in different elemental
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compositions. Initial enrichment of the samples has been taken into account in PROD-
HEL calculations. Matzke has not detailed the fuel characteristics nor the irradiation
histories. It has been assumed in PRODHEL calculations that the radius of the samples
1-3 is 4 mm and the LHR is 200 W /cm. These values are standard for LWRs. For the
samples irradiated in the Risg reactor, the same LHR has been used but with a pellet
radius of 6.35 mm, as reported by Matzke. The elemental compositions obtained from
PRODHEL and used for the thermochemical analyses are those corresponding to the

average burnups of samples. They are summarized in Table 3.20.

Table 3.20: Elemental compositions (in mol/mol UO3) used in ANGE calcula-
tions for modeling Matzke’s experiments [66,67].

Element Number of the sample
1 2 3 4a 4b

He 1.12x 1072 1.42x 1072 3.22x1072 271 x1072 8.14x 102
Cs 6.86 x 1073 8.09x 1072 1.72x 1072 121 x1072 2.82 x 1072
Te 898 x 107% 1.21 x 1073 2.86x 1073 2.69 x 1073 8.29 x 1073
I 437x107% 594x107* 1.33x1073 1.28x1073 2.81 x 1073
Mo 9.07x 1072 1.11x1072 2.54x1072 1.80 x 1072 5.41 x 1072
Ba 5.72x 1072 6.80 x 1072 1.68 x 1072 1.02 x 1072 3.45 x 1072
Zr 1.09 x 1072 1.27x 1072 289x 1072 1.73x1072 4.77 x 1072
Ce 6.88x 1073 833 x 1072 1.85x1072 1.40x 1072 3.92 x 1072
La 3.89 x 1073 4.60x 1072 1.02x 1072 6.71 x 1073 1.74 x 1072
Gd 7.66 x 1072 9.40 x 1073 221 x1072 1.65x 1072 5.23 x 1072
Eu 1.35 x 1073 1.83 x 1073 4.17x107% 3.27x107% 6.75x 1073
Ru 833x 1073 1.09x 1072 238x1072 222x10°%2 6.12x 1072
Pd 1.88 x 1073 3.76 x 1073 1.14x 1072 1.54x 1072 5.22x 1072
Pu 748 x 1073 9.92x 1073 1.53 x 1072 147 x 1072 1.46 x 1072
U 9.55 x 1071 943 x 10! 876 x 107! 8.99 x 10~! 7.23 x 107!

To account for the possible uncertainty on the initial O/U ratio of the samples, the
oxygen concentration used in the simulations has been assumed to vary from 0.9975 to
1.0025 mol Og/mol UO,. To this range corresponds an initial stoichiometry range of
1.995-2.005. The calculations have been performed at temperatures ranging from 800 to
1400 K. The simulation results are compared to experimental data in Figures 3.36-3.40.
The results corresponding to the samples with initial O/U ratios of 1.995, 2.000 and
2.005 are represented by dotted, solid and dashed lines, respectively. Additionally, each
figure includes for comparison a red curve which gives the oxygen potential prescribed
by the Moy,)/MoOy,) redox buffer.
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Figure 3.36: Calculated oxygen potential compared to experimental measure-
ments from Matzke [67]. Burnup 28.9 GWd/tHM. O/U refers to the initial

composition.
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Figure 3.37: Calculated oxygen potential compared to experimental measure-
ments from Matzke [67]. Burnup 34.5 GWd/tHM. O/U refers to the initial

composition.
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Figure 3.38: Calculated oxygen potential compared to experimental measure-
ments from Matzke [67]. Burnup 58 GWd/tHM. O/U refers to the initial com-

position.
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Figure 3.39: Calculated oxygen potential compared to experimental measure-
ments from Matzke [66]. Burnup 75 GWd/tHM. O/U refers to the initial com-
position.
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Figure 3.40: Calculated oxygen potential compared to experimental measure-
ments from Matzke [66]. Burnup 200 GWd/tHM. O/U refers to the initial
composition.

Experimental measurements of the oxygen potential in the samples of burnups 28.9, 34.5
and 75 GWd/tHM are close to ANGE simulation results and generally consistent with
the oxygen potential given by the Mo redox buffer. The oxygen potentials measured in
the samples of burnup 58 GWd/tHM are visibly overestimated by ANGE but within
acceptable error (50 kJ/mol Oz2) when the fuel is assumed to have an initial O/U ratio
of 1.995. This shows that the uncertainty on the initial oxygen content can lead to
significant differences on the oxygen potential of the irradiated fuel. The largest differ-
ence between calculated and measured oxygen potentials is obtained on the high burnup
samples (4b), see Figure 3.40. Matzke reported that a burnup gradient was likely to
exist in the samples taken from the rim of the fuel pellet and that the specified burnup
of 200 GWd/tHM might not be realistic. To investigate the impact of burnup on the cal-
culated oxygen potential, an additional set of calculations with PRODHEL and ANGE
were performed. The elemental compositions used are in Table 3.21 and the calculated
oxygen potentials of the high burnup samples (75-100-125-150-175-200 GWd/tHM) are
plotted in Figure 3.41. The initial O/U ratio was assumed equal to 2.
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Table 3.21: Elemental compositions used in ANGE calculations for modeling

Matzke’s experiments [66].

Element Concentration (mol/mol UO3) at burnup of
100 125 150 175

GWd/tHM GWd/tHM GWd/tHM GWd/tHM

He 3.61x1072 461 x1072  5.69x 1072  6.84 x 1072
Cs 1.54x 1072 1.82x 1072  2.09x 1072  2.33 x 1072
Te 3.60 x 1073 4.72x107% 582x1073  7.00 x 1073

I 1.65x 1072 1.99x 1072  230x107% 258 x 1073
Mo 253 %1072 318 x 1072 3.87x 1072  4.60 x 1072
Ba 1.52x 1072 2.00x 1072 255 x 1072  3.17 x 1072
Zr 229%x 1072 286x1072 347 x 1072  4.12x1072
Ce 1.83x 1072 229x1072 279x1072  3.32 x 1072
La 875x 1073  1.08x 1072  1.29x 1072  1.51 x 1072
Gd 227 %1072 291x1072 361 x1072  4.36 x 1072
Eu 421 x 1073 5.00x 1072  5.74x1073  6.46 x 1073
Ru 288 %1072  360x1072 437x107%2 5.17x107?
Pd 225x 1072 295 x 1072  367x107%2 443 x 1072
Pu 158 x 1072 1.61x1072 1.59x1072  1.53 x 1072
U 8.68x 1071  836x 107!  8.01x10"'  7.65x 107!
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Figure 3.41: Calculated oxygen potential compared to experimental measure-
ments from the high burnup samples studied by Matzke. [66].

As can be seen, the oxygen potentials calculated for the 75 GWd/tHM fuel are the closest

to the experimental measures of Matzke. However, the simulations still underestimate
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the oxygen potential by more than 50 kJ/mol Og. Figure 3.42 shows all the experimental
measures of Matzke together [66,67].
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Figure 3.42: All the experimental data from Figures 3.36-3.40 [66,67].

One may notice that no clear trend with burnup increase can be derived from the
presented data. Considering the LWR samples with a burnup between 28.9 and 58
GWd/tHM and the HWR high burnup samples separately, Matzke concluded that the
oxygen potential decreases when the fuel burnup increases. An opposite conclusion was
proposed by Une et al. [65] from his measurements on BWR fuels. As shown by Figure
3.41, ANGE calculations lead to an increasing oxygen potential with the fuel burnup,
particularly at temperatures below 1200 K.

3.3.2.3 High burnup irradiated PWR fuel

The last simulated experiment is the one carried out by Walker et al. [7] and already
used to assess PRODHEL calculations in Section 3.1.4. The authors have measured the
oxygen potential in a very high burnup fuel sample at four radial positions. The data
necessary to perform a detailed simulation of the experiment, i.e., the pellet character-

istics and the irradiation history, are given in Tables 3.6 and 3.7.

ALCYONE simulations of Walker’s fuel were performed in two parts. In the first one,
the nominal (base) irradiation in the commercial reactor has been simulated. The FPs
inventory obtained at the end of this sequence from PRODHEL is detailed in Section
3.1.1. In the second part, thermodynamic equilibrium calculations with ANGE at dif-

ferent temperatures were carried out to obtain estimates of the oxygen potential along
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the fuel radius that have then been compared to the measurements of Walker et al. The
authors did not give the cooling time between the end of the base irradiation and the

oxygen potential measurements. In this work, this time is assumed to be 3 years.

Walker et al. have reported an initial O/U ratio for the fuel of 2.005. Walker et al. have
measured the oxygen potential at four radial positions and at temperatures ranging from
700 °C to 1100 °C. The calculated oxygen potentials at the four positions and at the

different temperatures with ANGE are compared to Walker’s measures in Figure 3.43.
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Figure 3.43: Calculated oxygen potential at different radial positions as a func-
tion of temperature compared to the values measured by Walker et al. [7].

As may be noticed, the thermodynamic equilibrium calculations are far from the mea-
sures, except at the pellet center (r/Rpejer = 0.1) where an almost constant oxygen
potential of -400 kJ/mol Oy was reported. However, the authors mentioned that they
were not able to correctly measure the oxygen potential at the pellet center, and thus
these values cannot be used as a reliable reference. At all positions, the calculated oxy-
gen potentials increase with temperature, which is the expected behavior. No radial
evolution of the oxygen potential was however obtained with ANGE, the four calcu-
lated values being in the vicinity of the oxygen potential given by the redox system

Moy,)/MoOy,), as shown in Figure 3.44.
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Figure 3.44: Calculated oxygen potential at different radial positions compared
to the oxygen potential corresponding to two redox buffers.

Investigations lead to identify two other redox systems that could possibly control the
oxygen potential of the samples at the center and at the periphery. These two redox
system are given in Equations 3.29 and 3.30 and plotted in Figures 3.43 and 3.44. ’Buffer
1’ and ’Buffer 2’ refer respectively to Equations 3.29 and 3.30.

1
BaZrOg(s) + UO2(ss) + 502(9) = BGUO4(S) + ZT‘OQ(SS) (3.29)

CSQT@(l) + MO(S) + 202(9) = CSQMOO4(l) + Te(g) (3.30)

Walker et al. have also plotted the oxygen potential at 750 °C and 1000 °C as a
function of r/Rpeier- Their measurements show an increase of the oxygen potential with
the radius. According to ANGE computations, the oxygen potential is nearly constant
along the pellet radius except at the periphery where it slightly increases. Comparison
is shown in Figure 3.45. Compared to the measures of Matzke on the high burnup
fuel (decreasing oxygen potential with increasing burnup) [66], one may notice that the
evolution of the oxygen potential with burnup reported by Walker shows the opposite
trend.
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Figure 3.45: Calculated radial profiles of oxygen potential at 750 °C and 1000 °C
compared to the experimental measurements from [7]. The green line shows the
oxygen potential at maximum LHR during the last irradiation cycle.

The green curve shows the calculated oxygen potential profile at the hottest moment
of the last irradiation cycle. The profile is non-convex. The change of curvature near
the pellet periphery is caused by two competing effects on oxygen potential: i) the
temperature decrease near the periphery and ii) the burnup increase in the rim of the
pellet. Similarly shaped end-of-life oxygen potential profiles have been obtained by Piro
et al. [12] and Loukusa et al. [72].

The oxygen potentials at 750 and 1000 °C obtained with ANGE are not consistent
with the thermochemical simulations of the same fuel performed by Piro et al. [12]
and Loukusa et al. [72]. Both authors found an increase of the oxygen potential of
the fuel with the fuel pellet radius and burnup. Results from Piro and Loukusa are
similar because they have used the same thermochemical database from RMC [19,149].
According to Loukusa, the high oxygen potential obtained in the simulations is due
to the formation of UMoOg() when the burnup exceeds 50 GWd/tHM. The oxygen
potential of the fuel is buffered by the following reaction:

UOs(ss) + M0Oy(s) + Og(gy = UMo0Og) (3.31)

To improve the simulations with ANGE, UMoOg,) has been added to the thermody-
namic database and new calculations performed. The Gibbs energy of formation of this
compound, used in this work, is the one proposed by Dharwadkar [182]. The formation
of UMoOg(s) has not been obtained in the simulations, even with consideration of the
uncertainty on the initial O/U ratio of the fuel (from 2 to 2.01). UMoOg( was found
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in the calculation only when the initial O/U reached 2.03. Such high oxygen concen-
tration at the pellet periphery could be a result of oxygen thermal diffusion, a possible
mechanism during nominal irradiation in consequence of the first two irradiation cycles
performed at LHR around 300 W /cm.

Figure 3.46 compares the O/M profile calculated at the hottest moment of the last
irradiation cycle to the values estimated by Walker. The predicted radial profile is
consistent with the blue dots, i.e. with Walker’s values assuming that Mo is metallic
and not dissolved in oxide form in the solid solution. The same assumption is made in
the database of ANGE where Mo does not contribute to the O/M ratio.
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Figure 3.46: The O/M ratio at maximum LHR during the last irradiation cycle
(line) compared to the values estimated by Walker et al. [7].

3.4 Summary

Thermochemical modeling of nuclear fuels has been presented in this chapter. In the first
part, the neutronics model PRODHEL has been introduced. Successful validation by
comparison to FPs and actinides inventory in medium and high burnup fuels has been
presented. PRODHEL is able to return a detailed isotopic composition at any time
of the fuel irradiation cycles, which has been demonstrated by the analysis of iodine

isotopes evolution during nominal irradiation and a power ramp.

In the second part, the thermochemical solver ANGE and its thermodynamic database
have been presented. The solid solution phase has been detailed and validated against
experiments on solubility of fission products. The validation shows a good agreement for
all the considered elements except for Zr. Solubility of zirconium is still unclear and more

work is required to correctly describe the U-Zr-O system. The complete solid solution
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model has been compared to oxygen potential measurements on SIMFUEL samples,

showing consistent estimations.

Finally, available experiments on irradiated nuclear fuels have been simulated using
PRODHEL and ANGE. Oxygen potential calculated in fuels irradiated up to around 60
GWd/tHM are in satisfactory agreement with experimental measurements. Modeling of
high burnup fuels shows that the calculated oxygen potential are inconsistent with the
reported experimental values. More efforts are therefore required to model high burnup
fuels correctly. It must however be emphasized that the oxygen potential evolution with
burnup increase is not clear among researchers and that opposite trends are reported,

making any conclusion highly speculative.

In high burnup fuels, differences between calculated and measured oxygen potentials
could possibly be explained by oxygen thermal diffusion leading to an enrichment in
oxygen of the fuel periphery. Thus, oxygen transport should be taken into account in

simulations of irradiated fuel thermochemistry.

The impact of the oxygen potential of the fuel on the speciation in the gas phase has
also been studied with ANGE. The concentration of gas species potentially detrimental
to the cladding (iodine particularly) varies significantly with the oxygen potential. Any
oxygen thermal diffusion process in the fuel should therefore have a major impact on

the speciation of the gas phase.
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Chapter 4
Oxygen thermal diffusion

The goal of this work is to study the impact of oxygen transport on speciation of fission
products during power ramps, which will help to predict PCI failures. In order to do that,
it is necessary to implement an oxygen transport model in the fuel performance code
ALCYONE. ALCYONE is able to perform calculations in different geometries. For this
reason, two solutions for the oxygen transport problem have been developed. The Finite
Volume Method (FVM) has been applied to the 1.5D scheme and the Finite Element
Method (FEM) to the 2D and 3D geometries. Both solutions have been validated
against each other and against the steady-state solution given by the OXIRED model
from Lassmann [86]. The first part of this chapter presents the solutions developed
for oxygen transport. The second part of this chapter presents the application of the
FEM to the 2D and 3D solution of a coupled heat and oxygen transport problem from
the open literature in order to check the robustness of the proposed algorithms. The
two main parameters governing oxygen transport are studied in the third part of this

chapter: the heat of transport of oxygen and the oxygen chemical diffusion coefficient.

4.1 Numerical solutions in 1D radial

4.1.1 Steady-state temperature profile

For the presentation of the numerical methods used to solve the oxygen thermal diffu-
sion problem, it is not necessary to fully couple heat and oxygen transport. Oxygen
transport under a fixed, parabolic radial temperature profile might be considered. The
temperature profile can be calculated from the steady-state solution of the heat balance

equation in cylindrical coordinates written as follows:

1d dT .

- - = 4.

i [)\rdr]—i—Q 0 (4.1)
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where

r—radius [m]

T—temperature K]

A—thermal conductivity [W/m/K]
Q-heat generation rate [W/m?]

The heat generation rate can be estimated from the linear heat rate P, [W/m] and from
the fuel pellet surface S = 7TRI276” ot With Rpeper the fuel pellet radius [m]. Considering
a constant thermal conductivity A\ together with a boundary condition consisting of a
constant temperature Ty at the fuel pellet external radius, the solution of Equation 4.1
reads as follows:

g
T (7") = T(] + A (R?)ellet — 7"2) (42)

47 R?

pellet

Equation 4.2 gives the temperature at each point of the fuel pellet radius r.

In the following applications presented in this chapter, the parameters of Equation 4.2
will take the following numerical values: Rpcer =4.1 mm (the standard pellet size in
French PWR fuel rods), Ty =750 K, thermal conductivity of the fuel A =2 W/m/K and
P, =40000 W/m. These parameters give a temperature radial profile representative of
the one occurring during power ramps. This profile is shown by the red curve in Figure
4.3. The maximum temperature reaches 2250 K at the pellet center. This temperature

profile will be used in all the oxygen transport models shown in this chapter.

4.1.2 Steady-state solution (OXIRED)

The OXIRED solution proposed by Lassmann [86] is first recalled since it will serve as a
reference for the other solutions developed in this work. OXIRED gives the steady-state
solution of oxygen thermal diffusion in a cylindrical fuel pellet. It consists in solving the
following general thermal diffusion equation (see Section 2.2.1.2) which can be applied
to hypostoichiometric or hyperstoichiometric fuel:

ox 10

N2 —

ot = 7o) (43)

with J as the oxygen interstitial or vacancy flux given by:

(4.4)

~ (O0x xQ% 0T
J=-NDo (a B2 87”)

where:
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N-total number of oxygen atoms per unit volume

x-the stoichiometry deviation [-]

Do-the chemical diffusion coefficient [m?/s]

Q¢ -the heat of transport of oxygen [J/mol]

Lassmann has applied Neumann boundary conditions on both boundaries » = 0 and

r = Rpeiter- The author has assumed that the flux J is null:
J(r=0)=0 (4.5)

J (T = Rpellet) =0 (4.6)

These conditions ensure conservation of oxygen vacancies or interstitials in the fuel
x

pellet. The steady-state solution of Equation 4.3 (E = 0) is equivalent to the following
condition: J Qs dT
x o)
- _— = 4.
dr * “RT? dr 0 (4.7)

In OXIRED, the fuel is divided in N concentric rings with N + 1 nodes. An example of

discretization is shown in Figure 4.1.

Radius

Figure 4.1: Visualization of the 1D discretization used in the OXIRED model.

The simulated fuel pellet is here divided in N=40 rings. The mesh is shown in Figure
4.2. The width of rings decreases with radius, which results in a denser mesh at the
periphery. This particular mesh comes from the fuel performance code ALCYONE.
Such discretization is common in fuel performance modeling. Dots correspond to ring

boundaries 7, ().
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Figure 4.2: Example of the 1D discretization used in the OXIRED model.

The relation between the stoichiometry deviations x in two neighboring ring centers

Ti+1) and r;y can be expressed as:

T(i41) (] Tavr) O dT
/ ar _ _ / @o gl (4.8)
T X T(i) R T

(i)
Qon(i+1) ( 11 >
R Tavy T

where ;) is the stoichiometry at the center of the i~th ring. Q*On(i +1) is the heat of

T(i41) = T(;) €XP = ()0 (4.9)

transport of oxygen at the interface between rings ¢ and ¢ 4+ 1. It can be approximated

in the following way:
s Q*O(i) + Q*O(i—l-l)
Qon(i+1) = 5 (4.10)

One can see that z(;;1) depends on z(;. Equation 4.9 can be extended to express the

result in each ring ¢ as a function of the stoichiometry deviation in the first ring ()

T(2) = *1))

TE) = @)% = Y1414 (4.11)

T(N) = E(N-DEN-1) = L)1) AN-1)

As a result of the boundary conditions used by Lassmann in the OXIRED model, the
average stoichiometry deviation T in the fuel pellet before and after redistribution is

conserved, which leads to the following equation:

N

TRocier = ) {(7}21(241) - T?z(i)) x(z’)} (4.12)

=1

By combining Equations 4.9 and 4.12, one gets the stoichiometry deviation in the first
ring as follows:
TR et
T(1) = P (4.13)
2 2
> (Tn(i-i-l) - Tn(z')) jl:ll a(j)

i=1

Once x(y) is found, the values in other nodes can be calculated using Equation 4.9. The

average stoichiometry deviation of the oxygen steady-state redistribution Z 4,4, which
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is calculated as follows:

[x(i) (Ti(iﬂ) - Ti(i))]

2
Rpellet

=1

(4.14)

jfinal =

should be the same as the initial stoichiometry deviation 7.

Examples of oxygen redistribution calculated with the OXIRED solution are shown
in Figure 4.3. All the calculations have been performed with an initial stoichiometry
deviation = 0.005. The heat of transport Qp, is here negative which would correspond
to an initially hypostoichiometric fuel (O/M < 2). The plots are expressed in function
of the O/M ratio instead of the stoichiometry deviation z, recalling that the relation

between these two quantities is as follows:

O/M=2—z (4.15)

2 2400
1.995 2100
1800 X Initial state - - - -
1.99 g -40 kJ/mol ——
s = -60 kJ/mol ——
5 1500 2 -80 kJ/mol
1.985 g -100 kJ/mol
1200 2 Temperature ——
1.975 ' ' ' ' 600
0 02 04 06 038 1
IRpellet

Figure 4.3: O/M profiles calculated by OXIRED for different heats of transport.
The red curve is the temperature radial profile.

It can be noticed that the difference between O/M ratios at the pellet center and at
the periphery increases with decreasing Qf,. Lower values of QF, lead to steeper O/M
radial profiles. Another important observation is that the cylindrical geometry can lead
to a very low O/M ratio at the pellet center even if the initial stoichiometry deviation
is small (0.005 in the present calculation). The O/M ratios at the pellet center can even

be lower with non-constant values of the heat of transport. To illustrate this point, the
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nonlinear heat of transport given by Equation 4.16 has been used in OXIRED.
Q% =5 x 10*In (), minimum value: Qf = —107J/mol (4.16)

The stoichiometry deviation dependence and strong non-linearity of Equation 4.16 re-
quires iterations to ensure numerical convergence. In practice, one needs to repeat the

OXIRED calculations until the convergence condition given in Equation 4.17 is fulfilled.

k+1 k
ey — )

<1077 (4.17)

=1

where :zla'fl and x’(“i) are the stoichiometry deviations at the center of the ¢-th ring and

at the iteration k£ + 1 and k, respectively. The iteration k£ + 1 uses the heat of transport
expressed as a function of the stoichiometry deviation from the k—th iteration. The

convergence is ensured when the difference between iterations is sufficiently small.

OXIRED calculations with a nonlinear heat of transport have been carried out and are
shown in Figure 4.4. The discretization, initial stoichiometry deviation and temperature
profile are unchanged. Ten iterations on average are needed for convergence. The oxygen
redistribution calculated with a constant heat of transport shown in Figure 4.3 did not

require iterations to converge.

? 0

- -1x108
1.99 4 -2x108
IS
- -3x106 £
5,
1.98 H -4x10% &
S 5
S - -5x108 é
1.97 - -6x108 =
(@]
- -7x108 §
T

- - 6

198 Initial O/M - - - - 8x10

Final O'M —— 1 o108

Heat of transport
1.95 L | | | .
0 0.2 0.4 0.6 0.8 1

r’'R

Figure 4.4: Example of OXIRED calculations with a nonlinear heat of transport.

The OXIRED calculations with a non-constant heat of transport give lower O /M ratios
at the pellet center when compared to the O/M radial profiles of Figure 4.3. Also, it
can be noticed that in spite of a very steep O/M profile, the calculated values do not

exceed 2 (z = 0). Only the size of the O/M=2 zone increases.
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4.1.3 Transient solution (OXITRAN)

The most basic geometry included in ALCYONE fuel performance code is the 1.5D
scheme where the fuel rod is divided into axial slices, each slice into concentric rings.
The 1.5D scheme is illustrated in Figure 1.18. The axial coupling is only for thermo-
hydraulics. The oxygen transport problem is therefore 1D radial.

The FVM has been chosen to solve the oxygen transport equation because it is very
fast and simple. Also, it implicitly ensures the conservation of matter (oxygen vacan-
cies or interstitial atoms). Both explicit and implicit schemes have been tested in this
work. The latter ensures numerical stability when it comes to deal with very steep O/M
profiles related to a nonlinear heat of transport @¢,. The implicit scheme requires more
mathematical operations to find the solution but the CPU time required for thermal
diffusion is negligible when compared to the time needed for thermomechanical or ther-
mochemical calculations in ALCYONE. In this work, the oxygen transport transient
solution is called "'OXITRAN".

The 1D oxygen transport equation in radial coordinates is given by Equation 4.4. The
discretization of the fuel pellet considered in the FVM is shown in Figure 4.2. Integration

of Equation 4.4 in each concentric ring (i) is at the root of the FVM:

Tn(i+1) P Tn(i+1) P P Q* oT
9 g — 9 )DL L o 9%
/ Tt = / {87” {’"DO <6r TR 00 ) H (4.18)
Tn(i) Tn(i)

The left side of Equation 4.18 can be approximated as follows:

Tn(i+1)
ox ox
/ T’adT ~ 7’(1) (Tn(iJrl) — rn(z)) a (419)
T'n(i)

The time evolution of x can be expressed by the first order approximation such that:

t+dt ot
9 Jta —*e (4.20)
ot dt )
t+dt

where ) and :U'éi) are stoichiometry deviations at times ¢ + dt and t respectively. The

first order is sufficient because the time steps used in the OXITRAN solution can be
very small. Combining Equations 4.18, 4.19 and 4.20 gives:

ot xf : Tn(i+1) 9 5 20 T
(i) D) ~ x 5
7y (Pngit1) = Tn(i) — / [c% {rDo (81” + T2 (97“) H dr  (4.21)
Tn(i)
ft—,’_dt — .’Et, * Tn(i+1)
(i) (i) ~ [(O0x xQf 0T
() (Tn(i—i—l) - Tn(z)) T = |:TDO <87’ + RT(; E (4.22)

Tn(i)
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The right side of Equation 4.22 can be expressed at each ring boundary by:

~ (Oz xzQ§HOT\]|™m+H
[TDO (ar * R arﬂ -

_ oz +DoQ?, oT
= T+ Don(it1) 7 + o+ | —mm e 4.23
- O ¢DoQs\ T
“Ta@Pon 5| = Tl (RT2 ol
n(4) n(3) n(3)

The gradients of stoichiometry deviation and temperature at the ring boundaries 7,41
and 7,,(;) can be expressed in the following way as a function of the same quantities at

the center of the rings:

oe| iz

Tl T S

x| e T Ta-n
81817“ n(i) ) 7"(3:% T_(Zz':}(tz—;-dt (4.24)
O | (i1 T(i+1) = T(3)

or| T T

oy T —TG-1)

Equations 4.24 are the first order approximations. The small ring sizes dr used in

ALCYONE (see Figure 4.2) allows one to make this approximation.

In order to simplify further notations, one may define the following quantities:

Ay = Y dt (4.25)
) (Pnisn) = 7)) (P = 76)
Apy = 20 at (4.26)

@) (P = 7a) (r6) = 76-1)
The discretization of the pellet in IV rings leads to the following system written in a

matrix from:

ail Q12 0 0 :C?l"_)dt bl
) tdt
a1 a2 e 0 Ty | _ | b (4.27)
o AN-1,N : 3
| 0 0 avn-1 ann || xf}‘ft ] bn
~ ——
A X B
where for 2 <i< N —1
Qi1 = *Amiﬁon(i)
aii = 1+ AmiDon(iy + ApiDon(it1) (4.28)

aii+1 = —ApiDon(it1)
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_ A 2DoQp t-+dt t+dt
bi = co + Api (RT2> (T - 765
(i+1)

) 9550@*0 t-+dt t+dt
‘A"“< wes | (T - T

(4.29)

n(1)
In order to ensure matter conservation (oxygen vacancies or interstitials), it is assumed
that the flux of oxygen at the pellet center and at the periphery is null. These are
the Neumann boundary conditions given by Equations 4.5 and 4.6. This assumption

imposes that A,,; = 0 in the first ring (¢ = 1), which leads to:

aj; =1+ Aplﬁon(z)
a2 = —Ap1 Don(2)

_ (4.30)
_ tDoQp t+dt t+dt
b= ¢y + Ap ( “RIT ) (i - 1t5)
n(2)
and Ap; = 0 in the last ring (i = N), leading to:
aNN-1= —Am(N)éOn(N)
an,N =14+ Ay Donv) (4.31)

xﬁOQ*o d d
bN = CzN) - Amn ( RT2 > (T(tj\;)t — T(t]‘\f/"—tl))
n(N)

The diffusion coefficient Do and the term "“:1)% %Cg*o

boundaries 7,,(;4+1) and 7,,;). They are estimated as follows from the same quantities at

need to be calculated at the rings

the ring centers:

5 T e
DOn(Z) - T(3) ~Tn(s) Tn() —T(-1)
50 (T(z)) 5O (T(i—l))
5o ri+1) ~ () 32
OTL(’L+1) - T(i+1)_rn(i+l) 7"71,~(7L+1)_7’(75)
Do (T(i11)) Do (Tw))
Do) _ "t = )
RT* ) () =m0 BTZ, (" —r-1) ) BTG )
x(i)Do(T(i))Q*o(x(i)) ff(i—l)DO(T(i—l))Q*o(x(i—l)) (4.33)

2DoQ%, B T(i+1) — T ()
( RT? >n(i+1) B (’“(z‘tl)*’"n(wl))RT@H) ("n~<i+1)*r<z‘>)RT<2i>
241 Do (Tl ) Q5 (26+1) 2 Do (Ti)) Q6 ()
There are other options to calculate the parameters at the rings boundaries such as the
arithmetic mean but numerical tests have shown that utilizing the harmonic mean leads

to less restrictions on the time step.

In order to calculate ztt%, the system of N Equations 4.27 needs to be solved. The
tridiagonal matrix algorithm (also known as Thomas Algorithm) has been used to solve
the system. It is a simplified version of the Gaussian elimination method, adjusted to

tridiagonal matrices. It is explained in details in Appendix D.
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The OXITRAN solution has been validated by comparison to the OXIRED steady state
solution. The diffusion coefficient used in the OXITRAN solution is the one proposed

by Lassmann [86] which depends only on temperature:
Do =1.39 x 10 % exp (—75900/RT) [m?/s] (4.34)

Results of OXITRAN calculations at different times are shown in Figure 4.5. The initial
stoichiometry deviation is 0.005 (O/M=1.995) and the heat of transport is -100 kJ/mol.
The time step is 0.5 s. The oxygen redistribution after 500 s is already significant and it
is close to the steady state. After 1000 s, the OXITRAN results are nearly the same as
OXIRED. After 10000 s, OXITRAN gives exactly the same results as OXIRED meaning
that the steady state is reached. Such time periods of several hours at high temperatures

are typical of power ramps.

1.995 .
Initial state - - - -

OXIRED s
10s —
50s —

100 s

250 s

500 s
1000 s —
10000 s —

1.99

Oo/M

1.985

1.98

1.975 ' ' ' '
0 0.2 0.4 0.6 0.8 1

IRpellet

Figure 4.5: O/M radial profiles calculated with OXIRED (thick black curve)
and OXITRAN at different times.

In case of a nonlinear heat of transport, the O/M profiles can be very steep. It may
lead to difficulties in numerical convergence. In order to solve this issue, a convergence
condition has been introduced. Practically, the matrix X in Equation 4.27 is recalculated
in an iterative process until the sum of absolute values of differences of x at two successive
iterations is lower than 1076.

>

i=1

dt(k)

where sz; is the stoichiometry deviation at the center of the i-th ring, at iteration

%

k and time t + dt. Numerical stability increases for shorter time steps and wider rings.
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The traditional Courant-Friedrichs-Lewy (CFL) condition [183], given in Equation 4.36,

has been used to define an optimal time step:

ﬁodt

For explicit schemes, Ciq, is typically of the order of 0.5. Implicit schemes are more
stable, and thus the value of C},4, may be larger. A set of OXITRAN simulations with a
non-constant heat of transport function (given in Equation 4.16) has been carried out to
study the CFL condition as a function of the time step (the mesh is given in Figure 4.2).
Time steps of 0.1, 0.5, 1, 2 and 3 s have been used in the simulations. The results are

shown in Figure 4.6.

14 .
12 - .
10 .
0.1s
oL 3 |/ 05s
~ 8 1s
je]
o 4L | 2s
3s
4 |- i
2 \\ 7
0 : : .
0 0.2 0.4 0.6 0.8 1

IRpeliet

Figure 4.6: Dodt /dr? for different time steps.

With the mesh used in ALCYONE simulations, the CFL number is larger at the pellet
center and it decreases rapidly with the pellet radius. It is a consequence of the higher
temperature (faster diffusion) and larger mesh size dr at the pellet center. Thus conver-
gence issues could occur preferentially at the pellet center. The calculations with a time
step greater than 3 s did not converge. It can be concluded from the convergence anal-
ysis that C,,q. is around 15 for the thermal conditions, diffusion coefficient and heat of
transport considered in the present calculation. Since other transport parameters might
lead to greater diffusion coefficients and heat of transport, a maximum time step of
0.5 s has been prescribed in all further calculations to ensure convergence even in case
of strong non-linearities. Figure 4.7 shows the evolution of the O/M profiles calculated

with OXITRAN using the nonlinear heat of transport given in Equation 4.16.
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2
1.99 N
Initial state - - - -
OXIRED  me—
10s ——
- 1.98 509 ——
5 100 s
197 250 s
9 500 s
1000 s —
10000 s —
1.96
195 | | | |
0 0.2 0.4 0.6 0.8 1
IRpellet

Figure 4.7: O/M radial profiles calculated with OXIRED (thick black curve)
and OXITRAN at different times with a nonlinear heat of transport.

OXITRAN results with a nonlinear heat of transport show that the oxygen redistribution
is very close to reach the steady state after 250 s (OXIRED solution), half the time

required in the calculations with the constant heat of transport, as shown in Figure 4.5.

4.2 Numerical solution in 2D and 3D

4.2.1 Transient solution

The oxygen transport problem has been solved in 2D and 3D with the FE code Cast3M
developed by CEA [135]. Cast3M is widely used in CEA projects for thermal diffusion
problems, in particular in the fuel performance code ALCYONE. Thus the choice of
using Cast3M also for solving the oxygen transport problem. The Cast3M code includes

a "SORET” matrix operator that can be used to calculate the thermal gradient term
T *

RC%O grad(7T') of the oxygen diffusion transport equation. Unfortunately, the SORET
operator cannot be used in Cast3M pre-defined transient algorithms. For this reason,

the solution of the oxygen transport problem has been completely rebuilt in this work
from the standard solution of the thermal heat transport problem by the 6—method
[184], detailed in Appendix E.
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In 2D and 3D, the transport equation taking into account thermal diffusion can be

expressed as follows:

‘3“; _ div. [BO <grad(m) + 'j’go grad(T))] (4.37)

where grad and div are the gradient and divergence operators. The same equation can

be expressed in a more general way by:

oz

5 +div.(J) =0 (4.38)
with J the oxygen flux vector:
_ D 2Q0
J =—Do | grad(x) + =T grad(T) (4.39)

In Cast3M, the heat transport equation is solved using the Galerkin method. To apply
this method to the oxygen transport Equation 4.38, one needs to multiply it by an
arbitrary function ©* (smooth on the domain ) and integrate the system over the
entire domain ().

Ox

9 gy + / div(J)O*dV = 0. (4.40)
o Ot Q

By integrating the second term by parts one gets two integrals defined over the domain

Q and the external surface 92 respectively.

0
P orav — / J.grad(©")dV + / J.nO*dS = 0 (4.41)
o Ot Q o0

where n is the vector normal to the surface 0€2. The third term can be split in two
depending on the type of boundary conditions, i.e., imposed stoichiometry deviation x

or imposed flux Jy.

/ J.nO*dS = —Do [grad(m) + Q0 grad(T)} .n@*dS—l—/ Jo©®*dS (4.42)
o0 09, — RT==— 09,

imposed stoichiometry deviation imposed flux

where 092, and 0€); are surfaces of 0f) that correspond to the boundary conditions with
prescribed stoichiometry deviation x and flux J, respectively. By choosing a ©* function
that is null on 02, and noting that in the current application to oxygen redistribution
in fuel pellets, the oxygen flux at the fuel boundaries is generally null (Jy = 0 on 0€Q),

Equation 4.41 becomes:

a—m@*dv + / Do |grad(z) + Qo grad(T) | .grad(©*)dV =0 (4.43)
o Ot o 28RS | 8ag
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The FEM allows one to approximate the unknown z and the test function ©* in each

element by interpolation of the nodal values x; and ©; such that:

Ne
z(u) =Y i(t)Ni(w) = z;(t) N;(w) (4.44)
i=1
and
Ne
0" (u) = Y O3()N; (u) = O} () (4.45)
j=1

where N, is the number of nodes of a typical element. N;(u) is the shape function
associated to the node ¢ with position vector u. By substituting Equations 4.44 and

4.45 in Equation 4.43 one obtains:

o <[ /Q e Nidev] % 4 [ / o (grad(Ni) 4 Nigrad(T) g%) .grad(Nj)dV} 1:) — 0
(4.46)

This equation, which is solved for each element Q¢ must be fulfilled for all values of

@;?. By analogy with the thermal problem, the system of equations can be written as

follows:

12

X+ K X+5X=0 (4.47)

where
X—vector of stoichiometry deviations at nodes

X—vector of time derivatives of stoichiometry deviation at nodes

C—capacity matrix:

C= N;N;dV (4.48)
=7 Jo
K*-conductivity matrix:
K* = | Dograd(N;).grad(N;)dV (4.49)
2 e 088 grad
S*-Soret matrix:
S*= [ Do Q02 grad(Ny).grad(N;) Ty N;dV (4.50)
= Qe RIT?=— S

The theta method used in Cast3M thermal solver has been applied to Equation 4.47

resulting in the following matrix system:

trdt(k) _ yt
g¥ K [0X (1) X'

(4.51)
+§* |:6Xt+dt(k) 4 (1 o 9) t — 0
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leading to:

-1

with

e At-time step
o Xt gtoichiometry deviation at time ¢ + dt

e X' stoichiometry deviation at time ¢

0 < 6 < 1 is the relaxation coefficient. For § = 0 the scheme is purely explicit, for
¢ = 1, purely implicit. C' does not depend on temperature nor stoichiometry deviation.
K* depends on temperature and S* depends on stoichiometry deviation, which means
that Equation 4.47 requires an iterative process to ensure convergence. As for the FVM,
the solution is recalculated from Equation 4.47 (using the previous iteration solution
to estimate the K* and S* matrices) until the maximum difference in stoichiometry
deviation between two successive iterations becomes less than 1076, The impact of
different values of 6 has been studied. A series of simulations with the nonlinear heat of
transport given in 4.16 has shown that the solution is obtained in less iterations when 6

increases. Thus, § = 1 has been chosen and will be used in this work.

Oxygen transport calculations in Cast3M require more CPU time than the finite volume
solution of OXITRAN, and thus using very small time steps as in the latter takes too
much time. To reduce CPU time, a simple time adaptive algorithm has been introduced.

It uses the following equation:
max (Xt+dt(k+1) _ Xtert(k)) <1076 (4.53)

to check the numerical convergence. If the condition is not fulfilled after £ = 10 iterations,
the time step is divided by 2 and the calculation repeated. If there is no convergence
after 10 divisions, further calculation is abandoned. In the application to the non linear
heat of transport of Equation 4.16, the initial time step of 10 s was divided only once

and the subsequent 5 s time step was sufficient to reach convergence.

2D and 3D geometries in ALCYONE describe one-eighth of a fuel pellet fragment with

the overlaying gap and cladding. Examples of meshes are shown in Figure 4.8.
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Figure 4.8: Examples of 2D and 3D meshes used in Cast3M.

The oxygen transport model has been written as a stand-alone Cast3M script. Sim-
ulations of oxygen redistribution in a fuel pellet fragment have been performed with
2D and 3D FE meshes close to those used in ALCYONE fuel performance code. The
steady-state temperature distribution used in the simulations depends only on the ra-
dial coordinate and is given by Equation 4.2. The shape of the fuel fragment has been
simplified because no dish or chamfer has been introduced. The simplified geometry and
the lack of thermal gradient other than radial allows to compare the results from the 2D
and 3D FE simulations to the 1D results from the FVM. The temperature distributions
in the 2D and 3D models are plotted in Figure 4.9.

Temperature (K)

2250.
-

1875.

. 1500.

1125.

i..

Figure 4.9: Temperatures in 2D and 3D calculated with Cast3M.

The initial stoichiometry deviation in the pellet is 0.005 (O/M=1.995). It is assumed
that the flux of oxygen on all external surfaces is null, which leads to oxygen conservation
in the pellet fragment. The heat of transport of oxygen is -100 kJ/mol and the diffusion
coefficient is the one given in Equation 4.34. The distribution of the O/M ratio resulting

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



168 Chapter 4 Oxygen thermal diffusion

from oxygen redistribution calculated in 2D and 3D after 10000 s (steady-state) are

shown in Figure 4.10.

O/M (-)

2.000

Figure 4.10: O/M in 2D and 3D calculated with Cast3M.

4.2.2 Cross-comparison of 1D and 2D /3D solutions

A detailed comparison of the solutions in the different geometries has been done to check
the consistency between the FEM and FVM. The radial profiles of temperature in the
1D, 2D and 3D simulations are identical. The initial stoichiometry deviation is 0.005.
The simulations have been carried out with a constant heat of transport of -100 kJ/mol
and with the diffusion coefficient mentioned previously (Equation 4.34). The comparison

of the radial profiles of O/M ratio calculated at different times is shown in Figure 4.11.
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Figure 4.11: 1D, 2D and 3D O/M radial profiles at different times.

It can be seen that radial profiles of O/M ratio calculated at different times during the
oxygen redistribution process are exactly the same meaning that the results from the
finite element method used in 2D and 3D are consistent with the results from the finite

volume method used in 1D.

4.2.3 Coupled heat and oxygen transport in 2D /3D
4.2.3.1 COMSOL based solution

To check more thoroughly the 2D and 3D FE solutions developed in this work, a chal-
lenging simulation, based on Ramirez et al. [81], has been carried out. The authors
used the COMSOL Multiphysics™ code to perform coupled heat and oxygen transport
simulations of a reactor start-up in 2D. Ramirez et al. simulated a 22.5° angular section
of a cylindrical fuel rod including heat transport in the helium gap and the cladding.
The fuel pellet radius is 4.3 mm, the radial gap width is 0.03 mm and the cladding
thickness is 0.5 mm. The heat and oxygen transport equations used by the authors are
given by:

0

by = div- [kgrad(T)] + Q (4.54)

with

e p-density [kg/m?]
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e C,-heat capacity [J/kg/K]

e k—thermal conductivity [W/m/K]

e () heat generation rate [W/m?]

ox

— = div.

ot [D o (grad(x) T FrpRT?

Q%

grad@))]

(4.55)

where Frp is the thermodynamic factor. Values and functions describing the parame-

ters of Equations 4.54 and 4.55 are summarized in Table 4.1. One needs to remark that

the heat and oxygen transport equations are fully coupled since the thermal conduc-
tivity coefficient £(UQO3) and the oxygen diffusion coefficient EO(UOQ) depend on both

temperature and stoichiometry deviation.

Table 4.1: Summary of the material properties used by Ramirez et al. [81].

Property Dependence on temperature 7' (K) Units Reference
and stoichiometry deviation x
Cp(UOg) 264256 + 47T Jkg ' K! 81]
p(UO2) 10960(a + bT + T2 + dT3) 3 kg m—3 [185]
a=0.997,b=9.082 x 107°
T < 923K
c=—2.705x 107 d = 4.391 x 10713
a=0.997,b=1.179 x 107°
T > 923K
c=—-2429%x 107" d =1.219 x 10712
arctan[0(T', z)] 1173 —1 -1
Mo(T) =[3.24 x 1072 +2.51 x 10747 ~*
O(T, ) = 3.67exp(—4.73 x 1074T)\/222o(T)
Q5(UO02)  Qf(x) = —1380.8 — 134435.5 exp(—x/0.0261) J mol ™! [106]
~ 4.26 x 103
- log[Do (T, z)] = —9.386 — 20 %107
Dp(UOg2) m? 71 [86]
-3 —4 2 +x
+1.2 x 1073Tz + 7.5 x 10~ 4T log
x
24z
F Frp(T,z) = 1
ro(U02) Fro(Th2) = oa 50—y [166]
p(He) 0.0818 — 8.275 x 1075(T — 600) kg m—3 [187]
C,(He) 5190 Jkg ' K!
k(He) 0.0468 + 3.81 x 107*T — 6.79 x 10787? Wm! K!
p(clad) 7817 kg m—3
Cp(clad) 420 Jkg ! Kt
k(He) 10.98 4 0.0147 — 7.447? Wm ! K!

It must be emphasized that the parameters for oxygen transport refer only to hyperstoi-

chiometric fuel. Ramirez et al. have studied the evolution of temperature and stoichiom-

etry deviation during a reactor start-up. The power increase used in the simulation is

given in Equation 4.56. As stated by the authors, this equation is rather a simple model
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of quickly varying power source than an attempt to precisely model reactor behavior.

Qmax - QO
1+ 10exp(10 — t/45)

Qt) = Qo + (4.56)
The initial heat generation rate is Qo=0 W m™3 and it increases rapidly to reach its
maximum value of 2.8 x108 W m™2. The authors have prescribed a constant temperature
on the outer surface of the cladding Tp = 750K . Heat transport is considered in the fuel
pellet, in the gap and in the cladding. It is assumed that the stoichiometry deviation
on the outer fuel surface (zp) is also prescribed. Three values of xp were considered
in the simulations of Ramirez et al. : 0.1, 0.01 and 0.001. The authors have studied
the impact of this parameter on temperature evolution in the fuel pellet. Ramirez et
al. have assumed that the flux of oxygen on the other surfaces is null. The oxygen
transport problem is solved only in the fuel pellet. The finite element mesh and the

boundary conditions used by the authors are shown in Figure 4.12.

A-(KVT)=0;
—A-J=0

fuel rod

Figure 4.12: FE mesh of the fuel rod fragment simulated by Ramirez et al.
Adapted from Ramirez et al. [81].

Initially, the temperature and stoichiometry deviations fields are uniform, and thus
To=750 K and zg has values of 0.1, 0.01 and 0.001. The results calculated by Ramirez

et al. are shown in Figure 4.13.
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Figure 4.13: Results of the COMSOL Multiphysics simulation. Solid lines:
Tnaz/To, dashed lines: Zyqz/x0, dotted line: ). Adapted from Ramirez [81].

Figure 4.13 presents relative temperatures T,q,/T0 (solid lines), relative stoichiometry
deviations Zyqz/zo (dashed lines) and the heat generation rate Q (dotted line). Tax
and x4, are the temperature and the stoichiometry deviation at the pellet center and
Ty and x¢ are initial values. The temperature profiles reach a quasi-steady state after
around 5x10% s. Significant oxygen transport occurs after this time because the radial
temperature gradient is then sufficiently high. The highest relative stoichiometry vari-
ation Xyqq /o is for the lowest initial stoichiometry deviation and it reaches nearly 30.
On the contrary, in the case of the highest initial stoichiometry deviation (xo=0.1), the
ZTmaz/To 18 nearly constant during the simulation. The change in stoichiometry devia-
tion modifies the thermal properties of the fuel and hence the temperatures at the pellet
center. The most visible change is for the initial stoichiometry xzg = 0.01. T4, for this
sample increases by 60 K at t = 10% s. The oxygen redistribution is more significant for
lower stoichiometry deviations because the heat of transport used by Ramirez et al. is
very nonlinear near the exact stoichiometry. The late oxygen diffusion can be explained
by the function used by Ramirez et al. for the chemical diffusion coefficient. One can
see in Figure 4.14 that oxygen diffusion is much faster at high temperatures and low

stoichiometry deviations.
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Figure 4.14: Diffusion coefficient proposed by Ramirez et al. [81].

To compare the heat and oxygen diffusion rates, Ramirez et al. have calculated the

Lewis number Le, given by:
k

= /Do (4.57)

Le

The Lewis number can be understood as the ratio of the times required to reach steady-
states in heat and oxygen transport. Ramirez et al. plotted the Lewis number as a
function of the stoichiometry deviation at different temperatures, reproduced in Figure
4.15. One can see that at 800 K the Lewis number reaches values around 10%. It means
that the heat transport is four orders of magnitude faster than oxygen diffusion. The
diffusion rates are similar at 1400 K when the Lewis number is close to 1. According to
the curves, oxygen diffusion can even be faster than the heat diffusion (Le < 1) at high

temperatures and low stoichiometry deviations.
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Figure 4.15: Lewis number as a function of the stoichiometry deviation at dif-
ferent temperatures. Adapted from Ramirez et al. [81].

4.2.3.2 Cast3M solution

The simulation of Ramirez et al. has been repeated. All the equations and parameters

proposed by the authors have been used in a Cast3M script in order to perform exactly

the same simulation. The 2D finite element mesh generated in Cast3M, used in the

simulation is shown in Figure 4.16. It is much more refined than the standard mesh used
in ALCYONE. All the boundary conditions shown in Figure 4.12 have been applied.
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Figure 4.16: 2D FE mesh of the fuel rod fragment calculation performed with

Cast3M.
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In order to perform coupled heat—oxygen diffusion simulations, an algorithm containing
two iterative loops has been developed, as shown in Figure 4.17. At the beginning of
each time step, the thermal calculation is performed. Upon convergence, the oxygen
transport calculation is launched. These two successive calculations are included in a
global loop that is repeated until convergence of the coupled problem. This global loop
is often referred as the Picard iterative process. It can be employed to solve coupled
systems of differential equations [188], as in the case of the coupled heat and oxygen
transport problem considered in this work. As explained before, the evolution of the
stoichiometry deviation depends on temperature, and vice-versa. Convergence of the
heat and oxygen transport equations is assumed when the following condition is fulfilled

at all nodes:
max(T? — TP~!) < 107° and max(2? — 2P~') < 107° (4.58)

where p and p — 1 refer to the current and the previous Picard iterations, respectively.

This condition takes place in Figure 4.17 as the ”Picard convergence test” box.

[ Beginning of time step |
>

[ Thermal calculations |

Convergence

Next iteration

test

[ Oxygen transport calculations |

Next time step
Next Picard iteration

Next iteration

Convergence
test

Picard
convergence
test

[ End of time step |

v

Figure 4.17: Schematic representation of iterative loops called in the Cast3M
script.

The time step division method, described in the previous section, has not been applied

in this simulation. The time step is expressed as a function of the Picard iteration
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number ¢ by:
dt = exp <i1/2) — exp ((z - 1)1/2> (4.59)

The time step size and the total time are plotted as a function of the iteration num-
ber ¢ in Figure 4.18. The time step increases exponentially to the maximum value
dt = 2.5 x 107 s at i = 430. At this iteration the total simulated time is 10° s (around
31.7 years).

x10° ——————T—

1x108 | ]
1x107 | ]
1x10° | ]

100000 F

Time step
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1000 | ]
100 | |
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Figure 4.18: Simulated time and time step evolutions as a function of the iter-
ation number.

Results of the Cast3M simulation (in red) are compared in Figure 4.19 to those obtained
by Ramirez et al. (in black). The temperatures and stoichiometry deviations calculated
with Cast3M are very close to the ones calculated by Ramirez et al. It confirms that the
oxygen transport equation is correctly solved in the Finite Element code Cast3M and

can be used in fuel performance simulations of power transients.
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Figure 4.19: COMSOL results from Figure 4.13 (in black) compared to the
results computed with Cast3M (in red).

Figure 4.20 shows the temperature radial profiles calculated at different times during
the simulation with the initial stoichiometry deviation x = 0.001. One can clearly see
that the most significant temperature increase occurs between 10% and 10* s, which is

around 3 hours. After this time the temperature at the pellet center increases by only

50 K.
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Figure 4.20: Temperature radial profiles at different times calculated with
Cast3M.
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The stoichiometry deviation radial profiles at different times are presented in Figure
4.21. The redistribution starts being noticeable after 10° s (around one day) when the
temperature is quasi-constant. More than three years (10% s) are needed to reach the
steady-state, where the stoichiometry radial profile is close to the final profile calculated
after 109 s.
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Figure 4.21: Stoichiometry deviation radial profiles at different times calculated
with Cast3M.

The 2D simulation of Ramirez et al. has been repeated in 3D with Cast3M. Figure
4.22 presents the 3D mesh used in the simulation. The shown pellet fragment is 0.03
mm thick. All the parameters are the same as in the 2D simulation. The 2D boundary
conditions shown in 4.12 are extended in 3D, i.e, the 2D boundary conditions on the

contours of Figure 4.12 are the same at each axial position in the 3D simulation.

Figure 4.22: 3D FE mesh of the fuel rod fragment calculation performed with
Cast3M.

Zero heat and oxygen flux are furthermore prescribed on the lower and upper surfaces
of the fuel pellet fragment such that there is no axial temperature or stoichiometry

gradients in the simulated fuel pellet. Thus, the radial temperature and stoichiometry
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deviation profiles at each of axial positions are exactly the same. Obtained curves are the
same as those calculated in 2D and shown in Figure 4.20. The stoichiometry deviation
radial profiles calculated at different times are exactly the same as those obtained in the

2D simulation and presented in Figure 4.21.

4.3 Parameters of oxygen transport in irradiated fuel

This section presents the determination of the two main parameters governing oxygen
transport in nuclear fuels: the heat of oxygen transport Qf, and the chemical diffusion

coefficient of oxygen Do.

4.3.1 Heat of transport

Concerning the heat of transport, most of the simulations presented in the open lit-
erature are concerned with hyperstoichiometric fuel and use the experimental heat of
transport measured by Sari and Schumacher [106] on non-irradiated fuels. In Section
3.3.1, it was shown from the simulations of irradiated fuel thermochemistry with ANGE
that the material becomes slightly hypostoichiometric with irradiation (O/M< 2). The
experimental data of Sari and Schumacher obtained on hypostoichiometric materials
refer to mixed oxide fuels and can hardly be applied to UOs fuels since the evolution of
the measured heat of transport was related to the Pu valence. It must furthermore be
mentioned that Sari and Schumacher’s heats of oxygen transport were possibly overes-

timated due to thermoelectric interference with the external cover [108].

In this work, to overcome these difficulties, the heat of transport has been identified by
inverse analysis using the weight fractions of chromium measured by EPMA along the
pellet radius after several power ramps [52]. The advantage of this approach, originally
proposed by Baurens [62], is to use experimental data on irradiated fuels to derive the

heat of transport. The entire fitting procedure is detailed in this section.

4.3.1.1 Experimental observations

Four power ramps with post-irradiation measurements of Cr by EPMA are available at
CEA to identify the heat of oxygen transport in irradiated UOs. They were all performed
on Cr-doped UOg fuel rods with dopant contents of 1600 or 2000 ppm and in the same
Materials Testing Reactor OSIRIS [24]. Details of these experiments (referred as PR1
to PR4) are shown in Table 4.2.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



180 Chapter 4 Oxygen thermal diffusion

Table 4.2: Main characteristics of the power ramp tests on Cr—doped fuels.

Test % 2U Dopant  Initial Average Max. Cond. Cond. Period Holding T2 T3
name Cry03) 0/U burnup LHR  Period Power Period [s] [s]
[ppm] [GWd/tHM] [W/cm]  [h] [W/cm] [h]
PR1 4.9 1600 2.00+£0.01 32 470 18 169 0 182 ~10
PR2 4.9 1600 2.00+£0.01 38.8 468 18 196 12 161 ~10
PR3 3.7 2000 2.00+£0.01 29.9 467 16 203 12 152 ~10
PR4 3.7 2000 2.00+£0.01 26.7 535 20 198 12 198 ~10

A schematic representation of the ramp test sequence is given in Figure 4.23.

Linear Heat Rate HP — Holding Period

—T1

Figure 4.23: Schematic representation of the power ramp tests. The part until
”t0 HP” is common for all the ramps. The solid line starting at ”t0 HP” is for
PR2, PR3 and PR4 and the dashed one is for PR1. Three power transients are
marked as T1, T2 and T3.

All power ramps start with a conditioning period of 16 to 20 hours at a power level
(169-203 W /cm) close to the one seen by the fuel rod during the last irradiation cycle
in the commercial PWR that preceded the power ramp. At the end of the conditioning
period ("t0 ramp”), the power starts to increase (transient of duration T2) until it
reaches its maximum at ”t0 HP” (468-535 W /cm). The power increase rate is close to
100 W/cm/min. Duration of the transient is less than 3 minutes. In PR2, PR3 and PR4
the Holding Period (HP) at the maximum LHR lasted 12 h, ending at ”t0 HP+12h" as
represented in Figure 4.23. In PR1, the power was immediately decreased after reaching
the maximum LHR (no holding period, dashed line in Figure 4.23). In all power ramps,
the return to zero power takes around 50 minutes (transient of duration T3). All the

fuel rodlets survived the transient undamaged in spite of the very high LHR reached.

The Cr radial profile after PR1 as measured by EPMA is presented in Figure 4.24 and
has been obtained for the sake of this PhD.
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Figure 4.24: EPMA measurements of the weight fraction of Cr in solid solution
after PR1.

As reported by Riglet-Martial [53], the solubility of Cr in fresh uranium dioxide as
Cr20344) is close to 0.1 wt% (sintering temperature 1700-1760 °C). As can be seen
from Figure 4.24, the Cr content measured after PR1 is consistent with the solubility of
Cr in fresh UOy meaning that the high temperatures (around 2200 K) reached at the
pellet center during the power ramp had no impact on the chromium oxide CraO3z,s)
dissolved in the fuel. It must be emphasized than the Cr content decrease observed at
the periphery of PRI is due to the evaporation of part of the Cr during the fabrication

process and is not induced by the power ramp.

The Cr radial profiles after PR2, PR3 and PR4 as measured by EPMA are presented in
Figure 4.25-4.27.
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Figure 4.25: EPMA measurements of Cr weight fraction in solid solution after
PR2. The red curve is the calculated temperature profile. Blue circles show the
average local Cr concentration.
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Figure 4.26: EPMA measurements of Cr weight fraction in solid solution after
PR3. The red curve is the calculated temperature profile. Blue circles show the
average local Cr concentration.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



Chapter 4 Oxygen thermal diffusion 183

0.3 2400
_ 0.25 2000
=, —
S 02 S EPMA
5! 1600 o t0 HP+12h
g 2 Temp
g 015 S {0HP+12h
=) 1200 =
) 0.1 € Average EPMA o
= " [
= [
© o8 800
0 400

IRpellet

Figure 4.27: EPMA measurements of Cr weight fraction in solid solution after
PR4. The red curve is the calculated temperature profile. Blue circles show the
average local Cr concentration.

As reported by Riglet-Martial [52] and mentioned in Section 2.1.3.2, the EPMA Cr
radial profiles measured after power ramps where a long HP of 12 h at maximum LHR
has taken place, show a noticeable decrease of Cr content in the central part of the
fuel pellet. This decrease has been attributed to the reduction of the chromium oxide
Cra034s) initially dissolved in the fuel into metallic chromium precipitates. In fact,
X-ray images of the pellet center of PR2 have indicated that the spots where Cr and
Mo are visible, show a deficit in oxygen, as illustrated in Figure 4.28. X-ray images of
PR3 and PR4 have shown similar results.

Figure 4.28: X-ray maps of Mo, Cr and O at the pellet center after power ramp
PR2 [52].

The Cr reduction at the pellet center has therefore been attributed to a reductive pertur-

bation that could be explained by oxygen redistribution during the long holding period
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at maximum LHR (and high temperature gradient). It must be emphasized that sim-
ilar observations were made on samples with different initial Cr content and different
irradiation conditions (different burnups). Also, not mentioned in Table 4.2, PR1 and
PR2 were cladded with M5 while PR3 and PR4 were cladded with Stress-Relieved Zy4.
Another important observation is that the residual Cr content measured by EPMA at
the pellet center is non zero and can therefore be used to assess the oxygen potential
reached by the fuel during the holding period of the power ramp, assuming the 10 sec-
onds long return to zero power did not impact the Cr profile. Finally, one may notice
that the EPMA profiles of PR2, PR3 and PR4 give Cr content close to the solubility of
Cr in fresh UOgy (~ 0.1%) from mid-radius till the pellet periphery. The temperatures
in this part are usually not exceeding 1800 K, therefore below the sintering temperature
of ~ 2000 K. It is therefore very likely that the high Cr content measured by EPMA in
this region shows the lack of evolution of the material during the power ramps in spite

of the temperature increase.

4.3.1.2 Oxygen potential reached at the pellet center

The EPMA profiles of Cr can be used to estimate the oxygen potential reached at the
pellet center during the power ramps. The chromium solubility model proposed by
Riglet-Martial et al. [53] describes the solubilization in the fuel of the chemical species
CrOy(syy (with k = 0,1 or 3/2) according to the following equation:

CTOk(SJ) +q02 = CTO:}/Q(SS) (460)

where the possible CrOy(, ;) compounds are given in Table 3.15 and ¢ = (3/2 — k)/2.

The equilibrium constant of the reaction can be expressed as follows:

(1) = 2 (4.61)

02
where the activity of CrO3/y(s5) has been replaced by the Cr mole fraction yc. Riglet-
Martial et al. expressed the Gibbs energy of the reaction AG;(T) = —RT log(K(T))
as a linear function of temperature leading to the following relation between the Cr
mole fraction yc, dissolved in the fuel and the oxygen partial pressure pp, and the

temperature:

U
10g19yor = qlogiopo, +V + (4.62)

where ¢, V and U are coefficients from Table 2.3. EPMA profiles are usually given in
Cr weight fraction w, which can be simply expressed as follows as a function of the Cr

mole fraction:
yCT‘M Cr

(1 —yor) My + yerMcy + 2Mo

w(Cr) = (4.63)
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with M¢,., My and Mo the molar densities of Cr, U and O, respectively. Note that
the FPs are neglected since they only represent a small percentage of the fuel mass. As
shown by the phase diagram of Figure 3.27, CrOj3 (4s) might be formed from CrO3/5s),
CrO( or Cr(y) depending on temperature and oxygen potential. Below 1650 °C, only the
chemical compounds CrOg/5(5) and Cr(y are stable. Above this temperature, the three
compounds might be stable in the fuel. According to Equation 4.62, in the predominance
domain of CrOgz/y(,), the Cr mole fraction does not depend any more on the oxygen
partial pressure (¢ = 0). The determination of the oxygen partial pressure from the
EPMA Cr profiles can therefore only be achieved in the region where CrO(; or Cr(
precipitates are found, i.e., in the central part of the fuel pellet till approximately mid-

radius.

To find the oxygen potential (RT Inpo,) at various locations along the fuel pellet radius,
it is necessary to estimate the chromium weight fractions and the temperatures along
the radius. To do so, an averaging of the EPMA measurements every 5 um resulting
in around 80 points, as shown in Figures 4.25-4.27, has been made. The temperatures
T have been estimated from 1D simulations of the base irradiation and of the power
ramps carried out in ALCYONE. The base irradiation conditions are given in Table 4.3.
"Cooling time’ is the time between the base irradiations and the power ramps. ’Average
LHR’ gives the LHR of the fuel pellet where the Cr content was measured.

Table 4.3: Main characteristics of the base irradiations preceding tests PR2,

PR3 and PRA.
Test Radius % 2>U  Dopant  Initial Average Average Cooling
name [mm] Cra03(,) o/U burnup LHR Time
[wt%)] [GWd/tHM] [W/cm] [v]
PR2 4.096 4.9 0.16 2.00+0.01 38.8 192 4.8
PR3 4.0945 3.7 0.20 2.00+0.01 29.9 248 1.3
PR4 4.0945 3.7 0.20 2.00+0.01 26.7 231 1.7

The power ramp experiments are simulated with the data given in Table 4.2. The
calculated radial temperature profiles at ”t0 HP+12h” are plotted as red curves in
Figures 4.25-4.27. The averaged weight fractions of Cr and the simulated temperature
profiles have been used to estimate the oxygen potential at the pellet center according
to Equation 4.62. The radial profiles of oxygen potential till mid-radius of the pellets

are shown in Figure 4.29.
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Figure 4.29: Oxygen potential radial profiles deduced from the Cr solubility
model.

Only the central part (until around r/Rpeje:=0.5) of the pellets has been considered for
the reason mentioned above. It may also not be granted that the entire fuel pellet is
in thermodynamic equilibrium. It is assumed that only the high temperatures encoun-
tered at the pellet center ensure thermodynamic equilibrium during the 12h long HP
(2000-2500 K). The remaining part of the pellet and in particular the pellet periphery
is not hot enough (700-800 K). It can be noticed that the oxygen potentials reached
at the pellet center in PR2 and PR3 till mid-radius are nearly constant and close to
each other (~ -400 kJ/mol Oz and ~ -420 kJ/mol O2) as could be expected from the
similarities of the power ramps (max. temperature around 2200 K). On the contrary,
PR4 in which the temperature reached the highest value (2500 K) gives a somewhat
higher oxygen potential (-300 to -400 kJ/mol O3) which seems furthermore to follow the
temperature radial profile. It must be emphasized that the chromium solubility model
is valid till temperatures ~ 2100 K and that any extrapolation at higher temperatures
is questionable. It is also possible that the high temperature reached during PR4 have
led to some partial reversibility of oxygen redistribution during the return to zero power
phase. The measured EPMA profile could therefore not be representative of the holding

period at maximum LHR.

4.3.1.3 O/M ratios reached at the pellet center

The oxygen potentials deduced from the Cr solubility model are not sufficient to estimate
the heat of oxygen transport. The oxygen thermal diffusion model used in this work

is expressed as a function of the stoichiometry deviation x or equally as a function
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of the oxygen over metal ratio O/M in the fluorite solid solution. The O/M ratios
corresponding to the oxygen potentials of Figure 4.29 can be calculated with ANGE by
performing a set of thermochemical equilibrium calculations at prescribed temperature,
pressure and oxygen potentials. The temperatures and pressures are extracted from
ALCYONE simulations of the power ramps. The elemental compositions needed to
run ANGE have been calculated with PRODHEL, also included in ALCYONE fuel
performance code. The concentrations of representative elements are shown in Table
4.4. Calculated values are average values returned by PRODHEL at the pellet center.
This simplification is possible because the burnup radial profiles in the central part of

the pellets are nearly flat, as shown in Figure 4.30.
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Figure 4.30: Burnup radial profiles of PR2, PR3 and PR4 calculated with AL-
CYONE.
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Table 4.4: Elemental compositions used in ANGE calculations for modeling of

PR2, PR3 and PRA.

Representative Concentration [mol/mol UOg]

element PR2 PR3 PR4
He 1.12x 1072 9.23x 1073 8.67 x 1073
Cs 6.02 x 1073 5.00 x 1073 4.70 x 1073
Te 1.11 x 1073 8.96 x 107* 8.40 x 1074
I 4.56 x 107 3.76 x 107* 3.52 x 1074
Mo 888 x 1073 7.14x1072 6.72x 1073
Ba 5.60 x 1072 4.35 x 1073 4.12 x 1073
Zr 1.06 x 1072 823 x 1073 7.80 x 1073
Ce 6.46 x 1072 542 x 1072 5.05 x 1073
La 3.72x 1073 297 x 1073 281 x 1073
Gd 753 x 1072 598 x 1072 5.67 x 1073
Eu 1.58 x 1073 1.10 x 1073 1.05 x 1073
Ru 838 x 1072 6.99 x 1072 6.52 x 1073
Pd 2.53x 1073 2.02x103 1.85x 1073
Pu 9.02 x 1072 7.85x 1072 7.53 x 1073
U 9.54 x 107! 9.63x 10! 9.65 x 107!
Cr 5.00 x 1072 7.03 x 1072 7.03 x 1073

O/M values returned by ANGE are shown in Figure 4.31.
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Figure 4.31: O/M radial profiles from ANGE calculations.
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One may notice that the values are still very close to 2 and within experimental error
2+0.01 which might explain why oxygen redistribution is generally not considered in
PWR fuels simulations. The relative position of the O/M profiles is similar to the one
obtained from the oxygen potential profiles. Comparing PR2 and PR3, it appears that
PR2 has the lowest post-ramp O/M ratios (~ 1.989 compared to ~ 1.992) owing to its
higher burnup (38.8 for 29.9 GWd/tHM). As discussed in Section 3.3.1, an increasing
burnup leads to a decreasing O/M ratio at a given oxygen potential. One may see that
the O/M ratio at the pellet center of PR4 is higher in spite of the higher temperatures
reached during this transient. This result is unexpected since solubility of fission prod-
ucts in solid solution increases with temperature and should therefore lead to a lower
O/M ratio. As explained before, the validity of the chromium solubility model and a
possible reversibility during the return to zero power could be at the origin of the dis-
crepancies. For these reasons, the O/M ratios estimated from PR4 have not been taken

into account in the derivation of the heat of oxygen transport.

4.3.1.4 Heat of oxygen transport fitting

The post-ramp O /M profiles of Figure 4.31 characterize the state of the fuel when steady-
state oxygen thermal diffusion is reached at the end of the HP of the ramp. To estimate
the magnitude of oxygen redistribution during the power ramps, it is now necessary to
estimate the O/M radial profiles at the start of the HP of the ramp, i.e., when oxygen
thermal diffusion started. It is important to recall that the temperature radial profile
does not evolve during the HP of the ramp. To estimate the O/M radial profiles at
the start of the HP, a second series of thermochemical equilibrium calculations with
ANGE are performed, this time at prescribed temperature, pressure and oxygen content
(post-ramp calculations are performed at prescribed oxygen potential), the latter being
equal to the initial oxygen content of the fuel after fabrication. The calculated O/M
radial profiles are plotted as dashed lines in Figure 4.32. The post-ramp radial profiles
deduced from the EPMA Cr profiles are recalled in the same Figure (points).
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Figure 4.32: Initial O/M (dashed lines), steady-state O/M calculated with
OXIRED (solid lines) compared to the O/M calculated with ANGE (points).
PR2 is in black and PR3 in blue.

The O/M profiles at the start of the HP of PR2 and PR3 are very close to each other
with a value of ~ 1.994 at the pellet center. Again, the stoichiometry deviation is very
small, within the measurements error. While the O/M ratio decreased from 1.994 to
1.989 during the HP of PR2, a smaller decrease took place in PR3 (1.994 to 1.992).
It is these changes in O/M ratios that will be used to fit the heat of oxygen transport
assuming that steady-state oxygen thermal diffusion is reached during the 12 h long
HPs and considering that the radial temperature profiles are constant (the LHRs are
constant during the HPs). In these specific conditions, the O/M change at the pellet
center depends only on the heat of oxygen transport Qf, and on the average O/M ratio

along the fuel pellet radius.

Since steady-state is reached, the OXIRED model described in Section 4.1.2 has been
used to fit the heat of oxygen transport to the change in O/M ratio during the power
ramp. A non linear relation for the heat of transport of oxygen has been chosen, based
on the following mathematical form:

05— e [ (1+ 20L=D)] (11 o

where A and B are the coefficients to be fitted. Equation 4.64 is similar in its form to
the one proposed by Lassmann for hypostoichiometric mixed oxide fuel [86]. Lassmann’s

2(0/M —2
expression was dependent on the valence of Pu (Vp, =4 + M with ¢ the Pu
mole fraction) because the deficit in oxygen was associated with plutonia assuming that

the hypostoichiometric fuel may be considered as a solid solution of UO2 and PuOq_,.
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An extension of this approach to a solid solution containing several fission products
leading to a hypostoichiometric irradiated fuel has been proposed by Baurens [62]. It
basically consists in relating the heat of transport to the mole fraction of fissioned
uranium atoms (0.01277, with 7, the burnup in at%), the latter being an indicator of

the FPs inventory in the fuel.

In the first step of the fitting, the O/M radial profile in the fuel pellet at the start of
the HP has been used to estimate the average O/M (O/M = 2 — T with T the average
stoichiometry deviation) in the fuel. OXIRED is then used to calculate the O/M radial
profile at steady-state from the average O/M ratio and from the radial temperature
and burnup profiles of Figure 4.30. The fitting of parameters A and B for the heat
of oxygen transport (Equation 4.64) has been done with the Solver package available
in Excel [189]. The solver optimizes the parameters by minimizing the error E. The
optimization is done using the Generalized Reduced Gradient (GRG) method and it
requires imposing the starting values A and B. As reported by the Solver developers, in
nonlinear problems, the program returns only a locally optimal solution, and thus it is
suggested to repeat the fitting procedure with different starting values. This suggestion
has been followed. The author has chosen starting values that lead to a good fit in
particular at the pellet center (r/Rpeuer <0.3). Fission gas release during the first few
minutes of a power ramp is the highest at the very center and for this reason it is
important to correctly estimate the impact of oxygen transport on thermochemistry in
this region. Convergence of the solver was based on a minimization of the difference
between the steady-state O/M ratios of OXIRED and the O/M ratios calculated from
the Cr content by EPMA, according to:

)

Epp, = ﬁ: o 9o (4.65)
PR; = p Mcr(j) M OXIRED() ’

where N is the number of points used to calculate the error. The sum of errors from
PR2 and PR3 has been used for the fitting. The heat of oxygen transport with the fitted
parameters is given by:

) 2(0/M —2)
* _ 4 00197+
Qf = —8.87 x 10 *exp [4.94(4 + 0.01277.

)] [J/mol] (4.66)
The O/M radial profiles in the fuel pellet calculated with the fitted heat of transport
are represented with solid lines in Figure 4.32 and compared to the O/M profiles at the
start of the HP (represented with dashed lines) and to the O/M ratios deduced from

EPMA measurements of the Cr content.

The fitted heat of oxygen transport leads to O/M radial profiles in good agreement with
the O/M ratios deduced from the Cr content. As expected, the difference is the lowest
at the pellet center (r/Rpeier < 0.3).
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The plot of Equation 4.66 shown in Figure 4.33 indicates a pronounced evolution of the
heat of transport at a transition O/M ratio that decreases with burnup. The corrected
heat of transport estimated by Janek [108] from Sari and Schumacher’s measures on

uranium plutonium mixed oxide fuels [106] is close to the function used in this work.
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Figure 4.33: Heat of transport in UOq fuels irradiated up to different burnups
as a function of the O/M ratio compared to the model proposed by Janek [108],
based on a reassessment of Sari’s measures [106].

4.3.2 Chemical diffusion coefficient of oxygen

The second parameter of importance is the chemical diffusion coefficient of oxygen. As
discussed in Section 2.2.1.2, most of the available measures concerning oxygen diffusion
refer to self-diffusion experiments and have usually been performed on hyperstoichio-
metric non irradiated uranium dioxide. No measurement is available in irradiated fuels.
There are furthermore very few measurements of the chemical diffusion coefficient of
oxygen in non irradiated fuels. For this reason, the most recent work on oxygen diffu-
sion in uranium dioxide have tried to assess the chemical diffusion coefficient of oxygen
from the self-diffusion coefficient and from the thermodynamic factor, according to the

following Equation:
2+ 2 dInpo,

2 ox

Do = D} (4.67)

where Df, and IN)O are the self- and chemical diffusion coefficients, respectively. The
self-diffusion coefficient can be related to the concentration of point defects (oxygen
vacancies, interstitials or stoichiometry deviation) and to the temperature. The thermo-
dynamic factor is also a function of these parameters. The chemical diffusion coefficient

of oxygen should therefore depend on temperature and stoichiometry deviation. The
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temperature dependency has been considered by Lassmann in his oxygen thermal diffu-
sion model (see Equation 4.34) but not stoichiometry deviation. To assess the impact
of the latter parameter, this section presents the different steps leading to the deriva-
tion of the chemical diffusion coefficient in non irradiated uranium dioxides from the

self-diffusion coefficient, as proposed by Berthinier et al. [91].

4.3.2.1 Concentration of point defects

Concentration of point defects is the root of the models proposed by both Berthinier et
al. [91] and Moore et al. [89] to calculate the self-diffusion coefficient of oxygen. Moore
used the CALPHAD-based UO2.4, model of Guéneau et al. [40] to calculate the concen-
trations of point defects, direct outputs of the thermochemical equilibrium calculations.
As the thermochemical solver ANGE implemented in the fuel performance code AL-
CYONE is not able to deal with such sublattice representations of UO,, the approach
proposed by Breitung assuming that the main defect is a Frenkel pair, subsequently
reassessed by Berthinier, was adopted. According to these authors, the concentrations
of vacancies [Vp] and interstitial atoms [O;] can be expressed as a function of the sto-

ichiometry deviation of the fuel x (in UOg4,) according to Equations 4.68 and 4.69,

respectively.
—r— K Kro)? +4Kpo)/?
Vo = 2= Krotllz +2 ro)” + 4Kro] (4.68)
-K Kro)? + 4K po|'/?
0 = T Krorlley 5 ro)” T 4Krol (4.69)

where Kro is the Frenkel pair formation constant dependent on the enthalpy A;Hz,,
and entropy AfS%, of formation of Frenkel defects:

—AyHp ArS?
Kro = Fo | ZJ2FO 4.70
FO = exp ( RT + R (4.70)
Derivation of Equations 4.68 and 4.69 is shown in Appendix B. In this work, the enthalpy
and entropy from Equation 4.70 are those reassessed by Berthinier et al. They are given
in Table 4.5.

Table 4.5: Values of enthalpy and entropy of formation of Frenkel defects pro-
posed by Berthinier et al. [91].

Variable Value
Afo?O 395000 J/mol
AfS%O 140 J/mol /K

Examples of point defect concentrations evolution with stoichiometry deviation and
temperature are shown in Figure 4.34. Oxygen vacancies/interstitials are predominant in

hypostoichiometric/hyperstoichiometric fuel, respectively. The concentration of defects

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



194

Chapter 4 Oxygen thermal diffusion

increases with temperature, becoming insensitive to stoichiometry deviation at 2500 K.
An apparent symmetry stems from the model since the concentration of the oxygen sites
is assumed constant, implying that [Vp] + [O;] = 1. These curves can be compared to
the evolution of the point defect concentrations obtained from the CALPHAD-based
UO2 model shown in Figure 4.35 (courtesy of C. Guéneau). They have been calculated

with the commercial THERMOCALC software [190].

logyp(defects)

Figure 4.34: Frenkel defects concentration UOs4, calculated from Gibbs energy
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of formation of Frenkel defects. Adapted from Berthinier et al. [91]. Solid lines
correspond to vacancies and dashed lines to interstitial atoms.
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Figure 4.35: As Figure 4.34 but based on the CALPHAD method [191].
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Important differences in concentrations of point defects can be observed when comparing
Figures 4.34 and 4.35. The differences can reach several orders of magnitude even at
high temperatures. It is therefore not possible to use the Frenkel pair model to derive

the oxygen self-diffusion coefficient from Moore’s model [89].

4.3.2.2 Self-diffusion coefficient of oxygen

Berthinier et al. [91] have applied the approach of Breitung [88] to reevaluate the self-
diffusion coefficient of oxygen from available experimental data. The expression of the
self-diffusion coefficient used by the authors, valid in both hypo and hyperstoichiometric

domains, is as follows:

Hy, 0
+ 2D, [0;] exp (4.71)

—AHG,
RT

* 0
Dy = DVO Vol exp < “RT

where AHy? and AHg, are the migration enthalpies of oxygen vacancies and intersti-
tial atoms, respectively. D?/O and D%i are the pre-exponential coefficients for oxygen
vacancies and interstitial atoms. Berthinier et al. have adjusted these parameters to
fit experimental data on oxygen self-diffusion coefficients. The parameters are given in
Table 4.6.

Table 4.6: Parameters of the self-diffusion coefficient of oxygen proposed by
Berthinier et al. [91].

Variable Value
AH{/”O 95000 J/mol
DY, 2.5x10" m? /s
AH(’Z 99585 J/mol

DY, 1.33/2x1076 m?/s

The evolution of the self-diffusion coefficient of oxygen with stoichiometry deviation and

temperature, according to Equation 4.71, is plotted in Figure 4.36.
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Figure 4.36: Self-diffusion coefficient based on the work of Berthinier [91].

A discontinuity at the exact stoichiometry can be seen at low temperatures. It is a
consequence of the low point defect concentration (vacancies and interstitials) near the
strict stoichiometry as shown in Figure 4.34. One may also notice that, according
to the model, the oxygen self-diffusion coeflicient in hypostoichiometric fuel is slightly
lower than in hyperstoichiometric fuel. The self-diffusion coefficient calculated from
Equation 4.71 can also be compared to the experimental measures available on hyper

and hypostoichiometric fuels, as shown in Figures 4.37 and 4.38, respectively.
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Figure 4.37: Self-diffusion coefficient based on the work of Berthinier [91] com-
pared to experimental data [92,93,96,192,193]. Hyperstoichiometric domain.
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Calculated values of the oxygen self-diffusion coefficient in the hyperstoichiometric do-

main are in an acceptable agreement with experimental data from [92,93,96,192,193].

Kim and Olander UO,.,  +
Tetenbaum O/U=1.92 X

log1o(D [Mm?/s])

10000/(T[K])

Figure 4.38: Self-diffusion coefficient based on the work of Berthinier [91] com-
pared to experimental data [88,94]. Hypostoichiometric domain.

As can be seen, the fit proposed by Berthinier et al. in the hypostoichiometric domain

cannot be fully validated since the experimental data are scarce.

4.3.2.3 Thermodynamic factor

. . . . ol . .
In order to calculate the chemical diffusion coefficient, the Iéi 92 derivative from Equa-

tion 4.67 needs to be determined. To do that, Berthinier et al. have plotted the oxygen
partial pressure as a function of the stoichiometry deviation (in a log-log scale) at differ-
ent temperatures and then described it using mathematical functions (see Figure 2.26).
The authors used the THERMOCALC software [190] with the CALPHAD-based UOg4,
model of Guéneau et al. [40]. Berthinier’s procedure has been repeated for this work
with the same software and model for UOs. It was found that the discontinuity between
hypo- and hyperstoichiometry at low temperature that can be seen in Figure 2.26 of
Berthinier is due to the use of the default precision in THERMOCALC (107!2), not
sufficient to catch the evolution of the oxygen partial pressure near exact stoichiometry.
The discontinuity disappears when the precision is set to a much lower value (1079).
The stoichiometry deviation - log;,(po,) curves calculated for hypo- and hyperstoichio-
metric UOs join then nicely, as can be seen in Figure 4.39. This problem only concerns
the low temperature range since the gap between the pressure curves becomes smaller

at high temperatures.
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Figure 4.39: Oxygen partial pressure at 630 K as a function of the O/M ratio.
Calculated with THERMOCALC.
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Figure 4.40: Oxygen partial pressure as a function of stoichiometry deviation.
Dashed lines-THERMOCALC, solid lines—fitted values.

In consequence, the fitting of the oxygen partial pressure curves had to be reassessed
entirely. The oxygen partial pressure - stoichiometry deviation curves recalculated for
this work are compared to the experimental data gathered by Guéneau et al. in Fig-
ure 4.40. The calculations are consistent with the original UOo model of Guéneau et
al. and might be compared to those obtained with the Lindermer & Besmann model
used in ANGE, see Figure 3.20. It can be concluded that both models lead to very

close agreement with the oxygen partial pressure measurements in the limited range of
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stoichiometry deviation of interest in PWR fuels. Following the methodology proposed
by Berthinier, the oxygen partial pressure curves calculated with THERMOCALC are
plotted as a function of the stoichiometry deviation (log-log scale) in Figure 4.41. They
are marked as thick dashed lines. These curves can be described by five linear functions
each. The function connecting the hypo- and hyperstoichiometric domains depends only

on temperature and is expressed by:

feon (T) = po, = 10 =3T8147 1 11.3639 (4.72)
The four functions pointed in Figure 4.41 are described by the following expressions:
A 1O
fi (x,T) = po, = 10Fr T BitCilogio 2l (4.73)

The coefficients A, B and C' are given in Table 4.7. These coefficients come from the

fitting performed in Microsoft Excel with the Solver package [189].

Table 4.7: Coefficients of the functions describing oxygen partial pressure.

Function number Coefficient A Coefficient B Coefficient C

1 -640109 11.905 -5.563
2 -498316 11.376 -2.062
3 -255897 11.517 2.122
4 -101454 10.203 5.897

In order to obtain continuous functions in the hypo- and hyperstoichiometric domains,

the following expressions can be used:

1
fhypo = fl_l i f2_1 T fc_ml] (474)
fhyper = f3+ fa+ feon (4.75)

The oxygen partial pressures curves from Equations 4.74 and 4.75 are shown in Figure 4.41
as thin, solid lines. As can be seen, the fit is very good even at very high stoichiometry

deviations.
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Figure 4.41: Oxygen partial pressure as a function of stoichiometry deviation.
Dashed lines-THERMOCALC, solid lines—fitted values.

Berthinier used a single function per domain to describe the oxygen pressure curves.

Derivation of the functions with respect to stoichiometry deviation led direct estimations

. . . 1 . . .
of the derivative of the partial oxygen pressure 0 I(;Z 92 in each domain. In this work,

two functions are used to describe each domain, meaning that some transition has to be

considered. The d1npo,/0x derivative for the hypostoichiometric domain is given by:

81nfhypo _ 1 4.76
0 [max (%5 2)] " [iou] | (0

The 0lnpo, /0 derivative in the hyperstoichiometric domain can by expressed by:

oz [max (0—3 0—4)]71 + [fzow]_l

T x

OIn Jhyper _ L (4.77)

where fi,, is the function representing the 01n pp,/0x derivative at very low stoichiom-

etry deviations. It is given by:

O0lnpo A
flow = O 2 = 1077 B (478)
The coefficients A and B have been fitted using the method proposed by Berthinier.
The oxygen partial pressures calculated at 2 = #1079 in both domains have been used

in the following equation to find the derivative at the temperatures considered in the
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plots of Figure 4.41:

h h
S B (T) — nplyr(T)
fiow(T) = 2 x 1010

The plot of the logarithm of the function fi,,, as a function of the inverse of temperature

(4.79)

shows that a straigth line with A = 59828 and B = —0.233 gives a correlation coefficient

very close to 1.

4.3.2.4 Chemical diffusion coefficient of oxygen

The derivatives given in Equations 4.76 and 4.77 can be used in Equation 4.67 to cal-
culate the chemical diffusion coefficient of oxygen. Values of this coefficient for different
stoichiometry deviations are plotted in Figure 4.42. Also, they are compared to the

diffusion coefficient proposed by Lassmann (Equation 4.34)[86].
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Figure 4.42: Corrected diffusion coefficient based on the work of Berthinier [91]
and the diffusion coefficient proposed by Lassmann [86].

As can be seen, the impact of stoichiometry deviation might not be negligible. At high
temperatures, a 1072 change in stoichiometry deviation can lead to a factor 10 change
in the chemical diffusion coefficient. At low temperatures, stoichiometry deviation does
not seem to have some impact on the diffusion coefficient. The oxygen chemical diffusion
coefficient found in this work is greater that Lassmann’s coefficient at high temperatures

but is lower at low temperatures.

Figure 4.43 shows calculated chemical oxygen diffusion coefficient compared to selected
experimental data in the hyperstoichiometric domain. The calculated coefficients are

in acceptable agreement with some of the experimental points from Bayoglu [101] and
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Ruello et al. [102]. The model is close to the experiments of Lay [105] and slightly
underestimates the data from Taskinen [104]. Overall, one may however notice that
there is no consistency between experimental measurements, in particular as a function

of the stoichiometry deviation.
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Figure 4.43: Corrected diffusion coefficient based on the work of Berthinier [91]
validated against experimental data [102,104,105,194] and the model proposed
by Breitung [88].

The oxygen chemical diffusion coefficient for the hypostoichiometric domain is more
important in this work because according to thermochemical calculations carried out
with ANGE, nuclear fuel becomes hypostoichiometric with irradiation. Unfortunately

there is absolutely no experimental measurement to validate the model.

4.3.2.5 Impact of stoichiometry deviation on thermal diffusion kinetics

The OXITRAN solution has been applied to investigate the impact of the stoichiometry
deviation dependency of the chemical diffusion coefficient of oxygen on the oxygen re-
distribution kinetics. The simulated fuel pellet has a radius of 4 mm and an initial O/M
ratio equal to 1.995. It is discretized in 40 cylindrical rings. The temperature profile
is calculated with Equation 4.2 and shown by the red curve in Figure 4.3. The heat of
transport is -100 kJ/mol. The time step size used in the simulation is 1 s. Results of
OXITRAN calculations are shown in Figure 4.44. The O/M radial profiles calculated
with Lassmann’s chemical diffusion coefficient (dependent on temperature only) and the
reassessed chemical diffusion coefficient from Berthinier (dependent on stoichiometry
deviation and temperature) are plotted at different times (10, 100, 1000 and 10000 s)
and compared to the steady state redistribution calculated with OXIRED.
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According to the curves shown in Figure 4.44, oxygen transport is the fastest at the
pellet center where temperatures are the highest. The difference in kinetics related
to the diffusion coefficient models is particularly important in this region. After 10
seconds, Lassmann’s model gives an O/M radial profile which is still very close to the
initial O/M ratio while Berthinier’s model gives a visibly lower O/M ratio at the pellet
center. This result is consistent with the plots of Figure 4.42 where a higher diffusion
coefficient is expected at high temperature with Berthinier’s model. After 100 seconds,
the differences in oxygen redistribution kinetics are however reduced, Lassmann’s and
Berthinier’s models give similar O/M ratios at the pellet center. After 1000 seconds,
steady-state is reached with Lassmann’s coefficient while Berthinier’s models leads to a
slower increase of the O/M ratio at the pellet periphery. Again, this result is consistent
with the relative positions of the models in the low temperature region of Figure 4.42.

After 10000 seconds, steady-state is nearly reached with both models.

2 T I/
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Figure 4.44: Oxygen redistribution calculated with different chemical oxygen
diffusion coefficients compared to the steady state redistribution calculated with
OXIRED.

These calculations show that the stoichiometry deviation dependency of the oxygen
chemical diffusion coefficient might be important in the simulation of fuel behavior
during power ramps since failure of the cladding by I-SCC usually occurs within the
first minutes at RTL. Any change of the O/M ratio in the fuel might lead to some
changes in the chemical speciation of fission gases released from the fuel during this
period [134].
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4.3.3 Summary

Numerical solutions for oxygen thermal diffusion in the fuel pellet have been detailed in
this chapter. They have been derived to be usable in ALCYONE fuel performance code.
First, the steady state solution (OXIRED) proposed by Lassmann has been described.
It has been used as a reference solution to test the other numerical methods described in
this chapter. A solution for the 1D radial transient thermal diffusion equation (named
OXITRAN), based on the Finite Volume Method, has been implemented and tested

with nonlinear parameters to check its robustness.

ALCYONE 2D and 3D simulations being based on the Finite Element code Cast3M,
solutions for the transient thermal diffusion equation in 2D and 3D based on the Finite
Element Method have then been detailed. Since the treatment of thermal diffusion
transients is not available as a standard procedure in Cast3M, the method used in
Cast3M to solve the heat transport equation has been adapted in this work to the
thermal diffusion problem. The 2D and 3D FE based solutions have been validated by
comparison to the 1D transient solution given by OXITRAN. Convergence criteria have
been proposed in order to ensure that the problem can be solved in a reasonable CPU
time. Additionally, the 2D and 3D solutions have been verified by comparison to the
coupled thermal-oxygen transport problem with heat source term and fast change of
power density treated in 2D with the COMSOL software by Ramirez et al [81]. The
obtained evolutions of temperature and stoichiometry deviation in the fuel pellet are
very close to those reported by Ramirez et al, demonstrating that the implementation

in Cast3M is correct.

The estimation of the important parameters for oxygen thermal diffusion in irradiated
fuel have also been presented in this chapter. First, the heat of oxygen transport has
been derived from the Cr EPMA radial profiles measured after several power ramps on
Cr-doped UQO; fuels and from the solubility model of Cr in non irradiated UQOy. The
method lead to an expression for the heat of oxygen transport that depends on both
stoichiometry deviation and burnup. The advantage of this approach is the identification

of the heat of transport from measurements performed on irradiated fuels.

The second parameter is the oxygen chemical diffusion coefficient. Since there is no
experimental measure in irradiated fuels and not many experimental data on non ir-
radiated hypostoichiometric fuels, the chemical diffusion coefficient has been estimated
from the self-diffusion coefficient (for which more experimental data are available) and
from the thermodynamic factor, as proposed by Berthinier et al. The thermodynamic
factor had to be reassessed entirely from THERMOCALC calculations on the UOg4,
CALPHAD-based model of Guéneau et al. The derived chemical diffusion coefficient
depends on temperature and stoichiometry deviation. The impact of the latter param-

eter on the kinetics of oxygen redistribution has been studied with OXITRAN showing
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that the stoichiometry deviation dependency of the chemical diffusion coefficient might

be important in the simulations of clad failure during power ramps by I-SCC.
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Chapter 5

Thermochemistry—oxygen
transport coupling in ALCYONE

This chapter details the coupling procedure between the thermochemical solver ANGE
and the oxygen thermal diffusion model implemented in the fuel performance code
ALCYONE. 1D and 3D simulations of power ramps are presented to illustrate the
coupling and its impact on PCI and clad failure propensity by I-SCC.

5.1 Coupling procedure

5.1.1 ALCYONE algorithm

The simulations described in this work have been performed with ALCYONE V2.0,
the newest version of the code released in December 2016. Details are given in reference
[195]. A schematic representation of the models called during a time step of a simulation

with ALCYONE fuel performance code is given in Figure 5.1.

206
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Figure 5.1: Schematic representation of iterative loops and models called during
a simulation carried out with the fuel performance code ALCYONE.

In the core of the program (blue boxes), temperature, mechanical stresses, fission gas
induced strains and FGR are calculated at each node (local quantities) and at each
time step. Upon convergence of this main loop, an oxygen thermal diffusion calculation
("oxygen redistribution”) is performed at the pellet fragment scale. In the 1D radial
scheme of ALCYONE, the OXITRAN solution has been implemented to this end. In the
2D/3D schemes, a Cast3M procedure has been added. The thermal diffusion calculation
gives the change in O/M at each node during the time step. From this local O/M and
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the elemental composition of the fuel calculated by the neutronics model PRODHEL,
the temperature and the pressure in the fuel rod calculated previously, thermochemical
calculations are performed with ANGE (” Thermochemistry”). They give the chemical
state of the system at each node including the concentration of chemically reactive
fission gases. Release of these gases is then estimated in proportion to the release of

noble gases and to the concentration of noble gases at inter-granular sites calculated by
MARGARET [14].

To reduce the CPU time, the oxygen redistribution step is only performed once the
thermo-mechanical problem is solved. In fact, the thermal analysis, the fission gas
swelling and the mechanics are strongly coupled and may require numerous iterations to
reach convergence. Oxygen redistribution is only introduced in ALCYONE to study its
impact on the fuel thermochemistry. Oxygen redistribution would have to be included in
the iterations loop if the thermal or mechanical parameters depended on stoichiometry
deviation, as in the case treated by Ramirez et al., see Section 4.2.3. The very small de-
viation from stoichiometry that are expected in PWR UOg fuels (within the uncertainty
on the initial O/M ratio, i.e., 2+ 0.01) have led us to neglect this dependency. This is
however not the case with fuel thermochemistry since any small change in stoichiometry

deviation can greatly change the concentration of chemically reactive fission gases.

A more detailed description of the coupling between oxygen redistribution and fuel
thermochemistry is given in Figure 5.2. The coupled scheme is compared to the previous
implementation of the sole thermochemical calculations in ALCYONE. In the latter
ones, the thermochemical solver requires the elemental composition, the pressure and
the temperature as inputs. It must be emphasized that the local oxygen concentrations
are not a result of neutronics calculations. The oxygen content depends only on the
initial fuel composition. A schematic representation of the standard thermochemical

computations is shown in the top part of Figure 5.2 (above the dashed line).

In the coupled scheme, thermochemical calculations are performed with prescribed O/M
ratios. They are schematically represented in the bottom part of Figure 5.2 (below the
dashed line). The main difference with the standard calculations stems from the fact that
the O/M ratios calculated with the oxygen redistribution model are used 1) to impose
the O/M ratios in the thermochemical solver and 2) to modify the Og contents. The
procedures for imposing the O/M ratio and modifying the local oxygen concentration

are detailed in Sections 5.1.2 and 5.1.3 respectively.
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Figure 5.2: Schematic representation of thermochemical calculations with (bot-
tom part) and without (top part) imposing the O/M ratio. Colors of boxes are
consistent with Figure 5.1.

5.1.2 Thermochemical calculations at prescribed O/M ratio

There are several difficulties in the combination of oxygen transport and thermochemical
calculations in a fuel performance code. The main one stems from the fact that the O/M
ratio is an output of both calculations [156]. In former work, thermochemical calculations
were repeated at each node with varying total oxygen content in the system till the O/M
ratio from the thermal diffusion calculation was reached locally [134]. The CPU time

associated increased so much that only 1D simulations could be performed.

In this work, to improve the coupling between the thermochemical solver ANGE and the
thermal diffusion problem and render 3D simulations possible, an additional constraint
in the minimization calculation performed at each node has been added in order to fix
the O/M ratio. Recalling that the Lagrange multiplier method is used to enforce the
conservation of elements in the system, specific conditions can be introduced by the

inclusion of a virtual element of quantity zero [196].
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Using the notations of Section 3.2.1, and recalling that the O/M ratio refers to the solid

solution, the O/M ratio can be written as follows:

d
> @y
O/M = —F=L (5.1)

£ d
S
Z ay;ny,

<.

j=1L,NEk

where the Jth index corresponds to oxygen. This expression can be transformed into

the following equation:

Jj#AJ d

Zakﬂlk O/M Z Zak]nk—O (5.2)

j=1,NE k=1

which takes a form similar to Equation 3.17 of conservation of each element in the
system. Prescribing the O/M ratio can therefore be done by adding a virtual element
in the system of quantity equal to zero (bygps1 = 0 with NE the number of non virtual

elements). The equation of conservation of the virtual element reads as follows:

S
ali(NE—f—l)ni + Z AN E+1) "+ Z ApNE+1)% =0 (5.3)
1 k=1 k=1

WE

=
Il

where the coefficients a;; associated to the gas phase (9), the solid solution phase (*)

and the pure condensed phases (¢) take the following values to match Equation 5.2:

i
ai(NEJrl) =0, ayvpi1) = apy —O/M Z akjs Qpnp41) =0 (5.4)
J=LNE

5.1.3 Evolution of oxygen content with O/M ratio

Oxygen thermal diffusion leads to a local change in the O/M ratio. In parallel, the
total oxygen content at each node must be changed accordingly since oxygen is assumed
to migrate only in the solid solution. The change in the total oxygen concentration
ngoé depends a priori on many local factors such as temperature, total pressure, fission
products content (burnup) and dopant content. Considering that the variations of the
O/M ratio are small within each time step At, the oxygen concentration at time ¢ + At

can be calculated as follows:
tot(t+At) tot(t) + (O/Mt—i-At _ O/Mt) (5 5)
nOQ 02 (€7 .

as a function of the same quantity at the beginning of the time step. « is the propor-
tionality factor that can be determined from preliminary thermochemical calculations

performed on the studied irradiated fuels. Provided a constant proportionality factor
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is used at each node, the simultaneous conservation of the total oxygen content and of

oxygen vacancies in the fuel pellet fragment is granted.

5.1.3.1 Standard UQOs fuel

For fresh UOy, in the range of O/M ratios that can be expected in a nearly stoichiometric
fuel pellet [1.99-2], the relation between the total oxygen concentration n(5: and the O/M

ratio is the following:

ng=<-x0/M (5.6)

and thus the proportionality factor a = 1 / 2. This function is based on calculations
performed with ANGE on the U-O system where the total oxygen content is changed
stepwise. Three high temperatures that are representative of those occurring at the
pellet center during power ramps have been considered. The evolution of total oxygen

concentration nto"; versus the calculated O/M ratio is plotted in Figure 5.3 (left graph).
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Figure 5.3: Oxygen concentration as a function of the O/M ratio at differ-
ent temperatures. Left figure—fresh fuel, right figure—fuel irradiated to 35
GWd/tHM. Calculations done with ANGE.

To analyze the impact of irradiation on the proportionality factor, a series of calculations
has been performed with PRODHEL used as a stand-alone model to estimate the fuel
composition as a function of burnup. The fuel characteristics and irradiation LHR are
given in Table 5.1. The burnup range studied is 0-50 GWd/tHM.
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Table 5.1: Parameters used in the PRODHEL stand-alone simulation for the
proportionality factor.

LHR Enrichment Burnup Radius
[W/ecm]  [% U] [GWd/tHM] [mm]
200 3.5 0-50 4.1

The evolution of the representative elements (see Table 3.1) from PRODHEL calculations

is plotted as a function of the average burnup in Figure 5.4.

logg(atom fraction)

| | |

0 10 20 30 40 50
Burnup [GWd/tHM]

Figure 5.4: Atom fraction of the representative elements as a function of burnup.
Calculated with PRODHEL.

Figure 5.3 (right graph) shows the O/M curves calculated with ANGE for the fuel
composition corresponding to an average burnup of 35 GWd/tHM. The initial O/U
ratio used in the computations was 2. The presence of fission products changes the
evolution of the O/M ratio with the total oxygen content. As can be seen, the evolution

is nonlinear but we chose to approximate it with a linear function:
ol _ 13308 x 2 _ 1,67
nG, = 1. X a7 .6769 (5.7)

which gives a proportionality factor equal to 1.3398 in the limited O/M range stud-
ied. PRODHEL fuel compositions of Figure 5.4 have been used to study the change in
the proportionality factor a with the average burnup. The proportionality factor has
been calculated for UOg fuels irradiated up to 50 GWd/tHM with constant steps of 5
GWd/tHM. The evolution with burnup is shown in Figure 5.5.
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Figure 5.5: Proportionality factor as a function of burnup. Points are the values
calculated with ANGE and the line is a linear approximation.

The proportionality factors calculated at different burnups are shown as points in Figure
5.5. As can be seen, the increase with burnup is nearly linear and can be approximated

with the following simple expression:
a = 0.0247 x BU + 0.4902 (5.8)

where BU is the average burnup of the fuel in GWd/tHM. The « coefficient given by
Equation 5.8 is plotted in Figure 5.5 as the black line and will be used in simulations of
irradiated UOs fuels in this work.

5.1.3.2 Cr-doped fuel

Tries have been made to derive a proportionality factor o for Cr-doped irradiated fuels
by applying the same method as for irradiated UOg. It turned out that the O/M-ng!
curves, similar to those presented in Figure 5.3, were strongly nonlinear and could not
be used to deduce «. Alternatively, the proportionality factor has been estimated from
the calculations done previously to derive the heat of transport of oxygen (see Section
4.3.1). ANGE calculations that were performed at prescribed oxygen potential to get
the O/M ratios at the pellet centers (see Figure 4.31) also returned the total oxygen
contents. These local oxygen contents characterize the state of the fuel after oxygen
redistribution. The initial oxygen concentrations in the fuel can be easily calculated
from the initial O/U ratio of the fuel (close to 2) and from the dopant concentration
(introduced as CraOg(s)). In PR2 and PR3, that have been used for the heat of oxygen
transport fitting, the initial oxygen concentrations are 1.0038 mol Oz/mol UOy and
1.0053 mol Oy/mol UO,, respectively. The total oxygen concentrations calculated at

the pellet center before and after oxygen redistribution in PR2 and PR3 are shown in
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Figure 5.6 (left graph). The O/M ratios calculated at the pellet center before and after
oxygen redistribution in PR2 and PR3 are recalled in the same Figure (right graph).
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Figure 5.6: Oxygen concentrations (left figure) and O/M ratios (right figure)
before and after oxygen redistribution calculated for PR2 and PR3.

These quantities can be used to estimate the proportionality factor a according to the

following equation:
tot( final) ntot(initial)

_ Oq — o,
‘= O /M (final) _ O /[ (initial) (5.9)

The proportionality factors from PR2 and PR3 are plotted in Figure 5.7 as a function

of the fuel pellet radius.
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Figure 5.7: The proportionality factor o of PR2 and PR3 at the pellet center.
The lines are the average values for r/Rpeier < 0.2.

As it can be seen, « is non constant radially in both PR2 and PR3. However, at the
pellet center (r/Rpeier < 0.2), where the fitting of the heat of transport was done, the
proportionality factors are nearly constant. The average values of « in this region are
approximately equal to 2.2 and 2.7 in PR2 and PR3, respectively. These values will
be used in the simulations of irradiated Cr-doped fuels to estimate the oxygen content

evolution with the change in O/M ratio.

5.1.4 Verification of the proposed coupled solution

The solutions implemented for the oxygen thermal diffusion equation guaranty that the
average O/M ratio in the fuel pellet fragment remains constant, i.e., the conservation of
oxygen vacancies is granted. Imposing the O/M ratios calculated by the oxygen thermal
diffusion solutions in the thermodynamic equilibrium calculations is a necessary condi-
tion to fulfill the same condition. Since the total oxygen content evolves proportionally
to the O/M ratio change, the conservation of the total oxygen content in the fuel pellet
fragment during the calculation stems from the constant average O/M ratio. Clearly,
imposing the O/M ratios might influence the chemical speciation in the fuel estimated
from the thermodynamic equilibrium calculations. In this section, thermochemical cal-
culations with and without imposing the O/M ratios are compared. To this end, the
radial profile of O/M ratio calculated from the oxygen thermal diffusion equation applied
to PR2 is considered, see Figure 4.32. In the first step, the radial profile of total oxygen

tot(final)

content after oxygen redistribution n,, is calculated with Equation 5.5 and the

proportionality factor equal to 2.2, as discussed in the previous section. The calculated
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radial profile (final) is plotted in Figure 5.8 together with the initial oxygen content of
the fuel, equal to 1.0038 mol/mol UOs.
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Figure 5.8: Radial profile of total oxygen content calculated at the end of the
holding period of PR2 (solid curve) and the initial oxygen concentration (dashed
curve).

In the second step, thermochemical calculations with the imposed O/M ratios are per-
formed. For the sake of simplification, the elemental composition is assumed to be
constant along the radius. It is given in Table 4.4. The temperature profile is the one
shown in Figure 4.25. The ”final” total oxygen contents of Figure 5.8 are used in these
computations. The thermochemical calculations with the imposed O/M ratios return
as expected a radial profile of O/M ratio that is identical to the one prescribed. The

”imposed” radial profile is represented by the black curve in Figure 5.9.
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Figure 5.9: O/M ratios obtained in the calculations with (black curve) and
without (red curve) imposing the O/M ratio.

In the last step, the same thermochemical calculations are repeated without imposing
the O/M ratio. They results in the "regular” O/M ratios represented by the red curve
in Figure 5.9. As can be seen, the black and red curves are very close to each other at
the pellet center. The biggest difference occurs at mid-radius. The change in O/M ratio
in the calculations without imposed O/M is much steeper there. Also, the strict stoi-
chiometry (O/M=2) at the pellet periphery is not reached in these calculations. Figure
5.10 shows the oxygen potential radial profiles calculated with and without imposing the
O/M ratio. The curves are nearly identical. Again, the most visible difference occurs at

mid-radius.
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Figure 5.10: Oxygen potential radial profiles obtained in the calculations with
(black curve) and without (red curve) imposing the O/M ratio.
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The above comparison shows that the radial profiles of O/M ratios and oxygen poten-
tials calculated with and without prescribing the O/M ratio do not differ much. The
evolutions of the O/M ratio along the fuel pellet radius are slightly different but the
oxygen potential evolutions are almost the same, which means that the major chemical
compounds calculated in the gas phase and in the condensed phases should be similar
in both calculations. This additional condition on the O/M ratio ensures the conserva-
tion of the average O/M ratio in the fuel pellet in the thermochemical calculations. In
this respect, it significantly facilitates the thermochemistry-oxygen transport coupling

by avoiding CPU-costly iterations.

5.1.5 Coupling strategy in power ramps

It must be stressed that thermochemical calculations are only performed during power
ramps simulations with ALCYONE because the high temperatures at the pellet center
guarantee that thermodynamic equilibrium is reached at least in this part of the pellet.
For PCI analyses, this central hot pellet center is furthermore the location where the bulk
of FGR takes place. The thermochemical-oxygen transport coupling can furthermore

be uncoupled to some extent during the power transient for the following reasons:

e During the short power transient (duration a few tens of seconds) that precedes
the long holding period at maximum power (duration usually around 10-20 hours),
oxygen migration can be neglected, as inferred by the Cr EPMA profile of PR1
(no evolution during the transient). For this reason, only local thermochemical

equilibrium calculations are performed during the power increase phase.

e During the long holding period, power variations are usually small leading a stable
temperature distribution in the fuel pellet. Since the FP content and distribu-
tion in the fuel pellet is also stable (nominal irradiation that precedes the power
ramp is at the origin of the bulk of FPs), thermochemical equilibria in the pellet
will evolve mainly in consequence of oxygen transport by thermal diffusion in the
solid solution. Thus, during the plateau at maximum power, oxygen transport
in the pellet is first calculated, followed by local thermochemical calculations at
prescribed O/M ratio.

e While the formation of internal zirconia during base irradiation leads to a decrease
of the oxygen content in the pellet [77], there is no evidence that additional zirconia
is formed during a power ramp. This result can be attributed to the slow evolution
of zirconia thickness once the layer is formed [197]. In consequence, the flux of
oxygen on the surface of the simulated fuel fragment during the power ramp can
be assumed null at all time, meaning that the average oxygen content in the fuel

pellet is constant.
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This uncoupled analysis would not be possible in case of nominal irradiation since an
oxygen source term that stems from the oxygen liberated by uranium fission would have
to be included in the oxygen transport equation [80]. The release of oxide fission gases
from the fuel pellet during the power ramp is neglected, which might prove to be wrong
in the case of initially hyperstoichiometric fuels where the excess oxygen can lead to a

pronounced oxidation of cracks formed by I-SCC [198].

5.1.6 Validation in 1D

To check the fuel performance modeling with oxygen thermal diffusion and thermochem-
istry and to validate the proportionality factor « for standard UOs fuel, the experiment
presented by Adamson et al. [73] has been simulated. The authors carried out a power
ramp on a BWR fuel rod irradiated to an average burnup of 11.4 GWd/tHM. They then
measured the oxygen potential along the fuel pellet radius at 750 °C. The measurements
showed low oxygen potentials in the central part (-550 kJ/mol Og) of the pellet and high
oxygen potentials at the pellet periphery, see Figure 2.20. The authors concluded that
the oxygen potential gradient can be explained by oxygen thermal diffusion from the

pellet center to the periphery.

A 1D radial fuel performance simulation in ALCYONE including oxygen thermal dif-
fusion has been carried out to model Adamson’s experiment. In the first stage, the
base irradiation is simulated. Adamson et al. do not give enough information on base
irradiation to perform a detailed simulation. The authors reported the initial O /M ratio
of the fuel, the 23°U enrichment, the pellet radius and the final average burnup. These
parameters are given in Table 5.2. Since these data are not sufficient to properly model
the base irradiation, additional assumptions have been made. A constant LHR of 200
W /cm has been assumed till the average burnup calculated in the simulation reached
11.4 GWd/tHM, the value reported by Adamson. The calculated burnup radial profile
and its average value are shown in Figure 5.12. It must be emphasized that ALCYONE

is not validated to simulate BWR fuels and thus burnup may not be simulated correctly.

Table 5.2: Main characteristics of the power ramped fuel reported by Adamson

et al. [73].
Fuel pin Radius Initial Initial Average Max.
name [mm] enrichment Oo/U burnup LHR
% #°U [GWd/tHM] [W/cm]
LIT2/3 6.2 2.55 2.0015£0.0015 11.4 365

In the second stage, the power ramp experiment is simulated. Again, Adamson et al.
have not reported all the details needed to simulate precisely the power ramp. It has

been assumed that the experiment carried out by Adamson was similar to the power
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ramps performed by CEA. The schematic representation of the power sequence is shown

in Figure 5.11.

Linear Heat Rate HP — Holding Period
t0 HP
T2 —
t0 ramp
—T1 B
Time

Figure 5.11: Schematic representation of the power ramp test performed by
Adamson et al. [73]. The part until ”t0 ramp” is the conditioning period. The
holding period starts at "t0 HP” and lasts to ”t0 HP+12h”. Power transients
are marked as T1, T2 and T3.

Additional parameters that are necessary to perform the power ramp simulation are
shown in Table 5.3. The duration of the conditioning and holding periods and of the
power transients T1-T3 is similar to those of the power ramps carried out at CEA (see
Table 4.2).

Table 5.3: Additionally assumed characteristics needed to carry out the simu-
lation of Adamson’s experiment [73].

Cond. Cond. Period Holding T1 T2 T3

Period Power Period [min] [s] [min]
[b] [W/cm] [h]
18 169 12 60 120 30

The temperature calculated at the pellet center during the holding period is 1617 °C. It is
close to the temperature reported by Adamson et al., which is 1605 °C. The temperature
calculated at the periphery (541 °C) is only one degree higher than the temperature

reported by Adamson et al. The calculated temperature profile is shown in Figure 5.12.
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Figure 5.12: Calculated profiles of temperature and burnup. The red dashed
line corresponds to the average burnup.

Oxygen thermal diffusion is considered only during the holding period leading to the
highest temperature gradient in the fuel pellet. The proportionality factor « is calculated
with Equation 5.9. Its value at 11.4 GWd/tHM is 0.5686. The diffusion coefficient
derived from Berthinier et al’s approach [91] is used. Calculations show that the 12
hour-long holding period is long enough to reach the oxygen redistribution steady state.
Adamson et al. reported that the initial O/U ratio of the fuel equals 2.0015 with an
uncertainty of 0.0015. Thus, three simulations with three different initial O/U ratios
(2.0000, 2.0015 and 2.0030) have been carried out. Also, these three simulations have

been repeated without oxygen redistribution for comparison.

In the last stage of the simulation, the studied fuel is uniformly heated up to 750 °C. The
oxygen potential at this temperature is calculated and compared to the experimental
measurements. The results obtained for the different initial O/U ratios are shown in
Figure 5.13.
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Figure 5.13: Oxygen potentials calculated with (solid curves) and without
(dashed curves) oxygen redistribution for different initial O/U ratios. Black
triangles correspond to the experimental measurements from Adamson et al.
[73].

The solid curves in Figure 5.13 have been calculated with oxygen thermal diffusion and
the dashed ones without it. It can be seen that the calculation with the initial O/U
ratio of 2.0000 and including oxygen thermal diffusion gives a radial profile of oxygen
potential that is close to the measures reported by Adamson et al. (black triangles), in
particular at the pellet center. Simulations with higher initial O/U ratios overestimate
the oxygen potential by around 100 kJ/mol Og at the pellet center and by 50 kJ/mol
O2 at the pellet periphery. Simulations without oxygen thermal diffusion show that the
calculated oxygen potential is nearly constant along the entire radius. Oxygen transport
changes the oxygen potential mainly at the pellet center (r/Rpeer < 0.5). The oxygen

potential close to the pellet periphery is very similar with and without oxygen transport.

The O/M ratios calculated at the end of the holding period are plotted in Figure 5.14 for
the simulation with an initial O/U ratio of 2.0000 and accounting for thermal diffusion
of oxygen. The O/M ratio calculated at the pellet center is close the to 1.997, which is
the value estimated by Adamson et al. The O/M ratio calculated at the periphery is 2
while Adamson reported O/M=1.999. Although the calculated value is higher than the
one estimated by Adamson, the tendency is good because the O/M ratio increases along
the fuel pellet radius. It needs to be stressed that the values reported by Adamson are

estimations and not measurements.
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The red curve is the O/M ratio calculated without oxygen transport. It increases slowly
along the radius from 1.999 at the center to reach around 1.9998 at the periphery. The
O/M ratio calculated at the pellet center is overestimated when compared to the value
reported by Adamson (1.997). The value calculated at the periphery is close to the O/M
ratio predicted by Adamson (1.999).
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Figure 5.14: O/M ratios with and without oxygen transport calculated at the
end of the holding period.

The simulation of Adamson’s experiment can be considered as a validation of the OXI-
TRAN model and of the parameters governing oxygen transport. It shows that oxygen
thermal diffusion included in fuel performance simulations can help to reproduce mea-
surements of oxygen potential in power ramped irradiated fuel, especially at the pellet

center where FGR, takes place.

5.1.7 Validation in 3D
5.1.7.1 Characteristics of the power ramp

To check the overall response of ALCYONE 3D scheme with the oxygen redistribution
thermochemical coupling, the power ramp PR2 that was used to derive the heat of
oxygen transport is simulated. Details of the experiment are given in Table 4.2. The
rod was fabricated by Framatome with an initially stoichiometric Cr-doped UQOs fuel
and a M5® cladding. The rod was irradiated in an EDF commercial PWR during 3
cycles and then sliced in order to fabricate a short rodlet that was ramped by CEA in
the OSIRIS test reactor. The average burnup of the rodlet (38.8 GWd/tHM) is within

the critical burnup range for PCI failure [112]. The power ramp sequence is detailed
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in Figure 4.23. In spite of the high LHR reached during the power ramp (RTL of 470
W /cm) and the 12h long holding period, the rodlet survived the transient undamaged.

The 3D simulation presented hereafter concerns the fuel pellet located at the axial posi-
tion of the maximum LHR (or PPN for Peak Power Node) in the PR2 rodlet. A standard
3D calculation of the base irradiation sequence is first performed with ALCYONE. In the
next parts, the analysis of PR2 simulation results will be focused on the 12h long plateau
where the thermochemical and oxygen transport calculations are both performed. Inter-
estingly, this rodlet was extensively analyzed after the power ramp with measurements
of numerous radial profiles of metallic and volatile fission products. The presentation
will highlight the consequences of oxygen thermal diffusion on the fission products ther-
mochemistry and release. In general, the results are presented at four specific times
during the power ramp: when the LHR reaches 420 W/cm (two thirds of the transient),
at RTL (”t0 HP”), after 2 minutes at RTL (”t0 HP+2min”) and after 12 hours at RTL
(”t0 HP+12h"). To better highlight the changes during the HP of PR2, experimental
data from PR1 will be added in some Figures. We recall that PR1 had no HP, and thus
gives the actual state of the FPs in the fuel pellet at ”t0 HP”.

5.1.7.2 Evolution of the O/M ratio and of the oxygen potential

The temperature distribution calculated in the fuel pellet fragment at different times of
PR2 is illustrated in Figure 5.15.

LHR 420 W/cm t0 HP+2min t0 HP+12h Temperature

2100
w2

1675.

1250.

825.0

l400.0

Figure 5.15: Calculated temperatures [°C] in the fuel fragment at different times
during the power ramp PR2.

The maximum temperature is close to 2100 °C at the pellet center. As can be seen,
the temperature distribution does not evolve during the HP and presents a negligible
axial temperature gradient. Oxygen redistribution will therefore be mostly driven by

the radial temperature gradient. Figure 5.16 shows 3D plots of the calculated O/M
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ratio in the fuel fragment at different times during the HP of PR2. Radial profiles of
the O/M ratio along the mid-pellet plane of the pellet fragment (top of the fragment)

are furthermore plotted in Figure 5.17.
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Figure 5.16: Calculated O/M ratios [-] in the fuel fragment at different times
during the power ramp PR2.
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Figure 5.17: Calculated O/M radial profiles along the mid-pellet plane of the
pellet fragment at different times during PR2.

According to the thermochemical calculations, the irradiated fuel is slightly hypostoi-
chiometric (as defined in Section 3.3.1) at the beginning of the HP (”t0 HP”). The O/M
ratio increases along the fuel pellet radius from 1.994 at the pellet center to nearly 2
at the pellet periphery. The formation of internal zirconia during nominal irradiation is
not included which would certainly lower the O/M ratio at the pellet periphery. During
the HP, oxygen thermal diffusion leads to a decrease of the O/M ratio (down to ~1.989)

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



226 Chapter 5 Thermochemistry—oxygen transport coupling in ALCYONE

at the center of the pellet and to an increase at the pellet periphery (up to 2). Oxygen
redistribution kinetics, driven by the diffusion coefficient adapted from Berthinier et al.
[91], is very fast. After 2 minutes, the radial profile of O/M ratio is already close to the
steady-state profile calculated after 12 hours.

Figure 5.18 shows 3D plots of the calculated oxygen potential in the fuel fragment at
different times during the HP of PR2.
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Figure 5.18: Calculated oxygen potentials [kJ/mol O] in the fuel fragment at
different times during power ramp PR2.

Radial profiles of the oxygen potential along the mid-pellet plane of the pellet fragment
(top of the fragment) are furthermore plotted in Figure 5.19. As for temperature and
the O/M ratio, the oxygen potential gradient in the fuel pellet fragment is mainly radial.
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Figure 5.19: Calculated radial profiles of oxygen potential AGo, along the mid-
pellet radius at different times during power ramp PR2. The red dashed line
shows the oxygen potential given by the Mo(,/MoOy,) redox system. The
dotted lines give the oxygen potential associated with the CraO3/y,)/Cr(y) redox
system: top line for a Cr-dopant completely dissolved in UO2 (0.14 wt%, see
Figure 5.20, Cr203(s5) t0 HP), bottom line corresponding to a residual Cr-
solubility of 0.01% (see Figure 5.20, CraO3(,) t0 HP+12).

It is worth recalling that the temperature distribution during the holding period of the
power ramp is quasi-constant, so one may attribute oxygen potential changes to oxygen
thermal diffusion only. At the beginning of the HP (”t0 HP”), the oxygen potential
follows the temperature gradient, with a maximum of -300 kJ/mol Oy at the pellet
center and a minimum of -450 kJ/mol Oy close to the pellet periphery. At the end of
the HP, the oxygen potential decreases to -440 kJ/mol Og at the pellet center while
it remains close to -450 kJ/mol O9 at the periphery. The evolution along the radius is
however strongly marked with nearly constant oxygen potential up to a relative radius of
0.4 followed by a sudden increase to -300 kJ/mol Oz at a relative radius of 0.6. Oxygen
potential at the center is within those associated to the Cr(y)/CraOs(s) equilibrium.
At the pellet periphery, the oxygen potential is very close to the one given by the
Moy,)/MoOy,) equilibrium. The oxygen potential of these redox systems are shown in

Figure 5.19 by dotted and dashed lines respectively.

5.1.7.3 Impact of oxygen transport on metallic oxides

The decrease of the oxygen potential at the pellet center has important consequences
on some of the metallic FPs and added dopants. As expected from the fit of the heat
of oxygen transport, chromium oxides are partially reduced. Figure 5.20 shows the

calculated radial profiles of Cr content in solid solution (CraOgs,)) at the beginning
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(thick orange curve) and at the end (thick blue curve) of the HP of PR2 compared to
EPMA measurements (thin blue curve).
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Figure 5.20: Calculated Cr weight fraction evolution during the holding period
compared to EPMA measurements after PR1 and PR2.

The thin orange curve shows the measured Cr content after PR1, which is similar to
the as fabricated content. The evolution of chromium speciation in the 3D simulation
of PR2 is shown in Figure 5.21.
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Figure 5.21: Calculated CraO3(ss) (upper plots) and Cr,) (lower plots) concen-
trations [mol/mol UOs]| at different times during power ramp PR2.
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As can be inferred from these results, the sole elevation of the fuel temperature in
the transient part of PR2 during a few tens of seconds did not lead to a reduction of
chromium oxide (Cr203(s)) into metallic chromium (Cr(,)). According to the calcula-
tions, oxygen thermal diffusion during the HP is at the origin of the lower Cr content
in solid solution after PR2. The reduction of chromium soluble oxides into metallic
chromium is further confirmed by X-ray images of the central part of the fuel pellet
after PR2, see Figure 4.28. One can find a massive precipitation of metallic Cr (central

image, white spots) which is not associated with oxygen (right image, black spots).

Similar observations are available for molybdenum, see Figure 4.28 where white spots in
the Mo X-ray distribution (left image) are not associated to oxygen (right image, black
spots). As stated before, in the thermochemical database of ANGE, Mo is not included
in the fluorite solid solution model. One may however estimate the impact of oxygen
redistribution by plotting the calculated concentrations of Mo in oxide form (MoOjyy)
and CsgMoOy(,) mainly) and that of Mo in metallic form (Mo(y)) during the HP of PR2,
see Figure 5.22.
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Figure 5.22: Calculated concentrations of MoOy(y) (top figures), Mo(,) (middle
figures) and CsaMoQy(, ;) (bottom figures) at different times during power ramp
PR2.

Oxygen transport by thermal diffusion leads to a reduction of CsaMoQy(, ;) at the pellet
center and to the precipitation of Mo(,). EPMA measurements may be compared to the

concentrations of these molybdenum species at the end of the HP, see Figure 5.23.
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Figure 5.23: Calculated molybdenum oxides MoO, s ;) and metallic molybde-
num Mo,y weight fraction evolution during the HP of power ramp PR1 com-
pared to EPMA measurements after power ramps PR1 and PR2. PRI rodlet

has a lower burnup than PR2 rodlet so the Mo weight fraction is lower on
average.

The blue and orange thin curves represent the Mo content measured by EPMA after
PR2 and PRI, respectively. As for Cr, the profile after PR1 (similar to the one obtained
before the power ramp) shows that the reduction of Mo oxides at the pellet center is
not a consequence of the sole temperature elevation during the power transient phase.

Oxygen transport by thermal diffusion explains the pronounced increase of metallic Mo
during the HP.
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Figure 5.24: Calculated ZrOy(4,) and BaZrOs() concentrations compared to the
EPMA measurement of Zr weight fraction after power ramp PR2.
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Among the other metals, zirconium is a very abundant FP and is found mostly in oxide
form in the irradiated fuel pellet, see Figure 5.24 where EPMA measurements after PR2
are also indicated. Zirconium is found as ZrOg(,y) in the entire pellet radius except at
the periphery where one can also find BaZrOj3(,). Reduction of the zirconium oxide into
metallic zirconium would require oxygen potentials lower than -650 kJ/mol Oy at the

pellet center, which are not reached here in spite of the oxygen redistribution.

5.1.7.4 Noble Fission Gas Release

The evolution of noble gas release during the HP of PR2 is illustrated by the 3D plots

of the xenon released fraction (in % of the initial inventory) given in Figure 5.25.
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Figure 5.25: Calculated release of Xe (top), Cs (middle) and I (bottom) at
different times during the power ramp PR2. Units—% of initial inventory.
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As can be seen, the release of xenon is very small during the first minutes of the HP
compared to the end of it. The release begins near the dish in consequence of the lower
hydrostatic pressure which favors the expansion of inter-granular fission gas bubbles [14].
At the end of the 12 h long HP, xenon release from the pellet center reaches 90%. The
calculated radial profiles at the beginning and at the end of the HP (along the inter-
pellet plane) are compared in Figure 5.26 to xenon weight fractions from EPMA and

SIMS measurements.
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Figure 5.26: Calculated total (dissolved within grains, in intra- and inter-
granular bubbles and in inter-granular pores) Xe weight fraction at the be-
ginning and the end of the holding period of power ramp PR2 compared to
EPMA and SIMS measurements.

The agreement is fair considering the dispersion of experimental measures. It must be
recalled that EPMA measurements underestimate the xenon inventory since large gas
bubbles are characterized by a peak in the radial profile and are therefore not included
in the base line. SIMS measurements are more representative of the total xenon left in
the fuel pellet after PR2. Calculations lead to a FGR of around 17% to be compared
with the 8% measured in the fuel rodlet. The difference stems from the fact that the

3D simulation is local and concerns only the fuel pellet situated at PPN.

5.1.7.5 lodine release and speciation

The evolution of iodine release during the HP of PR2 is illustrated by the 3D plots of
the iodine released fraction (in % of the initial inventory) given in Figure 5.25. The
evolution of iodine is similar to that of xenon with a beginning near pellet dishes and a
final release of 100% up to mid pellet radius. The chemical speciation of gaseous iodine

must be discussed since it is of importance for PCI failure analyses. Most of the iodine
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in the fuel pellet fragment leads to the formation of Csl), as can be seen from the 3D

plots of Figure 5.27.
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Figure 5.27: Calculated Csl(g), I(4)+2I3(,) and Tely,) concentrations in the fuel
fragment at different times during power ramp PR2.

The progressive release of Csl(,) during the HP explains the lower concentration in the
pellet fragment at the end of the power plateau ("t0 HP + 12h”). Apart from Csl,, a
small part of iodine forms gas species in the pellet (I(y), I5(4) and Tely)) that are likely
to react with the Zr-cladding to form Zrly,) and hence induce I-SCC if released from
the fuel [14]. Figure 5.27 presents the evolution of their concentration in the fuel pellet
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during the power ramp PR2. One may see that the concentration of these three iodine
gas species is highest at the pellet center at the beginning of the HP (”t0 HP”), meaning
that a small proportion of iodine released from the fuel will consist in deleterious gases
for the cladding (see Figure 5.25 where nearly 30% of the total iodine left the pellet
near the dish at "t0 HP”). Later, after oxygen redistribution, the concentration of
these species at the pellet center is around 3 orders of magnitude lower, the maximum
concentration being now found between mid-radius and the pellet periphery. Since this
part of the pellet does not really contribute to the overall FGR, this means that the
release of iodine after a few minutes of HP and in consequence of oxygen transport by

thermal diffusion will mainly consist in Csl(g).

5.1.7.6 Cesium release and speciation

The evolution of cesium release during the HP of PR2 is similar to that of iodine and
xenon, as illustrated by the 3D plots of cesium released fraction (in % of the initial
inventory) given in Figure 5.25. Cesium release at the beginning of the HP (”t0 HP”) is
lower than that of iodine but increases during the first minutes of the HP and reaches
90% near the pellet center at the end of the HP. This result is a direct consequence of

oxygen redistribution.

Figure 5.28 shows the evolution of CssMoQy(, ;) and of gaseous cesium (Cs gy + 2Csy(y))
in the 3D simulation of PR2.
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Figure 5.28: Calculated 2CssMoOy(, ;) and Cs4)+2Csy(,) concentrations in the
fuel fragment at different times during power ramp PR2.

At the beginning of the HP (7t0 HP”), high quantities of Mo and Cs are bound together
as CsgMoOy(4 7). A small fraction of Cs is in the gas phase, mostly associated to I (around
one tenth since there is around ten times more Cs than I in the fuel pellet at the end
of base irradiation). Reduction of CssMoOy(s;) at the pellet center in consequence of
oxygen redistribution liberates most of the cesium which then forms gaseous compounds
(mainly Cs(4) and Csyg)) that can be released from the pellet. One clearly see that
the reduction of cesium molybdate is associated with the formation of gaseous cesium.
Concentration of gaseous cesium is lower at the end of the HP (”t0 HP + 12h”) because

it has been released from the fuel pellet fragment.
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Figure 5.29: Calculated weight fractions of cesium at the beginning and at the
end of the HP of power ramp PR2 compared to EPMA measurements after
power ramps PR1 and PR2.

Figure 5.29 shows the calculated weight fractions of Cs at the end of the HP of PR2
compared to EPMA measurements after PR1 and PR2. Again, PR1 EPMA radial profile
is representative of the state of cesium before oxygen redistribution takes place and is
very close to the pre-ramp cesium distribution in the pellet. At the end of PR2, the
calculated quantity of Cs in the central part of the pellet has considerably decreased
which is consistent with EPMA measurements.

5.1.7.7 FGR from the fuel pellet fragment

Figure 5.30 shows the evolution during the HP of PR2 of the released fractions of cesium,

iodine and xenon integrated on the fuel pellet fragment (solid lines).
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Figure 5.30: Calculated release of Cs, I and Xe during power ramp PR2. Solid
lines refer to the simulation with oxygen transport, dashed lines refer to the
simulation without oxygen transport (t=0 corresponds the beginning of the
holding period, 7t07).

As was expected from the 3D plots, there is a significant difference between the FGR
of Xe-Cs on the one hand and of iodine on the other hand. Iodine release reaches 30%
while Xe and Cs releases reach 17% and 10% respectively. An even greater difference in
the release of Xe-Cs and I-Te was reported by Baurens [14] from a 3D thermo-chemical-
mechanical simulation of a short power ramp. Baurens’ results are recovered here if the
3D simulation of PR2 is performed without oxygen transport. Iodine and xenon release
are not changed by removing oxygen transport but cesium release is. The dashed blue
line indicates that cesium release in this case does not exceed 2% at the end of the HP.
This result is a consequence of the cesium speciation in the fuel pellet, where most of
cesium remains in stable solid or liquid cesium molybdates and cannot be released from
the fuel.

5.2 3D simulation of PCI-SCC

Baurens et al. have simulated a short holding period power ramp to validate the imple-
mentation of the thermochemical solver ANGE in the fuel performance code ALCYONE
V1.4 [14]. The authors studied the speciation and the release of the fission products I,
Cs and Te. Also, the conditions leading to PCI-SCC were investigated. The studied fuel
is interesting for a PCI-SCC analysis because of a very high LHR was reached during the
test (520 W/cm), which led to formation of cracks on the internal cladding surface with
a maximum depth of around 100 pym. In spite of the cracks, the fuel rod survived the

transient leading to a rare case of a power ramp where I-SCC started but did not lead
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to cladding failure. This result can be explained by the short duration of the holding
period (90 s), which was not sufficient for the crack penetration across the entire clad

thickness.

Baurens’ simulation has been carried out with ALCYONE V1.4 including the fission
gas release model MARGARET [37] and the thermochemical solver ANGE [150] i.e.,
the models used in this work. However, major modifications in the fuel performance
code ALCYONE have taken place since Baurens’ publication in 2014. The neutronics
model PRODHEL has been implemented and it can be used instead of the empirical
correlations based on the CESAR code (given in Table 1.3). Also, the database of ANGE
has been updated, as described in Section 3.2.2.

Baurens’ simulation has been repeated in this work to study the impact of oxygen
thermal diffusion on the speciation of fission products and on the release of iodine,
tellurium and cesium. Baurens’ work on I-SCC initiation has been extended to the
evaluation of clad crack depth calculations using the I-SCC model proposed by Le Boulch
et al. [199], described in Section 2.3.4.1.

5.2.1 Characteristics of the power ramp

The studied fuel is an initially stoichiometric UO3 cladded with stress-relieved Zircaloy-4.
The 3D simulation has been performed in two stages. In the first one, the base irradiation
is simulated. The studied fuel rod has undergone three irradiation cycles in a commercial
PWR. The fuel characteristics used in the base irradiation simulation are shown in Table
5.4.

Table 5.4: Main characteristics of the fuel power ramped in PR5.

Fuel Cladding Initial Irradiation Average cycle Reached

material material enrichment cycles power burnup
(%] [W/cm)] [GWd/tHM]
U0, Zircaloy-4 4.5 3 178-260-214 35

The irradiated fuel rod was used to fabricate the rodlet, which was then power ramped
in the OSIRIS reactor. The maximum linear heat rate reached in the experiment is 520
W /cm, which is higher than in the power ramps studied previously in this work (see

Table 4.2). The power ramp test sequence is illustrated in Figure 5.31.
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Figure 5.31: Schematic representation of PR5.

PR5 starts with a conditioning period that lasts until ”t0 ramp” in Figure 5.31. Then,
the power is increased until it reaches its maximum value at ”t0 HP” when the holding
period starts. It lasts until ”t0 HP End”. The duration and power of the different
periods of PR5 are given in Table 5.5.

Table 5.5: Main characteristics of PR5.

Test Max. Cond. Cond. Period Holding T1 T2 T3

name LHR  Period Power Period [min] [s] [s]
[W/em] — [h] [W/cm] [s]
PR5 520 16 180 90 4.9 192 6

5.2.2 Temperature and pressure

Figure 5.32 shows the calculated temperatures in the fuel fragment at different times
during the power ramp. During the conditioning period, the temperature at the pellet
center reaches around 900 °C and at the periphery 400 °C. Such temperature distribution
occur during normal reactor operation. The temperature at "LHR 420 W /cm” is much
higher at the center and reaches around 1850 °C. This LHR occurs after two third of the
transient T2. The temperature distributions at the beginning ("t0 HP”) and the end
("t0 HP End”) of the holding period are nearly the same because the LHR is constant
during the plateau. The temperature at the pellet center is around 2200 °C. The axial
temperature gradient is much less significant than the radial one. It is a consequence of

the complete fuel-cladding gap closure during the power ramp.
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Figure 5.32: Temperature [°C]| calculated at different times during PRS5.

Figure 5.33 gives the hydrostatic pressure calculated at the same times than the temper-
atures. The hydrostatic pressure distribution is similar to the one reported by Baurens
et al. but the values are slightly higher. During the power transient ("LHR 420 W /cm”),
the hydrostatic pressure is maximum at the mid-pellet plane (~ 2500 bar) and minimum
near the dish plane (80 bars) due to the axial deformation possible in this region. During
the HP, fuel pellet creep leads to a relaxation of the stresses and hence to a decrease of
the hydrostatic pressure leading to less axial variation along the fuel centerline. Hydro-
static pressure is very important for the model MARGARET since it controls the size of
the fission gas bubbles at inter-granular sites and hence the FGR to the rod free volume
[14].
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Figure 5.33: Hydrostatic pressure [bar| calculated at different times during PR5.
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5.2.3 O/M ratio and oxygen potential

The oxygen over metal ratio calculated at different times during PR5 is shown in Figure
5.34. The O/M ratio at "t0” is above 1.999 in the entire fuel pellet fragment. It is a
consequence of the low temperatures occurring during the conditioning period. At such
temperatures (900 °C), the solid solution phase consists mostly of UOy (with O/M=2)
because the solubility of trivalent fission products is limited. With temperature increase,
the O/M ratio decreases in consequence of the increased solubility of FPs. This effect
can be observed when the LHR reaches 420 W/cm. The O/M ratio in the hot part
decreases to around 1.997. Oxygen thermal diffusion starts at "t0 HP” and lasts until
”t0 HP End”. The O/M ratio at ”t0 HP” is similar to the one calculated at "LHR 420”.
The O/M ratio at the pellet center decreases to 1.992 at the end of the holding period,
which is a direct consequence of oxygen redistribution. The O/M at the pellet periphery
increases but it does not reach 2 everywhere meaning that the oxygen redistribution

steady state has not been reached.
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1.998
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Figure 5.34: O/M ratio calculated at different times during PR5.

The oxygen potential calculated in the fuel fragment is shown in Figure 5.35. Between
”t0” and "t0 HP”, the oxygen potential increases at the pellet center from -450 kJ/mol
O3 to -250 kJ/mol Oy. The increase at the periphery is less significant because the
temperature at the pellet edge is nearly constant. The values at the pellet center at ”t0
HP End” are lower than at ”t0 HP”, in consequence of oxygen redistribution towards the
cold periphery of the pellet. The oxygen potential at the pellet center is reduced to -350
kJ/mol Oy at ”t0 HP End”. The highest values are found at 7/ Rpejier = 0.6. This result
is due to oxygen thermal diffusion which has not reached steady-state. In consequence,
the O/M ratio is not the highest at the pellet periphery but at 7/ Rpejer = 0.6 (see Figure
5.34). Since the total oxygen content is related to the change in O/M ratio, the locally

increased oxygen content leads to a peak in oxygen potential.
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Figure 5.35: Oxygen potential calculated at different moments of PR5.

5.2.4 Fission Gas Release

The calculated release of Xe at different times during PR5 is shown in Figure 5.36. Only
the Xe released during the power ramp (Xe released minus Xe lost at the end of base
irradiation) is here reported. It can be seen that the release before the start of the power
transient (”t0”) is negligible. During the power transient ("LHR 420 W/cm”), Xe is
first released near the pellet dish, in consequence of the lower hydrostatic pressure in
this region which favors bubble size growth and hence bubble interconnection at grain
boundaries, the prerequisite condition for release to the free volume of the rod. Xe release
increases till the end of the transient (t0 HP”). During the holding period of 90s, the
fraction of released Xe becomes more uniform along the fuel centerline in consequence
of the smoother hydrostatic pressure distribution. Xe release reaches around 25% near
the pellet dish at ”t0 HP End”.
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Figure 5.36: Release of Xe at different times of PR5. Units—% of initial inven-
tory.

The calculated releases of Cs, I and Te during PR5 are shown in Figure 5.37. They are
all correlated with the release of Xe from the fuel fragment but start at different times
depending on the availability of the FPs in the gas phase. Cs release begins during the
transient (between "LHR 420 W/cm” and ”t0 HP”) near the dish. During the holding
period Cs is released from the entire pellet central core. At 7t0 HP End”, Cs release
reaches around 15% along the pellet centerline with a maximum exceeding 20% at the
IP level.

The release of iodine begins sooner during the transient than that of cesium. At 7420
W/cm”, it already reaches 25% along the fuel pellet centerline. At the end of the
transient (7t0 HP”), it reaches 75% near the dish and 50% at mid-pellet level. During

the holding period, iodine release increases in the radial direction but not in magnitude.

The release of Te is close to that of I and begins also during the transient. At "LHR
4207 25% is already released near the dish. At the end of the transient, 70% of the Te
has been released from this region while only 30% is lost at mid-pellet level. During the
holding period, the release becomes more uniform along the centerline but it remains
higher at the IP level. During the plateau, Te release spreads in the radial direction, as

iodine.
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Figure 5.37: Release of Cs (top), I (middle) and Te (bottom) at different times
of PR5. Units—% of initial inventory.
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5.2.5 Burnup and pre-ramp elemental composition

The calculated radial profile of burnup is plotted in Figure 5.38 (solid line) and compared
to experimental measurements. The latter are derived from measures of Nd concentra-
tion in the fuel [200]. The experimental error is around 10%, according to Desgranges
et al. [61]. The calculated burnup radial profile is within the error bars for almost all

the experimental points meaning that the burnup prediction is correct.
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Figure 5.38: Calculated burnup radial profile along the mid-pellet plane com-
pared to the experimental measurements.

Figure 5.39 shows the calculated radial profiles of Xe, Cs, I and Te compared to the SIMS
measurements performed before the power ramp experiment. The predicted values refer
to the mid-pellet plane. Only the experimental points for Xe are absolute quantities that
can be compared to calculations. The SIMS measurement of Cs are given by the ratio
of 137Cs/?38U. The experimental measurements of I and Te are expressed by the ratios
1291/180 and 13°1/180, respectively. The 238U and '80 references in SIMS measurements
are chosen because they are not expected to vary significantly in the radial direction.
PRODHEL does not include the isotope 'O in its neutronics database. Thus, the
direct comparison of these ratios with the simulation results is not possible. However, in
Section 3.1.1, it has been checked that PRODHEL returned correct estimations of fission
product concentrations in an irradiated fuel (PR1) of close burnup (32 GWd/tHM)
tested at CEA in the same MTR OSIRIS. A qualitative assessment of the calculated
radial profiles, marked by lines in Figure 5.39, can however be made by adjusting the
vertical axis to present the calculated profiles with a magnitude similar to that of the

SIMS experimental points.
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Figure 5.39: Calculated concentrations of Xe, Cs, I and Te (left axis) com-
pared to SIMS measurements of the relative concentrations (right axis). The
measurement uncertainty is around 10%. Both measurements and calculations
done along the mid-pellet plane.

As can be seen, the calculated radial profiles present a consistent shape compared to
the measurements. Another important observation is that the measured radial profiles
of I, Te and Cs present nearly constant concentrations at the pellet center, meaning
that these volatile fission products were not released during base irradiation. On the
contrary, ALCYONE simulation of PR5 gives a 10% decrease of the Xe content at the
pellet center up to a relative radius of 0.2. Unfortunately, measurements have not been
made in this region. This local decrease of the Xe content leads to an 0.6% loss of Xe

from the pellet fragment during base irradiation prior to the power ramp.

5.2.6 Post-ramp elemental composition

Figure 5.40 shows the radial profiles of the same fission products as in Figure 5.39, but
calculated at the end of the power ramp. Two radial profiles are plotted in each graph,
one corresponding to the MP plane and one to the IP plane. To compare experimental
measures to the simulation profiles, the following procedure has been applied. The
experimental points in Figure 5.39 have been used to estimate the radial profiles of the
studied fission products before the ramp test. Then the SIMS measurements carried out
after the ramp have been divided by the pre-ramp radial profiles to get the fractions of
volatile fission products remaining in the fuel (relative to the pre-ramp quantity). This

method is based on the assumption that the creation of stable isotopes during the power
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ramp experiment is negligible and that the radial profiles of the reference isotopes #0
and 238U did not change during the power transient. In Section 3.1.2, it was checked that
the quantity of iodine created during the power ramp was negligible. Some experimental
points obtained with this procedure are greater than 1. It can be explained by the high

uncertainty relative to SIMS measurements.
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Figure 5.40: Comparison of the calculated radial profiles of Xe, Cs, I and Te
to the SIMS measurements along the mid-pellet plane at the end of PR5. The
experimental error is estimated to be 10%. MP-Mid Pellet, IP-Inter Pellet.

The calculated remaining fraction of Xe is in a good agreement with the experimental
measures along the pellet radius. The experimental points at the very center are not
available but it can be estimated that the remaining Xe fraction is around 60% (assuming
a flat profile), whereas the calculated fraction is 70%. The profiles calculated along both

IP and MP planes are similar.

The SIMS measurements concerning Cs are characterized by a high dispersion, which
can be related to the high volatility of the FP. In spite of this fact, it can be seen
that the Cs remaining fraction at the pellet center is close to 80%, meaning that Cs
release occurred in this region. The profile calculated along the MP plane is partially
consistent with this observation. According to the simulation, the Cs release at the MP
level occurs at the pellet center and reaches 15%. The release there is associated with
oxygen transport liberating high amount of gaseous cesium, as will be explained latter.
The Cs remaining fraction calculated along the inter-pellet plane is slightly lower and

fits the experimental points better.
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The SIMS measurements of iodine and tellurium show a similar pattern. They indicate a
massive release from the pellet center. The remaining fractions of iodine calculated at the
IP and MP levels are 20% and 60% respectively. According to the SIMS measurements,
the remaining fraction of iodine at the pellet center is around 40% which is within the

calculated curves.

The tellurium release calculated at the MP level is significantly underestimated. The
experimental results indicate that around 40% have remained at the pellet center whereas
the value calculated at the MP plane is close to 70%. The remaining fraction calculated
at the IP plane is 20% at the pellet center which means that the experimental points
measured for /R < 0.5 are within the IP and MP profiles.

Compared to the results of Baurens et al., it appears that the release of Xe and I
calculated in this work are similar. Baurens obtained a better prediction of the Te
release but the Cs release estimated in this work is closer to experimental measures at
the pellet center. The Cs release calculated by Baurens was close to zero. The origin of
these differences is explained in Section 5.2.7, and is a consequence of oxygen thermal

diffusion, as discussed in the next section.

Figure 5.41 presents the axial profiles of the remaining fractions of Cs, I and Te. They
are calculated at r/R=0.1 and compared to the SIMS measurements. The experimental
points were obtained using the same method as for the radial profiles of Figure 5.40. Al-
though the experimental points are scattered, the remaining over creation ratios suggest
a rather uniform axial distributions of Cs, I and Te. The calculated remaining fractions
of these elements are of the same order of magnitude as the experimental ones along the
entire pellet height. However, the values calculated at the IP level are systematically
lower than those calculated near the MP plane. It is a consequence of the non-uniform
pressure distribution in the simulated fuel fragment as shown in Figure 5.33. FGR dur-
ing the power ramp is higher near the pellet dish because the hydrostatic pressure is

lower in that part.
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Figure 5.41: Comparison of the calculated axial profiles of Cs, I and Te to the
SIMS measurements at r/R=0.1 at the end of PR5. The experimental error is
estimated to be 10%.

5.2.7 Thermochemistry of I, Cs and Te
5.2.7.1 Todine

At first, the chemical speciation of iodine in the fuel during PR5 is studied. Figure 5.42
shows the evolution of I,y + 2Iy and Tely,) in the fuel during PR5. These gas
compounds can react with Zr-based claddings to form the volatile Zrl,,) suspected to
be at the origin of I-SCC. It can be seen that free iodine (I(y) + 2Iy(,)) is formed
between "LHR 420 W/cm” and ”t0 HP” (LHR 520 W/cm) when the pellet center is
the hottest. Its concentration increases significantly during the holding period but only
at 7/Rpeier = 0.6 and this result can be associated to the local increase of the O/M
9 1t

can be observed at the end of the holding period near mid-radius. Its formation is a

ratio (and oxygen content) at this position. The second gas compound is Tely

consequence of oxygen transport as well.
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Figure 5.42: Concentration [mol/mol UOs] of Iy +2Iy) (upper figures) and
Tely(y) (lower figures) at different moments of PR5.
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Figure 5.43 shows the speciation of iodine along the fuel pellet radius at the mid-pellet
plane. Weight fractions of the most abundant species are plotted at the beginning (left
graph) and at the end (right graph) of the holding period. The vast majority of iodine
is bound as Csl, gaseous at the pellet center and condensed at the periphery. Also,
Csaly(g) can be observed near mid-radius. Oxygen transport leads to the formation of
Tely gy from r/Rpeier = 0.6 to 7/Rpeyier = 0.8, which is shown in the right graph. I,
and Iy shown in Figure 5.42 have low weight fractions and are not visible in Figure
5.43.
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Figure 5.43: Speciation of iodine at "t0 HP” (left figure) and at ”t0 HP End”
(right figure) of PR5. Calculated along the mid-pellet plane.

5.2.7.2 Cesium

Figure 5.44 gives the 3D distribution of the most abundant cesium chemical compounds.

At all time, most of the Cs is found in solid or liquid cesium molybdate CsaMoOy(y -

Besides that, cesium interacts with iodine to form Csl, ;). The condensed cesium iodide

is more stable at the lower temperatures of the pellet periphery whereas gaseous Csl(,)

is formed at the hot pellet center during the transient and partly released during the

holding period. The reduction of cesium molybdate can be observed at the pellet center

at the end of the holding period. It is caused by both oxygen transport and thermal

decomposition.
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Figure 5.44: Concentrations [mol/mol UOz] of CsaMoOy4 ;) (top), Csl(,,y (mid-
dle) and Csl(, at different moments of PR5.

The chemical speciation of Cs calculated at ”t0 HP” in PR5 and PR2 are similar. The
main difference is the presence of gaseous cesium Cs(4)+2Csy(,) in much greater quantity
in PR5. The temperature at the pellet center of PR5 is higher than in PR2 and it leads
to the formation of gaseous Cs during the transient. It appears in small quantities at
the pellet center at ”"t0 HP” and its concentration strongly increases during the holding
period, in relation to oxygen redistribution. The calculated distribution of gaseous Cs

in the pellet fragment during PR5 is shown in Figure 5.45.
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Figure 5.45: Concentration [mol/mol UOz] of Cs(,)+2Csy ) at different times
during PR5. Note the different scales.

Figure 5.46 shows the calculated weight fractions of main cesium chemical compounds
along a fuel pellet radius (mid-pellet plane) at ”t0 HP” (left graph) and ”t0 HP End”
(right graph). In the left graph, around 90% of Cs is bounded as CsaMoOy(, ). Less
than 10% is found as Csl(y) or Csl(s;). Small amounts of gaseous cesium Csg)+Csy(g)
are visible at the pellet center. The fraction of Csaly(g) is low and it is hardly seen near
7/Rpeiet = 0.6. The right graph presents the chemical speciation affected by oxygen
redistribution. Less oxygen at the pellet center leads to the decomposition of cesium
molybdate and to the liberation of high amounts of gaseous Cs. Cs(4)+Csy(,) account
for nearly 60% of cesium at the fuel pellet center and its fraction decreases to 0% at
7/Rpeiiet = 0.4. The rest of the Cs from the decomposed CsaMoOQy(,,) interacts with
tellurium to form CseTe(,;). The speciation at the pellet periphery is not strongly

influenced by oxygen redistribution.
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Figure 5.46: Speciation of cesium at ”t0 HP” (left figure) and at ”t0 HP End”
(right figure) of PR5. Calculated along the mid-pellet plane.

The high concentration of gaseous Cs during the holding period, obtained thanks to
oxygen thermal diffusion, results in a non negligible Cs release from the pellet center
that is consistent with the measured post-ramp radial profiles, see Figure 5.40. In this
respect, Cs release is much better predicted when compared to the simulation of Baurens,
where over 90% of the Cs at the pellet center was in condensed form (in CsOy(,y) and
Cs2MoQOy(,1y), which led to a very high retention (around 95%). The evolution of Cs
chemical speciation during PR5 induced by oxygen redistribution and the lack of Cs
compounds in the solid solution phase explain the differences with respect to Baurens’

work.

5.2.7.3 Tellurium

The calculated spacial distribution of the most abundant Te chemical compounds during
PR5 is shown in Figure 5.47. The fragments at the top of the Figure present the

sum of the main gaseous Te compounds formed in the fuel (Te(,), Tey, Tes(, and

9)’
Te5(g)). They appear at the pellet center during the power transient and come from the
decomposition with temperature of BaTe(), which evolution is shown in the fragments
at the center of the Figure 5.47. Oxygen transport during the holding period leads to the
liberation of gaseous Cs that interacts with the gaseous Te compounds to form CsyTe, )

at the pellet center, which is shown in the fragments at the bottom of Figure 5.47.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



256 Chapter 5 Thermochemistry—oxygen transport coupling in ALCYONE

LHR 420 W/cm 10 HP 10 HP End rox@

(mol/mol UO2)

0.0040
-

0.0030

0.0020

0.0010

.0.0

1o LHR 420 W/cm 10 HP 10 HP End sarets

(mol/mol UO2)

0.0040
-

0.0030

0.0020

0.0010

lU.O

il it il

to LHR 420 W/cm t0 HP

Cs2Te(s,l)
(mol/mol UO2)

0.0040

0.0030

0.0020

0.0010

l0.0

Figure 5.47: Concentrations [mol/mol UOg] Te,, (top), BaTe(, (middle) and
Cs2Te(s ) (bottom) at different mtimes during PR5. Te, stands for different
forms of gaseous Te (1 < z < 5)

Figure 5.48 shows the evolution of the Te chemical compounds formed along a fuel pellet
radius (mid-pellet plane). At the beginning of the holding period (left graph), nearly
all Te is found in the gas phase (Te,(,)) at the pellet center and in solid BaTe) at the
periphery. CsaTe(, ;) and Tely,) are formed near mid-radius but they account for less
than 1% of the total amount of Te. At the end of the holding period (right graph), Te at
the pellet center is mostly found associated to Cs in CsaTe(, ;). The fraction of gaseous

Te is still high after oxygen redistribution but only at mid-radius. A small fraction of
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Te near r/Rpeier = 0.6 is associated to I and forms Tely(,). At the pellet periphery, Te
is still found in solid BaTe).
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Figure 5.48: Speciation of tellurium at ”t0 HP” (left figure) and at ”t0 HP End”
(right figure) of PR5. Calculated along the mid-pellet plane.

The formation of CsyTe, ) is a direct consequence of oxygen redistribution. Compared
to the calculation of Baurens without oxygen thermal diffusion, it leads to a smaller
calculated release of Te (at mid-pellet level) and to an overestimation of the remaining
quantity of Te in the fuel at the end of PR5, see Figure 5.40.

The remaining fraction of Te along the mid-pellet plane calculated without oxygen redis-
tribution is shown in Figure 5.49. It is compared to the SIMS measurements and to the
curve calculated with oxygen transport, same as in Figure 5.40. The solid curve referring
to the calculations with oxygen thermal diffusion visibly overestimates the Te content
but the dashed line, calculated without oxygen transport is close to the experimental
measurements. However, the fraction remaining at the pellet center (r/Rpeier < 0.2) is
still over estimated by around 20%. Baurens obtained a better prediction since FGR in

his simulations was higher.

This discrepancy might be related to an insufficient description of the Cs-Te system
in the thermodynamic database with possibly an overestimation of the stability of the

Cs2Te(4;) compound.
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Figure 5.49: Remaining over creation ratio of Te calculated with and without
oxygen transport compared to the SIMS measurements along the mid-pellet
plane at the end of PR5. The experimental error is estimated to be 10%.

5.2.8 I-SCC modeling
5.2.8.1 Initiation criteria

Baurens et al. have discussed the conditions leading to I-SCC initiation by considering
three criteria [14] related to the stress in the cladding, the presence of "reactive” iodine
and the accessibility of the clad inner surface to gases released from the fuel pellet core.
The stress considered by the authors was the average hoop stress in the clad thickness
at the exact location of the triple point (see Figure 1.14 for the triple point position). It
reached a maximum close to 500 MPa fifty seconds before the start of the holding period.
The quantity of the so-called "reactive” iodine (i.e., iodine from Iy, Iy, and Tely )
that is expected to react with bare zirconium to form ZrI4(g)) released by the pellet
during the power transient was used to estimate the ”"reactive” iodine partial pressure in
the vicinity of the clad inner wall. It was calculated from both the free volume of the fuel
pellet (radial cracks, dishes, chamfer) and of the fuel rod (plenum volume divided by the
number of fuel pellets) and from the temperature of the clad inner wall, assuming ideal
gas behavior. It was found that the minimum diiodine partial pressure (60 Pa) identified
in out-of-pile mandrel tests to induce I-SCC failures in irradiated clad tubes [128], was
exceeded by a factor greater than 10 during the holding period of the power ramp.
The accessibility of the gases released from the fuel pellet core to the clad inner surface
was evaluated by studying the temperatures at which the different iodides (CSI(g), Lig)s
I(g) and Tely(yy) will condense along the radial crack path. It was concluded that only

Csly) was likely to condense during its transport from the pellet center to the clad inner
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surface (condensation of Csl(, is expected between 680 and 1600 °C). For this reason,

its contribution to the "reactive” iodine was neglected.

These quantities have been reconsidered in the present work as follows. First, the "re-
active” iodine partial pressure taking into account iodine from Telyy), I(4) and Iy, has

been calculated according to the ideal gas equation:

niRT¢qd

= Tt 5.10
Vdish + chrack ( )

br

where ny is the number of moles of iodine released from the fuel pellet, 1,4 is the clad
inner wall temperature [K] at the triple point, Vgisp and Vepacr are the volumes of the
pellet dish and of the pellet radial crack [m3]. Contrary to Baurens, the contribution of
the plenum to the total volume has not been considered, which seemed more appropriate
in a fuel rodlet with a closed pellet-clad gap and therefore no axial communication

between the pellets.

The "reactive” iodine clad surface concentration cgqq [mg/ Cm2] has also been calculated

with the following expression:

mr

L 5.11
qbcrack hpellet/2 ( )

Cclad =
where mj is the mass of released "reactive” iodine [mg|, ¢erack is the crack tip opening
[cm] and Apeier is the pellet height [cm]. As can be inferred, only the clad surface that

is not in contact with the pellet fragment (in front of pellet radial cracks) is considered.

Instead of the average hoop stress in the clad thickness, the hoop stress at the exact
triple point has been considered since it is more representative of the local conditions
leading to I-SCC initiation.

The first two quantities depend on the radial crack and dish volumes and on the crack
tip opening. The spatial distributions of the crack openings calculated at different times

during PR5 are shown in Figure 5.50.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



260 Chapter 5 Thermochemistry—oxygen transport coupling in ALCYONE

LHR 420 Wicm t0 HP t0 HP end
7(_‘._r_ack openingg[r'r;icro m]

|
i
—

— t
=
T 1 1
1 i
—
—
T
I

b=
- !

[ =

-
| ===
| ==
| == = 1
: = {
iy
S —————
= e e s
[ e e e e e
| =
iy
——

Figure 5.50: Calculated pellet radial crack opening at different times during
PR5. Upper graphs give the mid-pellet plane. Lower graphs the inter-pellet
plane. Isovalues give the distribution of crack opening on the fracture surface.

In consequence of the radial temperature gradient, the radial crack is already open at
the beginning of the transient ("t0”). At mid-pellet level, the crack opening concerns
only one third of the radius while at inter-pellet level, the crack opening occurs all
along the radius, consequence of the pellet fragment axially non uniform deformation
which liberates space at pellet ends. The crack tip opening is around 3 pm. The same
configuration holds during the transient except that the crack tip opening becomes wider
and reaches around 10 ym ("LHR 420 W/cm”). At the end of the transient and during
the holding period, fuel creep leads to the filling of the dish and to the closure of the radial
crack along the inter-pellet plane (between r/R=1/3 and r/R=2/3 approximately). The
maximum crack tip opening remains around 10 pum. These radial cracks are the only
path where gas compounds released from the pellet center can migrate during the power
transient to reach the cladding. As can be seen in Figure 5.50, the dish is not completely
filled in the present simulation. Numerical integration of the crack openings given in
Figure 5.50 with respect to the fracture surface is performed at each time step to estimate
the evolution of the crack volume. In a similar way, the dish geometry is integrated at

each time step to estimate the dish volume.

The hoop stress at the triple point and the ”"reactive” iodine partial pressure are plotted
in Figure 5.51, together with the evolution of the dish filling (100 % (V;..;, — Vaisn)/ Vs
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with V., the as fabricated dish volume) and of the LHR. ¢t = 0 refers here to the ”t0
HP”. The hoop stress behaves similarly to the curve calculated by Baurens. It reaches
a maximum value fifty seconds before the beginning of the holding period and then it
decreases. The maximum hoop stress exceeds 600 MPa and during the 90 s plateau it
decreases down to 450 MPa. Dish filling and hoop stress decrease appear to be correlated
in time since they are related to the same phenomenon, fuel creep. Dish filling reaches

a maximum of 65% at the end of the holding period.
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Figure 5.51: Time evolution of the maximum hoop stress at IP level (MPa),
of dish filling (%), of the cladding surface concentration of 'reactive’ iodine
(mg/cm?) and of the 'reactive’ iodine partial pressure (Pa) during PR5. 'Re-
active’ iodine takes into account the iodine species Tely(g), Iy and Iy). Hoop
stress at IP level (Mpa), LHR (W/cm), dish filling (%) and 'Reactive’ iodine
partial pressure (Pa) refer to the left vertical axis. 'Reactive’ iodine clad surface
concentration refers to the right vertical axis.

The hoop stress being far above the minimum stress levels required to initiated I-SCC
in laboratory tests on irradiated Zy-4 cladding (~ 150 MPa) [201], the other criterion
needed is related to the partial pressure of iodine in the free volume in contact with the
cladding inner wall. The ”reactive” iodine partial pressure curve has a shape similar to
the one obtained by Baurens. A non zero iodine pressure is detected 130 seconds before
the end of the transient. It increases first almost linearly with time till approximately
-50 s where it exceeds the critical iodine pressure of 120 Pa (60 Pa diiodine pressure)
identified in the mandrel tests from the SCIP project, see Section 2.3.2. It then increases
sharply to reach more than 600 Pa at the beginning of the holding period (t=0). The

sharp increase is a consequence of the fast fission gas release from the pellet center.
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The "reactive” iodine clad concentration is also shown in Figure 5.51 but not used
to define I-SCC initiation because of the high scatter in experimental thresholds, see
section 2.3.2. The calculated iodine clad concentration is around 10 times lower than
Baurens’ estimate. This difference is caused by a lower quantity of released iodine in
our simulation. Nevertheless, the ”"reactive” iodine clad concentration calculated in this

work is above all the I-SCC thresholds from the open literature.

Another condition that is usually considered by authors for I-SCC initiation is the nec-
essary breaking of the protective zirconia layer that forms at the pellet clad interface
during normal reactor operations. Generally discontinuous up to fuel average burnups of
around 45 GWd/tHM, the rupture of the zirconia layer is associated in many models to
the cladding strain. Le Boulch et al. indicated that strains as low as 0.5% can break the
zirconia layer. I-SCC initiation is also generally associated to the reaching of a sufficient
clad hoop strain at the inner wall, with part of it leading to plastic irreversible strains
that are thought to facilitate the penetration of iodine in Zy-4 grain boundaries. A
threshold of 0.4-0.5% has been suggested by Lewis based on simulations of an extensive
database of power ramps [144]. In this work, an 0.5% minimum strain will be considered
as a necessary condition for [-SCC to initiate. The cladding strain at the triple point is
calculated as follows: B

Rt — RBI
Strain — t”p;m I 5 100% (5.12)

triple

where Rﬁ,{pl . is the radius of the cladding at the triple point at the end of base irradiation

and Riripl . is the radius at the same point at time ¢. Only the strain generated during
the power ramp is thus taken into account. Figure 5.52 presents the cladding strain
at the triple point as a function of time. Time t=0 on the x axis corresponds to the
beginning of the holding period ("t0 HP”). It can be seen that the strain increases
almost linearly until the beginning of the holding period where it reaches its maximum
value of 1.2%. The strain crosses the threshold around 140 s before "t0 HP”. During
the holding period it decreases by less than 0.1%. After 90 s, at the end of the holding

period, the strain decreases rapidly below the threshold value.
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Figure 5.52: Cladding strain at the triple point (black line) and the zirconia
layer crack threshold (red line) of PR5.

Among the three conditions considered for I-SCC initiation (stress, strain, iodine partial
pressure), the limiting factor appears to be the iodine partial pressure which reaches the
threshold 50 seconds before the end of the transient.

5.2.8.2 Crack propagation model

PR5 is particularly interesting for an I-SCC analysis since the post-ramp examinations
have shown the presence of radial cracks starting from the clad inner surface and ex-
tending in the thickness of the cladding to a maximum depth of 100 pm. The cladding
crack propagation model described in Section 2.3.4.1 has been applied in post-processing
of the PR5 simulation to estimate the crack depth and compare it to the experimental

measures.

Apart from the clad hoop stress at the triple point and the iodine partial pressure,
the third quantity of importance in the crack propagation model is the clad inner wall
temperature. The temperature evolution calculated at the triple point is shown in Figure
5.53. It increases from 350 till nearly 420 °C during the power ramp. It is elevated when
compared to those of the tests performed by Le Boulch to identify the activation energy
of the mechanisms (320 to 390 °C).
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Figure 5.53: Cladding temperature at the triple point during PR5.

The crack initial depth is also a parameter required in the crack propagation model.
In this study, an initial crack depth of 8 um is considered to be consistent with the
thickness of the zirconia layer in a fuel of this burnup range [58]. Figure 5.54 shows the
crack depth calculated with the model. Corrosion starts 50 s before the beginning of
the holding period when the reactive iodine partial pressure exceeds the threshold (120
Pa). The crack propagation is linear in time till approximately 50 s and then a change
of slope can be observed when the critical crack depth is reached. Transgranular crack
propagation leads in fact to a much faster crack propagation rate. The crack depth
calculated at the end of the holding period is around 200 pm, which is twice deeper

than measured.
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Figure 5.54: Cladding crack depth calculated at the triple point during PR5.
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5.2.9 Sensitivity studies on the I-SCC model
5.2.9.1 Initial crack depth

The I-SCC model used in this work requires an initial crack depth. The value 8 um
was used in the previous section. Sensitivity studies have been carried out to evaluate
the impact of this parameter on the crack depth. It is assumed that crack propagation
starts when the partial pressure of ”reactive iodine” exceeds the threshold value 120 Pa
(~ -50 s). Four different initial crack depths have been tested. The calculated crack

depth evolutions are shown in Figure 5.55.
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Figure 5.55: Cladding crack depth calculated at the triple point during PR5
with different initial crack depths.

As can be seen in Figure 5.55, the initial crack depth has a strong influence on the
crack depth evolution. This is related to the small crack propagation kinetics during
the incubation phase of I-SCC that last until a critical crack depth is reached (stress
dependent). The final penetration with the initial value 4 pm is 130 pm whereas the
initial value 10 pm results in a final penetration of 210 um. The difference of 80 pm is
around 15% of the cladding thickness. This difference was built up in around 90 s since
all the curves show similar crack penetration at ”t0 HP” (0 on the x axis). The change
of crack propagation rate is related to the change of crack propagation mechanism. It
must be emphasized that usually, I-SCC leads to a failure within the first minutes at
high power so it means that the initial crack depth is a very sensitive parameter and it

has a significant impact on predicting I-SCC failure.
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5.2.9.2 Jodine partial pressure threshold

Even a low partial pressure of "reactive” iodine is sufficient to induce SCC. Additionally,
a continuous iodine supply is not required to maintain crack propagation. In the Van
Arkel reaction (see Section 2.3.1.3), which is considered responsible for I-SCC crack
propagation, iodine can be regenerated. Theoretically, even a one-time delivery of a
sufficient amount of ”reactive” iodine to the crack surface could provoke failure. In
this parametric study, the impact of the iodine partial pressure threshold is studied by
changing the time at which the I-SCC model is activated from -70 s to -30 s by steps of
10 s. These times correspond to diiodine partial pressure threshold varying between 40
and 100 Pa, instead of the 60 Pa used in the reference calculation. The time evolutions

of the crack depth are shown in Figure 5.56.
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Figure 5.56: Cladding crack depth calculated at the triple point during PR5.
Different curves correspond to different activation times for the I-SCC model.

The black curve gives the reference calculation. As can be seen, the impact is negligible
during the transient (till t=0s) but important during the holding period. If I-SCC
initiation is 20 s later than in the reference calculation, the final crack depth is around
100 pm and half the crack depth from the reference calculation. On the contrary, if
I-SCC starts 20 seconds earlier, the crack depth reaches 300 pm. These results show that
changing the crack initiation time by only 20 s strongly influences the final crack depth.
Such a time variation is not unrealistic since the iodine partial pressure is calculated
from several quantities that change significantly during the power ramp, i.e., the pellet
crack volume and pellet dish volumes, and can hardly be measured. Only the residual

dish volume can be estimated with a precision of £ 20 %.
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5.2.9.3 Iodine from Csl radiolysis

In the estimation of the iodine partial pressure, the possible contribution of Csl ra-
diolysis [115,132] (released from the pellet as Csl(, and condensed on the fuel pellet
cracks’ surfaces as Csl(y)) to the "reactive” iodine might be considered. Frégonese et al.
quantified Csly) radiolysis in the inter-pellet zone and in the fuel pellet radial cracks
[202], assuming that Csl(,) decomposition was likely in the first 5 ym at the fuel pellet
surface. They used the model proposed by Konashi et al. [133] to estimate a potential
for dissociation of 20%. Figure 5.57 shows calculations of the iodine partial pressure

considering different fractions of CsI decomposed by radiolysis (10, 20 and 30%).
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Figure 5.57: Solid lines correspond to the iodine partial pressure taking into
account interactions of the ”reactive” iodine with the free cesium and radiolysis
of Csl. Dotted lines correspond to the iodine partial pressure of the ’reactive’
iodine and radiolysis of Csl. Different colors correspond to different fractions of
Csl that undergo decomposition by radiolysis.

The three dotted curves reach the threshold iodine partial pressure (120 Pa) at almost
the same time around ”t0 HP”-171 s, that is to say much earlier than in the reference
calculation. This result is due to the fact that the bulk of iodine released from the fuel
pellet is mostly in the chemical compound Csl(,). The iodine partial pressure increases

then rapidly to reach very high values.

Calculation of crack propagation in the cladding thickness with iodine partial pressure
including CsI radiolysis (20%) is illustrated in Figure 5.58 by the black solid line. The
reference calculation is recalled by the red curve. With Csl radiolysis included, the
limiting factor for I-SCC initiation is the clad strain criterion. It exceeds the threshold
value of 0.5% 140 s before "t0 HP”, see Figure 5.52.
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Figure 5.58: Cladding crack depth calculated at the triple point during PR5.

The crack propagation starts sooner and is faster in the calculation with Csl radiolysis
and should have led to clad failure within the first minute at maximum LHR. This is
a general result that is obtained in any simulation of a PWR power ramp on irradiated
fuel where the iodine partial pressure includes a contribution from CslI radiolysis. In
consequence of this conclusion, Baurens proposed to correct the partial iodine pressure
by accounting for the possible recombination of iodine with the cesium released from

the fuel pellet, according to the following equation:

(nl - nC’s)RTclad
Vdish + chrack

pr = (5.13)
where ng; is the number of moles of Cs released from the fuel pellet in gaseous form (Cs(g)
and Csy()). The resulting iodine partial pressure curves are plotted with solid lines in
Figure 5.57. Release of gaseous cesium in great quantities leads to a limitation and a
decrease of the partial iodine pressure that occurs during the transient. Independent of
the % of CsI considered in the partial iodine pressure, all free iodine reacts with cesium
before the beginning of the holding period at t=0 s, meaning that the corrosion process
should stop if continuous iodine supply is necessary. The crack depth calculated with
this hypothesis is shown in Figure 5.58 by the black dashed line ”Corrosive env.” The

maximum reached is consistent with the post-irradiation examinations (around 100 pm).

This parametric study has shown that iodine coming from the radiolysis of Csl has a
major impact on the iodine partial pressure. Accounting for the recombination of iodine
with the cesium released from the fuel pellet changes completely the picture. In this
respect, oxygen redistribution is at the origin of the significant cesium release and could

be of major importance to define the time lapse where I-SCC is possible.
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5.2.9.4 Crack opening

Another factor that may influence I-SCC is the crack opening. Chemical species are
released mostly from the pellet center and migrate through the pellet radial cracks
towards the cladding. Theoretically, when the radial cracks are partially closed, the
released gas compounds cannot reach the cladding, most the them should be found
as solid deposits on the crack lips, an observation often recorded in post-irradiation
examinations of samples taken close to pellet ends. The crack closure at the inter-pellet
plane takes place during the transient (see Figure 5.50) in consequence of fuel creep
activated at high temperature. Figure 5.59 presents the crack depth calculation shown
previously in Figure 5.54. The vertical dashed line indicates the moment of the pellet

radial crack closure at inter-pellet plane. Crack closure occurs 24 s before ”t0 HP”.
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Figure 5.59: As Figure 5.54 but with the vertical, dashed line marking the pellet
radial crack closure at ”t0 HP”-24 s.

Assuming that the corrosion stops at this moment because no more corrosive iodine can
reach the cladding, the calculated crack depths are low and do not cross the horizontal
dotted line showing the experimentally observed crack depth. With consideration of Csl
radiolysis, the crack depth reaches 76 ym for 16 pm without. This phenomenon could
also explain why the clad crack depth did not exceed 100 pm.

5.3 Summary

The coupling between oxygen thermal diffusion and irradiated fuel thermochemistry
has been presented in this chapter. The 1D Finite Volume OXITRAN solution and
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the 2D/3D CAST3M Finite Element solutions developed in chapter 4 have been imple-
mented in the fuel performance code ALCYONE. The coupling with thermochemistry
relies on an additional constraint in the thermochemical solver ANGE, which allows
performing thermochemical computations at prescribed O/M ratio in the fluorite solid
solution. Thanks to this condition, ANGE returns thermodynamic equilibrium states
consistent with the O/M ratios calculated from the oxygen redistribution model. This
coupling methodology is fast and efficient. To guaranty in the simulations the simulta-
neous conservation of the total oxygen content and of the O/M ratio in the fuel pellet,
linear relations between these two quantities have been established for irradiated UOq

fuels with or without Cr dopants.

Simulations of power ramps have been performed to check the proposed coupling strategy
in ALCYONE. At first, a 1D simulation of a power ramp on an irradiated UQOs fuel
with post-ramp measures of oxygen potential has been carried out. The radial profile
of oxygen potential obtained in the simulation was found in good agreement with the
experimental values reported by Adamson et al. [73]. Also, the computed O/M ratios
were satisfying when compared to Adamson’s estimations. This 1D simulation has shown
that the 1D oxygen transport model proposed in this work as well as its parameters can

be used to predict the thermochemical state of irradiated and power ramped UQO» fuels.

A 3D simulation of the PR2 power ramp performed on a Cr-doped UQO, fuel has been
carried out to check extensively the behavior of the proposed coupling strategy. The
impact of oxygen redistribution on the thermochemistry of fission products was the focus
of this test case. It was verified that oxygen thermal diffusion led to the reduction of
Cr and Mo oxides at the pellet center, as inferred from EPMA measurements. The
consequences on FGR were furthermore investigated. While Xe and I release were not
modified by oxygen redistribution, Cs release was found enhanced by this phenomenon.
In fact, oxygen redistribution from the pellet center to the pellet periphery leads to
a reduction of condensed cesium molybdate and to the formation of gaseous Cs that
is then released in great quantity from the pellet center, in agreement with post-ramp

EPMA measurements.

The potential importance of oxygen redistribution as regards to PCI failure by I-SCC
was then investigated by the 3D simulation of a short power ramp analyzed previously
by Baurens et al. [14]. It has been shown that oxygen thermal diffusion has some
non negligible impact on the results even if the duration of the power ramp plateau at
520 W/cm did not last more than 90 s. In particular, it was found an increased Cs
release from the fuel pellet more consistent with the post-ramp SIMS measurements.
PCI-SCC initiation criteria related to both mechanical and chemical factors have been
established and estimated based on the 3D fields calculated: temperature, hoop stress
and hoop strain at the triple point, partial iodine pressure from iodine release from the
fuel pellet fragment and from the radial crack and dish volumes. Finally, the I-SCC crack
propagation model proposed by Le Boulch et al. [114] has been applied to estimate the
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crack depth in the cladding at the end of the power ramp. It was shown by sensitivity
analysis that the model could lead to consistent predictions of the I-SCC crack depth with

small variations of either the initial crack depth or the critical iodine partial pressure.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



Chapter 6
Conclusions and perspectives

The main purpose of this thesis was to study the impact of oxygen thermal diffusion on
the chemical state of fission products in a PWR fuel rod during a power ramp and to
analyze its impact on PCI failure propensity. The main conclusions and the prospective

work are discussed in four sections.

6.1 Irradiated fuel thermochemistry

The first step in thermochemical modeling of irradiated fuel was to predict the fission
products content. In this work, the neutronics model PRODHEL has been used and suc-
cessfully validated by comparison to the evolution code CESAR and to fission products

measurements in medium to high burnup fuels.

The thermochemical calculations performed with the solver ANGE on irradiated fuel
compositions obtained with PRODHEL have then been detailed with a particular em-
phasis on the description available in the thermodynamic database of ANGE of the
fluorite solid solution phase. Systematic comparison with available experimental data
on a number of U-O-FP systems have been presented to check the validity of the ther-
modynamic representation adopted in this work. Thermochemical simulations of irra-
diated UO; fuels have shown that the experimental measurements of oxygen potential
(RT Inpo,) can be satisfactorily predicted with ANGE and its thermodynamic database,
at least within the critical burnup range for PCI failure (20-45 GWd/tHM). Calcula-
tions on high burnup fuels showed more deviation with experimental measures but this
conclusion may be tempered by the important scatter of measures in the open literature,
with no clear explanations. One important result that was obtained in this work is the

apparent decrease of the O/M ratio with irradiation in UOq fuels.
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Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LY SEI080/these.pdf
© [P. Konarski], [2019], INSA Lyon, tous droits réservés



Chapter 6 Conclusions and perspectives 273

Improvement of the thermochemical modeling of irradiated fuel could come from the use
of a more complex description for the fluorite solid solution phase such as the one pro-
posed in the TAF-ID [100], following the recent implementation of the thermochemical
solver OpenCalphad [203] in ALCYONE fuel performance code [152]. Recent thermo-
chemical simulations of the high burnup fuel analyzed by Walker with the TAF-ID has
shown the capacity of the database to reproduce the measured increase of the oxygen
potential along the fuel pellet radius [156], one of the trend that could not be obtained
with ANGE database. It is however important to point out that high burnup fuels (over
45 GWd/tHM) are usually less prone to PCI failure. For this reason, the modeling of

high burnup fuels thermochemistry was not the primary goal of this work.

A chromium solubility model has been implemented in ANGE thermodynamic database.
The thermochemical description of the U-Cr-O system was essential to perform simu-
lations of Cr-doped UQs fuels. The temperature range where experimental data are
available to check the model is however limited (< 1800°C) and some efforts should
be put in its extension to higher temperatures (experiments and modeling). An origi-
nal approach, which consists in using chromium in Cr-doped nuclear fuels as an in-situ
redox indicator, has been developed in this work. The method allows estimating in-
directly from the experimental Cr solubility profile, the O9 partial pressure profile of
irradiated fuels, for which no direct measurement is accessible or available. This profile
can be further used to deduce the oxygen potential or oxygen redistribution magnitude.
Simulations of irradiated fuels have proven that their oxidation states can be predicted
correctly with this method. To the best of this author’s knowledge, a similar approach

has never been used before.

6.2 Oxygen thermal diffusion

Oxygen thermal diffusion describes oxygen transport in the solid solution phase of UOq
under concentration and temperature gradients. Its experimental characterization dates
back to the research made in the 70’s on SFR’s mixed oxide fuels. In hypostoichiometric
fuels (O/M < 2), oxygen was found to migrate from the hot to the cold part of the
pellet. In PWR’s, due to the lower temperatures at hand, thermal diffusion is usually
not considered in fuel performance simulations. The code ALCYONE that has been
used in this work to perform fuel simulations is characterized by the multi-dimensional
representation available of the fuel pellet and cladding. Three different schemes allow
one to model either the complete fuel rod with a 1D radial axisymmetric description
of the fuel pellet, or a fuel pellet fragment in 2D generalized plane strain or in 3D. In
consequence, two different numerical solutions for the oxygen thermal diffusion equation
have been developed during this work and implemented in ALCYONE. For the 1D radial
scheme of ALCYONE, a fast and robust finite volume based solution called OXITRAN
has been proposed. In 2D and 3D, to be consistent with the thermal solver of the Finite
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element code Cast3M used in ALCYONE, a finite element solution has been developed
for oxygen thermal diffusion. Convergence of these numerical solutions has been analyzed
with strongly nonlinear parameters leading constraints on the time steps. The 2D and
3D finite element solutions have been furthermore validated by comparison with the
results of a coupled thermal - oxygen diffusion problem from the open literature [81]:
a case study treated with the COMSOL software involving a strong coupling between
thermal diffusion and oxygen transport with fast change of power density in the fuel
pellet. The results obtained with the developed finite element solutions in 2D and 3D
were very close to those of COMSOL.

The main difficulty in the development of the oxygen thermal diffusion model concerned
the derivation of the material parameters, i.e., the heat of oxygen transport and the
chemical diffusion of oxygen. Very limited experimental data are available and they
concern only non irradiated mixed oxide fuels. To determine the heat of oxygen transport
in irradiated UQO» fuels, an inverse analysis has been proposed in this work, considering
the chromium dopant as an oxido-reductive tracer. EPMA measurements of Cr after
power ramps, simulations of the radial temperature profiles with ALCYONE and of the
fuel thermochemistry with ANGE have been used to estimate the oxygen potential and
O/M evolution in the fuel pellet due to oxygen thermal diffusion. The heat of oxygen
transport was then fitted to reproduce these evolutions at the pellet center. Obviously,
this identification by inverse analysis limits the applicability to irradiated UOy. Only
two EPMA measurements of Cr after power ramps were used to derive the heat of
oxygen transport, assuming furthermore that steady-state was reached. A negative heat
of transport was identified, consequence of the O/M decrease at the pellet center (fuel
becomes hypostoichiometric) leading to a thermal diffusion of oxygen towards the cold

pellet periphery.

Future work could consist in extending the identification of the heat of oxygen transport
to other power ramps. To this end, the Cr solubility model need to be extended to
higher temperatures. Kinetics of the process could furthermore be studied if power
ramps with short periods at maximum linear heat rates are available. To complete,
in view of the potential importance of oxygen thermal diffusion, out-of-pile thermal
diffusion experiments ought to be developed on non irradiated fuel. Care should be

taken to avoid electrical interference as shown by Janek [108].

The derivation of the chemical diffusion coefficient of oxygen has been based on the work
of Berthinier et al. [91]. It relies first on the definition of a defect model in non stoichio-
metric UO24, (Breitung’s model) describing the evolution of oxygen vacancies and in-
terstitials with stoichiometry deviation and temperature. The self-diffusion coefficient of
oxygen is then expressed as a function of the defects concentrations and of temperature.
The chemical diffusion coefficient is finally obtained from the self-diffusion coefficient
and from the derivation of the oxygen partial pressure in equilibrium with UOs4, with

respect to the stoichiometry deviation. This complex procedure has been completely
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reconsidered in this work since the apparent discontinuity of the derivative in Bertinier’s
work stemmed from the precision used in the thermodynamic equilibrium calculations.
The obtained chemical diffusion coefficient has been validated in the hyperstoichiometric
domain by comparison to a limited set of experimental measures. It must be emphasized
that the experimental measurements from different authors are not consistent with each
other thus making it difficult to conclude if the chemical diffusion coefficient derived in
this work predicts oxygen transport kinetics properly. The hypostoichiometric domain,
which is of greater interest in this work, has not been validated since absolutely no ex-
perimental data is available. This derivation led to a chemical diffusion coefficient valid
only for UOs fuels. It should be furthermore emphasized that this derivation relies on
distinct models for the defects and the oxygen partial pressure derivative in UOs4,, in
spite of the fact that the thermodynamic model used for the later includes a description

of defects which is not consistent with Breitung’s model.

Great progress could certainly be achieved by using a set of consistent models to derive
the heat of oxygen transport and the chemical diffusion coefficient. In this respect, the
use of the TAF-ID in ALCYONE should solve the problem. The explicit calculation
of point defects (vacancies and oxygen interstitials) in UOg+, and possibly in the dif-
ferent phases considered in the database could help improve the modeling of oxygen
transport and lead to self-consistent estimations of the chemical diffusion coefficient. In
this respect, the expressions identified by Moore et al. [89] could be used since they
are derived from the vacancy and interstitial concentrations calculated directly from
the thermodynamic equilibrium calculations with the UPuOs4, model included in the
TAF-ID database. The extension to irradiated fuels remains still not straightforward
and could possibly differ from the approach proposed in this work since the calculated
defects concentrations might be totally different. Experimental characterizations of oxy-
gen diffusion kinetics in SIMFUELs could help assess the chemical diffusion coefficient

in irradiated materials.

6.3 Fuel performance simulations including oxygen trans-

port

To study the impact of oxygen transport on the chemical speciation of fission products,
thermo-chemical-mechanical simulations of power ramps have been carried out with the
fuel performance code ALCYONE including local thermochemical equilibrium calcu-
lations and oxygen transport at the pellet fragment scale. The coupling of these two
phenomena is a complex topic that required some modifications in the thermochemical
solver ANGE to prescribe the O/M ratios from the oxygen thermal diffusion solution.
The proposed methodology ensures the simultaneous conservation of oxygen content
and oxygen defects in the fuel pellet and leads to fast calculations that allow one to

perform 3D simulations. The coupling procedure was applied to three power ramps.
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First, to a 1D simulation of a power ramp with measures of oxygen potential in the fuel
sample [73]. The simulation results have confirmed that oxygen thermal diffusion is nec-
essary to recover the radial profile of oxygen potential in the fuel pellet, which showed a
marked decrease at the pellet center. Second, a 3D simulation of one of the power ramp
used to fit the heat of oxygen transport has been detailed. It was shown that several
post-irradiation examinations were recovered in the simulation in consequence of oxygen
thermal diffusion. The reduction of Cr and Mo oxides into metallic precipitates were
calculated at the pellet center, in agreement with measured EPMA profiles. Among the
Mo oxides, the reduction of cesium molybdate lead to the formation of great quantities
of gaseous cesium that were then released from the fuel pellet core, in agreement with

experimental measurements.

In spite of these interesting results, the current coupling procedure is limited to irradi-
ation periods where the temperature distribution and the fission products inventory do
not evolve, as in the case of holding periods during power ramp experiments. It would
be interesting to extend this work to calculations where these quantities evolve, such as
during base irradiations or power transients. It must be recalled that the goal of this
work was PCI modeling which has been reached by considering only thermal diffusion
during the holding period of the power ramps. The kinetics of oxygen redistribution are
however fast and usually lead to some marked oxygen migration within a few minutes.
Compared to the duration of the power transient, it is possible that partial redistribu-
tion takes place during this loading sequence. This might also be the case during the
return to zero power following a power ramp at high linear heat rates. Preliminary sim-
ulations, not included in this report, have been carried out to study oxygen transport
during power transients. The main difficulty encountered in those simulations stems
from the fact that the solubility of fission products increases with temperature. This
phenomenon decreases the O/M ratio, an input in the oxygen transport model where
conservation of the average O/M ratio in the fuel pellet is assumed. A partial decou-
pling of fuel thermochemistry and oxygen transport as proposed in this work is no longer
possible. The recent publication of Simunovic et al. [157] seems promising in solving
this issue. The authors proposed a formulation of oxygen and heat transport that can
be used during power transient, in which the driving force for oxygen transport is the
Planck potential of oxygen (uo/T') instead of the traditional stoichiometry deviation. In
this method, the oxygen transport equation is independent of the O/M ratio and can be
more easily coupled with fuel thermochemistry since the oxygen chemical potential can
be prescribed in the thermodynamic equilibrium computation. A first coupling between
fuel thermochemistry and oxygen diffusion has been proposed at the Oak Ridge National
Laboratory using the TAF-ID database and the chemical diffusion coefficient derived by
Moore [89,158].

The fuel studied by Walker et al. [7] is another example where the inclusion of oxygen

thermal diffusion in a transient calculation could possibly improve the results. The
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linear heat rate during the first cycle was 340 W /cm, which could have initiated oxygen
redistribution. The thermochemical simulation of Walker’s fuel with ANGE has led to
nearly flat radial profiles of oxygen potential whereas the measured values increase with
radius. This oxygen potential gradient could be explained by oxygen transport from the
pellet center towards the periphery. Preliminary simulations of Walker’s fuel including
oxygen transport during the base irradiation have been performed. The steady state
redistribution model OXIRED, described in Section 4.1.2, has been applied. The heat
of oxygen transport from Janek and Timm [108] has been used because the expression
derived in this work is not applicable to fresh fuel. The obtained results have shown
that, under certain conditions, the increasing oxygen potential with the radius can be
well reproduced thanks to oxygen redistribution. However, simulating base irradiation
with oxygen transport is associated with numerous assumptions and uncertainties and

requires more work.

6.4 PCI-SCC

To study the impact of oxygen redistribution on PCI failure by I-SCC in more details,
a 3D simulation of a power ramp with a short holding period has been performed. It
was shown that oxygen thermal diffusion affects thermochemistry of fission products
even during a 90 s long holding period. The reduction of cesium molybdate increased
the release of gaseous Cs, which is consistent with post-ramp SIMS measurements. In
this respect, the simulation was improved compared to the same calculation by Baurens
where oxygen redistribution was not considered [14]. The Cs release was very small in

this calculation.

The 3D simulation was used to discuss I-SCC initiation criteria, based on the 3D fields
calculated: temperature, hoop stress and strain at the triple point, partial iodine pres-
sure from the release of "reactive” iodine (I(g), Ir(g), Tely), all chemical compounds
that will react with bare Zr to form Zrly,)) from the fuel pellet and the pellet radial
crack/dish volumes. The limiting factor for I-SCC initiation was found to be the iodine
partial pressure which exceeded the threshold identified from laboratory tests, 50 sec-
onds before reaching the maximum linear heat rate. The I-SCC crack propagation model
of Le Boulch, based on laboratory tests performed on irradiated clad samples, has been
applied to predict the crack depth at the end of the power ramp. The calculated crack
depth was comparable to the experimental estimate based on post-ramp observations
of the fuel rod (~ 100 pm). The iodine partial pressure calculated did not consider
iodine from Csl radiolysis. Inclusion of the latter phenomenon based on the model of
Lewis could probably help improve the evolution of iodine partial pressure during power
ramps. The topic is however difficult because deposition of Csl on the fuel surfaces, a

first order factor, is not very well documented.
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The application of the proposed PCI-SCC approach accounting for fuel thermochemistry
and oxygen redistribution to a larger database of power ramps such as the one detailed
in reference [24] is part of the possible perspectives to this work. The simulation of
the power ramps performed by Davies on hyperstoichiometric fuels could also help un-
derstand the origin of PCI mitigation in this case, whether related to a specific fission
products speciation in the fuel that would inhibit I-SCC or to the formation of zirconia

in the clad inner wall during the transient.

Recently, Loukusa et al. [204] has presented a thermochemical analysis of irradiated fuel
taking into account the kinetics of certain chemical reactions involving iodine species.
The authors have obtained unexpected results suggesting that hydrogen iodide can play
a role in I-SCC. The inclusion of chemical reaction kinetics required constrained Gibbs
energy minimization calculations. The consideration of reaction kinetics related to ad-
sorption at the I-SCC crack tip in our calculations could possibly lead to a more detailed

description of the crack propagation in the clad thickness during the incubation phase.
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Appendix A

Theoretical derivation of the

oxygen transport equation

This appendix details the theoretical derivation of the oxygen transport equation. For

the sake of simplicity the cylindrical coordinate system is used.

Diffusion describes the movement of atoms from a region of high concentration to a region
of low concentration [97]. In the cylindrical coordinate system, the flux of particles is

given by:
oc

(A.1)
where

J - flux [mol/m?/s]

D* - self-diffusion coefficient [m?/s]

¢ - concentration [mol]

If one considers a binary system composed of a dilute solution of an isotope A* in atoms

A of the same chemical element, the diffusion of an isotope A* is given as:

Ocy

JA* = —DZ*W

(A.2)

The system is isolated and no matter exchange with surroundings occurs. Therefore:

Ocy Ocpx
A _ A3
or or (A.3)
The chemical potential of species A* assuming ideal behavior is:
pas = b + RT Ina 4+ (A.4)

279
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par = pby. + RT In Cci (A.5)
A

Where z 4+ is the atomic fraction, pf). is the chemical potential at standard pressure, R

is the gas constant and T is temperature. Derivation of above equation is as follows:

Opa- _ RT dca
or  cax Or

(A.6)

By using Equation A.6 and Equation A.2 one gets the flux of an isotope A* as a function

of the chemical potential gradient:

cAx O A~
J Ll _D* * A-'7

A A"RT or (A7)

One may write in a similar way the general equations describing the flux of components

A and B in a binary system:

s €A Opa

Ja=—Dip (A.8)
_ o CB OuB

JB — DB*RTiar (Ag)

In order to find the chemical diffusion coefficient of species A, Equation A.8 can be

written as a function of the concentration gradient:

« CA a,U,A 8CCA 8(:,4
- _D s edre Al
Ja ART Oxp Dca Or (A.10)

with
pa = pb+ RTIn (yaz4) (A.11)

Where v4 is the activity coefficient of species A. The individual elements of Equation

A .10 (assuming this time a non-ideal mixture of atoms):

g e I B0
(a")accj T ca j— cB (A-13)
Equation A.11 combined with Equations A.12 and A.13 gives:
Ju=-D (1 + g}iﬁ) %’if‘ = —D;%C:‘ (A.14)
D4 =D} <1 + giﬂ;ﬁ) (A.15)

Where D¢ is the chemical diffusion coefficient of species A.

The flux Jp and the chemical diffusion coefficient of species B can be obtained in a

similar way:

Jc
Jp=— cBa—f (A.16)
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(A.17)

o1
DS = D, <1+ n%*)

Olnzpg

Diffusion in solid solution (Darken’s equation)

To estimate the inter-diffusion coefficient of a binary system of atoms in a solid solution
from the chemical diffusion coefficients of the independent components Fick’s first law

can be used. The fluxes of components A and B are as follows:

dc
Ja = —Dg{a—;j‘ (A.18)
dc
Jp = _D%{Tf (A.19)
Total amount of atoms per unit volume is:
cA+ceg=cy (A.20)

If the number of atoms in the system is conserved, the sum of concentration gradients

is null: 5 5
ca cB
— 4+ —=—=0 A.21
or + or ( )
. dep . . . Oca
Equation A.21 can be used to express 5, B Equation A.19 as a function of 2
r r
Oca
Jp = —Dg{— A.22
p=-Di{52) (4.22)
In general, in a solid, the movement of atoms requires a simultaneous flux of vacancies
Ju:
. oy (Oca
Jv:_(JB"‘JA):(DA_DB){T)T } (A.23)

It can be assumed that the area S, moving with the velocity v sweeps out the volume

Svdt in the time step dt. The total number of atoms in this volume is Svdtcg.
JpSdt = Svdtcg (A.24)

Jy = vy (A.25)

Employing Equation A.23 the velocity of the lattice drift (Equation A.26) is obtained
in the form:

B 1 . oy Oca
U—%(DA—DB){(%}

The lattice drift has impact on the diffusion of species A and B. The net flux of species

(A.26)
A, J;l, is increased by the lattice flux such that:

J;l = JaA + Jattice (A27)
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Jlattice = VCA (A28)

Jy = —DA{ } +vea (A.29)

Using previous correlations and the velocity of the lattice drift (Equation A.26), the flux
of species A dependent on the diffusion coefficients D¢ and D% can be found:

dcy Oca
Ty= ~Di{ G2} + — (D% - D) (52 ea (4.30)
dca Oca
Ta=—DaASA} + 4 (D5 - D) {52} (A.31)
/ aC
Jy = (4D — 24D% — D) { aA} (A.32)
, . dca
Ja =11~ 2p) D} — 24Dy — Da] {5~} (A.33)
’ c 8CA
JA:(—xBDA—xADB DA+DA){6T} (A34)
’ aCA
‘]A (.’EBDA +JZ‘ADB){ (A35)
~ 0
Jy=-D{74 cA (A.36)
Where D is the inter-diffusion coefficient.
D = (zpD% + £4D%) (A.37)
r4 and xp are atomic fractions of species A and B.
ga=A (A.38)
co
ap=2L (A.39)
€o
Simultaneously to Equation A.36, the flux J;B can be expressed as:
0
Jp=-D{%2 c5 (A.40)
such that
Ja+Jg=0 (A.41)

Application to UOs.,

The inter-diffusion coefficient for the uranium-oxygen system is defined as follows:

D = (zoD§; + zyD§) (A.42)
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Mole fractions of oxygen and uranium in UQOsy, are given by:

24x co
= — A..43
ro 3 +x Ctot ( )
1
o _— (A.44)

N 3+x Ctot
Where z is the stoichiometry deviation and ¢t is the total amount of atoms per unit

volume.

Chemical potential of oxygen is associated with the presence of a certain oxygen pressure
that is in equilibrium with the solid. To get an expression for the oxygen potential one
may write the following equilibria between gaseous oxygen Og(,) and oxygen in solid

solution Og(gy)-

1
502(9) ~ O(g) (A.45)
O(g) ¢ O(ss) (A.46)

For above equilibria, the chemical potential may be written:

1
HOx(g) = HO(y) = HO(s) (A.47)
1 1 1/2
MO (s = MO,y = i’u%?(g) + RT In (yozo) = 5/%2(9) + RT Inpg, (A.48)
1
In (vozo) = 3 In po, (A.49)
dln~o _ lalnp@ (A.50)
Olnzo 2 0lnzxo ’

Equation A.50 employed in Equation A.15 gives the chemical diffusion coefficient of

oxygen as follows:

1 dInpo 10Inpo, 10lnpo, Ox
DL =D51—-1+ = =D}~ =D}~ . — A 51
0 O( +281n:170> 09 dlnzo 92 9z Olnzo ( )
with 01 0 2 1 1
nzo +x
-2 (1 = A.52
Ox 8w(n3+w> 3+zx2+w ( )

The chemical diffusion coefficient of oxygen is a few orders of magnitude greater than

the one of uranium. Due to this fact, Df; can be neglected in Equation A.42, which
gives:

~ 1 1 0Inpo

Do ~ xyD§ = ——D}—~ 2

OFTUEO = 33702 ama

Using Equations A.51 and A.52, the inter-diffusion coefficient of UO2,, can be expressed

(A.53)

as follows:
24+ x0lnpo,

2 Olnzx

Do = D} (A.54)
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Simultaneously, Equation A.54 applied to UO2_, becomes:

2 -z 0Inpo,
2 Oz

Do = D} (A.55)

Theory of thermodiffusion

Thermodiffusion can be described using the theory of irreversible processes. According
to this theory, transport processes occurring simultaneously in the same system can
influence each other [205]. In the case of nuclear fuel, these fluxes are the flux of heat
Jq and the flux of matter Ji. For the binary system of A and B, one may express these

fluxes in the following way:

Ja =aaaXa+aapXp+ asX, (A.56)
Jp = apaXa+appXp+apsXy (A.57)
Jg = agaXa+agXB + aqq Xy (A.58)

Where X, is the thermodynamic force that drives heat flux while X4 and Xp are related
to the flux of elements A and B. Referring to “Reciprocal relations in irreversible
processes” written by L. Onsager [205], it is possible to simplify the set of Equations
A.56 - A.58 by using the following relations between the a; ; coefficients:

AAB = ABA (A.59)
AgA = QAq (A.60)
AgB = 4Bq (A61)

Moreover, de Groot [206] introduced more relations between the coefficients:

AQAB = —GAA (A.62)
(gA = —GqB (A.63)
agA = aAAQZ (A.64)

It is important to say that the quantity of mass is conserved in the isolated system.
Thus J4 + Jg = 0. Using this conservation, Bober and Schumacher have combined the
fluxes A.56 - A.58 and obtained:

JAZCLAA(XA—XB—i-Q*AXq):—JB (A.65)

Jq = aAAQZ (XA — XB) + aquq (A.66)
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Q* is the parameter linking fluxes of heat and matter. Writz has defined this factor in
his Kinetic Theory [207,208]. The author describes the energy of activation of an atom
as the sum of three elements:

q=qo+qs+qy (A.67)

Where qg is the energy that needs to be given to the atom before the jump, g, is
the energy needed to create the saddle point between initial and final positions of the
jumping atom, ¢ is the energy given to atoms surrounding the final position that need
to be displaced. The heat of transport of the atom can be expressed as the difference
between the energy go that the atom carries and the energy g¢; transferred from the

initial to the final position.
Q" =qo0—qy (A.68)

Forces driving diffusion of species A and B and the heat conduction X, can be expressed

as: 8
A
Xp=——= A.
A= (A.69)
_ Oup
Xp = g (A.70)
10T

Thus, equations describing the flux of the element A in the 2-element system is given
by combining equations A.65 and A.69 - A.71:
Opa  Opp | Q0T )

JAZGAA(m‘m* T or

(A.72)

By assuming that the element B is immobile (in the case of uranium for example), the

impact of the flux Jp can be neglected and Equation A.72 becomes:

B Oua Q30T
Ja=aaa <8r T o (A.73)
oT . . : .
If = 0, analogy with Equation A.8 gives the coefficient a 44 as:
T
asp = DA (A.74)
AT PART ‘
From Equations A.8 and A.14 can be deduced that:
oua  RT Oln~yy\ Jca
—=—11 — A.75
or ca ( Olnxza /) Or ( )
Equations A.74 and A.75 employed in Equation A.73 gives:
D¥ca (RT Olnyy| Oca Q%4 0T
- _ 1 £ A AT
Ja RT (cA [ +8lnx,4 or T or (A.76)
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dca cA Q5 0T
— _Dc XA AT
Ja A\ or + RT (1+ Bln'm) T Or ( )

Olnzy

Simultaneously, the flux Jp is as follows:

803 CB QB oT (A78)

Jp = —Dp + o
or RT (14_2%:1111;) T Or

According to the Gibbs-Duhem relation [78]:

Olnya Olnyp
Olnzy, Olnzp (A.79)

Thermo-diffusion with the vacancy flux

In solids, the flux of vacancies must be considered. It links Equations A.77 and A.78 as

follows:
Jy=—(Jg — Ja) (A.80)
. o\ 0ca  DGQYca — DyQ%en 0T
Jy, = (D4 — D%) 7+ AxA alB B o (A.81)
T RT(1+4pm) O

By analogy with Equations A.24 - A.28, the net flux of species A relative to the vacancy

flux can be defined as:
J:4 =Ja+ Jlattice = Ja +vecy (A82)

Ty = Daac A, Dp@penta _gf“Qi‘WB ‘Z—T (A.83)
r n r
RT (1+ Gi24)
Equation A.83 can be simplified by using Equation A.84, as proposed by Howard and
Lidiard [209]:

Qacs = —Qpcs (A.84)

/ . o\ | Oca Q% ca oT
Ja=—(waDj —xpDj) | 5= - T (A.85)

TR (14 Gpaa) O

Application to UQO,

It can be assumed that:
D§ > DY (A.86)
Do = 2y D5 (A.87)
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/ 0 p oT
Jy = —wyD% | £ 4 Qoco _OT (A.88)
or  Rr2 (1 + gigzg> or
Applying Fick’s second law:
0 10 0 p oT
deo 29 reyD§ o oco — (A.89)
ot r or or RT2 <1 + g{nvo> or
nzro

If one assumes that the system is a dilute solution of oxygen interstitials or vacancies,

the factor dln~yp/0Inzo disappears.

dco _10 [ (00, QocodT
ot ror [TxUDO ( or + RT? Or (A.90)

In literature, one may find the thermodiffusion equation expressed as a function of the
stoichiometry deviation gradient. Since the relation between the stoichiometry deviation

x and the oxygen concentration co in fresh UOoL, is as follows:
co =2+ z[mol O / mol UOy] (A.91)

By using the stoichiometry deviation instead of the oxygen concentration Equation A.89

ox _ 19 [rﬁo <8$ 4+ Qo 8T>] (A.92)

can be rewritten as:

ot ror dr ' RT? or
Equation A.92 in a more generic form is given by:

ox p

5 = div. [f)o <grad (z) + g%xgrad(T)ﬂ (A.93)

where grad and div are the gradient and divergence operators.
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Appendix B

Concentration of point defects in

U0,

The main defects present in UOoy, fuel are oxygen Frenkel defects. The reaction of
defects formation is:
[Oo] « [Vo] + (0] (B.1)

where

[Op]-concentration of oxygen sites
[Vo]-concentration of oxygen vacancies
[O;]-concentration of oxygen interstitial atoms

The equilibrium constant of Equation B.1 is equal to:

[Vol [0]
Kpo = B.2
ro =05 (B2)
The balance of the electrical charge is:
x = —[Vo] + [04] (B.3)

where z is the stoichiometry deviation.

The concentration of the regular oxygen sites is equal to [Op]|+[Vo]. In order to simplify
the model, it can be assumed that the concentration of oxygen sites is constant and equal
to 1. Thus:

[Oo] + [Vo] =1 (B.4)
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289

In order to get concentrations of oxygen vacancies and oxygen interstitials, it is necessary

to do the following transformations:

[Oo] =1 - [Vo]
o0~ 1501
oy B0

Equation B.3 can be used to remove Vp from Equation B.7.

[0;]> + 03] (Kro —2) — Kpo (1 + ) =0

Equation B.9 has the form of a quadratic equation in which:

Coefficient Value
a 1
b Kro —x
C _KFO (1 + JU)

Solution of the quadratic equation is:

[0i] =

_(Kpo—aj‘):t\/(Kpo—:L‘)2+4KFO (1—|—$)

2

(B.5)

(B.10)

Solution gives two values of [O;]. However, [O;] cannot be negative. Thus, the only

correct answer is:

r— Kpo + \/(KFO +2)* + 4Kpo
2

[Os] =

[Vo] can be treated in a similar way.

—x— Kro + \/(KFO + )2 +4Kro

Vol = 5
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Appendix C

Isotopic composition after 3

months

This appendix contains isotopic compositions of fuel irradiated up to burnups of 20,
40 and 60 GWd/tHM. Compositions were calculated with PRODHEL as a stand-alone
model. It was assumed that the initial enrichment of the fuel was 3.5% and the pellet
radius was 4.1 mm. Linear heat rate used in the calculations was 200 W/cm. Results are
presented in the table below. Columns 'Before’ and "After’ refer to isotopic compositions
at the end of base irradiation and after 3 months of cooling at zero power. Composition of

the ’after’ columns consists mostly of long-lived and stable isotopes. The concentrations

of isotopes are given in units of mol/mol UOs.

20 GWd/tHM 40 GWd/tHM 60 GWd/tHM
Isotope Before After Before After Before After
HEA4 9.91E-05 9.96E-05 3.60E-04 3.70E-04 1.21E-03 1.24E-03
C13 5.61E-05 5.61E-05 1.75E-04 1.75E-04 4.04E-04 4.04E-04
016 2.00E400 2.00E400 2.00E400 2.00E4+00 2.00E+00 2.00E+00
GE77 5.70E-10  0.00E4+00 3.35E-10 0.00E4+00 1.99E-10 4.06E-16
AST75 2.18E-07  2.18E-07 5.66E-07 5.66E-07 9.73E-07  9.73E-07
AS76 1.15E-11 1.03E-17  2.92E-11 0.00E400 4.98E-11  2.37E-15
AST7 6.42E-09 9.33E-14  3.50E-09 1.94E-14 1.87E-09 1.58E-13
SE76 2.30E-09  2.31E-09 1.87E-08 1.87E-08 7.27E-08  7.28E-08
SET7 1.92E-06 1.93E-06 4.38E-06 4.38E-06  6.28E-06  6.29E-06
SET78 5.02E-06  5.02E-06 1.28E-05 1.28E-05 2.21E-05 2.21E-05
SE79 1.12E-05 1.12E-05  2.60E-05  2.60E-05 3.78E-05  3.78E-05
SES80 2.93E-05 2.93E-05 7.04E-05 7.04E-05 1.14E-04 1.14E-04
SE81 6.68E-13 9.67E-28  1.60E-12  2.37E-27 2.60E-12  5.71E-27
SE&2 7.48E-05 7.48E-05 1.76E-04 1.76E-04 2.73E-04 2.73E-04
BR&S1 4.53E-05 4.53E-05 1.06E-04 1.06E-04 1.61E-04 1.61E-04
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BRS&2 3.08E-09 3.31E-14 6.66E-09 2.60E-14 9.89E-09 7.30E-13
BR8&2M 7.25E-12  6.84E-30 1.70E-11 1.72E-29  2.58E-11  4.20E-29
KRS&2 5.10E-07  5.13E-07 3.50E-06 3.50E-06 1.20E-05 1.20E-05
KR&3 1.15E-04 1.15E-04 2.15E-04 2.15E-04 2.15E-04 2.15E-04
KR84 2.39E-04  2.39E-04 5.93E-04 5.93E-04 1.00E-03 1.00E-03
KRS85 6.03E-05  5.94E-05 1.21E-04 1.19E-04 1.37E-04 1.35E-04
KR386 4.42FE-04 4.42E-04 9.97E-04 9.97TE-04 1.47E-03 1.47E-03
RB8&5 2.31E-04 2.32E-04 5.42E-04 5.43E-04 8.50E-04 8.52E-04
RB86 2.62E-08 7.56E-10 6.02E-08 2.25E-09 9.36E-08  4.22E-09
RB87 5.76E-04  5.76E-04 1.30E-03 1.30E-03 1.91E-03 1.91E-03
SR86 3.20E-07  3.45E-07 2.51E-06 2.57E-06 9.85E-06  9.94E-06
SR87 3.56E-10  3.56E-10  9.19E-09 9.19E-09 8.77E-08  8.77E-08
SR88 8.03E-04  8.03E-04 1.80E-03 1.80E-03 2.64E-03 2.64E-03
SR89 1.05E-04  3.02E-05 5.07E-05 1.51E-05 2.11E-05  6.42E-06
SR90 1.23E-03  1.22E-03  2.60E-03  2.58E-03  3.36E-03  3.34E-03
SRI1 1.01E-06 0.00E4+00 5.08E-07 0.00E+00 2.31E-07  2.08E-13
Y389 9.27E-04  1.00E-03  2.26E-03  2.29E-03  3.35E-03  3.36E-03
Y90 3.16E-07  3.10E-07 6.74E-07 6.56E-07 8.74E-07  8.48E-07
Y91 1.55E-04  5.30E-05 7.71E-05 2.71E-05 3.42E-05 1.22E-05
Y92 7.04E-11 0.00E400 3.51E-11 0.00E4+00 1.55E-11  2.42E-20
Y93 1.24E-06  0.00E4+00 6.72E-07 0.00E+00 3.52E-07  4.24E-13
ZR90 2.70E-05 3.43E-05 2.05E-04 2.21E-04 7.31E-04 7.52E-04
ZR91 1.14E-03  1.24E-03  2.85E-03 2.91E-03 4.30E-03  4.32E-03
ZR92 1.36E-03  1.36E-03  3.13E-03  3.13E-03 4.78E-03  4.78E-03
ZR93 1.46E-03  1.46E-03 3.41E-03 3.41E-03 5.24E-03  5.24E-03
ZR94 1.47E-03  1.47E-03  3.51E-03 3.51E-03 5.61E-03  5.61E-03
ZR95 2.03E-04 7.58E-05 1.16E-04 4.41E-05 6.39E-05  2.47E-05
ZR96 1.47E-03  1.47E-03  3.55E-03  3.55E-03  5.76E-03  5.76E-03
ZR97 2.03E-06 6.46E-16 1.23E-06 0.00E400 7.53E-07 8.81E-12
NB95 1.13E-04  6.98E-05 6.43E-05 4.00E-05 3.51E-05  2.21E-05
NB96 4.33E-09 297E-16 2.47E-09 0.00E400 1.35E-09 4.79E-14
NB97 1.46E-07  4.99E-17  8.82E-08 0.00E+00 5.40E-08 6.81E-13
MO95 1.17E-03  1.34E-03  3.22E-03  3.32E-03  4.85E-03  4.90E-03
MO96 2.09E-05 2.09E-05 2.14E-04 2.14E-04 8.66E-04 8.66E-04
MO97 1.42E-03  1.42E-03  3.46E-03  3.46E-03 5.67E-03  5.68E-03
MO98 1.39E-03  1.39E-03  3.48E-03  3.48E-03 5.95E-03  5.95E-03
MO99 8.42E-06 1.68E-10 5.32E-06 0.00E400 3.43E-06 2.77E-11
MO100  1.52E-03 1.52E-03 3.82E-03 3.82E-03 6.54E-03  6.54E-03
TC99 1.41E-03  1.42E-03 3.23E-03  3.23E-03  4.56E-03  4.56E-03
TC99M  6.76E-07 1.49E-11  4.27E-07 0.00E4+00 2.75E-07  2.44E-12
TC100 4.72E-11  7.68E-29 1.08E-10 1.93E-28 1.52E-10 3.31E-28
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RU100 5.78E-05  5.78E-05 4.61E-04 4.61E-04 1.73E-03 1.73E-03
RU101 1.26E-03  1.26E-03  3.12E-03  3.12E-03  5.10E-03  5.10E-03
RU102 1.11E-03 1.11E-03 3.0vE-03 3.0vE-03 5.99E-03  5.99E-03
RU103 7.79E-05 1.56E-05 6.38E-05 1.35E-05 5.12E-05 1.12E-05
RU104 5.93E-04 5.93E-04 1.87E-03 1.87E-03 3.97E-03  3.97E-03
RU105 1.92E-07 0.00E+00 2.10E-07 0.00E4+00 1.99E-07 1.61E-15
RU106 1.38E-04 1.17E-04 2.83E-04 2.39E-04 3.02E-04 2.55E-04
RH103 6.74E-04  7.37E-04 1.51E-03 1.56E-03 1.74E-03  1.78E-03
RH103M  7.64E-08 1.53E-08 6.26E-08 1.32E-08 5.02E-08  1.10E-08
RH104 2.53E-10  5.49E-35 5.65E-10 1.33E-34 6.50E-10  2.56E-34
RH105 1.49E-06 1.72E-11 1.63E-06 7.01E-12 1.54E-06 1.29E-10
RH106 1.38E-10  1.09E-10 2.73E-10  2.23E-10 2.90E-10 2.38E-10
RH106M  2.46E-10 9.18E-21  2.69E-10 1.23E-21  2.54E-10 2.20E-21
PD104 1.06E-04 1.06E-04 9.18E-04 9.18E-04 3.15E-03  3.15E-03
PD105 3.64E-04  3.66E-04 1.29E-03 1.30E-03 2.87E-03  2.88E-03
PD106 9.83E-05 1.20E-04 7.51E-04 T7.95E-04 2.54E-03  2.58E-03
PD107 1.30E-04 1.30E-04 6.27E-04 6.27E-04 1.64E-03 1.64E-03
PD108 748E-05  7.48E-05 4.13E-04 4.13E-04 1.18E-03 1.18E-03
PD109 1.08E-07 0.00E+00 1.93E-07 0.00E+00 2.52E-07  1.28E-12
PD110 2.46E-05 2.46E-05 1.46E-04 1.46E-04 4.32E-04 4.32E-04
PD111 9.56E-13  7.59E-27  5.65E-12  4.13E-26 1.67E-11  1.73E-25
PD112 1.64E-08  2.64E-16 2.12E-08 0.00E4+00 2.11E-08 4.92E-13
SN121 1.18E-08  1.64E-11  1.25E-08 5.58E-11 1.15E-08  1.22E-10
SN121M  3.78E-07 3.77E-07 1.29E-06 1.28E-06 2.81E-06 2.80E-06
SN122 5.88E-06 5.88E-06 1.98E-05 1.98E-05 4.45E-05  4.45E-05
SN123 2.48E-07  1.52E-07  3.15E-07 1.94E-07 2.99E-07 1.85E-07
SN124 1.01E-05 1.01E-05 3.42E-05 3.42E-05 7.66E-05 7.66E-05
SN125 9.75E-08  6.05E-11  1.09E-07 0.00E400 1.04E-07  5.55E-10
SB121 3.94E-06 3.96E-06 1.32E-05 1.32E-05 2.77E-05 2.77E-05
SB122 1.18E-09  2.97YE-14 3.9YE-09 0.00E+00 8.33E-09 5.77E-14
SB123 5.50E-06 5.60E-06  2.08E-05 2.09E-05 4.79E-05  4.81E-05
SB124 2.84E-08  9.96E-09  7.92E-08  2.84E-08 1.65E-07 6.02E-08
SB125 7.12E-06 6.78E-06 1.62E-05 1.53E-05 1.91E-05 1.81E-05
SB126 4.06E-08  4.55E-11  4.27E-08 2.14E-10  3.96E-08  4.98E-10
SB126M  6.03E-11  9.81E-26  6.34E-11  1.09E-25 5.89E-11  1.53E-25
SB127 3.76E-07  2.28E-11  3.64E-07 0.00E+400 3.20E-07  2.05E-11
SB128 7.66E-08 0.00E+00 6.26E-08 0.00E+00 5.00E-08  3.16E-14
TE122 8.70E-08  8.81E-08  9.18E-07 9.22E-07 4.64E-06 4.65E-06
TE123 3.62E-10  4.00E-10  7.56E-09  8.07E-09 4.95E-08  5.22E-08
TE123M  9.34E-11  5.51E-11  1.25E-09 7.44E-10 6.82E-09  4.06E-09
TE124 1.17E-07  1.36E-07  9.93E-07 1.04E-06 4.80E-06 4.91E-06
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TE125 1.45E-06 1.89E-06 1.25E-05 1.35E-05 4.36E-05  4.48E-05
TE125M  8.01E-08 8.57E-08 2.04E-07 2.01E-07 2.49E-07 2.40E-07
TE126 2.60E-06 2.64E-06 9.77E-06 9.81E-06 2.34E-05 2.35E-05
TE127 3.76E-08  3.42E-09 3.68E-08 3.54E-09 3.23E-08  3.14E-09
TE127™M  1.68E-06  9.79E-07 1.73E-06 1.01E-06 1.53E-06  8.99E-07
TE128 9.31E-05 9.32E-05 2.75E-04 2.75E-04 5.55E-04 5.55E-04
TE129M  4.65E-06  7.06E-07  3.63E-06  5.92E-07 2.79E-06 4.77E-07
TE130 4.54E-04  4.54E-04 1.20E-03 1.20E-03 2.17E-03 2.17E-03
TE131 2.31E-08  1.92E-22  1.52E-08 1.34E-22  1.02E-08 1.35E-22
TE132 7.13E-06 1.92E-10 4.69E-06 0.00E4+00 3.12E-06 6.73E-11
1127 3.62E-05 3.73E-05 1.18E-04 1.20E-04 241E-04 2.42E-04
1128 6.22E-11  6.42E-25 2.03E-10 2.07E-24 4.13E-10 6.06E-24
1129 1.82E-04 1.85E-04 5.01E-04 5.04E-04 9.02E-04 9.04E-04
1130 6.17E-09  0.00E4+00 1.69E-08 0.00E4+00 3.03E-08  9.59E-14
1131 1.23E-05  5.67E-09  8.23E-06 0.00E+00 5.58E-06  1.48E-08
1132 2.13E-07  5.92E-12  1.40E-07 0.00E400 9.33E-08 2.07E-12
1133 2.88E-06 6.33E-14 1.84E-06 0.00E4+00 1.19E-06 3.00E-11
1135 8.71E-07 0.00E400 5.54E-07 0.00E400 3.56E-07 3.68E-14
XE128 6.73E-07  6.73E-07 7.21E-06 7.21E-06 3.62E-05 3.62E-05
XE129 1.42E-09 1.42E-09 4.86E-08 4.86E-08 5.92E-07 5.92E-07
XE130 2.56E-06 2.57E-06 2.35E-05 2.35E-05 1.04E-04 1.04E-04
XE131 6.19E-04 6.31E-04 1.20E-03 1.21E-03 1.23E-03 1.24E-03
XE131M  2.00E-07 7.04E-10 1.34E-07 2.03E-09 9.03E-08  2.60E-09
XE132 1.15E-03  1.15E-03  3.38E-03  3.38E-03  6.84E-03  6.84E-03
XE133 1.75E-05 4.03E-09 1.12E-05 0.00E+00 7.21E-06 3.18E-09
XE133M  2.12E-07 7.76E-12 1.37E-07 &8.10E-13  9.00E-08  3.32E-12
XE134 1.84E-03  1.84E-03  4.55E-03  4.55E-03  7.63E-03  7.63E-03
XE135 5.20E-07  0.00E4+00 3.38E-07 0.00E4-00 2.22E-07 8.89E-13
XE136 2.55E-03  2.55E-03 6.45E-03 6.45E-03 1.11E-02 1.11E-02
CS133 1.49E-03  1.51E-03  3.35E-03  3.36E-03  4.48E-03  4.48E-03
CS134 6.66E-05 6.13E-05 3.48E-04 3.20E-04 6.55E-04 6.03E-04
CS135 6.49E-04  6.50E-04 1.65E-03 1.65E-03 2.91E-03 2.91E-03
CS136 4.88E-07 8.78E-10 1.08E-06  7.50E-09 1.81E-06 2.63E-08
CS137 1.47E-03  1.46E-03  3.54E-03  3.52E-03  5.51E-03  5.48E-03
BA134 1.35E-05 1.88E-05 2.62E-04 2.90E-04 1.47E-03  1.52E-03
BA135 3.06E-08  3.06E-08 1.99E-06 1.99E-06 2.88E-05 2.88E-05
BA136 9.79E-06 1.03E-05 6.86E-05 6.97E-05 2.72E-04 2.73E-04
BA137 3.01E-05 3.85E-05 2.46E-04 2.66E-04 9.81E-04 1.01E-03
BA138 1.59E-03  1.59E-03  3.95E-03  3.95E-03 6.64E-03  6.64E-03
BA140 3.91E-05 4.79E-08 2.37E-05 1.47E-07 1.44E-05 2.00E-07
LA139 1.51E-03  1.51E-03  3.70E-03  3.70E-03 6.11E-03  6.11E-03
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LA140 5.20E-06  7.24E-09 3.24E-06 2.22E-08 2.09E-06 3.03E-08
LA141 4.06E-11  0.00E400 2.53E-11 0.00E400 1.63E-11  5.49E-20
CE140 1.45E-03  1.49E-03 3.68E-03 3.7T1E-03 6.29E-03 6.31E-03
CE141 9.41E-05 1.34E-05 5.70E-05 8.77E-06  3.46E-05  5.59E-06
CE142 1.39E-03 1.39E-03  3.40E-03  3.40E-03  5.65E-03  5.65E-03
CE143 3.84E-06 2.60E-11 2.23E-06 5.53E-12 1.29E-06 8.84E-11
CE144 6.29E-04  5.04E-04 4.88E-04 3.91E-04 251E-04 2.01E-04
PR141 1.28E-03  1.36E-03  3.29E-03  3.33E-03  5.38E-03  5.40E-03
PR142 2.79E-08 1.86E-16 7.14E-08 0.00E4-00 1.17E-07  2.25E-12
PR143 3.80E-05 1.40E-07 2.21E-05 2.18E-07 1.26E-05 2.35E-07
PR144 2.66E-08 2.12E-08 2.06E-08 1.65E-08 1.06E-08  8.47E-09
PR145 4.67E-07 0.00E400 2.76E-07 0.00E400 1.63E-07  9.48E-15
ND142 7.24E-06  7.27E-06 6.56E-05  6.56E-05 2.70E-04 2.70E-04
ND143 1.20E-03 1.24E-03 2.28E-03 2.30E-03  2.25E-03  2.26E-03
ND144 7.75E-04  9.00E-04  3.54E-03  3.64E-03 7.67E-03  7.72E-03
ND145 8.86E-04  8.86E-04 1.96E-03 1.96E-03 2.67E-03 2.67E-03
ND146 749E-04  7.49E-04  2.04E-03 2.04E-03 3.99E-03  3.99E-03
ND147 1.21E-05  7.87E-09 7.66E-06 1.15E-08 4.95E-06 4.23E-08
ND148 4.13E-04 4.13E-04 1.03E-03 1.03E-03 1.75E-03 1.75E-03
ND149 5.20E-10 1.04E-20 1.30E-09 1.56E-20 2.20E-09  3.25E-20
ND150 1.71E-04 1.71E-04 4.61E-04 4.61E-04 8.51E-04 8.51E-04
ND151 1.86E-11  2.10E-27  5.01E-11  5.94E-27  9.25E-11  1.66E-26
PM147 3.30E-04  3.20E-04 3.56E-04 3.41E-04 2.17E-04 2.08E-04
PM148 1.13E-06  2.83E-09 1.23E-06 2.73E-09 7.45E-07 2.69E-09
PM148M 2.40E-06  5.15E-07 2.64E-06 5.95E-07 1.60E-06 3.73E-07
PM149 1.54E-06  3.49E-11 1.20E-06 3.19E-12 8.47E-07 2.51E-11
PM150 4.02E-10 0.00E400 3.14E-10 0.00E400 2.21E-10  2.86E-20
PM151 3.04E-07  7.46E-13 241E-07 6.90E-14 1.93E-07 1.07E-11
SM147 8.08E-05 1.03E-04 3.33E-04 3.56E-04 4.43E-04 4.57E-04
SM148 7.29E-05  7.59E-05 4.51E-04 4.55E-04 1.20E-03  1.20E-03
SM149 5.48E-06 7.02E-06 4.36E-06 5.57E-06  3.23E-06  4.08E-06
SM150 2.79E-04  2.79E-04 7.56E-04 7.56E-04 1.20E-03  1.20E-03
SM151 2.26E-05  2.29E-05  2.65E-05 2.67E-05  3.05E-05  3.06E-05
SM152 1.25E-04 1.25E-04 2.38E-04 2.38E-04 2.74E-04 2.74E-04
SM153 6.55E-07 1.44E-11 1.04E-06 597E-12 1.14E-06 6.77E-11
SM154 2.49E-05  2.49E-05 8.24E-05 8.24E-05 1.79E-04 1.79E-04
SM155 1.31E-11  6.67E-26  4.33E-11  2.20E-25 9.42E-11  7.01E-25
EU151 4.85E-08  9.25E-08  5.87E-08 1.10E-07 6.77E-08  1.27E-07
EU152 3.51E-08  3.47E-08 4.63E-08 4.57E-08 5.37E-08  5.30E-08
EU152M  8.49E-11 0.00E+00 1.03E-10 0.00E400 1.19E-10 8.94E-17
EU153 7.81E-05  7.88E-05 2.98E-04 2.99E-04 4.72E-04 4.73E-04
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Appendix C Isotopic composition after 3 months 295
EU154 9.60E-06 9.40E-06  5.88E-05 5.76E-05 1.06E-04 1.04E-04
EU155 3.99E-06 3.85E-06 1.80E-05 1.73E-05 3.20E-05 3.09E-05
EU156 1.20E-06  1.18E-08 4.65E-06  7.44E-08 8.09E-06  1.85E-07
EU157 8.72E-09 0.00E4+00 1.50E-08 0.00E400 1.82E-08  1.44E-13
EU158 2.60E-13 1.17E-25 4.46E-13 1.68E-25 5.41E-13  2.80E-25
GD152 3.33E-08  3.35E-08 8.55E-08 8.57E-08 1.12E-07 1.13E-07
GD153 1.33E-09  1.03E-09 3.64E-09 2.80E-09 4.81E-09 3.71E-09
GD154  4.39E-07 6.30E-07 9.44E-06 1.06E-05 4.62E-05 4.83E-05
GD155 5.42E-08 1.97E-07 3.04E-07 9.46E-07 7.42E-07 1.89E-06
GD156 1.95E-05  2.06E-05 1.94E-04 1.99E-04 9.50E-04  9.58E-04
GD157  8.52E-08 9.39E-08  2.09E-07 2.24E-07 5.34E-07  5.52E-07
GD158  6.15E-06  6.15E-06  3.72E-05 3.72E-05 1.63E-04 1.63E-04
GD159  3.10E-09 1.08E-17 6.76E-09 0.00E400 1.13E-08 1.94E-13
GD160  4.92E-07 4.92E-07 3.96E-06 3.96E-06 1.30E-05 1.30E-05

U235 4.33E-02  4.33E-02 1.64E-02 1.64E-02 2.55E-03  2.55E-03
U236 4.50E-03  4.50E-03  8.30E-03  8.30E-03  7.99E-03  7.99E-03
U237 6.23E-06  2.52E-09  1.10E-05 0.00E400 1.06E-05 1.34E-08
U238 9.23E-01  9.23E-01  9.05E-01  9.05E-01 &.71E-01  &.71E-01
U239 2.91E-07 1.66E-21  2.85E-07 1.77E-21  2.75E-07  2.52E-21
NP237 2.07E-04 2.13E-04 1.03E-03 1.04E-03 1.89E-03 1.90E-03
NP238 3.21E-07 8.84E-12 1.61E-06 7.02E-12 2.94E-06 1.20E-10
NP239 4.21E-05 9.13E-10 4.13E-05 4.40E-11  3.97E-05 1.14E-09
PU238 2.35E-05  2.42E-05 3.93E-04 4.02E-04 1.56E-03  1.58E-03
PU239 3.85E-03  3.89E-03 4.76E-03 4.80E-03 4.81E-03 4.85E-03
PU240 7.18E-04 7.18E-04 1.32E-03 1.32E-03 1.38E-03  1.39E-03
PU241 4.59E-04 4.54E-04 1.69E-03 1.67E-03 1.93E-03  1.90E-03
PU242 5.27E-05 5.27E-05 7.90E-04 7.90E-04 1.97E-03 1.97E-03
PU243 7.23E-09 0.00E400 1.07E-07 0.00E4+00 2.67E-07 4.61E-15
AM241 9.29E-06 1.48E-05 8.83E-05 1.09E-04 1.26E-04 1.49E-04
AM242 1.56E-08 1.89E-12  1.47E-07 2.58E-11  2.09E-07 4.12E-11
AM242M 1.50E-07 1.50E-07 2.02E-06 2.02E-06 3.04E-06 3.04E-06
AM243  3.35E-06 3.35E-06 1.68E-04 1.68E-04 8.56E-04 8.56E-04
AM244  9.96E-11 0.00E400 4.95E-09 0.00E4+00 2.50E-08 2.94E-14
AM244M  6.42E-11 2.05E-24 3.18E-09 5.35E-23  1.61E-08 3.17E-22
CM242 1.33E-06  9.09E-07 2.50E-05 1.71E-05 4.12E-05 2.82E-05
CM243  9.25E-09  9.20E-09 5.69E-07 5.65E-07 1.63E-06 1.62E-06
CM244  3.08E-07  3.05E-07 5.55E-05  5.50E-05  7.48E-04 7.41E-04
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Appendix D

Thomas algorithm for solving

tridiagonal systems of equations

Thomas algorithm is a simplified form of the Gaussian elimination method that can be
applied to solve tridiagonal systems of equations. It can be used to solve the system

with n unknowns, which has the following form:
(4] [2] = [B] 1)

where [A] = (ai;),1 < 4,7 < nis a matrix of n x n real numbers. [b] = (b;),1 <i<nis
a column vector of n real numbers and [z] = (x;),1 < i < n is the vector of n unknowns.

The matrix form in Equation D.1 is equivalent to:
n
Zaijxj :bi, 1= 1,...,71 (D2)
j=1

To solve the system [A][x] = [b] it is necessary to write the system [A] = [L][U] where [L]
is a lower triangular matrix with 1 in the main diagonal and [U] is an upper triangular
matrix. The solution of [A][x] = [b] is achieved by solving successively the systems
[L][y] = [b] and [U][z] = [y].

The tridiagonal matrix [A] is given by:

(d, by 0 0 ]
od 0 (D.3)
hnfl
i 0 s, dy |
206
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Appendix D Thomas algorithm for solving tridiagonal systems of equations 297

and the triangular matrices [L] and [U] are as follows:

1 0 ... 0 a1 hl 0 0
52 1 0 a9 0
L) = o= (D.4)
0 : v . hp_q
L 0 Bn L] 0 ... 0 an |

The coefficients «; and 3; can be calculated with the following equations:

S; .
alzdlvﬁi:ﬁaai:dl_ﬁihi—lv 1=2,...,n (D.5)

i—1

The systems [L][y] = [b] and [U][z] = [y] can be solved in the following way:

Lyl =[] <= y1=b1,yi =b; — Biyi—1, i=1,...,n (D.6)
n i — hiz; .
U] la] = [y] = @=L a =P o1 (D)

The number of operations needed to find the unknowns [z] is not greater than 8n — 7.
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Appendix E

Thermal diffusion problem solved

by the finite element method

A general transient thermal diffusion problem in the domain €2 is governed by the heat

transport equation and Fourier’s law:
oT )
Pcpa + dlv(g) = f
q = —Agrad(T)

in every point of 2 with

e T—-temperature

e g-heat flux density

e {—time

e f—volumetric calorific power provided by the heat source
e p-volumetric mass density

e c,-thermal mass capacity

e )\—thermal conductivity

e grad-gradient operator

e div—divergence operator.

To solve these equations by the method of Galerkin, the first equation is multiplied by

an arbitrary function ©* and integrated over the entire domain €2:

T
/pcpa@*dV—I—/div(q)@*de/f@*dV. (E.2)
o Ot Q Q
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Appendix E Thermal diffusion problem solved by the finite element method 299

By integrating the second integral by parts and introducing the vector n, which is normal

to the surface 0f), the following expression is obtained:

T
/ pcpafG*de / q.grad(©*)dV + / q.nO*dS = / ferdv (E.3)
o Ot Q- a0~ Q

Integration on the surface 92 can be expressed as the sum of several terms:

/ q.nO*dS = —Agrad(7T).n©*dS —|—/ h(T.. —T)©*dS
o0 oQr 12,976}
imposed t?e?nperature convection (E 4)
-I-/ eo (T — T*) ©*dS —l—/ q0©*dS .
121977} Mg
radiation imposed flux

The surface 92y corresponds to the boundary condition with imposed temperature
T. The surface 0Q2¢ corresponds to the boundary condition with heat convection with
the external temperature T,. and the heat exchange coefficient h. The surface 9Qg
corresponds to the boundary condition with radiation with the external temperature
Tee, the emissivity coefficient € and the Stefan-Boltzman constant o. The surface 0
corresponds to the boundary condition with the imposed heat flux ¢y. Also, the term

(Té‘r — T4) can be written as:

) — T = (T, — T) (T3 + T?T,, + TT2 + T2 . (E.5)

T3

By choosing The expression of the integral on the surface E.4 becomes:
Jooan0%dS =[50 h(Tee = T) ©°dS + [y e0T* (Ter — T) ©°dS + [5q, 900*dS. (E.6)

By employing Equation E.6 and Fourier’s law in Equation E.4 the following expression

is obtained:

/ pcpcg@*dv+ / Agrad(T).grad(©*)dV — / hTO*dS — coT3TO*dS =
Q Q MNe O0R
— / ferdv — / hT..0*dS — / eoT3T,.0%dS — / q0©*dS.
Q e IR Mg
(E.7)

The spatial discretization allows to find unknowns at each spacial point by interpolation
from the nodal values. The temperature T (u) and the function ©* (u) at the spatial

point u of the finite element Q¢ with N, nodes can be interpolated from nodal values T;

and @;‘f:
Ne
T(u) = TiNi(u) = T;N;(u)
N (E.8)
0" (u) = > O5N;(u) = OFN; (u)
j=1
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300 Appendix E Thermal diffusion problem solved by the finite element method

where Nj; (u) is the shape function associated to the node i. Equation E.7 with employed

x oT;
@j (I:/epCpNideV] E"f’

/ )\grad(Ni).grad(Nj)dV—/ hNideS— 60T3NideS
e T QQEC BQ‘}E%

Equation E.8 becomes:

+ Ti) = (B.9)

= @; [/ fN]dV —/ hTechdS - EUTSTCTdeS _/ qOdeS
e Qg Q5 Q5

where 9€2¢,, 0 and 90, refer respectively to the surfaces of the element 2° where the
boundary conditions of convection, radiation and imposed flux are applied. The system

of equations that needs to be solved for the element Q€ is as follows:

I

T+KT=Q. (E.10)

with:
T—vector of temperatures at nodes
I —vector of time derivatives of temperatures at nodes

C—capacity matrix:

Cij = / pCpNideV (E.ll)
Qe

K-—conductivity matrix:

Kij —/ )\grad(Ni).grad(Nj)dV—/ hN;N;dS — eUTB’NZ-deS (E.12)
¢ 098, Qe,

Q—vector of nodal flux:

@z/fmwu/‘mumw— eoT3T,, N;dS — qoN;dS.  (E.13)
Qe o908, 095, a9,
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