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Abstract. In the framework of the basic design of the Advanced Sodium Technological Reactor for Industrial
Demonstration (ASTRID) project, the design margins have to be defined with accuracy. The design criterion
considered here is the fuel melting margin during nominal operation condition, which is given by the melting
probability. Oxide fuel temperature and melting temperature are calculated with CEA dedicated fuel codes, a
computation scheme coupling GERMINALV?2 for entire fuel pin with a preliminary 3D thermomechanical
model using LICOS for a fuel pellet. Results could be dependent on parameters like manufacturing processes,
irradiation conditions and fuel behavior laws. The aim of this paper is to take into account uncertainties
associated to these parameters in the melting margin evaluation and to quantify its sensitivity in order to reduce
uncertainties. First step is the description of uncertain parameters by appropriate distribution. Uncertainty
propagation is then done by using meta-models, a multi-linear regression and an artificial neural network. As a
result, the melting margin is depending of the linear heat rate first, stoichiometry and initial gap after. Defect as
the fuel pellet off-centering within the clad, which need a 3D thermomechanical model, has as well a non-
negligible effect. In a last section, melting probability obtained by Monte-Carlo simulations is compared to
FORM-SORM approximations. This preliminary study shows that results are in a good agreement for SORM
method, and that the melting probability depends considerably on radial offsets and initial hour-glass shape
defects.
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1. Introduction

The no-melting of the fuel is a first order criterion for the fuel element design of fast reactors.
In fact, even though this phenomenon does not systematically induce a clad failure, axial
movements of fissile nuclides could occur and cause major effects [1]. The first key variable
to determine the melting margin is the fuel temperature which must also be calculated with
accuracy and with its uncertainty. For this purpose, specific computation codes have been
developed for fast reactor fuels simulation [2], [3], [4]. Thanks to advances in uncertainty
propagation and reliability methods [5], and to the development of open-source statistics
platform as URANIE [6], recent works have been done in order to compute the temperature
field with uncertainties in PWR reactors fuel by coupling these codes with statistical methods
[7]. The present study proposes to use these methods in order to improve the confidence of
the maximum temperature evaluation and the melting probability of a SFR fuel in order to
improve the ASTRID fuel design. This study is based on the classical unidimensional model
from CEA GERMINAL code [4] and on a tridimensional approach, using the dedicated
model from CEA LICOS code [8] in order to take into account the range of fuel requirements.

First step of this study is the problem specification, which consists in input data modeling,
code description, and variable and quantities of interest definition. Second step is the
uncertainty propagation, which begins here with the building of a meta-model, and gives a
sensitivity analysis. In the last section, an estimation of the melting probability with direct
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Monte-Carlo simulations is compared to the standard approximation given by first and second
order reliability methods (FORM/SORM).

2. Problem Specification: Input Data and Computation Tools

The design case studied consists of an inner core fuel pin from the CFV core of ASTRID,
whose main characteristics are detailed in [9]. The present study is limited to the very
beginning of the irradiation, knowing that the maximal fuel temperature is reached at the end
of the first power rise.

2.1 Input Parameters

The calculation depends on a large number of input parameters such as geometry of the fuel
elements, material thermal properties, filling gas composition in the free volume of the pin,
irradiation power history, etc. The first step of a statistical approach allows achieving a
specification of the problem, by listing all the input parameters which are considered having
an effect on the fuel temperature. These parameters are considered as uncertain inputs and
then, are modelized by parametric distributiomg. (Uniform or Gaussian), using either expert
judgments or feedbacks from previous experimental SFR in France (Phénix, SuperPhénix).

2.1.1 Manufacturing process

The first category of input parameters is parameters depending of the manufacturing process
(Table I) and of the tolerance requirements. They are highly dependent on the choice of the
industrial process, and uncertainties can be reduced by limiting the manufacturing tolerances.

TABLE I: LIST OF CONSIDERED UNCERTAIN MANUFACTURING PROCESS PARAMETERS

Parameter Type of distribution

Fuel pellet / fuel clad gap :

- Fuel pellet outer diameter Gaussian
- Cladding tube inner diameter Uniform
Fuel pellet inner diameter Gaussian

Fuel pellet off-centering within the cladding tube Uniform

Fuel pellet central hole off-centering Truncated Gaussian
Hour-glass shape of the fuel pellet Truncated Gaussian
Plutonium content in fuel Gaussian
Stoichiometry Truncated Gaussian
Fuel pellet porosity Gaussian

Fuel pellet surface roughness Uniform

Initial Helium fraction in the free volume of the pirlniform




3 TAEA-CN245-333

2.1.2 Irradiation conditions

The second category of input parameters is parameters depending on the irradiation
conditions (Table II). Uncertain parameters coming from irradiation conditions are the widest
ones, due to the difficulty of having direct measurement inside the core.

TABLE II: LIST OF CONSIDERED UNCERTAIN IRRADIATION CONDITION PARAMETERS

Parameter Type of distribution

Linear heat rate :
- Neutronic uncertainty Uniform
- Equivalent Plutonium linear mdss Gaussian

Duration of the first power rise Uniform

Maximal clad temperature Uniform

2.2 Computation Codes

The CEA fuel simulation codes described below are hosted in a dedicated platform named
PLEIADES.

2.2.1 GERMINAL V2

The CEA fuel simulation code dedicated to SFR, GERMINAL V2 [4], is used for this study.
The code is able to calculate the thermal, physical and mechanical behavior of the fuel pin
during nominal and transient operation condition, taking into account major phenomena
which occur during the first power rise: fuel relocation, gap closure and evolution of the fuel-
clad gap conductance (hgap). The fuel relocation model used gives a strain velocity which
depends on the thermal gradient in the fuel pellet. This model is detailed in [10].

The thermal conductivity of the fuel and the gap closure velocity are first order parameters for
the temperature field computation [7], but in the present paper, uncertainties in these models
are not considered. Indeed, these law and model are validated with experimental results, and
their influence on the temperature will be studied later. An exception is done: uncertainty on
the solidus temperature of mixed Uranium-Plutonium oxide [11] is used to define the melting

point in GERMINAL. The solidus temperature law depends%;én% and the burn-up.

Uncertainty is included in the constant term, which represents the melting temperature for a
non-irradiated U@fuel. A Gaussian distribution model with a standard deviation equal to 20
K is taken into account.

The problem being solved using classical 1,5D axisymmetric model, but this does not allow to
take into account the geometrical defects which are not axisymmetric: fuel pellet-clad off-
centering, central hole off-centering, hour-glass shape. A specific fuel code, the CEA LICOS
code [8] from the PLEIADES platform is used in this aim.

! Manufacturing process parameter, but it has a direct impact on the linear heat rate
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2.2.2LICOS

LICOS is a fuel performance code based on the finite element solver Cast3M [12]. Recent
uses of LICOS have been presented in [8], especially the irradiation behavior calculation of a
Phénix fuel pellet by a sequence of 1,5D GERMINAL scheme with a 3D finite element
model. This computation scheme has been used in the present study. The difference with
classical pellet fragment model is that, in this case, a 3D mesh dedicated to each defect is
developed. Off-centering defects (central hole and pellet within the clad) being not
axisymmetric, the models has to represent a quarter of the pellet (xOy and xOz stay symmetry
planes)FIG. 1 shows the basis 3D finite element (FE) model for off-centering defects (a) and

a top view of the central hole off-centering (b). For the initial hour glass shape defect, a pre-
deformation is applied on the fragment of pellet. The pellet top surface, called the Inter-Pellet
plane, is constraint by a kinematic condition of uniform displacement.

i i HTH J » 8%t T Fuel pellet

FIG. 1: FE models dedicated to geometrical defects: (a) 3D finite basis element model, (b) central
hole off-centering

2.3 Fuel Melting Margin Evaluation

At a given time step, the melting margin is defined by the minimum value between solidus
temperature and maximum fuel temperature.

DTpmeiting = ming(Tsoriaus(X) — T(X)) , X being the position.

This temperature margin is minimal at the level of maximal linear heat rate. LICOS
computations are also performed with GERMINAL’s data extracted at this location. The
sequencing between GERMINAL and LICOS computations being not automatic, a simple
meta-model is elaborated in order to represent the temperature overheating caused by each
defects (see section 3.1). The margin melting is then estimated with two steps: a
GERMINAL calculation for the first evaluation of the temperatufggs and T;,;;4.s, and the

3D meta-model calculation for the maximal overheating induced by deféGts...s in the

volume of the pellet:

DTmelting = mxin[Tsolidus(X) - T1D (X)] - m)?X(ATdefects(x))



5 TAEA-CN245-333

3. Uncertainty Propagation
3.1 Pellet defects meta-model

The 3D calculations presented here are not able to represent every defect in a single mesh,
and the sequence from GERMINAL to LICOS is not automatic. In consequence, we assume

linearity of the overheating and an additive meta-model is elaborated, using a simple one-at-a-
time design of experiment, in order to modeling the influence of each defect separately. This

model takes the following form:

ATdefecl:s(f) = ATpco (X)) + ATcpo x) + AThgs(f)

AT,., represents the overheating due to fuel pellet off-centering in the &lag, the
overheating due to the central hole off-centering & ,; the overheating due to the initial
hourglass shape. The variabje is the location in the 3D pellet. We observe that the
maximal value of overheating is located in the median plane of the fuel pellet, on the surface
of the central hole, but its location is depending on relative orientation between both off-
centering defects. An angl@ is also attached to each one, as presdfited. The maximal

value of the overheating is obtained for a third angle.fx, which must be determined.

FIG. 2 Definition of relatives positions of the fuel pellet off-centering and central hole defects

3.1.1 Pelet/clad off-centering
Pellet/clad off-centering amplitude can be defined as one parametech correspond to the
ratio of pellet/clad radial off-centering over the initial pellet clad radial dap: ?TC;’.
Variations of maximal overheating with and dependence of the overheating to the azimuth
are shown orFIG. 3.
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FIG. 3: Maximal overheating due to fuel pellet off-centering at the end of the first power rise (a) and
variation around vertical axis of the normalized overheating.
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For a pellet off-centering lower than 50% of the initial gap, the maximal overheating
increases with off-centering and can be modeled by a parabolic evolution. For off-centering
values higher than 50% of the initial gap, overheating is constant, which can be explain by the
fact that gap is closed at the end of the first power rise. Evolution of the overheating with
azimuth for different values of off-centering is similar to a cosine function. The meta-model
representing the overheating on the surface of the central hole with the pellet clad off-
centering is described by the following equations:

if h<0.5: ATpeo(h, 0pco) = (az-h? + ay. h). (A(h)cos(6yc0) + B(h))
{if h=>0.5: AT,0(0,) = (0.25 az + 0.5 a;). (A(0.5)cos(Bpe,) + B(0.5))

3.1.2 Central hole off-centering

A similar method is used in order to model the thermal effect of an axial off-centering
between the central hole and the pellet external diametér.4 shows evolution of the
maximal overheating with the off-centering normalized by the pellet ratio: evolution is
parabolic. The evolution with the azimuth can be modeled by a cosine function. The meta-
model takes the following form:

AT,, 5,96,10 = a,. ha 2+al.i (a(E cos(O.n0) + B hd
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FIG. 4 : Maximal overheating due to central hole off-centering (a) and variation around vertical
axis of the overheating. (b)

3.1.3 Initial hour-glass shape
An initial hour-glass shape can be induced by the pressing step during pellet manufacturing
process. The maximal overheating caused by the hour-glass shape is localized on the inner
circle of the pellet, in the plane of the minimal outer diameter, which corresponds to the larger
pellet-clad gap. The diameter dependence of the overheating is clearly linear.
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FIG. 5: Overheating due to hour-glass shape
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3.2 Global artificial neural network

With the use of the modeler module of URANIE, a global artificial neural network (ANN)
[13] is developed, coupling both GERMINAL code and the geometric defects meta-model.
Thereby, it is possible to determine the melting margin as described in section 2.3. The ANN
includes one hidden layer with 15 neural units. The activation function implemented in
URANIE for an ANN is a hyperbolic tangent. The construction of the ANN is divided into 2
parts: first, a learning phase is performed using about 80% of the available database; during
this first step, best synapse weights are determined. Then a testing phase is performed with
the 20% left to validate the ANN construction by verifying that the surrogate model is
predictive.

In order to have a better description of the failure zone, the choice of an importance sampling
as a design of experiment (DoE) is made with 10.000 sample points. With the URANIE

launcher module, GERMINAL code and the geometric defects meta-model are launched on
this DoE, the 10.000 simulations results being used as the database for the ANN construction.

3.3 Propagation with the surrogate model

Once the surrogate modek. the ANN, has been constructed, it is possible to launch a large
number of Monte-Carlo simulations using this fast model. In order to do that, a new design of
experiment is elaborate with a Latin Hypercube Sampling (LHS) of 2.000.000 sample points.
This wide number of simulations allows us having a perfectly random sample without bias.
With the use of URANIE, the probability density function of fuel melting margin in
temperature is drawl G. 6. The distribution obtained is a Gaussian shape with a mean value
of 370°C and a standard deviation of 121°C.
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FIG. 6: Probability density function of fuel melting margin in temperature.

With the use of those 2.000.000 simulations, a sensitivity analysis can be performed to
identify model inputs that cause significant uncertainty in the output. A reduction of the
uncertainty of these latter should be performed afterwards if needed.

A variance-based global sensitivity analysis [14] is achieved using the Fourier Amplitude
Sensitivity Testing (FAST) method. If we considéas a vector ofl uncertain model inputs
{X1,X,, ...,X4} andY as a univariate model output, the decomposition of variance expression
IS given by:

Var(Y) = XL, V;(V) + 2%, Vi (V) + -

where V;(Y) = Var(E(Y|X,)) and V;;(Y) = Var (E(YlXi,Xj))
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The FAST method determinésthe first-order sensitivity index as; = %

The first-order sensitivity indices from the previous data are pl&tt&d7 and the sum of all

those indices is 0.986 (close to 1). An observation of higher-order indices is not needed. The
FIG. 7 shows that linear heat rate, stoichiometry and fuel clad gap are first order parameters.
A Cobweb graph is drawRkIG. 8 representing the fuel melting margin versus the 8 most
impactful uncertain inputs, each parameters being illustrated by its frequency distribution.
Each one of the 2.000.000 simulations is symbolized by a green broken line linking every
parameter, and the blue ones represent those whose fuel melting margins are reggative,
when the center of the fuel pellet is melting. Therefore it is quite easy to “follow a path”
leading to a melting of the fuel pellet, and come to the conclusion that linear heat rate and
stoichiometry have the biggest impact on the melting margin. This point confirms the
conclusions obtained with the sensitivity analysis, and shows the direction each parameter is
taking to lead up to a melting situation.
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FIG. 8: Cobweb graph: Fuel melting margin VS8 most impactful inputs.
4. Melting probability assessments comparison

Direct Monte-Carlo techniques can be used to estimate the melting probability, requiring a
large sample to be consistent. The probability of failByecan be estimated b% where
N is the failing number of simulations arid the total number of simulations.
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The estimation accuracy can be evaluated in terms of its variance [15] with:

1-P P
Var(Pf) = —( 1\];) T

Then a confidence interval of 1-2an be build [15] asP; + /Var(Pf) * o (a)

where @is the probability density function of the standardnmalrdistribution.

Direct Monte-Carlo simulations method is one of the most reliable method to determine a
probability of failure, but it requires a very large panel of simulations for small probabilities.

It is considered as the reference method here, naﬁ‘fédtmt FORM and SORM have been
also used in order to compare the results.

The First - and Second - Order Reliability Methods (FORM and SORM) are analytical and
approximate methods which allow determining a failure probability. It consists of 4 steps
[16]: transformation of the space of variables, research of the design point, approximation of
the failure surface near the design point (by a tangent hyper plan for FORM and by a
quadratic surface for SORM), and computation of the failure probability. These methods are
applied to the studied case and compda&fEd. 9 with Monte-Carlo method. Three different

cases have been conducted: the first one is when all geometric defects and relative angles
between offsets are taken into account; the second one is when all defects are considered but
without any angles - meaning defects are considered aligned; and third one is when no pellet
defect is considered.

m FORM

m Monte-Carlo
SORM

0,002 NC 0,0003

3 defects w/ relative 3 defects w/o relative No geometric defects
angles angles

FIG. 9: Comparison between Monte-Carlo and FORM/SORM.

The first conclusion that can be made is that FORM always overestimates the melting
probability in comparison to Monte-Carlo (MC). In the other hand SORM and MC results are
very close, even though SORM is slightly outside of the confidence interval. This means that
the surface of failure at the design point cannot be approximated by a tangent hyper plan, but
the quadratic surface approximation is more consistent. It should also be noted that timewise
FORM and SORM require way less simulations than MC — between 500 and 1200 for
FORM/SORM against several millions for MC. The MC method without geometric defect
has not been performed, requiring too many simulations.

We also can see that taking into account geometric defects is necessary, leading to a melting
probability over 1000 times more important. If the relative angles for geometric defects are
not taken into account, the melting probability is multiplied by 3. However, an independence
assumption of the defects has been made by considering them individually.
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5. Conclusion

This paper proposes an example of uncertainty propagation method used in order to sort by
importance uncertain input parameters, and to assess a failure probability of a fast reactor fuel
element. With the uncertain distributions used, sensitivity analysis shows that linear heat rate,
stoichiometry and radial gap must be well defined in order to reduce variance of the
temperature at the beginning of life of the fuel. Defects as the fuel pellet off-centering within
the clad, which need tri-dimensional calculations, have as well non-negligible impact.

Failure probability analysis shows that the first order reliability method overestimates the
melting probability by a factor 6 compared to direct Monte-Carlo, whereas the second order
gives a good approximation. Furthermore, the melting probability depends considerably on
radial offsets and initial hour-glass shape defects, which have to be taken into consideration.
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