N
N

N

HAL

open science

Multi-physics modelling of the pellet-to-cladding gap
closure phenomenon for SFR fuel performance codes

Mourad Temmar, Bruno Michel, Isabelle Ramiere, Nicolas Favrie

» To cite this version:

Mourad Temmar, Bruno Michel, Isabelle Ramiere, Nicolas Favrie. Multi-physics modelling of the
pellet-to-cladding gap closure phenomenon for SFR fuel performance codes. Journal of Nuclear Ma-

terials, 2020, 529, pp.151909. 10.1016/j.jnucmat.2019.151909 . cea-02534686

HAL Id: cea-02534686
https://cea.hal.science/cea-02534686

Submitted on 1 May 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cea.hal.science/cea-02534686
https://hal.archives-ouvertes.fr

Accepted Manuscript
JULENAL OF

NUCLEAR MATERIALS

e - bt

Multi-physics modelling of the pellet-to-cladding gap closure phenomenon for SFR
fuel performance codes

M. Temmar, B. Michel, I. Ramiere, N. Favrie

PII: S0022-3115(19)30899-2
DOI: https://doi.org/10.1016/j.jnucmat.2019.151909
Reference: NUMA 151909

To appearin:  Journal of Nuclear Materials

Received Date: 9 July 2019
Revised Date: 21 October 2019
Accepted Date: 13 November 2019

Please cite this article as: M. Temmar, B. Michel, I. Ramiere, N. Favrie, Multi-physics modelling of
the pellet-to-cladding gap closure phenomenon for SFR fuel performance codes, Journal of Nuclear
Materials (2019), doi: https://doi.org/10.1016/j.jnucmat.2019.151909.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.jnucmat.2019.151909
https://doi.org/10.1016/j.jnucmat.2019.151909

Multi-physics modelling of the pellet-to-cladding gap closure phenomenon for SFR fuel

performance codes

M. Temmar*, B. Michel*, I. Ramiere*, N. Favrie**
* CEA, DEN, DEC, SESC, LSC bat 151 Centre de Cadarache 13108 Saint Paul Lez Durance France
** Aix-Marseille Université, C.N.R.S. UM.R. 7343, IUSTI, 5 rue E. Fermi, 13453 Marseille Cedex 13, France

ABSTRACT

The reference fuel design for french Sodium nuclear Fast Reactor (SFR) consists of fuel pins made of (U,Pu)O, pellets inserted
in a steel alloy cladding tube. Fuel pin behaviour under irradiation is complex and simulated with SFR fuel performance codes
through the world. Concerning the thermal behaviour, the pellet-to-cladding gap evolution has a strong impact on the fuel
maximal temperature and hence has to be precisely modelled. Based on experimental observations, the gap size evolution
seems to be related to two phenomena: one related to the effect of pellet fragmentation and the second one related to a porosity
migration phenomenon. The second phenomenon is due to the presence of high thermal radial gradients and leads to a fuel
restructuration. The aims of this work are first to investigate with 3D simulation the impact of the fuel restructuration and of
the fuel fragmentation on the pellet fragments radial displacement, and then to propose a new 1D physically based relocation
model and its coupling formulation with the SFR codes multi-physics computational scheme. Thanks to these new
developments the pellet-to-cladding gap closure simulation and hence the pellet temperature assessment, can be improved in a
1D fuel performance code.

This work has been done in the framework of a cooperative program between CEA, FRAMATOME and EDF, devoted to the

development of the fuel elements for GENIV Reactors.

1. INTRODUCTION

In french Sodium nuclear Fast Reactor (SFR), fuel pins are made of fuel pellets (cylinder of approximately one centimeter
height and diameter) inserted in a steel cladding (annular cylinder of few meters height and half millimeter thickness). A gap of
around 100 micrometers, called pellet-to-cladding gap in the sequel, initially filled with helium separates them. During
irradiation the fuel pins are submitted to hard environments, leading to high temperatures and high temperature gradients,
inducing various phenomena: namely, fuel fragmentation, fuel pellet restructuring characterized by the central hole formation,
fission gas release, geometrical and property change of the pellet-to-cladding gap. These phenomena are represented with some
various assumptions by numerical models implemented in so called “1.5D” fuel performance codes in order to understand and
predict the behaviour of SFR fuel pins. One can for example cite GERMINAL (France [1]), BERKUT (Russia [2], [3] and [4]),
CEPTAR (Japan [5]), FEAST-OXIDE (US [6] and [7] ), TRAFIC (UK [8]), FIBER-OXIDE (China [9]) and others codes ([10]
and [11]). Full 3D codes, modelling the complex behaviour of SFR fuel pins, can be expected in few years thanks to High
Performance Computing. Nevertheless, “1.5D” codes, needed for their short computation times, enable us to simulate the main
phenomena appearing in a whole fuel pin, and therefore to obtain a satisfactory representation of the fuel behaviour during
irradiation.

These “1.5D” codes focus on a single fuel pin. The fuel pin is represented by a stack of slices, each of them being modelled by
a 1D axisymmetric hypothesis. This “1.5D” representation allows to determine the local behaviour of the fuel and its
surrounding cladding by taking into account linear power and coolant temperature variations along the fuel element. But this
simple geometrical representation cannot always provide a detailed description of some complex phenomena, where multi-
dimensional aspects are involved. To obtain a better fuel behaviour prediction, these fuel performance codes are still improving

the physics of their models. Among these improvements, one concerns the fuel temperature evolution during irradiation



regarding the fuel melting safety margin. Indeed, all phenomena taking place in a fuel pin are controlled by the temperature,
and consequently a good precision of the temperature is of principal importance in modelling the fuel pin behaviour.

The fuel thermal power evacuation depends greatly on the heat transfer coefficient in the pellet-to-cladding gap. This
coefficient can be defined as the ratio of the average thermal conductivity coefficient of the gas mixture over the gap thickness.
Hence, the gap size influences considerably the heat exchange between the fuel and the cladding, and by consequence the fuel
temperature evolution. During irradiation, the gap, initially filled of helium, is polluted by fission gas released leading to a
decrease of the average thermal conductivity in the gap. This degradation of the gas mixture thermal conductivity is
compensated by the gap size reduction, which allows to finally decrease the fuel temperature.

The aim of this paper is to refine our understanding of the phenomena responsible of the gap size reduction in order to improve
the current related models implemented in 1.5D SFR fuel performance codes. This better modelling may lead to a reduction of
the uncertainty on the maximum fuel temperature assessment and the fuel melting margin.

For this purpose a two-step process has been pursued. First, a 3D thermo-mechanical modelling representing one pellet with
the associated piece of cladding has been proposed in the LICOS [12] prototype code of the PLEIADES platform [14]. This 3D
simulation allow us to identify the main mechanisms responsible for gap size reduction and to assess their impact on the fuel
temperature evolution during irradiation. Based on the obtained 3D results, the second step consists in proposing a 1D gap size
reduction formulation modelling the identified mechanisms. This model is finally implementing in the GERMINAL [1]
computational scheme. Simulation results in 3D and 1D are presented for various fuel pins and compared with experimental

results in order to assess the validity and the improvement brought by this new formulation.

2. WORKS STATEMENT ON SFR FUEL-TO-CLADDING GAP CLOSURE MECHANISM

Some fuel performance codes yet incorporate models that aim to simulate the reduction of pellet-to-cladding gap size and its
impact on the thermal evolution of the fuel. This is the case, for example, in GERMINAL [1], FEAST OXIDE ([6] and [7])
and FIBRE OXIDE [9] codes. Each of these codes has a specific model called « relocation model» allowing to represent in 1D
the movement of the fuel in the radial direction and its impact on the thermal transfer between the pellet and the cladding.
These relocation models try to reproduce the main phenomena responsible for gap size evolution which can’t be explicitly
represented with a 1D geometry. For example a well-known phenomenon simulated by a relocation model is the fuel pellet
fragmentation and its associated hourglass effect induced by the thermal gradient.

The GERMINAL relocation model is based on a fictive homogeneous inelastic strain which is taken into account in the
mechanical behaviour law, while FIBRE OXIDE and FEAST OXIDE use a displacement formulation. All these models are
based on empiric equations which depend on several parameters (e.g linear power, geometry, temperature, gap thickness) and
are fitted on experimental measures. Adjustments realized on the parameters of these relocation models allow to obtain a good
agreement between numerical and experimental results, but some phenomena responsible of the pellet-to-cladding gap closure
are not properly identified and therefore the obtained models are non-predictive. Others codes that do not have a specific
relocation model, use different kind of strategy to model the effect of the reduction of the gap thickness. For example, the
CEPTAR code, directly modifies the heat exchange coefficient of the pellet-to-cladding gap to obtain a good fuel temperature
estimation ([5]). On the other hand, the BERKUT code considers that the solid and the gaseous swellings due to irradiation are

the only phenomena explaining the gap closure ([2], [3] and [4]).

3. GAP CLOSURE PHENOMENA AND MODELLING HYPOTHESES

Based on experimental results ([15], [16] and [17]), we have identified two gap reduction phenomena occurring at the
beginning of irradiation and leading to the gap closure. The first one, already well known, is related to the pellet fragmentation

(Figure 1 a). The second one that we proposed is related to the mass transfer associated to the fuel restructuration (Figure 1 b).



a) Fuel fragmentation b) Fuel restructuration [18]

Figure 1 — Phenomena responsible of the pellet-to-cladding gap reduction

3.1. Fuel fragmentation

Pellet fragmentation under LWR irradiation conditions and its consequences on the fuel pellet fragment relocation and gap
closure have been studied in references [20], [21], [22] and [23]. A mechanical model of a single pellet fragment is proposed in
reference [24] in order to assess stress and strain fields in a 1D PWR fuel performance code. However, relocation models
proposed by all these authors remain empirical with a fit of parameters derived from the integral experimental results. The
objective of this new work is to derive the constitutive equations of the relocation model from the mechanical analysis of the
fragmented pellet. Thanks to this approach the analytical expression of the relocation strain, given in section 5.2.1, can be
justified with each physical aspect involved in the pellet to cladding gap closure induced by pellet fragmentation.

Fuel fragmentation is the first phenomenon that appears during irradiation due to a high radial thermal gradient reaching
several thousands of kelvins per centimetre as mentioned in reference [19]. More precisely, the pellet cladding differential
thermal expansion leads to a first reduction of the pellet-to-cladding gap size (cf step O-1 in Figure 2). Then, the
thermomechanical stresses, induced by the thermal gradient, exceeds the fuel rupture strength. The pellet fragmentation
implies that the elastic strains under the thermal gradient generate a curvature of the inter-fragment surfaces as shown in
Figure 2 step 2. This curvature and the contact condition between pellet fragments explain a significant increase of the radial
relocation displacement in comparison with an un-fragmented pellet (AU, on the Figure 2 below). Moreover, the thermal
gradient leads to the well-known “hourglass” shape (see for example [25] and [26]) of the pellet as illustrated in Figure 3 (a).
The axial curvature of the pellet fragment increases significantly the radial relocation displacement at inter-pellet plane
allowing to first close the pellet-to-cladding gap at this plane. Hence the pellet-to-cladding gap size also depends on the axial

position between the mid and the inter pellet planes as illustrated in Figure 3 (b).

‘ Step O-initial pellet ‘

Step 2-Fragmented pellet with curved
surfaces due to the thermal gradient

Step 1-Thermal expansion of the
un-fragmented pellet

Figure 2 — Impact of thermal gradient on fragmented and un-fragmented pellet
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Figure 3 — Representation of the hourglass shape [25] and [26]

3.2. Fuel restructuration

The fuel restructuration and the associated central hole formation are also due to high temperatures and high radial thermal
gradients occuring in SFR fuel pins. These modifications of the material are induced by pores migration toward the fuel center
(higher temperature). This migration is due to an evaporation-condensation mechanism, where oxydes molecules evaporate
from the hottest free surface of a pore or a microcrack, then diffuse through the gaseous phase and finally condense on the
coolest free surface. This migration process is activated when the temperature exceeds 1800 °C [15]. During their migration
toward the center, pores sweep grains which induces a fuel restructuration with a columnar grains microstructure [15]. This
restructuration mechanism has been proposed according the ceramographic observations where we can see some small voids
found in the trace of the edge of the lenticular void according a migration direction toward the pellet center (see Figure 4 from
reference [16]). Then, due to this oriented migration process it has been deduced that pores gathering in the pellet center lead to
the central hole formation as illustrated in Figure 4. In reference [16] porosity migration is mainly attributed to lenticular voids
which were supposed to be initialy disc-shaped pores due to the fabrication process. This geometrical modification from a disc-

shape to a lenticular shape has been explained in [16] through a 2D simulation of the vapour phase transport.

Migration of Lenticular pores from the
coolest part to the hottest part

Restructuration zone (T = 1800°C)

. ‘ coolest
L Yodm,
- ey
Sens [16]
7T
- -

<« Porosity
=% Mass
\
-

Figure 4 — Evaporation-condensation phenomenon

Concerning the migration of free volumes induced by cracks, the comprehension of the evaporation-condensation mechanism
is still a difficult issue. As illustrated in Figure 5, the fuel restructuration allows to partially heal cracks initiated at the first
power increase. To explain crack healing, Bain [27] has suggested the grain growth occurring after irradiation. Other authors
[28], [29] suggest that the healing process is controlled by a mass transport phenomenon (diffusion or evaporation-

condensation) independently from the grain growth. According to Hoffmann [17], the main mass transport phenomenon
4



involved in crack healing under SFR irradiation condition is evaporation-condensation. To explain the healing process induced
by the evaporation-condensation mass transport, Sens and Hoffmann [16] [17] suggested that cracks act like a source of
lenticular voids, near the free surface, which then migrate in the bulk by evaporation-condensation under the thermal gradient.
This explanation was based on experimental observations where a lot small lenticular voids were observed near the crack
surfaces (see Figure 3 in [16] and Figure 1 in [17]). If we refer to these experimental results it seems that manufacturing pores
and crack free volumes both lead to mass transport through an evaporation-condensation mechanism, however the associated
pores velocity can be different. Indeed in the case of cracks we need to add the time needed for the void nucleation in the bulk.
In this work, we will assume that this nucleation time is negligible, which means that the pores velocity will be the same for

both cases (see advection equation (10) in section 4.5.1).

Figure 5 — Crack healing by production and migration of lenticular pore [17]

Micrographic analyses (see for example Figure 5) suggest that the mass transfer and associated crack healing in the
restructuring zone increases this zone volume and consequently the circumferential opening of the cracks in the periphery.
These last point can explain an increase of the pellet diameter in comparison with an un-restructured pellet and then to a
closure of the pellet-to-cladding gap.

Based on this observation, we have proposed a coupling mechanism between mass transfer and fragments radial relocation to
properly simulate the gap size reduction (see Figure 8). In this mechanism, we consider that the fuel dense volume leaving the
pellet center by evaporation-condensation is decomposed into two parts: one part fills the manufacturing pores and the other
one being layered between the pellet fragments (see red parallelepiped in Figure 8), both in the columnar grains zone where the
fuel has been restructured. According to this proposal, the volume change of the restructuring zone will lead to the radial
fragment relocation (Figure 8). In this approach the mass conservation principle is considered independently from the

mechanical displacement field, which means that the relocation displacement contribution refers to an initial configuration.

4. 3D SIMULATION OF GAP CLOSURE PHENOMENA

4.1. 3D simulation

In order to evaluate if the two previous identified mechanisms (fuel fragmentation and mass transfer) enable to describe the
pellet-to-cladding gap size evolution, a 3D model has been proposed. The pellet fragmentation is described thanks to a 3D
finite element mesh of a single fragment and appropriate boundary conditions as proposed for pellet cladding mechanical
interaction simulation [13]. On the other hand, an extension of this 3D approach has been proposed (see section 4.5) in order to
model the fuel restructuration relocation mechanism presented in Figure 8. This multi-physics 3D simulation has been realized
thanks to a one-way coupling process between the 1.5D code GERMINAL and the 3D prototype application LICOS, both in
the PLETADES numerical platform [14].



4.2. Geometry and boundary conditions

Based on the PCI modelling assumption [13], the modelled fragment represents 1/8 of the fuel pellet and its associated piece of
cladding in order to maximize the pellet hourglass shape magnitude. Axial and circumferential symmetrical considerations
allow us to study only one quarter of this pellet fragment. Looking at Figure 6, symmetry boundary conditions are hence
applied on the surface S5, S3, S4. and S4,,. The mechanical interaction with the rest of the fuel pin is modelled thanks to the
following boundary conditions:

+ At the inter-pellet plane S5, : U, = 0 (allowing to simulate the “hourglass™ shape),

* At the inter-fragment plane S3,: Uy = 0 (allowing to simulate the effect of the pellet fragmentation as illustrated in

Figure 2),
»  Between the pellet and cladding when the contact is established on S6,, and S1. : contact with friction,
¢ Pellet median plane and cladding median plane are submitted to a kinematic relation congruent with the generalized

plane strain hypothesis (U, = Up on S2, and Uz = Uc on S2,), with a locking condition of the two planes when the

pellet-to-cladding gap is closed (Up - Uc = constant).

1 864

|

Figure 6 — 3D representation of a SFR fragment of pellet and its associated piece of cladding

4.3. Physicochemical and thermomechanical coupling scheme

To take into account the physicochemical state in our 3D model, we used a one-way coupling scheme between GERMINAL
and LICOS. This method allows us to use as input of the 3D scheme, some physical variables pre-computed by GERMINAL.
Only the physical variables required for the thermomechanical computation are concerned by this coupling. We hence have

selected the following coupling variables:

. gas content and pressure in the pellet-to-cladding gap
. Sodium coolant temperature

. mean power density and burnup in the pellet

. mean pellet porosity

. fuel densification and swelling under irradiation

. columnar grain radius

. central hole radius



All these input data are time and sometimes space dependent. Concerning the latter case, the 3D input field is built from the 1D
GERMINAL output field thanks to a kriging technique based on an axisymmetric cylindrical geometrical assumption [30]. The
3D thermomechanical LICOS computational scheme solved at each time-step is represented on Figure 7 where pre-computed
data coming from GERMINAL are prescribed as external irradiation loadings. An internal thermomechanical convergence

loop is performed. In case of thermomechanical resolution divergence, an adaptive time-step algorithm is then used.

Ly, At
-
Evaluation of At
j=1
ty =ty + At
Time step reduction 2 1
At At
- —
2
yes j=jit1
J < Jmax Time step initialization
Non convergence o Jmax= led
na i =1
—L yes
L<Imax
Imax =50 § =i+1
Thermal
Mechanical
Convergence
no
yes
t-l“_fz

Figure 7 — LICOS thermo-mechanical computational scheme

The following sections are devoted to the description of each model of the 3D computational scheme.

4.4. Thermomechanical models

The 3D scheme uses the same mechanical and thermal models than GERMINAL ([1] and [31]).

4.4.1. Thermal model

The thermal model allows us to determine the variation of the temperature field by solving the heat equation in the pellet and

the cladding:
PCp Z—Tt = div()\gradT) + pv @

With T the temperature, p the density, ¢, the heat capacity, A the thermal conductivity and p, the mean power density in the

fuel.
7



The thermal flow through the gas present in the pellet-to-cladding gap is calculated as follows:
¢ = h(T' €gap) Xgy Ra )(Tclad — Tpeltet) 2

with h(T, egap Xgp Ra ) the nonlinear heat transfer coefficient homogenized which depends on the temperature T, the gap size

€gqp» the gas composition X, and the contact roughness R, in case of a closed gap (see reference [1] for more details on the
L

mathematical expression of h), Taq is the internal surface temperature on the cladding and Tpeper the external surface
temperature on the pellet. In the computation scheme of section 4.3 the thermo-mechanical coupling, induced by the heat
transfer through the gap, is assessed with the local radial gap size, which depends on the circumferential and axial positions
and is a result of the 3D mechanical computation.

The studied pellet fragment and the associated cladding are submitted to thermal loadings which are derived from the one way
coupling method explained previously, namely:

- Mean power density induced by fission reaction applied as a power source in the pellet "p,".

- Sodium coolant temperature applied as Dirichlet boundary condition on the cladding external radius S6. (see Figure 6).

4.4.2. Mechanical model

The displacement field is calculated through the resolution of the nonlinear static equilibrium (equation (3)) thanks a weak
formulation with the finite element method. The double bar on top of a symbole denote a second order tensor.
dive = 0in Q
G =Zimpon 001 gychas, 80, N 80, = @ and 90 U R, = 00 3)

—

M€ = Uiy, on 09,
We consider a domain Q of boundary dQ. This boundary is partitioned into two disjointed parts dQt and partial dQu on which

imposed displacement I_J)imp and imposed forces fimp are respectively applied.

The material behaviour is given by the following constitutive law:

% — E: (%tot _ %th _ %plast __ =creep __ %swell) 4)

The mechanical model allows to take into account the material stiffness cancelation due to the central hole resulting of the

pores migration toward the pellet center (equation (5))

all

=0 5)

where E is the Hooke fourth order tensor, £t is the total strain rate according to the small strain assumption, £ is the thermal

expansion strain rate, P13 is the plastic strain rate, £7°°P is the thermal and irradiation creep strain rate and £5"ell

is the strain
rate induced by the isotropic irradiation swelling. Strain rate expressions are proper to each material (fuel or cladding).
Mechanical loading boundary conditions are defined as follows:

- Pressure imposed on S1,, S6;,, S3,, and S1. due to fission gas release (see Figure 6 for surface names).

- Axial resultant (on S2,, and S2) due to end effect of the internal pressure imposed on the cladding and pellet median planes.

4.5. Time step initialization : fuel relocation by mass transfer

4.5.1. Mass transfer geometrical representation

The 3D mechanical formulation presented in previous sections doesn’t allow us to simulate directly the mass transfer

mechanism proposed in section 3.2 (see Figure 8). The fuel relocation induced by the mass transfer is then simulated by a fuel

8



volume expansion of the restructured zone. According the assumption that this volume expansion doesn’t affect the pellet
fragment internal mechanical equilibrium, the associated geometric transformation is performed outside of the mechanical
computation, in the time step initialization model (see Figure 7). The geometrical transformation is calculated at each time step
as a function of the dense volume to be inserted between fragments. This volume is assumed to have a parallelepiped shape.

Considering the mass transfer mechanism proposed in section 3.2, the fuel dense volume V¢ transfer Which migrates in the

man

restructuring zone (see Figure 8), can be decomposed as the sum of a volume Vi nsfer

that migrates into the

manufacturing pores and another volume Vil . filling the zone between pellet fragments (see Figure 8):

— fill
VmaSS transfer (t) - nn;‘:sfls transfer (t) + Vn'lnass transfer (t) (6)

According the mass balance equation, the total dense volume transferred Vi,.sstransfer 15 given by the central hole volume

Vhole> computed for the initial geometry, and the initial manufacturing porosity pipi" as follows:

Vinass transfer () = Vhole (D (1 — pipi™ 7
The potential volume available for the mass transfer between the pellet fragments V! can be defined from the fuel pin
geometry at the first order as the free volume in the pellet-to-cladding gap when the restructuring process begins (i.e when the
maximal temperature exceed 1800 °C). Indeed, before the pores begin to migrate, the gap size is mainly reduced due to the
thermal expansion of the fuel pellet. Hence, we take in consideration the pellet and cladding differential thermal expansion up
to a temperature of 1800 °C to determine this potential volume fraction available for filling the zone between pellet fragments
(Figure 8). This differential thermal expansion has been computed under the assumption of an isotropic elastic behaviour, a
plane strain condition, axisymmetric condition and no external forces according the analytical solution given in the further
section 5.2.1.2 for a full or an annular cylinder. For the numerical application we consider fuel central and external

temperatures of 1850°C and 900°C respectively, and a constant temperature of 500°C in the cladding.

Crack healing

Before irradiation After pellet fragmentation and central
hole formation

man

Manufacturing porosity Piy;

i Viestrt Restructuring volume :
3 B T " zone where T > 180026

Vhote - s | J— .

g -
& J S VL ransfer: Dense mass volume

e — having migrated between fragments
1Y Ref [18]

y
T;t_u_i__/\?; Thermal expansion

man . i
Vinass transfer - D€NS€ Mass volume having

migrated in the fuel matrix UPuD2

Figure 8 - The potential volume fraction available between pellet fragments

The initial filling porosity associated to the volume Vil is defined with the volume fraction as following:

fill
fill _ 4 (8)
Pini =

Vpellet(trestructuring)
Where Vijje; is the volume of the pellet and tresiructing 1S the time when the restructuring process begins.
The total initial porosity available for migration is then:
Pini = Phni" + DPhi ©
The initial fabrication porosity and the potential volume fraction available for filling the zone between pellet fragments are
assumed to be constant in the pellet. As proposed in section 3.2 we assume that the porosity velocity under the evaporation-

condensation mechanism is the same for manufacturing and filling porosities. Then, if we refer to the migration equation (10)
9



and the mathematical demonstration proposed in section 5.2.2.1, the ratio between the filling porosity and the total porosity

remains constant and is equal to its initial value yjp;:

ap( i,t) . —
22258 = —div (V0 Op(x; 1)) (10)
P _ plil (11)

p(x,) Pini Vini

Where x; are the spatial coordinates, v, is the speed of lenticular pores associated to the volume fraction of manufacturing and
filling porosities ([32], [33], [34] and [35]).
Then, knowing at each time step the central hole volume in the initial configuration (V},1. given by the pre-computed data of

GERMINAL) and the ratio Yjy;, the dense volume vgi};ss wransfer 1Nserted between the fragments can be deduced as follows:

Vr?lla{ss transfer () = Yini Vmass transfer () = ¥iniVhole () (1 — pin{" (12)

Finally, the restructured zone expansion transformation is derived from the parameter e giving the thickness of the volume
VAL ansfer under the hypothesis of a parallelepiped shape.

fill
1 Vmass transfer (13)

e=——
ZNbfragment h(Rco1—Rhole)

where h is the fuel height, R.,; and R;,,e are respectively the radius of the columnar grain zone and of the central hole in the
initial configuration and Nbgagmene is the number of pellet fragments, which is equal to 8 following our geometrical
assumption in section 4.1. The factor 2 comes from the symmetry of our 3D geometry. In order to obtain a better assessment of
the parameter e, the radii R¢,, and Ry given by GERMINAL have been upstream adjusted in order to obtain more accurate

radii corresponding to experimental measurements realized in post irradiation examinations.

4.5.2. Displacement field for the relocation transformation simulation

The displacement field U used to prescribe the geometrical transformation of section 4.5.1 to the finite element mesh is defined
in a cylindrical basis (u, ug, u,) according to the following assumptions:
* Radial and axial displacements are equal to zero
*  Circumferential displacement is equal to zero outside of the restructured zone
In order to avoid finite element mesh degeneration, the ug component is chosen to be a linear function of the polar angle 6
defined as:
ug = ab+b (14)
a and b being defined such as, equation (14) respects the geometrical symmetry and the prescribed displacement defined by the

parameter e in the previous section (13):

ug(0=0°) =0 (15)
ug(6 =22.5% = e

From equations (14) and (15) the displacement field in the restructured zone [Ry e ; Reo1] is computed as:

Up = ex—, 0 €[0;22.5] (16)
22.5

u- =0

u, =0

10



The displacement field U, equation (16), represents the total geometrical transformation associated to the mass transfer from
the beginning of irradiation. Then at each time step, an incremental transformation of the mesh coordinates is defined as
follows (see illustration in Figure 9(a)).

X(ty) = X(t;) — u(ty) + u(ty) (17)
with x the mesh coordinates and (t;;t,) the beginning and the end of time step respectively. As the mesh coordinates
modification (17) is made outside of the mechanical computation (Time step initialization model in Figure 7), the unilateral
contact boundary condition defined on the inter-fragment plane along the restructured zone has also to be updated at the

beginning of each time step with equation (18) (see Figure 9 (b)).

ull(r, 0 = 22.5°,t,) = up(r, 0 = 22.5°,t,) + ub"C(r, 6 = 22.5°,t,) < 0 o
& ugF(r,8 = 22.5%1t;) < —up(r, 8 = 22.5%t,)
MEC

where ug - is the circumferential displacement solution of the thermomechanical problem and ug the displacement prescribed

to simulate the volume expansion induced by the mass transfer in the restructured zone (equation (16)).

(a) Time step initialization
ti(t) + WMEC (2,) -

(b) After thermomechanical resolution

- i -

> Symmetry
uMEC (t,) — UMEC(ty)
Figure 9- Illustration of the mesh transformation due to field displacement U before and after update of the unilateral

condition

Thanks to this updated unilateral condition, the effect of the mass transfer transformation will induce the fuel fragment radial

displacement and hence the reduction of the pellet-to-cladding gap during the mechanical resolution.

4.6. Application and results

In this section, 3D results obtained with the proposed formulation are presented in order to discuss the contribution of each
radial relocation mechanism, namely fuel fragmentation and the mass transfer phenomenon. A comparison with experimental
results for full and annular pellets is also proposed. These experimental results are coming from four irradiation experiments
achieved in the French SFR PHENIX :

- Full pellets: fuel pin N°1 and fuel pin N°2

- Annular pellets: fuel pin N°3 and fuel pin N°4.
Irradiation history of these four pins are presented in Figure 10 with the normalized linear power evolution, and some physical
data are given in Table 1. 3D simulations have been performed on these four pellets that differ from both their irradiation
condition and geometry. The computation-experiment comparisons are based on the columnar grain zone radius at the end of
irradiation. Indeed, this parameter is strongly correlated to the maximal temperature reached in the fuel center at the beginning
of irradiation, as the migration process leading to the fuel restructuration is only activated when the temperature exceeds
1800°C. Then the validation based on this radius gives an indirect validation of the thermal computation and its coupling to
other phenomena occurring under irradiation. The main objective of these comparisons is to discuss the validity of the fuel
relocation and gap closure mechanisms proposed in section 3. As mentioned before, the radii of the central hole and the
columnar grains zone given by GERMINAL have been adjusted upstream only in order to compute as accurately as possible
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the parameter e (avoiding for example error compensation in the GERMINAL multiphysics computational scheme). Then the
output columnar grain zone radius derived from the 3D computation of the temperature will enable us to assess the validity of
the proposed relocation mechanisms. The final central hole radius measure has not been included in this 3D validation because

this current 3D computational scheme doesn’t have a migration model, and hence cannot estimate its own central hole radius.

1.20
1.00
g
8 0.80 - H ——
T — fuelpn
£ | [ 1
= 0.60 - _I —fuelpin2
& 1
E 0 40 . | | f .
£ 0. { : fuelpin3
z
0.20 Jl - fuelping
0.00 ‘I 1 T = T T 1
0.00 0.20 0.40 0.60 0.80 1.00 1.20
Normalized time
Figure 10- Normalized linear power history
Pellet Cladding Coolant
mm mm mm % mm mm K
inner outer Initial inner outer
Fuel pin diameter diameter height porosity diameter diameter |temperature
1 0 2.72 12 4.4 2.82 3.27 672
2 0 2.71 12 4.3 2.82 3.27 667
3 0.98 3.65 4.4 3.75 4.32 678
4 1.03 3.56 3.6 3.68 4.25 685

Table 1: physical data of the four fuel pins

To highlight the separate impact of the two proposed mechanisms (pellet fragmentation and mass transfer), we compare the

columnar grains zone radius obtained at the end of irradiation for each pin in three different cases:

- Case 1 : un-fragmented pellet under thermal gradient,

*  Hourglass effect

Case 2 : fragmented pellet under a thermal gradient,

Case 3 : fragmented pellet under a thermal gradient with the mass transfer relocation contribution.

As explained previously (see section 3.1) the hourglass shape of the pellet lead to a variation of the pellet-to-cladding gap

between the mid-pellet plane and the inter-pellet plane. In order to quantify the impact of this variation on the fuel temperature

at the mid-pellet plane, we have compared the 3D results at the end of the first power increase with a fragmented pellet with

12



and without hourglass shape'. As shown in Table 2, the relative error obtained between these both cases is negligible. Then, in

the following sections the relocation displacement induced by the pellet fragmentation won't consider the hourglass shape

effect.
Pellet
relative error Fuelpinl Fuelpin2 Fuelpin3 Fuelpind
('I'{:}Jeudr[;&;b?Ime_-rmmmn p]anc)*loo 0,573% 0,574% 0,778% 1,143%
mediab-plane
hourglass
dian—pl .
Tll\r;irlgalgssp "€ (Kelvin) 2616 2753 2629 2546

Table 2 : Comparison of fuel maximum temperature reached at the end of the first power increase at the median plane

with and without the “hourglass effect”

»  Fuel radial displacement induced by fragmentation
If we compare in Figure 11 the results for cases 1 and 2 we can observe a significant decrease of the computed columnar
grain zone radius. This impact can be further analysed through the Figure 12 where during the first power increase (see linear
power history in Figure 10), the pellet fragments relocation induced by the thermal gradient reduces the gap thickness in
comparison with an un-fragmented pellet. This radial relocation displacement can be better observed through the 2D
visualization at the median plane (see Figure 14) for a full and an annular pellet. This is due, as explained in section 3.1, to the
curvature of the pellet fragment free surfaces under the radial thermal gradient. As a consequence the maximal fuel
temperature reached at the end of the first power increase is lower for a fragmented pellet in comparison to an un-fragmented
one (see Figure 13). But as we can see on Figure 11, despite the fragments radial relocation induced by the thermal gradient
has been taken account, the columnar grain radii obtained are still too high compared to experimental measures. Indeed, the

thermal gradient relocation displacement is activated only during the power increase. When the maximal power is reached,

only solid swelling due to irradiation (£5"¢!l

, see equation (4)) allows us to reduce the gap size, but it’s negligible (cf. Figure
12). Therefore the maximal fuel temperature still increases (see Figure 13) due to the fissions gas release which tends to
degrade the thermal transfer in the gap. These results show that another mechanism is needed to properly represent the gap size
evolution and the fuel maximal temperature after the first power increase.
¢ Mass transfer impact

As we can see in Figure 11, when the mass transfer relocation mechanism is introduced (case 3), the computed restructured
zone radii are in good agreement with experimental results. The maximal radius of the restructured zone is reached at the end
of the first power increase, when the mass transfer just starts. After this first power increase, the mass transfer relocation
displacement leads to the gap size reduction and then, by consequence, the maximal fuel temperature decrease as illustrated in
Figure 12 and Figure 13. Thanks to the 3D visualization reported on Figure 15, we can observe the cracks opening in the pellet

periphery due to the restructured zone volume change implemented in the 3D model (see section 4.5).

' To model a fragmented pellet without hourglass shape the unilateral boundary condition imposed on the inter-fragment

surface (55, see Figure 6) is changed in a symmetry boundary condition.
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Columnar grains radius obtained with the 3D simulation

1.1
e Case1l Un-fragmented pellet
1 & » Case2 Fragmented pellet
& A s Case3 Pragmented pelletand
0.9 ® mass transfer relocation
A — Fuel pin1
0.8 .‘ - — Fuel pin2
Fuel pin 3
0.7 A
O — Fuel pin4
0.6
0.5 Columnar grains measured
0.5 0.6 0.7 0.8 09 1 1.1
Figure 11 - Comparison of columnar grains radius between 3D finites element and experimental results
(radius/3.1e-3 m on x and y axis).
Gop _E% Gap e
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1 —Gap size : un-fragmented 1 4 —Gap size : un-fragmented pellet
pellet
0,8
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04 S
02 T — —Gapsize : fragmented pellet Gap size : fragmented pellet and
and mass transfer gamma 0.2 1 mass transfer
0 & i e - )
i o
] 0,2 04 06 0,8 1 1,2 Time . P e o of 08 1 1y Tme —
a) Fuelpinl (e.x = 105um; ty,.x = 45 days) b) Fuelpin2 (eax = 119um; t.x = 127 days)
€oa [

—Gap size : un-fragmented 1,2
pellet
L2 —Gap size : un-fragmented
pellet

—Gap size : fragmented 08
pellet

0,6 —~Gap size : fragmented pellet
——Gap size : fragmented 94 N
o pellet and mass transfer 0,2 8 - —Gap size : fragmented pellet
i i and mass transfer
’ 0 02 04 06 08 1 12 Time —— o ' ——— t
t d y " i e 0 0,2 04 0,6 0,8 1 Time o0
¢) Fuelpin3 (eax = 96.5um; t.x = 35 days) d) Fuelpind (epax = 134pm; ty,.x = 45 days)

Figure 12 — Gap size evolution
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Figure 13 — Fuel maximum temperature evolution

Al : relocation displacement

Al = relocation displacement

Surface inter-fragment
curvature

Surface inter-fragment
curvature

Mid pellet plane
(a) Full pellet (b) Annular pellet

Figure 14 — Visualization of thermal gradient impact on the pellet displacement for a fragmented and an un-

fragmented pellet at the median plane

Crack healing

Crack healing

Restructured
1one

Restructured zone

Central hole
formation

Central hole evolution

Initial central hole

opening of cracks in periphery

opening of cracks in periphery

(a) Full pellet (b) Annular pellet

Figure 15 - Visualization of the mass transfer restructuration process
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To conclude this section, 3D numerical results confirm that the pellet fragmentation relocation displacement is necessary but
not sufficient to obtain a good assessment of the fuel maximal temperature. Moreover, it has been shown that the radial
displacement due to the hourglass shape has a negligible effect on the temperature at the median plane and won't be consider in
the sequel. The other relocation mechanism, based on the fuel mass transfer in the restructured zone as proposed in this article,
improves significantly the results and gives us a physical understanding of the pellet-to-cladding gap closure phenomenon after
the first power increase. Thanks to these promising results, a 1D relocation model taking separately into account the two

identified phenomena is proposed in the next section.

5. NEW ID MODEL FOR THE PELLET CLADDING GAP CLOSURE IN THE GERMINAL SFR CODE

5.1. Multi-physics coupling formulation in GERMINAL

Based on the two mechanisms highlighted in the 3D model (see section 4), a new 1D formulation of the relocation model and
its coupling formulation with the GERMINAL multi-physics computational scheme have been established. The original multi-
physics formulation of GERMINAL (see Figure 16 from reference [1]) has been adapted in order to replace the fuel pellet
fragments relocation model and to improve its coupling formulation with fuel restructuring model (including porosities radial

migration and central hole formation modellings).

Global resolutions needed by the local resolutions to come
—=> Simplified thermal-hydraulics of coolant channel
Determines the boundary conditions for the local thermal analyses to come: cladding outer
temperature in each axial slice.
N.B. Preliminary resolution for a stationary analysis only. For a transient analysis, coupled
resolution with fuel pin thermal analysis.

Local resolutions <> Loop on axial slices
=> Neutronics
=> Calculation of average Oxygen to Metal ratio in fuel slice (burn-up dependent)

=> Local convergence loop
—» Thermal analysis of fuel and cladding
Coupled with coolant thermal-hydraulics for a transient analysis
— Thermally activated fuel physical processes
~ Oxygen radial migration with specific update frequency
~ Fuel irradiation shrinkage
~ Fuel swelling (gas and solid swelling)
~ Fuel pellet fragments relocation
~ Gaseous and volatile fission products behavior
Includes “Joint Oxyde-Gaine” formation.
—» Mechanics of fuel and cladding

—> Oxygen potential calculation with specific update frequency

=> Major actinides radial redistribution with specific update frequency

=> Fuel restructuring: porosities radial migration and central hole formation
with specific update frequency

Global resolutions needing the previous local resolutions
—> Plenum gas composition and pressure
=> Fuel column axial relocation
=> Cladding internal and external corrosion
=> Fuel column compression spring reaction

Figure 16 - One-time step resolution by GERMINAL [1]
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This new formulation is explained below through equations (19), (20), (21) and (22).

Heat equation

T(T™, p) e (19)
pCp — - = div (?\(p)gradT( )) +py
Migration/advection equation
ap(T) 20
Sy —div (vp(T)p(T)) (20)

Relocation strain equation

Erelocation (T, p) — Srelocamon(T) 4+ F =relocation r(p) (21)

frag €mass transfe
Static mechanical equilibrium equation and boundary conditions

divo = 0in Q
on= Eimp on aﬂT (22)

“mec — T
u™¢ = Ui, on 9Q,

suchas, dQr N dQ, =@ and 9O U IQ, = 9Q

with the following constitutive law :

E E (—tot(—’meC) —th (T) Splast(T p) creep (T p) _ stell(T) relocatlon (T p)>

If the node is localized in the central hole:

5=0 23)
o

with p is the density (g/m?), Cp the heat capacity (J/K), A the thermal conductivity (W/ m.K), p, the local nuclear power
density (W/m?), p the volume fraction of porosity (manufacturing and filling porosities), v, is the average migration speed of

pores coming from both manufacturing and filling volume ([32], [33], [34] and [35]), U™®C is the mechanical displacement

=relocation

field, Eclocation 4pg grelocation . “are the relocation strains related respectively to the pellet fragmentation and to the mass

Sfrag
transfer. As we can see the constitutive equations (19)-(23) are directly or indirectly coupled to each other mainly through the

variables T, p and u™e¢

as following :
» the kinetic of pores migration is controlled by the temperature.
» the relocation strain related to the mass transfer and to the pellet fragmentation depends on the pore volume fraction
and on the temperature respectively.
* the mechanical displacement depends on the relocation strain, the temperature and porosity through the inelastic
strains.
» the thermal state depends on the mechanical displacement and the porosity via the pellet-to-cladding gap heat
exchange and the thermal properties .
The new fuel pellet fragments relocation model and its coupling formulation with the porosities radial migration and central

hole formation models are detailed in the following sections.
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5.2. New Fuel pellet fragments relocation model and coupling formulation.
As discussed in sections 3 and 4, the new relocation model is composed of two strains (see equation (21)), one related to the

impact of the thermal gradient on a fragmented pellet and the second one related to the impact of the mass transfer in the

restructuring zone. In the following sections, constitutive equations of these relocation strains are presented.
5.2.1. Relocation strain induced by the pellet fragmentation

5.2.1.1. Mechanical formulation

The pellet “hourglass” effect is not considered in our 1D model. Indeed, as illustrated in section 4.6 (results in Table 2) its
effect on the temperature is negligible at the mid plane where the maximal temperature is reached. Then the fragmentation
relocation strain describe the radial displacement induced by the contact between pellet fragments (see Figure 2)
The fragmentation relocation strain is assessed thanks to the difference of the displacements (namely “AU.” in Figure 2)
between an un-fragmented and a fragmented pellet submitted to a thermal gradient. In our approach, we have considered initial
full and annular pellets with the following assumptions:

e 2D representation in the (r, 6) plane.

* Isotropic elastic behaviour

* No external forces, only thermal loading
Each radial displacement "U," is obtained by solving a mechanical system (24) with a displacement approach for the

fragmented and un-fragmented pellet, considering an annular and a full geometry for both.

diveo=0 24)

5= v = _ =th\] o (5 _ gth

6 =2G (Etr(s -+ (E-¢ ))

= 1[(—,— =I‘ —>

€= ;(grad(u) + grad (u))
where G and v denote the shear modulus and the Poisson’s ratio of the pellet, £ and £ are respectively the total strain tensor
and the thermal strain tensor, U is the displacement field and G the stress tensor.

Thermal strains are introduced through a stress free strain field " (r) defined in equations (25) and (26) for an annular and a

full pellet under steady state thermal condition.

g™ = (T (@) — Te)T = &R (T + &y (0]

) = A(Tan () = To)T = BHET+ 25 (T (25)

where Tgy (r) and T,,(r) are respectively the radial temperature field for a full and a annular pellet, T, is the initial
temperature of the pellet with a uniform spatial distribution, a is the thermal expansion coefficient, 1 is the unit second order
tensor, (ﬁ};\]}]](r), gth (r)) and (Egjn (), &R (r)) are respectively the non harmonic and the harmonic distribution of the thermal

strains for a full pellet and annular pellet. The splitting of the stress-free strain field to a nonharmonic and harmonic
distribution is imposed by the resolution method of the fragmented pellet problem. In the latter the total displacement is
derived from the sum of two analytical solutions : one for an harmonic stress free strain and the other one for a nonharmonic

stress free strain (see equations (A- 8) and (A- 9) in Appendix 2).
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ath
) = '

~th _ _full 26

€l = &1 (26)
full 0(( Tfull(o)_Tfull(Re))

such as : & = Re2

ghill = _gfullgz 4 eTfull(R ) —T,)

eth(r) = §"r?
gh(r) = " In(r) + &° (27)

( _ o TA(R)-T?"(Re))

(R2-R?+2R? ln([[:—;))
€3l = —2e3NR?
L el" = —e3"(RE - 2RfIn(R.)) + a(T™(Re) — To)

&g =

such as :

Where R, and R; are respectively the external and internal radius of the pellet.

5.2.1.2. Un-fragmented pellet

By considering an axisymmetric problem for the un-fragmented pellet, we find the following analytical solution (equations

(28) and (29)).

—axi 1 1 rr
ufull-axi () = (1—\;))? fo t(ef! + e2)dt + ar (28)
an—axi — 1 \1 r an an ang?2 b (29)
u? (r) = (1—\))) - fRi t(ef" + &5" In(t) + &5"t)dt +—+cr

where a,b and c are given by the boundary conditions such as the radial stress on the pellet periphery (r = R,) and, for
annular pellet, at the pellet centre (r = R;) equals zero:
Full pellet:

- oI (R,) = 0

Annular pellet:
o ™I(R,) = 0
o (R) = 0
full —axi

where, 630~ and ¢ are respectively annular and full pellet radial stresses derived from the thermo elastic law given in

equation (24) (see Appendix 1 for the expression of the stress tensor components and the constants a, b and c).

5.2.1.3. Fragmented pellet

For the fragmented pellet, where the axisymmetric condition is no more valid, the approach proposed by Muskhelishvili [36]
has been extended. The radial component of the displacement field for a full pellet has already been determined by Sercombe

and al. [37], using the Muskhelishvili approach” (see Appendix 2 for development):

u]{ull—frag(r’ 0) = Sgull [(L)% (for t3dt ) - i [4—Vyflﬂl (G,v)cos(26) + BMI(G,v) Cos(4—9)]r3] (30)

1-v

+efilly 4 % [(4 —4v) cos(0) In ( r) + (2 — 4v)0sin(0) — cos(e)]

To

* for the sake of completeness the analytical developments for a full pellet are given again in the present paper
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As explained in [37], the displacement field is singular at the apex of the full pellet (see function In (rL) with ry > 0 in
0

equation (30)) and is not consistent with the boundary condition uiu“_frag(o, 0) = 0. To overcome this, the latter is
approximated through equation (31) where the parameter r is defined in order to have the same boundary condition for the
average radial displacement at a small radius r = r; ( see Appendix 3 for developments). Then, due to this approximation the
displacement field doesn’t have a physical meaning when the radius is lower than r;.

1
20,

_ 31
up 8 (1, 0)d6 = 0

_em
where, 0, = 22.5° and r; < Re.

Based on works established in [37], we have proposed a new solution for an annular pellet (see Appendix 2 for development):

u?"_frag(r, 0) = &§" [(%)l (er t3dt ) - L [4vyan (G, v) cos(20) + B2"(G,v) cos(46)]r3] +&3r + (32)

e"r(In(r) — 1) + S+ - [(4 4v)cos(9)1n( )+(2—4v)951n(9)—cos(9)]

In the previous equation (30) and (32) yf“", Bf“",A, y2", 2", d and B are the integration constants derived from the following
boundary conditions, equations (33) to (36), for the stress components ( see Appendix 3 for developments of these boundary
conditions).

As explained in reference [37] the stress field is not rigorously statically admissible then the boundary conditions for constants
A, B and d are defined such as the average radial stress on the pellet external radius (r = R.) and on the annular pellet internal

radius (r = R;) equals zero :

Full pellet:
(33)
full frag —

20, f (Re,0)d6 =0
Annular pellet:

1 Om an frag (34)
—_— R.,0)d0 =0
Tom) o (Re, 0)
B an-f8(R,, 8)d6 = 0
20m J g, v

Constants Y, Bfull 3 and Ba" are calculated by considering the following boundary conditions on the pellet fragment free

surface (6 = +6,,):

Full pellet:
full—frag B )
full fragE +9:§ ; g for r; <r <R, )
Annular pellet:
Gan_frag( = for Ry, <r<R (36)
(ReiRi)fRe ofrag 49 Yo O =TS Re
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As mentioned previously the stress field is not rigorously statically admissible, then the boundary condition of the annular

pellet circumferential stress is modified in order to obtain an average value equals to zero on the pellet free surface.

5.2.1.4. Relocation strain

To establish the relocation strain, the difference of displacement between a fragmented and an un- fragmented pellet is first

assessed (see Appendix 4 step 1). As we consider the assumption of a homogeneous relocation strain [1], the latter is derived

from the difference of the maximal displacement, that means atr = R, and 0 = g (see Appendix 4 step 2).

Finally, if we consider displacement solutions given in sections 5.2.1.2 and 5.2.1.3 with constant values substitution (see

Appendix 4 step 3), then the radial displacement differences are:

Aufel (Re'g) = —kge™R, 2 (37

Aud? (Re,g) = —k,,&§" (3%)

Where kg, and k,,, depends on the material and the geometry and are defined in Appendix 4.

We can finally obtain the relocation strain tensor expression related to the pellet fragmentation as a function of the thermal

full

expansion for a full and annular pellet (see expressions of €3 and 3" respectively in the equations (26) and (27)):

_ . Aufull(R,, 39)
Eheaoctun” = —R(e 2 (€ ® &, + 8 ® 8g) = kea( TM(0) — TM(R))(E; @ &, + €4 @ &)

- , Auf™(Re TAN(R))-TA"(Re IR (40)
gpetocaton = 2801) 5 @5 43, @ ) = ko LTI 5 @5, 47, @ )

(RZ R2+2R21n( ))Re

Modification of this solution has been proposed (see equations (41) and (42)) in order to take into account the thermo-
mechanical nonlinear behaviour of the fuel pellet during irradiation. This is done by introducing an empirical parameter Kg;;
which depends on the creep and plasticity material behaviour and should be equal to one in the elastic case. This empirical
parameter kg, has then been fitted on the 3D finite element simulation for the fuel material properties proposed in
GERMINAL [1] in the case of an annular and a full pellet under the first power increase. This kg, parameter needs to be
adjusted for each new non linear behaviour law of the pellet. This 3D simulation is based on the computational scheme

described in section 4.3.

Ereaocation = keekpnal(THU1(0), O/ (0)(TUM(0) — TRI(R,)) (6, ® &, + 86 ® €p) “D

a(TR).O/MRD)(TPRD-T(Re)) o o | > o o (42)
+
(Re?- RiZ+2R; ln( ))Re (€ Q&+ & & ¢o)

=relocation _
Sfrag an kfltkan

The fuel thermal expansion coefficient is temperature and oxygen to metal ratio dependant [1]. The analytical solutions of
equations (39) and (40) consider a constant thermal expansion coefficient. To be consistent with this assumption, the value
proposed in equations (41) and (42) is defined at the inner pellet radius. This choice gives the best fit of parameter ky;; between
the 3D finite element results (where the thermal expansion coefficient is temperature and O/M ratio dependent) and the
analytical solution. On Figure 17 we can see the good agreement between the analytical relocation strain and the relocation

strain derived from the displacement field computed in the 3D simulation.
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Figure 17 Relocation strain evolution related to the pellet fragmentation in function of thermal dilatation for different

geometries: geometry 1

(R; = 0.9775mm; R, = 3.65mm), geometry 2 (R; = 1.955mm; R, = 7.3mm),

geometry 3 (R; = Omm; R, = 2.72mm) and geometry 4 (R; = Omm ; R, = 5.44mm).

5.2.2. Mass transfer relocation strain

As presented in section 3.2 and verified with 3D modelling in section 4, a relocation strain induced by the mass transfer has to

be assessed in this new 1D relocation model.
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5.2.2.1. Computation of the transferred mass

The transferred mass can be derived from the porosity migration phenomenon thanks to the advection equation (20). In the

latter p is the total porosity including both manufacturing and filling porosities.

p(, Y = p™ (1, 0) + p™(r, 1) (“43)

As already introduced in section 4.5.1 the ratio between the filling porosity and the total porosity writes
fill
p™(rY (44)
rt) =———
vt =—-5
pfill

Moreover it is assumed that its initial value is not radius dependent: y(r,0) = yj,; =22 Vr

The new advection equation solved is then:

op(rt) .. r— ~
oo = TAv(Eop®Y) S0

p(r,0) = pfman + pfil

Where W,’(r, t) is the speed of I lenticular pores associated to the volume fraction of manufacturing and filling porosities ([32],
[33], [34] and [35]).

The central hole size evolution during irradiation is derived from solution of equation (45) as follows:

Vhole(® = [, H(p(r, ©))dv (46)

such as : {H(p(r, t)) =1 i_f P(r,t) = Pmax
Hp(r ) =0 if p(t,t) < Prmax

Where pp,ax is the maximal porosity (close to 100%) imposed on the solution of the advection equation (45). In the latter the
pores velocity vy (r, t) is set to zero when p = Pax-
To assess the dense volume transferred between pellet fragments (see Vggss_transfer in Figure 8), we need to compute the

proportion of the central hole volume coming from the filling porosities. Then the volume VIl . - is defined thanks to

equation (47) where we consider only the filling porosity and the initial dense volume located in the central hole:
fill _ i
Vn;ass—transfer(t) = fV H(pml r,o)a - p?ﬁ?n)dv 47)

The evolution of pfil!(r,t), needed to compute VIl . (t), is derived from the assumption that filling and manufacturing

porosities have the same migration velocity. Then the filling porosity pf'(r,t) is the solution of the following advection

problem (48).

b fill € i .
L 7Y Bt(r ) = —dlv(vp(r, tpill(r, t)

pfil(r,0) = pfil

(48)

To avoid solving two advection problems ((45) and (48)), according to the Cauchy-Lipschitz theorem, advection equation of

type (45) or (48) admits a unique solution p € C* given by the following formula[39]:
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P(R(Tini, ), 1) = ]~ (Tini, YPini (49)

t ..
. ](rini; t) = efo div VP(R(rlnpt),S) ds
with: J(rpt=0) = 1

R(rip, ) =r

such as: rj,; € R+ = R(rjy;, t) € R + is the application called flow and J(r;,;, t) is the Jacobian of characteristic flow [39]. The

flow is defined thanks to the characteristics of the advection equation:

{R = Vp (R(t, rini),t) (50)
R(Tjpi, t = 0) = ryp;

fill

According to equations (49) the solution p'" of equation (48) writes:

pillry _ = 51)
ﬁll(r t) =] (rml: t)leplm « Yini =] 1(rini:t)pini
By the same way, we deduce the analytic solution p(r, t) of equation (45):
p(r,t) =]~ (Fini, )Pini ©2)
By identification we can conclude that:
p"(r, 1) = Yinip (1, 1) (53)

According to equations (47) and (53), we can finally deduce the expression of VmaSS transfer @s a function of Vyge:

Vflllss transfer(t) f H(Yinip(r' t))(l - pir?,?n)dV (54)

fill
a4 Vn:ass transfer(t) = YiniVHole(t) (1 - p?ﬁ?n

When the gap is closed, if the mass transfer is still active this will lead to a compression stress in the pellet fragment due to the
increasing volume of the restructuring zone. This phenomenon, which would lead to pellet cladding mechanical interaction at
the beginning of irradiation, has not been observed in post irradiation examination. To prevent this artificial mechanical
interaction the porosity migration process must be completed in order to have reached the maximal value of
Véﬁgss wransfer When the gap is closed. Due to the simplifications of the filling porosity migration process, this stop mechanism

cannot be ensured for all irradiation conditions in the present model.

5.2.2.2. Relocation strain induced by mass transfer

It is now possible to compute the relocation strain thanks to the volume expansion induced by the mass transfer

« VAL nsfer » iN the restructuring zone « Vyegy » as described in sections 3.2 and 4.5.1 :

relocation Vydv \'A 55)
Pmass—transfer = Vo v In V_o
— fill
such as : {Vl = Vo + Vinass transfer
VO Vrestr
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Where relocation s the volume expansion ratio of the restructuring zone, V, and V; correspond respectively to the volume

of the restructuring zone before and after the mass transfer (see Figure 18). In order to consider only the transformation due to
the mass transfer in the finite strain computation of the relocation transformation, the volumes V; and V|, are assessed on an
initial geometrical configuration (without considering the mechanical displacement). The volume of the restructuring zone

Viestr 1S given by a temperature criterion T > Tiqgq (here Tyeger = 1800°C).

: E : : =relocation ‘e o
The relocation strain is assumed to be homogeneous in the plane (r, 0), then the expression of the tensor €, oc iransfer 15 given

as follows:

(56)

=relocation _ 1  relocation = = =
€mass—transfer — ;(pmass—transfer €r ® €r + €o ® ee)

Before mass transfer After mass transfer

I
I
]
[}
I
I
|
|
|
|
I
|
I
I
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I
i

Figure 18- Illustration of the change of volume of the UPuO2 matrix generated by the mass transfer occurring between

the fragments in the restructuring zone.

We finally obtain the following coupling formulation between the relocation strain and the mass transfer occurring during the

central hole formation:

§relocation _ _1 lIl Vrestr"'vf)lql;lss transfer (é’ ® é’ + 8 ® 8 )

mass—transfer — r r 0 0
2 Vrestr (57)

fill _ __ ..man

Vmass transfer — Yinivhole(1 Pini

Where the parameters Vyegir, Yini» Vhole@nd Ping- can be respectively found in the equation (55), (44), (45) and (46).
According to equation (21), the total relocation strain is obtained by summing equations (41) and (57) for full pellet

configuration and equations (42) and (57) for annular pellet configuration.

5.3. Results and comparisons with experimental measurements

The objective of this section is to illustrate the results and the validity of this new relocation model implemented in
GERMINAL. Then, the same annular and full pellets as those introduced in section 4.6 have been considered. Central hole and
columnar grain zone radii obtained at the end of irradiation with the new coupling scheme have been compared to those
obtained with the previous version of GERMINAL but also to experimental measurements.

Figure 19 illustrates our new results regarding the coupling between central hole radius, gap size and fuel maximal temperature
evolution. At the beginning of irradiation (Time < 0.62 in Figure 19) the fuel maximum temperature increases as the linear
power in the pellet. During this first stage we can see a reduction of the pellet-to-cladding gap which is due to the differential

thermal expansion between the pellet and the cladding, and to the fuel relocation induced by the pellet fragmentation as
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described in section 5.2.1. In Figure 19, 20% of the gap reduction during the power increase is linked to the fragmentation
effect and the other 80% are due to the differential thermal expansion. Just before the end of the power transient, the
temperature is high enough (greater than 1800°C) to start the porosity migration process leading to an increasing central hole
radius. Consequently, the gap size decreases significantly, like the maximal fuel temperature. This feedback effect between the
central hole evolution and the gap size is obtained thanks to the coupling formulation between the mass transfer and the fuel
relocation displacement. In Figure 19 we can also see that this second mechanism can lead to a complete closure of the pellet-

to-cladding gap, and then consequently to a reduction of 10% of the maximal temperature.
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(a) Gap size and central hole evolution during (b) Gap size and maximal fuel temperature evolution during
the Irradiation of the Fuelpinl the Irradiation of the Fuelpinl

Figure 19 - illustration of the coupling between the relocation model, gap size and fuel maximal temperature evolution

during irradiation for the Fuelpinl (e,,,, = 113um, T,,,,, = 2266K and R,,,,, = 3.45e — 4m)

In Figure 20, sensitivity to the maximum power level is illustrated through the axial distribution of the central hole and the
columnar grain zone radii obtained by our new formulation and compared with experiments. The results of the simulation are
in good agreement with the experiments for different axial levels considered along the pin, in particular with regard to the
dependence to the fuel thermal regime of these two radii. That proves that our new model and coupling formulation allow to

properly represent the effect of the thermal regime on the evolution of the central hole and the restructuring zone size.

. Rhole
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12 1,2
Central hole radius :
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Figure 20 — Comparison of columnar grains radius and central hole radius obtained with the Fuelpin2 on all axial slices
between GERMINAL with new relocation model and experimental results (Rj,s = 6e —4mand R7)}* = 1.79e —

3m).

As illustrated in Figure 21 with the comparison measurement-simulation, the results obtained with the new relocation model
are very satisfactory for both types of geometry tested (full and annular pellets). Compared to the previous relocation model of

GERMINAL, we can also observe a significant improvement of the simulation results, especially for the columnar grain zone
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radius, for these four pins. These good results and improvements can be clearly attributed to a more physical formulation
where the effect of temperature, mass-transfer and geometry are rigorously taken into account in the constitutive equation of
the new relocation model.

Nevertheless, some improvements are still needed to precisely model intermediate power levels under which the evaporation-
condensation restructuration process is not observed in experiments. Indeed, we can see that the radii of the columnar grain
zone and the central hole are over estimated at bottom and top of the fuel pin where fuel temperature is lower due to power
profile (see Figure 20 and small radii in Figure 21). This problem seems to be linked to an over estimation of the fuel
temperature in these zones which can be the result of an over estimation of the pellet-to-cladding gap or the result of the
uncertainties associated to the thermal properties of irradiated (U,Pu)O, fuel. Regarding the pellet-to-cladding gap different
aspects could be investigated such as:

- To consider fuel temperature variation between the mid pellet plane and the inter-pellet plane in order to compare it
with experimental results for which the axial location in the pellet is unknown (it means to introduce the hourglass
shape effect neglected because of its low impact on the mid pellet plane temperature).

- Another pellet-to-cladding gap reduction mechanism such as gaseous swelling.

Moreover in order to reduce uncertainties the assumption regarding the migration velocity of the filling porosity could be
reconsidered with a detailed modelling of the evaporation-condensation process around cracks.
Despite these limitations, the new relocation model proposed allows to obtain significant improvements with a physically

based formulation where each parameter can be adjusted with a separate effect computation.
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(a) Central hole radius (b) Columnar grains radius

Figure 21 — Comparison of columnar grains radius and central hole radius between GERMINAL, GERMINAL with

the new relocation model and experimental measurements (Ryy;» = 1.215e —3m ; R(;1* = 2.62e — 3m).

6. CONCLUSIONS AND PERSPECTIVES

Some current “1.5D” SFR fuel performance codes have a so-called relocation model to account for phenomena linked to the
pellet-to-cladding gap closure. Indeed, the simulation of the pellet-to-cladding gap size is an issue of primary importance to
obtain a good estimation of the evolution of the fuel temperature. These models are however empirical and cannot provide a
predictive assessment regarding the sensitivity to geometrical and material parameters. In this paper we have proposed a
physically based model enabling to simulate the contribution of phenomena responsible of the pellet-to-cladding gap closure.
Two main phenomena occurring at the beginning of irradiation have been identified thanks to experimental observations. The
first one, quite well known in the literature, is related to the pellet fragmentation and the second one, an original proposition of

this work, is related to the mass transfer induced by the fuel restructuration.
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These mechanisms have been implemented and validated in a 3D model realized thanks to a one-way coupling process
between the 1.5D code GERMINAL and the 3D prototype application LICOS. 3D simulations have been compared to
experimental results for full and annular pellet geometries. Results showed that the mass transfer phenomenon is required to
obtain columnar grains zone radii in good agreement with experimental measurements. A 1D coupling formulation has then
been proposed between porosity migration and central hole formation in order to properly model the mass transfer process.
Hence a new relocation model taking account of the fuel fragmentation and the mass transfer has been implemented. A
homogeneous relocation strain, used in the mechanical model, is obtained. The fragmentation contribution is obtained thanks
to an analytical formulation based on the difference of displacement with an unfragmented pellet. Both full and annular pellet
cases have been considered. The mass transfer contribution is obtained thanks to the volume expansion in the restructuring
zone induced by the filling porosity migration. Comparisons have been performed between new numerical results and post
irradiation measurements of central hole and restructured zone radii. New results obtained with four experimental irradiations
of the GERMINAL’s validation data base are encouraging. They are in good agreement with experimental results and
significant improvements can be expected compared to the previous empirical model. Some limitations remain regarding the
relocation process for lower power level, when no central hole is observed, or after the pellet-to-cladding gap closure. Then, in
order to extend the validity and the precision of our approach some prospects have been proposed to go further in the physical
description of the pellet-to-cladding gap closure phenomenon taking into account for example the hourglass shape effect, the

impact of gaseous swelling or a detailed description of the evaporation-condensation process around cracks.
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9. APPENDIX 1: STRESS TENSOR EXPRESSION FOR A FULL AND ANNULAR PELLET IN THE CASE OF AN UN-
FRAGMENTED PELLET

Un-fragmented pellet

*  Full pellet

o 2G [efull  gfull 2G
offi-ir) = — 2 |5m 5]+ 2
(A-1)
full—axi _ _ 2G ﬂ 3ef! 2G
o0 M =-17 P e
e Annular pellet
an-axiy — _ 2G ﬁ( _R_iz) ﬁ( _Rimy -1 R_iz) ﬁ(z_R_?)] 26 ok
o ™ (r) = — 15 1 =)t In(r) = In(R;) Sto) T )|t ¢ 2Grz
(A-2)
an—axi _ _ 26 ﬂ( R_IZ) ﬁ( R_l2 . l_R_lz) ﬁ( 2 R_;})] 26 b
Oge (r) = |5 \1t+t=)+= In(r) + = In(R;) + 5= 5) T B[+ e+ 2G5
With boundary conditions we deduce the expression of constants for the un-fragmented pellet as follows:
full-axi _ _1-2v ( qann R (A-3)
GI‘% aXl(Re) =0 - a= 2(1-v) (Slu + 3TR(23
_ _ 1=2v [ _an , &"(InRYR{-In(RIRE) 3" | 3" r1no 2
{G?P‘ax‘(Re) =0 RTeEy] R{-RZ s+ (REFR) (A 4)
cdl-aXi(RY =0 __1 anp2 £ (INROR{-IN(RJRZR]) _ £3" no | 5" o2 2
b= a |E1"RE + R 2R +—-Ri(R} +RZ)

We can deduce the following expression of displacement field in function of the temperature for a full and annular pellet:

full—axi _af 1 r (1-2v)r? (Re (A-5)
uy ()= - [—(1_v) Jo Trdr + FEwTY: Js Trdr]

an—axi _ a1 r (1-2V)r’+R} (Re (A-6)
ul ()= - [_(1—\;) fRi Trdr + AR fRi Trdr]
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10. APPENDIX 2: MUSKHELISHVILI METHOD: DISPLACEMENT FIELD SOLUTION OF THE MECHANICAL
EQUILIBRIUM EQUATION ON A 2D CYLINDRICAL SECTOR SUBMITTED TO A THERMAL GRADIENT

This approach consists in describing the displacement field as a function of two potentials (Q(z), w(z)) of the complex
variable z = x + iy. If no body forces are applied to this solid, the two components of the displacement field, denoted by

uy(x,y) and uy(x,y) in cartesian coordinates, can be expressed as follows ([36] and [37]):

uy +iuy =D(2) = —[(3 —4v)Q(2) —z0'(z) —w(2) ] (A-T7)

L
2G
If the derivatives of the two complex potentials are holomorphic functions of the complex variable

f(2)—f(zo)

f'(zo) = lim,_,, , the stress field satisfies the equilibrium equations. An additional term to taking account of the

isotropic stress free strain g™ (see equations (25), (26) and (27)) is then introduced.

The solution for a full and annular pellet is defined as follows: ([36] see indication pp165-170 and [38]

Dei(z) = i [(3 = 4v) Qi (2) — 2941 '(2) — Wen (@) | + Drun(2) (A-8)

+ (253 (07 eea )

such as : Dy (z) = 'z

Dan(2) = 52 [ = 4)0un(2) = 200y (@) = Wan (D) | + Do () (A-9)

+1(()

f\/ﬁ

ang3
R Bt +d>

such as : D, (z) = €%z + €3"(zIn(z) — z)

The displacement field respects the equilibrium equation by construction; Dy (z) and D,,(z) refer respectively to the
solution obtained by considering only the harmonic distribution of the isotropic stress free strain " ([36] see indication pp
167) for a full and annular pellet (see equations (25), (26) and (27) ). The other part of the solution is obtained by considering
the non-harmonic distribution [38] (see pp 21-31).

Considering the different assumptions made, the two complex potentials chosen in [37] are:

Qran(2) = Y™(G,v)e5"'z% + Aln (%) (A-10)

W (z) = B(G, v)eftllz3 — Aln (i)

YUl gl and r, are parameters to be defined with the boundary conditions

For the annular pellet we chose the same expression for the two potentials than the full pellet, but ry is replaced by R; and the
constants are different:
Qan(2) = Y (G, V)32 + BIn (7)) (A-11)

Z
i

Z
i

Wan(2) = B(G,V)eP2? — Bin (2)
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y2" and 2" are parameters to be defined with the boundary conditions

The radial component of the displacement field for a full and annular pellet can be deduced from Cartesian solution as follow:

full frag +iu full frag _ = Dy (2) = _[(3(2 —7%)z— 4V23)qu11(G V)Efull Bfull(G’ v)s§““23] (A-12)
+efillz + (= 1V)) ( [V ez g J+=[E-4vym(2 ) ~Z4In (—)]
W@ @2 ME — p () = i [(3(z% — Z%)z — 4vz®)y*™(G,v)ed" — BMI(G,v)ed"Z® | + €3z (A-13)
+e3"(dn(2) —2) +2 ((1_1v)) [ egredr + d) +[G-4m(E)-Z+m(D)]
by using Moivre formula:
(A-14)

z = rkel® = r¥(cos(k0) + isin(k0))
k= rke=k8 = rk(cos(k0) — isin(k0))

NI

The Cartesian displacement field becomes:

full frag +iu full frag
— [(6(1sm(26) cos(0) — sin(20) sin(0)) — 4v(cos(36) + isin(30))y™(G, v)e! — (G, v)sf““( cos(30) —
(A-15)

isin(30))]r® + l"!'r(cos(0) + isin(0)) + (1 v))(coerlsm(e)) (fr ellle3dt ) + [3 In(r) + 3i0 + In(r) —

i0 — (cos(ZG) + isin(ZG)) + (4 —4v)In (E) —4vin(r) — 416]

uan frag +iu an— frag
E [(6(isin(26) cos(0) — sin(20) sin(8)) — 4v(cos(30) + isin(36))y*"(G,v)ed" — B*"(G, v)s"g‘“( cos(36) — A-16)

isin(39))]r3 + s:’i‘"r(cos(ﬂ) + isin(e)) + €5"r(cos(0)In(r) + isin(8) In(r) + cos(0) i6 — sin(6) 6 — cos(O) —

isin(0)) +(C()5Lrism(9)) ((1 V))f e"t3dt + d> +— [3 In(r) + 3i0 + In(r) — i6 — (cos(20) + isin(20)) +

(4 — 4v)In (Rl) — 4vin(r) — 419]
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By projecting the Cartesian displacement fields in the cylindrical system:

U, € = uycosBey + uysinfey (A-17)

where, u, = Re(D(Z)) and u, = Im(D(Z))

we can deduce the expression of the displacement field radial component for a full and annular pellet:

u T (r 0) = —[—4v(cos(36) cos(8) + sin(36) sin(8))y™M!(G, v)el! — B (G, v)ef ! cos(36) cos(8) —
2 2 (A-18)
sin(30)sin(0))]r® + el*!'r(cos(6)? + sin(6)?) + (1 v))w (fr efledde ) +
[(4 4v)ln( )cos(ﬂ) + (2 — 4v)sin(0)6 — (cos(20) cos(0) + sm(29)51n(9))]
u?" " (r 9) = % [—4v(cos(36) cos(8) + sin(30) sin(0))y*" (G, v)e5" — B*"(G, v)&5"( cos(38) cos(0) —
(A-19)

sin(36)sin(08))]r® + £2%r(cos(8)? + sin(8)?) + £3"r[(cos(8)? + sin(8)?) In(r) + (cos(P) sin(B) —

r

sin(8)cos(8)) 8 — (cos(8)? + sin(6)?)] 4 (cos®+sin(®)”) ((1 V))f e"t3dt + d)

[(4 4v)ln( )cos(e) + (2 — 4v)sin(0)0 — (cos(20) cos(B) + sm(ZB)sm(e))]

by using the following expression:

cos(8)? +sin(0)? = 1
cos(p — q) = cos(p) cos(q) + sin(p) sin(q) (A- 20)
cos(p) + cos(q) = 2 cos (p:q> cos (pzq)

cos(p) — cos(q) = —2sin (p q) sin (pzq)

we can finally obtain the radial displacement field component for a full and annular pellet:

full frag( 9) — _[ 4v COS(ZG) qull(G V)Sfull Bfu“(G V)Sfull COS(49)]I‘3 + Sgull (1 V)) (fl” fullt3dt ) +
(A-21)
[(4 4v) cos(0) ln( ) + (2 — 4v)Bsin(0) — cos(e)]

ul"” frag( 0) = [ 4vcos(20)y21 (G, v)ed" — B31(G, v)ed"cos(40)]r3 + £3°r + £3"r[In(r) — 1]
1 (A-22)

ty ((1 v))f e"thde + d> += [(4 4v) cos(8) ln( ) + (2 — 4v)0sin(8) — cos(e)]

r

The parameters yf““, yan, Bf““, 2", as well as A, B, and d are calculated in Appendix 3.

34



11. APPENDIX 3: STRESS TENSOR EXPRESSION FOR A FULL AND ANNULAR PELLET IN THE CASE OF A
FRAGMENTED PELLET

Fragmented pellet

*  Full pellet

O_full frag( r,0) = 3¢y Z[qull (G,v)sin(20) + B! (G, v)51n(46)]

fu“ frag(r ) = 3ellly? [ v% + 4y"(G, v) cos(26) + BMI(G,v) cos(46)] (A-23)
full—f 1 4Acos(6
o u rag( e) _ Efull 2 [ ﬁ ” Bfull(G V) COS(4G)] %()
Using boundary conditions we deduce the expression of constants for the fragmented full pellet as follows:
G 1 1
full frag(r +6,)=0 yUI(G,v) = TSh
ﬁ
full frag (. 19 ) =0 BRUI(G, v) = _%%
-V
(A-24)
L Bm full—frag _ fu11R3 2G n 3Bful](G,v)
26m f—em Orr (R, 0)d6 =0 ~ A= asin(g )[4(1 V)8 ]
full frag _ (M _T ™ _gin(™
{29 [ @08 =0 )y 2 Gn@)geos@)sinG) ey
r, < Re (4-4v) sm(E)
e Annular pellet
G~ frag(r 8) = 3£3"r?[y?" (G, v)sin(20) + 2" (G, v)sin(40)]
o8 (r, 0) = 3er? [~ L2 (1 4 ] ) + 4y (G,v) cos(26) + B (G, v) cos(46)] + 265
(A-25)

4Bcos(9)

o8 (r, 0) = e3nr2 [ L (1_—) 3% (G,v) cos(40)| — 2G5 +
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Using boundary conditions we deduce the expression of constants for the fragmented annular pellet as follows:

R} R}
3 1-— 1-—1z 3 2_R2
an—frag _ an _G1 m™ Re Re3 _ " "Re? _R{ (RZ-R{)
(G (r,£6,) =0 V(G V) 41-vvZ (RE-R})|(Re-R))  (Re+R;))  R&|m(Re+R))-3(Re—R;)
1 Re _an-frag _ R} R4
(Re—Rj) fRie 066 (I‘,iem) =0 Ban(G V) — o Rg . 1_R_el3 _ 1- ? _ R_l3 (R%_Riz)
41— v(R3 R} |(Re—Ri)  (Re+Ri) Rg&|m(Re+Rj)—3(Re—R;)
3 4 4
an frag — gan [3Ban(G,V)(Rg—Ri) (R —Rj )] ReRj
zemf (Re,0)d6 =0 . d = e GT 4(1-v)Rel (Re+Rj)
1 (B o2~ frag e3n [3(3‘“‘(6,\)) 2Gm | (R&-R})
R;,0)d6 =0 = i
26/ ?—Om R, 0) B 4sin(§) 4 4(1-v)8l (Re—Rj)
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12. APPENDIX 4 : THE STEP OF CALCULATION TO ESTIMATE Au,

Step 1: assessment of Au,:

A (r, 0) = u"' T (r, 6) — uM(r)

A-27
= gfull [ ” [4vyf““ (G,v)cos(20) + BMI(G,v) cos(46)]] r3+ efully +-¢ [(4 4v) cos(8) ln( ) ( )
(2 — 4v)8sin(0) — cos(e)] - [(1 v)) (f (et)dt ) + ar]
Aud™(r,0) = u?n_frag (r,8) —ud(r)
=€5" [— = [4vy?™(G, v) cos(20) + B2"(G,v) cos(46)]] r3+e8r+ &"r(In(r) — 1) + d
2G r (A-28)
[(4 — 4v) cos(0) ln( ) + (2 —4v)0sin(0) — cos(G)] [(1 V)) (f t(e™ + 3" In(t))dt ) + g + cr]
Step 2: assessment of the maximum value of Au,:
B (R ) = e = [y 6 ][R+ R, + 228 = vy cos () 1n () # 2= 40 Foin 3) - .
1\ 1 ((Re./ fu
cos (5)]- [(5) 7, (o t(et™)a ) + aRe]
T an 1 V2 an an d
pug (Re, D) = ¢ [— ~[avy"(G,v) 7]] R+ el"Re + e"Re(In(Re) = 1) + 1 A0
[(4 4v) cos( )ln( ) + (2—-4v)- sm( ) — cos (g)]
_[(1_1V)) Rie (flie t(e3™ + 3" In(t))dt ) ot cRe]
Step 3: substitution of the constant value
Full pellet:
Au£ull (Re’g) _ _kfullsfullR3
(A-31)
_1 i (2-4v)T -3 _ Re (mt-3)
K = 4 1+ (tan(g) 8 ) (32(1—\))) [ln (ro) 8tan(g)]l
Annular pellet:
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Knowing that £3" = —2&3"R? (see equation (26)), we deduce:

(1-2v) R Re \/—Re
Aug” (Re’g) =& [4(1 R+ ZRZ RZ1 (_) - Ay GV 2 2G +_

+% [(4 — 4v) cos ( )ln (R‘:) +@2- 4v)gsin (g) — cos (g)]

(A-32)

By considering the annular pellet geometry (RZ > R?), the following assumptions can be made on the constants values:

G s 2Rj

4 —V\/_—[T[(Re+Rl) 3(Re—R 1)]
G 2R;
T(Re+R{)—3(Re—Ry)

=
)
=
~
&
<
—
IR
|
|
=I
—

41v

(A-33)

4(1-v) T(Re+R;j)—3(Re—Ri)J (Re+R;)

d=_5 6R; R&R;

[os}
IR

"2Gmn [ 6R; ( Ri\ 3
- 1+1)R
128sin(3) T(Re+Rj)~3(Re—R;) Re/ ¢
Aui" can be written :

2" (Re,3) = —kgped”

kg, =E+F

1-2v 2v TR;R3 1 R (A-34)
_ | 1= 3 iRe _ _ _ i 3
E= [4-(1—\)) Re + 4(1-v) (Tr(Re+Ri)—3(Re—Ri))] T a1-v) [1 2v (1 1T(Re+Ri)—3(Re—Ri)>] Re

F=2 RRZ Rl;l (Rl) [4(1—\))]22e+Ri) (1 - 1T(Re+R5—Ri3(Re—Ri)> Rg]

s () (g (1= 0 (8) - @- 3 (1= i) R



