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Summary

Studies related to severe core accidents constitute a crucial element in the

safety design of Gen‐IV systems. A new experimental program, related to

severe core accidents studies, is proposed for the zero‐power experimental

physics reactor (ZEPHYR) future reactor. The innovative program aims at

studying reactivity effects at high temperature during degradation of Gen‐IV

cores by using critical facilities and surrogate models. The current study intro-

duces the European lead‐cooled system (ELSY) as an additional Gen‐IV system

into the representativity arsenal of the ZEPHYR, in addition to the sodium‐

cooled fast reactors. Furthermore, this study constitutes yet another step

towards the ultimate goal of studying severe core accidents on a full core scale.

The representation of the various systems is enabled by optimizing the content

of plutonium oxide in the ZEPHYR fuel assembly. The study focuses on

representing reactivity variation from 900°C at nominal state to 3000°C at a

degraded state in both ELSY and Advanced Sodium Technological Reactor

for Industrial Demonstration (ASTRID) cores. The study utilizes the previously

developed calculation scheme, which is based on the coupling of stochastic

optimization process and Serpent 2 code for sensitivity analysis. Two covari-

ance data are used: the ENDF 175 groups for ELSY and the Covariance Matrix

Cadarache (COMAC) 33 groups for ASTRID. The effect of the energy group

structure of the covariance data on the representativity process is found to be

significant. The results for single degraded ELSY fuel assembly demonstrate

high representativity factor (>0.95) for reactivity variation and for the critical-

ity level. Also, it is shown that the finer energy group structure of the covari-

ance matrices results in dramatic improvement in the representation level of

reactivity variations.
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1 | INTRODUCTION

Safety of nuclear reactors is essential for the future pros-
pects of nuclear energy as a reliable, affordable, and clean
source of energy. Safety standards are continuously
reviewed and upgraded as new research and development
are performed. Continuous research, improved standards,
and new evaluable experiments regarding this subject are
of fundamental importance for the nuclear industry.
Since the Fukushima Daichii accident, there have been
many analyses of its causes, consequences, and implica-
tions leading to countless new measures taken worldwide
by the nuclear community.1,2 These measures include the
reassessment of current and future designs of nuclear
power plants (as well as research reactors and critical
facilities) against extreme accidental conditions.

A key aspect in the design of nuclear power system is
the prevention, monitoring, and mitigation of postulated
severe core accidents (SCA). The accidents at TMI‐2 and
Chernobyl raised the awareness for this kind of accidents
and emphasized the importance of SCA studies. Nonethe-
less, there still exist many unknown factors in our under-
standing of SCA progression, as was demonstrated by the
Fukushima Daichii accident in 2011.3,4 Adequate analy-
ses are needed for all phases of severe accident's progres-
sion in order to improve the safety margins of the design.
The main gaps related to pressurized water reactors
(PWRs) that require further research are identified by
the EUROSAFE forum.3 These include problems related
mainly to mechanical, chemical, and material problems,
which are all related to the reactor's behavior during an
SCA.

The analysis of hypothetical core disruptive accidents
in liquid metal fast reactors is a central point in their
safety assessment since their development.4,5 When con-
sidering SCA in Gen‐IV future systems,6 such as
sodium‐cooled fast reactors (SFRs) and lead‐cooled fast
reactors (LFRs), the SCA progression is strongly coupled
to the neutronic behavior of the core. This feature, which
constitutes a major difference from light water reactors
(LWRs), results from the fact that fast core configurations
(ie, material balance and geometry) do not create the
most reactive configuration. Therefore, changes to the
core layout, ie, material relocation in the core due to
SCA (eg, fuel, coolant, structural materials), can poten-
tially lead to positive reactivity insertion and uncontrolled
power excursion. Therefore, a detailed study of SCA
progression is required to estimate the neutronic charac-
teristics of the core during different stages of SCA.7

It is impractical to perform neutronic experiments
related to SCA because it would have to involve a critical
core undergoing meltdown at 3000°C. This melted core
might experience large positive reactivity ramp. Large posi-
tive reactivity ramps may be introduced in the system
because of compaction of melt fuel in core regions charac-
terized by a significant neutronic contribution triggered
by, eg, sloshing phenomena during the transition phase.8

Hence, most of the R&D related to neutronic behavior dur-
ing SCA is based on computer simulations. Since SCA in
Gen‐IV reactors is a strongly coupled neutronic, thermal‐
hydraulic, and thermomechanic process, multiphysics
codes, also known as “best‐estimate” codes (eg, high‐
fidelity coupled NK/TH codes), are usually utilized. For
that reason, a neutronic‐related experimental program for
studying SCA progression is of utmost importance for the
continued qualification of computational tools (eg, best‐
estimate codes) and monitoring instrumentation.

The progression of SCA in a nuclear reactor is a nonlin-
ear stepwise process, which can develop in a wide range of
directions with a large number of associated degraded con-
figurations. Moreover, the SCA progression timescale is
extremely slow with respect to the neutronic timescale.
Hence, the study of neutronic behavior during SCA can
be performed utilizing a quasistatic approach for studying
instantaneous configurations, which are realized in the
course of the meltdown process. This is obtained by validat-
ing computational results versus relevant experimental data
gathered in a critical facility. The importance of “represen-
tative” experimental programs emerges from this crucial
need to transfer (or “translate”) experimental data, mea-
sured in a zero‐power reactor, to the equivalent information
in the reference power system. Hence, “best‐representative”
experiments are crucial for the design stage of safety
features for nuclear power systems (current and future).

High representativity of numerous integral parame-
ters, eg, criticality or reactivity variations, enables to pro-
vide a best‐estimate neutronic analysis of the system
being investigated in a safe and flexible setting of a
zero‐power reactor (ZPR).9,10 Essentially, representative
experiments provide information on physical (neutronic)
quantities of the investigated power system, eg, criticality,
reactivity changes, flux distribution, spectrum, reactivity
feedbacks, by appropriate experimental measurements
and analysis in a mock‐up system.
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Previous studies showed that highly representative
SCA configurations (ie, with high representativity factor)
can be obtained on a single SFR fuel assembly level.7

The previous work7 focused on the Advanced Sodium
Technological Reactor for Industrial Demonstration
(ASTRID) reduced void fraction (CFV) core.11 Recent
developments related to the ASTRID project experienced
substantial modifications,12 with a significant reduction
in power (from 600 MWe to 100‐200 MWe). Nevertheless,
the ASTRID CFV concept presents an interesting chal-
lenge in terms of severe accident studies, due to the high
heterogeneity of the core. In light of these recent develop-
ments, the Commissariat à l'Énergie Atomique et aux
Énergies Alternatives (CEA) decided to expand the scope
of its severe accidents studies beyond ASTRID‐like SFR
designs. This step is supposed to assist in ensuring the
high scientific and industrial attractiveness of the
planned experimental reactor zero‐power experimental
physics reactor (ZEPHYR).13 This paper describes the
extension of the ZEPHYR representativity capabilities
beyond the ASTRID‐like core to include the European
lead‐cooled system (ELSY)14 on the level of a fuel
assembly.

The extension of the representativity capabilities of
the ZEPHYR reactor is facilitated, to a large extent, by
the unique nuclear fuel stockpile of the MASURCA reac-
tor, available at CEA research center at Cadarache. This
stockpile contains a wide variety of fuel materials
(MOX, enriched UO2, metallic uranium, and plutonium,)
in different geometries (pins, plates, bars, slabs) and rep-
resentative coolant channels (sodium and lead). The
availability of this fuel stockpile provides a high degree
of flexibility in the design of an experimental ZEPHYR
core. This is a significant advantage to the proposed
experimental program thanks to the possibility that high
representative core configuration can be designed and
built using the existing fuel stockpile without the need
for additional new fuel manufacturing.

This paper focuses on representativity studies on the
level of a single fuel assembly of the ELSY configuration
and its representation during SCA conditions. This study
constitutes an essential and initial step towards further
qualification of the methodology on a full core scale SCA
for both the SFR and LFR cores in the ZEPHYR facility.

Nuclear data will be addressed by ZEPHYR through
integral measurements in various spectra, thanks to the
flexibility in the built configurations: from thermal to fast.
Nuclear data represent now the major source of uncer-
tainty on integral parameters. Any improvement in ND
will enhance all core physics parameters and, by exten-
sion, any criticality and safety issues.

In Section 2, the methodology developed for designing
best‐representative experiments is detailed, and a short
overview of the ZEPHYR project is presented, as well as
a description of the two Gen‐IV reference systems
(ASTRID and ELSY) considered in this study. In Section
3, the results of best‐representative experiment design
for a single ELSY LFR fuel assembly are described and
discussed, and the representativity of a single ASTRID
SFR fuel assembly is revisited. Conclusions and discus-
sion are presented in Section 4.
2 | METHODOLOGY AND
EXAMINED SYSTEMS

In this section, the methodology developed and imple-
mented for designing best‐representative core configura-
tions is described. In addition, the mathematical model
of the representativity process is summarized, and the
Gen‐IV nuclear systems under investigation are
described, ie, ZEPHYR, ASTRID‐CFV, and ELSY.
2.1 | Representativity method

The representativity model is based on a method proposed
in the previous study.15 The importance of best‐
representative experiment design stems from its capability
to transfer (or “translate”) experimental data, measured in
a mock‐up facility, to the equivalent information in the ref-
erence power system. This is of great potential for
supporting the design of future systems, eg, the molten
salt‐cooled reactor experiments recently launched at Petten,
Netherlands.16 Nuclear data of salts are not experimentally
studied, and some important lacks remain.17 Technically,
ZEPHYR can reproduce a representative MSR spectrum
(even probably some mock‐up if the fuel is solid). Through
oscillation of a molten salt sample, it should be possible to
target the proper ND and improve it.

The underlying hypothesis relies on a comparison
between the sensitivity profiles of the quantity under
investigation. The similarity is quantified using the repre-
sentativity coefficient (rRE), as defined in Equation 1,15

rRE ¼ St
RVSEffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

St
RVSR

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
St
EVSE

p ≡
St
RVSE

ϵRϵE
(1)

where S represents the response vector (sensitivity) of the
integral quantity to nuclear data (ND) in the two different
systems, the subscript E stands for the experimental repre-
sentative mock‐up, the subscript R stands for the reference
systems, and V represent nuclear data covariance matrix.

In Equation 1, the numerator denotes the covariance
between the experimental mock‐up and the reference
power system responses, while the terms in the denomi-
nator, ie, St

RVSR and St
EVSE , denote the priori variance
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(uncertainty) of the relevant quantity in systems E and R
due to uncertainties in the nuclear data, respectively,
which are propagated using the sandwich rule.18 The
more the reference sensitivity (SR) is similar to the exper-
imental sensitivity (SE), the closer the representativity
factor (rRE) is to unity. A representativity factor close to
unity indicates that the two systems are highly correlated
in terms of neutronic sensitivities (of the relevant quan-
tity) with respect to the covariance data V.

In the previous analysis,7 the Covariance Matrix
Cadarche V01 (COMAC‐V01) and the JEFF‐3.1.1 nuclear
data evaluation were utilized in the representativity pro-
cess. However, the COMAC‐V01 does not contain informa-
tion on lead. Therefore, the ENDF/B‐VII.119 nuclear data
evaluation was utilized together with the publicly available
covariance matrix, which can be obtained from the Nuclear
Energy Agency (NEA) Java‐Based Nuclear Data Informa-
tion System (JANIS).20 The sensitivity vectors were calcu-
lated using the Serpent v2.1.29 Monte Carlo code.21

The application of the representativity method for the
design of an experimental system enables the prediction
of a posteriori reduction factor in the reactor response
uncertainty ( ϵ*R) once the experimental information is
assimilated. The reduction factor is given by

ϵ*R
� �2 ¼ ϵRð Þ2 1 − ωr2RE

� �
; (2)

where ω ¼ 1þ δE2=ϵ2E
� �−1

is called “experimental
weight” factor, or an “experimental importance,” and
δE is the experimental uncertainty. This factor is a mea-
sure for the accuracy of the integral physical quantity in
the representative system with respect to the nuclear data
propagated uncertainty associated with it. In the case

rRE = 1 and δE2=ϵ2E→0, the reduction factor, ie, ϵ*R=ϵR,
vanishes. However, this is not the case as shown in what
follows. The C/E bias from the experimental parameter
can be transpositioned to the target parameter bias
FIGURE 1 ASTRID CFV‐V0 core layout: (A) axial cut and (B) radial
bR − R0 (posteriori and priori calculated values) that can
be written as follows:

bR − R0

R0
¼ α

E − C
C

� �
(3)

where E is the experimentally measured parameter, C is
the calculated parameter, and the transposition factor α
is expressed as22

α ¼ St
RVSE

δE2 þ ϵ2E
¼ ωrRE

ϵR
ϵE

(4)

2.2 | The ASTRID CFV‐V0 core

The ASTRID concept was proposed following the sustain-
ability requirements and safety standards that were deter-
mined in the roadmap for Gen‐IV nuclear energy
systems.6 The selection of an SFR system for the ASTRID
project was based, to a large extent, on the extensive and
invaluable experience of the French nuclear industry with
the PHENIX and SUPERPHENIX SFR systems. In recent
years, several core layouts were proposed for the ASTRID
core.23 A most promising concept was found to be the
reduced void fraction (CFV) core, arranged in a hexagonal
lattice and consists of four axial regions: the lower blanket,
the lower fissile zone, the intermediate blanket, and the
upper fissile zone, as described in Figure 1. The main
parameters of the CFV‐V0 are given in Table 1.
2.3 | European lead‐cooled system

Similar to the SFR, lead‐cooled fast reactor (LFR) is also
one of the six fast systems selected by the Gen‐IV forum
as best candidates to comply with the future require-
ments of the nuclear industry. LFRs present some advan-
tages in terms of safety in unprotected severe accidents,
cut [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 The CFV‐V0 core design11

Parameter

Power, MWth 1500

Primary coolant Sodium

Inner core dimensions

• Lower blanket height, cm 30

• Lower fissile zone height, cm 25

• Intermediate blanket height, cm 20

• Upper fissile zone height, cm 35

• Inner core radius, cm 133

• Assembly pitch, cm 17.5

Outer fissile zone dimensions

• Lower blanket height, cm 30

• Fissile zone height, cm 100

• Outer fissile zone radius, cm 163

• Assembly pitch, cm 17.5

Plutonium oxide enrichment
(inner/outer fissile zones), %

23/23

Effective delayed neutron fraction (βeff), pcm 364

Reactivity worth of 100% void, $ −1.2
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mainly thanks to the high boiling temperature of lead
(about 1750°C) with respect to SFRs (sodium boiling tem-
perature about 883°C). However, lead as a coolant is not
free of faults. The main challenge in lead‐cooled systems
is the erosion of protective oxide layers, leading to
enforcing an upper limit on coolant velocity (around
2.5‐3 m/s).24 This limitation practically reduces the heat
removal capability of the lead with respect to sodium
(typical sodium flow velocity is around 10 m/s). As a
result, the pinwise pitch in LFR is larger than in SFR,
resulting in better fluid circulation and enhanced safety
performances. Corrosion of structural materials is also a
major concern in future LFR systems. One possible way
FIGURE 2 ELSY core layout: (A) axial cut and (B) radial cut [Colou
to overcome the corrosion problem is through controlling
the oxygen content in the lead. Such technology was used
in the Russian Alpha‐class submarines, which was effec-
tive at temperatures up to 820°K.25

Considering the two systems, LFRs present safety‐
related advantages during unprotected severe accidents,
mainly due to a better natural circulation and the higher
boiling temperature. However, the corrosion of structural
materials can lead to blockages of flowing channels,
which can be followed by complete channel voiding.
Moreover, the experience with LFR is very limited
(mainly in the Russian Alpha‐class submarines), and
public information is unavailable. Therefore, these sys-
tems must go through further investigation before con-
struction, making the ZEPHYR facility an excellent
candidate to serve as an experimental mock‐up.

Several LFR concepts are currently under investiga-
tion worldwide: the accelerator‐driven system Multipur-
pose Hybrid Research Reactor for High‐Tech
Applications (MYRRHA) in SCK Belgium,26 the BREST‐
300 and BREST‐1200 in Russia,27 the Advanced Lead‐
Cooled Fast Reactor European Demonstrator
(ALFRED),28 and the ELSY29 in Italy.

While the previous study focused on ASTRID SFR
system, the current study focuses on the ELSY LFR sys-
tem, which provides accessible information regarding
geometry, material balance, and operational conditions.30

The core layout of ELSY is shown in Figure 2, and the
main characteristics are summarized in Table 2. The
active core height of ELSY (120 cm) is very close to that
of the ASTRID (about 110 cm), and the two systems share
the same thermal power level (1500 MWth). However,
the ASTRID core is much more compact due to its axial
heterogeneity, which requires higher PuO2 content in its
MOX fuel. Furthermore, the ELSY core diameter is larger
than that of the ASTRID core.

Considering SCA in ELSY, two configurations are
considered as extremes. The first configuration consists
of a full blockage of a coolant channel and meltdown of
r figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com


TABLE 2 Design parameters for the ELSY core29-31

Core design parameter ELSY

Nominal thermal power, MWth 1500

Primary coolant Lead

Core dimensions

• Lower fuel expansion zone, cm 96

• Fissile zone, cm 120

• Upper fuel expansion zone, cm 24

• Core radius, cm 290

• Assembly pitch, cm 21.6

Fissile zone PuO2 enrichment
(inner/intermediate/outer), %

14.5/15.5/18.5

Effective delayed neutron fraction (βeff), pcm 355

Reactivity worth of 100% void, $ −12
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the fuel, followed by stratification of materials, ie, fuel on
the bottom and structural materials on top, with a void
above. The second configuration is similar to the first
one with a single difference, ie, the presence of lead on
top of the melted zone. The different degraded configura-
tions are shown in Figure 3.
3 | RESULTS AND DISCUSSIONS

This section deals with the design of a representative
experimental program in a ZPR related to neutronic
effects during severe core accidents in Gen‐IV reactors.
First, uncertainty propagation of the ELSY reactor is pre-
sented, followed by a short summary of the ASTRID
uncertainty analysis. Second, the methodology previously
developed for the optimal design of the experimental pro-
gram on a single fuel assembly level17 is executed with
respect to a single ELSY fuel assembly degraded states
(Figure 3). Finally, based on the lessons learned from
the study on a single ELSY fuel assembly, the representa-
tivity of a single degraded ASTRID fuel assembly is
revisited.
3.1 | Uncertainty propagation in the ELSY
design

The uncertainty propagation enables a better understand-
ing of the neutronic characteristics of the reactor under
investigation. For the ELSY design, the uncertainty prop-
agation is performed using the ENDF/B‐VII.1 nuclear
data evaluation, in 175 energy groups. The utilization of
additional nuclear data library with a fine energy mesh
(175 groups for ENDF vs 33 groups for JEFF‐3.1.1) pro-
vides further verification of the models' flexibility in the
design of the experimental program.

The results of the uncertainty propagation on the
multiplication factor are given in Table 3 and Figure 4.
The results indicate that there are six major isotopes that
contribute to the total propagated uncertainties, ie, 56Fe,
206,207Pb, 238U, and 239,240Pu. The propagation of uncer-
tainties, performed with the ENDF covariance data, fol-
lows the same trend obtained with the JEFF covariance
data evaluation,32,33 similarly to previous analysis of
experimental programs related to SCA studies (the
SNEAK‐12A/B experimental program34,35). The uncer-
tainty related to 238U and 239Pu remains high in the two
different evaluations. Furthermore, the total propagated
uncertainty related to ND remains at a magnitude of
~1000 pcm, which is similar to the uncertainty estimation
performed for the ASTRID core (Section 3.2).

The uncertainty propagation analysis (Table 3) reveals
interesting behavior regarding individual isotopes' contri-
bution to the propagated uncertainties. The isotopic com-
position used in ELSY is of natural lead, where the
isotopic breakdown is.
FIGURE 3 Degraded configuration

considered in ELSY SCA studies. A,

Reference intact ELSY fuel assembly. B,

Molten ELSY fuel zone with a void on top.

C, Reflooded molten pool [Colour figure

can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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TABLE 3 Breakdown of total propagated uncertainties for ELSY core [pcm]

Isotope Capture Elastic Scattering Fission Inelastic Scattering N,xN Total

56Fe 20.2 305.2 0.0 83.6 0.0 317.1
204Pb 31.5 1.6 0.0 8.1 0.1 32.6
206Pb 21.0 19.4 0.0 110.6 1.1 114.2
207Pb 43.3 23.0 0.0 135.3 1.9 143.9
208Pb 40.8 24.8 0.0 29.0 3.1 55.9
235U 47.6 0.1 11.0 1.8 0.0 48.9
238U 355.8 9.2 32.1 766.0 4.1 845.3
239Pu 287.5 1.0 207.3 86.5 0.3 364.9
240Pu 138.7 0.6 18.5 35.4 0.1 144.3
241Pu 0.0 0.6 54.5 24.1 0.3 59.6

Total 486.0 307.8 217.8 796.6 5.6 1006.4

F
w
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The uncertainties associated with the inelastic scatter-
ing show that although 208Pb is the most abundant iso-
tope, it does not exhibit the highest propagated
uncertainty. Moreover, its propagated uncertainty is not
much higher than the uncertainty related to 204Pb. Fur-
thermore, the propagated uncertainty for inelastic scatter-
ing is much lower for 208Pb than for 206,207Pb. This
behavior is associated with the inelastic scattering cross
section of the lead isotopes, as shown in Figure 5, which
is a threshold reaction. The above behavior results from
the difference in the energy thresholds for the different
isotopes, with the 204Pb threshold being the highest with
respect to the other isotopes. Moreover, the uncertainties
associated with inelastic scattering cross section of 208Pb
are substantially lower with respect to the other isotopes.

Thus, the impact of the different lead isotopes on the
propagated uncertainties of the ELSY design exhibit
opes from ENDF/B‐VII.1 evaluation [Colour figure can be viewed at

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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complex behavior, which depends not only on the isoto-
pic abundance but on the nuclear data as well.
3.2 | Uncertainty propagation in the
ASTRID design

The main contributors to the total uncertainty of the
ASTRID core are the heavy isotopes 238U and 239,240Pu
(Figure 6). The total propagated uncertainty in the
ASTRID core reaches 1400 pcm, which is slightly higher
than that of the ELSY core. The main difference (with
respect to the ELSY core) is observed in the capture of
238U and fission of 239,240Pu, attributed to their reduced
uncertainties in ENDF in comparison with COMAC‐V01
(Appendix A).

The differences in uncertainties on 56Fe are much
lower for the ASTRID than for ELSY. This is mainly
related to the different covariance data used for ELSY
(Figure 4, ENDF) and ASTRID (Figure 6, COMAC‐V01).
Moreover, the spectrum is slightly different between the
two designs, so any slowing down variations in inelastic
scattering of iron will be strongly amplified (threshold
reaction).

Thus, the isotopes considered for representativity in
the two systems are similar, ie, 238U, 239,240,241Pu, and
56Fe. Therefore, the only difference between the two sys-
tems in terms of representativity calculations is the cool-
ant type, ie, 23Na for ASTRID and 204,206,207,208Pb for
ELSY.

At this point of the study, it is reasonable to assume
that it is possible to design high representativity experi-
mental ZEPHYR configuration for high‐temperature
reactivity variations in an ELSY fuel assembly. This argu-
ment is supported by the great similarity between the
propagated uncertainties in the two Gen‐IV systems, the
ELSY and the ASTRID, and by the fact that high repre-
sentativity was already obtained for high‐temperature
reactivity variations in an ASTRID fuel assembly. The
highly representative experimental ZEPHYR
FIGURE 6 Propagated uncertainties, associated with the

criticality level of the system (keff), for the ASTRID CFV‐V0 core

with COMAC‐V017 [Colour figure can be viewed at

wileyonlinelibrary.com]
configurations would be achieved by identifying the rela-
tionship between temperature effects in ELSY and den-
sity effects in ZEPHYR.
3.3 | Representativity of a single degraded
ELSY fuel assembly

The results presented in this section are obtained utilizing
the same optimization methodology that was presented for
the ASTRID assembly degradation in a previous study.7

The study is concentrated on the temperature variation
from 900°C at the nominal state to 3000°C at the degraded
configuration of the ELSY fuel assembly. The optimization
methodology utilizes particle swarm stochastic optimiza-
tion (PSO) algorithm,36 for the maximization of the repre-
sentativity factor through the search for the “perfect fuel”
that will ensure the highest rRE value.

The term perfect fuel refers to a hypothetical repre-
sentative ZEPHYR fuel assembly with such plutonium
oxide content that provides the highest representativity
of the power system. The optimal plutonium content is
a degree of freedom of the optimization process and the-
oretically can assume any value between 0% and 100%.
This is in contrast to, eg, the “MASURCA fuel,” which
is an existing fuel repository of the MASURCA fast criti-
cal assembly and is comprised of fuel element of different
geometries and different plutonium contents.

The examined configurations that would be loaded
into the ZEPHYR facility are shown in Figure 7. The ref-
erence fuel assembly for the representativity studies
(Figure 7A) is a square type lattice that is loaded with
eight lead rodlets, two natural UO2 pins, and six MOX
pins. This type of fuel assembly was found to be the most
representative of the ELSY undegraded fuel assembly and
is thus loaded into the ZEPHYR core. Consequently, the
multiplication factor representativity of a single fuel
ELSY assembly reaches a value of 0.96. The two degraded
configurations that are considered are a meltdown of the
MOX fuel and the formation of a molten region with
material stratification, without and with lead reflooding
of the voided zone above the melted fuel (Figure 7B and
7C, respectively).

In the previous study of a single ASTRID fuel assem-
bly,7 a variety of temperatures were considered for
research purposes. In this study, only realistic conditions
are examined, ie, temperatures of 900°C for normal core
operation conditions and of 3000°C for degraded configu-
rations. The results of the PSO calculations are given in
Table 4 and Figure 8. The results show that in the case
of the LFR core, the representativity exhibits a distinct
behavior as a function of plutonium content. Unlike in
the SFR single degraded zone simulations, where only a
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FIGURE 7 Fuel assembly configuration

for representativity studies of ELSY SCA

to be loaded into ZEPHYR. A, Reference.

B, Degraded configuration 1: void above

melt. C, Degraded configuration 2: lead

above melt [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 4 Representativity of reactivity variations for the differ-

ent degraded ELSY configuration and the optimal plutonium con-

tent in the ZEPHYR fuel

Core
Degraded
Configuration

PuO2 Content
in MOX rRE

ELSY
(ENDF/B‐VII.1)

Ref. to deg. config. 1 19.8% 0.96
Ref. to deg. config. 2 18.8% 0.96

FIGURE 8 PSO results for the representativity of a single

degraded ELSY fuel assembly [Colour figure can be viewed at

wileyonlinelibrary.com]
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single point gives representativity value above 0.85, in the
LFR case, a wide range of plutonium content exist (below
20%) with representativity values above the required
value of 0.85. Around 25% PuO2 content, the representa-
tivity drops sharply, and as the content of the PuO2 is
further increased, the representativity monotonically
increases towards an asymptotic value of around
rRE = 0.6.

The comparison of the sensitivity profiles of the reac-
tivity variations (Figure 9) in the ZEPHYR vs the ELSY
systems shows that the sensitivity profiles are very simi-
lar, especially, for the capture in 238U and fission of
239Pu, which are the dominant reactions in both systems.
3.4 | Revisiting the representativity of a
single degraded ASTRID fuel assembly

In light of the excellent results for the single ELSY fuel
assembly degradation representation, a revisit of the
results obtained for the single ASTRID fuel assembly deg-
radation is performed, mainly in order to estimate the
impact of different nuclear data library and finer struc-
ture of energy groups (COMAC—33 groups, ENDF—
175 groups) on the representativity process.

Previous results, obtained using JEFF‐3.1.1 and
COMAC,7 show that the target representativity factor of
0.85 can be obtained just for a very narrow range of
PuO2 content values. However, a change in both the
nuclear‐evaluated data set and the associated covariance
matrix can substantially alter the results. For example,
changing only the covariance matrix from COMAC to
updated covariance matrix (UCOM)37 increases the
required PuO2 content without changing the maximal
representativity factor of 0.85.7 The increase in PuO2 con-
tent, in this case, is due to the increased importance of
240Pu in the representativity process. Utilizing the ENDF
and its associated covariance data with finer energy mesh
(175g vs 33g) leads to increase in representativity (0.91),
probably because less information is lost during
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FIGURE 9 Sensitivity profiles of the reactivity variations in the ZEPHYR and ELSY. A, Ref. vs deg. config. 1. B, Ref. vs. deg. config. 2. The

insets show “zoom‐in” on the large peaks [Colour figure can be viewed at wileyonlinelibrary.com]
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downscaling (coarse meshing) of the covariance matrix.
Both revisited ASTRID and ZEPHYR configurations are
shown in Figure 10, and the results of the representativity
analysis are summarized in Table 5.

In the previous analysis, it was demonstrated that the
representativity results are strongly linked to the uncer-
tainty level.7 For example, when the uncertainties were
reduced for key isotopes and reactions (ie, 238U and
239Pu), the representativity level dropped. This is due to
the increase in the relative importance of other isotopes
in the representativity process, which may behave differ-
ently in the experimental system.

In this study, three main reactions govern the repre-
sentativity process in all examined systems, ie, capture
and inelastic scattering of 238U and fission of 239Pu. The
FIGURE 10 Revisited degraded configurations of a single ASTRID

(note: the figures are not on the same scale). A, ASTRID configurations

wileyonlinelibrary.com]

TABLE 5 Plutonium vectors

System 238Pu 239Pu 24

ASTRID39, 40 3% 55% 26

ELSY29,30 2.3% 57% 27

ZEPHYR 0.8% 70% 18
covariance data from COMAC‐V01 in 33 groups and from
ENDF in 175 groups are shown in Figures A1, A2, and A3
in the Appendix.

Noticeable differences in the uncertainty vectors of all
the presented reactions are observed. The uncertainties
associated with ENDF covariance data are notably lower
with respect to the COMAC‐V01 data. The impact of the
uncertainty reduction of the representativity process was
previously examined by reducing the uncertainties in
COMAC and the generation of UCOM.37 This change
led to the increase in the required amount of PuO2 in
the degraded MOX zone in order to achieve the required
level of representativity (Table 5). The change in the PuO2

content stems from the different plutonium vectors asso-
ciated with the ASTRID and with the ZEPHYR, where
fuel assembly,7 from voided fuel assembly to a single molten zone

. B, ZEPHYR configurations [Colour figure can be viewed at

0Pu 241Pu 242Pu 241Am

% 7% 7.5% 1.5%

% 6.1% 7.6% ‐

% 8% 2% 0.2%
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FIGURE 11 Representativity results of degraded situations using ENDF covariance. A, Single zone. B, Two zones [Colour figure can be

viewed at wileyonlinelibrary.com]

TABLE 6 Optimized plutonium content of the ZEPHYR fuel using different ND data

Covariance
Data Source

Ref. to Single
Deg. Zone rRE

Ref. to Two Deg. Zones

rREZone 1 Zone 2

COMAC‐V01 22.5% 0.85 20%‐24% 20%‐24% 0.85‐0.87

UCOM‐V01AB 25.2% 0.85 22.5%‐26.5% 22.5%‐26.5% 0.85‐0.91

ENDF covariance 22% 0.96 25%‐30% 15%‐20% 0.90‐0.94

aReference configuration at 900°C.
bDegraded configuration at 1000°C.
cCOMAC and UCOM given in 33 energy groups and ENDF in a 175 energy groups.
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the latter contains much less 240Pu. Hence, the weight of
240Pu in the representativity process is drastically
increased due to the reduction in the uncertainties in
238U and 239Pu.

Although JEFF and ENDF are two separate evalua-
tions, the data collapsing to energy groups leads to a
change in the shape of the correlation matrix. The corre-
lation between the different energy groups (off‐diagonal
terms) is smoothed out in the 33g with respect to the
175g. This is despite the fact that the collapse of the
covariance matrix to a small number of energy groups
conserves the propagated uncertainty.38 In the case of
the representativity process, this energy group collapse
may have a profound impact on the value of rRE, as in
the current study, since some information is inevitably
being lost during the collapsing process.

The impact on the search space shape due to the
change in the covariance data is also significant, as
shown in Figure 11. The overall behavior is similar to
the previous findings, with three zones, ie, the relatively
low representativity values at high PuO2 contents, a
“death valley” cutoff, and the high representativity
region. However, when using the previous 33g covariance
data, the high representativity region is represented by a
single point, whereas in the current case (of 175g), this
region is much wider. Nevertheless, the two different
libraries achieve the required representativity value
around the same PuO2 content, ie, around 22%. The three
approaches are summarized in Table 6.
4 | SUMMARY AND CONCLUSIONS

This paper presents the continuous effort put in the
design of a novel experimental program related to Gen‐
IV SCA studies in the future ZEPHYR versatile critical
facility to be constructed around 2028 at Cadarache,
France. This novel experimental program belongs to a
new class of representative experiments, where zero‐
power critical facilities (eg, ZEPHYR) are utilized for
studying severe core accidents and reactivity effects in
power reactors and in high temperatures. This paper
summarizes the additional capabilities developed for this
experimental program.

This study is a significant augmentation of the previ-
ously designed innovative heuristic approach, which is
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based on coupling Monte Carlo sensitivity calculation
with advanced stochastic optimization method. In this
study, the modeling capabilities in the ZEPHYR are
extended beyond SFR to include also Gen‐IV LFR
designs.

The capability extension to include Gen‐IV lead‐
cooled fast reactors is carried out using the design of the
ELSY serving as a reference system. The study addresses
the challenges related to the design of a representative
experiment for a single degraded ELSY fuel assembly.
Due to the lack of covariance data related to lead in
COMAC‐V01, the ENDF covariance data were utilized
in 175 energy groups.

Considering SCA in ELSY, two configurations are
considered as extremes (eg, Figures 3 and 7). The two
degraded configurations represent a meltdown of the
MOX fuel and the formation of a molten region with
material stratification, without and with lead reflooding
of the voided zone above the melted fuel (eg, Figure 7B
and 7C, respectively). The design optimization process
reveals that it is possible to identify highly representative
configurations, to be loaded into the ZEPHYR core, of the
reactivity variation related to ELSY, as shown in Figure 8
and detailed in Table 4.

The sensitivity of the representativity process to the
energy group structure of the covariance matrices is
examined using both JEFF and ENDF evaluations. For
this purpose, the representativity of a single degraded
ASTRID fuel assembly is revisited. This energy group col-
lapse is shown to induce a profound impact on the value
of the representativity factor since some information is
bound to vanish during the collapsing process. For exam-
ple, the correlation between the different energy groups is
smoothed out in the JEFF 33 g with respect to the ENDF
175 g (eg, Figures A1–A3). It is also shown that not only
the maximal representativity value is strongly affected by
the energy group structure of the covariance data. The
shape of the search space itself, as sampled by the PSO
process, is also significantly affected (Figure 11). Finally,
it is demonstrated that the finer group structure of the
covariance data eventually results in better representativ-
ity values and more robust design optimization process
(Table 6).

By extending the proposed representative experimen-
tal program to two Gen‐IV systems, the flexibility of the
ZEPHYR facility is enhanced such that it can accommo-
date almost any other Gen‐IV system characterized by
different fuels and coolants.

The main novelty of the proposed methodology
remains the representativity of high‐temperature effects,
which characterize power systems, and their expression
by variations in the content of the plutonium oxide in
the fuel of the ZPR. In this study, this novel methodology
is further qualified by applying it to study a single fuel
assembly SCA in the ELSY design, and successfully
obtaining high representativity values. This study is a
necessary preliminary step towards further qualification
of the methodology on a full core SCA for both the SFR
and LFR cores in the ZEPHYR facility.
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APPENDIX A
FIGURE A1 Covariance data for

capture of 238U. A, Uncertainty vector

comparison. B, COMAC‐V01 correlation

matrix. C, ENDF correlation matrix

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE A2 Covariance data for inelastic scattering of 238U. A, Uncertainty vector comparison. B, COMAC‐V01 correlation matrix. C,

ENDF correlation matrix [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE A3 Covariance data for fission of 239Pu. A, Uncertainty vector comparison. B, COMAC‐V01 correlation matrix. C, ENDF

correlation matrix [Colour figure can be viewed at wileyonlinelibrary.com]
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