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Abstract. Uncertainty quantification plays a crucial role in demonstrating the safety of nuclear reactors
by assessing and accounting for the various sources of uncertainty in reactor performance predictions. This
process helps establish safety margins, which are essential for ensuring that the reactor operates safely under
a wide range of conditions. For existing reactors, it is mainly based on comparisons between calculations
and measurements. However, the lack of experimental data in some cases (new reactor concepts, accidental
conditions,. .. ) has made the so-called “transposition”, at the very least, a complement to the latter. The
most commonly used methods for this purpose rely on bayesian inference and requires a high degree
of similarity between the integral parameters of the different configurations, also called representativity.
This paper presents the methodology and some results of evaluated representativity factors between ZPR
experiments and a Gen-III+ target core issued from the UAM benchmark at different scales and their
evolution throughout the fuel cycle life, using the industrial state-of-the-art code COCAGNE. The goal
is to study the relevance of such approach in an industrial context. The paper focuses on the effective
multiplication factor and the center over periphery fission rate ratio. Standard (SPT) and generalized
(GPT) perturbation theories are employed to determine sensitivities with respect to nuclear data and
their uncertainties are propagate to the outputs through the sandwich rule with covariance data collapsed
from a fine to a coarse energy mesh.

1 Introduction

In reactor physics field, the qualification of a calcula-
tion code used in operating safety demonstration is pro-
nounced by the operator on the basis of the elements
obtained through a three-stage process: Verification, Vali-
dation, and Uncertainty Quantification, known as VVUQ),
for a specific field of application. The verification stage
consists in checking the algorithmic implementation while
the validation process, which is more physical, consists in
ensuring that the code reproduces the physical phenom-
ena simulated and relies either on comparisons between
calculations and measurements (experimental validation)
or on comparaisons to reference codes such as Monte
Carlo codes (numerical validation). Finally, the uncer-
tainty quantification stage quantifies the various sources
of uncertainty and demonstrates that reactor operation
under the specified conditions will meet the safety require-
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ments with a certain degree of confidence. In its reference
“Guide 28” document [1] related to the qualification of
calculation codes used in the safety demonstration, the
French Safety Authority discusses about the transposition
as a way of extending the domain of use of a calculation
code from its initial domain of validation. Even though
transposition can be realized by different ways, the most
commonly used methods rely on bayesian inference [2]. It
consists in transfering information assimilated from one or
several well instrumented configurations to a non instru-
mented one. It is used to infer the behavior of a config-
uration under unknown conditions, or the relevance of a
target design relative to known ones but can also be used
for bias and uncertainty reductions.

The use of transposition in neutronics goes back a long
way, as can be seen, for example, in Gandini’s work in
the 1980s [2,3]. Mainly used in the field of experimental
research, it has yielded satisfactory results, especially for
designing new critical mock-up experimental programs [4,
5]. Initially applied in Fast Reactors applications [6,7], this
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method has later been extended to LWRs and holds signif-
icant promises for industrial applications [8,9], especially
for new reactor concepts or non instrumented operating
domains of existing reactors (e.g., accidental situations).
Therefore, increasingly stringent safety requirements are
prompting operators to explore such methods. The added
value will then be to take advantage of the measurements
from reactors in operation beside those obtained in critical
mock-ups, in order to improve the predictability of indus-
trial simulation tools, which are known for some opera-
tional simplifications in formalisms. However, our paper
will be essentially focused on the determination of repre-
sentativity coefficients (degree of similarity) between some
mock-up experiments and potential industrial LWR appli-
cations, letting the transposition stage for future work.

Our study extends the validation domain of two GenlIII
target cores, part of the UAM benchmark [10], by includ-
ing a burnup analysis, not foreseen initially. This study will
also enable to determine what is the range of representativ-
ity of a zero power reactor (ZPR) without burnup indica-
tor versus cycle burnup. Moreover, ZPR, experiments were
designed for the purpose of keff, reactivity effects and local
pin-by-pin power distributions, it is the first time they are
used outside their initial domain, ie the extension to large
cores. The present study is thus a first attempt to test the
limits of ZPR use in transposition studies.

In this paper, we first present a brief review of the
mathematical background, based on bayesian inference.
Then, the question of covariance matrices of few energetic
groups is adressed: two collapsing methodologies, relying
on either reaction rates or uncertainty conservation prin-
ciples are compared and serve to collapse covariance data
from a fine to a coarse energy mesh for the sake of the
study. The nuclear data sensitivities are derived from the
SPT first order [11,12] for the effective multiplication fac-
tor and from the GPT first order [13,14] for fission rate
ratio. Then, the uncertainties are propagated using the
Sandwich rule (also known as the delta method in statis-
tics) following some hypothesis and pre-tratments on total
scattering covariance data due to code limitations. The
effect of the nuclear data perturbation on the isotopic
concentrations were not taken into account. Finally, the
representativities of several assemblies and full core con-
figurations were performed and analysed. The aim here
is to study the relevance and the feasibility of such an
approach with an industrial core calculation tool.

All the calculations are performed with the determin-
istic core code COCAGNE [15], developed jointly by EDF
(Electricité De France) and FRAMATOME. A simplified
spherical harmonics of order 3 (SP3) [16] solver is used
with an 8-group energy mesh. At this stage, integral infor-
mation has not been integrated into the study and remains
the subject of further works.

2 Mathematical background

The knowledge on nuclear data is generally improved
thanks to differential and integral experiments. The
initial values are updated via data assimilation. The
transposition, for its part, takes advantage of this assimi-

lation to improve the knowledge on integral data between
different configurations. Both notions are commonly
derived from the Bayes’ theorem and are described in the
following paragraphs.

There are two types of data assimilation methods [17].
The deterministic approaches are based on the use of
approximations and hypotheses allowing for the analyt-
ical or numerical solving of equations. They use for exam-
ple Bayesian inference, maximum likelihood, Lagrange
multipliers, or least-square methods (generalized or ordi-
nary). The stochastic approach are based on Monte Carlo
sampling of prior distributions. Both approaches are
well-known and already used in neutron physics for assim-
ilating nuclear data provided by international libraries.
Through iterative adjustments, the aim is to enhance
the accuracy of nuclear data from differential or integral
experiments. For example, reference [18] compares dif-
ferent methods, both stochastic and deterministic, on a
unique test case and highlights the advantages and limi-
tations of each of them.

In this article, we will employ the deterministic method
due to a linearity hypothesis between the interest vari-
ables y and the nuclear data x. Subsequently, we will
utilize Bayesian inference to introduce the equations
applied for transposition, focusing particularly on the
notion of representativity. It is noteworthy that under the
usual hypothesis of Gaussian error in observations, there
exists a mathematical equivalence [19,20] among formula-
tions derived from various methods (GLLS, Least-squares,
Maximum Likelihood, Bayesian inference), which are nev-
ertheless referred to by different names in the literature.

2.1 The Bayes’ theorem

Let Y be a continous random variable describing the state
of a system, i.e. the interest data. We assume that each
realisation of Y depends on X, a vector of continuous ran-
dom variables representing parameters. Bayes’ theorem is
expressed as follows.

If fx(x) is the prior probability density function of
X and if fyx(y|x) is the conditional probability density
function of Y given X = x, then, the posterior probability
density function of X given Y = y, denoted as fxy (x|y),
is given by:

_ fY|X(y|X)fX(X)
fr(y)

where fy(y) is the marginal probability density function
of Y, defined by integrating the joint probability density
function fyx (y[x) over all possible values of X, that is:

Ixy (x[y)

fr(y) = / Frix (ylx)dx

This theorem describes how the posterior probability
density function of X, after observing Y = v, is calculated
by integrating the prior probability density function of X,
the conditional probability density function (also called
the likehood function) of Y given X = x, and normalizing
by the marginal probability density function of Y.
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2.2 Data assimilation by Bayesian inference:
hypothesis of linear model and gaussian distributions

In this article, the quantities of interest Y™ are the effective
multiplication factor and the fission rate ratio, calculated
by a neutron deterministic calculation scheme. The input
data X are the nuclear data. The measured experimental
and calculated values associated with the true unknown
value Y are respectively denoted by Yz and Y, such as
Ye =Y +eg and Yo = Y +e¢, where eg and e¢ represent
the measurement and calculation errors.

The prior distribution represents our initial knowledge
of the parameters X before considering the experimental
observations. Let’s assume a normal prior distribution'
for X, X ~ N(x9, Bx,) with xq the prior mean of the
parameters and By, is the prior covariance matrix of the
parameters, representing the initial uncertainties.

The likehood model describes how the observations yg
of Y are related to the parameters X. To build this model,
we use knowledge from the calculation. The sensitivities S
of Yo regarding the nuclear data X are determined with
the first order perturbation theory.

Letting yo = f(x) be the deterministic function asso-
ciated with the random variable Y, such that yo = f(xo),
we assume that Yo can be approximated by a first-order
Taylor expansion around the nominal values yy and xq:

YC = Yo + S(X - XO) + ETaylor (1)

where S = ([gij _

sensitivity vector of yo with respect to the d parameters
X evaluated at xp and erayior represents the error due
to the Taylor approximation, which is typically small for
small perturbations and can often be neglected under the
hypothesis of linearity.

The experimental random variable can then be
expressed as:

) € R? is the gradient or
=1

Ye =yo+S(X —x¢) +¢, (2)

with € = e); + ep and e); is the modeling bias due to
the Taylor approximation and the calculation biases. eg
is assumed a Gaussian and centered random error, i.e.,
eg ~N(0,02,). The conditional model of Y given X = x
is given such as:

Ye|X =x~N(yo+ S(x — xo),af).

The total variance of the C/E ratio results from the
sum of 020 the propagated uncertainty of the parameters
X through the model and o2 the combined measurement
and modeling uncertainties:

2 2 2
Oc/E =00 1T 0c,

! Note that the Gaussian prior hypothesis for the nuclear
data vector X is a classical and practical choice [21].
It leverages the Central Limit Theorem, the principle of
maximum entropy, and the mathematical properties of the
Gaussian distribution to provide a robust and tractable frame-
work for Bayesian inference. This assumption is well-supported
by empirical data and simplifies the computational procedures,
making it a widely accepted approach in nuclear data analysis.

with o2 given by sandwich rule:

o = SB,,S’ (3)

Finally, applying Bayes’theorem with the conjugate
relationship between the normal prior and the normal
likelihood allows deriving the posterior distribution ana-
lytically. The posterior distribution of X given the exper-
imental observations Yr = yg is a normal distribution:
X|Yg = yg ~ N(xp,By,), with the following parameters:

— the posterior mean,
-1
Xp = X0 + Bx,S! (SBx,S' +02) " (yr —v0), (4)

— and the posterior covariance,

1

By, = By, — Bx,S" (SBx,S" +02) SBy, (5)

2.3 Transposition to a case without measure

Let’s consider two configurations (a) and (b) for which we
want to determine the value of a quantity of interest y and
its uncertainty. We know that it is possible to calculate y
in both configurations, but only measurements from (a)
are known. The transposition method involves using the
known measurements from (a) to improve our understand-
ing of (b) and its associated uncertainty. The application
of the data assimilation presented in the previous section
allows determining the posterior mean and covariance x,
and By, .

The application of the Taylor approximation (Eq. 1) on
the calculation (b) and of the Equation (4) from the data

assimilation (a) provide an estimation of the posterior yz(,b):

®)

Yp (6)
t t 2 _ o o
s + 8% [Bry S (8 By 8™ + 0l () — )]

In the same way, the application of the sandwich rule
on the calculation (b) o@(f;) = S(b)BxpS(b)lt and of the
Equation (5) on (a) gives an estimation of the posterior
standard deviation due to the propagation of the uncer-
tainties of x,:

(®)
Oy 2

(7)

g® [on — By, S (8B, 8" + a§“)2)‘18<“’BxO] g®?

Note that we usually do not consider modeling errors
in the data assimilation step, i.e ¢ = eg in Equation (2).
By excluding the modeling bias £ during the Bayesian
updating process in Case (a), we ensure that when trans-
posing the improved parameter estimates to Case (b), we
avoid propagating biases that are specific to the first case.
Each case can independently assess its own modeling bias,
ensuring more accurate and context-specific bias correc-
tions.
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The representativity between the two cases (a) and
(b) is then given by the Pearson correlation, which are
expressed using the Taylor approximations of y® and 3(®)
(under the linearity hypothesis). It was introduced by [22]
and expresses the degree of shared information between
the two cases. Its value ranges between —1 and +1:

S(a)Bx S(b)t
T2 = T()(b)’ (8)
0c 9¢
(a) _

where o) = /S@B,, S@ and ¢¥) = \/SOB,, SO’

are given by the sandwich (rule Eq. 3) applied on (a) and

(b).
Using Equation (8), Equation (6) can finally be refor-
mulated as:

()

b T g a a
yl()b) _ yo( ) % (C:;) (yé) — S(@xy) (9)
1 UE UC
(a)2
o¢

and Equation (7) as follow:

b T
aéz) = oé) * 1202 (10)
14+ —= 5
o0

This constitutes the framework on which the study
has been led. A matrix notation can also be derived from
Equations (6) and (7) when many experiments and /or out-
puts are considered (see for e.g., [2,23]). However, they are
not part of this work and therefore will not be presented
here.

2.4 Sensitivities

Depending on the integral outputs, different perturbation
theories are applied to compute the nuclear data sensitiv-
ities. The principle is to estimate an approximate solution
of the perturbed state of a system, due to a small change
in its parameters. The formalism was initially proposed
by Usachev [11] for reactivity and related variables. He
then generalized it for ratios of linear functionals of the
forward flux [14] and Gandini [13] extended it to any ratio
of bilinear functional of the forward and adjoint fluxes.
The first order Standard Perturbation Theory (SPT)
was reformulated from Usachev’s work by Williams [12]
and is used in this work to compute the effective mul-
tiplication factor (k) sensitivities to nuclear data (),
expressed in the relative form by Equation (11).

_Ok/k k-6p

S(k, x)

~ dz/x D
(9%, (OF — kSL)¢)

where p represents the relative perturbation (dx/z), ¢,
¢* respectively the forward and adjoint fluxes and 6 F,

(11)

0L are respectively the variations of production and loss
operators of the Boltzmann equation due to the change in
the parameter x.

(o0, 8)

If we denote R =
<0-d7¢>

relative sensitivities are computed thanks to the first order
Generalized Perturbation Theory (GPT) are expressed in
Equation (12):

a reaction rate ratio, the

St -1
1 (60w d)  (Goad)
~ <<on,¢> <ad,¢>> (12)

SRl 2

where o, and o4 are respectively the numerator and
denominator sections and I' is a Lagrangian multiplier
verifying:

F 0

Bypo 9t

(L - kT 0w

< IF*0* >=0

also called the forward importance function related to R
(see [13] for more detail). I' is often interpreted as the
indirect contribution on d R accounting for the change in
the forward flux, due to the nuclear data perturbation.
The first term of the second member of Equation (12)
is called the direct effect while the second is called the
indirect effet of the perturbation. Some interesting core
parameters are covered by this formalism such as local
reaction rate ratios, relative power distribution, axial off-
set or kinetics parameters.

These equations rely on a first order (linear) pertur-
bation theory and the reliability of the prediction might
be questionable when some large changes are applied on
the parameters. As a response, Weisbin [24] has compared
the sensitivity analysis prediction versus a direct calcula-
tion after doubling an influential cross-section of his study
from one hand, and after changing the cross-section data
files from the other hand. Several performance outputs
were considered and it was shown that linear perturba-
tion theory predicts the changes in calculated results very
satisfactorily. Generally, it is assumed that uncertainties in
the cross-sections of interest for core physics applications
are in the range for which linear sensitivity theory is accu-
rate enough [25]. However, a care must be taken for some
nuclear data or in the case of advanced reactors, transient
behaviour, or even atypical LWR core configurations (see
for example [26] in the case of 233U inelastic cross section),
for which the uncertainties can lead to non-linearities, and
are therefore ill-suited to first-order perturbation theory.
This is why efforts to continuously improve nuclear data
are a necessity in reactor physics.

3 Results and analysis

The study has been realized in two phases: firstly, sin-
gle assemby calculations served to set up the procedure
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Table 1. Material description of the differents assemblies.

Name UOX_ 210 UOX_ 420 UGD_420 MOX
Fuel type U02 UOQ UOQGngg UOQPUOQ
U % 2.1 4.2 4.2 0.25
Gd203 % 8
Pu % 9.8/6.5/3.7
Num. rods 265 265 265 265
Clad Zy-4 Zy-4 Zy-4 Zy-4
Table 2. Geometric description of the differents assem- L B , e
blies (hot conditions).
( ) 2- - H H B - 2 .. H H B f
Assembly pitch 21.61 cm "M Em E EE " m .. - .-. -
Rod pitch 12.62 mm ] ‘1 u
Cladding thickness 0.58 mm - B N u - B N "N
Rod outside diameter 9.48 mm 1 | [} ] [} | * | .-. o ... |
Pellet diameter 8.25 mm Y m n Y m
1a- H H B »- | 0 H H 1

and evaluate the different hypotheses and pre-treatments
which were then applied for core level calculations. They
are presented and discussed in the following paragraphs.

For each calculation, the multigroup nuclear data
libraries were generated using the CARABAS lattice code
based on APOLLO2 [27], following a two-level scheme [28]
and the milti-group cross-sections were condensed to 8
groups on a cell-by-cell spatial mesh. In concrete terms,
from the CEAv520? nuclear data library (a few hundred
groups) processed by the NJOY processing code [29] at
the French Atomic Energy Commission (CEA), a 2D cal-
culation with detailed description of the geometry (pel-
let, cladding, moderator) in infinite medium is realized for
each assembly. The first step consists in self-shielding cal-
culation with a P;; solver and the SHEM reference energy
mesh [30]. It is followed by 36-group flux calculation with
self-shielded cross-sections, using a MOC (Method Of Car-
acteristics) solver [31]. At the end of this stage, libraries
of multigroup effective cross-sections are condensed to
8-group energy mesh for core calculation. Moreover, equiv-
alence factors are calculated using the superhomogenisa-
tion technique (SPH) [32] and enable the reaction rates
between the heterogeneous transport of the lattice cal-
culation and the homogeneous transport of the core cal-
culation to be conserved when using the new condensed
8-group nuclear data.

3.1 Single assembly computations: setting the
hypotheses and computational procedure

The first part of this work was carried out at fuel assembly
scale. Four different PWR-type (Pressurized Water Reac-

2 CEAv520 is a multigroup processed nuclear data library,
mainly based on the JEFF-3.1.1 evaluation files. It is pro-
cessed with NJOY and is used as an input for the lattice code
(CARABAS / APOLLO2).

4 6 8 10 12 14 16 o 2 4 6 8 10 12 14 16
MOX assembly

B Guide tubes
UOX pins

EEm UGD pins

HEE MOX 9.8 % pins
MOX 6.5 % pins

B MOX 3.7 % pins

Fig. 1. Some UAM GEN-III fuel assemblies.

tor) assemblies were selected, with different fuel types and
enrichments. The material and geometric description are
presented in Tables 1 and 2 and can also be found in the
Gen-IIT UAM benchmarks, defined within the framework
of an international scientific collaboration under the aus-
pices of the OECD/NEA [10]. Figure 1 shows a 2D cross-
section of those assemblies.

The UGD_420 assembly contains 12 poisonned rods
with 8% of GdxO3 on a 2.2% enriched UO,. The other
rods are 4.2% enriched UO4 rods. The MOX assembly is
a threezoned assembly containing fuel rods with different
plutonium contents (9.8%, 6.5% and 3.7%). All calcula-
tions were made with a SP3 simplified transport calcu-
lation scheme, in an 8 energy groups mesh, at hot zero
power (HZP) and critical leakage conditions. The nuclear
data library is based on the JEFF3.1.1 evaluation [33].

3.1.1 Covariances for sensitivity and uncertainty analysis

The neutronic errors covariance matrices are from the

COMAC database [34] and are generated with the
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CONRAD code [35] and the ERRORR module of NJOY?.
The question of few groups covariance data remains a
tricky question. In this paper, we have studied two dif-
ferent ways of collapsing covariance matrices, both based
on a different conservation principle.

The first one conserves the reaction rates as indicated
in Equation (13):

ZUZ'%
with G:ng

r _ 9
oG = Zg:¢g - (13)

where g is an energy group in the fine energy mesh and
G the corresponding group in the coarse one. o? is the
cross-section of the reaction r in group g. Theref?)re, the
covariance between 2 cross-sections, in the coarse mesh, is
expressed by Equation (14)

Sopdy 20y
g g

Z ¢g 7 Z (‘j)g’

g g’

= cov (14)

cov(og, Jé,)

Now assuming the random variable variations are more
significant than those of the flux, Equation (14) can be
written as:

cov(og, o) = E
geG
g/eG/

¢g . ¢g’

p—e - cov (U_Z, U;,) (15)

with ¢gay = D Pg(g) the flux in the coarse energy

g(g")
mesh.

As in this work we are dealing with relative covari-

ances, i.e. rcov such that: rcov (Ug, Uf],) = cov (0;, 0;,) .

T

oy - o, Equation (15) is rewritten as follow:
) Tg . T;/ )
rcov(og, 04) = E —— - rcov (cr;, ag,) (16)
geG Ta o
g/eG/

where 7 represents the reaction rate of the correspond-
ing reactions in the corresponding groups. Equation (16)
(as Eq. 15) is valid when the covariance involves cross-
sections. In the case of normalized fission spectrum (),
which are real probabilities, the expression is as follow:

Xg * Xg'
XG " XG’

reov(xe, Xar) = -reov (xg, Xg)  (17)

geG

g/eG/

Given an integral parameter, the second is based on

a total uncertainty conservation principle, expressed by

3 Microscopic experiments are used by data assimilation
to estimate uncertainties and correlations on nuclear model
parameters, which are then propagated to point or multigroup
cross sections uncertainties and covariances. They are gener-
ally given to several dozen groups. See [36] for more details on
the theory).

Equation (18) and derived from Equation (3).
ot =8y cov (o}, o)) - S,
’ , 4 (18)
= ZS& - cov (08, JJG/) - S,
G

where Sg is the sensitivity of the output Y to reaction r in
group g. The decomposition of Equation (18) leads to the

expression of cov (O’é, O'JG, in the coarse energy mesh as

follow:
. Sr- s, :
cov(og, o) = Z Sf~7S? - cov (U_g, 0';/) (19)
geG ~G /
g/eG/

As in the previous cases, when dealing with relative
covariances and relative sensitivities (as in this work),
Equation (19) becomes:

, S g2
r J _ g9 . T J . Yeoarse
rcov(og, 04,) = E T & rcov (ag, ag,) NI
geG@ ~G G’ fine
g/eG/

(20)
With Yeoarse and ¥ane, the respective outputs in the coarse
and fine meshes. This approach has already been used by
[6].

Both formalisms require an overlap between the coarse
and the fine energy meshes. Otherwise, an intermediate
mesh must be used.

The covariances are collapsed from 36-group COMAC
to 8-group mesh and the results on k.g uncertainties are
given in Tables 3 and 4 for the assemblies at 5000 MWd /t.
Different sensitivity profiles (one per assembly) have been
considered. The reference indicates the 36-group COMAC
results.

The propagated uncertainties of Tables 3 and 4 are
quite similar despite the different implications of both for-
malisms.

— On the first hand, weighting by the flux (or rates)
implies that the fluctuation of the flux around its ref-
erence value is fairly steady with the fluctuation of the
perturbed data, which can be considered in agreement
with the small perturbation assumption.

— On the second hand, when we collapse by the sensitiv-
ities, the implicit consideration is on the bias induced
by the energy mesh, which fluctuation is considered
fairly steady with the perturbation. In this case, reso-
nances would then have little influence on the propa-
gation result, and this effect should diminish the finer
the mesh. This assumption seems to give satisfactory
results with regards of the results in Table 4 and those
of reference [37].

The two formalisms appear to be equivalent. However,
when the sensitivities are used to collapse covariance data,
in some cases, convergence issues can arise, particularly
for low sensitivity values, and result in inconsistent uncer-
tainty. The latter is one of the points to be kept in mind
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Table 3. kg uncertainty (pcm) due to nuclear data with covariance data collapsed by flux.

UOX_ 210 UOX420 UGD420 MOX

Reference
UOX_210 486 491
UOX_420 530 523
UGD_420 525 513
MOX 597 628

493 492 487
532 531 530
521 528 520
628 628 599

Table 4. k.g uncertainty (pcm) due to nuclear data with covariance data collapsed by sensitivities.

Reference UOX_210 UOX_420 UGD420 MOX
UOX_210 486 485 487 487 489
UOX_420 530 520 529 528 536
UGD_420 525 511 518 524 525
MOX 597 643 629 639 597

while using this approach. Therefore, the use of sufficiently
sensitive data is recommended in this case.

It can be seen that the uncertainties obtained depend
relatively slightly on the nature of the fuel although some
larger discrepancies are noted in the MOX case when other
profiles are used. This is an important point when we con-
sider that in the case of more complex geometries (core for
example), it is not easy to calculate 36-group sensitivity
vectors (or flux) due to memory and/or calculation time
issues. In this case, a representative profile, from a simpler
geometry, can be used.

A detailed analysis points out the main contributors®
(see Tab. 5). As expected, the fissile isotopes are the main
isotopic contributors and fission and capture cross-sections
are the main reactions in addition to the **U multiplicity
in the UOX cases.

At this stage, the scattering cross-sections have not
yet been integrated in the study® due to their particular
treatment, and are the concern of the next section.

3.1.2 Nuclear data for sensitivity and uncertainty analysis

The SP3 8-group energy mesh calculation scheme of
COCAGNE was designed to propose a reference to the
industrial 2-group diffusion theory, using the same calcu-
lation tool. So, it inherited the same choices of nuclear
data management, which led to make 2 additional pre-
treatments analyzed in this section. Firstly, since only the
total scattering section is used by the solvers, the elas-
tic and inelastic scattering cross-sections are not treated
appart in the lattice code (CARABAS/APOLLO2), which
generates the multigroup nuclear data libraries for the core
code, where the covariance matrices are given separately
(COMALC files). Secondly, the HoO molecule is also treated

4 For correlated nuclide-reaction pairs, the uncertainty takes
into account the correlation: in other terms, the part of the
uncertainty due to the correlation between two nuclide-reaction
pairs is divided equitably between them.

5 The impact on the previous results are limited in terms of
contribution to the uncertainty of such a global parameter.

Table 5. Main contributors on the keg uncertainty (pcm)
with covariance data collapsed by either sensitivities or

flux.

UOX_420 MOX

Sensitivities Flux Sensitivities Flux
oU235 321 318 oLu39 323 338
yU235 218 218 olu42 928 211
oU238 200 208 olu239 928 205
o235 149 150 olw240 o1 235
of?3 134 134 oU?8 158 165
Y25 126 132 oU238 134 134
oB0 119 18 of“ 130 131

as an unique element in the moderator so that 'H and **O
cannot be treated individually.

The pre-treatments consist on one hand, in construct-
ing total diffusion covariance data from elastic and inelas-
tic ones for each isotopes by taking into consideration the

correlations with other reactions. Hence, if we denote 037

o and 0;” the total, elastic and inelastic scattering cross-

g
sections in group g such that o = o¢

g el +o.", by exploiting
the bilinearity principle of the covariance function, we can
demonstrate that:

cov(ag, o) =

Z cov(oé, ay) (21)

i=el,in
in the case of absolute covariances and:

rcov(ag, Og) = Z rcov(oz,cr;,) . O’; oy

(22)

i=el,in

with r any other correlated reaction (including scattering
reactions).

The total scattering covariance data are then obtained
on the fine energy mesh and must be collapsed into the
coarse mesh. To do so, we proceed by the flux weighting
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Table 6. Approximative coefficients to be applied to
deduce U and Pu elastic (elast) and inelastic (inelast) from
total scattering reaction rates.

23817 23517 239p,
Group elast inelast elast inelast elast inelast
1 0.67 0.33 0.78 0.22 0.77 0.23
2 0.52 048 0.64 0.36 0.71 0.29
3 0.7 03 0.73 0.27 0.81 0.19
4 0.9 0.1 0.86 0.14 0.91 0.09
5 1 0 1 0 1 0
6 1 0 1 0 1 0
7 1 0 1 0 1 0
8 1 0 1 0 1 0

formalism which implies to determine elastic and inelastic
scattering reaction rates. However, as mentioned earlier,
only the total scattering reaction rate can be calculated.

To overcome this issue, we can remark that the total
scattering reaction rate is the sum of elastic and inelastic
scattering reaction rates. Therefore, the relative contribu-
tions of the latter (for a unique isotope) can be given as
follow:

Eel o.el
) = = g
fg(6 ) Eel + Ezn O-el + gin
g "% (23)
falin) = 71 fy(el)
in) = = — =1 e
I Yel + xin — gel 4 gin J

with I

Aq

og = f
Ag
the multigroup microscopic cross-sections. Without any
possibility to obtain such quantities, we introduced a
flat fluz by energy group hypothesis to calculate empiri-
cal coefficients from international point-wise nuclear data
libraries that have been applied to estimate the elastic
and inelastic scattering reaction rates that will serve in

the collapsing procedure. The coefficients are given in
Equation (24)

E) dE

ey = =B
ST G + 0 (B)
- oin(E) (24)

el (B) + ol (B) L= fylel)

with o4(E) the mean value of ¢ in group g. The rel-
ative covariance in the coarse mesh is then given by
Equation (25)

(2) -T;/
rcov UG,JG/ = g E _ 7
T

i=el,in ge@G Z el
q’ec:'

12 T
*TCov | Oy, 04

(25)

The JEFF-3.3 nuclear data library [38] served as ref-
erence to calculate approximate coefficients®, which are
given in Table 6 for the main heavy nuclei in the 8-group
energy mesh.

On the second hand, as 'H and '°0 in the moderator
cannot be obtained seperately and regarding the predom-
inance of the 'H elastic and capture cross-sections, we
decided to consider that all the HQO total scattering and
capture sensitivities are due to 'H'.

Finally, we should have in mind that all these coeffi-
cients are empirical and a sensitivity study of the latter
might be useful to determine their impact on the final
uncertainty.

3.1.3 Sensitivities, uncertainties and representativity
analysis

Given the previous hypothesis, we computed the uncer-
tainty of the effective multiplication factor on the differ-
ent assemblies. To do so, we used the UGD_420 assem-
bly at 5000 MWd/t (to produce Pu isotopes) to collapse
the covariance matrices using the reaction rate conserva-
tion principle. Table 7 shows the final result. The main
contributors remain the same and the scattering cross-
sections have a limited impact on the uncertainty of such
global parameter. It wouldn’t certainly be the case for
local parameters such as power distribution or local reac-
tion rate ratios.

As regards the representativity (see Tab. 8), the first
remark is the high similarity between the UOX assemblies
even in presence of gadolinium despite its high absorp-
tion cross-section: the weight of fissile isotopes hides the
effect of gadolinium. A contrario, when the nature of the
fuel changes considerably, the representativity drops dras-
tically due to the difference in sensitivity profiles. The
enrichment is of first importance on the representativity.

At this stage, a comparison of results between the dif-
ferent covariance collapse procedures has been carried out
at fuel assembly scale. For the rest of the paper, we have
chosen to proceed with the covariance data collapsed by
the flux. The results and interpretations are the same with
the other.

3.2 Core computations: industrial application

3.2.1 PWR core application: the Gen-Ill UAM core
benchmark

The industrial applications are the two Gen-III core mod-
els (with 4250 MW, nominal power), part of the core
physics exercice of the UAM benchmark [10]. The first
core (called UAM-UOX in the paper) is filled with UOq

6 As the JEFF-3.1.1 have been replaced by the latter on the
JANIS nuclear database website.

" We could imagine here to use the same logic as in the pre-
vious paragraphs to seperate the respective contributions of
the 'H and %0 isotopes to the total sensitivities. However, in
the case of sensitivities, espacially to scattering, since the sign
can be positive or negative, i.e. not in the same direction for
both isotopes, it is almost impossible to separate the integrated
sensitivity.
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Table 7. kg propagated uncertainty (pcm) function of the set of collapsed covariance data.

U0OX_210 U0X_420 UGD_420 MOX

Coefficients  Sensitivities Flux Sensitivities Flux Sensitivities Flux Sensitivities Flux

Uncertainty 506 500 544 538 540 534 633 614

Table 8. Representativity factors between the different assemblies function of the collapse formalism.

Sensitivities Flux

UO0X 210 UOX_420 UGD420 MOX UOX.210 UOX420 UGD420 MOX

U0X_210 1 0.92 0.93 0.55 1 0.92 0.93 0.52
U0X_420 1 0.998 0.40 1 0.998 0.36
UGD_420 1 0.40 1 0.37
MOX 1 1

(2.1. 3.2 and 4.2 % enrichment) and UO2Gd203 (respec-
tively 20 and 12 poisonned rods within assemblies of 3.2
and 4.2 % enrichment) fuel assemblies. The most enriched
assemblies are positioned on the outer ring of the core.

The second core (called UAM-MOX in the paper) is a
replica of the first where the assemblies of the outer ring
are replaced by mixed UQOy/PuQ assemblies.

Apart from the UGD_320 assembly (20 poisonned rods
with 8% of Gdy03 on a 1.9 % enriched UQ, support,
within a 3.2 % enriched assembly), the material descrip-
tion of the different assemblies are given in Table 1. Both
cores are loaded with a total of 241 fresh fuel assem-
blies operating at 570 K at hot zero power while the
fuel and moderator temperatures are respectively 900 and
584 K at hot full power (HFP). The cores are surrounded
by a stainless steel heavy reflector modelled by a stain-
less steel homogeneous material at the core boundary.
Borated water completes the radial modelling of the cores.
Figure 2a shows a 2D radial cross section at core mid-plane
of the different cores.

3.2.2 The UH1.4 and UMZONE mock-up experiments

The experimental configurations used in this paper are the
UH1.4 and UMZONE (UMZ) configurations of the EPI-
CURE program [39] held in the EOLE critical facility [40]
at CEA Cadarache in France in the nineties. This program
aimed at designing critical experiments whose purpose was
the validation of calculation codes for PWR-type cores
with mixed UOy/PuQOs loadings. Measurements include
critical size determination, fuel and absorber reactivity
effects, as well as pin-by-pin fission rate axial and radial
distributions.

UH1.4 consists of 1256 UOX-type fuel pins enriched at
3.7% and 109 guide tubes including 17 for safety, disposed
in a 1 meter high and almost 1 meter radius core. “1.4”
stands for the average lattice moderation ratio (additional
aluminum overclad of adequate thickness surrounding the
fuel pins simulates the moderation ratio of a PWR in HFP
conditions).

The UMZONE configuration contains a little more
UOX fuels (1264) surrounding a central threezoned 17x17
array of MOX rods with different plutonium contents
(4.3%, ™% and 8.7% from periphery to center).

Both operate at ambient conditions. Figure 2b shows
a 2D radial cross section at core mid-plane of the different
configurations.

Two variables have been selected in our study, in order
to analyse the similarity (representativity) between the
industrial cores and the experiments: the effective multi-
plication factor (keg) as a global observable, and the cen-
ter over periphery fission rate ratio as a local observable.
As previously said, this last parameter was not initialy
designed to be representative of a large reactor.

3.2.3 Uncertainty and representativity study on the effective
multiplication factor

The study of the main contributors to the keg uncertainty
reveals that a very limited number of reactions account for
the majority of the uncertainty in each case (see Tab. 9
for the situation at zero power). However, the ranking is
likely to evolve with the fuel cycle® (see Figs. 3 and 4)
as the isotopic concentrations change: the most influential
isotopes at the beginning are not necessarily the same at
the end.

For example, U235 reactions are progressively replaced
by Pu reactions, contributing to a decrease then a stabili-
sation in the final uncertainty as Pu isotopes are produced
and also burned. It is also very interesting to note the sig-
nificant contribution of **Xe (fission product) to the final
uncertainty (2200 pcm), the value of which remains quite
stable due to an evolution in equilibrium with the power
level.

Asregard the representativity of UH1.4 to the different
cores, starting from 0.74 and 0.68 at HZP respectively (see
Tab. 10), it drops due to a change in the sensitivity profiles

8 As the perturbation theory implemented in COCAGNE
concerns only the Boltzmann equation and not the Bateman
equation, the uncertainties due to fission yields and decay con-
stants are not taken into account.



10 E. K. Njayou Tsepeng et al.: EPJ Nuclear Sci. Technol. 11, 27 (2025)

P R S T #R #R

K L M N

#. # A B C D E F G H ) # # A B C D E F G H |

K L M N P R S T #R #R

Il Borated water reflector
B Stainless steel reflector

UOX_210
UGD_320

(a)

0

BB UOX_420
UGD_420

MOX

10

30

40

Il Borated water reflector
I Guide tudes for safety rods

Guide tubes for control rods
Il Fission chamber

(b)

Fig. 2. 2D cross section at mid-plane of the differents cores. (a) UAM-UOX (left) and UAM-MOX (right). (b) UH1.4 (left)
and UMZONE (right).
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throughout the cycle: at the beginning, the different cores,

and therefore, a degraded degree of similarity with the
mainly loaded with UQO; fuel presents a relatively low but

experiment (see Fig. 5).

satisfactory degree of similarity with UH1.4. However, as
the fuel evolves”, the uranium isotopes are consumed while
other isotopes, especially plutonium isotopes are produced
leading to a differentiation in terms of sensitivity profiles

9 Only the UAM cores evolve while the experiments remain
at their initial conditions.

In addition, we can observe a better representativ-
ity factor between the UAM cores than those of each
core to UH1.4. The ambient operating conditions, the
size difference between the mock-up and the core and
finally the enrichment level could reasonably be pointed
out to explain such a difference. However, it has been
shown by varying the B2 coefficient (and thus the leak-
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Table 9. Uncertainty distribution of the kg (pcm) over the main contributors at zero power: nuclear data accounting

for 95% of the total uncertainty.

UAM-UOX UAM-MOX UH1.4 UMZ
data unc. data unc. data unc. data unc.
oU25 981 UM 226 U2 333 o0 933
pU23s 264 U235 198 U235 267 U235 228
gU28 240 U2 195 g [LH20 955 U2 q79
o2 172 0?8 133 U2 231 o0 175
aiH'Hzo 137 0?235 129 05238 189 0?238 145
o§s 133 g M0 121 g HH0 155 g HH0 30
XU235 110 XU235 101 0?238 149 XU235 129
o L0 gy U137 GUs 1l
O.}Ju239 77 o.fu239 100
0.511239 74 0.}]235 93
0.5'1/240 892
Total 544  Total 466  Total 648  Total 526
=
N\‘ - captur_ej'u239
L 2 T * _L—'- capture_Pu240
—&— capture_U235
=& capture
500 1 - caE:ure:l}::fgs
—7— capture_H1_H20
~—*— spectre_U235
—+= nu_Pu239
07 - e
—- scattering_UZ38
—&— scattering_H1_H20
—§— totale
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&
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Fig. 3. Distribution of the keg uncertainty over the main contributors function of the burnup at HFP: UAM-UOX.
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Table 10. k.g representativity factors between UAM
UOX and MOX cores and UH1.4 and UMZONE exper-

iments at zero power.

UAM-UOX UAM-MOX UH1.4 UMZ

bly contains uranium-gadolinium pins while the periph-
eral doesn’t. They are pin-wise in the ZPR experiments
cases due to their smaller size'©.

Figure 6 shows the fission rate ratio function of the

burnup for the various UAM cores and is completed in

UAM-UOX 1 0.95 0.74 0.72
UAM-MOX 1 0.68 0.76
UH1.4 1 0.93
UMZ 1

Appendix A with the 2D power maps of the different cores.
The displacement of the hot spot and the evolution of the
normalized (to the mean) assembly powers can then be
observed.

Unlike the keg, the UH1.4 is not representative of the

age), the fuel and moderator temperatures, that the fuel
enrichment accounts as the main parameter explaining
this representativity difference, the others accounting in
less proportion. This is in agreement with the analysis
made in Section 3.1.3.

The same analysis is made with UMZONE and its
central MOX assembly, which representativity remains at
higher values due to plutonium production throughout the
cycle, hence increasing the importance of the plutonium
isotopes to the representativity. However, the global rep-
resentativity remains low (<0.7) as the sensitivity profiles
are relatively different (mainly driven by uranium and,
to a lower extend, gadolinium isotopes — at least up to
12-15 GWd/T).

3.2.4 Uncertainty and representativity study on the center
over periphery fission rate ratio

In the reactor cases, the fission rates are integrated over
all the fuel pins of the central assembly on the one hand
and of the peripheral assembly in the other (respectively
at position J9 and R15 in Fig. 2a). The central assem-

UAM Gen-III cores (see Tab. 11) for the fission rate ratio.
The size, at the first order but also the reflector type explain
this lack of representativity. In the experiments, the fuel is
surrounded by a large borated water layer, moderating neu-
trons, while the UAM cores contain a stainless steel heavy
reflector that reflect neutrons in a slightly harder spectrum,
hence exacerbating, through a higher reflector saving, the
actual size of the core. These conceptual differences affect
the shape of the power map and therefore the local fission
rate ratios. However, UMZONE presents a much better rep-
resentativity to UAM-MOX (-0.6).

Moreover, the negative signs indicate anti-correlations
(in the sense of nuclear data) between the sensitivity pro-
files. Here also, the representativity factor evolves with the
burnup (see Fig. 7).

Before suggesting an interpretation of the results, we
have taken the analysis a step further by looking at
the respective contributions of direct and indirect effects.
Since only the isotopic fission cross-sections are concerned
by the direct effect in this specific case (see Eq. 12), the
comparison have concerned only the main fissile isotopes.

10 The central pin is a fuel pin located at the upper-right
corner of the central guide tube in the whole geometry.
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Table 11. Fission rate ratio representativity factors
between UAM UOX and MOX cores and UH1.4 and
UMZONE experiments at zero power.

UAM-UOX UAM-MOX UH1.4 UMZ
UAM-UOX 1 0.19 -0.51 0.26
UAM-MOX 1 -0.14 -0.60
UH1.4 1 0.23
UMZ 1

Table 12 shows the respective relative contributions of the
direct and indirect terms to the sensitivity of the total
fission rate ratio at zero power. We note the difference
between the mock-up experiments and the large cores. In
the later case, the predominance of the indirect term indi-
cates that a change in the flux will be more influential that
the direct impact of the perturbation on the fission rate
ratio. It is an indicator of a size effect on the sensitivities.

Table 13 gives the uncertainty of the center over
periphery fission rate ratio and its distribution over the
main contributors at zero power. With regard to the mag-
nitude, we note the very high value of the uncertainty in
the case of UAM-MOX (more than 18%). Various reac-
tions account for the main contributors depending on the
configurations.

This size effect also explains the gap between the
uncertainties of mock-up experiments and those of large
cores as the direct terms are generally of the same order
of magnitude. In fact, the indirect effect (and therefore
the influence of the immediate environment) on the fission
rate ratio sensitivities results in a greater sensitivity the
greater the center-periphery distance, and consequently a
higher uncertainty in the case of large cores. It could indi-
cates a greater compensation between the center and the
periphery for the mock-up experiments due to their small
size.

For the difference between the UOX and the MOX
cores, the following interpretation can be made: the pres-
ence of the MOX assemblies in the last ring of the UAM-
MOX core is responsible of a higher uncertainty. In fact, if
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Fig. 7. Fission rate ratio representativity function of the bur-
nup at HFP.

we look at the main contributors for example, in the UAM-
UOX case, a change in the U235 cross-sections will affect
the immediate environment of both the central and the
peripheral assemblie as they are U235 enriched assemblies
and surrounded by UOX and UGD type assemblies. Thus,
a variation in the central fission rate is partly compen-
sated by a variation in the peripheral fission rate in terms
of sensitivities with respect to the U235 cross-sections. A
contrario, in the UAM-MOX case, the periphery contains
MOX and also have MOX in its immediate environment
which are less affected by a perturbation in the U235 cross-
sections. Thus, a perturbation in the U235 cross-sections
will lead to a less flat power map, and then a more sensitive
center/periphery fission rate ratio, i.e. a larger uncertainty
with respect to the input perurbation. As the fuel evolves,
the uncertainty is reduced (see Figs. 8 and 9).

4 Conclusions

This paper presents a first application of experimental
results issued from ZPR experiments to an advanced
Gen-IIT core design core, based on representativity and
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Table 12. Relative contributions of the direct and indirect terms to the fission rate ratio sensitivity with respect to
perturbation in some isotopic fission cross-sections.

UAM-UOX UAM-UOX UH1.4 UMZ

Isotopes Direct term Ind. term Direct term Ind. term Direct term Ind. term Direct term Ind. term
0][{235 1% 101% ™% 93% 53% 47% 91% 9%

o238 1% 93% 4% 96% 54% 46% 7% 23%
af“239 - - ™% 93% - - 79% 21%
gFu2i0 . 5% 95% - - 54% 46%
0}3“241 - - ™% 93% - - 73% 27%
0]1?“242 - - 5% 95% - - 52% 48%

Table 13. Uncertainty distribution of the fission rate ratio over the main contributors at zero power: nuclear data
accounting for 95 % of the total uncertainty.

UAM-UOX UAM-MOX UH1.4 UMZ

data unc. data unc. data unc. data unc.

Y U235 44%  oFv0 76% o M0 0.8% U2 1.0%

scat

GO g gy P9 7oy GUZS 6% K Pu (7%

scat c scat

oU28 939 U235 6.5% o, -H0 4% gPu29 7%
o235 2.2% oU25 6.4% XU 0.3% o, H-H20  0.7%
oU28 9% gPu210 3% oFu290.6%
gPu242 519 gFPu210 0 6%

oY 4.6% oU25  0.6%

XU 3.9% oU28 6%

oful 2.8% xPe0.5%

o HH20 9 707 o2 04%

o, H-H20 9 3% pU235 0.4%

oU28 999 o HH200 49

oPu242 3%

Total 6.3% Total 18.4% Total 1.1% Total 2.2%
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transposition approach. After a short reminder of
the mathematical background based on a deter-
ministic bayesian inference, sensitivities are cal-
culated using the different perturbation theo-
ries implemented in the COCAGNE determin-
istic core code developed by EDF and FRAM-
ATOME, and wuncertainties are propagated by the
“sandwich rule”. This paper studies an application of

the representativity evaluation between two Gen-II1
PWR cores, issued from the benchmark UAM, using the
transferable information from two mock-up experiments
performed in the EOLE critical facility.

The primary objective of the mock-up experiments
is to produce experimental data used for the valida-
tion of calculation tools for neutron physics. They also
offer a highly precise measurements database which can
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be used in a transposition approach in a context of
complementary validation process for new reactor con-
cepts. Then, the question was how does this representa-
tivity evolve with the configurations and during the cycle
and how small cores can be representative of a large core
power distribution.

Covariance data were collapsed from a fine 36-group
mesh to a coarser 8-group energetic mesh according to
different conservation principles: reaction rates and total
uncertainties. Without ruling on the appropriateness of
using one or the other, it is important to note that the
variance-covariance distribution inside the fine mesh can
hide a sudden jump from one group to another, from a few
dozen to a few percent, for example. This seems to lead
to an underestimation of progaged uncertainty when col-
lapsing with the sensitivity profiles. Therefore, the choice
of the coarse mesh with regards to the fine energy mesh
bounds is important.

As a result, the first selection of well documented
experiments from the EPICURE program in the EOLE
ZPR showed different behaviours, according to the con-
sidered output:

— The representativities on the effective multiplication
factor are relatively good and confirm that mock-up
experiments are relevant for large Gen-III cores even
with the presence of U0O2-Gd203 assemblies and a
stainless steel reflector.

— As for the fission rate ratio, the representativities are
lower and are explained by the difference in the sizes
(already pointed out by [41]) to which is added the
impact of the stainless steel heavy reflector, both con-
tributing to the neutron decoupling between the center
and the periphery. However, this result doesn’t repre-
sent a drawback for the mock-up experiments, which
were not originally designed to validate the power dis-
tributions of a large core, but to validate local fission
rate distributions at the assembly scale.

One way to increase this representativities would be
to integrate other ZPR experiments such as CAMELEON
[42] (UO4 with gadolinium pins) and PERLE [43] (UO,
surrounded by a thick stainless steel reflector) in the ZPR
database both for keg and for fission rate distributions,
and experiments from NPP (Nuclear Power Plant) fleet
especially for fission rate distributions.

Moreover, this preliminary analysis already points out
several important sources of uncertainties on both k.g and
fission rate distributions. Among the main nuclear data
driving the uncertainties, we can already mention **Xe
capture cross-section for keg.

The full transposition analysis, to be published in a
forthcoming paper will give potential improvements in
the cross-sections for Gen-III core physics. We will high-
light the potential gain of combining various experiments
in ZPRs, known for their preciseness, with physical test
experiments (to avoid burnup calculation biases in partic-
ular) from the french NPP fleet, less precise but more rep-
resentative in particular for fission rate distributions. The
combined approach of such dual experimental database,

coupled with a weighting technique, enables an optimized
transposition to some targeted design.

Finally, it should be noted that the UAM-MOX core
is an “exotic” configuration, not representative of a possi-
ble mixed loading pattern, and has been designed only to
exacerbate the effect of some nuclear data from a numeri-
cal point of view. This explains the large fission rate ratio
uncertainty we observed.
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Appendix A: Normalized 2D power maps of
the UAM UOX and MOX cores at various

burnups.
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Fig. A.1. Normalized 2D power map of the UAM-UOX core at 0 (left) and 4000 MWd/t (right).
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Fig. A.2. Normalized 2D power map of the UAM-UOX core at 8000 (left) and 12000 MWd/t (right).
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Fig. A.3. Normalized 2D power map of the UAM-MOX core at 0 (left) and 4000 MWd/t (right).
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Fig. A.4. Normalized 2D power map of the UAM-MOX core at 8000 (left) and 12000 MWd/t (right).
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