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Abstract — A nuclear reactor s design and safety assessment relies on a calculation platform consisting of
a series of calculations performed using different simulation tools, each dedicated to modeling a specific
phenomenon. The European Union H2020 CAMIVVER Work Package 4 aims to establish lattice neutronics
calculation methodologies for VVER and pressurized water reactor fuel assemblies employing the new-

eneration deterministic multipurpose neutron transport code APOLLO3®, developed by the CEA
?Commissariat a I’Energie Atomique et aux Energies Alternatives) with the support of EDFy (Electricité
de France) and Framatome.

The present work aims to present NEMESI, an industrial prototype of a flexible lattice calculation
tool developed as part of the CAMIVVER project, showing the applicability of APOLLO3 for
industrial research and development and proposing dedicated VVER calculation schemes. Given the
intense focus on the industrial issues of the entire CAMIVVER project, the elements constituting the
rationale behind the development of such a computational platform are flexible modeling and analysis
options, compliance with a series of specified requirements, implementation of innovative algorithms
with improved precision, and a modern software and architectural base.

Keywords — NEMESI, APOLL03®, VVER/PWR, neutron transport, verification validation.

I. INTRODUCTION

The work presented in this paper is integrated
within the European Union (EU) H2020 CAMIVVER
project,'! which aims to investigate a new generation

*E-mail: alberto.brighenti@framatome.com

of innovative codes and methods oriented toward improv-
ing the comprehension of the physical phenomena occur-
ring in the core under steady-state and transient conditions
of western pressurized water reactor (PWR) and VVER
reactor types, as presented in Refs. [2,3]. Specifically,
Work Package 4 is devoted to setting up the frame-
work for the development of an industrial calculation
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platform for lattice neutronics analysis and generating
multiparameter data libraries for core calculations
using APOLLO3® ¥ the new-generation determinis-
tic code for lattice and core calculations developed by
the Commissariat a I’Energie Atomique et aux
Energies Alternatives (CEA) with the support of
Framatome and Electricité de France (EDF).

For industrial applications, besides the need for the
accuracy and precision of the solvers, a calculation
platform should provide users with a feature that
allows for flexibility in the choice of the modeling
parameters and simulation options. The multiparameter
library generator prototype described in this paper,
called NEMESI, is the outcome of a more extensive
work presented in Ref. [5], i.e., the identification and
definition of users’ needs for performing lattice calcu-
lations for the nuclear industry on different types of
fuel assembly geometries (hexagonal and squared) and
for Generation-II and Generation-I11 light water reactor
(LWR) applications.

This paper presents the preliminary results
obtained on selected western PWR and VVER assem-
bly types using the reference computational scheme
and the comparisons against reference Monte Carlo
calculations. This paper also shows how the platform
can be used to change different simulating parameters
composing a calculation scheme, here the self-
shielding grouping, and how this choice affects the
results.

Il. DEVELOPMENT OF NEMESI

Several deterministic or stochastic neutronics
codes are currently available (see Ref. [6]).
However, their level of technical complexity does
not always meet the needs of their various users. It
is therefore required to go beyond the concept of
a neutronics code and think instead of a “neutronics
platform” that should provide an interface suitable for
all potential users.

As underlined in Ref. [5], research calculation
codes often have a monolithic structure. Different
from the library-based structure, in the monolithic
structure the data belong to the code and not to the
user. To make an example, a tool that parses an input
file and runs until the end of the simulation is often
monolithic, while on the other side, using a library-
based tool the user can successively interact with the
library and intervene during the execution. Any
shared library follows this principle. Such conditions

may make the software structure challenging to
understand and maintain because the computational
kernel (back end) creates and owns, as an internal
state, all the data that can be modified during the
execution only by internal algorithms.

With a monolithic structure, in fact, as soon as
the simulation starts, the user loses ownership of the
data and cannot access them interactively. This
methodology has several drawbacks since it limits
the user’s capability to interact with the simulation
because each interaction must be foreseen and
implemented in the back end by modifying its source
code and before starting the calculation. The
monolithic approach runs on a sort of ‘“autopilot”
mode.

Another configuration would imply that the data
objects devoted to calculation, while constructed via
dedicated routines in the back end, belong to the upper
software layer (front end). The front end is the owner of
the data that are transferred through the interface to the
back end, built as a library of pure functions that return
the results after the required operations. According to this
architecture, users may have access to the data on
demand, and safely employ functionalities in the back
end without the risk of side effects.

The NEMESI prototype developed within the
CAMIVVER project (see Fig. 1)
APOLLO3 move a step forward in supporting the
library-based paradigm starting from well-defined user
study objects. The front end allows for the definition of
a case study thanks to dedicated Python modules, while
the back end performs the calculation following
a predefined sequence, acting as a wrapper of basic
functionalities. At the end of the simulation,
a multiparameter library object (MPO) is created to
store the quantities of interest. The MPOs are suitable
for APOLLO3 core calculations and may also be used
for extracting information at the lattice level for verifi-
cation and validation activities.

The front end consists of building blocks necessary to set
up the simulation:

aims to let

1. A repository with prebuilt, unstructured native
(in APOLLO3 format) and nonnative (built using
ALAMOSYY) two-dimensional (2-D) geometries of the
assemblies described in deliverable 4.3.!

2. A repository of calculation recipes in the form of
user data files (UDFs) that contains predefined calculation
blocks (i.e., JEFF3.1.1 nuclear data,” self-shielding
options, etc.).
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Fig. 1. Schematic representation of NEMESI.

3. Custom Python modules that wrap the APOLLO3
Python interface and add functionalities for manipulating
back-end objects. Considering the present APOLLO3
architecture, this approach mimics the typical data
exchange as if the back end was constructed as a library
of functions so that further back-end improvements may be
decoupled from the workflow in the front end.

The APOLLOS3 internal interface and solvers constitute
the back end. They represent the calculation kernel of
NEMESI, which provides several solvers for the flux
transport equation and numerical methods for self-
shielding resonant isotopes, and includes methodologies
to perform multilevel calculations.

The front end of NEMESI consists of multiple blocks
(or classes) (see Fig. 2) that communicate with the back
end, APOLLO3. When producing a MPO, first the user
defines an object Study (right-pointing solid line in Fig. 3),
which acts as the controller of the simulation, by indicating
the parameters of the simulation, e.g., the assembly, the rod
configurations, the burnup steps, the operating points, the

flux normalization value, the type of output to be generated
(i.e., Mpo and/or Archive, with the latter used for restart
calculations), the homogenization mesh and energy, etc. If
the initialization is successful, Study returns a success sig-
nal (left pointing dashed line) to the user and the operations
can continue. The class Study uses the static class Utils to
load the UDF predefined calculation recipes following the
user input (see Fig. 3).

Then, with methods provided by Study, the user defines
a Depletionlterator object to simulate the depletion of
a chosen configuration (e.g., AllRodsOut). At the end of
each burnup step calculation, the flux is normalized using
the FluxNorm object, and the homogenized cross sections
and isotope concentrations are eventually stored in separate
dedicated HDF5 files, i.e., a MPO and an Archive, respec-
tively (see Figs. 4 and 5), if the corresponding options are
activated, i.e., the process executes the opt blocks. Later,
branch calculations are distributed among multiple compu-
tational nodes, with each node/simulation computing the
results for a rod configuration and a subset of the branch
calculation points.

Study
A4 0..1 o..*é 0‘.1£
Utils Archive Depletionlterator Branch
Y 0.1 J7 Y I L.*i; <>1..* 1.*
UDF Mpo StatusManager FluxNorm

Fig. 2. Unified Modeling Language diagram for NEMESI front end (the arrow means is associated with and the diamond

connection is aggregation, i.e., it composes a specific class).



User Study Utils APOLLO3 Depletionlterator StatusManager

initialize()
initialize_udf()
‘4.......4.4................AA..4..........4........“L‘l
initialize_geometries()
driver.run{)
opt [generate_branches]
create_input_branches()

Fig. 3. Sequence diagram for NEMESI initialization. The solid line represents the send instruction and the returning dotted line
represents the response of correct execution of the class.
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Fig. 4. Sequence diagram for NEMESI calculation of a single point. The solid line represents the send instruction and the
returning dotted line represents the response of correct execution of the class.

Each simulation reinstantiates a Study object that,  the assigned operating points by changing the status of
with the class Archive, reads the isotopic concentration  the computational kernel using the StatusManager static
at a specified burnup from the Archive HDFS file. Then,  class (see Fig. 6) looping (block loop) on all the calcula-
with the object Branch, Study controls the calculations on  tion points assigned to the Branch. Each simulation/
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Fig. 5. Sequence diagram for NEMESI depletion calculation. Note that the branch calculation can be run sequentially after each
depletion step or in parallel on multiple computational nodes once the evolution calculation is finished. The solid line represents
the send instruction and the returning dotted line represents the response of correct execution of the class.

branch stores the homogenized cross sections for each
operating point in its own MPO file.

Finally, the front end concatenates all these MPO
files into a single file before their analysis or use in the
core code. Despite the interactivity provided by the meth-
ods provided by the Study object, the user can also script
the sequence of operations. The Python interpreter lately
is able to execute this sequence of operations.

Only one prerequisite is necessary to run NEMESI:
the iapws''” Python module for computing water proper-
ties. The entire Python implementation respects the PEPS
guideline. The sequence diagram of NEMESI is repre-
sented in Figs. 3 through 6.

As test cases, the calculation platform has been used
to compare the infinite medium multiplication eigenvalue
(kiny) at the beginning of life (BOL) of the selected
assemblies, computed using the reference calculation
scheme based on the SHEM-MOC scheme for PWRs!'!)
against av?li;iibl.e results of TRIPOLI-4®21 and
SERPENT?2 simulations. The assemblies considered
were those used for the validation activities of the

CAMIVVER, and they included some of the
Khmelnytskyi-2 and Kozloduy-6 VVER reactor fuel
assemblies, an assembly for the 32-assembly small
PWR core configuration,''*'”! and some assemblies
from the KAIST benchmark.['® The details about the
assembly configurations, geometrical dimensions, mate-
rial isotopic compositions, and operating conditions can
be found in Ref. [8]. The comparison of computed &,/
values is shown in Table I.

The agreement between NEMESI and Monte Carlo
codes observed for all VVER and PWR assemblies was
very reasonable. Further investigations are foreseen in
future work. The small discrepancies (a few pcm)
between TRIPOLI-4 and SERPENT?2 were presumed to
come from one or a combination of these elements:
different nuclear data processing systems (GALILEE ver-
sus NJOY) and nuclear data interpolation in temperature
for the TRIPOLI-4 calculation. Since the present paper
focuses mainly on VVER assembly calculations, only the
depletion calculations for the 390GO and 30AVS5 assem-
blies of the Khmelnytskyi reactor are compared to
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Fig. 6. Sequence diagram for NEMESI branch calculations when distributed in parallel on multiple computational nodes. The
solid line represents the send instruction and the returning dotted line represents the response of correct execution of the class.

reference calculations. Still, the depletion calculation per-
formed on the PWR assembly from Ref. [14], which is
not shown here, gave a similar agreement.

Concerning the present analysis, assembly 390GO
mainly consists of fuel pins with a 4.0% enrichment,
and only the fuel pins on its boundary have a
33U enrichment of 3.6%. The 390GO assembly includes
some pins with a burnable absorber made of 3.3%
35U and 5.0% gadolinium (Gd). Instead, assembly
30AV5 mainly consists of 3.0% ***U-enriched pins and
some pins with a 2.4% **°U enrichment and 5.0% Gd.
Both assemblies have stiffener plates in each corner to
improve mechanical stability (see Fig. 7). The depletion
simulations were performed considering an infinite media
and the all-rods-out (ARO) configuration. The

2-D simulations were performed using the JEFF3.1.1
nuclear data library and a direct computational scheme
using rotational boundary conditions to take advantage of
the assembly symmetries.

Considering the burnup range from 0 to 60 GWd/t,
the infinite multiplication factors have been compared
to those obtained with SERPENT2 (see Fig. 8). This
comparison showed that the root-mean-square error
(RMSE) was about 60 pcm from 0 to ~8 GWd/t. This
behavior may be slightly related to the different number
of spatial rings discretizing the Gd pins used in the two
codes, but more significantly to the nuclear data
libraries and how they have been generated. Later, in
the range from 8 to 30 GWd/t, the computed results get
much closer to the reference Monte Carlo results with



TABLE 1
Comparison of k;,r at BOL for the Selected Assembly Typest™

TRIPOLI-4
(EDF)* S2 (KIT)° NEMESI (Framatome)
Assembly
(ARO) Kiny Kiny King Ap14 (pem) Aps; (pem)
Khmelnytskyi-2 (VVER)
13AU 0.96943 £ 5 0.96951 =3 0.96872 -75+5 84 +3
30AVS 1.13966 + 5 1.13929 + 4 1.13810 -120+5 91 +4
390GO 1.24895 £ 5 1.24907 + 4 1.24749 94 +5 101 £4
FA3.3G 1.24164 = 5 1.24160 + 4 1.24060 96 £ 5 65+4
KAIST (PWR)
UOX at 2.0% enrichment 1.10444 £ 5 1.10443 £ 3 1.10486 34+5 33+3
UOX with Gd pins 1.04750 £ 5 1.04722 + 4 1.04796 42+5 67 +4
Mixed oxide 1.16349 £ 5 1.16350 £ 4 1.16483 98 +3 98 +4
32-Assembly Small Core (PWR)
UOX at 3.7% enrichment 1.30554 + 5 1.30456 + 4 1.30568 —-8+3 68 +4

*Reactivity difference with respect to TRIPOLI-4 calculations.
PReactivity difference with respect to SERPENT? calculations.

@ 3.0%U235
() 2.4% U235 and
5.0% Gd,05

() 3.6% U235

@ 33%U235and
5.0% Gd,0,

) 4.0% U235

. Guide Tube
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Fig. 7. (left) 390GO and (right) 30AV5 assembly configurations.l®! The inset shows the stiffener plate. The applicable symmetry

is indicated with black dash-dotted lines.

a RMSE of about 11 pcm and 58 pcm for the 390GO
and 30AVS5 assemblies, respectively, showing a good
agreement of the two calculations with the respective
reference results. Finally, after 30 GWd/t, the curves
start to diverge, probably because of the different for-
mulas used to compute the released energy!'’ in

APOLLO3 and SERPENT2,!'™ with a RMSE of about
170 pcm and 310 pcm for the 390GO and 30AVS5S
assemblies, respectively.

Despite the highlighted differences, the prelimin-
ary results are encouraging; however, SERPENT2 can-
not be considered a reference yet because of the
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Fig. 8. 390GO and 30AV5: Comparison of NEMESI and SERPENT F;, (left axis) and their difference (right axis) during

depletion calculation.

different energy deposition model, as it does not
account the energy emitted by gammas. New modified
evaluated nuclear data libraries are being developed
that should eliminate the discrepancies between the
two codes, as the power produced will be computed
in the same way.

IIl. VVER CALCULATION SCHEME AND DISCUSSION

lILA. Self-Shielding Grouping

The state-of-the-art computational schemes available
for industrial applications in French deterministic codes
are SHEM-MOC!""!" and REL2005.1"°! The second is
derived from the former, and both are explicitly tailored
for PWRs.

(b)

Nevertheless, these schemes cannot be straightfor-
wardly applied to the VVER cases due to the present
limitations of the back end. This is because the solver is
based on the interface—current collision probability
method (IC-CPM), which is not yet fully compatible
with the unstructured geometries produced by
ALAMOS. Therefore, the current work also presents
some preliminary results for developing a computational
scheme suitable for VVER assemblies that is aimed at
reducing the calculation time without reducing the accu-
racy of the results. The proposed options described here
were derived from CEA’s activity performed in the
CAMIVVER project.

Looking in more detail at the reference scheme, the
two-three Dimensional Transport collision probability
method (TDT-CPM) self-shielding problem considers
each self-shielded region as a separate self-shielding
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Fig. 9. (a) REFERENCE and (b) INDUSTRIAL self-shielding grouping for assembly 390GO. Each color corresponds to

a different property/medium in the self-shielding calculations.



>
92‘0
»20%0
0%20%
’0%0%0%
2090%0%0%0
Ye2e®0% %6
7960020202
120%0%0%0°%
e ®e 0%
020%:%90%0
120%0%0%6%0
205009 0e%
2%%0%0%
<~20%0%¢
e
@ oS

5

”8@@
LIS
)20%0%0%0
2020%e%0%0
»2000%0%0%0
»20%0%20%%0
002000%e %0
020%0% %
200200020806
14969600902
~Qeg0g@ 0
~2090°0
2200
"\\@
QA

(b)

Fig. 10. (a) REFERENCE and (b) INDUSTRIAL self-shielding grouping for assembly 30AVS5. Each color corresponds to

a different property/medium in the self-shielding calculations.

medium (see Figs. 9a and 10a). This means that mixture
probability tables and the corresponding self-shielded
cross sections must be computed for all the »n regions of
the computational geometry.

In the back end under test, the first feature implemented
to reduce the calculation time was the so-called self-
shielding grouping; the regions were grouped in m different
self-shielding media. A group may include various pins
with the same material or with a similar position in the
assembly lattice (e.g., close to a guide tube, a control rod,
Gd fuel pins, or the corners of the assembly, etc.) (see
Figs. 9b and 10b), which allows the self-shielding solver
to consider only m < n computational zones (or groups).

In NEMESI, by changing the calculation scheme
parameter of the Study class, the user can choose between
two different calculation schemes: REFERENCE (no
self-shielding grouping) and INDUSTRIAL (with self-
shielding grouping). Please note that the choice of the
word INDUSTRIAL is arbitrary, and it has nothing to do
with actual industrial applications.

The results in Table II show that with the
INDUSTRIAL scheme, the computational cost for the solu-
tion of the self-shielding problem is from two to three times
smaller than that for the REFERENCE scheme, without
reducing the accuracy of the obtained k;,, values and the
flux distribution (see Figs. 11 and 12) for which absolute
relative error on the pin-by-pin distribution is always

smaller than 3 x 107 and 8 x 107 (close to the flux
convergence criteria of 107°) for the 390GO and the
30AVS, respectively, proving the coherence of the two
calculation schemes.

The observed reduction of computational time
becomes a significant advantage when performing
depletion calculations during which the self-
shielding problem is solved multiple times. Looking
at the depletion calculation for these two considered
assemblies (see Fig. 13), one can notice that the
difference in the k;,, computed with the two computa-
tional schemes reaches its maximum of ~7 pcm (in
absolute value) when the burnup is ~40 GWd/t, prob-
ably due to slightly different isotopic composition
evolution.  However, with  respect to the
REFERENCE scheme, the INDUSTRIAL one is con-
servative in computing the reactivity, and depending
on the assembly, the total computational time for the
same 70-burnup-point structure is reduced by a factor
ranging from ~2.6 to ~5.3 and is always smaller than
the one required by SERPENT2. With such results,
one may conclude that even if the INDUSTRIAL
calculation scheme may not satisfy all the industrial
requirements in terms of performance, this can be
considered a good starting point for further developing
the calculation scheme and demonstrating the plat-
form’s capabilities.



TABLE II

390GO and 30AV5: k;,, and Calculation Time Comparisons

Parameter 390GO 30AVS

Calculation scheme REFERENCE INDUSTRIAL REFERENCE INDUSTRIAL
Symmetry 1/6 1/3
Number or regions 5496 10 935
kinr at BOL 1.24742 1.24742 1.13810 1.13810
Self-shielding solver TDT-CPM
Self-shielding grouping No Yes (9 groups) No Yes, (11 groups)
Time for self-shielding calculation 2 h 18 min 57 min 9 h 29 min 3h
Flux solver TDT-MOC
Time for flux calculaton™® 2 h 50 min 3 h 10 min 5 h 25 min 5 h 29 min
Time for 70-burnup-point calculation 1335 h 51 min 513 h 57 min 5570 h 2 min 1054 h 26 min

*NEMESI simulations run on Intel® Xeon® Platinum 8260 CPU @ 2.40-GHz cores with 48 OpenMP threads.
"SERPENT? calculations run on Intel® Xeon® Platinum 8368 CPU @ 2.40-GHz cores with 150 OpenMP threads. The simulation
on the full assembly geometry lasted about 59 h, and the 70-burnup-point simulation lasted 2165 h.
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Fig. 11. 2-D distributions of (a) fast and (b) thermal flux relative error for the 390GO assembly with the REFERENCE and the

INDUSTRIAL calculation schemes.

Again, the flux distribution alone is not enough to
guarantee the accuracy of the solution when the self-
shielding grouping is used. Therefore, here the com-
parison of the fast absorption and thermal fission
rates for **°U are presented in Figs. 14 and 15,
which show that implementation of the proposed self-
shielding grouping does not deteriorate the quality of
the computed reaction rates. It remains true, accord-
ing to the presented explanation, that the self-
shielding grouping is chosen according to geometric

considerations, which in a certain way can reflect the
physical phenomena. In more heterogeneous config-
urations, or when large flux gradients are expected,
the self-shielding grouping is a more delicate choice,
as it can diverge from the actual physics.

Again, looking at the population of the selected
isotopes, namely, 235y, 238y, 2*°Pu, and **'Am and
1335Gd, '°°Gd, '*’Gd, and '*®Gd, for assembly 390GO
(see Figs. 16 and 17) and assembly 30AVS5 (see
Figs. 18 and 19), respectively, the two presented
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Fig. 16. Evolution of selected U, Pu, and Am isotopic linear atomic densities for assembly 390GO.



le—4

\ —— AP3-SHEMMOC-Gd155

— 67 \ | TTTTTTTYTT AP3-INDUSTRIAL-Gd155
IS X @ SERPENT2-Gd155
O L] : :
a \ : 3
o I e e E—
<) %
- | ]
ik 3

. \
g2
o y
© \

O 1 “H-“I.II-I.I"I-II-II+--I--l-—»b.—;-l—.--.»-.- & |

0 10 20 30 40
(a) Burnup [GWd/t]
le—4
—— AP3-SHEMMOC-Gd157

— 6 AP3-INDUSTRIAL-Gd157
E N ~= SERPENT2-Gd157
R !
S 1
S5 .\
521\
(@] '-\

0 e .\“uuucnll.‘uuccncl-:b~-»I—~I------~...v...u.-..

0 10 20 30 40 50

Burnup [GWd/t]

(c)

50

le—3
—— AP3-SHEMMOC-Gd156
B AP3-INDUSTRIAL-GA156 |
g .= SERPENT2-Gd156
B 2.51 ) :
E =
g iy i
FS R S, el
é 1.5 o : ‘ i
1.0 / i i ‘ '
0 10 20 30 40 50
(b) Burnup [GWd/t]
le-3
2.257 __ Ap3.SHEMMOC-Gd158
—_ AP3-INDUSTRIAL-Gd158
g 2.001 = SERPENT2-Gd158 : pa—
B | - s e L R
£ 1754 -"Y"'""““n“ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
2 e
2 !
g L5 ————
c [ ]
o ]
O 1.254
/ |
0 10 20 30 40 50

Burnup [GWd/t]

(d)

Fig. 17. Evolution of Gd isotopic linear atom densities for assembly 390GO.

calculation schemes show in general good results.
The volumetric concentrations have been integrated
into the region volumes because in APOLLO3 the
homogenized output surface corresponds to the
whole, while in SERPENT2 it considers only the
fuel pins.

Since in the present comparisons the focus is
only on fissile and burnable poison isotopes, by inte-
grating the volumetric concentrations into the respec-
tive homogenized surfaces, a linear concentration (per
axial length unit) can be obtained. The results shows
that at low burnup during Gd consumption, during
which sensitive k;,r differences have been observed,
the relative error on the concentrations of Pu, Am,
and Gd, computed with point-by-point comparisons of
the results provided by the two codes, can be very
large (see Figs. 20 and 21) due to the multiple effects
mentioned previously, i.e., spatial discretization of Gd
pins and different depletion chains. After 10 GWd/t,
the relative errors stabilize around a few percent. The
error on the 2*°U concentration is very good and
starts increasing at high burnups, where small differ-
ences in small absolute concentrations can result in
large  relative  errors.  The the

€rror on

238U concentrations is excellent all along the evolu-
tion, as shown in Fig. 20.

The drift of the 2*'Pu and **'Am isotope popula-
tions at high burnup is probably related to the differ-
ent modeling and simplifications of the depletion
chains used in the two codes and a different modeling
of the depletion or the use of the already mentioned
differences in the nuclear data libraries used. The
same reason may also explain the slight drift in the
1%6Gd and '"*®Gd populations. The CAMIVVER pro-
ject focused on the development of an industrial pro-
totype. To support this development, several
verification activities were carried out as presented
in this paper. The validation strategy is under defini-
tion and several experimental data will be considered.
A follow-up project is proposed to support further
development and validation.

111.B. Other Possible Calculation Scheme Evolutions

The parametric studies performed here represent
only the first step toward the definition of an indus-
trial computational scheme for VVER reactors.
Additional actions can be taken to optimize the
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Fig. 18. Evolution of selected U, Pu, and Am isotopic linear atom densities for assembly 30AVS.

computational scheme, including, for instance,
a sensitivity analysis on the geometrical mesh refine-
ment for the pins, an optimization of the computa-
tional sequences (e.g., performing self-shielding
calculation only at selected burnup points),
a reduction in the number of points of the depletion
mesh, or again implementing a multilevel computa-
tional scheme inspired from REL2005.1']

IV. CONCLUSIONS

The wvariety of users and application cases of
computational tools in nuclear research and industry

justify the specification of different software require-
ments to be satisfied. Following preliminary work
that aims to define a systematic requirement-based
approach to build a neutronics study platform, this
work presented NEMESI, the multiparameter library
generator prototype developed in the framework of
the EU H2020 CAMIVVER.

NEMESI aims to implement a modern library-based
software architecture, dividing the platform’s responsibil-
ities into its different components: the front end for
interaction with the users, and the back end based on
APOLLO3, constituting the computational kernel, com-
municating via an interface that defines the exchange of
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Fig. 19. Evolution of Gd isotopic linear atom densities for assembly 30AVS5.

the data objects and the relevant function calls to perform
the calculations.

After describing NEMESI’s rationale and struc-
ture, some simulation comparisons were shown to
assess the tool’s accuracy. The computed infinite
multiplication factors for VVER and PWR assemblies
were compared to those obtained using TRIPOLI-4
and SERPENT?2, indicating a good agreement with
a RMSE of about 110 pcm and 172 pcm for the
390GO and the 30AVS5 assemblies, respectively.

The assessment of the accuracy and precision of
the calculation platform continued by comparing
NEMESI/APOLLO3 depletion calculations for two
VVER assemblies, i.e., the Khmelnytskyi 30AV5 and
390GO, with SERPENT2 showing that the computed
results were in good agreement up to 8 GWd/t during
the Gd burn, with a difference up to 100 pcm, and then
in good agreement from 8 to 30 GWd/t with stable
differences up to 10 and 40 pcm, respectively, for the
two assemblies. In the last portion of the simulated
depletion, the differences started to increase, possibly
because of the different power formulas used in the
two codes.

When comparing selected isotope populations, the
NEMESI-APOLLO3 computed results were in good
agreement with those obtained with SERPENT2; the
relative error was a few percent at low burnup values,
but tended to increase as the burnup increased. The
reason behind the increase in relative errors could be
the use of different depletion chains in APOLLO3
and SEPRENT2 (for Pu and Am isotopes) or the
fact that the relative error was computed on small
values (for Gd isotopes).

The last part of the present work dealt with
a preliminary step in defining the VVER calculation
scheme, which has yet to be fully validated and
shown in the literature. The first feature proposed
was self-shielding grouping, which treats the pins
with the same self-shielded property, i.e., depending
on the material and/or the pins in similar locations
inside the assembly lattice. The simulations per-
formed with the INDUSTRIAL computational scheme
were in excellent agreement concerning the reference
results on the k;,, (A < 7 pcm) and the flux distribu-
tion (g, <0.2%) and showed a reduction in the
computational time by a factor of 3.



Looking at the isotope concentrations during the
depletion, the APOLLO3 results were in very good
agreement with those computed by SERPENT2, with
larger discrepancies during the Gd consumption that
then were reabsorbed at higher burnups. The reason
behind these increasing differences is probably related
to the different geometrical discretization of Gd pins

and the different depletion chains used in the two
codes. To sum up, all these considerations assessed
the successful development of NEMESI as
a multiparameter generator and the precision of the
numerical methods of APOLLO3 (the computational
kernel) for validation exercises and defining a suitable
computational scheme for VVER and PWR assemblies.
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Fig. 20. Error on (a) **°U, (b) **U, (c) **°Pu, (d) **'Pu, and (e) *' Am linear atom densities for assemblies 30AV5 and 390GO

with different calculation schemes.
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