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ARTICLE INFO ABSTRACT

Keywords: Open source modeling of VVER-type reactors could become a medium-term objective in Eastern Europe. As the
Reactor physics deterministic code DRAGONS could meet such a need, we confronted DRAGONS against a stochastic reference
VVER

code, SERPENT2. Our validation comprises 7 cells and 4 assemblies from the Khmelnitsky-2 reactor in Ukraine,

Il;;tig}e()clilﬂsciztions within a wide range of heterogeneity levels in fuel composition. Two calculation schemes have been developed
SERPENT2 code and compared. The first, the ALAMOS scheme, is highly discretized in energy and spatial resolution, while the
second, the REL2005-like scheme, is calculated in two levels (one highly discretized in energy and the other

highly discretized in space). In the majority of cases studied, both schemes offer satisfactory accuracy (e.g. less

than 300 pcm in k), although there are difficulties related to energy deposition with gadolinium-poisoned

fuel. While showing significantly poorer results than the ALAMOS scheme, the REL2005-like scheme offers

lower computation times and major avenues for improvement remain to be explored. This work offers a first

step towards the simulation of VVER-type reactors in DRAGONS, and paves the way for full-core simulations.

1. Introduction reference code, SERPENT2 (Leppénen et al., 2015). Here we present
the results obtained for the cells and assemblies of the Khmelnitsky-

The VVER-type reactors are currently the only commercial light 2 reactor, which is highly heterogeneous in its composition. A side
water reactors in the world designed with hexagonal geometries for objective of this work is to compare two hexagonal assembly modeling
both pin cells and assemblies. schemes in DRAGONS. Based on the ALAMOS platform, the first, the
This Soviet and later Russian-designed reactor technology has been ALAMOS scheme, is a classic single-level scheme (direct scheme). The
deployed in Russia and a number of Eastern European countries. Geopo- ALAMOS platform is external to DRAGONS and provides geometries

litical tensions between Russia and VVER-equipped countries have
prompted the latter to seek non-Russian simulation solutions. The Eu-
ropean Union therefore decided to finance the CAMIVVER project (Ver-
rier, 2024), coordinated by Framatome, with the aim of developing
simulation and production calculation capabilities. In parallel with
this project, and in cooperation with Framatome, Polytechnique Mon-
tréal wishes to offer an open-source solution based on the DRAGONS5 2. Study cases and calculation schemes
code (Marleau et al., 2023).

Initial work on VVER modeling in DRAGONS has been carried out
in the article (Rooijen et al., 2017). More recently a team from the
China Institute of Atomic Energy has produced important results for
cells and assemblies modeling (Zhao et al.,, 2023). The aim of this
work is to repeat and improve the results of this work but for the
CAMIVVER reactors. The main indicators studied are the evolution
of ke, isotopic concentrations and some reaction rates. The results The detailed software architecture of the scripts (Python encapsulation)

obtained with DRAGON5 were compared with those of a stochastic is available in Fede and Francois (2023).

that can be used by DRAGONS in place of native geometries. The
second, the REL2005-like scheme, is a two-level scheme based on the
one presented in Vidal et al. (2007). The structure of these schemes will
be detailed in Section 2.2.

First, we present the characteristics of the cells and assemblies stud-
ied (geometries and composition). Data concerning the compositions
and geometries of the various cells and assemblies come from the public
CAMIVVER project data available in the report (Willien and Vezzoni,
2021). Secondly, we present the structure of our calculation schemes.
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Fig. 1. Cell geometry. The figure shows the different crowns of the cell with their
radii. The compositions are shown on the left.

Table 1
Isotopic composition of fuel in each cell.
Cell names Assemblies  ?¥U Enrichment ~ w% Gd,0,
22AU_22U0x 22AU 2.2% []
40AU_40UOx 40AU 4.0% [/
439GT_44U0x 4.4% ]
T T
439GT_36Gd 439G 3.6% 5.0%
39AWU_40UOx (398G0O_40UOx) 4.0% [/}
39AWU_36UOx 39AWU 3.6% [}
39AWU_33Gd (398G0_33Gd) 3.3% 5.0%
Table 2
Number of fuel rods of each type per assembly (total: 312).
22AU 40AU 398GO 39AWU
22AU_22U0x 312
40AU_40UOx 312
398G0_40UOx 306
398G0_33Gd 6
39AWU_40UOx 252
39AWU_36UOx 51
39AWU_33Gd 9

2.1. Studied geometries and compositions

We have chosen to focus on 7 cells from the Khmelnitsky-2 reactor,
from 4 different assemblies. Fig. 1 shows the dimensions of the 7
cells, while Table 1 presents the main information concerning the
compositions of the different cells. Further details can be obtained by
consulting (Willien and Vezzoni, 2021).

As far as assemblies are concerned, we decided to study 4 assemblies
covering a wide range of enrichment and heterogeneity. In addition
to fuel cells, the assemblies include guide tubes and stiffeners. Each
assembly includes 312 fuel rods, 18 guide tubes and a central guide
tube bringing the total assembly to 331 elements. The pitch of the
assemblies is 23.6 cm. Table 2 describes the type and number of rods
present in the various assemblies. Fig. 3 describes the arrangement of
the different types of fuel rods in assemblies 22AU and 40AU, 439GT
and 39AWU.

Guide tubes and stiffeners are made from E635 zirconium alloy. The
guide tubes (respectively center tubes) are modeled as hollow tubes
with inner radii of 5.450 mm (resp. 5.350 mm) and outer radii of
6.300 mm (resp. 6.374 mm). The geometric characteristics of stiffeners
are shown in Fig. 2. A gap of 1.2 mm is present between the stiffeners
of two assemblies.

Remark 1. The 439GT assembly has not been processed, but it is
described here as results were obtained on the cells making it up.

Remark 2. Note that the 40AU_40UOx cell and 40AU assembly are
not directly derived from the CAMIVVER project, but are our own
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Fig. 2. Stiffener geometry. The figure shows the main geometric characteristics of the
stiffeners.

variations of the 22AU_22UOx cell and 22AU assembly in order to
create an intermediate assembly between the 22AU and 398GO assem-
blies.

2.2. Calculation schemes

Optimization studies of the parameters of the various modules have
been carried out and are presented in the reports (Richard, 2023) for
DRAGONS and (Fede and Francois, 2023) for SERPENT2. Key points
include the fact that cells are discretized into 4 or 6 fuel rings, respec-
tively without and with gadolinium in the initial fuel composition (for
DRAGONS5 and SERPENT2), with the exception of gadolinium cells in
ALAMOS geometries which have 11 rings. It should also be noted that
for SERPENT2, 500 populations of 16,000 neutrons have been used in
the calculations.

Assemblies 22AU, 40AU and 398GO have 60° rotational symmetry,
while assembly 39AWU has 120° rotational symmetry. So only one-
sixth (22AU, 40AU and 398GO) or one-third (39AWU) of the assemblies
have been modeled and are shown below.

The presence of stiffeners increases the complexity of the assembly
modeling. DRAGONS5 does not allow stiffeners to be modeled natively
on hexagonal geometries. However, DRAGONS5 is able to handle ex-
ternally modeled geometries with stiffeners. This is the approach we
choose to develop the ALAMOS calculation scheme. The geometries
generated by the ALAMOS plateform (and all data sets) are available
in the archives of the Institut de Génie Nucléaire (Fede and Francois,
2023). We remind that technical informations about the ALAMOS
plateform can be found in Tomatis et al. (2022).

All calculations (including those performed with SERPENT2) are
performed using libraries generated from the JEFF-3.1.1 nuclear data
library. The libraries used, and generated using NJOY (Zu et al., 2023),
are energy-continuous in ACE format for SERPENT2, and multi-group
in Draglib format for DRAGONS.

2.2.1. ALAMOS scheme

The ALAMOS scheme is a direct scheme. Its diagram is shown in
Fig. 4. Two tracking steps are performed. The first with the SALT:
module for self-shielding, and the second with the SYBILT: and
MCCGT: modules for flux calculation using the characteristic method.
Due to cell numbering in the ALAMOS files, we have to use the same
geometry for both calculations, although the scheme we have devel-
oped theoretically allows us to distinguish two different geometries.
A non-sectorized geometry has been chosen to keep calculation times
acceptable. For energy discretization, a library of 295 groups was
chosen on the basis of the article (Hébert, 2009).
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Fig. 3. Cell layout for studied assemblies, from Willien and Vezzoni (2021). From left to right, the different arrangements of assemblies 22AU (analog to 40AU), 398GO and
39AWU are shown. Guide and center tubes are shown in uniform dark gray and black. Cells with gadolinium are shown in hatched gray. And on the outer rim of the 39AWU

assembly (right), cells with lower enrichment are dotted.

SALT:
COMPO:

TRACK_1L

(1) : Is the current burn-up step a step at which the library's
self-shielding calculation should be performed?

(2) : Is the current burn-up step a step at which multicompo
should be edited?

(3) : Is the current burn-up step strictly smaller than the last
burn-up step to be calculated?

Depletion loop

Fig. 4. ALAMOS calculation scheme. The calculation scheme is described in two steps.
On the top right, the initialization section, with descriptions of geometries, isotopic
compositions, definition of effective cross-section libraries and calculation of various
tracking parameters. On the left are the evolving calculation loops, with the various
loop stopping criteria at bottom right.

2.2.2. REL2005-like scheme

Inspired by the REL2005 scheme developed in the article (Vidal
et al., 2007), we have developed a second calculation scheme called
REL2005-like. Its diagram is shown in Fig. 5. Our aim is to achieve
lower computation times and to work with sectorization around the
fuel cells. The special feature of this scheme is that it has two levels
of flux calculation. In the first level, the flux is calculated with a high
energy discretization (295 groups) but a low spatial discretization. The
geometry of this level is native to DRAGONS5, and the current inter-
face collision probability method is used to calculate the flux for fast
calculation times. The second level is strongly spatially discretized and
weakly energy-discretized, with only 26 energy groups. The geometry
used is the ALAMOS geometry, the most highly discretized possible,
and the flux calculation method used is the characteristic method.
As mentioned previously, stiffeners are only taken into account in
ALAMOS geometries, i.e. only on the second level here.

| MCCGT: ]

o]

l SYBILT: W [ W | SYBILT: ]

| COMPO: ]

Initialization ¢

LIBEQ_N2

LIBRARY_SS

1% level

MULTICOMPO

Depletion loop

Fig. 5. REL2005-like calculation scheme. This diagram has the same structure as the
ALAMOS diagram, with initialization at the top and calculation in progress at the
bottom. The main difference is the presence of two levels based on two different
geometries in the depletion loop. The criteria for stopping loops are identical to those
in Fig. 4.

2.2.3. Calculation scheme for an isolated cell

The calculation scheme used for a cell alone (i.e. not in a full assem-
bly) is similar to the ALAMOS scheme presented above in Section 2.2.1
and in Fig. 4. The main difference is that an isolated cell has its geom-
etry natively coded in DRAGONS5 (whereas ALAMOS geometries, used
for full assemblies, are imported data). Please refer to the report (Fede
and Francois, 2023) for more details.
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Fig. 6. Evolution of DRAGONS5-SERPENT2 discrepancy on kg in gadolinium-free cells.
For all cells without gadolinium, the k. discrepancy remained low and stable at less
than 300 pcm.

—+— 22AU_22UOx : D5-S2 final

3 40AU_40UOx : D5-S2 final

—+— 439GT_44UOx : D5-S2 final
39AWU_40UOx : D5-S2 final
39AWU_36UOx : D5-S2 final

Relative error (%)
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0 10000 20000

Fig. 7. Evolution of the DRAGON5-SERPENT2 discrepancy in U mass concen-
tration in gadolinium-free cells. With the exception of the least highly enriched
cell (22AU_22UOx), the discrepancy in mass concentrations does not exceed 2% for
gadolinium-free cells.

3. Numerical results

The most notable results are listed here. We will focus on the evo-
lution of DRAGONS5-SERPENT2 discrepancy in k. and mass concen-
trations of particular isotopes. We will briefly mention some reaction
rates. Full results can be found in the archives of the Institut de Génie
Nucléaire website (Fede and Francois, 2023).

3.1. Cells without gadolinium in initial composition

Figs. 6-8 show the evolution of DRAGON5-SERPENT2 discrepancy
on gadolinium-free cells alone. These results are fairly typical of our
own: the discrepancies are satisfactory (less than 300 pcm for kg
and less than 2% deviation for isotopic concentrations) except on cells
weakly enriched for a few isotopes: 2°U, '%Gd and '"’Gd, whose
isotopic concentrations show discrepancies of up to 6.0%.

3.2. Cells with gadolinium in initial composition

These difficulties in accurately calculating gadolinium isotope con-
centrations are exacerbated for cells initially containing a high propor-
tion of gadolinium. The preceding quantities have been determined also
for cells with gadolinium and are presented in Figs. 9-11. The presence
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Fig. 8. Evolution of the DRAGON5-SERPENT?2 discrepancy in >**Pu mass concentration
in gadolinium-free cells. With the exception of an initial peak the discrepancy in mass
concentrations does not exceed 2% for gadolinium-free cells.
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Fig. 9. Evolution of DRAGON5-SERPENT2 discrepancy on kg in cells with gadolinium.
As long as the initial gadolinium has not been consumed (<20 GWd t~!) DRAGONS5
discrepancies are high; then the situation regularizes at the end of the depletion.

of gadolinium is known to make numerical calculations difficult. Only
the concentrations of 2°U and 33U show a small discrepancy (<2%)
between DRAGONS and SERPENT2 over the whole depletion for both
cells with gadolinium while others, such as ***Pu, show significant
deviations until the gadolinium has been completely consumed.

We will discuss our possible solutions to reduce discrepancies in Sec-
tion 4. However, we can mention the fact that these cells are highly
subcritical and are therefore always associated with other cells in as-
semblies. We can therefore hope that their small number in an assembly
will enable us to obtain interesting results on the scale of assemblies.

3.3. Assemblies without gadolinium in initial composition

The results obtained for gadolinium-free assemblies are very sim-
ilar to those obtained for constitutive cells. Fig. 12 shows the results
obtained on k.. It can be seen that the REL2005-like scheme is in
better agreement at low enrichment (and therefore low reactivity),
while the ALAMOS scheme is more accurate at more conventional
enrichment (4%). Discrepancies in isotopic concentrations are similar
to those obtained for single cells. Fig. 13 shows these discrepancies for
239pu. Note that the ALAMOS scheme gives slightly better results than
the REL2005-like scheme.

Figs. 14 and 15 show, respectively for the ALAMOS scheme and
the REL2005-like scheme, fission rates in the thermal domain at the
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Fig. 10. Evolution of the DRAGONS5-SERPENT2 discrepancy in 2*U in cells with
gadolinium. Some isotopes, such as **U here, have their concentrations determined
with little discrepancy compared to SERPENT2.

Fig. 13. Evolution of the DRAGON5-SERPENT2 discrepancy in **Pu in 22AU and
40AU assemblies. The dotted line shows our results for the constituent cells of the two
assemblies, 22AU_22UOx and 40AU_40UOx respectively.
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Fig. 11. Evolution of the DRAGON5-SERPENT2 discrepancy in *°Pu in cells with
gadolinium. Other isotopes, such as »°Pu here, have their concentrations determined
with discrepancy compared to SERPENT2 until the gadolinium has been completely Fig. 14. 40AU assembly DRAGON5-SERPENT?2 relative difference in neutron flux for
consumed. thermal neutrons at the end of depletion (60 GWd t™') determined by the ALAMOS
calculation scheme.
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Fig. 12. Evolution of DRAGON5-SERPENT2 discrepancy on kg in 22AU and 40AU
assemblies. The dotted line shows our results for the constituent cells of the two
assemblies, 22AU_22UOx and 40AU_40UOx respectively. Discrepancies are slightly
higher for assemblies than for cells, but remain around 300 pcm.

Fig. 15. 40AU assembly DRAGONS5-SERPENT2 relative difference in neutron flux
layer for thermal neutrons at the end of depletion (60 GWd t~!) determined by the
REL2005-like calculation scheme.
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Fig. 16. Evolution of DRAGON5-SERPENT2 discrepancy on k. in 398GO and 39AWU
assemblies. The REL2005-like scheme has maximum discrepancies of between 300 and
500 pcm, while the ALAMOS scheme has discrepancies of less than 300 pcm.
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Fig. 17. Evolution of the DRAGON5-SERPENT2 discrepancy in »*°Pu in 398GO and
39AWU assemblies.

end of depletion (60 GWd t~1) for the 40AU assembly. Similar dis-
crepancy levels are observed. However, the discrepancies are relatively
homogeneous, with an order of magnitude of 1%-2%.

3.4. Assemblies with gadolinium in initial composition

Fig. 16 shows the kg discrepancies for the 39AWU and 398GO
assemblies. The ALAMOS pattern shows results significantly in bet-
ter agreement than the REL2005-like pattern, with deviations from
the reference of less than 300 pcm versus 300 to 500 pcm for the
REL2005-like pattern in the middle of depletion. Because of the low
number of cells with gadolinium in their initial composition, the results
obtained for isotopic evolutions are close to those for cells without
gadolinium, as expected. Fig. 17 shows the example of 23°Pu, where the
DRAGONS5-SERPENT2 discrepancy has the same appearance as in Fig. 8
(gadolinium-free cells) and 13 (gadolinium-free assemblies).

Remark 3. The assemblies here are made up of several cell types
(Table 2) and it is therefore not possible to directly compare these
results with those obtained at cell scale.

Figs. 18 and 19 show, respectively for the ALAMOS scheme and the
REL2005-like scheme, fission rates in the thermal domain at the end
of depletion (60 GWd t~1) for the 398GO assembly. We can clearly see
that the cell with gadolinium is in poor agreement, with discrepancies
of the order of 4% for both schemes. The other cells are simulated with
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Fig. 18. 398GO assembly DRAGONS5-SERPENT2 relative difference in neutron flux
layer for thermal neutrons at the end of depletion (60 GWd t™!) determined by the
ALAMOS calculation scheme.
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Fig. 19. 398GO assembly DRAGON5-SERPENT2 relative difference in neutron flux
layer for thermal neutrons at the end of depletion (60 GWd t~!) determined by the
REL2005-like calculation scheme.

discrepancies of less than 2% for both schemes. These figures also show
that for the REL2005-like scheme, there are larger discrepancies on the
assembly boundaries than the ALAMOS scheme. This may be due to
the partial inclusion of stiffeners in the REL2005-like scheme. It is,
however, difficult to identify the discrepancies due to stiffeners from
those of other sources.

3.5. Summary

Table 4 summarizes the different results obtained for global quanti-
ties (kg and isotopic concentrations averaged over assemblies) by the
two ALAMOS and REL2005-like schemes on the four assemblies 22AU,
40AU, 398GO and 39AWU. The results obtained with the ALAMOS
scheme are similar to those obtained with SERPENT2, particularly in
terms of ks and concentrations of the main radioactive isotopes. A
large amount of gadolinium slightly increases discrepancies between
DRAGONS and SERPENT2, particularly when assessing the concentra-
tions of elements produced by gadolinium decay. The REL2005-like
scheme shows larger discrepancies, particularly in the presence of
gadolinium.

Reaction rates deviations from the SERPENT2 reference are shown
in Table 5. As with the global quantities, the ALAMOS scheme offers
lower discrepancies than the REL2005-like scheme, and assemblies
containing gadolinium show greater deviations from the reference.
Average of mean deviations are lower than 1%, while average of
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Table 3
Synthesis of average computation times (in hours).

ALAMOS REL2005-like Gain in computation times
Gd free assemblies 80.4 63.7 ~21%
Gd assemblies 152.2 118.5 ~22%

Table 4

Synthesis of mean global quantities for assembly calculations. The right-hand side of
the table corresponds to the 11 isotopes we have focused on: 235U, 236U, 238U, 239py,
240py, 241py, 242py, 155Gd, 157Gd, 149Sm and 135Xe.

Ak,;p <300 pcm AN; <2%

ALAMOS REL2005-like ALAMOS REL2005-like
Gd free assemblies v \ 8/11 5/11
Gd assemblies v X 6/11 6/11

maximum deviations reaches ~2% for assemblies without gadolinium
and ~4% for assemblies with gadolinium. The REL2005-like scheme
shows greater deviations from SERPENT2 than the ALAMOS scheme. It
should be noted, however, that local quantities, when averaged over the
assembly, show low deviations in all situations (ALAMOS/REL2005-like
and with/without gadolinium).

Finally, in terms of calculation times, we observe in Table 3 a
21% or 22% gain when using the REL2005 scheme rather than the
ALAMOS scheme, respectively without or with gadolinium in the initial
composition.

4. Discussion
4.1. Quality of results

Overall, the results are quite good. The orders of magnitude are
generally within the limits we expected (of the order of 300 pcm for
the k¢ and 2% for the other quantities). Quite extensive parametric
optimization work has been carried out (see the report Richard, 2023),
enabling us to ensure the consistency of the results obtained. However,
the results for the REL2005-like scheme are limited: as expected, this
scheme brings a significant reduction in computation times, but also
a significant increase in discrepancies compared with the ALAMOS
scheme, which is slower but more reliable. Finally, it should be noted
that the simulation of cells with gadolinium and therefore low initial
reactivity are very poorly modeled by DRAGONS. Several avenues have
been explored to reduce discrepancies (notably by working on the
calculation of cross-sections self-shielding), but none has been fully
successful yet.

4.2. Areas for improvement

We have identified several ways of further improving our simula-
tions.

+ As mentioned previously, parametric optimization at the cell
scale was crucial in obtaining satisfactory results. This work
was partially carried out at assembly scale, but the performance
limitations of our computing servers prevented us from going into
as much detail as we would have liked.

Table 5

Synthesis of local quantities (reaction rates) for assembly calculations. Mean deviations are obtained by Y

Annals of Nuclear Energy 211 (2025) 110961

+ At this point, it is not possible to natively implement stiffeners in
hexagonal geometry, which has led to a degradation in the perfor-
mance of the REL2005-like scheme. Taking stiffeners into account
by integrating their composition into the moderator of adjacent
cells at the first level of the REL2005-like scheme could lead
to significant improvements in accuracy. In addition, the revi-
sion of certain numerical simplification assumptions could further
improve the accuracy of the REL2005-like scheme, notably the
revision of cell families for the interface current method.

A final major area for improvement is the revision of energy
deposition models (Tuominen et al., 2019). We discovered that
energy deposition with SERPENT2 is not correctly handled with
the legacy JEFF-3.1.1 libraries distributed with the code. Im-
proved SERPENT?2 libraries with the edpmode=2 flag have been
processed by Vivian Salino in Salino (2023), but too late to
be used in this study. New Serpent libraries have an influence
far greater than the statistical uncertainties obtained from our
SERPENT2 simulations.

5. Conclusion

The results obtained in this work have established DRAGONS5’s
ability to model hexagonal cells and assemblies for VVER-type reactors.
Two calculation schemes have been developed with a view to indus-
trial use. The deviations obtained with the SERPENT2 reference code
demonstrate the possibility of achieving sufficient accuracy for opera-
tional calculations. Although adjustments are still needed to improve
the calculation schemes, in particular the REL2005-like scheme, the
quality of assembly simulation with the DRAGON5 code is sufficient
to consider full-core simulation with the associated DONJONS5 code.
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