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Three-dimensional code DYN3D is widely used for the calculation of steady states and transients in light water reactors with
hexagonal fuel assemblies like VVER. The capability of pin-by-pin power calculation is implemented in the code through an intranodal
power reconstruction approach. The calculations of pin power distribution using DYN3D were performed for AER MIDICORE benchmark
for the validation of given extension and developed cross-section library. MIDICORE VVER-1000 core periphery power distribution
benchmark was proposed on the 20th Symposium of AER. It is a 2D calculation benchmark based on the VVER-1000 core cold state
geometry taking into account the geometry of explicit radial reflector. The main issue of MIDICORE benchmark is to provide the reference
solution for the validation of pin-by-pin power distribution at the VVER-1000 core periphery calculated by few-group diffusion codes.

Various 3D neutron kinetics nodal solvers HEXNEM1, HEXNEM2 and HEXNEM3 are used in DYN3D for neutron flux distribution
calculation. The AER MIDICORE benchmark was solved using all solvers implemented in DYN3D with regard to the three most
representative fuel assemblies. Considered fuel assemblies are placed both in the inner part and in the peripheral part of the core, and
contain the pin with integrated gadolinium burnable absorber. This paper provides results of comparing the effective multiplication

1TC

factor, assembly-wise power distribution and pin-by-pin power distribution calculated by DYN3D with benchmark data.
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he MIDICORE calculation benchmark

was presented on the 20th Symposium

of AER by Mr. P. Mikolas [1]. It is
based on the calculation of restricted part
of the VVER-1000 core in cold state. Proposed
benchmark consists of fresh fuel assemblies
surrounded by real VVER-1000 radial reflector.
The core segment with the fuel assembly (FA)
types and radial reflector is presented in Fig. 1.
The reflection boundary conditions are used
on the azimuthal surfaces numbered as 1 and
2 in Fig. 1, and the total absorption boundary
condition (leakage to the vacuum) is used
on the cylindrical outer boundary numbered
as 3. The reflection boundary conditions are
used in axial directions. MCNP-4C Monte Carlo
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computer code and ENDF/B6 cross-section
library were used to obtain benchmark solution.

The main issue of MIDICORE benchmark is
to provide the reference solution for validation
of pin-by-pin power distribution at the VVER-
1000 reactor core periphery calculated by
few-group diffusion codes. The MIDICORE
benchmark objectives are:

o Keff calculation;

« Assembly-wise power distribution;

« Pin-by-pin power distribution in FA No. 6
(A200), FA No. 7 (P36E9), FA No. 9 (P40E9). FA
numbering is presented in Fig.1.

Detailed description of a 2D mathematical
benchmark of MIDICORE is presented in [1]. Fuel
types P36E9 and P40E9 contain 9 Gd-fuel pins.
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Figure 1 — The MIDICORE
calculation model
as a segment of horizontal
cut of the VVER-1000 core
(left) and the MIDICORE
cartogram with FA names
and numbering (right)

Results of calculations

In accordance with MIDICORE benchmark
description, input file for DYN3D calculation
was developed. DYN3D is three-dimensional
computer code for reactor core calculation
in hexagonal geometry [2]. It solves two-group
diffusion equations by nodal method. To find
neutron flux distribution inside the nodes, two
different approximations are used in DYN3D [3].
The first one is HEXNEMI method in which
the nodes are coupled only by the averaged fluxes
and currents at the hexagon sides. In the second
approximation, side-averaged and corner-
point values of fluxes and currents are used
for the coupling of nodes for flux definition
(HEXNEM2). In that way, HEXNEM2 method
additionally includes the corner points
in comparison with HEXNEMI1 method and
uses functions that are more exponential
in the flux expansion. The main difference
of the HEXNEM3 method is the additional use
of tangentially weighted exponential functions
and the coupling of neighboring nodes by
tangentially weighted fluxes and currents
on node surfaces [4]. Hence, one should expect
that HEXNEM3 is more accurate method than
HEXNEMI1 and HEXNEM2.

Two-group diffusion cross-section sets
for MIDICORE fuel assemblies are generated
by HELIOS code. They are approximated
by polynomial dependencies, which are
conventionally used in DYN3D calculation
of VVER reactor cores. Assembly discontinuity
factors (ADF) for fuel assemblies and reference

discontinuity factors (RDF) for reflector are
used in DYN3D calculations [5]. To model
MIDICORE reflector, two-group diftusion cross-
section sets and RDF values were used for real
geometry of VVER-1000 reflector. These sets
were obtained by P. Petkov using HELIOS and
MARIKO codes.

DYN3D does not allow modeling reflection
boundary conditions in 60° symmetry
of reactor core (only rotational symmetry
is possible). Full-scale reactor core in 360°
symmetry for MIDICORE benchmark is used
in DYN3D as presented in Fig.2 to model
reflection boundary conditions on surfaces 1
and 2 (Fig.1). At the outer boundary of reflector,
the vacuum boundary conditions are put.
The reflection boundary conditions are used
in axial direction.

Figure 2 — The MIDICORE calculation model in DYN3D
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Figure — 3 Relative assembly-wise power
distribution for the MIDICORE model.
First number — benchmark solution,
second number — DYN3D/HEXNEMI1 calculation,
third number — difference [(DYN3D/benchmark-1)*100 %]
Mean square deviations of fuel assemblies power — 0.56 %

Figure 5 — Relative assembly-wise power
distribution for the MIDICORE model.
First number — benchmark solution,
second number — DYN3D/HEXNEM3 calculation,
third number — difference [(DYN3D/benchmark-1)*100 %]
Mean square deviations of fuel assemblies power — 0.67 %

Table 1 presents results of effective multipli-
cation factor calculation obtained by DYN3D and

Validation of Pin Power Calculations Using DYN3D on MIDICORE Benchmark

Figure — 4 Relative assembly-wise power
distribution for the MIDICORE model.
First number — benchmark solution,
second number — DYN3D/HEXNEM?2 calculation,
third number — difference [(DYN3D/benchmark-1)*100 %]
Mean square deviations of fuel assemblies power — 1.36 %

Table 1 — Effective multiplication factor

Keg AK.q
Benchmark 1.04520 —
HEXNEM1 1.03999 -0.0052
HEXNEM?2 1.03877 -0.0064
HEXNEM3 1.03939 -0.0058

HEXNEM3 methods. These figures show that
HEXNEM1 method yields more accurate results
for fuel assembly power than HEXNEM2 and
HEXNEM3. Mean square deviations of fuel
assembly power distribution for HEXNEMI,
HEXNEM?2 and HEXNEM3 methods are 0.5 %,
1.6 % and 0.7 %, respectively.

Table 2 — Mean square deviations
in pin power distribution

compared with benchmark solution. HEXNEM1 Fuel assembly type
and HEXNEM2 methods underestimate Keff,
and values of underestimation are 520 pcm for A200 P36E9 P40E9
HEXNEM1 and 640 pcm for HEXNEM?2.

Fig.3, Fig4 and Fig.5 provide relative HEXNEMI|  0.007 0.017 0.015
assembly-wise =~ power  distribution  and
their deviations from reference solution for HEXNEM2| 0.004 0.019 0.017
the MIDICORE benchmark calculated by HEXNEM3 | 0.007 0016 0.015
DYN3D using HEXNEM1, HEXNEM2 and
T C | mrcmrosoromsum o |
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Table 3 — Maximal pin power difference

Fuel assembly type
A200 P36E9 P40E9
pin number 46 1 1
HEXNEMI1
power difference 0.031 0.068 0.052
pin number 224 56 56
HEXNEM?2
power difference 0.018 0.064 0.056
pin number 56 276 276
HEXNEM3
power difference 0.041 0.049 0.056
Table 4 — Maximal pin power
Fuel assembly type
A200 P36E9 P40E9
pin number 276 276 276
Benchmark
maximum pin power 1.162 1.635 1.636
pin number 276 276 276
HEXNEM1 maximum pin power 1.162 1.601 1.597
relative error, % 0 2.1 2.4
pin number 276 276 276
HEXNEM?2 maximum pin power 1.168 1.637 1.636
relative error, % 0.5 0.1 0
pin number 276 276 276
HEXNEM3 maximum pin power 1.167 1.586 1.580
relative error, % 0.4 3.0 34

Fig.6-Fig.14 and Tables 2-4 provide results
of calculation of relative pin power distribution
for FA’s (A200, P36E9 and P40E9) calculated
by DYN3D using HEXNEM1, HEXNEM2 and
HEXNEM3 methods and their comparison
with reference solution. Mean square deviations
in pin power distribution between DYN3D
calculation and benchmark solution (Table 2)
present that HEXNEM2 method yields more
accurate pin power for non-periphery fuel
assembly (A200). For periphery fuel assemblies
(P36E9 and P40E9) HEXNEMI1 and HEXNEM3

yield more accurate result. Table 4 presents that
HEXNEM?2 predicts maximum value of pin
power more accurate than HEXNEMI1 and
HEXNEM3 method.

Fig.10 and Fig.ll present that maximal
deviation in pin power distribution with use
of HEXNEM2 method (=6%) is observed
in the area of fuel assembly close to the radial
reflector (assemblies P36E9 and P40E9). For power
reconstruction with use of HEXNEM3 method,
the pin power at peripheral rows is more accurate
and amounts up to 1.6 % (Fig.13 and Fig.14).
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Figure 6 — Distribution of differences Figure 7 — Distribution of differences
in relative pin power for FA (A200) [(DYN3D/ in relative pin power for FA (P36E9)
HEXNEM1-benchmark)*100] [((DYN3D/HEXNEMI -benchmark)*100]
Figure 8 — Distribution of differences Figure 9 — Distribution of differences
in relative pin power for FA (P40E9) [(DYN3D/ in relative pin power for FA (A200) [(DYN3D/
HEXNEMI1 -benchmark)*100] HEXNEM2 -benchmark)*100]
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Figure 10 — Distribution of differences

in relative pin power for FA (P36E9) [(DYN3D/
HEXNEM?2 -benchmark)*100]

Figure 12 — Distribution of differences

in relative pin power for FA (A200) [(DYN3D/
HEXNEM3 -benchmark)*100]
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Figure 11 — Distribution of differences

in relative pin power for FA (P40E9) [(DYN3D/
HEXNEM2 -benchmark)*100]

Figure 13 — Distribution of differences

HEXNEM3 -benchmark)*100]

in relative pin power for FA (P36E9) [(DYN3D/
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Figure 14 — Distribution of differences
in relative pin power for FA (P40E9) [(DYN3D/
HEXNEM3 -benchmark)*100]

Conclusions

1. HEXNEM1/HEXNEM2/HEXNEM3
methods implemented in DYN3D code predict
the calculation of effective multiplication factor
for MIDICORE benchmark with the accuracy
520/640/580 pcm, respectively.

2. HEXNEM1/HEXNEM2/HEXNEM3
methods yield mean square deviation from
benchmark solution for assembly-wise power
distribution 0.56 %/ 1.36 %/ 0.67 %, respectively.

3. HEXNEM2 method yields more accurate
calculation of pin-by-pin power distribution
for non-periphery fuel assembly (A200)
in comparison with HEXNEM1 method.

4. For periphery fuel assemblies (P36E9 and
P40E9), more great deviations of pin-by-pin
power calculation are observed compared with
non-periphery fuel assembly. Maximal deviation
in pin power distribution is observed in the area
of fuel assembly close to the radial reflector.
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Banigauia norBenbHUX po3paxyHKiB nporpa-
moto DYN3D Ha paHux 6eHumapky MIDICORE

Ky4ur O.B., Osdierko FO.M., Xanimoruyk B.A., Epemerko MJ1.
JepxasHe nionpuemcmaeo «/JepxagHuli HayKo8o-mexHidHuli
yeHmp 3 A0epHoi ma padiauitiHoi 6e3nexu», M. Kuis, Ykpaita

TpusumipHuli ko0 DYN3D wupoko euKkopucmosyemecsa
071 pO3paxyHKy CMauioHapHUX cmawie i nepexioHux npouyecie
8 J1e2KOBOOHUX peakmopadx 3 menjosudinawnqumu 36ipkamu
3 2eKkcazoHanbHUX posmawysaHHam TBEJI, makumu sk BBEP.
Moxnugicme po3paxyHKy nomeesibHo20 eHepz08udineHHs
peanizoeaHa e kooi 3 BUKOPUCMAHHAM Memooy 8HyMpiWHbO!
peKoHcmpyKuii nomyxHocmi. [na eanioauii modynsa po3pa-
XYHKY NnomeesibHo20 eHepz2osudineHHA npoepamoto DYN3D
6yna pospobnerHa 6i6niomeka KOHCMAHM Ma 8UKOHAHI po3-
paxyHku AER MIDICORE 6enumapka. MIDICORE WWER-1000
beHumapk 6ys 3anponoHosaHull Ha 20-my Cumno3siymi AER.
Lle 0sosumipHuli 6eHYMapk, po3pobneHuli 018 AKMUBHOI
30HU peakmopa BB3P-1000 6 xon100HOMy cmaHi 3 ypaxyeaH-
HAM ABHO20 3a80AHHA padianbHo20 8i0busaya HelimpoHis.
OcHogHe 3a80aHHA beHumapka MIDICORE nonszae 8 Ha0aHHi
emasnoHHO20 pilleHHA 0718 nepesipKu NOMees1bHo20 po3noodiny
nomyxHocmi Ha nepucgpepii akmueHoi 30HU peakmopa
BBEP-1000, po3paxo8aHoz20 OeKinbKomMa Manozpynosumu
OugpysitiHumu Kooamu.

Pi3Hi HOOAGNbHI  niOXo0u 00 piweHHs MmpUBUMIPHO20
pigHAHHA Ougpy3iT HelimpoHie HEXNEM1, HEXNEMZ2 i HEXNEM3
sukopucmosyromoecs 8 DYN3D 0na po3paxyHky po3nodiny
HelimpoHHO020 nomoky. PiweHHA 6eHumapka AER MIDICORE
6y/710 BUKOHAHO 3 BUKOPUCMAHHAM BCiX peasi3oeaHux 8 Kooi
DYN3D nioxodie wo0o mpbox Halbinbw npedcmasHUUb-
KUX nanusHux 36ipok. PozanaHymi mennogudinawodi 36ipku
pO3MiUjeHi AK y 8HymMpiWHil YacmuHi, mak i 8 nepucepilHit
4acmuHi AKmMueHOI 30HU peakmopad i Micmame meeau
3 iHMe2posaHum 2adosiHie8UM BU2OPAIOYUM NO2JTUHAYEM.
B OaHili pobomi HasedeHi pe3ynemamu NOpIiBHAHHA egek-
mueH020 KoeiyieHma pO3MHOXeHHs HeUMmpOHi8, a Makox
p03n00iny eHep208UODiNeHHA AK 8 AKMUBHIU 30Hi, Makx i 8 oKpe-
mux TB3, pospaxosaHux npozpamoto DYN3D, 3 pesynemamamu
b6eHYmapka.

Kniouoei cnoea:npoepama DYN3D, BBEP, 6eHumapk,
Masozpynosi KOHCMAHMU, NOMEeJsIbHi eHep208UDiNIeHHS.
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Banupauma norBenbHMX pacyeToB nporpam-
moi1 DYN3D Ha gaHHbIXx 6eHumapka MIDICORE

KyuuH A.B., OBaneHko 10.H., XanumoHuyk B.A.,
Epemenko M.J1.

locydapcmeeHHoe npednpusmue «[ocyoapcmeeHHeil
Hay4yHo-mexHu4eckul yeHmp no A0epHol U paouayuoHHoU
6e3onacHocmuy, 2. Kues, YkpauHa

Tpexmephbili k00 DYN3D wupoko ucnosnesyemcs 014 pac-
4ema CMAYUOHAPHbLIX COCMOAHUL U hepexoOHbIX NPOYeccos
8/1€2KOBOOHbIX peakmopax ¢ mensiogbi0enfowWumu cobopkamu
C 2eKCAzOoHATbHbIM pACcNOJIOKEeHUEM M83J1, Makumu Kak BBIP.
Bo3mMoOXHOCMb pacdyema nNoOmMes/1bHo20 3SHepzosbioesieHus
peasnu308aHa 8 kooe C UCnosb30saHueM Memood 8HympeHHeu
peKoHCMpYKyuu MowHocmu. [na eanudayuu mMooyas pdc-
yema nNomeesibHo20 3Hepzo8bioeseHus npozpammoti DYN3D
6bina paspabomara 6ubsuomeka KOHCMAHM U 8bINOJIHEHbI
pacuemel AER  MIDICORE 6eHumapka. MIDICORE WWER-
1000 6eHumapk 6bin npednoxeH Ha 20-m Cumnosuyme AER.
3mo 08ymepHubIli 6eHYMapk, paspabomarHeili 0719 aKMueHoU
30HbI peakmopa BBIP-1000 8 Xx0100HOM COCMOAHUU € y4emom
ABHO20 3a0dHUA padudsbHO20 ompaxamesnsa HelimpoHos.
OcHoeHas 3adaya 6eHumapka MIDICORE 3akniouaemcs e npe-
docmasJsieHUU 3MAanoHHO20 peweHUs 0/18 NPosepKU NOME3/b-
HO20 pacnpedenieHus MOWHOCMU HA nepugepuu akmugHoul
30HbI peakmopa BB3P-1000, paccyumaHHO20 HeCKObKUMU
Masnoepynnoseimu oucgy3uoHHbIMU KOOAM.

PasznuyHble HOOAsTbHble NOOXO0bI K peweHulo mpexmep-
Ho2o ypasHeHus ouggysuu HelimpoHog HEXNEM1, HEXNEMZ2
u HEXNEM3 ucnonesyiomca 8 DYN3D 0na pacyema pac-
npedeneHus HelimpoHHO20 NomMokKad. PeweHue 6eH4YMApKa
AER MIDICORE 661710 8bIN0/IHEHO C UCNO/b308GHUEM BCeX
peasiuzo8aHHbix 8 kode DYNN3D nodxod0os 8 omHoweHuu
mpex Haubosee npedcmMAasumesibHbiX MONJIUBHbIX COOPOK.
Paccmampusaemsbie mensossidenaouue cbopku pasmeujeHsl
Kak 80 8HympeHHel 4acmu, mak u 8 nepugheputiHol yacmu
akmueHoU 30Hbl peakmopa u co0epxam mes/ibl ¢ UHme2zpu-
POBAHHBIM 2A00/IUHUEBbIM  8bI20PAIOWUM NO2JI0MuUMesem.
B 0aHHoU pabome npugedeHsl pe3ysibmamel Cpd8HeHUA 3¢-
ekmusHo20 Ko3huyueHMa pasMHOXeHUA HelimpoHOs,
a makxe pacnpedesieHUsA 3Hep2o8bl0esieHUA KK 8 dKMUuBHOU
30He, mak u 8 omoenbHbix TBC, paccyumarHbix npo2pammod
DYN3D c pesynemamamu 6eH4mapka.

Kniouesbie cnosa: npoepamma DYN3D, BB3IP, 6eHumapk,
Masnozpynossle KOHCMAHMebl, NOMBesIbHbIe SHeP208bI0eNIEHUA.
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