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DEVELOPMENT OF A THREE-DIMENSIONAL MODEL
OF THE VVER-1000 REACTOR USING SERPENT MONTE
CARLO CODE FOR NEUTRON-PHYSICAL MODELING

B.I. I'ynix, B.B. I'amvuenxo, LI I[lnanax, [J.B. Byoix. Po3podka TpuBumipHoi mogeai peaxkropa BBEP-1000 3a momomoroio
Mounte-Kapiao xoxy SERPENT st HeliTpoHHO-di3uuHoro MmoaemoBanns. Jocnimkenns peakropie BBEP e BaxuBoro 3amaueto ams
BITYM3HSIHOI aTOMHOI eHepreTUKH. JIst [[bOro BUKOPHCTOBYFOTBCS Pi3HI JETEPMIHICTHYHI Ta CTOXAaCTHYHI KOAM. I3 3HAYHMM Hporpecom B
PO3BHTKY KOMII'IOTEPHHUX CHCTEM 3’SBHIACH MOMIIHBICTh AKTHBHOTO BHKOPUCTAHHS CTOXAaCTHYHHX KOJIB (3aCHOBaHUX HA MeToxi MouTe-
Kapno) s MozenoBaHHS CKJIQHUX PEaKTOPHUX CHCTeM. B naHiil poOOTi MmpeAcTaBiIeHO JOCHTIPKEHHS 10 3acTocyBaHHI0 Monte-Kapio
KOIy /I po3paxyHKy Bciei aktuBHOi 30HHM peakropa BBEP-1000. Taki po3paXxyHKH IaayTh MOXIIMBICT TOTYBAaTH TaK 3BaHE
«iHpopManiiHe 3a0e3NeyYeHHs» Ul MOHITOPHHIroBOro jaerepminictnuHoro koxy CBPK 3 Bucokow TounicTio. B indopmaniiine
3a0e3MeueHHs] BXOATh IPYIOBI KOHCTaHTH, KOeDIlli€eHTH AJIs PO3paxyHKy MOJIEIBbHUX TOKIB, alnbOe/HI PAHUYHI YMOBH JUIS paJiialIbHOTO Ta
aKciaJIbHUX BifOMBa4iB. B craTTi mpeacTaBiieHO BUKOpHCTaHHS HoBoro MonTe-Kapmo kox Serpent ajis TPHBHMIPHOTO MOZEIIOBAHHS
akTHBHOI 30HU peaktopa BBEP-1000. 3actocyBanust MonTte-Kapio KoziiB J03BOJISE aHAII3yBaTH BIACTUBOCTI IUPOKUI CHEKTP HEUTPOHHO-
(I3UYHKX Ta TEIUIOTiAPABIIYHAX XapaKTEPUCTHK aKTUBHOI 30HU B Oyab-sKiil TOUL siepHOro peakropa. B podori Oynam po3pobiieHi moneni
aKTHBHHUX 30H JUIst nepinoro 3aBantaxenHs PAEC4 ta 28-ro 3aBantaxenns JOYAEC3. Ilpu npomy Oymnu migrorosneni mogeni TB3 pisaux
BUpoOHUKIB. [Ipy po3poOiii Mozeni akTUBHOI 30HH, 3HAaUHA yBara Oyna MpHJIUICHA JIETaJbHOMY MOJENIOBAHHIO BEPXHBOTO, HUKHBOTO Ta
OiuHoro BinmOuBauiB. Bamamaniiini pospaxynku Monte-Kapno komy Serpent mis peakropa tumy BBEP-1000 Oynu BHKOHaHI Ha OCHOBI
nepioro 3aBaHTaxkeHHs PAEC4. [lna 28-ro 3aBanTaxkeHHs IOYAEC3 Oymu oTpuMaHi anpOemHi rpaHMYHI YMOBH JUIS PajialbHOTO Ta
akcianpHuX BinOuBauis. [liaroroBneHi moxeni akTuBHUX 30H peakTopa BBEP-1000 OyayTh BUKOpPHCTAHI U1l pO3paxyHKy «iH(opmauiitHoro
3a0e3MeueHHs» A1 HOBOTO YKPaiHCHKOT0 MOHITOpHHIOBOro Aerepminictuanoro kogy CBPK — ImCore, mo po3potnserscs B [IAO «CHBO
«ImMmynbey». BukopucTaHHS KOMITIOTEPHOTO KOAY 3acHOBaHOro Ha MeToni Monre-Kapino nacte MOXIMBICTD MIJBHIIUTH TOYHICTH
«iH(popMaLiiHOro 3a0€31NeYeHHs», 1 K HACIJOK, MiIBULMTH TOYHICTb BCHOT'O PO3PAXYHKY saepHoro peakropa B CBPK.
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V. Gulik, V. Galchenko, I. Shlapak, D. Budik. Development of a three-dimensional model of the VVER-1000 reactor using SER-
PENT Monte Carlo code for neutron-physical modeling. The VVVVER reactor investigation is an important goal for Ukrainian nuclear energy.
Different deterministic and stochastic codes are using for this purpose. With taking into account the fast development of computer systems, there
is a possibility for active using stochastic codes (based on Monte-Carlo method) for simulation of complicated reactor systems. The investigation
for implementation of Monte-Carlo code to calculate whole reactor VVVER-1000 core was presented in this article. Such type of calculations
would be a base for preparation of “information support data” with high accuracy deterministic code for in core monitoring system. The “infor-
mation support data” includes group constants, coefficients for calculations of model currents, albedo boundary conditions for radial and axial
reflectors. The paper presents the use of the new Monte-Carlo Serpent code for the three-dimensional modelling of the VVVER-1000 reactor core.
The use of Monte-Carlo codes offers an opportunity to analyze the properties of a wide range of the neutron-physical and thermal-hydraulic
characteristics at any reactor point. In the work, core models were developed for the Rivne NPP4 first loading and the South-Ukraine NPP3 28th
loading. At the same time, assembly models of various manufacturers were prepared. During the core model developing, considerable attention
was paid to the upper, lower and side reflectors for detailed modelling. The Monte-Carlo Serpent code validation calculations for the VVVER-1000
reactor were performed based on the Rivne NPP4 first loading. The albedo boundary conditions for radial and axial reflectors were obtained for
the South-Ukraine NPP3 28th loading. The prepared VVVER-1000 reactor core models will use for “information support data” calculations for
new Ukrainian In-core monitoring system deterministic code — ImCore, which is under development at PJSC “SRPA “Impulse”. Using computer
code based on Monte-Carlo method will provide an opportunity for increasing accuracy of “information support data” and as a consequence,
increase the accuracy for VVVER-1000 reactor calculations in In-core monitoring system.

Keywords: nuclear reactor, VVVER-1000, calculation of nuclear reactor, Monte Carlo method, core modeling

Introduction

Further development of nuclear power is impossible without the introduction of new computer
codes, which are based on more accurate methods of calculating nuclear reactors. The use of such
codes will ensure the reliable and safe operation of the NPP [1]. When operating a nuclear reactor, it is
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very important to understand the change in the characteristics of the core during the fuel campaign.
Such characteristics may include the distribution of energy release in the core, the distribution of neu-
tron flux density in the reactor, the temperature fields, the change in isotope composition, and others.
All these characteristics are very important for the assessment of safe operation of the NPP. A three-
dimensional calculation of the nuclear reactor core, including simulations of neutron transfer, heat
transfer, and isotope composition change, will allow the determination of the above characteristics of
nuclear fuel anywhere in the core.

Analysis of recent research and publications

There are currently quite a few computer codes used for two- and three-dimensional calculations
of the core [2, 3]. Such codes may use different approaches and methods to simulate neutron transfer
in a nuclear reactor. In addition, different libraries of estimated nuclear data may be used for modeling.
As a result, the simulation results of different codes should be compared with the operational data and
the simulation results of other codes. Such comparative calculations in foreign literature are called
benchmarking by modeling and cross-verification [4].

With the increase in the computing power of modern computers, reactor calculations are receiv-
ing increasing attention to the possibility of using computer codes based on stochastic methods, such
as the Monte Carlo method [5]. The reactor codes, based on the Monte Carlo method, make it possible
to work with different materials and isotopes, with complex geometry, and to determine different neu-
tron-physical characteristics.

The goal of the work

The purpose of this work is to investigate the use of the new Monte Carlo Serpent code for the
three-dimensional calculation of the VVVER-1000 reactor core [6]. Features of modeling of geometry
of fuel assemblies , core and fence in the Serpent code are considered. The first simulation results in
the developed three-dimensional model of the core are presented.

The main material

Monte Carlo code Serpent. The Serpent Monte Carlo code was developed in 2004 by the VTT
Technical Research Center (Finland) and has quickly gained the commitment of many scientists
around the world at the expense of convenience, precision of calculations and a wide range of tasks it
is capable of solving [6]. At the moment, the Serpent code is actively used to investigate reactors on
both fast and thermal neutrons [7, 8]. The first version is available for free for scientific purposes and
is distributed through NEA Data Base. Today, a second version of the Serpent code is being developed
that has more functionality and some improvements to methods of calculating individual characteris-
tics of a nuclear reactor.

The Serpent code is primarily used for the preparation of small-group homogeneous macroscopic
characteristics for deterministic codes that solve the problem of calculating the entire core of a nuclear
reactor. Serpent has a burnout module that allows you to track changes in isotope composition over
time. Recently, the Serpent code has been used to calculate three-dimensional nuclear reactors, to ob-
tain pin factors and albedo coefficients for deterministic codes.In addition, the Serpent code is able to
calculate tasks with an external neutron source and photon transfer [9]. The only major drawback of
the Serpent code is the lack of a heat-hydraulic module that would allow temperature feedback to be
taken into account when calculating burnout across the entire core area.

Model of the VVER-1000 reactor. Within the framework of the presented article, three-
dimensional models of active zones were developed for the first fuel loading of Rivne NPP-4 and the
28th fuel loading of SUNPP-3.

As the Serpent code has a wide range of tools for using different types of geometry, different in-
puts (cards) were used to design the hexagonal geometry of the fuel assembly and the core, and the
fence and top and bottom reflectors were designed in as much detail as possible. The Serpent code
makes it possible to compose complex geometry from separate pre-formed parts of geometry (similar-
ly to object-oriented programming). For example, fuel elements, uranium-gadolinium fuel rods, cen-
tral tubes, instrument channels, reactor control and protection systems (RCPS) are formed by so-called
pins. Formed pins are used to form fuel assemblies of different types, and from formed fuel assemblies
we can collect the entire core. For example, for the first load of RivneNPP-4, four types of fuel assem-
blies were modeled: 16FL, 30FL, 42FLB, 44FLB. Fig. 1 shows the 30FL fuel assembly, and Fig. 2
presents the 30FL fuel assembly with lowered RCPS of group 10.
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Fig. 1. Serpent Vizualization Fig. 2. Serpent Vizualization
of fuel element 30FL of fuel element 30FL with RCPS

The Serpent code has the ability to construct the geometry of fuel assembly with the upper and
lower reflectors using the so-called “vertical stack”. The lower reflector has a height of 23.1 cm from
the lower surface of the fuel. The reflector is divided into six different layers and covers the ends of
the fuel elements, the lower grate, part of the bottom nozzle of the fuel assembly and part of the sup-
port cylinder. The top reflector has a height of 29.4 cm from the upper surface of the fuel to the bottom
nozzle of the fuel assembly. The reflector is divided into five different layers and covers the ends of
the fuel elements and the two upper spacer grids. 13 spacer grids that fit into the fuel part evenly
smeared on the surfaces of the fuel elements, central tube and guide channels. Fig. 3 shows a horizon-
tal section of the first core loading Rivne NPP-4, and Fig. 4 shows a vertical section of the first core
loading Rivne NPP-4. The core zone model was developed in such a way that it could be used to cal-
culate the boundary conditions for the ImCore deterministic code, which is being developed by PJSC
JSC “Impulse” for the needs of the Ukrainian NPP incore monitoring systems.

AR SR AR A

Fig. 3. Serpent visualization of the horizontal Fig. 4. Serpent visualization of the vertical
section of the core section of the core
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The boundary conditions are planned to
be calculated in two variants:

1) Coefficients of the albedo (the ratio of
neutron currents to the boundary of the active
zone — reflector);

2) group constants for two rows of hexag-
onal prisms (with a turnkey size similar to a
fuel assembly) surrounding the core and in-
cluding the reactor wall.

Results

The modelling of the core zone in the
Serpent code for Rivne NPP-4 for the first
loading was performed in order to validate the
Serpent code for the calculations of the core
zones of the VVER-1000 reactors. This work
is done in collaboration with Helmholtz-
Zentrum Dresden-Rossendorfin  (Germany),
which specializes in reactor calculations for

Fig. 5. Serpent mesh visualization of the horizontal
section of the core thermal and fast reactors, and the VTT Tech-

nical Research Center of Finland Ltd (Fin-
land), developers of Serpent code. To date, the
critical state of the core has been calculated

for the first load of Rivne NPP-4 for the MKU. The modelling was performed using the “set pop
1000000 1000 20" option, where “1000000” is the number of neutrons per cycle, “1000” is the hum-
ber of active cycles running, and “20” is the number of inactive cycles running. The latest version of
the Serpent 2.1.30 code was used for the Serpent calculation. At the same time, a computing server
with the following parameters was used to perform the simulation: Intel (R) Core (TM) i5-6600K
CPU @ 3.50GHz processor and 32 GB RAM. As a result, an effective reproduction coefficient of
1.00162 was obtained with a statistical error of 0.00002. The obtained modelling result suggests that
the developed model of the VVVER-1000 reactor core is suitable for neutron-physical calculations. Fig.
5 shows the so-called mesh rendering of the Serpent code for Rivne NPP-4 first loading, where warm
tones (red-yellow) reflect “fission reaction density” and cold tones (blue and white) reflect “scattering
reaction density”.

The modelling of the core zone in the Serpent code for the 28th loading of SUNPP3 was per-
formed for the purpose of the albedo coefficients used to determine the boundary conditions in the
ImCore deterministic code, which is being developed by PJSC JSC “Impulse” for the needs of the
Ukrainian NPP in-core monitoring systems. A model for Rivne NPP-4 was used to develop the model
of the SUNPP-3 core. Westinghouse production facilities were used for the 28th loading of SUNPP-3.
As a result of Serpent simulation, albedo coefficients can be obtained for each of the 90 lateral faces of
the core, albedo coefficients for different types of symmetry, and albedo coefficients for the upper and
lower reflectors both for the entire core and for each of the 163 fuel assemblies. Table presents the
coefficients of albedo for the 28th loading of SUNPP-3 in the case of 90 degree symmetry (for the fast
and thermal groups).

The obtained data allow us to set the boundary conditions for the ImCore deterministic code with
high accuracy, which will allow to increase the accuracy of the calculation of the basic neutron-
physical characteristics in the in-core monitoring system.
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Albedo coefficients for 90 degree symmetry in the case of two energy groups.

The coefficient of albedo The coefficient of albedo
Face number Face number
Fast group Thermal group Fast group Thermal group
1 0.632961 0.750208 13 0.644606 0.742458
2 0.630331 0.746013 14 0.628376 0.750713
3 0.643511 0.753326 15 0.634282 0.748426
4 0.618045 0.746602 16 0.634039 0.747221
5 0.695624 0.729589 17 0.631338 0.740564
6 0.652509 0.662 18 0.643687 0.741676
7 0.703635 0.762732 19 0.619768 0.74711
8 0.587088 0.873451 20 0.694835 0.725301
9 0.701729 0.766254 21 0.651275 0.650585
10 0.65192 0.656855 22 0.701557 0.768628
11 0.696597 0.720592 23 0.587656 0.86666
12 0.618912 0.743077 - - -
Conclusions

The new Monte Carlo Serpent code has been used for three-dimensional modeling of the VVVER-1000

reactor

core. Within the framework of the presented work, core zone models were developed for Rivne

NPP-4 first loading and SUNPP-3 28th loading. The Monte Carlo validation calculations of the Serpent
code for the VVVER-1000 reactor were performed on the basis of the first Rivne NPP-4 loading. For the
28th loading of SUNPP-3, albedo boundary conditions for radial and axial reflectors were obtained.
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