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ABSTRACT

The report issued according to Work Release 02. P. 99-8 presents a comparison of
results on VVER Calculational Benchmarks computed with various codes: design code TVS-
M and precision code MCU-REA elaborated in RRC KI, IPPE codes WIMS-ABBN,
TRIANG-PWR and CONKEMO and 2-D fuel assembly analysis code HELIOS developed by
Studsvik Scandpower.
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INTRODUCTION

Up to now all design and operational calculations of VVER type reactors have been
carried out with the use of the code package developed in RRC “Kurchatov Institute” and
certified by Nuclear Regulatory Body of Russian Federation (GOSATOMNADZOR) [1].
MCU-RFFI/A code [2] developed in RRC “Kurchatov Institute” and certified by
GOSATOMNADZOR has been used as a precision one. In recent years the large work has
been carried out to update neutronic codes in the context of the necessity of substantiation of
improved VVER fuel cycles (zirconium fuel assemblies, uranium-gadolinium burnable
absorbers). In particular, the new modern code TVS-M has been developed to prepare few-
group constants; the coarse-mesh (BIPR-7) and the fine-mesh (PERMAK) codes for VVER
core calculation have been updated. This package allows one to perform design and
operational calculations of the VVER type reactors’ updated fuel cycles.

It is supposed to use the mentioned code package for neutronic calculation of VVER-
1000 partially loaded by MOX fuel fabricated from weapon-grade plutonium. Obviously, the
large amount of data on uranium fuel neutronic characteristics (criticality experiments,
VVER-1000 operation data, post-reactor studies of uranium fuel, and etc.) should be
effectively used in the verification process. At the same time, this database should be
complemented by the data on MOX fuel characteristics, such as:

—  multiplication properties of MOX fuel as a function of plutonium contents and its
isotopic composition;

—  power distribution in MOX fuel, in particular at LEU-MOX interfaces;

—  the effects of cold-to-operating temperature change and effect of moderator voiding;

—  Doppler effect;

—  Xe and Sm poisoning effects;

- soluble boron efficiency;

—  absorbers rod worth (boron, dysprosium);

- burnable absorber worth (boron rods, gadolinium integrated into fuel);

- kinetics parameters (effective fraction of delayed neutrons, neutron life time);

- change of fuel nuclide content;

All these characteristics should be considered depending on the fuel burnup.

No experiments have been carried out in Russia with MOX fuel and there is no
experience on its usage in VVER type reactors. Therefore, international co-operation
becomes very important at the current stage of the verification process.

Starting several years ago employees of RRC “Kurchatov Institute” together with
colleagues USA, and employees of SRC “Institute of Physic and Power Engineering” (IPPE)
have been engaged in the verification of the RRC KI code package with reference to
calculation of VVER-1000 reactors with MOX fuel. The verification procedure was
suggested to include the following main stages:

—  comparison with measured data (critical facilities with LEU and MOX lattices);

—  comparison with calculations computed with various codes including precision ones
(calculational benchmarks);

—  use of data on post-reactor studies of irradiated fuel;
- comparison with operation data;
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As can be seen one of the important parts of code verification activity is a joint solving
of various calculational benchmarks. So in 1997 within the framework of joint U.S.-Russia
project two sets of calculational benchmark problems have been formulated.

The first set [3] covers different aspects of UO; and MOX in normal operating
condition. The second set was formulated to cover off-normal conditions and provides for a
comparison of kinetics parameters. These sets consider of pin cell, single assembly, and
multi-assembly geometries with LEU (low enriched uranium) and weapon-grade and reactor
MOX fuel.

The calculations call for a wide range of water temperatures, soluble boron
concentrations including states with inserted control rods. Several variants require burnup
analysis.

The detailed description of this VVER Benchmark is given in [4].

The presented report is devoted to comparison of calculations of VVER Benchmark
performed in Russian Federation with the use of codes MCU-REA (RRC KI), TVS-M (RRC
KI), WIMS-ABBN (SRC IPPE), TRIANG-PWR (SRC IPPE), CONKEMO (SRC IPPE) and
in U.S.(ORNL) using the HELIOS code.

1. CODES USED IN CALCULATIONS

1.1 MCU-RFFI/A AND M CU-REA CODES

The calculations reported were performed with the use of two versions of the MCU
Monte Carlo code: MCU-RFFI/A and MCU-REA codes based on nuclear data libraries
DLC/MCUDAT-1.0 and DLC/MCUDAT-2.1.

MCU-RFFI/A [2] is a general-purpose Monte Carlo code for solving the neutron
transport problems certified by Russian safety authorities (Gosatomnadzor GAN, Passport Ne
61 17.10.96). The code verification and validation was based on the data library
DLC/MCUDAT-1.0.

MCU-RFFI/A is a pointwise continuous energy code permitting one to model systems
with any geometry. The subgroup method is used to describe the unresolved resonance cross
section. It is possible to use a detailed description of cross sections in the resolved resonance
region. For the most important isotopes an "infinite" number of energy points is used to
describe the resonance curve. In this case cross sections are calculated during the Monte
Carlo run at every energy point on the basis of the resonance parameter library. It permits one
to perform the calculations without preliminary tabulation of cross sections and allows the
user to estimate temperature effects independently of the cross section library state. For the
thermal energy region, the Monte Carlo game is played using the S(a,B) scattering law for
hydrogen bonded in water or free gas model for others isotopes. One may solve the problems
taking into account both the prompt neutron and the delayed neutron fission spectra.

The more detailed description of MCU-RFFI/A code is given in [3].

The MCU-REA [5] code is the advanced version of the MCU-RFFI/A, which can also
solve the burnup problems.

The MCU-REA code and DLC/MCUDAT-2.1 library were verified and validated by
using the results of more than 400 criticals.

The calculations of variants V1-V12 for zero burnup point were performed with
MCU-RFFI/A code based on DLC/MCUDAT-1.0 library. The results of these calculations
are included in [3]. Variants V15-V20 were calculated with the same code but with different
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data library (DLC/MCUDAT-2.1) and corresponding results are presented in [6]. The code
MCU-REA was used to perform the burnup calculations of pin cell variants V1 and V2.

1.2 TVS-M CODE

The code is intended for a generation of few-group neutron constant libraries for codes
BIPR and PERMAK which include the multi-parametric dependencies of cross-sections for
FAs and their constituent cells (fuel rods, absorber rods, burnable absorber rods and other
cells) as well as derivatives of these cross sections as functions of reactor state and fuel
burnup.

Nuclear data libraries

The nuclear data library is based on the same files of estimated nuclear data as
precision code MCU-RFFI/A (nuclear data library DLC/MCUDAT-1.0), which uses the
Monte Carlo method.

In the epithermal energy region (E>0.625 eV) the calculation is based on slightly
modified micro-cross section library BNAB (see, e.g., [7]) with 24 energy groups. The
nuclide libraries can contain both the group and subgroup constants and for some nuclides
with temperature dependence.

For the calculation of neutron spectrum in the energy region of resolved resonances
E.<1 keV (15 and higher BNAB group) the library includes files of resonance parameters of
individual nuclides obtained on the base of the LIPAR-3 library. For all fissile nuclei the
library contains prompt and delayed neutron spectra, group £ values and decay constants for
six groups of delayed neutrons.

The thermal energy region is divided into 24 groups. For the nuclides with the “I/v”
cross-section behavior the absorption cross sections at 2200 m/s are used, for the rest ones the
group values of the absorption, scattering and fission cross sections are specified. In addition,
for oxygen and carbon the scattering matrices obtained in terms of gas model at 300, 373,
473, 558, 623K are given. For hydrogen bonded in water molecule the scattering matrix is
obtained from the ENDF/B recommended data in terms of the Koppel model [8] at the same
temperatures.

The library contains the files of cross sections and yields of 98 fission products
including '**Xe and "**Sm. The files of fission product yields are based on the ENDF/B-VI
data [9].

There is a modified version of TVS-M library, which differs from the standard one by
the only file containing parameters of resolved resonances for 281, This file was taken from
the resonance parameter library LIPAR-5 being a part of the MCU code library
DLC/MCUDAT-2.1. The TVS-M results given in [3] were calculated with the standard data
library while the ones from [6] were obtained with a modified version of the library. The
current report contains both results and by default they correspond to the calculation using the
standard data library.

Uniform lattice

In the energy region of epithermal neutrons (10.5MeV<E;<0.625 ¢V, BNAB groups
1-24) a detailed calculation of group spatial-energy distribution of neutron flux is performed.
Each group is divided into an arbitrary number of intervals equal in lethargy, and then the
calculation is performed at each point of group division. The of elastic scattering process is
calculated without use of any approximations when the scattering is isotropic in the inertia
center system (i.e.s), otherwise the scattering anisotropy is taken into account by the term not
higher than linear in cosine of scattering angle. The slowing down due to inelastic scattering
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is taken into account via the matrix of inelastic transitions under the assumption of uniform
energy distribution of neutrons scattering into the given group.

For nuclides with the subgroup description of cross sections the heterogeneous
subgroup calculation of their micro cross sections is performed.

In the energy region of resolved resonances (groups 13-24 BNAB) for resonance
nuclides the calculation of all types of cross sections is performed with the use of nuclide
resonance parameters. In so doing it is possible to take into account temperature dependence
of resonance cross sections.

In the thermal energy region the standard calculation technique is used. It suggests
solving the multi-group equation of thermalization with the neutron sources from the
epithermal energy region formed when calculation for this energy range was performed. The
model of the thermalization matrix construction is described above.

Calculation of neutron spatial distribution is carried out by dividing the cells into an
arbitrary number of annular material zones and by the use of the passing through probability
(PTP) method [10]. In the calculation the actual form of the cell boundary is taken into
account.

The calculation of the point kinetics parameters fBey, £ is made by the standard
formulas using the value function y with respect to K.y and with six groups of delayed
neutrons.

The calculation of the fuel nuclide composition during fuel burnup is performed for
heavy nuclides from *** Th to **Cm and for 98 fission products from ’Kr to '®Dy. The
burnup equations can be solved both by the Runge-Kutt method and by a faster analytical
method described in [11].

Calculation of supercells and fuel assemblies

For the determination of FA neutronic characteristics the code uses the diffusion fine-
mesh calculation with an arbitrary number of groups from 4 to 48 and with the mesh width
equal to the pitch between fuel rods in the FA. For the boundary mesh cells the compression
coefficient is used. Along with the standard six-point scheme the refined scheme whose
principles of construction are described in [12] can be used. The use of this scheme permits
keeping of the accurate (i.e. obtained from solving of transport equation for the cell)
connection between cell averaged neutron flux and values of flux and current at the cell
boundary. In this way it becomes possible to avoid errors peculiar to the standard calculation
scheme associated with the finite size and heterogeneous structure of mesh points.

Each mesh point pertains to a definite type: fuel rod, cell with absorber rod, cell
corresponding to the gap between FAs, etc. The constants for the background type are always
calculated in the asymptotic mode, i.e. as for the uniform fuel cell. The constants for non-fuel
cells are calculated in the mode of supercell. For the non-background fuel cells including
those with the tvegs the calculation can be performed both in the asymptotic and supercell
modes. The homogenized background cell is always considered as the external zone of
supercell.

1.3 CONKEMO CODE COMPLEX

Code complex CONKEMO was specially developed for burnup calculation. It consists
of the following main program units:

- CONSYST prepares the group (299 groups) cross-sections of medium based on ABBN-
93 neutron data library [13];
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- KENO-VI is used for neutron flux calculations in arbitrary geometry (including
hexagonal one) by the Monte-Carlo method;

—  ORIGEN-S performs isotope evaluation calculations;

—  MAYAK provides the joint work of the codes in the complex, information flows,
process the resuits.

Short description of the above mentioned codes are given below.

The CONSYST code is the main part of CONSYST2 cross-section provision system,
which provides the use of ABBN-93 cross sections for various practical applications.
CONSYST calculates microscopic group cross-sections of nuclides in the medium, neutron
and photon cross-section of the medium etc. CONSYST provides cross-sections for such
transport codes as ANISN, DOT, TWODANT, also it gives an opportunity to make use of
ABBN-93 data in KENO-VI Monte Carlo calculations etc. CONSYST2 system also includes
sets of service procedures.

KENO-VI [14] is a part of American SCALE 4.3 system and performs precision
calculations in arbitrary 3-D geometry by the Monte Carlo method.

ORIGENS-S [15] is also a part of SCALE 4.3 system. Cross-sections from original
ORIGEN libraries are updated during calculations. Multi-group (299 groups) library of
fission products contains only capture cross-sections (as original ORIGEN library). These
cross-sections produced on the base of the FOND 2.2 library of evaluated neutron files for
169 nuclides.

MAYAK makes possible the joint use of CONSYST processing code together with
neutron and photon transport codes (TWODANT, KENO and MCNP) with burnup codes
(ORIGEN or CARE [16]). Set of batch files provides sequential code start up.

1.4 WIMS-ABBN CODE

The WIMS-ABBN code is an updated, English WIMS-D4 code. The modemization
mainly was done to introduce minor actinide chains and to update the library.

Updating and Supplementing the WIMS-D4 Library

Data for almost all structural materials, all neutron moderators, and all actinides were
updated in the WIMS-D4 library. Data for Sn, Mo, Hf, Ta, and W were added. Data for
minor actinides 237Np, 238Pu, 241Am, 242Am, 242mAm, 243 Am, 242Cm, 243Cm, 2*4Cm, and
245Cm were also added.

The FP list was preserved as in the original version, but all the neutron data for FPs
were updated and replenished. Now, full neutron constant sets are included in the library, not
simply the capture cross sections as in earlier versions of the library. The FP yields are
updated for 235U and 239Pu, and the yields for all other fissile materials are added.

Group constants for the new WIMS-D4 library were calculated on the basis of the
FOND-2 evaluated neutron data library. In many cases, the evaluated nuclear data libraries of
ENDF/B-6 and JEF-2 are also used.

Resonance self-shielding data were calculated using the GRUCON code but only in
the cases when the narrow resonance approximation may be considered as adequate. The
NJOY code was used for calculation of resonance self-shielding, taking into account the
fluctuations of collision density in the vicinities of resonance. The NJOY calculations were
performed for all fuel nuclides.

Thermalization matrices for moderators were calculated on the basis of ENDF/B-6
data by the NJOY code. Anisotropy of scattering is described in P1 approximation. Average
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group cross-section and matrices of inter-group transitions were calculated using the NJOY
code.

The additional neutron reaction cross-section library ACTWIMS is compiled. This
library includes the data for many more nuclides and reaction types than does the main
WIMS-D4 library. But energy grids in these libraries are the same, and thus the ACTWIMS
data can be collapsed using the neutron spectra calculated by WIMS.

In WIMS calculations, a set of 48 nuclides, consisting of 16 actinides, 31 FPs, and
oxygen, were used to represent fuel composition.

WIMS-D4 Improvements

Improvements were introduced in WIMS-D4. Resonance self-shielding of neutron
cross-sections is extended to the thermal region. This improvement is especially important for
the accurate treatment of neutron capture in 242Pu, which has a resonance at very low energy.
The second improvement consists of the addition of a special module (AVERAGE) for
collapsing the ACTWIMS cross sections using WIMS’s cell-averaged neutron spectra.
Collapsed one-group cross sections are then used in kinetics calculations.

The number of nuclear reactions considered in the WIMS library during actinide
generation was considerably extended. However, the structure of the WIMS-D4 library does
not allow the inclusion of some nuclear reactions.

The production of 242Am and 242mAm by the 24! Am neutron capture cannot be taken
into account today because the current version of the WIMS-D4 code cannot treat branching
in the capture process. Thus, channels for the production of 242Cm and 243Cm are closed. For
this reason, for any nuclide, the reaction (n, 2n) cannot be considered if the reaction (n, y) has
been included.

The CREDE code was produced to correct these flaws. This code works together with
WIMS and AVERAGE. The CREDE code is used for calculations of heavy metal (HM)
concentrations during burnup and over a long period after unloading.

1.5 TRIANG-PWR CODE

The program complex TRIANG-PWR is a new version of TRIANG [17] code for 3-D
calculations of VVER reactors. It is used for simulation of reactor burnup while maintaining
criticality by adjusting the concentration of dissolved boron in the coolant and refueling.

3-D neutron fluxes are calculated by the diffusion approximation.

Number of points in a plane is 6000 (base variant). Symmetry angles from 30° to 180°
on a triangular (in a plane) grid are accepted.

TRIANG-PWR is used mainly for 3-D rough-mesh calculation of VVER type
reactors. A grid with 7 nodes per assembly is usually used. If needed, more detailed
geometric descriptions with tighter grids are possible. In this case the specific cells
containing, for example, absorber regions (absorber/burnable absorber rods surrounded by
fuel pins) are formed within the assembly. A grid pitch will be something like the trebled fuel
pin one. Fine mesh (pin-by-pin) calculations are possible too.

To save computation time a few-group approach is used. The homogenized
macroscopic cross-sections of zones of 3-D model are determined from cell (fuel assembly)
calculations. Generally speaking the macro constants depend on instantaneous conditions of
fuel assembly operation: water density, temperature of water and fuel, concentration of
dissolved boron, etc.

To obtain accurate macroscopic cross-sections an iterative process is required. In a
complex TRIANG mode the correction of constants can be produced through a given number
of external iteration.
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The WIMS-ABBN code is used to make cell burnup calculations and, as a result, to
obtain few-group macroscopic cross-sections. Then the code PARSEC determines
approximation coefficients as a function of state variables for zone required. These
coefficients are used by the TRIANG-PWR code to calculate and correct macroscopic cross-
sections during reactor calculations.

In the present report the TRIANG-PWR code was used for calculation of pin-by-pin
power distributions for assembly and multi-assembly variants (variants V11-14, V19-20).

1.6 HELIOS CODE

HELIOS [18] is a 2-D code that is used for the analysis of fuel assemblies and the
generation of collapsed cross sections for full-core analysis codes. The code uses the collision
probability method with current coupling for the transport equation solution. The subgroup
method is used for resonance treatment. A detailed set of nuclides is used for the fuel
depletion.

HELIOS’s cross-section libraries are based on ENDF/B-VI revision 2 with 2**U from
revision 3. The 2**U resonance integral in the production libraries has been reduced by 3.4%
to produce better agreement with critical experiments. The cross-sections used are in 190-
group structure.

The more detailed description of the HELIOS code and its modelling options are
given in [4].

2. COMPARISON OF THE RESULTS

All materials on comparison of VVER Benchmarks calculation results can be
subdivided into the following principal parts:

- comparison of pin cell results:
» pre-defined fuel composition, separate states;

* reactivity effects;
" micro cross sections;
*  burnup calculations (K. and nuclide composition);
= kinetic parameters;
- comparison of fuel assembly results;
*  burnup calculations (K. and nuclide composition);
»  separate states calculations;
= reactivity effects;
= pin by pin power distribution;
—  comparison of multi-assembly results
*  Kgburnup calculations;
® pin by pin power distribution;
Each of the parts (figures and tables) is enclosed in corresponding Appendix.
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The statistical error in MCU calculations of separate states at burnups 0, 10, 30, 40,
50, and 60 MWd/kgHM is less than 0.1% for K4 and less than 2% for local values of fission
rate. All burnup calculations were performed with statistical errors less than 0.15% in Koy
value.

The statistical deviation in K, calculations obtained by KENO-VI code included in
CONKEMO complex is equal to about 0.02% in states with power distribution calculations
and is about 0.04 % in the other states.

All statistical errors given above correspond to 15-confident interval.

2.1 COMPARISON OF PIN CELL RESULTS

The pin cell is the simplest geometry type considered in the system of benchmark
variants specified in [4]. These variants differ both in fuel composition and in states to be
calculated. They are of two main groups: V/-VI0 variants requiring calculation of standard
operating conditions states (S1-S6) and V'15-V18 variants, which call for calculations of off-
normal and accident condition states (S7-S12). Below one can see brief characteristics of the
states:

S1- T=1027K /T,=579K /Cp=600 ppm /p(Xe,Sm)#0 /B,*=0.003 cm;
S3- T=1027K /T,=579K /Cp=0 /(Xe,Sm)=0 / B,’=0.003 cm™;
S4— T=1027K /T,=579K /Cp=600 ppm /p(Xe,Sm)=0 /B,’=0.003 cm?;
S5— T=579K /T,=579K /Cs=600 ppm /p(Xe,Sm)=0 /B,’=0.003 cm?;
S6— T/~300K /T,=300K /Cg=600ppm /p(Xe,Sm)=0 /B, =0.003 cm?;
S7— T=1027K /T,=579K /Cp=0 /p(Xe,Sm)=0 /B,’ =0.0;

S8 — T=2000K /T,=579K /Cp=0 /(Xe,Sm)=0 /B =0.0;

S9— T=1027K /T,=579K /Cg=0 /p(Xe,Sm)=0 /B =0.0 /y,=0.2 g/cm’
S10-T~1027K /T,=579K /Cp=1200 ppm/p(Xe,Sm)=0 /B, =0.0;
S11-T=1027K /T,=579K /Cp=0 /(Xe,Sm)=0 /B.? =critical;
S12-T=300K /T,=579K /Cz=0 /(Xe,Sm)=0 /B.? =critical;

This section contains materials of comparison of K. reactivity effects, kinetic
parameters and micro cross sections for the fresh fuel as well as Koy and fuel nuclide content
burnup dependence calculated by various codes. The corresponding Tables and Figures are
given in Appendix A.

2.1.1 Separate states calculation for the variants with pre-defined isotopic
composition

The results of K. and K, calculation obtained by codes TVS-M, HELIOS, WIMS-
ABBN and MCU-RFFI/A for pin cells with pre-defined nuclide composition are listed in
Table A- 1 and Table A- 3. Comparison results are presented in the form of deviations from

TVS-M values (in %). They are given in Table A- 2 and Table A- 4 as well as in Fig. A- 1
and Fig. A- 2. Data of these Tables and Figures show that:

— in case of LEU pin cells all codes demonstrate a good agreement: scattering of Koy
values does not exceed 0.5-0.6%, WIMS-ABBN systematically giving lower value of
K.y for the fresh fuel in comparison with the others;

— for MOX pin cells the result scattering increases, but in most of the cases it is less than
~1%;

— HELIOS differs significantly from the others in case of MOX fuel with 2**Pu only;
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— significant deviations (3-4%) between MCU,TVS-M and HELIOS, WIMS are observed
in case of MOX fuel with **'Pu only. In view of coincidence of MCU and TVS-M
nuclear data the probable reason of discrepancies lies in differences of their nuclear
data for **'Pu;

— comparing of two spent fuel cells (with and without fission products) gives a reason to
say that TVS-M code obviously overestimates somewhat fission products efficiency. It
can lead to underestimating of multiplication factor at high burnups;

— maximum deviations are observed in case of pin cell with reactor grade Pu;

— two options of MCU code (pointwise and multigroup) give significantly different
results in case of MOX fuel cells (TVS-M results are very close to results of
MCU/multigroup).

On the whole in case of pin cells with specified nuclide composition the agreement
between various codes based on various nuclear data can be considered as rather good. Codes
with the same nuclear data (TVS-M and MCU-RFFI/A) agree better.

2.1.2 Reactivity effects

The multiplication factors for pin cell variants were used to compute reactivity effects
of the fuel temperature (Doppler), boron concentration, poisoning (***Xe and 199Sm), total
temperature (isothermal) and voiding. A comparison of the reactivity effects with respect to
the TVS-M results for the zero burnup point are given in Table A- 5 and Table A- 6 as well
as in Fig. A- 3 and Fig. A- 4. The results show generally good agreement with a few
exceptions:

— TVS-M gives noticeably (by ~10%) higher values of the poisoning effect relative to the
other codes;

— as it was noted above TVS-M overestimates somewhat (up to 6%) a fission products
efficiency;

— in comparison with the other codes WIMS-ABBN significantly overestimates Doppler
effect for fresh LEU and MOX cells and total temperature effect in case of MOX pin
cells.

2.1.3 Micro cross-sections comparison

To clarify possible reasons of discrepancy of the results obtained by different codes
the benchmark specification calls for computation of one group microscopic cross-sections of
the main nuclides. These cross-sections are averaged over fuel volume and correspond to the
working state S1.

In Table A- 7 the cross-sections computed with TVS-M, HELIOS, WIMS-ABBN and
MCU-RFFVA codes for the zero burnup point are presented. Table A- 8 contains the
comparison results in terms of deviations from TVS-M. Generally good agreement is
observed but nevertheless it should be noted that:

— there is a systematic difference of about 3-3.5% between TVS-M, MCU-RFFI/A and
others in (vo/c,) for #1py, which probably explains a large deviation in K.y value
mentioned above for Variant 9 (MOX fuel with 241py only);

— these codes (TVS-M, MCU) slightly underestimate multiplicative properties (a) of
2Py in comparison with the others;
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— TVS-M code systematically overestimates o, for 35%e and "’Sm by 5-10%, which
corresponds to the overestimation of poisoning effect mentioned above. It should be
noted that the discrepancy is more in case of MOX cells;

— TVS-M underestimates **°Pu absorption by ~7-10%. It can noticeably affect the Koy
burnup dependence if a large amount of 2Py in fuel (reactor grade Pu, Variant 10)

— HELIOS undervalues o, for 2°*U by 1.5-1.8% relative to TVS-M and MCU-RFFI/A
and by 3.4-3.7% in comparison with WIMS-ABBN (for fresh fuel cells);

— WIMS-ABBN differs from TVS-M in o, for Béy by ~15% and in the most of cases
overestimates o, for 2%U by 1.5-2%. It possibly can result in discrepancies in K
burnup dependence predicted by these codes;

— deviation in o, for 2*U given by WIMS-ABBN is different for fresh fuel cells (except
for V9) and spent fuel cells. It corresponds to the discrepancy character observed for
Doppler effect. It is difficult to find a reasonable cause of the fact.

2.1.4 Kinetics parameters

For variants 15-18 kinetic parameters were also calculated. For computing of effective
fraction of delayed neutrons and prompt neutrons lifetime different codes use different
approaches. In MCU-RFFI/A .4 is defined as follows:

Lei= (Kefr - Kpromp/Kegr , Where Kprompe is a multiplication factor with only prompt
neutrons taking into account.

In TVS-M and WIMS-ABBN codes S5 and £ were calculated with the use of neutron
value function. TRIANG used the so-called “direct” method [19].

The effective delayed neutron fractions are presented in Table A- 11, B./f3 values — in
Table A- 12, and the prompt neutron lifetimes are given in Table A- 13.

As it is seen from Table A- 11 values of S,y obtained with different codes are close
and maximum deviation does not exceed 5%. The Sy /B values given in Table A- 12 have
better agreement than Sy, because S/ characterizes the computer code algorithms quality,
while SB,ralso depends on the cross section libraries used in a code. Prompt neutron lifetime
values also agree very well, discrepancies being less than 5%.

2.1.5 Burnup calculations

Burnup calculations were performed for pin cell variants 1,2 and 10. A comparison of
K.y and K, burnup dependence is presented in Fig. A- 5, 6 and 7 respectively in the form of
deviation from TVS-M values. It is seen from these Figures that:

— in case of LEU pin cell (V1) all codes demonstrate a good agreement and all K.z
discrepancies find out to be within £0.6% for the whole depletion interval. However,
TVS-M code shows a slight tendency to underestimate K.z at high burnups in
comparison with other codes, especially with WIMS-ABBN, which gives a minimum
rate of K.y decreasing. This fact can be explained by several reasons mentioned above
such as: a greater value of fission product efficiency (see Table A- 6), a large
overestimation of G, (236 relative to WIMS-ABBN and so on. It should be noted that
using of updated data on 33U resonance parameters (from LIPAR-5 as in MCU-REA
code) results in a better agreement with the others in K5 depletion trend.

— for MOX pin cell with weapon grade Pu (V2) discrepancies in K values are somewhat
increased and exceed 1% at high burnups. It is seen that the tendency of TVS-M code
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to overstate an inclination of K5 (W) curve relative to HELIOS and WIMS-ABBN
became more pronounced. Agreement with MCU-REA results is better (especially
when TVS-M use 2*U data from LIPAR-5). Possible reasons of observed
disagreements can be an underestimation of both 240py, absorption and vo/c, value of
241py mentioned above for TVS-M code.

for MOX pin cell with reactor grade Pu (V10), which is remarkable for higher 20py

and **'Pu content, discrepancies in K,y become even greater and exceed 2% by 60
MWd/kgHM. HELIOS and WIMS-ABBN codes show similar trends in Kz but
noticeably differ in K4 itself. In case of TVS-M the reasons of observed disagreements
are probably the same as for V2 variant.

Comparisons of burnup dependence of main nuclide concentrations are presented in

Fig. A- 8 - Fig. A- 19. As before they are given in the form of deviation (%) from TVS-M
code. On the base of this comparison generally showing a satisfactory agreement one can say

that:

codes based on the same nuclear data (TVS-M and MCU-REA) show rather close
results for the most of main nuclides. In case of codes using nuclear data libraries of
different origin the discrepancies in concentrations are somewhat larger;

data on **°U for LEU fuel cell agree very well, the maximum deviation is about 1% at
60 MWd/kgHM and is observed for WIMS-ABBN and TVS-M (with LIPAR-5 data for
238U). The noted deviation is most likely a result of these codes overestimate 28y
capture in comparison with the others, which leads to increasing of %Py generation
and so to increasing of contribution of 2*’Pu fission into burnup. In case of MOX cells a
discrepancy in >*U concentration increases but it is not practically important because
of its small value.

codes TVS-M and MCU-REA demonstrate a good agreement in *°U concentration

whereas the other codes give somewhat higher value of this isotope content. Data on
microscopic cross-section comparison indicate that in case of WIMS-ABBN possible
reason of observed discrepancy is underestimation of o, (**®*U) and for HELIOS the
likely cause is understating of voy /o, value.

all the codes show a good agreement in ***U concentration, only HELIOS slightly
overestimates its concentration.

TVS-M systematically shows a significant overestimation of 28py concentration. It
should be noted that is practically negligible in reactivity balance.

all the codes but the HELIOS give very close results in #°pu concentration, the

discrepancies do not exceed 3%. As for HELIOS, the observed underestimation of 28y
capture obviously results in a remarkable (up to 4-6%) undervaluing of 2¥py
concentration.

in comparison with the other codes TVS-M gives noticeably higher (up to ~10%)
values of *°Pu concentration, which is explained by the noted earlier underestimation
of absorption cross-section of this isotope. An additional difference between HELIOS
and TVS-M in precursor (>*>Pu) concentration leads to the fact that the discrepancy
between these two codes is the largest.

previously noted difference in ***Pu concentration between TVS-M and other codes
can be one of the reasons responsible for discrepancies in 2*'Pu concentration, which
are about 2-6% at the end of burnup.
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TVS-M code gives 5-6% lower value of ***Pu in comparison with MCU-REA and 10-
15% higher value relative to WIMS-ABBN and HELIOS.

TVS-M significantly overestimates concentrations of '*>Xe and '*’Sm in comparison
with WIMS-ABBN and HELIOS (by 5-7% for '**Xe and 15-18% for '**Sm). Relative
to MCU-REA results the difference is lower by 1.5-2 times.

In addition to the computation of various reactivity effects carried out for fresh fuel

cells the calculation of these effects in several burnup points was performed for V1 and V2
variants. Unfortunately, burnup calculations with MCU-REA code were performed for a
working state S1 only. So reactivity effects calculated by this code are unavailable. Results of
these calculations are given in Table A- 9 and Table A- 10. It is seen that:

the maximum deviation from TVS-M result (about 13.5%) in Doppler effect is
observed for MOX fuel cell at zero burnup. With a burnup increase the difference
between TVS-M and HELIOS increases steadily from 1.3% up to ~6% in case of UO;
cell and from ~4% up to 8% for the MOX cell. WIMS-ABBN-TVS-M difference has
an opposite burnup trend: it decreases from 10.5% to —2.9% for UO; cell and from
13.7% to 2% for MOX cell. In a view of a small value of this effect the agreement can
be considered as good.

all codes demonstrate rather good agreement in boron effect calculation for all burnup
points. Differences do not exceed 2.5-3.5% in case of LEU cell and 5-6% in case of
MOX cell, TVS-M giving as a rule lower value of the effect.

the determination of poisoning effect for the fresh fuel cells differs from the one for
non-zero burnup points: at zero burnup point concentration of 135X e and '*°Sm are fixed
and the same for all codes, whereas in case of spent fuel cells each code calculates
equilibrium concentrations of these fission products. And we observe different
deviation from TVS-M values: when **Xe, '¥’Sm concentrations are fixed the code
overestimates poisoning effect relative to the others (up to 10%) and vice versa
systematically underestimates this effect when the equilibrium concentrations are
computed'.

codes TVS-M and WIMS-ABBN give very close results when calculating a zotal
temperature effect for LEU fuel cell (V1). Results lie within 2.5% interval for all
burnup points. Agreement of HELIOS results with the others is somewhat worse, the
deviation increases with burnup increase and runs up to ~11% (HELIOS gives a lower
value). In case of MOX fuel cell (V2) all results are within £10% interval: at zero
burnup point WIMS-ABBN and HELIOS overestimate a total temperature effect value
relative to TVS-M, this overestimation decreases with burnup increase and in case of
HELIOS turns into an underestimation.

2.2 COMPARISON OF SING LE ASSEMBLY RESULTS

The single assembly is a geometry type of the most interest from the practical point of

view because just assembly characteristics are used in core calculations. When you know the

! It should be noted that TVS-M considers separately "**Sm appearing just after fission (via "**Pm) and

19Sm emerging fission product chain with mass number A=147. In other words some amount of 9Sm (up to
12-15% at high burnups) is in the fuel even for non-poisoned states. This can partially explain the fact that TVS-
M systematically underestimates a poisoning effect at the end of burnup.
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single assembly calculation uncertainty you can separate the cross-section component from
the error of the whole core calculation.

The considered set of benchmarks contains two variants V11 and V12 corresponding
to non-graded VVER-1000 fuel assemblies with UOX and WG-MOX fuel accordingly.
Unfortunately, Monte Carlo code results (MCU-RFFIV/A with DLC/MCUDAT-1.0 library)
are available for zero burnup only.

The corresponding materials are given in Appendix B.

2.2.1 K,y burnup dependence. Separate states

The benchmark specification called for depletion calculation of two VVER-1000 fuel
assemblies (UOX and MOX) being in the working state S1. Additionally, for some burnup
points calculation of several assembly states, including the state with absorber rods inserted,
is required.

Figure B- 1 shows the result of comparison of K; burnup dependence obtained for the
state S1 by various codes and given in the form of deviation from TVS-M. The results are
close to the ones for the pin cell cases and show that:

— TVS-M and HELIOS agree very well in case of uranium assembly (variant V11),
difference does not exceed 0.5% and the trends in K.y are almost the same. WIMS-
ABBN noticeably underestimates K. at the beginning of burnup (~1% relatively to
HELIOS) and gives somewhat different inclination of K4 curve in comparison with the
others.

— in case of MOX fuel assembly (variant V12) all the codes demonstrate large scattering
of the results both in Ky values (from -1% at 0 MWd/kgHM to +1.5% at 60
MWd/kgHM) and K trends (TVS-M gives maximum inclination of the curve, WIMS-
ABBN - the minimum one)

— discrepancies between TVS-M and WIMS-ABBN are somewhat increased relative to
the pin cell cases.

Results of separate state calculation obtained for several burnup points as well as
corresponding comparison results are given in Table B- 1+Table B- 3. It is seen that
maximum differences are observed at high burnups and for some states they run up to ~1.5%
in case of uranium assembly and up to ~2.5% in case of MOX one.

2.2.2 Reactivity effects

The multiplication factors for fuel assembly variants were used to compute various
reactivity effects including a control rod worth. Corresponding results obtained with TVS-M,
HELIOS and WIMS-ABBN are presented in Table B- 5 and Table B- 6 and show that:

— all the codes demonstrate a very good agreement when computing a control rod worth;

— differences between TVS-M and HELIOS in Doppler effect value are almost the same
as observed in case of pin cell variants. As for WIMS-ABBN, the deviations observed
for the pin cells have been increased by 1.5-2 times and come to ~20%;

— discrepancies in boron effect value are very similar to the ones observed in case of pin
cell variants. Only deviations of WIMS-ABBN results from the others are somewhat
increased and come to —6-7% at high burnups.

— as in case of pin cell variants TVS-M code noticeably differs from the others in the
value of poisoning effect: the code overestimates (by 5-9%) this effect at zero burnup

. 135 149 . . X
point, when ~Xe and ""Sm concentrations are pre-defined, and underestimates its

23



value when corresponding concentrations are equilibrium, underestimation increasing
with burnup and reaching 10-12%.

— greater (in comparison with pin cell) amount of water containing boric acid results in a
smaller value of fotal temperature effect having a tendency to decrease with burnup. At
high burnups it tends to zero and can even reverse sign, so the relative differences can
reach significant values and we should probably pay main attention to the absolute
values. Table B- 5 and Table B- 6 show generally good agreement between codes in a
total temperature effect with the only exception of WIMS-ABBN, which systematically
gives greater absolute values of the effect.

2.2.3 Pin power distribution

The results of detailed comparison of pin-by-pin power distributions computed by
various codes are shown in Figure B- 1+Figure B- 17. Codes used in calculations are: TVS-
M, MCU-RFFI/A (only for zero burnup point), HELIOS and TRIANG code. Comparison
results are presented in the form of deviations relative to TVS-M' and correspond to four
burnup points (0, 10, 30 and 60 MWd/kgHM) and to the states S1 and S2. Calculations
carried out with TRIANG code are available only for S1 state. The figures make it possible to
conclude that:

— in the absence of control rods all the codes demonstrate a very good agreement,
differences lie within +2% interval for all burnup points. The only exception is
TRIANG results, whose difference from the others increases with burnup and run up to
7-9%. The reason is the insufficiently correct technique of deriving of fuel rod
macroscopic cross-section versus burnup. The agreement between the program
TRIANG and others was essentially improved after the refinement of this technique
(see results of pin power distribution calculation V13 and V14, Fig. C- 2, Fig. C- 3, Fig.
C- 5, Fig. C- 6, Fig. C- 9). It should be noted that scattering of the results is slightly
greater for MOX assembly than for LEU one.

— when control rods are inserted discrepancies in a local pin power somewhat increase,
but, nevertheless, agreement remains good especially between MCU-RFFI/A and
transport code HELIOS. Maximum differences are less than 5% for all burnup points
and are located mainly near absorber rods and in the corner cells.

In general it is possible to conclude that all the codes, including the ones using
diffusion approach, show a good agreement in pin power distribution in the absence of strong
absorber. When the assembly contains absorber rods, deviation of diffusion results from the
others somewhat increases.

2.3 COMPARISON OF THE RESULTS ON MULTI-ASSEMBLY SYSTEMS

Multi-assembly geometries (variants labelled V13, V14, V19 and V20) are of interest
because they give information about accuracy of neutron flux distribution calculation near the
boundary between MOX and LEU. In this analysis, a uniform MOX bundle and a graded
MOX bundle surrounded by both fresh and spent UO, assemblies are studied. Codes used in
these studies are the following: MCU-RFFI/A, CONKEMO, TVS-M, HELIOS and WIMS-
ABBN/TRIANG.

! To be more precise, it is a deviation of TVS-M from the other code, calculated by the formula:
8=100*(value(TVS-M)-value(code))
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2.3.1 K s burnup dependence

The benchmark specification calls for burnup computations in case of variants V13

and V14 only. Calculation results given in the form of deviations from TVS-M are presented
in Fig. C- 1. It is seen from the Figure that:

all the codes demonstrate approximately the same agreement as in case of single
assembly geometry: maximum deviation does not exceed 1.5%.

results obtained with precision code CONKEMO and WIMS-ABBN/TRIANG complex
practically coincide for variant V13. In case of V14 variants the codes differ somewhat
larger and the difference runs up to ~1% by the end of burnup.

contrary to the single assembly case TVS-M code gives a lower average inclination of
the K. (W) curve relative to HELIOS. It is rather difficult to explain this fact
reasonably. Preliminary HELIOS results given in [20] agree better with TVS-M.

for the whole burnup range with the only exception of initial interval from 0 to 10
MWd/kgHM the deviation of TVS-M results from the ones of WIMS-ABBN/TRIANG
is of the same shape as in case of more simple geometries (see Fig. A- 5,Fig. A- 6 and
Figure B- 1).

2.3.2 Separate state calcula tions. Reactivity effects

Unlike variants V13 and V14 requiring calculations for the working state S1 only,

computing of several states is needed in case of variants V19 and V20. This allows to
calculate some reactivity effects such as: Doppler, boron effect and effect of voiding. It
should be noted that the range of variation of corresponding parameters is increased in
comparison with V1-V10 and V11-V12 variants'. Calculation results as well as results of
comparison are given in Table C- 1 and Table C- 2. They make it possible to conclude that:

a good agreement is observed between TVS-M and MCU-RFFIA codes, TVS-M
being especially close to the multigroup version of MCU.

HELIOS systematically overestimates K.y values in comparison with TVS-M and
MCU-RFFI/A. Maximum deviation (about 1.2-1.3%) is observed between MCU-
RFFI/A and HELIOS in case of V20 variant.

WIMS-ABBN/TRIANG code system noticeably underestimates K.y value for the most
of states. Maximum deviation (about 1.5%) is observed between WIMS-ABBN and
HELIOS.

for the state with extremely low water density WIMS-ABBN/TRIANG significantly
(more than 3.5%) overestimates K,y value in comparison with the others.

the last fact is the reason of ~15% discrepancy in voiding effect value which is
observed between WIMS-ABBN/TRIANG and the others. As for the rest all codes
demonstrate a satisfactory agreement in calculation of reactivity effects.

2.3.3 Kinetics parameters

For variants V19-20 kinetic parameters were also calculated. The effective delayed

neutron fractions are presented in Table C- 3 and S/ values are given in Table C- 4. The
values agree rather well across all of considered states.

' In case of V15-V18 pin cell variants the range of parameter variations was the same.
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2.3.4 Pin power distribution

When comparing pin-by-pin distributions it should be remembered that some of codes
compute a fission rate distribution instead of pin power one. It is of no importance when the
system contains fuel pins of single type (only UO; or only MOX). But in the case that a
system consists of regions characterized by different values of released fission energy, pin
power and fission rate distributions can noticeably differ from each other especially near the
boundary between regions with different properties. So, in the presented report pin power and
fission rate distributions are compared separately.

The results of detailed comparison of pin power distribution calculated with the use of
TVS-M, CONKEMO and TRIANG codes are shown in Fig. C- 2+Fig. C- 9. Comparison
results are presented in the form of deviations relative to TVS-M'. In general the codes agree
satisfactory, however, it should be noted that:

— TVS-M code systematically overestimates pin powers (up to 3-4%) in the central part
where MOX fuel pins are located. For the most of UO, pins a discrepancy does not
exceed 2%, TVS-M giving lower values.

— as a rule discrepancies have a tendency to decrease with burnup. The only exception is
variant V14: the maximum deviations are observed at 30 MWd/kgHM in the comer
UO; pins at the boundary between MOX and UO, regions.

— for the most of cases fuel pins situated near the water gap are not the pins of maximum
discrepancies.

The results of fission rate distribution comparison obtained with TVS-M, MCU-
RFFI/A (initial burnup point only) and HELIOS codes are given in Fig. C- 10=Fig. C- 17.
Generally the codes are in satisfactory agreement - for the most of pins deviations do not
exceed 2%. However, it should be mentioned that:

— TVS-M systematically underestimates a fission rate in boundary pins (both MOX and
UO,) relative to MCU-RFFI/A code, maximum discrepancy reaching ~7%.

— HELIOS systematically overvalues fission rate in the MOX pins located in the central
region, especially in comparison with MCU-RFFI/A results. In addition to that
HELIOS, like TVS-M code, underestimates the increasing of fission rate in the pins
located near the water gap.

3. CONCLUSION

Variants of pin cell, assembly and multi-assembly VVER-1000 structures have been
computed with several different codes used in the U.S. and Russia. The codes use both
different methods and different nuclear data. A comparison of the results show