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• A neutronic benchmark between FRENETIC and SIMMER III/IV is
presented.

• Consistent nuclear data libraries are generated with Serpent 2.

• The FRENETIC hexagonal coarse-mesh is compared to 2D cylindrical
and 3D Cartesian geometrical representations in SIMMER.

• The FRENETIC nodal method diffusion solution is in very good agree-
ment with SIMMER SN transport solution.

• The W-ε acceleration scheme is applied to estimate the asymptotic
error.
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Abstract

This paper presents a neutronic benchmark between the FRENETIC and the
SIMMER codes, performed considering the core of the ALFRED lead-cooled
fast reactor. FRENETIC includes a nodal diffusion module developed for
fast full-core analyses of safety-relevant transients in liquid-metal fast reac-
tors, while SIMMER is a reference tool for qualifying such kind of systems
in accidental conditions. In order to highlight the influence of the differ-
ent numerical methods available in the two codes on the output responses,
macroscopic parameters like the effective multiplication factor and the linear
power are compared in an increasingly detailed simulation framework. The
3D full-core FRENETIC results are compared at first to a cylindrical 2D
SIMMER core model, to highlight the impact of the absorber rings location.
Then, a 3D full-core model is also employed in SIMMER to assess the differ-
ences, with respect to FRENETIC, induced by the adoption of a Cartesian
mesh and of the discrete ordinates method. The full input data consistency
is ensured providing the same set of few-group material constants, generated
with the Monte Carlo code Serpent 2. Finally, the W-ε scheme is applied to
accelerate the angular and spatial convergence of the keff sequences computed
by SIMMER in order to estimate the asymptotic errors with respect to the
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reference Serpent calculation.
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1. Introduction

The Lead-cooled Fast Reactor (LFR) is one of the most promising Gen-
eration IV concepts. Its main objectives are the minimization of long-lived
radioactive waste, the economic sustainability and the inherent safety. Safety
aspects have to be incorporated early in the design phase to ensure compli-
ance with the above-mentioned objectives. Due to the different characteris-
tics of LFRs with respect to thermal reactors, codes commonly employed for
the accidental analysis in LWRs may not be adequate. Therefore, there is a
need for ad hoc computational tools that could accurately catch all the phys-
ical details occurring during both the reactor operational and off-operational
states.

In this perspective, the Fast REactor NEutronics/Thermal-hydraulICs
(FRENETIC) code, a multiphysics tool for the full-core analysis of liquid
metal-cooled reactors with hexagonal sub-assemblies (SAs), has been devel-
oped at Politecnico di Torino in the framework of the research and devel-
opment activities associated to the Advanced Lead-cooled Fast Reactor Eu-
ropean Demonstrator (ALFRED) design. FRENETIC includes a neutronic
and a thermal-hydraulics module, which have been already validated against
experimental data (Caron et al., 2018) and benchmarked with reference codes
(Zanino et al., 2014).

Recently, the neutronic module has been further benchmarked (Nallo
et al., 2020) with respect to the Serpent 2 Monte Carlo code (Leppänen et al.,
2015), showing fairly good results in terms of the assembly-wise power dis-
tribution and the effective multiplication factor. That previous work showed
how the inclusion of some inactive regions, e.g. the core barrel, in the reactor
model is of paramount importance for the accurate evaluation of the main
neutronics quantities. That paper also assessed the very good agreement be-
tween the thermal feedback effects evaluated by FRENETIC, which relies on
a library of pre-computed, temperature-dependent few-group constants, and
Serpent, which directly adjusts the continuous-energy nuclear data. However,
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the impact of the different numerical and modelling approximations present
in FRENETIC (e.g. the nodal diffusion instead of a mesh-less transport
model) on the final results was not studied in detail.

The estimation of the different contributions to the approximation er-
ror would be fundamental for assessing the Predictive Capability Maturity
Model (PCMM) (Oberkampf et al., 2007) of FRENETIC. However, the
discretisation-free nature of the Monte Carlo approach does not allow to
clearly distinguish between the different spatial, angular and energy approxi-
mations using Serpent as a reference tool. For this reason, in the present pa-
per FRENETIC is benchmarked with SIMMER III/IV (Kondo et al., 2000),
which is a reference multiphysics tool in the context of core-disruptive acci-
dents in liquid metal-cooled fast reactors (Maschek et al., 2008). The features
of the neutronic module of SIMMER, a multi-group discrete ordinates code,
fit well the FRENETIC qualification needs, allowing to develop a progres-
sively detailed simulation framework, with the objective of assessing and
isolating the different discrepancies between the two tools.

After a presentation of the main features of the codes employed and of
the system under study, i.e. the ALFRED design developed in the European
research project LEADER (Grasso et al., 2014), the present paper focuses
first on the geometrical modelling effects: SIMMER allows to construct 2D
axially symmetric and 3D core models, approximating the hexagonal SAs
with a cartesian mesh, while FRENETIC represents exactly the SAs, but
with a 3D model only. Then, the effects of the angular variable treatment
- diffusion in FRENETIC against SN in SIMMER - is assessed. The code-
to-code comparison is focused on the main output parameters of practical
interest, namely the effective multiplication constant keff , the assembly-wise
fission power and the multi-group neutron flux. To ensure the full consistency
of the code-to-code comparison, the very same set of homogenised few-groups
data, computed with Serpent, is employed in both codes. Finally, some
conclusions are drawn and future perspectives concerning the optimization
of the energy discretisation by means of a genetic algorithm (Massone et al.,
2017) are discussed.

2. Computational tools

In this section, the main features of the codes used throughout the paper
are presented.
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2.1. The FRENETIC code

The FRENETIC purpose is the multiphysics (neutronic and thermal-
hydraulic) simulation of the steady-state and transient behaviour of the full
core of liquid metal-cooled fast reactors adopting hexagonal, closed sub-
assemblies (Bonifetto et al., 2013). Specifically, FRENETIC was designed to
allow for the fast and efficient simulation of operational and off-operational
core transients, in support of both the design and the verification phases. For
this reason, the code does not aim at resolving the neutronic problem up to
the pin level nor the thermal-hydraulic problem up to the sub-channel level,
but rather it focuses on the sub-assembly scale. In this way, by adopting
simplified physical models, FRENETIC allows to simulate several full-core
configurations in short time, with the inclusion of the feedback related to
power, temperature or modifications to the core configuration.

The code is composed of two separate neutronics (NE) and thermal-
hydraulics (TH) modules, which communicate exchanging the power (NE
to TH) and the temperatures (TH to NE) at each time-step. The TH mod-
ule solves the 1D conservation equations for the coolant along each closed
SA, accounting for the inter-assembly thermal coupling, and includes a 1D
radial model for the fuel pin, locally coupled to the coolant; the NE mod-
ule computes the neutron flux and power distribution with an ad hoc nodal
method for the time-dependent multi-group diffusion equations (Caron et al.,
2016). A coarse-mesh approach is employed to discretise the computational
domain, and the flux is integrated in each sub-volume to get the thermal
power distribution for the TH. The modules of the FRENETIC code have
been validated against other computational tools and against experimental
data both in stand-alone configuration (Zanino et al., 2012, 2014), and in
coupled calculations, as for the EBR-II SHRT-45R test in the frame of a
Coordinated Research Project of the International Atomic Energy Agency
(Caron et al., 2018).

2.2. The SIMMER code

SIMMER is a multi-dimensional, multi-velocity field, multiphase, mul-
ticomponent, Eulerian, fluid dynamics code coupled with a space and en-
ergy dependent neutron kinetics module and a structure model (Bohl and
Luck, 1990; Yamano et al., 2008; Tobita et al., 2006a; Kondo et al., 2000),
developed by JNC (Japan Nuclear Cycle Development Institute) in cooper-
ation with KIT (Karlsruhe Institute of Technology), CEA (Commissariat à
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l’énergie atomique et aux énergies alternatives), IRSN (Institut de radiopro-
tection et de sûrete nucléaire) and many other international research centres
and universities. SIMMER was primarily developed for studying LFRs in
core disruptive accident scenarios (Tobita et al., 2006b) but, given its flexi-
bility, it can be employed in a much wider range of applications, including
light water reactors, molten salt reactors (Wang et al., 2006), Accelerator
Driven Systems and general multiphase problems (Kondo et al., 2000). The
neutronic solver, originally based on the static code DANTSYS (Alcouffe
et al., 1995), employs standard finite-difference techniques for the solution of
the multi-group discrete-ordinates transport equation (Bohl and Luck, 1990);
the macroscopic cross-sections are calculated based on the isotopic composi-
tion of homogeneous cells, corrected for resonance self-shielding following the
Bondarenko method (Bondarenko, 1964). The flux distribution provided by
the neutronic section is transferred at each time-step to the fluid dynamics
and the structure modules, which use it to assess the temperature distribu-
tion and the effects on the structural integrity; structure disintegration and
material movement within the system is also taken into account in order
to correctly model the accidental behaviour. This results in cells isotopic
composition and temperature evolving along the calculation, which consti-
tute the thermal-hydraulic and structure modules feedbacks to the neutronic
solver for the recalculation of the macroscopic cross-sections.

3. Code-to-code comparison simulation framework

This section presents the simulation setup employed for the code-to-code
comparison.

3.1. Input data consistency

Since the aim of this work is to assess the impact of the different nu-
merical and modelling approaches employed in the neutronic model of the
two codes, it is of paramount importance to guarantee that their models and
input data are as consistent as possible. One important difference between
the two codes concerns the multi-group cross-section library management.
FRENETIC needs a set of few-group parameters for each region specified
by the user, while SIMMER usually computes internally the multi-group
cross-section set needed for the full-core calculation based on the actual core
condition. To eliminate this source of discrepancy, the SIMMER code input
data reader has been extended to accept as input the homogenised data as
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read by FRENETIC, i.e. a HDF (Hierarchical Data Format) file. The main
advantages of this format are its standardization, which allows to read the
file with the main programming languages, its hierarchical structure, which
naturally allows to organise the multi-group data for each region in a system-
atic way, and the possibility to add metadata to enhance data usability (Folk
et al., 2011). This procedure is implemented with a suitable set of Python
classes that exploit the serpentTools package (Johnson et al., 2020) to parse
the Serpent output and then write the few-group constants into the HDF
file.

3.2. ALFRED core geometrical model

Another difference among the two codes concerns the treatment of the
core geometry. FRENETIC allows to consider 2D systems, where the reac-
tor is assumed to be constituted by flat, hexagonal SAs, or three-dimensional
systems, where each SA is axially extruded. In this last case, the z-axis is
discretised in bins, while the hexagonal shape of the SAs is considered in the
specific implementation of the nodal method, both in 2D and 3D. Conversely,
SIMMER allows to treat the full core with a detailed three-dimensional carte-
sian discretisation, or to reduce the geometrical complexity by means of a
cylindrical r-z discretisation, thus preventing to identify the polar localiza-
tion of specific assemblies, such as the Control Rods (CRs). These differences

Figure 1: Cartesian mesh employed by SIMMER to approximate the hexagonal geometry.

in the geometrical model have suggested to compare the FRENETIC 3D cal-
culations with both the 2D and 3D SIMMER models, in order to estimate
the influence of the cartesian approximation of the hexagons, whose shape is
slightly perturbed as sketched in Figure 1, and the impact of the position of
the CR rings in the cylindrical model. In this last case, an ad hoc ALFRED
model without safety and control rods is also employed in order to obtain a
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3D core as close as possible to the axisymmetric cylinder. For the sake of
conciseness, the comparison between the cylindrical SIMMER and the 3D
FRENETIC models are presented in Appendix A.

3.3. Few-group constants generation

The few-group constants employed for the full-core calculations have
been computed using the Serpent 2 continuous-energy Monte Carlo code
(Leppänen et al., 2015), which is one of the reference tools employed to
homogenise in space and to collapse in energy the nuclear data needed for
deterministic codes.

The 3D ALFRED core model employed for the Serpent calculations in
this work is the same as in (Nallo et al., 2020), i.e. the design produced in the
LEADER project (Grasso et al., 2014) at Beginning of Cycle (BoC) and at
the uniform temperature of 673 K. The different sub-assemblies (fuel, control,
dummy and so on) are represented with a pin-by-pin heterogeneous model,
while the barrel and the reflectors are assumed to be made of homogeneous
materials.

Using this Serpent model, different axial and radial subdivisions are em-
ployed in Serpent for the nuclear data homogenisation, while the same six-
group grid employed in (Nallo et al., 2020) and reported in Table 1 is used for
the energy collapsing. Concerning the nuclear data library, the more recent
ENDF-B/VIII.0 library (Brown et al., 2018) is adopted here instead of the
JEFF-3.1 employed in the reference paper. The Serpent criticality calcula-
tion yields a keff equal to 1.08122(3)1 with JEFF-3.1 and equal to 1.07616(4)
with the ENDF-B/VIII.0, meaning that the choice of the library has a strong
impact (∼ 500 pcm) on the final output. The Serpent model is used in two
configurations: in the first one, indicated in the following as off-critical, the
CRs are completely withdrawn; in the second one, the CRs are inserted in
such a way that the upper edge of the absorber zone is 11 cm above the
core midplane, which is located at the half-height of the fuel assemblies ac-
tive zone. This configuration, indicated in the following as close-to-critical,
allows to almost achieve criticality (keff=1.00002(4)). It should be noticed
that, for the specific reactor design here considered, the CRs are inserted
from below.

1In the following, the number in parentheses denotes the standard deviation, in terms
of 1σ with respect to the last digit before the parentheses.
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Figure 2: Radial (x-y plane) section of the ALFRED 3D model for the few-group constants
calculation.

Figure 3: Off-critical (left) and close-to-critical (right) axial (x-z plane) configurations of
the ALFRED 3D model for the few-group constants calculation.

Hereafter, the term region subdivision will refer to the core radial and
axial regions employed for the few-group data homogenisation and collaps-
ing performed in Serpent, whilst the term partition will refer to the planes,
parallel to the z-axis, adopted to define the axial regions employed in the
deterministic core model. As mentioned above, two different subdivisions
are considered for the spatial homogenization of the nuclear data. The first
subdivision, visible in Figure 2 (left) radially and in Figure 3 (right) axi-
ally, follows the reference (Nallo et al., 2020). The axial subdivision tries
to accurately represent the different core regions, yielding one set of data
for each component, e.g. the plug, spring and insulator. Figure 3 (right)
indicates that the CRs absorber regions are inserted; actually, the few-group
data for this configuration are generated with the off-critical Serpent model,
see Figure 3 (left). For the sake of conciseness, this version will be hence-
forth indicated as version A. The second subdivision, depicted in Figure 4,
distinguishes radially among a larger number of different regions, but is ax-
ially less detailed. The rationale for this choice consists in increasing the
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radial detail of the data at the expense of the axial homogenisation of some
optically thin structural regions, e.g. the plugs and insulators, which are
spatially homogenised with the reflector. The few-group data for such con-
figuration, indicated in the following as version B, are generated with the
close-to-critical Serpent configuration. The data for version A are gener-
ated using 100 inactive and 200 active cycles with 106 particles each, which
proved to yield a satisfactory statistical convergence. Conversely, the data
for version B are computed using 200 inactive and 300 active cycles with
106 particles each, which provided unnecessarily low statistical noise. These
different settings led to different computational burdens, roughly scaled ac-
cording to the number of neutron histories. Clearly, it would be possible to
reduce the cost associated to the data generation of version B, thus further
justifying its adoption with respect to version A.

Table 1: Six-group energy grid adopted to perform the macroscopic cross section energy
collapsing as in (Nallo et al., 2020).

Group Upper boundary (MeV) Lower boundary (MeV)

1 2.000 · 101 1.353 · 100

2 1.353 · 100 1.832 · 10−1

3 1.832 · 10−1 6.738 · 10−2

4 6.738 · 10−2 9.119 · 10−3

5 9.119 · 10−3 2.000 · 10−5

6 2.000 · 10−5 1.000 · 10−11

Figure 4: Radial (left) and axial (right) sections of the ALFRED 3D model for the few-
group constants calculation, version B.
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4. Numerical results

In this section, the main numerical results obtained from the code-to-code
comparison are presented and discussed, in order to get a better insight of
the various approximation errors.

4.1. Sensitivity study on axial region partition and geometry effects

The dashed, black lines appearing in Figure 4 (and Figures A.14 and
A.15 in Appendix A) indicate the above-mentioned partitions used in the
deterministic codes. Indeed, contrarily to Serpent, both FRENETIC and
SIMMER require each axial plane to extend over the whole reactor, leading
to partitions possibly encompassing several of the axial subdivisions adopted
in Serpent. In both deterministic codes, each axial partition is then typically
further sliced into sub-partitions to appropriately solve the discretised equa-
tions. Nuclear data within each partition are homogenised a posteriori in
order to avoid optically thin regions that could jeopardize the convergence
of the nodal diffusion method (Marchetti, 2017). According to this strategy,
it may occur that different subdivisions, i.e. some regions, are merged into a
unique volume, introducing local distortions in the spectrum and in the spa-
tial distribution in addition to the numerical ones. As visible in Figure 5, the

Figure 5: Axial behaviour of the neutron flux spectrum in the fuel, computed by Serpent.

flux energy spectrum computed by Serpent shows a non-negligible gradient
from the active length edge to the its center, implying possible significant
variations in the collapsed few-group data.
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A sensitivity study was first performed on the axial regions subdivision
and partition, comparing the 2D SIMMER results and the 3D FRENETIC
ones. The results, reported in Appendix A, suggest that the 2D model is too
simple to draw a fair comparison with both FRENETIC and Serpent, due
the strong effects related to the cylindrical shape and to the presence of the
neutron absorber rings. The outcomes of this analysis also suggest that, in
order to approach the reference keff , more axial regions are needed to repro-
duce more accurately the spectrum gradient in the active height. Conversely,
it seems that the peripheral axial regions have an almost negligible impact on
the calculation accuracy. In the light of these considerations, the following
section presents an analysis of the 3D calculations performed by SIMMER
and FRENETIC using the data generated with ALFRED B model, which
aims at incorporating the outcomes discussed above with a more detailed
region subdivision.

4.2. 3D code-to-code benchmark

The next step in the benchmark activity consists in the comparison of
SIMMER and FRENETIC for the same 3D ALFRED B model, sketched in
Figure 4, in terms of keff , assembly-wise power distribution and linear power
in two representative FAs.

4.2.1. Results for the close-to-critical configuration

Several SN discretization orders have been considered in SIMMER. The
compositions along the SAs have been represented consistently between the
two codes, following the procedure described in (Nallo et al., 2020). In Ta-
ble 2, the values of keff for each SIMMER SN order are compared with the
ones calculated by FRENETIC and Serpent; as done in the previous sections,
the latter is taken as reference. The S2 case, in Figure 6, shows rather large
discrepancies in both power and axial distributions; these differences are ev-
ident also looking at the keff , which differs from Serpent and FRENETIC by
more than 180 pcm. The power distribution discrepancies are affected by
the Cartesian-hexagonal mesh approximation, which might play a particular
role in combination with the limited number of directions available for the
streaming.

Excluding the S2 case, whose behaviour has been already commented,
SIMMER seems to show the tendency to converge to a keff lying between
Serpent and FRENETIC when the SN order increases. Such behavior is
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expected, since the cross-sections computed by Serpent have been post-
homogenised and therefore SIMMER should not converge to the Serpent
value. Notwithstanding this, SIMMER provides better results than FRE-
NETIC, considering that the solution scheme is based on transport rather
than diffusion. In general, calculations from S4 to S8 provide very similar
results, with excellent agreement in terms of both power and linear distri-
butions. The differences are concentrated in the neighbourhood of the CRs
(with the worst behavior observed for cells which are near two CRs), as
expected with diffusion codes. The effect of the Cartesian-hexagonal mesh
difference is clear in all cases, as the results do not show the 60◦ symmetry
that is proper of the design. A closer look to Figure 7, compared with Figures
8 and 9, shows that the S4 case provides slightly lower discrepancies between
SIMMER and FRENETIC. This does not mean that the SIMMER S4 better
represents the physics, rather that it is closer to the description produced
by the FRENETIC diffusion calculation. Actually, the S4 case is already an
adequate description of the core physics, as opposed to the S2 scenario.

Table 2: Comparison among keff provided by SIMMER (SMR) at different SN order,
and keff computed with FRENETIC (FRN) and Serpent (SRP). The reference case is
provided by Serpent, keff,SRP = 0.99999(8), whereas FRENETIC yields keff,FRN = 0.99819
(∆keff,SRP−FRN=172 pcm).

S2 S4 S6 S8

keff,SMR 0.99631 0.99973 0.99927 0.99908
keff,SMR − keff,FRN [pcm] -188.57 154.79 108.74 89.71
keff,SMR − keff,SRP [pcm] -368.97 -25.61 -71.65 -90.68

Table 3: Comparison among keff computed by FRENETIC, SIMMER and Serpent for the
configurations with CRs withdrawn and inserted.

FRENETIC SIMMER (3D, S8) Serpent

keff,CRout
1.07924 1.08256 1.07616(4)

keff,CRin
0.99818 0.99973 0.99999(8)

CR worth [pcm] 8106 8283 7616(9)

4.2.2. Results for the off-critical configuration

In order to assess the effect of the CRs on the flux and power profiles
commented before, an additional case with the CRs extracted from the active
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Figure 6: Relative difference on the assembly-wise power (right) and axial power profiles
(left and centre) for the S2 case. The left axial profiles correspond to the central FA; the
centred ones, to the FA between two CRs in the 2nd sextant.
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Figure 7: Relative difference on the assembly-wise power (right) and axial power profiles
(left and centre) for the S4 case. The left axial profiles correspond to the central FA; the
centred ones, to the FA between two CRs in the 2nd sextant.
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Figure 8: Relative difference on the assembly-wise power (right) and axial power profiles
(left and centre) for the S6 case. The left axial profiles correspond to the central FA; the
centred ones, to the FA between two CRs in the 2nd sextant.
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Figure 9: Relative difference on the assembly-wise power (right) and axial power profiles
(left and centre) for the S8 case. The left axial profiles correspond to the central FA; the
centred ones, to the FA between two CRs in the 2nd sextant.

region has been studied.
Table 3 provides the multiplication factor differences calculated by FRE-

NETIC, SIMMER and Serpent, and hence the worth of the CR bank. SIM-
MER and FRENETIC are in very good agreement, predicting a CR worth
that differ by just 2 %. This agreement is evident also from Figure 10,
showing that the CR effect on the power per FA predicted by the two codes
correspond in most of the positions. The largest discrepancies are observed
in the neighbourhoods of the CRs, which is in line with poor representation
offered by the diffusion in presence of absorbers.

In fact, diffusion fails to adequately model large anisotropies: indeed, the
presence of CRs causes a large distortion in the flux - and, hence, in the
power - for neighbouring FAs, both radially and axially. The central plots
in Figure 6 to Figure 9, representing all the SN simulations, show that the
results of the two codes tend to be very different at the bottom, while the
profiles agreement improves with the elevation, where the absorber effect is
less significant. Considering that the CRs are inserted from the bottom, this
observation is in line with the expectations, in that diffusion, as opposed to
transport, is not able to correctly model the flux in the vicinity of strongly
absorbing materials. This fact, together with the already commented differ-
ence in the Cartesian-hexagonal modelling adopted by the codes, produces
the evident difference in the radial power map in Figure 9. Therefore, the
power distributions of the case having the CR extracted (Figure 11) presents
much lower discrepancies than the corresponding case with the CRs inserted
(Figure 9).
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4.3. Spatial and angular convergence acceleration

In this section, the W-ε scheme (Wynn, 1956; Ganapol, 2014) is em-
ployed to extrapolate the SIMMER results to the different approximations
limits, accelerating the convergence of keff sequences in space and angle. This
algorithm, which belongs to a wider class of methods based on the Shanks
transformation (Shanks, 1955), is a non-linear scheme that allows to estimate
the asymptotic limit of a finite sequence. In this work, the accelerations are
performed using the mpmath python package (Fredrik Johansson, 2017).

The objective of this section is to estimate the behaviour of the spatial
and angular approximation errors in FRENETIC with respect to the most ac-
curate available SIMMER results. As mentioned previously, one of the main
advantages of using SIMMER instead of a continuous-energy Monte Carlo
code like Serpent lies in the fact that it allows to use the same FRENETIC
few-group input data varying the spatial and angular resolution. Thanks to
this feature, it is possible to construct sequences characterised by increasing
accuracy that could be accelerated in space, in angle or both. As recently
shown in (Abrate et al., 2021a) for a simple plane geometry system, the dou-
ble acceleration is crucial to minimise the bias induced by the spatial and
angular approximations and to get a converged solution that is very close to
the reference value, when available.

(a) (b) (c) (d)

Figure 12: Progressive refinement of the x-y SIMMER meshing from the coarsest (a) to
the finest (d)

Following this approach, a set of 64 eigenvalues is computed with SIM-
MER combining four different Cartesian meshes with four axial discretisa-
tions for each of the even discrete ordinates orders ranging from 2 to 8. The
meshes on the x-y plane and the nodes along the z axis will be labelled in
the following as r and z, respectively, followed by a number from 1, i.e. the
coarsest, to 4, i.e. the finest.
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N r4, z4 W-ε(r), z4 W-ε(z), r4 W-ε(r, z) W-ε(z, r)

2 284(8) 324(8) 262(8) 190(8) 161(8)
4 -35(8) -8(8) -89(8) -81(8) -88(6)
6 -7(8) 33(8) -42(8) 0(8) 0(8)
8 2(8) 44(8) 6(8) -33(8) -35(8)

W-ε(r, z, N) -19(8)

W-ε(z, r, N) -23(8)

Table 4: Distance between the reference keff,SRP=0.9999(8) and the effective multiplica-
tion factor computed by SIMMER and accelerated with the W-ε scheme for the different
discrete ordinates order.

As described in Figure 1, the Cartesian horizontal mesh is subdivided into
rectangles: the coarsest geometry considers 2 meshes per rectangle; with
each refinement, each rectangle is further halved (Figure 12). The axial
subdivision is chosen aiming at meshes of about 20 cm, 10 cm, 7.5 cm or
5 cm height, as refinement increases; it must be anyhow be noticed that
the axial submesh has to match with the macroscopic cross-section main
meshing, hence the actual height of the cells might differ from the considered
dz.

To appreciate the impact of the single SIMMER approximations, i.e. ax-
ial, radial or angular, the acceleration is applied to two variables at a time,
thus reducing as much as possible their contribution to the overall error.
Contrarily to (Abrate et al., 2021a), where the extrapolations are performed
with a large dataset (∼500-1000), the amount of data used in this work is
quite limited, due to the computational burden required. Hence, more at-
tention will be focused on the general acceleration trend rather than on the
final extrapolations, which could improve if more data were employed.

Tables 4 to 6 compare the reference keff for the close-to-critical configu-
ration, computed by Serpent, with the accelerated sequences computed by
SIMMER, while the same residuals computed with respect to FRENETIC
are reported in Appendix B, see Tables B.11 to B.13. Each table focuses on
the acceleration of each possible couple out of the three discretised variables,
i.e. the discrete ordinates order N, r and z. The first column of these tables
provides the non-accelerated keff values computed with the finest approxima-
tions for each value of the third parameter, which will be addressed as frozen
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z r4, S8 W-ε(r), S8 W-ε(N), r4 W-ε(r, N) W-ε(N, r)

1 226(8) 281(8) 208(8) 261(8) 261(8)
2 87(8) 139(8) 74(8) 123(8) 123(8)
3 36(8) 61(8) 10(8) 55(8) 55(8)
4 2(8) 44(8) -9(8) 28(8) 28(8)

W-ε(r, N, z) -11(8)

W-ε(N, r, z) -11(8)

Table 5: Distance between the reference keff,SRP=0.9999(8) and the effective multiplica-
tion factor computed by SIMMER and accelerated with the W-ε scheme for each axial
discretisation.

parameter in the following, to show their distance from the reference. The
second and third columns show the effect of accelerating only one of the two
variables, while the last ones report the results of the double accelerations
performed exchanging the order of the two variables in the W-ε scheme, in
order to assess whether there are strong effects due to the non-linearities in
the acceleration scheme. For the same reason, each table shows the results
of the accelerations involving all the dispositions obtained from the three
parameters. The notation W-ε(x) in the tables means applying the Wynn-
epsilon scheme to a sequence with x as a varying parameter, while W-ε(x, y)
means that it is applied first to accelerate the sequence in x for each value
of y and then accelerating in y.

These tables aim at assessing the convergence acceleration performances
with respect to the reference Serpent keff . By inspection of these tables,
it should be noticed that the most accurate numerical result, computed by
SIMMER with an S8 scheme and the finest meshes, is closer, within the
statistical uncertainty range, to the Monte Carlo calculation than the ac-
celerated ones. In principle, this fact may induce to query the effectiveness
of the acceleration algorithm. However, a deeper look at the first column
of Table 4 would show an oscillating behaviour of the residual when the SN

order is increased. Therefore, the fact that the finest S8 calculation is the
closest to the reference does not imply that finer angular approximations
would provide better results. This non-monotonic behaviour in the angular
convergence process, similar to what already observed for the PN approach
in simpler systems (Abrate et al., 2021b,c), could also explain the presence
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r z4, S8 W-ε(z), S8 W-ε(N), z4 W-ε(z, N) W-ε(N, z)

1 787(8) 728(8) 774(8) 722(8) 722(8)
2 79(8) 38(8) 58(8) 28(8) 29(8)
3 46(8) -28(8) 29(8) -16(8) -9(8)
4 2(8) 6(8) -9(8) -48(8) -48(8)

W-ε(z, N, r) -19(8)

W-ε(N, z, r) -11(8)

Table 6: Distance between the reference keff,SRP=0.9999(8) and the effective multiplication
factor computed by SIMMER and accelerated with the W-ε scheme for the different radial
discretisation.

of a residual close to zero in the same table when the double acceleration is
applied.

As a general comment, it can be claimed that the acceleration algorithm
is quite robust: the residuals show negligible (Tables 4 and 6) or even no
change (Table 5) when the order followed to accelerate the different vari-
ables changes. It is interesting to notice that, for the entries in Tables 4 to
6 featured by the coarsest frozen parameters (r1, z1, S2) and by the double
acceleration, the largest residual is found for the cartesian mesh size r1. This
evidence is justified by the fact that the coarsest x-y mesh poorly represents
the flux spatial gradient. However, as visible in Table 6, the keff converges
faster than in the other cases, suggesting that the radial mesh refinement is
less important than the other parameters, provided it is adequate to repro-
duce the geometry accurately enough. This trend is consistent with the fact
that in a fast system the neutron mean free path is larger, meaning that a
lower spatial resolution can still yield accurate distributions. This is also one
of the physical cornerstones lying at the basis of the nodal diffusion method
implementation in FRENETIC.

As regards the angular convergence, see Table 4, it seems that most of
the error induced by the angular approximation is reduced moving from S2

to S6-S8, assuming that the spatial discretisation residual is negligible after
the accelerations in z and r. When the W-ε is consecutively applied to the
three variables, the residual becomes very small, around -10 and -20 pcm
according to the different acceleration setups. These results suggest that the
W-ε scheme seems able to boost the keff numerical convergence, correcting
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the biases due to the angular and spatial approximations. This conjecture
would also imply a more subtle yet important consequence, concerning the
inherent multi-group approximation error: since most of the residuals are
significantly reduced after the spatial and angular extrapolations, it seems
that the bias due to the six-group constants is negligible.

The residuals between FRENETIC and SIMMER, available in the Ap-
pendix, can be obtained easily, reminding that the difference between Serpent
and FRENETIC amounts to 172(8) pcm. Since the z4 discretisation matches
the one adopted in FRENETIC, the analysis of the asymptotic residuals for
the cases with this axial mesh provides an estimate of the angular and radial
effects. When both N and r are accelerated, the residual between FRE-
NETIC and SIMMER is close to -145 pcm. Since both the few-group data
and the axial nodes are the same, this quantity can be interpreted as the
asymptotic error induced by using the discrete ordinates approach and a
cartesian mesh instead of a nodal diffusion method. This discrepancy is in-
herently related to the physico-numerical models available in the codes, and
depends on the core configuration. Since the CRs insertion emphasizes the
transport effects, the off-critical configurations, i.e. the CRs are withdrawn,
should be featured by a smaller error. In order to draw more compelling
conclusions, the same convergence studies should be performed for different
reactor configurations and multi-group datasets, in order to shed some light
on the approximation error trend.

5. Conclusions

In this paper, the first steps of the code-to-code comparison between FRE-
NETIC and SIMMER for the simulation of lead-cooled fast reactors were
reported. Different options for the geometrical representation of a hexago-
nal core in SIMMER were compared to the coarse-mesh approach adopted
in FRENETIC, which is tailored to hexagonal SAs. Neutronic simulations
were performed, carefully ensuring the consistency of the nuclear data fed
to the two codes, showing that the FRENETIC diffusion solution is in very
good agreement with the SIMMER SN transport solution. Finally, the W-ε
scheme was applied to a set of effective multiplication values computed by
SIMMER allowing to extrapolate the asymptotic trend of the different ap-
proximation errors. The outcomes of this systematic convergence study in-
dicate that: (i) the quadrature order convergence is non-monotonic; (ii) the
numerical convergence associated to the radial mesh is faster than the oth-
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ers; (iii) the six-group constants do not seem to introduce a systematic bias
on the final results. These considerations have important implications also
for FRENETIC: (i), together with the good agreement on the radial power
distribution, suggests that the low-order diffusion approximation is adequate
to reproduce the full-core macroscopic behaviour; (ii) confirms that a coarse
mesh nodal diffusion approach is adequate to correctly retrieve the spatial
effects; (iii) suggests the adequateness of the few-group energy grid adopted
for the collapsing.

However, contrarily to the systematic study performed on the regions
subdivision, the six-group energy grid was chosen according to ad hoc con-
siderations regarding the flux spectrum. Therefore, a more thorough study
involving the adoption of structured approaches, e.g. based on a genetic
algorithm (Massone et al., 2017), is envisaged. In perspective, the natural
prosecution of this benchmark activity would be represented by consider-
ing the multi-physics NE-TH coupling in both codes, which would allow to
further qualify the FRENETIC code for the multiphysics simulation of lead-
cooled fast reactors.
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Appendix A. 2D code-to-code benchmark

Appendix A.1. ALFRED configuration without neutron absorbers

In the spirit of an increasingly detailed simulation framework aimed at
comparing the different reactor modeling options, the ALFRED reactor model
is initially simplified by replacing both the CRs and SRs with the surround-
ing fuel assemblies (FAs), as sketched in Figure A.13. There are three main
reasons that justify this modeling choice. First, it allows to obtain a model
which could be well represented by the 2D r-z cylindrical geometry available
in SIMMER: the SAs are arranged in a set of homogeneous almost-circular
rings, see Figure 1, without the CRs and SRs spots that cannot be reliably
modeled by means of a cylinder. Second, it allows to simplify the sensitivity
analysis concerning the active length subdivision. Indeed, as visible in Fig-
ure 5, the flux energy spectrum computed by Serpent shows a non-negligible
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Figure A.13: Radial (x-y plane) sections of the ALFRED 3D model for the few-group
constants calculation for the cases without (left) and with (right) control and safety rods.

gradient from the active length edge to the its center, implying possible sig-
nificant variations in the collapsed few-group data. Finally, removing the
strong neutron absorbers, poorly approximated by low-order transport mod-
els like diffusion, allows to estimate the impact induced by their presence on
the keff evaluation. Four axial partitions, indicated by the black dashed lines,
are presented in Figure A.14. Assuming the origin of the z-axis placed at the
active half-height, the α case (top left) presents three axial fuel slices located
at -30, -20, +20 and +30 cm, the γ case (bottom left) has a single region
between -30 and +30, while the active regions of the β and δ cases (top and
bottom right, respectively) are featured by uniformly (-30, -18, -6, +6, +18
and +30) and non-uniformly (-30, -25, -18, +18, +25 and +30 cm) spaced
slices, respectively. It noteworthy that the axial slicing is already performed
in the multi-group constants generation process, therefore the fuel partition
used in the deterministic codes matches the one in Serpent.

Table A.7: Effective multiplication factor computed by FRENETIC (FRN) in 3D and
SIMMER (SMR) in 2D for the configuration without control and safety rods. The reference
keff computed by Serpent is 1.13793(4).

.

keff,FRN
kSRP − kFRN

[pcm]
kSMR,S4

kSRP − kSMR

[pcm],S4
kSMR,S8

kSRP − kSMR

[pcm],S8

α 1.13990 -197 1.14461 -668 1.14410 -617
β 1.13979 -186 1.14450 -657 1.14399 -606
γ 1.14003 -210 1.14469 -676 1.14418 -625
δ 1.13960 -167 1.14418 -625 1.14368 -575

Table A.7 clearly shows a significant bias in the SIMMER keff results
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Figure A.14: Cases α (top left), β (top right), γ (bottom left) and δ (bottom right) axial
configurations of the ALFRED 3D model without control and safety rods. The partitions
of the inner and outer fuel regions employed in both FRENETIC and SIMMER match
with the one adopted in Serpent.

with respect to the reference computed by Serpent. The overestimation by
SIMMER should be due mostly to geometrical effects, i.e. the 2D cylinder
has a lower surface-to-volume ratio compared to the original hexagon-shaped
system depicted in Figure 2. In this respect, the 3D nodal diffusion model
employed by FRENETIC is definitely more accurate than the discrete or-
dinates approach applied to an approximated geometry, suggesting that the
calculations are sensitive to the spatial shape of the system, consistently with
the fact that the neutron distribution in fast system is dominated by leakages
rather than local spatial effects. Nonetheless, it is not trivial to identify the
specific source of the keff overestimation with respect to Serpent, due to the
competing effects of different models (diffusion vs. transport) and numerical
approximations (e.g., the homogenisation and collapsing of the multi-group
constants, compensation effects, ...). Concerning the axial partitions, the γ
case is the worst one, suggesting that the flux spectrum variation along the
SAs axis significantly impacts the collapsing process. Increasing the number
of partitions slightly improves the accuracy, but the enhancement is quite
limited (∼ 10 pcm) when five subdivisions are adopted instead of three. The
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Figure A.15: Case A0 (left), A1 (center) and A2 (right) axial regions subdivision to
spatially homogenise the a posteriori the few-group data for FRENETIC and SIMMER
calculations.

choice yielding the closest results to the reference is the δ model, whose
subdivision tries to follow the spectrum gradient in Figure 5. It should be
remarked that these observations hold for all the various transport approxi-
mations considered.

Appendix A.2. ALFRED nominal configuration

Figure A.15 shows three possible partitions for the post-homogenisation
from the the Serpent model off-critical A to the corresponding FRENETIC
one. The three models, named A0, A1 and A2, respectively, are featured
by the same partitions for the top and bottom regions, but different cuts in
the others. The A0 case is the coarsest, while A1 and A2 are finer: they
are identical, except for the active length. Starting from the plenum in the
FAs, two bins are adopted in the A0 case (left), in order to distinguish the
control rod absorber from the bottom reflector, while equally spaced axial
bins are adopted in the A1 (center) and A2 (right) cases. Concerning the
active length, only one cut is employed in A0 to separate the absorber from
the control rod dummy, while more are used in A1 and A2. Contrarily to
section Appendix A.1, the inner and outer FAs are axially subdivided in
the deterministic codes but not in Serpent, where the few-group data are
homogenised over a unique axial bin. The choice of using more bins filled
with the same material properties takes into account possible translations of
the CRs. It is important to remark here that in A2 the choice of equally
spacing the axial segments leads to a bin including both CR absorber and
dummy regions, whereas in A1 this does not occur.

The 3D to 2D r-z transition procedure leaves some freedom in the choice
of the number of rings and in the positioning of the control and safety rods.
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Figure A.16: SIMMER 2D geometrical models.

In fact, the rings which represent them can be placed before or after the ones
related to the other SAs with the same distance from the core centre. In
order to assess the effect of such choices, we have considered three different
positions of the SR rings (referred as Pos. 1 to 3), shown in A.16. The
values of keff calculated by SIMMER for these configurations, based on the B
model, are reported in Table A.8; this integral parameter is compared with
the corresponding one of the 3D FRENETIC simulation.

Depending on the SR ring position, the multiplication coefficient can
change up to 130 pcm, monotonically increasing as the ring is pushed away
from the core centre. Considering that the volume of the SR ring is constant,
as the number of FAs inside the ring increases, the thickness of the SR
ring is reduced, making it more transparent to neutrons: this decreases the
perturbation created by the ring, hence raising the flux in the core centre
and the multiplication factor consequently.

Therefore, despite the Pos. 3 configuration (with the SR ring very far
from the core centre) best approaches the 3D multiplication factor, this does
not mean that such case is the optimal representation of the system physics.
Nonetheless, the Pos. 3 of the SR has been adopted for the next 2D calcula-
tions. Table A.9 shows the keff computed with the axial cuts presented above.

25



Table A.8: Comparison among the effective multiplication factors computed by FRE-
NETIC (FRN) in 3D and SIMMER (SMR) in 2D moving the safety rod with respect to
the reactor centre. The reference keff computed by FRENETIC is 0.99818

.

SR ring position FAs inside the SR ring keff,SMR keff,SMR − keff,FRN

Pos. 1 7 0.99426 -392
Pos. 2 13 0.99456 -362
Pos. 3 19 0.99552 -266

Concerning FRENETIC, as reasonably expected, increasing the number of
regions, and thus the number of axial nodes used in the nodal diffusion, im-
proves (∼ 100 pcm) the agreement from case A0 to A1. However, when the
CR absorber and dummy are homogenised in the A2 cases, the difference
changes sign and the keff computed by FRENETIC dramatically approaches
the reference value (Serpent). It is clear that this is due to a compensation
of the different approximation errors rather than to a better choice of the
axial cuts. Indeed, it is pivotal to clarify that here the few-group data are
inherently biased by the fact that they are generated with the off-critical
Serpent configuration, but they are employed to simulate a close-to-critical
configuration in the deterministic codes. This result shows that the axial
regions a posteriori homogenisation may yield to falsely accurate results, es-
pecially when it involves important regions like fuel or poisons. Therefore,
performing the region spatial homogenisation directly in Serpent should be a
better choice. Regarding SIMMER, in addition to the shape effects, already
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o
o

o
o
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o

o Inner fuel
Safety rods
Outer fuel
Dummy element
Barrel
External lead
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Figure A.17: Radial map of the ALFRED core. The X and O identify the assemblies used
in the FRENETIC 3D - SIMMER 2D comparison.

addressed in section Appendix A.1, the ring arrangement of the CRs and
SRs increases the bias with respect to the reference case with respect to the

26



model without absorbers. It is interesting to notice that, unlike FRENETIC
simulations, the A2 model in SIMMER yields the worst results, suggesting
once again that there are some complications related to different modelling
approximations.

Table A.9: Effective multiplication factor computed by FRENETIC (FRN) in 3D and
SIMMER (SMR) in 2D, S4, post-homogenising the few-group data generated by Serpent
(SRP) according to some possible axial subdivisions. The reference keff computed by
Serpent is 0.9999(8).

keff,FRN keff,SRP − keff,FRN [pcm] keff,SRP keff,SRP − keff,SMR [pcm]

A0 0.993002 696.4 1.010632 -1066.6
A1 0.993922 604.4 1.009576 -961
A2 1.000455 -48.4 1.015290 -1532

As already explained, the calculations discussed so far have been per-
formed with the data generated with the off-critical A Serpent model. In
order to quantify the impact of the data collapsed with the close-to-critical
spectrum on keff , some additional cases have been addressed in Table A.10.
The bias induced by the two data-sets is consistent between FRENETIC and
SIMMER for the 3D case and quite significant, with ∼ 400 pcm. For the
SIMMER 2D case the impact due to the two data-sets is much lower, likely
due to a compensation with the geometrical approximations involving the
reactor and the absorbers.

Table A.10: Effective multiplication factor computed with two sets of few-group constants
for the ALFRED A version with the CRs inserted. The sets are generated with the off-
critical (OC) and close-to-critical (CC) A Serpent models, respectively.

FRENETIC SIMMER, (2D, S8) SIMMER, (3D, S8)

keff,OC 0.993922 1.009576 0.992450
keff,CC 0.997656 1.011380 0.996270

∆keff,OC−CC [pcm] -373.4 -180.4 -381.9

For the two sets of assemblies indicated with an ”X” and ”O” in the
FRENETIC 3D model (Figure A.17), Figure A.18 shows the group-wise flux
computed by SIMMER and FRENETIC using the A0 partition (see again
Figure A.15 for reference). It can be seen that the effect of the refinement
of axial sub-partitions in SIMMER is negligible, and that, as expected, the
results of the 2D SIMMER model are more representative of the ”X” set of

27



bars. Results for the A1 and A2 partitions are similar to A0 and therefore
are not reported.

Figure A.19 shows the group-wise flux computed by SIMMER and FRE-
NETIC using nuclear data according to the B1 region subdivision model,
showing a similar behavior with respect to the one observed for the A0 case.
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Figure A.18: Assembly-wise, six-group flux traverses for the case A0 compared with 2D
SIMMER results.

Appendix B. Wynn-ε acceleration scheme

In the following, the residuals between the accelerated SIMMER sequences
and the effective multiplication factor computed by FRENETIC are reported.
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Figure A.19: Assembly-wise, six-group flux traverses for the case B1 compared with 2D
SIMMER results.
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N r4, z4 W-ε(r), z4 W-ε(z), r4 W-ε(r, z) W-ε(z, r)

2 113 152 89 18 -10
4 -207 -180 -261 -252 -260
6 -179 -139 -214 -172 -172
8 -169 -127 -166 -204 -206

W-ε(r, z, N) -191

W-ε(z, r, N) -195

Table B.11: Distance between FRENETIC (keff,FRN=0.99818) and the effective multipli-
cation factor computed by SIMMER and accelerated with the W-ε scheme for the different
discrete ordinates order.

z r4, S8 W-ε(r), S8 W-ε(N), r4 W-ε(r, N) W-ε(N, r)

1 54 109 35 89 88
2 -85 -32 -98 -48 -48
3 -136 -110 -161 -116 -116
4 -170 -127 -181 -144 -143

W-ε(r, N, z) -182

W-ε(N, r, z) -183

Table B.12: Distance between FRENETIC (keff,FRN=0.99818) and the effective multipli-
cation factor computed by SIMMER and accelerated with the W-ε scheme for the different
axial discretisations.
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r z4, S8 W-ε(z), S8 W-ε(N), z4 W-ε(z, N) W-ε(N, z)

1 615 556 774(8) 550 550
2 -93 -133 58(8) -144 -142
3 -126 -200 29(8) -188 -181
4 -170 -166 -9(8) -220 -220

W-ε(z, N, r) -191

W-ε(N, z, r) -183

Table B.13: Distance between FRENETIC (keff,FRN=0.99818) and the effective multipli-
cation factor computed by SIMMER and accelerated with the W-ε scheme for the different
radial discretisations.
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