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FOREWORD

In 1991, the NEA Nuclear Science Committee (NSC) launched a computation benchmark on
power distribution within fuel assemblies to compare different techniques for fine flux prediction in
systems partially loaded with mixed-oxide (MOX) fuel. The first phase of the benchmark, which
investigated only numerical schemes with given homogenised neutronic parameters, was completed
and reported upon in 1994. The second phase was undertaken in 1996 to investigate not only different
numerical schemes currently used in production code systems but also the global performance
including cross-section data reduction methods.

Ten institutions world-wide participated in the second phase of the benchmark and more than
fifteen calculation schemes were examined. This report provides an analysis of the results. The
intercomparison of a comprehensive set of solutions has enabled the quantification of the differences
caused by different schemes used, and resulted in some features of the calculation methodologies
being better understood. However, because all the calculations presented in this report were performed
in 1996, they do not take account of recent improvements in libraries and computation methods for
MOX fuel calculations. A new NEA benchmark using VENUS-2 MOX core measurement data is
being undertaken to quantify the relative merits of the different calculation methods.
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EXECUTIVE SUMMARY

Systems loaded with plutonium in the form of mixed-oxide (MOX) uranium plutonium fuel show
somewhat different neutronic characteristics compared with those using conventional uranium fuels.
Even though many countries have sufficient experience in using MOX fuel within certain technical
boundaries, it is essential to accurately predict the characteristics of MOX-fuelled systems and to
further validate both the nuclear data and the computation methods used if the extension of the current
constraints is envisaged.

In 1991, the NEA Nuclear Science Committee (NSC) launched a computation benchmark on
power distribution within fuel assemblies to compare different techniques used in production codes for
fine flux prediction in systems partially loaded with MOX fuel.

The benchmark was conducted in two separate phases. In the first phase, the numerical
techniques for pin power reconstruction were addressed and differences that could have been caused
by different neutron data reduction methods were avoided by giving smeared (homogenised) neutronic
parameters. Nineteen institutions from eleven countries participated in the first phase of the
benchmark, which was completed and reported upon in 1994.

Based on the results of the first phase, it was deemed necessary to investigate not only numerical
schemes in production code systems, but also the global performance including cross-section data
reduction methods. Therefore, the second phase of the benchmark was undertaken in 1996. Each
participant independently determined neutronic parameters using detailed geometrical and physical
data.

Ten institutions from eight countries participated in the second phase of the benchmark and more
than fifteen calculation schemes were examined. These calculation schemes comprise the majority of
the methods used for reactor design: collision probability, SN transport (finite differences and nodal),
diffusion (finite differences and nodal), Monte Carlo, power reconstruction methods, etc.

Due to the different nuclear data libraries and self-shielding methods used, the standard deviation
in k∞ is ±500 pcm for MOX cells and ±600 pcm for UO2 cells. A relatively large discrepancy of about
±860 pcm in keff was observed among the different solutions submitted. With regard to pin power
distribution, transport calculation results show good agreement while the diffusion calculations suffer
from the reflector effect, giving a larger discrepancy in general. Compared with the CEA results,
chosen as the reference for convenience, on average, a higher value up to 1.3% for MOX pin power
and a slightly lower value for UO2 pin power were reported.

In the benchmark, even though the outliers have been omitted, the spreads in important
parameters such as kinf and keff are larger than expected. This means that there still remains a need to
improve the calculation methods and the ways in which basic data are handled and used in calculation
schemes. In nuclear design calculations for MOX systems, rigorous treatment of resonance self-
shielding and mutual shielding over the whole energy region (especially for 240Pu and 242Pu) and the
use of modern nuclear libraries are essential. It was also noted that the data for higher plutonium



14

isotopes and minor actinides likely need further improvement. Since plutonium fuels are sensitive to
spectral changes caused by the cylindrical approximation, the use of square cell geometry rather than
the cylindrical approximation is recommended in MOX system calculations. The implications of a
systematic overestimation of the calculated powers in the MOX fuel region should be carefully
considered when designing commercial cores to be used with MOX fuel.

All the calculation results presented in this report were performed in 1996 using the
recommended libraries and procedures at that time. Since 1996, new improvements in libraries,
calculation methods and procedures have been introduced. Consequently the results presented do not
represent the participating institutions’ latest computation capabilities for MOX fuel. A new NEA
benchmark using VENUS-2 MOX core measurement data was launched in 1999 and is being
undertaken to quantify the relative merits of the different calculation methods.
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Chapter 1

INTRODUCTION

In 1991, the OECD/NEA Nuclear Science Committee (NSC) launched a computational
benchmark on power distribution within assemblies to compare different techniques for fine flux
prediction in systems partially loaded with MOX fuel using different diffusion or transport calculation
schemes.

The benchmark was conducted in two separate phases. In the first phase, the numerical
techniques for pin power reconstruction were addressed. In order to avoid difficulties in inter-
comparison caused by different neutron data reduction methods, the neutronic parameters were given
in a smeared (homogenized) form for each pin cell type and collapsed into fast and thermal broad
groups. Nineteen institutions from 11 countries participated in the first phase of the benchmark; it was
completed and published in 1994 [1]. Based on the results of the first phase, it was possible to quantify
the discrepancies related to numerical schemes used. However, a need was felt to investigate not only
numerical schemes in production code systems, but also the global performance including cross-
section data reduction methods.

To this end, the second phase of the benchmark commenced in 1996 [2]. Participants
independently determined neutronic parameters using detailed geometrical and physical data. The
methods used for obtaining homogenized neutronic parameters for each pin cell and collapsed broad
groups are not always obvious. Generally, the assemblies involved in the core are calculated using
transport codes (solving integral or integro-differential transport equation) with a heterogeneous
description of the cells and a fine treatment of the energy variable.

The manner of obtaining the broad group cell parameters from the calculation for an assembly (or
even a group of assemblies) is not trivial because: (1) the assumption of isotropic angular fluxes at the
cell boundary (in interface current methods or cylindrical cell patterns) is not appropriate in MOX
lattices [3], (2) the spectrum is very space-dependent, especially near the boundary between MOX and
UO2 assemblies, (3) the definition of cell-by-cell diffusion coefficients (radial and axial) is not always
well founded and (4) the procedure used to derive homogeneous “equivalent” cell parameters can be a
source of error.

Furthermore, a calculation scheme must be considered as a whole. For example, the ways to
derive cell parameters are in general strongly dependent not only on the adopted type of heterogeneous
cell transport solution but also on the scheme adopted for the whole core calculations. There might be
some “equivalence procedures” (or discontinuity factors) whose role is to modify the cell or assembly
parameters in order to compensate for possible errors due to homogenization, mesh effects,
collapsing, etc.

For these reasons, it is interesting to compare the results obtained by using the different nuclear
data reduction methods starting from the beginning, that is to say from the detailed geometrical and
physical data.
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Fourteen solutions were received from 10 institutions (eight countries) and more than
15 calculation schemes examined. These calculation schemes comprise the majority of the methods
used for reactor design: collision probability, SN transport (finite differences and nodal), diffusion
(finite differences and nodal), Monte Carlo, power reconstruction methods, etc. The present report
gives an analysis of results provided by the second phase of the benchmark.
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Chapter 2

BENCHMARK MODEL

The benchmark model has been designed for comparison of different techniques used for fine
flux prediction comprising diffusion and transport methods as well as nuclear data sets. The detailed
benchmark specification can be found in Appendix 1. Only the main characteristics of the benchmark
model are presented here. The benchmark geometry consists of one central MOX assembly
surrounded by eight UO2 assemblies. The MOX assembly contains fuel pins with three different
plutonium enrichments (4.3%, 7.0% and 8.7%). The UO2 rods are made of 3.7% enriched in 235U. The
description of unit pin cells is given in Table 2.1 and the isotopic composition for each medium is
defined in Table 2.2. The geometries of UO2 and MOX assemblies are shown Figure 2.1, and the core
geometry is given in Figure 2.2.

The temperature is assumed to be constant and equal to 20°C. A vacuum boundary condition is
assumed at the external limit of the reflector. For 2-D calculations, it is also assumed that the
extrapolated height of the core is 95 cm (80 + (2 × 7.5) cm), which leads to an axial buckling equal to
1.094 10-3 cm-2.

In the central cell of each assembly, the response of a miniature fission chamber is simulated by
the fission rate of one atom of 235U in the water inside the central guide tube.

In order to check the origins of discrepancies due to differences in nuclear data and computation
methods used, the following results were requested:

For each of the fuel cells (MOX 4.3%, MOX 7.0%, MOX 8.7% and UO2), k∞, critical buckling,
migration area, and absorption/fission reaction rates per isotope in one group and three groups
involving the 5 keV and 4 eV boundaries were investigated. Each energy group represents fast, self-
shielded and thermal group, respectively. Investigation into reaction rates in the three groups will
allow to clarify differences in the verious data reduction methods.

For core calculations, keff and pin-by-pin group integrated fission rates (not power) on 1/8 of the
geometry, including 235U fission rate in the central cell of each assembly were requested.
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Chapter 3

PARTICIPANTS, METHODS AND DATA

Fourteen solutions were received from eight countries and more than 15 calculation schemes were
tested. These calculations involved the majority of the methods used in reactor design:

•  Collision probabilities,

•  SN transport finite differences methods,

•  SN transport nodal scheme,

•  Diffusion finite differences,

•  Diffusion nodal,

•  Monte Carlo,

•  Power reconstruction methods, etc.

Table 3.1 summarizes the global overview of the calculation schemes used by the participants,
including basic nuclear data libraries and computer codes used in the calculations. A full list of the
contributors to the benchmark is provided below.

1. CEA, France
Participant: S. Cathalau, A. Santamarina, G. Wuillermoz, G. Mathonniere, C. Poinot and
                   A. Bouamrirene
Basic library: JEF-2.2 (172 groups)
Cell code: APOLLO-2
Core calculation: APOLLO-2 (18 groups)
Remarks: Cylindrical and square cell calculations.

2. EDF, France
Participant: N. Kerkar, C. Garzenne and X. Warin
Basic library: JEF-2.2/CEA93 (172 groups)
Cell code: APOLLO-2
Core calculation: APOLLO-2 and proprietary 3-D SN code
Remarks: 6 solutions.

3. IKE, Germany
Participant: D. Lutz and W. Bernnat
Basic library: JEF-2.2 and ENDF/B-VI (292 groups)
Cell code: RESMOD (SCALE)
Core calculation: ICM2D code (J±) in the RSYST3 system (45 groups)
Remarks: No reconstruction method.
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4. NRG, The Netherlands
Participant: R. van der Stad
Basic library: JEF-2.2 (172 groups)
Cell code: WIMS7A
Core calculation: TWOTRAN (6 groups)
Remarks: No reconstruction method.

5. TU-Delft , The Netherlands
Participant: P. F. A. de Leege, T. M. John, A. Hersman and V. A. Khotylev
Basic library: JEF-2.2 (172 groups)
Cell code: SCALE-4.2
Core calculation: DORT, PROMETEUS (56 groups) and KENOVa (172 groups)
Remarks: 2-D DORT and PROMETEUS (diffusion), and 3-D KENOVa solutions.

6. PSI, Switzerland
Participant: P. Grimm
Basic library: JEF-1 (70 groups)
Cell code: BOXER
Core calculation: SILWER (3-D diffusion nodal)
Remarks: Reconstruction.

7. KAERI, Korea
Participant: H. K. Joo, T. K. Kim, Y. I. Kim and Y. J. Kim
Basic library: ENDF/B-VI (89 groups)
Cell code: HELIOS
Core calculation: MASTER (analytic basis function expansion nodal) (2 groups)
Remarks: Reconstruction (modulation method).

8. IPPE, Russian Federation
Participant: A. Tsiboulia and E. V. Rozhikhin
Basic library: FOND-2.2 (69 groups)
Cell code: WIMS-D4
Core calculation: TWODANT (69 and 3 groups)
Remarks: 6 solutions in diffusion and transport methods. Buckling height used is 95 cm
                instead of 80 cm.

9. SCK•CEN, Belgium
Participant: G. Minsart and E. M. Malambu
Basic library: MOL-BR2-40GR (40 groups)
Cell code: MULCOS
Core calculation: DORT and NRMPO (diffusion nodal) (40 groups)
Remarks:

10. JAERI, Japan
Participant: K. Okumura, T. Kugo and Y. Nagaya
Basic library: JENDL-3.2 and JENDL-3.1 for 242Pu (107 groups)
Cell code: SRAC95
Core calculation: MOSRA-light (11 groups)
Remarks: Reconstruction.
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11. JAERI, Japan
Participant: K. Okumura, T. Kugo and Y. Nagaya
Basic library: JENDL-3.2 (continuous energy)
Cell code: MVP
Core calculation: MVP
Remarks: Monte Carlo Method.

Calculation details supplied by the participants can be found in Appendix 2.
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Chapter 4

RESULTS OF THE BENCHMARK

For reasons of convenience a relative comparison of the participants’ results was carried out,
arbitrarily using the CEA results as the reference case. However, one must keep in mind that the
results presented in the report were obtained in 1996 using the recommended libraries and procedures
at that time. Since 1996, new improvements in libraries, calculation methods and procedures have
been introduced. Consequently the results used as the reference do not represent the latest
computational capabilities of the participant institutions.

4.1 Cell calculations

As for the basic libraries, JEF-2.2 (172 groups) was used by CEA, EDF, NRG and TU-Delft. IKE
used a library (292 groups) based on JEF-2.2 in conjunction with ENDF/B-VI. PSI used JEF-1
(70 groups) and KAERI applied ENDF/B-VI (89 groups). IPPE and SCK•CEN used FOND-2.2
(69 groups) and MOL-BR2-40GR (40 groups), respectively. JAERI applied JENDL-3.2.

The deterministic cell calculation codes used are APOLLO-2 (CEA and EDF), RESMOD (IKE),
SCALE-4.2 (TU-Delft), WIMSD4 (IPPE), MULCOS (SCK•CEN). The collision probability codes
used are WIMS7A (NRG), BOXER (PSI), HELIOS (KAERI) and SRAC95 (JAERI). The only one
continuous energy Monte Carlo code applied is MVP (JAERI).

Group structure

APOLLO-2 and SCALE-4.2 use the 172 group “XMAS” scheme. WIMSD uses the original
WIMS 69 group structure. RESMOD uses a 292 group library stored in the AMPX format. BOXER
uses 70 group library processed by ETOBOX (a code developed at PSI). This library comprises WIMS
69 group structure and 1 group for 10-15 MeV in which the thermal cut-off energy is 1.3 eV.

The basic data of the MOL-BR2-40GR library were taken from the old KEDAK evaluated data
file and processed with the code BRIGITTE; the selected group structure in the fast and epithermal
ranges is the same as in the old ABBN and NUSYS libraries.

In the HELIOS code, the 89 neutron group library data condensed by using the HEBE code from
the master library is used. The master library in a group structure of 190 neutron groups is generated
from ENDF/B-VI by using the NJOY91.13 code.

The JENDL-3.2 based 107 group library, made up of 61 fast and 46 thermal energy groups with the
cut-off energy of 2.3824 eV, is used in the SRAC95 calculations.
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Resonance shielding methods

RESMOD (IKE) uses the Bondarenko method (BONAMI in SCALE) in the unresolved range
and 1-D first collision probability method for slowing down equation in the energy range from 1 keV
to 3 eV with 13000 energy groups. No additional unresolved resonances treatments were made.

In WIMS7A, the subgroup method in groups 46-92 of XMAS structure for 235U, 238U, 239Pu and
240Pu and the equivalence theory for the other actinides are used. Overlap of resonances was
approximated using the subgroup method.

In the case of SRAC95, in the energy ranges from 961.12 eV to 130.07 eV (lethargy width =
0.00025) and from 130.07 eV to 2.382 eV (lethargy width = 0.0005), the collision probability method
with ultra-fine energy group was applied; mutual shielding effect was also considered. For energy
ranges other than those mentioned above, the table-look-up method based on NR approximation was
used.

APOLLO-2, WIMSD, SCALE-4.2 are based on homogeneous medium resonance integral
calculations with an equivalence procedure. In the case of APOLLO-2, exact effective cross-sections
depending on temperature and background cross-section were used for resonant isotopes. Generalized
Bell factor per group and resonant zone is applied (space-dependent self shielding). In SCALE-4.2, the
Nordheim method is used in the resolved region and the Bondarenko method in the unresolved region.
Overlapping is not taken into account. The treatment of resonances in WIMSD is based on the use of
equivalence theorems with a library of accurately evaluated resonance integrals for equivalent
homogeneous systems at a variety of temperatures. The “SPECTROX” collision theory procedure
gives accurate spectrum computations in the 69 groups of the library for the principal regions of the
lattice using a simplified geometric representation of complicated lattice cells.

In BOXER, resonance data (resolved and unresolved resonances) for all resonance nuclides
except for minor fission products are used: point data between 1.3 eV and 907 eV, typically 7 000-
8 000 points and cross sections tabulated for 3 temperatures and 4 dilutions for E > 907 eV. For
1.3 eV < E < 907 eV, pointwise two-region collision probability calculation was performed and for
E > 907 eV tabular interpolation versus temperature and equivalent dilution cross section was made.
The Dancoff factor was corrected for square cell geometry. Resonance overlap was automatically
taken into account by pointwise calculation.

In the MULCOS system, the Bondarenko formalism is used to perform the resonance self-
shielding (f-factors tabulated by group and by isotope vs. temperature and potential scattering); to the
potential scattering internally computed in the preprocessing routines of the MULCOS code system on
the basis of the fuel composition, a heterogeneity term is added, accounting for the shape and size of
the fuel zone in the cell and for the proportions and compositions of the other components of the cell.

HELIOS uses the tables of group resonance integrals (RIs) for homogeneous mixtures of the
resonance isotopes with hydrogen. Isotopes other than hydrogen are represented by including their
“intermediate resonance factors” in “background cross section”. In the heterogeneous system an
“equivalence cross section” to background cross section is added. The energy range considered is from
1.85 eV to 9.119 keV.
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Flux calculation methods

SCALE-4.2 applied S32P3 approximation and the meshes per pin cell used are 20, 5 and 8 for
the fuel, clad and moderator, respectively. WIMSD calculations used S16 and P0 approximation
with diagonal transport correction. WIMS7A collision probability calculations were performed for
4 meshes in fuel, 1 in clad, 1 in void, 1 in Zr, 1 in void, 1 in Al, 3 in the moderator region. BOXER
used P2 transport corrected P1 scattering.

In MULCOS, the P0 diagonal transport correction was used and the S8 level of angular
descretization has been adopted. A fine mesh description of the cell has been used: 12 meshes in the
fuel zone, 3 in the Zr zone, 2 in the Al zone, and 10 in the moderator.

HELIOS applied the current coupling and collision probability (first-flight probabaility) method
with 9 meshes per fuel cell, including 4 meshes in the moderator region.

APOLLO-2 (EDF) solves the integral transport equation with the collision probability method on
the assumption of corrected isotropic scattering. Each pin was discretized in six rings.

Fission spectrum

In RESMOD, fission spectra are incident neutron energy dependent and mixed corresponding to
the isotopic production rates of 235U, 238U, 239Pu and 241Pu. SRAC95 uses nuclide-wise fission spectra
mixed by weighting with production rates calculated from an asymptotic spectrum (107 groups) and
number densities of fissile nuclides. In the case of SCALE-4.2, a weighted fission spectrum mixed
from all fissionable nuclides is used. In BOXER, the vector fission spectrum is calculated as a linear
combination of spectra of all fissionable nucides in the cell (weighting function: macroscopic
production cross sections, collapsed with library spectrum). WIMS7A (NRG) and MULCOS use a
single 235U fission spectrum. In HELIOS, a weighted mix of fissionable isotopes (235U, 236U, 238U,
237Np, 238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 242Pu, 241Am, 242Am, 242mAm and 243Am is used for fission
spectrum calculation.

4.1.1 Results of cell calculations: discussion

The results (multiplication factor, critical buckling and migration area) of cell calculations are
summarized in Tables 4.1 to 4.4 for MOX 4.3%, MOX 7.0%, MOX 8.7% and UO2 respectively. These
results are also plotted in Figures 4.1 to 4.4.

The calculated multiplication factors and their deviations from the average values for each fuel
cell are given in Table 4.5. Except for the solution from SCK•CEN, the same kind of spread is
observed between solutions on multiplication factors as for the previous benchmarks organized by
OECD/NEA related to void coefficient or burn-up calculations: the standard deviation is about
±500 pcm for MOX cells. For the UO2 cell, the spread is ±600 pcm, which is higher than the common
admitted value.

The discrepancies between solutions in MOX cells are linked to the nuclear data libraries and the
self-shielding methods. This is shown in the tables related to 240Pu and 242Pu reaction rates for which
the main contribution of absorption is due to their first resonance at 1.07 eV and 2.68 eV respectively
(group 3 in the tables). For instance 240Pu contributes to the total absorption rate in MOX cells at about
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15% and 242Pu at about 2%. This means that a discrepancy of 1% in self-shielded cross section leads to
a discrepancy in the multiplication factor of about 150 pcm and 20 pcm in ∆k respectively.

From CEA results, it is observed that the effect of square and cylindrical cell modelling increases
with the plutonium content in the fuel. The differences in k∞ between the square and the cylindrical
cell calculations are 130 pcm for UO2, 500 pcm for MOX 4.3 and 7.0%, and 580 pcm for MOX 8.7%
cells. The same trend has been reported in other studies [4,5,6]. Due to resonances in 239Pu and 240Pu,
plutonium fuels are sensitive to spectral changes caused by cylindrical approximation. This means that
a careful geometry treatment in MOX cell calculations is required.

The spread in critical buckling results is about ±3% to ±4%, which seems to indicate that the used
leakage models can influence the solutions. The spread in migration area is about ±1.5% for MOX
cells and 2.3% for UO2.

4.1.2 Analysis per nuclide

Tables 4.6 to 4.9 present the averaged results in terms of absorption, fission and production of
each nuclide in 3 groups (and total) for MOX 4.3, MOX 7.0, MOX 8.7 and UO2 respectively. Tables
4.10 to 4.13 indicate the contribution of each nuclide to the total absorption, fission and production
reaction rates respectively.

As for the SCK•CEN results, due to the group structure of the original cross-section set, the
energy limits of the reported 3-group reaction rates are slightly different from those specified in the
benchmark proposal. The energy limits are 4.65 keV and 4.65 eV. IPPE reported reaction rates with
the energy group limits of 5.53 keV and 4 eV.

Tables 4.14 to 4.51 give the results for the absorption, fission and production of each nuclide
absolute values and normalized values to the CEA results. For comparison, normalized values to the
CEA results are plotted in Figures 4.5 to 4.42.

235U: The results are globally consistent except for the SCK•CEN solution which presents a higher
absorption (~ 10%) in the whole energy range, and for the KAERI solution in group 2 where 15% of
higher values for MOX cells can be observed and about 10% in the UO2 cell.

238U: A global consistency can be noted for the JEF-2.2 calculations. The differences in absorption rate
in group 2 (self-shielded group) come from the cylindrization of the cell which gives higher values
(about 3%) in the absorption for MOX cells and about 2% in UO2. Again SCK•CEN gives solutions
outside the global standard deviation. The JAERI solutions gives lower values of the absorption in the
fast range of about 4.5% to 7.0% in MOX fuel. This leads to an underestimation of the production rate
of 4% to 6%. In the UO2 cell, these differences reach 12% and 14% respectively.

238Pu: Only IPPE results give reaction rates higher than the others but this nuclide does not contribute
a lot to the neutronic balance.

239Pu: SCK•CEN reports higher thermal reaction rates but gives very lower epithermal reaction rates.
JAERI results show lower values of the fast absorption, fission and production.

240Pu: Big spreads can be observed for each reaction rate in each group. This comes from differences
in the JEF-2.2, JENDL-3.2 and FOND-2.2 evaluations, and also from differences in the self-shielding
methods used.
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241Pu: JEF-2.2 solutions are very consistent. The other data libraries generate strong differences in the
fast energy range, but globally the total reaction rates are very close except for the JAERI solutions
(-2%).

242Pu: The library and self-shielding effects are very important and consequently large spreads are
observed in absorption rates.

241Am: The library effects are again very important (for example JAERI gives results about 11% lower
for the total reaction rates, SCK•CEN gives results with discrepancies of up to 20%), but this nuclide
does not contribute much to the neutronic balance.

Oxygen in fuel: The results are consistent except for the SCK•CEN and JEARI solutions, which report
a very low absorption (by a factor of 2) in the fast energy range (and total), and for the PSI (JEF-1
library) solution for which is noted a lower value by 25% in the fast energy range. This could be a
result of the (n, α) reaction.

H2O in moderator: The same phenomenon is observed as for oxygen in the fast energy range
(hydrogen does not absorb neutrons at such energy). All the solutions in the total absorption are lower
by about 5% for MOX cells and 2% for UO2 fuel compared to the square cell taken as the reference;
the cylindricization of the cell generates a harder neutron spectrum.

Boron in moderator: The cylindricization effect can also be observed in that case (~ 5% for MOX and
~ 2% for UO2). For example, the Monte Carlo solution of JAERI gives exactly the same reaction rate
as the CEA square solution in MOX cells (this was not the case for H2O because of the oxygen
absorption in fast spectrum). KAERI and IPPE give lower values of the total absorption by about 8%.

4.1.3 Conclusions on cell calculations

Globally, the same discrepancies are observed in the multiplication factors as for the previous
benchmarks organised by OECD/NEA. This is due to different libraries and methods used in the codes
(self-shielding and flux approximations) [7,8].

4.2 Core calculations

CEA applied APOLLO-2 (SN Nodal) for 18 energy groups using S8P1 approximation. EDF
performed 2-D SN calculations (APOLLO-2) for 172, 101, 16, 6 energy groups consequently and one
3-D SN transport calculation for 16 energy groups. All the results from EDF can be found in Appendix
3.1, but the 2-D APOLLO-2 calculation result for 16 groups is taken as the EDF reference solution.
No reconstruction was performed in CEA and EDF calculations.

In the case of KAERI, using two group constants (boundary 4.0 eV), the discontinuity factor and
heterogeneous power form function were generated from HELIOS assembly calculation. The Analytic
Basis Function Expansion (AFEN) option in the MASTER was applied for nodal calculation for core
power distribution with 1 node per assembly mesh grids. Homogeneous flux distributions in the fuel
nodes were calculated for the pin-power reconstruction. Intranodal homogeneous flux and
heterogeneous power form function were modulated to estimate the pin-power distribution.
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IPPE provided 6 solutions using different energy groups and methods as follows:

•  Case 1: in 69 energy groups in SN transport theory (S4 approximation);
39 x 39 meshes, 1 mesh per pin and 13 meshes in water reflector

•  Case 2: in 69 energy groups in diffusion theory;
39 x 39 meshes, 1 mesh per pin and 13 meshes in water reflector

•  Case 3: in 3 energy groups in SN transport theory (S4 approximation);
39 x 39 meshes, 1 mesh per pin and 13 meshes in water reflector

•  Case 4: in 3 energy groups in diffusion theory;
39 x 39 meshes, 1 mesh per pin and 13 meshes in water reflector

•  Case 5: in 3 energy groups in SN transport theory (S4 approximation)
140 x 140 meshes, 2 meshes per pin in first row, 4 meshes per pin
in other rows, 38 meshes in water reflector

•  Case 6: in 3 energy groups in diffusion theory;
140 x 140 meshes, 2 meshes per pin in first row, 4 meshes per pin
in other rows, 38 meshes in water reflector.

However, all the IPPE core calculations were performed with a wrong buckling height (95 cm
instead of 80 cm). Due to 1/4 of the core modelling, in Cases 1 to 4, the mesh sizes in the first row
were twice less than those in the other rows. All the IPPE results and revised keff values with the right
buckling height can be found in Appendix 3.2. Only cases 1 and 2 are presented here as the two IPPE
reference solutions. For all calculations, no reconstruction was performed.

TU-Delft provided three solutions: 3-D multi-group Monte Carlo solution from KENOVa
calculation with 172 groups, 2-D SN transport solution from DORT with 56 groups and 2-D diffusion
solution from PROMETHEUS with 56 groups.

SCK•CEN performed two different calculations: a 2-D DORT calculations with S8P0 (diagonal
transport correction) and a 2-D NRMPO diffusion nodal calculation using the same 40 group cross-
sections generated by the system MULCOS. For both calculations, no reconstruction was performed.

In the case of PSI, the assembly homogenization was made using the 2-D transport transmission
probability method (QP1 for 12 groups). Assembly averaged cross sections were then divided by
surface-to-average flux ratios from assembly calculations (heterogeneity factors by Koebke). 3-D
analytical diffusion nodal calculation (SILWER) in 2 energy groups was performed using exponential
and trigonometric functions for intranodal flux expansion. Reflector 2-group diffusion coefficients
were adjusted to reproduce results of heterogeneous multigroup transport calculation. Pin power
reconstruction was done by modulating intranodal homogeneous fluxes with pin form factors obtained
from heterogeneous assembly calculations.

In the JAERI calculations, the diffusion nodal code MOSRA-light was applied for 11 groups.
This code is based on 4th order polynomial nodal expansion method with quadratic transverse leakage
approximation. Heterogeneous flux distribution was obtained by factorizing the reconstructed
homogeneous flux with the form factor given by assembly calculations. JAERI also provided a
continuous Monte Carlo solution using MVP.

IKE used J± code ICM2-D in RSYST3 with 45 energy groups and P1 scattering for 1 mesh per pin
cell. No reconstruction was performed.
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4.2.1 keff calculation

Table 4.52 summarizes the multiplication factors related to the core calculations performed by
each participant and the discrepancy (in ∆k/kk’) to the CEA result. Figure 4.43 presents the
discrepancy to the CEA results. The average keff is 1.0708 with a spread of ± 860 pcm. The core is not
critical because of the boron concentration. The spread is directly linked to the nuclear data set
libraries and to the calculation methods.

Thus, the transport calculations give an average of 1.0733 ± 0.0095 and the diffusion method
leads to an average of 1.0671 ± 0.0057. Results from the diffusion theory provide slightly smaller
effective multiplication factors, but these are less dispersed than those obtained with the transport
theory.

EDF gave the effects of reducing the number of groups in the core calculation when starting from
the same initial library. Decreasing the number of group leads to a decreasing of keff down to -620 pcm
for the 6 group calculation compared to a 172 group calculation. In addition, a 3-D model has been
performed with 16 groups and the 2-D/3-D effect is +320 pcm. TU-Delft has also performed a 3-D
solution which is 590 pcm higher than its 2-D solution.

IPPE has evaluated the diffusion/transport effect, the reduction of group number and the number
of meshes. The diffusion/transport effect is very high for the 69 group calculation (-1430 pcm) but
acceptable (-220 pcm) in the case of the 3 group calculation with a fine mesh model. The group
number reduction leads to an increase of about 540 pcm and the mesh number effect is small in
transport theory (-40 pcm).

4.2.2 Fission chambers activities

The fission chambers activities in the center of each assembly are very interesting because, in
current PWRs, they are the only neutronic information which can be obtained directly in the core. The
activity is used for “reconstructing” the pin-by-pin power in each assembly using a calculated power
map as follows:

( ) ( )P r
A

A
P rconstructed

Measured

Calculated

CalculatedRe = ⋅ ,

where P(r)Reconstructed is the reconstructed power in the assembly at the point r, P(r)Calculated the calculated
power in the assembly at the point r, ACalculated the calculated activity of the fission chamber in the
central instrumentation tube and AMeasured the measured activity of the fission chamber in the central
instrumentation tube.

Only seven calculated fission chamber activities were reported (CEA, IKE, PSI, TU-Delft SN and
diffusion, JAERI MORSA and MVP). These results are given in Tables 4.53 to 4.55 and in Figures
4.44 to 4.46. For the fission chamber in the MOX assembly, except about a 14% discrepancy from
TU-Delft  diffusion and JAERI MVP calculations, the results show good agreement (less than 1%
discrepancy from the CEA result). For the two fission chambers in the UO2 assemblies, the results are
also consistent, but TU-Delft  diffusion and JAERI MORSA calculations report 10% and 5%
discrepancies, respectively.
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4.2.3 Power map

The calculated pin-by-pin power distributions are normalized to 315 (total number of pins
modelled). Figures 4.47 to 4.61 present the total fission rate distributions and the total fission rate
distributions relative to the CEA results. Most transport calculation results show a good agreement
while the diffusion calculations, even with the reconstruction methods, give a larger discrepancy.
Figures 4.62 and 4.63 give the average values (pin-by-pin) of the discrepancies relative to the CEA
results and the standard deviation of these discrepancies respectively. Figures 4.64 to 4.75 show the
contributions of the 3 broad groups to the total fission rates. SCK•CEN and KAERI did not provide
the group-wise fission rate distributions.

In Figure 4.62, the average of pin-by-pin discrepancy of each participant is calculated compared
to CEA results. This figure shows that, in comparison with the CEA results, the average of participants
gives higher values of the power in the central MOX assembly (average of +1.3%, +0.6% and +1.1%
for MOX 8.7%, MOX 7.0% and MOX 4.3% respectively) with a spread of about 3% for each zone.
The power in the UO2 assemblies is slightly lower by -0.1 ± 3.6% compared to the CEA results. This
good result comes from a cancellation between lower values (of about 1.5% in the UO2 row
neighboring the reflector) and higher values (between 0.5% and 1%) in the 4 interior rows. That
indicates different treatments of the reflector in core calculations as pointed out in Figure 4.63 where
the standard deviation in the 3 external UO2 rows is comprised between 4.5% and 16%.

To investigate pin power distribution at the assembly interface, fission rates in diagonal, in the
first column and the second column pins were compared. The CEA results are shown in Figures 4.76
to 4.78. The fission rates at the interface relative to the CEA results are compared in Figures 4.79 to
4.81. The agreement is within a few percent of the transport calculation results, but discrepancies
become larger in all diffusion calculation results, especially near the reflector (inside the core about
10% and near the reflector 15 to 30%).

The fission rate ratios of MOX to UO2 pins at the MOX/UO2 assembly interface are shown in
Figure 4.82. A difference of about 1.5% (+1.3% in the MOX 4.3 row, and -0.2% in the UO2 row) is
observed. This again indicates the global overestimation of the power in the MOX pins. This trend
becomes larger when moving toward the neighbouring UO2 assembly. Although they are within the
experimental uncertainty margin, a slight overestimation of the calculated powers in the MOX pins
has also been reported by a CEA study in which a comparison between the calculation and the
EPICURE experiment results was made [9].
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Chapter 5

CONCLUSIONS

The second phase of the OECD/NEA international benchmark exercise for prediction of power
distribution within MOX-fuelled assemblies has been undertaken. Ten institutions world-wide
contributed, and more than 15 calculation schemes were examined, including the majority of the
methods used for reactor design: collision probability, SN transport (finite differences and nodal),
diffusion (finite differences and nodal), Monte Carlo, power reconstruction methods, etc. In this
benchmark exercise, not only numerical schemes in production code systems but also the global
performance including cross-section data reduction methods were investigated.

For each fuel cell, k∞, critical buckling, migration area and reaction rates per isotope were
reported. The standard deviation in k∞ is ± 500 pcm for MOX cells and ±600 pcm for UO2 cells. This
deviation is due to the different nuclear data libraries and self-shielding methods used. For instance,
240Pu contributes to the total absorption rate in MOX cells at about 15% and 242Pu at about 2%. This
means that a discrepancy of 1% in self-shielded cross-section results in a discrepancy in the
multiplication factor of about 150 pcm and 20 pcm in ∆k, respectively. The spread in critical buckling
is about ± 3% to ± 4%, indicating that different leakage models used can influence the solutions. The
spread in migration area is about ± 1.5% for MOX cells and ± 2.3% for UO2.

With regards to core calculations, keff pin-by-pin fission rates were calculated. A big spread of
±860 pcm from the average value of keff was observed. This is due to cross-section libraries, the
reduction methods applied and the level of sophistication in the methods used (that is, diffusion or
transport, number of energy groups, etc.). As for the pin-by-pin power distributions, most transport
calculation results show a good agreement while the diffusion calculations, even with the
reconstruction methods, give in general a larger discrepancy. Compared with the CEA results chosen
as a reference for convenience, most participants report higher values of power in the central MOX
assembly (average of +1.3%, +0.6% and +1.1% for MOX 8.7%, MOX 7.0% and MOX 4.3%,
respectively) with a spread of about 3% for each zone. The power in the UO2 assemblies is lower by
−0.1 ± 3.6% compared with the CEA values. In core calculations, the discrepancies observed are
partly due to the different methods used and partly due to the differences in basic nuclear data. It is
difficult to estimate the effect of the each contribution on the overall discrepancy. However, according
to the keff and pin power distribution results, the discrepancies caused by the differences in basic
nuclear data and the reduction methods used seem to be more important than those caused by the
different methods used for radiation transport.

In the benchmark, after the obvious outliers have been removed, the spreads in important
parameters such as k∞, and keff are larger than expected. This means that there still remains a need to
improve the methods and basic data. In nuclear design calculations for MOX systems, rigorous
treatment of resonance self-shielding and mutual shielding over the whole energy region (especially
for 240Pu and 242Pu, etc.) and the use of state-of-the-art nuclear libraries are essential, although the data
for higher plutonium isotopes and minor actinides seem to need further improvement. Since plutonium
fuels are sensitive to spectral changes caused by cylindrical approximation, the use of square cell
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geometry rather than cylindrical approximation is recommended in MOX system calculations. The
implications of a possible systematic overestimation of the calculated powers in the MOX fuel region
should be carefully considered in commercial core design with MOX fuel.

The intercomparison of a comprehensive set of solutions has enabled the quantification of the
differences caused by the various schemes used, and the better understanding of some features of the
calculation methodologies. However, because all the calculations presented in this report were
performed in 1996, they do not take into account recent improvements in libraries and computation
methods for MOX fuel calculations. An OECD/NEA benchmark using the VENUS-2 MOX core
measurement data is being undertaken to quantify the relative merits of the different calculation
methods [6].
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Table 3.1. Participating organisations, data libraries and computer codes

Institution Basic library
(number of groups) Cell code Core calculation Comments

CEA
(France)

JEF-2.2 (172 g) APOLLO-2 APOLLO-2 (SN nodal )
S8, 18 g – P1

1 node per cell

No reconstruction
Equivalence
(hetero./
homogeneous)

JEF-2.2 (172 g) APOLLO-2 Test for square cell
No core calculations

EDF
(France)

JEF-2.2 (172 g) APOLLO-2 APOLLO-2 (SN) and
proprietary 3-D SN code

5 solutions
(172, 101, 16,
6 groups in 2-D and
16 groups in 3-D)

IKE
(Germany)

JEF-2.2
ENDF/B-VI
(292 g)

RESMOD
(SCALE)

ICM2D code (J±) in
RSYST3 system: 45 g
P1 scattering
1 mesh per cell

No reconstruction

NRG
(Netherlands)

JEF-2.2 (172 g) WIMS7A TWOTRAN
(SN transport): 6 g

No reconstruction

TU Delft
(Netherlands)

JEF-2.2 (172 g) SCALE4.2 DORT: 56 g
PROMETEUS 2-D: 56 g
KENOVa: 172g

No reconstruction

PSI
(Switzerland)

JEF-1 (70 g) BOXER SILWER (3-D diffusion
nodal): 2 g
1 mesh per cell – P1

Reconstruction

KAERI
(Korea)

ENDF/B-VI (89 g) HELIOS MASTER (Diffusion
nodal):
2 g
1 node per assembly

Reconstruction

IPPE
(Russia)

FOND-2.2 (69 g) WIMSD4 TWODANT
(SN transport): S4, 69 and
3 g

6 solutions in
diffusion or
transport with
different mesh sizes
and energy groups.

Buckling height
used was 95 cm
instead of 80 cm

SCK•CEN
(Belgium)

MOL-BR2-40GR
(40 g)

MULCOS DORT (SN transport): 40 g
S8, P0 transport corrected
4 meshes per cell
NRMPO (Diffusion nodal):
40 g

JENDL-3.2 and for
242Pu JENDL-3.1
(107 g)

SRAC95 MOSRA-light (Diffusion
nodal): 11 g
2 × 2 node per assembly

ReconstructionJAERI
(Japan)

JENDL-3.2
(continuous energy)

MVP MVP
(Monte Carlo method)
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Table 4.1. MOX 4.3% cell calculations

Participant k∞ B2 (cm-2) M2 (cm2) Comment

CEA-square 1.14356 3.007E-03 47.73
CEA-cylinder 1.13710 2.880E-03 47.59
EDF 1.13723 2.883E-03 47.60
IKE 1.13000 2.724E-03 48.48 1.132 if (n,2n) included
NRG 1.13196 2.738E-03 48.20
TU-Delft 1.13290 2.799E-03 47.46 critical bucking search
PSI 1.13900 2.984E-03 46.59
KAERI 1.12853 2.693E-03 47.73
IPPE 1.13299 2.887E-03 46.07
SCK•CEN 1.18046 4.220E-03 42.76
JAERI-MOSRA 1.14152 2.981E-03 47.47
JAERI-MVP 1.13990 0.05% MC error

Table 4.2. MOX 7.0% cell calculations

Participant k∞ B2 (cm-2) M2 (cm2) Comment

CEA-square 1.16846 3.619E-03 46.53
CEA-cylinder 1.16188 3.488E-03 46.41
EDF 1.16170 3.484E-03 46.41
IKE 1.15500 3.317E-03 47.39 1.157 if (n,2n) included
NRG 1.15749 3.340E-03 47.15
TU-Delft 1.15940 3.457E-03 46.20 critical bucking search
PSI 1.16510 3.639E-03 45.38
KAERI 1.15421 3.335E-03 46.24
IPPE 1.15931 3.545E-03 44.94
SCK•CEN 1.20245 4.850E-03 41.74
JAERI-MOSRA 1.16879 3.642E-03 46.35
JAERI-MVP 1.16470 0.06% MC error

Table 4.3. MOX 8.7% cell calculations

Participant k∞ B2 (cm-2) M2 (cm2) Comment

CEA-square 1.18364 4.002E-03 45.87
CEA-cylinder 1.17558 3.839E-03 45.73
EDF 1.17524 3.832E-03 45.73
IKE 1.16900 3.659E-03 46.77 1.171 if (n,2n) included
NRG 1.17185 3.692E-03 46.54
TU-Delft 1.17430 3.838E-03 45.38 critical bucking search
PSI 1.17920 4.009E-03 44.69
KAERI 1.16908 3.724E-03 45.40
IPPE 1.17411 3.931E-03 44.29
SCK•CEN 1.21441 5.180E-03 41.39
JAERI-MOSRA 1.18373 4.021E-03 45.70
JAERI-MVP 1.17860 0.04% MC error



Table 4.14. 235U reaction rates in MOX 4.3%

Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 7.612E-04 5.437E-03 1.181E-02 1.801E-02 6.437E-04 3.482E-03 1.000E-02 1.413E-02 1.638E-03 8.473E-03 2.439E-02 3.450E-02
CEA-cylinder 7.596E-04 5.452E-03 1.161E-02 1.783E-02 6.425E-04 3.491E-03 9.833E-03 1.397E-02 1.636E-03 8.494E-03 2.397E-02 3.410E-02
EDF 7.600E-04 5.450E-03 1.160E-02 1.780E-02 6.430E-04 3.490E-03 9.840E-03 1.400E-02 1.640E-03 8.490E-03 2.400E-02 3.410E-02
IKE 7.534E-04 5.480E-03 1.160E-02 1.783E-02 6.365E-04 3.531E-03 9.820E-03 1.399E-02 1.619E-03 8.593E-03 2.394E-02 3.416E-02
NRG 7.572E-04 5.408E-03 1.169E-02 1.785E-02 6.410E-04 3.464E-03 9.897E-03 1.400E-02
TU-Delft 7.495E-04 5.434E-03 1.168E-02 1.787E-02 6.333E-04 3.481E-03 9.891E-03 1.401E-02 1.611E-03 8.471E-03 2.412E-02 3.420E-02
PSI 7.629E-04 5.660E-03 1.169E-02 1.811E-02 6.383E-04 3.582E-03 9.887E-03 1.411E-02 1.626E-03 8.729E-03 2.409E-02 3.445E-02
KAERI 7.719E-04 5.915E-03 1.160E-02 1.829E-02 6.551E-04 3.631E-03 9.827E-03 1.411E-02
IPPE 7.517E-04 5.512E-03 1.164E-02 1.790E-02 6.366E-04 3.481E-03 9.874E-03 1.399E-02 1.616E-03 8.466E-03 2.401E-02 3.410E-02
SCK•CEN 8.157E-04 6.244E-03 1.277E-02 1.983E-02 6.832E-04 3.454E-03 1.072E-02 1.486E-02
JAERI-MORSA 7.381E-04 5.400E-03 1.200E-02 1.814E-02 6.219E-04 3.466E-03 1.018E-02 1.427E-02 1.584E-03 8.376E-03 2.481E-02 3.477E-02
JAERI-MVP 7.328E-04 5.418E-03 1.182E-02 1.797E-02 6.198E-04 3.477E-03 1.003E-02 1.412E-02 1.579E-03 8.400E-03 2.444E-02 3.443E-02

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 0.998 1.003 0.983 0.990 0.998 1.002 0.983 0.988 0.998 1.002 0.983 0.988
EDF 0.998 1.002 0.982 0.988 0.999 1.002 0.984 0.991 1.001 1.002 0.984 0.988
IKE 0.990 1.008 0.982 0.990 0.989 1.014 0.982 0.990 0.988 1.014 0.982 0.990
NRG 0.995 0.995 0.989 0.991 0.996 0.995 0.989 0.991
TU-Delft 0.985 0.999 0.989 0.992 0.984 1.000 0.989 0.991 0.983 1.000 0.989 0.991
PSI 1.002 1.041 0.989 1.005 0.992 1.029 0.988 0.999 0.992 1.030 0.988 0.998
KAERI 1.014 1.088 0.982 1.015 1.018 1.043 0.982 0.999
IPPE 0.988 1.014 0.985 0.994 0.989 1.000 0.987 0.990 0.987 0.999 0.984 0.988
SCK•CEN 1.072 1.148 1.081 1.101 1.061 0.992 1.072 1.052
JAERI-MORSA 0.970 0.993 1.015 1.007 0.966 0.995 1.018 1.010 0.967 0.989 1.017 1.008
JAERI-MVP 0.963 0.997 1.000 0.998 0.963 0.998 1.002 1.000 0.964 0.991 1.002 0.998
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Table 4.15. 238U reaction rates in MOX 4.3%
Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 6.406E-02 1.618E-01 2.691E-02 2.528E-01 3.266E-02 1.192E-05 1.110E-07 3.267E-02 9.119E-02 2.968E-05 2.762E-07 9.122E-02
CEA-cylinder 6.411E-02 1.647E-01 2.653E-02 2.553E-01 3.276E-02 1.199E-05 1.093E-07 3.278E-02 9.150E-02 2.985E-05 2.722E-07 9.153E-02
EDF 6.410E-02 1.650E-01 2.650E-02 2.550E-01 3.280E-02 1.200E-05 1.090E-07 3.280E-02 9.150E-02 2.990E-05 2.720E-07 9.150E-02
IKE 6.311E-02 1.666E-01 2.642E-02 2.561E-01 3.188E-02 1.223E-05 1.091E-07 3.189E-02 8.900E-02 3.044E-05 2.716E-07 8.903E-02
NRG 6.226E-02 1.667E-01 2.671E-02 2.556E-01 3.166E-02 1.213E-05 1.101E-07 3.167E-02
TU-Delft 6.275E-02 1.653E-01 2.668E-02 2.548E-01 3.173E-02 1.167E-05 1.100E-07 3.174E-02 8.849E-02 2.906E-05 2.739E-07 8.851E-02
PSI 6.155E-02 1.679E-01 2.645E-02 2.559E-01 3.239E-02 8.425E-06 2.991E-08 3.240E-02 9.118E-02 1.954E-05 6.937E-08 9.120E-02
KAERI 6.346E-02 1.679E-01 2.615E-02 2.575E-01 3.274E-02 9.994E-08 3.274E-02
IPPE 6.178E-02 1.649E-01 2.667E-02 2.533E-01 3.126E-02 3.126E-02 8.818E-02 8.818E-02
SCK•CEN 6.976E-02 1.372E-01 2.991E-02 2.350E-01 3.049E-02 3.049E-02
JAERI-MORSA 6.115E-02 1.621E-01 2.719E-02 2.504E-01 3.112E-02 1.203E-05 1.124E-07 3.113E-02 8.663E-02 2.993E-05 2.798E-07 8.666E-02
JAERI-MVP 5.959E-02 1.613E-01 2.691E-02 2.478E-01 3.081E-02 1.163E-05 1.111E-07 3.082E-02 8.592E-02 2.897E-05 2.766E-07 8.595E-02

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 1.001 1.018 0.986 1.010 1.003 1.006 0.985 1.003 1.003 1.006 0.985 1.003
EDF 1.001 1.020 0.985 1.009 1.004 1.007 0.982 1.004 1.003 1.008 0.985 1.003
IKE 0.985 1.030 0.982 1.013 0.976 1.026 0.983 0.976 0.976 1.026 0.983 0.976
NRG 0.972 1.030 0.993 1.011 0.969 1.018 0.992 0.969
TU-Delft 0.980 1.022 0.992 1.008 0.971 0.979 0.992 0.971 0.970 0.979 0.991 0.970
PSI 0.961 1.038 0.983 1.012 0.992 0.707 0.270 0.992 1.000 0.658 0.251 1.000
KAERI 0.991 1.038 0.972 1.019 1.002 0.901 1.002
IPPE 0.964 1.019 0.991 1.002 0.957 0.957 0.967 0.967
SCK•CEN 1.089 0.848 1.111 0.930 0.934 0.933
JAERI-MORSA 0.955 1.002 1.010 0.991 0.953 1.009 1.013 0.953 0.950 1.009 1.013 0.950
JAERI-MVP 0.930 0.997 1.000 0.980 0.943 0.976 1.002 0.943 0.942 0.976 1.002 0.942
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Table 4.16. 238Pu reaction rates in MOX 4.3%
Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 2.390E-04 6.490E-04 2.555E-03 3.443E-03 2.053E-04 1.204E-04 8.190E-05 4.076E-04 6.447E-04 3.486E-04 2.371E-04 1.230E-03
CEA-cylinder 2.386E-04 6.504E-04 2.506E-03 3.395E-03 2.051E-04 1.206E-04 8.037E-05 4.060E-04 6.442E-04 3.491E-04 2.327E-04 1.226E-03
EDF 2.390E-04 6.560E-04 2.510E-03 3.400E-03 2.050E-04 1.210E-04 8.040E-05 4.070E-04 6.440E-04 3.510E-04 2.330E-04 1.230E-03
IKE 2.355E-04 6.664E-04 2.513E-03 3.415E-03 2.020E-04 1.217E-04 8.056E-05 4.043E-04 6.341E-04 3.524E-04 2.332E-04 1.220E-03
NRG 2.364E-04 6.556E-04 2.535E-03 3.427E-03 2.028E-04 1.211E-04 8.125E-05 4.052E-04
TU-Delft 2.344E-04 6.504E-04 2.533E-03 3.418E-03 2.011E-04 1.205E-04 8.120E-05 4.028E-04 2.351E-04 3.489E-04 6.310E-04 1.215E-03
PSI 2.335E-04 6.675E-04 2.536E-03 3.437E-03 2.000E-04 1.224E-04 8.120E-05 4.035E-04 2.351E-04 3.543E-04 6.279E-04 1.217E-03
KAERI 2.590E-04 7.218E-04 2.540E-03 3.521E-03 2.088E-04 1.159E-04 7.531E-05 4.001E-04
IPPE 2.350E-04 7.164E-04 2.489E-03 3.441E-03 2.006E-04 1.526E-04 7.800E-05 4.312E-04 6.240E-04 4.403E-04 2.250E-04 1.289E-03
SCK•CEN
JAERI-MORSA 2.380E-04 6.567E-04 2.555E-03 3.449E-03 1.982E-04 1.199E-04 8.203E-05 4.002E-04 6.214E-04 3.470E-04 2.374E-04 1.206E-03
JAERI-MVP 2.368E-04 7.159E-04 2.520E-03 3.472E-03 1.974E-04 1.234E-04 8.092E-05 4.017E-04 6.191E-04 3.574E-04 2.341E-04 1.211E-03

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 0.999 1.002 0.981 0.986 0.999 1.002 0.981 0.996 0.999 1.002 0.981 0.996
EDF 1.000 1.011 0.982 0.987 0.999 1.005 0.982 0.999 0.999 1.007 0.983 1.000
IKE 0.985 1.027 0.983 0.992 0.984 1.011 0.984 0.992 0.984 1.011 0.984 0.991
NRG 0.989 1.010 0.992 0.995 0.988 1.006 0.992 0.994
TU-Delft 0.981 1.002 0.991 0.992 0.979 1.001 0.991 0.988 0.365 1.001 2.661 0.987
PSI 0.977 1.028 0.992 0.998 0.974 1.017 0.991 0.990 0.365 1.016 2.648 0.989
KAERI 1.084 1.112 0.994 1.022 1.017 0.963 0.920 0.982
IPPE 0.983 1.104 0.974 0.999 0.977 1.267 0.952 1.058 0.968 1.263 0.949 1.048
SCK•CEN
JAERI-MORSA 0.996 1.012 1.000 1.002 0.965 0.996 1.001 0.982 0.964 0.995 1.001 0.980
JAERI-MVP 0.991 1.103 0.986 1.008 0.962 1.025 0.988 0.986 0.960 1.025 0.987 0.984

47



Table 4.17. 239Pu reaction rates in MOX 4.3%
Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 1.004E-02 6.812E-02 3.608E-01 4.390E-01 8.910E-03 3.891E-02 2.400E-01 2.878E-01 2.724E-02 1.116E-01 6.888E-01 8.276E-01
CEA-cylinder 1.003E-02 6.852E-02 3.585E-01 4.370E-01 8.895E-03 3.912E-02 2.382E-01 2.862E-01 2.720E-02 1.122E-01 6.835E-01 8.229E-01
EDF 1.000E-02 6.850E-02 3.590E-01 4.370E-01 8.900E-03 3.910E-02 2.380E-01 2.860E-01 2.720E-02 1.120E-01 6.840E-01 8.230E-01
IKE 1.002E-02 6.847E-02 3.576E-01 4.361E-01 8.884E-03 3.919E-02 2.376E-01 2.857E-01 2.714E-02 1.124E-01 6.819E-01 8.214E-01
NRG 1.011E-02 6.717E-02 3.591E-01 4.363E-01 8.938E-03 3.839E-02 2.387E-01 2.860E-01
TU-Delft 9.975E-03 6.727E-02 3.590E-01 4.363E-01 8.843E-03 3.857E-02 2.386E-01 2.860E-01 2.700E-02 1.106E-01 6.848E-01 8.224E-01
PSI 1.003E-02 7.057E-02 3.569E-01 4.375E-01 8.918E-03 4.011E-02 2.389E-01 2.879E-01 2.714E-02 1.135E-01 6.859E-01 8.266E-01
KAERI 1.004E-02 7.052E-02 3.615E-01 4.421E-01 9.018E-03 4.114E-02 2.399E-01 2.900E-01
IPPE 9.875E-03 6.706E-02 3.589E-01 4.358E-01 8.791E-03 3.906E-02 2.375E-01 2.853E-01 2.688E-02 1.124E-01 6.825E-01 8.218E-01
SCK•CEN 9.811E-03 6.351E-02 3.770E-01 4.670E-01 8.768E-03 3.647E-02 2.537E-01 3.070E-01
JAERI-MORSA 9.643E-03 6.759E-02 3.636E-01 4.409E-01 8.577E-03 3.936E-02 2.420E-01 2.899E-01 2.625E-02 1.132E-01 6.957E-01 8.351E-01
JAERI-MVP 9.597E-03 6.789E-02 3.648E-01 4.424E-01 8.546E-03 3.948E-02 2.423E-01 2.904E-01 2.616E-02 1.136E-01 6.964E-01 8.363E-01

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 0.998 1.006 0.994 0.996 0.998 1.005 0.992 0.994 0.999 1.005 0.992 0.994
EDF 0.996 1.006 0.995 0.996 0.999 1.005 0.992 0.994 0.998 1.004 0.993 0.994
IKE 0.998 1.005 0.991 0.994 0.997 1.007 0.990 0.993 0.996 1.008 0.990 0.992
NRG 1.007 0.986 0.995 0.994 1.003 0.987 0.995 0.994
TU-Delft 0.993 0.988 0.995 0.994 0.992 0.991 0.994 0.994 0.991 0.991 0.994 0.994
PSI 0.999 1.036 0.989 0.997 1.001 1.031 0.995 1.000 0.996 1.017 0.996 0.999
KAERI 0.999 1.035 1.002 1.007 1.012 1.057 0.999 1.008
IPPE 0.983 0.984 0.995 0.993 0.987 1.004 0.989 0.991 0.987 1.007 0.991 0.993
SCK•CEN 0.977 0.932 1.045 1.064 0.984 0.937 1.057 1.067
JAERI-MORSA 0.960 0.992 1.008 1.004 0.963 1.011 1.008 1.007 0.963 1.015 1.010 1.009
JAERI-MVP 0.955 0.997 1.011 1.008 0.959 1.015 1.010 1.009 0.960 1.018 1.011 1.010
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Table 4.18. 240Pu reaction rates in MOX 4.3%
Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 2.424E-03 1.084E-02 1.200E-01 1.333E-01 1.850E-03 1.779E-04 2.428E-05 2.052E-03 5.741E-03 4.953E-04 6.760E-05 6.304E-03
CEA-cylinder 2.422E-03 1.094E-02 1.217E-01 1.351E-01 1.850E-03 1.787E-04 2.460E-05 2.054E-03 5.743E-03 4.975E-04 6.848E-05 6.309E-03
EDF 2.420E-03 1.090E-02 1.220E-01 1.350E-01 1.850E-03 1.790E-04 2.460E-05 2.050E-03 5.740E-03 4.980E-04 6.850E-05 6.310E-03
IKE 2.386E-03 1.093E-02 1.230E-01 1.363E-01 1.816E-03 1.784E-04 2.484E-05 2.019E-03 5.633E-03 4.966E-04 6.916E-05 6.199E-03
NRG 2.399E-03 1.054E-02 1.213E-01 1.342E-01 1.821E-03 1.819E-04 2.451E-05 2.027E-03
TU-Delft 2.375E-03 1.047E-02 1.223E-01 1.351E-01 1.808E-03 1.751E-04 2.470E-05 2.008E-03 5.605E-03 4.875E-04 6.877E-05 6.161E-03
PSI 2.357E-03 1.062E-02 1.192E-01 1.322E-01 1.788E-03 1.767E-04 2.411E-05 1.988E-03 5.551E-03 4.921E-04 6.712E-05 6.110E-03
KAERI 2.430E-03 1.110E-02 1.289E-01 1.424E-01 1.884E-03 8.177E-05 2.601E-05 1.992E-03
IPPE 2.331E-03 9.465E-03 1.244E-01 1.362E-01 1.749E-03 7.351E-05 2.508E-05 1.848E-03 5.610E-03 2.137E-04 7.290E-05 5.896E-03
SCK•CEN 2.025E-03 7.394E-03 1.289E-01 1.382E-01 1.582E-03 1.396E-04 2.417E-05 1.745E-03
JAERI-MORSA 2.331E-03 1.035E-02 1.227E-01 1.354E-01 1.751E-03 7.576E-05 2.324E-05 1.850E-03 5.427E-03 2.109E-04 6.468E-05 5.702E-03
JAERI-MVP 2.314E-03 1.033E-02 1.252E-01 1.378E-01 1.738E-03 7.364E-05 2.369E-05 1.836E-03 5.394E-03 2.050E-04 6.596E-05 5.664E-03

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 1.000 1.009 1.014 1.014 1.000 1.004 1.013 1.001 1.000 1.004 1.013 1.001
EDF 0.999 1.006 1.017 1.013 1.000 1.006 1.013 0.999 1.000 1.005 1.013 1.001
IKE 0.985 1.008 1.025 1.023 0.982 1.003 1.023 0.984 0.981 1.003 1.023 0.983
NRG 0.990 0.972 1.010 1.007 0.984 1.022 1.009 0.988
TU-Delft 0.980 0.966 1.019 1.014 0.977 0.984 1.017 0.978 0.976 0.984 1.017 0.977
PSI 0.973 0.980 0.993 0.992 0.966 0.993 0.993 0.969 0.967 0.994 0.993 0.969
KAERI 1.003 1.024 1.074 1.068 1.018 0.460 1.071 0.970
IPPE 0.962 0.873 1.036 1.022 0.945 0.413 1.033 0.900 0.977 0.431 1.078 0.935
SCK•CEN 0.836 0.682 1.074 1.037 0.855 0.785 0.995 0.850
JAERI-MORSA 0.962 0.955 1.022 1.016 0.947 0.426 0.957 0.901 0.945 0.426 0.957 0.905
JAERI-MVP 0.955 0.953 1.043 1.034 0.940 0.414 0.976 0.895 0.940 0.414 0.976 0.899
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Table 4.19. 241Pu reaction rates in MOX 4.3%
Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 1.987E-03 2.114E-02 5.786E-02 8.099E-02 1.681E-03 1.612E-02 4.327E-02 6.108E-02 5.170E-03 4.728E-02 1.269E-01 1.793E-01
CEA-cylinder 1.982E-03 2.121E-02 5.707E-02 8.026E-02 1.678E-03 1.618E-02 4.267E-02 6.052E-02 5.160E-03 4.743E-02 1.251E-01 1.777E-01
EDF 1.980E-03 2.120E-02 5.710E-02 8.030E-02 1.680E-03 1.620E-02 4.270E-02 6.050E-02 5.160E-03 4.740E-02 1.250E-01 1.780E-01
IKE 1.965E-03 2.098E-02 5.687E-02 7.981E-02 1.662E-03 1.597E-02 4.253E-02 6.016E-02 5.109E-03 4.682E-02 1.247E-01 1.767E-01
NRG 1.965E-03 2.150E-02 5.707E-02 8.054E-02 1.669E-03 1.632E-02 4.269E-02 6.068E-02
TU-Delft 1.955E-03 2.107E-02 5.721E-02 8.023E-02 1.654E-03 1.608E-02 4.278E-02 6.051E-02 5.083E-03 4.716E-02 1.254E-01 1.777E-01
PSI 1.899E-03 2.152E-02 5.736E-02 8.078E-02 1.669E-03 1.603E-02 4.288E-02 6.058E-02 5.128E-03 4.701E-02 1.257E-01 1.779E-01
KAERI 1.864E-03 2.244E-02 5.665E-02 8.095E-02 1.694E-03 1.724E-02 4.231E-02 6.124E-02
IPPE 1.808E-03 2.197E-02 5.712E-02 8.090E-02 1.642E-03 1.681E-02 4.269E-02 6.114E-02 5.015E-03 4.951E-02 1.257E-01 1.803E-01
SCK•CEN 1.968E-03 1.926E-02 6.468E-02 8.592E-02 1.721E-03 1.505E-02 4.504E-02 6.181E-02
JAERI-MORSA 1.853E-03 2.074E-02 5.746E-02 8.007E-02 1.636E-03 1.548E-02 4.279E-02 5.989E-02 5.036E-03 4.538E-02 1.255E-01 1.758E-01
JAERI-MVP 1.840E-03 2.086E-02 5.700E-02 7.971E-02 1.632E-03 1.557E-02 4.245E-02 5.963E-02 5.024E-03 4.564E-02 1.244E-01 1.751E-01

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 0.998 1.003 0.986 0.991 0.998 1.003 0.986 0.991 0.998 1.003 0.986 0.991
EDF 0.997 1.003 0.987 0.991 0.999 1.005 0.987 0.991 0.998 1.003 0.985 0.993
IKE 0.989 0.992 0.983 0.985 0.989 0.990 0.983 0.985 0.988 0.990 0.983 0.985
NRG 0.989 1.017 0.986 0.994 0.993 1.012 0.987 0.994
TU-Delft 0.984 0.997 0.989 0.991 0.984 0.998 0.989 0.991 0.983 0.998 0.988 0.991
PSI 0.956 1.018 0.991 0.997 0.993 0.994 0.991 0.992 0.992 0.994 0.991 0.992
KAERI 0.938 1.061 0.979 1.000 1.008 1.069 0.978 1.003
IPPE 0.910 1.039 0.987 0.999 0.977 1.043 0.987 1.001 0.970 1.047 0.991 1.005
SCK•CEN 0.991 0.911 1.118 1.061 1.024 0.933 1.041 1.012
JAERI-MORSA 0.933 0.981 0.993 0.989 0.973 0.960 0.989 0.981 0.974 0.960 0.989 0.981
JAERI-MVP 0.926 0.987 0.985 0.984 0.971 0.966 0.981 0.976 0.972 0.965 0.981 0.976
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Table 4.20. 242Pu reaction rates in MOX 4.3%
Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 4.490E-04 1.108E-03 1.187E-02 1.343E-02 3.338E-04 4.692E-06 7.985E-06 3.465E-04 1.042E-03 1.318E-05 2.242E-05 1.079E-03
CEA-cylinder 4.489E-04 1.112E-03 1.200E-02 1.356E-02 3.339E-04 4.703E-06 8.073E-06 3.467E-04 1.043E-03 1.321E-05 2.267E-05 1.079E-03
EDF 4.490E-04 1.110E-03 1.200E-02 1.360E-02 3.340E-04 4.700E-06 8.070E-06 3.470E-04 1.040E-03 1.320E-05 2.270E-05 1.076E-03
IKE 4.422E-04 1.132E-03 1.181E-02 1.339E-02 3.275E-04 4.699E-06 7.946E-06 3.402E-04 1.022E-03 1.320E-05 2.231E-05 1.058E-03
NRG 4.417E-04 1.210E-03 1.246E-02 1.411E-02 3.282E-04 4.905E-06 8.377E-06 3.415E-04
TU-Delft 3.720E-04 1.014E-03 1.057E-02 1.196E-02 2.784E-04 1.323E-06 2.797E-04
PSI 4.347E-04 1.132E-03 1.143E-02 1.300E-02 3.219E-04 4.732E-06 7.692E-06 3.343E-04 1.006E-03 1.329E-05 2.160E-05 1.041E-03
KAERI 4.464E-04 1.091E-03 1.226E-02 1.380E-02 3.392E-04 4.564E-06 2.279E-08 3.438E-04
IPPE 4.214E-04 1.149E-03 1.198E-02 1.355E-02 3.154E-04 1.499E-06 3.169E-04 9.899E-04 4.132E-06 9.941E-04
SCK•CEN 4.679E-04 1.004E-03 9.488E-03 1.094E-02 3.178E-04 8.020E-07 3.186E-04
JAERI-MORSA 4.298E-04 1.102E-03 1.157E-02 1.310E-02 3.152E-04 3.408E-06 9.487E-07 3.195E-04 9.826E-04 9.573E-06 2.668E-06 9.948E-04
JAERI-MVP 4.256E-04 1.110E-03 1.161E-02 1.315E-02 3.126E-04 3.382E-06 9.519E-07 3.169E-04 1.012E-03 9.672E-06 2.722E-06 1.025E-03

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 1.000 1.004 1.011 1.010 1.000 1.002 1.011 1.001 1.001 1.002 1.011 1.000
EDF 1.000 1.002 1.011 1.013 1.001 1.002 1.011 1.002 0.998 1.002 1.012 0.997
IKE 0.985 1.022 0.995 0.997 0.981 1.002 0.995 0.982 0.981 1.001 0.995 0.981
NRG 0.984 1.093 1.049 1.051 0.983 1.045 1.049 0.986
TU-Delft 0.828 0.915 0.891 0.891 0.834 0.166 0.807
PSI 0.968 1.022 0.963 0.968 0.964 1.008 0.963 0.965 0.965 1.009 0.963 0.965
KAERI 0.994 0.985 1.033 1.027 1.016 0.973 0.003 0.992
IPPE 0.939 1.037 1.009 1.009 0.945 0.188 0.915 0.950 0.184 0.921
SCK•CEN 1.042 0.906 0.799 0.815 0.952 0.171 0.919
JAERI-MORSA 0.957 0.994 0.974 0.976 0.944 0.726 0.119 0.922 0.943 0.726 0.119 0.922
JAERI-MVP 0.948 1.002 0.978 0.979 0.937 0.721 0.119 0.915 0.971 0.734 0.121 0.950
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Table 4.21. 241Am reaction rates in MOX 4.3%
Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 2.042E-04 1.476E-03 8.129E-03 9.810E-03 9.069E-05 1.096E-05 5.171E-05 1.534E-04 3.371E-04 3.649E-05 1.722E-04 5.458E-04
CEA-cylinder 2.040E-04 1.480E-03 8.104E-03 9.787E-03 9.080E-05 1.098E-05 5.165E-05 1.534E-04 3.376E-04 3.656E-05 1.720E-04 5.462E-04
EDF 2.040E-04 1.480E-03 8.090E-03 9.780E-03 9.080E-05 1.100E-05 5.160E-05 1.530E-04 3.380E-04 3.670E-05 1.720E-04 5.460E-04
IKE 2.018E-04 1.510E-03 7.970E-03 9.682E-03 8.885E-05 1.102E-05 5.093E-05 1.508E-04 3.302E-04 3.669E-05 1.696E-04 5.365E-04
NRG 2.023E-04 1.478E-03 8.074E-03 9.754E-03 8.890E-05 1.095E-05 5.136E-05 1.512E-04
TU-Delft 2.008E-04 1.483E-03 8.122E-03 9.806E-03 8.852E-05 1.101E-05 5.177E-05 1.513E-04 3.288E-04 3.665E-05 1.724E-04 5.379E-04
PSI 2.004E-04 1.448E-03 7.744E-03 9.392E-03 8.690E-05 1.078E-05 4.901E-05 1.467E-04 3.235E-04 3.591E-05 1.632E-04 5.226E-04
KAERI 2.096E-04 1.553E-03 7.838E-03 9.601E-03 9.684E-05 1.209E-05 4.234E-05 1.513E-04
IPPE 1.847E-04 1.561E-03 7.704E-03 9.449E-03 9.024E-05 1.028E-05 3.878E-05 1.393E-04 3.235E-04 3.315E-05 1.250E-04 4.816E-04
SCK•CEN 1.394E-04 1.910E-03 8.732E-03 1.078E-02 8.658E-05 4.279E-05 5.356E-05 1.829E-04
JAERI-MORSA 1.806E-04 1.518E-03 7.273E-03 8.972E-03 8.862E-05 1.007E-05 3.888E-05 1.376E-04 3.175E-04 3.244E-05 1.253E-04 4.753E-04
JAERI-MVP 1.796E-04 1.526E-03 7.479E-03 9.184E-03 8.773E-05 1.012E-05 4.017E-05 1.380E-04 3.146E-04 3.260E-05 1.294E-04 4.767E-04

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 0.999 1.002 0.997 0.998 1.001 1.002 0.999 1.000 1.001 1.002 0.999 1.001
EDF 0.999 1.002 0.995 0.997 1.001 1.004 0.998 0.998 1.003 1.006 0.999 1.000
IKE 0.988 1.023 0.980 0.987 0.980 1.005 0.985 0.983 0.979 1.005 0.985 0.983
NRG 0.990 1.001 0.993 0.994 0.980 1.000 0.993 0.986
TU-Delft 0.983 1.004 0.999 1.000 0.976 1.004 1.001 0.986 0.975 1.004 1.001 0.985
PSI 0.981 0.981 0.953 0.957 0.958 0.984 0.948 0.957 0.960 0.984 0.948 0.957
KAERI 1.026 1.052 0.964 0.979 1.068 1.103 0.819 0.986
IPPE 0.905 1.057 0.948 0.963 0.995 0.938 0.750 0.908 0.960 0.908 0.726 0.882
SCK•CEN 0.683 1.294 1.074 1.099 0.955 3.905 1.036 1.193
JAERI-MORSA 0.884 1.028 0.895 0.915 0.977 0.919 0.752 0.897 0.942 0.889 0.728 0.871
JAERI-MVP 0.879 1.033 0.920 0.936 0.967 0.923 0.777 0.900 0.933 0.893 0.752 0.873
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Table 4.22. O (in fuel) reaction rates in MOX 4.3%

Calculated reaction rates
Absorption

Participant g=1 g=2 g=3 Total

CEA-square 2.661E-03 4.889E-07 3.591E-06 2.666E-03
CEA-cylinder 2.678E-03 4.901E-07 3.536E-06 2.682E-03
EDF 2.680E-03 4.900E-07 3.540E-06 2.680E-03
IKE 2.622E-03 4.936E-07 3.534E-06 2.626E-03
NRG 2.465E-03 4.878E-07 3.564E-06 2.469E-03
TU-Delft 2.541E-03 4.898E-07 3.561E-06 2.545E-03
PSI 2.052E-03 4.571E-07 3.318E-06 2.056E-03
KAERI 2.609E-03 5.161E-07 3.538E-06 2.613E-03
IPPE 2.468E-03 5.170E-07 3.579E-06 2.472E-03
SCK•CEN 1.221E-03 3.408E-06 1.222E-03
JAERI-MORSA 1.531E-03 9.076E-07 3.637E-06 1.535E-03
JAERI-MVP 1.592E-03 9.074E-07 3.608E-06 1.596E-03

Reaction rates relative to the CEA square cell calculation
Absorption

Participant g=1 g=2 g=3 Total

CEA-cylinder 1.006 1.003 0.985 1.006
EDF 1.007 1.002 0.986 1.005
IKE 0.985 1.010 0.984 0.985
NRG 0.926 0.998 0.992 0.926
TU-Delft 0.955 1.002 0.992 0.955
PSI 0.771 0.935 0.924 0.771
KAERI 0.980 1.056 0.985 0.980
IPPE 0.927 1.058 0.997 0.927
SCK•CEN 0.459 0.949 0.458
JAERI-MORSA 0.575 1.857 1.013 0.576
JAERI-MVP 0.598 1.856 1.005 0.599
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Table 4.23. H2O (moderator) reaction rates in MOX 4.3%

Calculated reaction rates
Absorption

Participant g=1 g=2 g=3 Total

CEA-square 2.393E-03 1.694E-03 1.632E-02 2.041E-02
CEA-cylinder 2.379E-03 1.686E-03 1.553E-02 1.960E-02
EDF 2.380E-03 1.690E-03 1.550E-02 1.960E-02
IKE 2.343E-03 1.697E-03 1.550E-02 1.954E-02
NRG 2.199E-03 1.688E-03 1.577E-02 1.966E-02
TU-Delft 2.260E-03 1.686E-03 1.558E-02 1.952E-02
PSI 1.851E-03 1.681E-03 1.553E-02 1.906E-02
KAERI 2.371E-03 1.737E-03 1.528E-02 1.939E-02
IPPE 2.286E-03 1.712E-03 1.568E-02 1.967E-02
SCK•CEN 1.085E-03 1.742E-03 1.696E-02 1.978E-02
JAERI-MORSA 1.372E-03 1.706E-03 1.670E-02 1.978E-02
JAERI-MVP 1.436E-03 1.710E-03 1.638E-02 1.953E-02

Reaction rates relative to the CEA square cell calculation
Absorption

Participant g=1 g=2 g=3 Total

CEA-cylinder 0.994 0.995 0.952 0.960
EDF 0.995 0.998 0.950 0.960
IKE 0.979 1.002 0.949 0.957
NRG 0.919 0.996 0.966 0.963
TU-Delft 0.944 0.995 0.954 0.957
PSI 0.774 0.992 0.952 0.934
KAERI 0.991 1.025 0.936 0.950
IPPE 0.956 1.011 0.960 0.964
SCK•CEN 0.454 1.028 1.039 0.969
JAERI-MORSA 0.573 1.007 1.023 0.969
JAERI-MVP 0.600 1.009 1.004 0.957
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Table 4.24. Boron (moderator) reaction rates in MOX 4.3%

Calculated reaction rates
Absorption

Participant g=1 g=2 g=3 Total

CEA-square 8.199E-05 1.605E-03 1.550E-02 1.719E-02
CEA-cylinder 8.185E-05 1.597E-03 1.475E-02 1.643E-02
EDF 8.190E-05 1.600E-03 1.470E-02 1.640E-02
IKE 8.157E-05 1.607E-03 1.472E-02 1.641E-02
NRG 8.169E-05 1.598E-03 1.497E-02 1.665E-02
TU-Delft 8.113E-05 1.597E-03 1.479E-02 1.647E-02
PSI 7.864E-05 1.587E-03 1.473E-02 1.639E-02
KAERI 8.423E-05 1.643E-03 1.448E-02 1.621E-02
IPPE 9.762E-05 1.284E-03 1.466E-02 1.604E-02
SCK•CEN 8.621E-05 1.611E-03 1.596E-02 1.766E-02
JAERI-MORSA 7.925E-05 1.610E-03 1.581E-02 1.750E-02
JAERI-MVP 7.941E-05 1.614E-03 1.555E-02 1.724E-02

Reaction rates relative to the CEA square cell calculation
Absorption

Participant g=1 g=2 g=3 Total

CEA-cylinder 0.998 0.995 0.952 0.956
EDF 0.999 0.997 0.948 0.954
IKE 0.995 1.002 0.949 0.954
NRG 0.996 0.996 0.966 0.969
TU-Delft 0.989 0.995 0.954 0.958
PSI 0.959 0.989 0.950 0.953
KAERI 1.027 1.024 0.934 0.943
IPPE 1.191 0.800 0.945 0.933
SCK•CEN 1.051 1.004 1.030 1.027
JAERI-MORSA 0.966 1.003 1.020 1.018
JAERI-MVP 0.969 1.006 1.003 1.003



Table 4.25. 235U reaction rates in MOX 7.0%

Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 7.588E-04 5.105E-03 6.860E-03 1.272E-02 6.419E-04 3.278E-03 5.782E-03 9.702E-03 1.634E-03 7.976E-03 1.410E-02 2.371E-02
CEA-cylinder 7.572E-04 5.127E-03 6.722E-03 1.261E-02 6.406E-04 3.291E-03 5.664E-03 9.595E-03 1.631E-03 8.007E-03 1.381E-02 2.345E-02
EDF 7.570E-04 5.130E-03 6.720E-03 1.260E-02 6.410E-04 3.290E-03 5.660E-03 9.590E-03 1.630E-03 8.000E-03 1.380E-02 2.340E-02
IKE 7.503E-04 5.176E-03 6.717E-03 1.264E-02 6.341E-04 3.342E-03 5.662E-03 9.638E-03 1.613E-03 8.132E-03 1.380E-02 2.355E-02
NRG 7.548E-04 5.095E-03 6.781E-03 1.263E-02 6.391E-04 3.271E-03 5.715E-03 9.625E-03
TU-Delft 7.462E-04 5.128E-03 6.780E-03 1.265E-02 6.307E-04 3.292E-03 5.714E-03 9.636E-03 1.604E-03 8.011E-03 1.393E-02 2.355E-02
PSI 7.609E-04 5.335E-03 6.768E-03 1.286E-02 6.368E-04 3.383E-03 5.699E-03 9.719E-03 1.622E-03 8.244E-03 1.389E-02 2.375E-02
KAERI 7.671E-04 5.552E-03 6.655E-03 1.297E-02 6.512E-04 3.419E-03 5.609E-03 9.679E-03
IPPE 7.498E-04 5.184E-03 6.735E-03 1.267E-02 6.352E-04 3.284E-03 5.689E-03 9.608E-03 1.613E-03 7.987E-03 1.384E-02 2.344E-02
SCK•CEN 8.127E-04 5.875E-03 7.402E-03 1.409E-02 6.809E-04 3.260E-03 6.187E-03 1.013E-02
JAERI-MORSA 7.325E-04 5.105E-03 6.999E-03 1.284E-02 6.174E-04 3.282E-03 5.916E-03 9.815E-03 1.572E-03 7.931E-03 1.442E-02 2.392E-02
JAERI-MVP 7.291E-04 5.126E-03 6.862E-03 1.272E-02 6.164E-04 3.295E-03 5.798E-03 9.709E-03 1.570E-03 7.965E-03 1.413E-02 2.366E-02

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 0.998 1.004 0.980 0.991 0.998 1.004 0.980 0.989 0.998 1.004 0.980 0.989
EDF 0.998 1.005 0.980 0.990 0.999 1.004 0.979 0.988 0.998 1.003 0.979 0.987
IKE 0.989 1.014 0.979 0.994 0.988 1.019 0.979 0.993 0.987 1.019 0.979 0.993
NRG 0.995 0.998 0.988 0.993 0.996 0.998 0.988 0.992
TU-Delft 0.983 1.004 0.988 0.994 0.983 1.004 0.988 0.993 0.982 1.004 0.988 0.993
PSI 1.003 1.045 0.987 1.011 0.992 1.032 0.986 1.002 0.993 1.034 0.985 1.002
KAERI 1.011 1.087 0.970 1.020 1.015 1.043 0.970 0.998
IPPE 0.988 1.015 0.982 0.996 0.990 1.002 0.984 0.990 0.987 1.001 0.981 0.988
SCK•CEN 1.071 1.151 1.079 1.107 1.061 0.995 1.070 1.044
JAERI-MORSA 0.965 1.000 1.020 1.009 0.962 1.001 1.023 1.012 0.962 0.994 1.023 1.009
JAERI-MVP 0.961 1.004 1.000 0.999 0.960 1.005 1.003 1.001 0.961 0.999 1.002 0.998
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Table 4.26. 238U reaction rates in MOX 7.0%

Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 6.390E-02 1.545E-01 1.702E-02 2.354E-01 3.264E-02 1.173E-05 6.884E-08 3.265E-02 9.114E-02 2.919E-05 1.714E-07 9.117E-02
CEA-cylinder 6.394E-02 1.565E-01 1.676E-02 2.372E-01 3.273E-02 1.180E-05 6.774E-08 3.274E-02 9.141E-02 2.937E-05 1.686E-07 9.144E-02
EDF 6.390E-02 1.570E-01 1.680E-02 2.370E-01 3.270E-02 1.180E-05 6.770E-08 3.270E-02
IKE 6.289E-02 1.581E-01 1.667E-02 2.377E-01 3.182E-02 1.204E-05 6.758E-08 3.183E-02 8.884E-02 2.998E-05 1.682E-07 8.887E-02
NRG 6.208E-02 1.583E-01 1.690E-02 2.373E-01 3.161E-02 1.193E-05 6.834E-08 3.162E-02
TU-Delft 6.250E-02 1.567E-01 1.690E-02 2.361E-01 3.163E-02 1.148E-05 6.835E-08 3.165E-02 8.822E-02 2.858E-05 1.701E-07 8.825E-02
PSI 6.142E-02 1.592E-01 1.667E-02 2.372E-01 3.238E-02 8.285E-06 1.848E-08 3.238E-02 9.112E-02 1.922E-05 4.285E-08 9.114E-02
KAERI 6.311E-02 1.590E-01 1.632E-02 2.384E-01 3.263E-02 5.884E-08 3.263E-02
IPPE 6.165E-02 1.567E-01 1.688E-02 2.353E-01 3.124E-02 3.124E-02 8.814E-02 8.814E-02
SCK•CEN 6.953E-02 1.306E-01 1.914E-02 2.193E-01 3.044E-02 3.044E-02
JAERI-MORSA 6.070E-02 1.540E-01 1.723E-02 2.319E-01 3.092E-02 1.184E-05 6.996E-08 3.093E-02 8.609E-02 2.948E-05 1.742E-07 8.611E-02
JAERI-MVP 5.924E-02 1.534E-01 1.703E-02 2.297E-01 3.053E-02 1.209E-05 6.908E-08 3.054E-02 8.513E-02 3.010E-05 1.720E-07 8.517E-02

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 1.001 1.013 0.985 1.008 1.003 1.006 0.984 1.003 1.003 1.006 0.984 1.003
EDF 1.000 1.016 0.987 1.007 1.002 1.006 0.983 1.002
IKE 0.984 1.024 0.980 1.010 0.975 1.027 0.982 0.975 0.975 1.027 0.982 0.975
NRG 0.971 1.025 0.993 1.008 0.969 1.017 0.993 0.969
TU-Delft 0.978 1.014 0.993 1.003 0.969 0.979 0.993 0.969 0.968 0.979 0.993 0.968
PSI 0.961 1.031 0.979 1.008 0.992 0.706 0.268 0.992 1.000 0.658 0.250 1.000
KAERI 0.988 1.029 0.959 1.013 1.000 0.855 0.999
IPPE 0.965 1.015 0.992 0.999 0.957 0.957 0.967 0.967
SCK•CEN 1.088 0.846 1.125 0.932 0.932 0.932
JAERI-MORSA 0.950 0.997 1.012 0.985 0.947 1.010 1.016 0.947 0.945 1.010 1.016 0.945
JAERI-MVP 0.927 0.993 1.001 0.976 0.935 1.030 1.003 0.935 0.934 1.031 1.003 0.934
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Table 4.27. 238Pu reaction rates in MOX 7.0%
Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 3.816E-04 9.822E-04 2.355E-03 3.719E-03 3.280E-04 1.849E-04 7.644E-05 5.894E-04 1.030E-03 5.353E-04 2.213E-04 1.787E-03
CEA-cylinder 3.811E-04 9.855E-04 2.299E-03 3.666E-03 3.277E-04 1.853E-04 7.472E-05 5.876E-04 1.029E-03 5.364E-04 2.163E-04 1.782E-03
EDF 3.810E-04 9.970E-04 2.300E-03 3.680E-03 3.280E-04 1.860E-04 7.480E-05 5.890E-04 1.030E-03 5.400E-04 2.160E-04 1.790E-03
IKE 3.756E-04 1.016E-03 2.308E-03 3.699E-03 3.223E-04 1.879E-04 7.496E-05 5.852E-04 1.012E-03 5.440E-04 2.170E-04 1.773E-03
NRG 3.775E-04 9.976E-04 2.334E-03 3.709E-03 3.240E-04 1.866E-04 7.579E-05 5.865E-04
TU-Delft 3.738E-04 9.849E-04 2.331E-03 3.689E-03 3.208E-04 1.852E-04 7.571E-05 5.817E-04 1.007E-03 5.362E-04 2.192E-04 1.762E-03
PSI 3.731E-04 1.013E-03 2.329E-03 3.715E-03 3.197E-04 1.887E-04 7.550E-05 5.839E-04 1.004E-03 5.464E-04 2.186E-04 1.769E-03
KAERI 4.123E-04 1.097E-03 2.299E-03 3.808E-03 3.326E-04 1.786E-04 6.843E-05 5.796E-04
IPPE 3.755E-04 1.095E-03 2.274E-03 3.745E-03 3.206E-04 2.366E-04 7.177E-05 6.290E-04 9.975E-04 6.826E-04 2.071E-04 1.887E-03
SCK•CEN
JAERI-MORSA 3.780E-04 9.985E-04 2.350E-03 3.727E-03 3.150E-04 1.847E-04 7.542E-05 5.752E-04 9.873E-04 5.346E-04 2.182E-04 1.740E-03
JAERI-MVP 3.769E-04 1.095E-03 2.320E-03 3.792E-03 3.141E-04 1.910E-04 7.437E-05 5.795E-04 9.849E-04 5.529E-04 2.153E-04 1.754E-03

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 0.999 1.003 0.976 0.986 0.999 1.002 0.978 0.997 0.999 1.002 0.978 0.997
EDF 0.998 1.015 0.977 0.990 1.000 1.006 0.979 0.999 1.000 1.009 0.976 1.002
IKE 0.984 1.034 0.980 0.995 0.983 1.016 0.981 0.993 0.982 1.016 0.981 0.992
NRG 0.989 1.016 0.991 0.997 0.988 1.009 0.991 0.995
TU-Delft 0.979 1.003 0.990 0.992 0.978 1.002 0.990 0.987 0.977 1.002 0.991 0.986
PSI 0.978 1.031 0.989 0.999 0.975 1.021 0.988 0.991 0.974 1.021 0.988 0.990
KAERI 1.080 1.117 0.976 1.024 1.014 0.966 0.895 0.983
IPPE 0.984 1.115 0.966 1.007 0.977 1.280 0.939 1.067 0.968 1.275 0.936 1.056
SCK•CEN
JAERI-MORSA 0.991 1.017 0.998 1.002 0.960 0.999 0.987 0.976 0.958 0.999 0.986 0.974
JAERI-MVP 0.988 1.114 0.985 1.020 0.957 1.033 0.973 0.983 0.956 1.033 0.973 0.981
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Table 4.28. 239Pu reaction rates in MOX 7.0%
Calculated reaction rates

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-square 1.607E-02 9.629E-02 3.394E-01 4.517E-01 1.426E-02 5.536E-02 2.253E-01 2.949E-01 4.360E-02 1.821E-01 6.465E-01 8.722E-01
CEA-cylinder 1.604E-02 9.709E-02 3.367E-01 4.498E-01 1.423E-02 5.580E-02 2.232E-01 2.932E-01 4.353E-02 1.600E-01 6.404E-01 8.439E-01
EDF 1.600E-02 9.710E-02 3.370E-01 4.500E-01 1.420E-02 5.580E-02 2.230E-01 2.930E-01 4.350E-02 1.600E-01 6.400E-01 8.440E-01
IKE 1.602E-02 9.653E-02 3.365E-01 4.490E-01 1.420E-02 5.568E-02 2.231E-01 2.929E-01 4.337E-02 1.596E-01 6.400E-01 8.430E-01
NRG 1.616E-02 9.453E-02 3.382E-01 4.489E-01 1.429E-02 5.446E-02 2.243E-01 2.930E-01
TU-Delft 1.683E-02 8.893E-02 3.164E-01 4.222E-01 1.511E-02 4.943E-02 2.092E-01 2.738E-01
PSI 1.605E-02 9.965E-02 3.358E-01 4.515E-01 1.428E-02 5.709E-02 2.244E-01 2.958E-01 4.345E-02 1.616E-01 6.443E-01 8.494E-01
KAERI 1.601E-02 9.960E-02 3.369E-01 4.526E-01 1.439E-02 5.845E-02 2.230E-01 2.958E-01
IPPE 1.580E-02 9.440E-02 3.378E-01 4.480E-01 1.407E-02 5.540E-02 2.229E-01 2.924E-01 4.303E-02 1.594E-01 6.405E-01 8.430E-01
SCK•CEN 1.569E-02 9.335E-02 3.556E-01 4.646E-01 1.402E-02 5.376E-02 2.386E-01 3.064E-01
JAERI-MORSA 1.534E-02 9.524E-02 3.438E-01 4.544E-01 1.365E-02 5.585E-02 2.284E-01 2.979E-01 4.179E-02 1.607E-01 6.560E-01 8.589E-01
JAERI-MVP 1.531E-02 9.554E-02 3.446E-01 4.555E-01 1.363E-02 5.600E-02 2.283E-01 2.980E-01 4.171E-02 1.612E-01 6.560E-01 8.589E-01

Reaction rates relative to the CEA square cell calculation

Absorption Fission Production
Participant g=1 g=2 g=3 Total g=1 g=2 g=3 Total g=1 g=2 g=3 Total

CEA-cylinder 0.998 1.008 0.992 0.996 0.998 1.008 0.991 0.994 0.998 0.879 0.991 0.968
EDF 0.996 1.008 0.993 0.996 0.996 1.008 0.990 0.993 0.998 0.879 0.990 0.968
IKE 0.997 1.003 0.991 0.994 0.996 1.006 0.990 0.993 0.995 0.877 0.990 0.967
NRG 1.006 0.982 0.996 0.994 1.002 0.984 0.995 0.994
TU-Delft 1.047 0.924 0.932 0.935 1.060 0.893 0.929 0.928
PSI 0.999 1.035 0.989 0.999 1.002 1.031 0.996 1.003 0.997 0.888 0.997 0.974
KAERI 0.996 1.034 0.993 1.002 1.009 1.056 0.990 1.003
IPPE 0.984 0.980 0.995 0.992 0.987 1.001 0.989 0.991 0.987 0.876 0.991 0.967
SCK•CEN 0.976 0.969 1.048 1.029 0.984 0.971 1.059 1.039
JAERI-MORSA 0.955 0.989 1.013 1.006 0.958 1.009 1.014 1.010 0.959 0.883 1.015 0.985
JAERI-MVP 0.953 0.992 1.015 1.008 0.956 1.012 1.013 1.010 0.957 0.885 1.015 0.985
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