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ABSTRACT

One of the options envisaged for disposing of weapons grade plutonium, declared surplus for national defence in
the Russian Federation and USA, is to burn it in nuclear power reactors. The scientific/technical know-how
accumulated in the use of MOX as a fuel for electricity generation is of great relevance for the plutonium
disposition programmes. An Expert Group of the OECD/NEA is carrying out a series of benchmarks with the
aim of facilitating the use of this know-how for meeting this objective. This paper describes the background that
led to establishing the Expert Group, and the present status of results from these benchmarks. The benchmark
studies cover a theoretical reactor physics benchmark on a VVER-1000 core loaded with MOX, two
experimental benchmarks on MOX lattices and a benchmark concerned with MOX fuel behaviour for both solid
and hollow pellets. First conclusions are outlined as well as future work.
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1 - INTRODUCTION/BACKGROUND

Two of the nuclear weapons countries (Russian Federation and the USA) have declared part of their weapons-grade
plutonium stockpiles surplus to their national defence needs. This material needs to be disposed of, and one of
the recommended means is burning it in existing reactors and transforming it into spent fuel. The experience in
these two countries with mixed oxide fuel (MOX) is relatively small compared with the that accumulated in
European countries and Japan.

An international Experts Group has been established at the OECD/NEA that should facilitate the sharing of
existing information and experience in the physics and fuel behaviour of MOX. This group aims to contribute to
accelerating the process of plutonium disposition through concrete actions.

More specifically, the Experts Group deals with the status and trends of reactor physics, fuel performance and
fuel cycle issues related to the disposition of weapons-grade plutonium as mixed oxide fuel. Its objectives are to
provide up-to-date information on and develop a consensus regarding core and fuel cycle issues associated with
weapons-grade plutonium disposition in thermal water reactors (PWRs, BWRs, VVER-1000s and CANDUs),
and fast reactors (BN-600), including core physics and fuel performance and reliability, and thermal water
reactor and fast reactor fuel designs and fuel management approaches for maximising weapons-grade plutonium
disposition rates, fuel cycle flexibility and the ability to accommodate variable weapons-grade plutonium
disposition rates. It aims also at providing advice to the nuclear community on the scientific and technical
developments needed to meet the requirements (e.g. data, methods and validation experiments) for implementing
weapons-grade plutonium disposition approaches. A work programme has been established covering the
different aspects.

The group has contributed to the technical analysis of the issues that must be addressed for moving from LEU to
WG-MOX. It concluded that licensing issues for loading weapons-grade MOX assemblies are in general of the
same nature as those for loading new types of UOX assemblies.

LEU and MOX VVER-1000 reactor physics calculational benchmarks have been defined with the objective of
comparing the different code systems and associated data libraries and verifying that all participating parties
provide coherent results. The cases considered include a uniform LEU fuel assembly with 12 U-Gd burnable
absorber rods and profiled MOX fuel assembly with 12 U-Gd burnable absorber rods. In this benchmark
calculations of the cell and the assembly neutronic parameters have been performed for several states which
differ from each other by moderator and fuel temperature and other parameters. The following parameters were



calculated as a function of assembly average bum-up (0-40 GWd/t): infinite multiplication factor, average fuel
concentrations of actinides and fission product isotopes in the different cells and average over the assembly, pin
by pin fission rate distribution and local peaking factor.

The theoretical benchmarks contributed to many improvements and clarifications in nuclear data libraries
and calculation methods. However, the need for comparison against experiment was found necessary.
The two-dimensional VENUS-2 MOX core experimental data, measured at the zero power critical PWR
mock-up VENUS facility, have been released for this purpose by SCK»CEN, Mol, Belgium. This benchmark
exercise was a blind test, hence the measured fuel pin power values at specified VENUS-2 locations were not
revealed to the participants.

Furthermore, a series of the experimental measurements in the KRITZ 2 reactor at Studsvik has been released.
These experiments were performed at temperatures up to 245°C and fission rate distributions were measured.
The experimental results are being used for benchmark calculations, which permit investigations of temperature
effects.

Concerning fuel performance exercises and benchmarks for PWR and VVER an international exercise has been
defined covering solid and hollow pellets. A description of important operational data and contents of the data
files for the condensed data history of the rods as well as rod characterization data has been provided. The results
submitted by participants will be compared later against experimental data.

2 - VVER-1000 MOX BENCHMARK

Future MOX fuel utilization in VVER-1000 reactors requires certification of corresponding calculational codes.
This is due to essential differences between MOX and standard LEU fuel. Certification according to Russian
licensing rules should be based particularly on comparison of benchmark calculations performed by Russian
design and reference codes, including international ones. LEU and MOX VVER-1000 reactor physics
calculational benchmarks have been defined with the objective of comparing the different code systems and
associated data libraries as well as verifying that results from all participating parties are coherent.

The standard problem for VVER-1000 core physics was analyzed [1]. The cases considered include a uniform
LEU fuel assembly with 12 U-Gd burnable absorber rods - UGD case - and profiled MOX fuel assembly with
12 U-Gd burnable absorber rods - MOXGD case. In this benchmark calculations of the cell and the assembly
neutronic parameters have been performed for several states which differ from each other by moderator and fuel
temperature and other parameters. For each case the calculational scheme was as follows: first, burn-up
calculation with constant power density was performed for the working state. Then several state calculations
were performed. The isotopic composition used in state calculations was obtained during the bum-up calculation.
For all the states the following parameters were calculated as a function of assembly average bum-up from
0-40 GWd/t: infinite multiplication factors k*,, reactivity effects, average fuel concentrations of actinides and
fission product isotopes in the different cells and average over the assembly, pin by pin fission rate distributions
and local peaking factors.

Five participants have submitted results with burn-up calculations and one with only BOL results. The codes and
participants are as follows (in order of submission): MCU (Kurchatov Institute, Russia), TVS-M (Kurchatov
Institute, Russia), WIMS8A (Belgonucleaire s.a., Belgium), HELIOS (ORNL, USA), MCNP (GRS, Germany),
MULTICELL (KFKI, Hungary). MCNP results are available for zero burn-up point only.

The results for 1c, versus bum-up show generally good agreement. All the codes give very similar inclinations of
k» versus burn-up curve for both the UGD and MOXGD cases. For the UGD case all codes demonstrate very
good agreement. Deviation from mean value does not exceed 0.004 at high burn-up. WIMS8A slightly
underestimates k^ at the beginning of burn-up and TVS-M and MULTICELL slightly underestimate k» values at
the end of burn-up (0.004 in k^ relative to mean value). For the MOXGD case discrepancies in k«, are somehow
increased and exceed 0.007 at high burn-up. WIMS8A underestimates k^ relative to mean value at the beginning
of burn-up (0.007 in k j , and TVS-M and MULTICELL underestimate k«, values at the end of burn-up (0.007 in
k^ relative to mean value). Results of separate state calculations obtained for several burn-up points show that
maximum differences between codes are observed at high burn-ups and for some states they run up to 1.5% in
the case of uranium assembly and up to 2.5% in the case of MOX assembly.



The multiplication factors for fuel assembly variants were used to compute various reactivity effects.
Corresponding results obtained with six codes show generally good agreement with a few exceptions.
Discrepancies for reactivity effects are approximately the same for both the UGD and MOXGD cases and are
somehow increased at high burn-up. Deviation for poisoning effect is equal to 5%. Deviations in boron effect
value are smaller and equal to 2-2.5%. Discrepancy for fuel temperature effect is equal to 5-7% for all the
burn-up points with exception of the UGD variant in zero burn-up point where it comes to 8.7%. Deviations of
the total temperature effect have a tendency to increase with burn-up; at high burn-ups it tends to be 6% for
UGD and 7% for MOXGD.

Assembly average isotopic composition versus burn-up as well as isotopic composition in the corner cell and
fuel-gadolinium cell for the UGD and MOXGD cases were analyzed. For assembly average isotopic composition
discrepancy is equal to 2% for 235U and 3.5% for 239Pu. For I49Sm deviation is equal to 8%. Radial distribution of
the Pu and Gd isotopes for burn-up point 2 GWd/t in the fuel-gadolinium pin shows very good agreement.
For 239Pu deviation is equal to 5% in the inner zone and for 155Gd it is 2% in the outer zone.

The results of pin-by-pin power distributions computed by various codes show very good agreement.
Discrepancy does not exceed 2.0% for the UGD case and 3% for the MOXGD case.

Thus VVER-MOX calculational benchmark results were analyzed. A comparison of the results shows rather
good agreement among the various codes. All codes demonstrate very similar trends in k^ versus burn-up.

Verification of spectral codes is only a part of overall verification of the whole code package for VVER
calculations. And other parts of this package (codes for core coarse-mesh and fine-mesh calculation) need to be
verified too. Thus work along these lines should be continued and benchmarking efforts should be extended to
the whole-core methods involving fuel cycle and kinetics calculations. It is necessary to emphasize that
verification on the base of calculational benchmarks does not eliminate the necessity of comparing with the
results obtained at MOX-fueled experimental facilities.

3 - VENUS-2 MOX CORE BENCHMARK

The theoretical benchmarks on MOX-fueled systems performed so far have contributed to many improvements
and clarifications in nuclear data libraries and calculation methods. However, the need for comparison against
experiment was found necessary. The two-dimensional VENUS-2 MOX core experimental data, measured at the
zero power critical PWR mock-up VENUS facility, have been released for this purpose by SCK»CEN, Mol,
Belgium [2]. This benchmark exercise was a blind test, hence the measured fuel pin power values at specified
VENUS-2 locations were not revealed to the participants.

In VENUS-2, 1/8 of the core comprises 325 fuel rods in which the pin powers of 121 fuel rods were directly
measured (gamma activity of the 14TLa) and the pin powers of 204 fuel rods were interpolated from the measured
values. The additional seven fuel pins measured were located in symmetric positions out of 1/8 of the core.

To develop the detailed computational model of the 1/4 fraction of the VENUS-2 reactor core, along with all
geometry and material data required, the isotopic concentrations of each medium were provided to the
participants to minimize the discrepancies from the atomic density calculations. The experimental results of axial
buckling measurement were also provided for 2-D calculations [3].

Ten institutions participated in the benchmark, providing more than 14 solutions. Both the deterministic and the
Monte Carlo methods were applied with different nuclear data sets such as ENDF/B-V, ENDF/B-VI, JEF-1,
JEF-2.2 and JENDL-3.2. The deterministic codes used were the SN code DORT together with SCALE/
XSDRNPM, the collision probability codes HELIOS and BOXER and a nodal diffusion code GNOMER in
conjunction with the cell calculation code WIMS-D. Various versions of the continuous Monte Carlo codes such
as MCNP-4B, MVP and MCU were also used. A summary of the analysis of the submitted results is provided
here. The detailed analysis and results can be found in Ref. [4].

From the cell calculations, k^ and reaction rates per isotope (energy integrated and in three groups involving the
5 keV and 4 eV boundaries) were investigated for each fuel cell type (UO2 3.3%, UO2 4.0%, MOX). Although
the maximum spreads in k» from the average values are 0.9% for UO2 3.3%, 1.3% for UO2 4.0% and 1.3% for
MOX cells, most of the results report a deviation of less than 0.5%. In particular the Monte Carlo calculations
give results with a deviation of less than 0.2%, which is the claimed uncertainty on reactivity in current nuclear
design methods. All the participants reported consistent reaction rate values for one group and for three groups,



although they used different libraries and cell calculation codes. These results are also consistent with the
discrepancies observed in previous benchmarks such as the benchmark on power distribution within UO2 and
MOX assemblies [5,6].

Concerning core calculations, keff and pin power (fission rate) distribution were reported and compared with the
experimental values. All reported keff show a very good agreement with the experimental value, which is keff = 1.
Average keff is 0.99758 ± 0.0045. The deterministic transport calculations give an average of 0.99750 ± 0.0044
and the Monte Carlo calculations lead to an average of 0.99983 ± 0.0037. The maximum discrepancy in keff
(-1.0%) was reported by the diffusion calculation with ENDF/B-VI.

The calculated power distributions were compared with the 121 measured data as C/E values. In the analysis
below, reported uncertainties (lcr) of ±1.0% in UO2 and ±1.5% in MOX pins should be taken into account.
For two types of UO2 fuel rods, the calculated pin power results from both deterministic transport and
Monte Carlo methods show an excellent agreement with the experimental values. An average deviation from the
measured values is less than 2.5% for UO2 3.3% and less than 1.0% for UO2 4.0% in most of the calculated
results reported. However, for most calculated results, a trend of slight underestimation is dominant except for a
few positions. For the MOX fuel pins, even though some MCNP results show a good agreement with the
experimental data, the average deviation is larger than for UO2 fuel pin cases in most of the calculations.
The general trend in MOX fuel pin power calculations shows an average deviation of more than 4%, mainly due
to the five outermost MOX rows.

The calculated power in the fuel pins is slightly higher than the measured values for the MOX regions and lower
for the UO2 regions. This is reflected in all combinations of codes and methods and confirms observations seen
in power reactors. Core design calculations for commercial cores with MOX fuel should take this effect into
account. The deterministic transport results show an average underestimation of 2.1% for UO2 3.3%, 0.5% for
UO2 4.0% and an average overestimation of 4.7% for MOX pins. The Monte Carlo results give an average
underestimation of 1.0% for UO2 3.3%, 0.9% for UO24.0% and an average overestimation of 3.8% for MOX
pins. A general overestimation of MOX pin power was also seen in the results of the previous MOX
benchmarks. The diffusion calculations show quite good results except for pins near the outer baffle. For these
regions, a correction method should be applied.

In conclusion, the results are very encouraging and confirm that present methods using the latest nuclear data
sets can adequately calculate MOX-fueled systems.

As a follow-up to this two-dimensional benchmark exercise, three-dimensional VENUS-2 experimental data
have been recently released for a next, more complex phase of code validation. These experimental data
essentially consist of the measured fission rate distributions of six fuel rods in 21 axial points [7,8].

4 - KRITZ-2 EXPERIMENT CORE BENCHMARK

After completion of the VENUS-2 experimental benchmark discussed above, the Expert Group on Reactor-based
Plutonium Disposition undertook a benchmark activity based on the KRITZ-2 experiment [9]. The KRITZ-2
experiments consisted of core configurations with LEU and near-weapons-grade MOX fuel and were performed
at the KRITZ facility at Studsvik, Sweden. A unique feature of the KRITZ facility is the ability to perform
critical experiments at both room temperature and at elevated temperatures. The higher-temperature MOX data is
of interest for the validation of codes used for the plutonium disposition analyses in the US and Russia. Studsvik
has released the KRITZ-2 experimental data for use as an international benchmark and benchmark specifications
were developed based on the released documentation. The benchmarking activity was initiated in October 2000
with the initial results from seven participating organizations being submitted in January 2001. The activity is on
schedule to be completed by October 2001.

The KRITZ core consisted of a regular square lattice of fuel pins moderated and reflected with light water.
The core was located in a 5 m high cylindrical tank with a 1.5 m diameter, which allowed the system to be
pressurized for critical experiments at elevated temperatures of ~245°C. Criticality was obtained by choosing a
suitable boron content in the water and then adjusting the water height. The benchmarking exercise consists of
three of the KRITZ-2 configurations: KRITZ-2:1, KRITZ-2:13 and KRITZ-2:19. The first two configurations
2:1 and 2:13 have rods with LEU fuel (1.86 wt.% 235U) in 44x44 and 40x40 square lattices, respectively.
The 2:19 configuration has vibro-compacted MOX rods with 1.5 wt.% PuO2 with 91.41 at.% 239Pu in a 25 x 24
square lattice. In addition to the critical boron and water height, relative fission rates were measured in selected
rods by gamma scanning. The axial buckling values were also obtained using activated copper wires and gamma
scans.



A total of seven organizations are currently participating in this OECD/NEA benchmark activity. The participants
include:

• Kurchatov Institute (KI), Russia with the MCU Monte Carlo code.
• Korean Atomic Energy Research Institute (KAERI) using the HELIOS collision probability code with

ENDF/B-VI data.
• KAERI and Nuclear Energy Agency (NEA) working jointly using the MCNP-4B Monte Carlo code with

ENDF/B-VI data.
• Gesellschaft fuer Anlagen-und Reaktorsicherheit (GRS) mbH, Germany with MCNP-4C/JEF-2.2.
• Oak Ridge National Laboratory (ORNL) using HELIOS/ENDF/B-VI.
• SCK«CEN, Belgium with MCNP-4B/JEF-2.2.
• KFKI Atomic Research Institute, Hungary using MCNP-4C/ENDF/B-VI and the KARATE-MUTLICELL

code with ENDF/B-VI.

The HELIOS and MCU calculations use the experimental buckling values to perform 2-D calculations, while the
MCNP calculations use a 3-D representation of the geometry. A brief summary of the initial results of the
benchmarking exercise from the submission will be presented. Detailed results will be finalized later this year
and published as an OECD/NEA report.

A summary of the k<,ff results is presented in Figure 1 for the three core configurations at the low (~20°C) and
high (~245°C) temperatures in terms of the mean and standard deviation of the submitted results. The results
generally show a slight negative bias in k,^ of about 0.2-0.4% for the LEU cores and about 0.1% for the MOX
core. The largest deviations in the initial k,,ff results are in MCNP and MCU calculations. These discrepancies are
currently being investigated by examination of the MCNP models and calculations with HELIOS using its
production library and unadjusted library, which is consistent with MCNP cross-section data. Additional cell
calculations were included as part of the benchmark exercise to allow a more detailed investigation of
differences between the various codes. The results in Figure 1 also show a nearly constant bias between the hot
and cold states indicating a good prediction of the reactivity temperature effects. In addition to k^, comparisons
of the fission rates for each configuration have also been performed. The relative fission rate results generally lie
within a band of ±2% for all cases with maximum errors approaching 4-6%. There is no discernible difference in
accuracy between the LEU and MOX fission rate results.
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Figure 1. Summary of the initial kejf results for the KRITZ-2 benchmark exercise

These initial results for the KRITZ-2 benchmark are very encouraging and further refinements are anticipated
before the participants submit the final results. In addition, the submission of a few additional sets of results is
anticipated by organizations that have analyzed these benchmarks in past code and data validation work.
As another outcome of this benchmarking activity, detailed specifications are being prepared for the KRITZ-2:19
configuration as a pilot exercise of the International Reactor Physics Benchmark Experiments Project (IRPhE)
being undertaken by the NEA.



5 - FUEL PERFORMANCE CODE COMPARISON AND BENCHMARK

The ability to reliably predict fuel performance is an essential requirement for fuel design studies and safety
assessments. A large number of complex and often interrelated physical, chemical and thermo-mechanical
processes take place in fuel rods during in-core service. The knowledge of these is embodied in fuel performance
codes which rely on mechanistic and empirical models. The acceptance of these codes depends strongly on their
validation. This validation involves the comparison of code predictions against power reactor data, in-pile
experimental data and results of post irradiation examinations.

In its first meetings, the expert group on reactor-based Pu disposition surveyed the similarities and differences of
UO2 and MOX fuel with respect to in-core behaviour and modeling requirements. Uranium dioxide and PuO2 are
similar ceramics, and MOX fuel behaves much like UO2 fuel during normal steady state operation. However,
due to the inhomogeneous nature of MOX fuel, differences must be expected for fission gas release, influenced
also by higher EOL power and somewhat lower thermal conductivity. Fuel performance codes must be carefully
reviewed in order to make sure that they are applicable to MOX fuel in a licensing safety assessment, e.g. for the
prediction of initial conditions (stored heat, rod pressure) of a loss of coolant accident (LOCA).

Participants agreed to define a benchmark exercise and to compare various codes from countries participating in
the working group against experimental data. The OECD Halden Reactor Project prepared a specification for
solid and hollow Mimas-MOX pellet fuel. The main characteristics are given in Table 1.

Table 1. Characteristics of benchmark fuel

Feature
Pellet radius, outer
Pellet radius, inner
Pellet length
Dishing depth
Cladding inner radius
Cladding outer radius
He fill gas pressure
Pu fissile content
Fuel density

Value
4.025
0.0 or 0.9
10.5
0.26
4.11
4.75
5
6.07
10.54

Unit
mm
mm
mm
mm
mm
mm
bar
w/o
g/ccm

The test involves two rods instrumented with pellet centerline thermocouples and pressure transducers for
measuring rod pressure (fission gas release). Accordingly, the primary objectives of the benchmark are the
assessment of temperature calculations and fission gas release predictions. Participants are provided with a
detailed power history which is shown in Figure 2.
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The following fuel modeling codes and organizations are involved at present: START-3 (Bochvar/VNIIM),
FRAPCON-3 V1.3 (ORNL), FRED (Kurchatov Institute) and METEOR 1.9 (CEN Cadarache). The participation
of further codes has been announced.

As an example of calculated results obtained so far, the ORNL/FRAPCON-3 predictions are shown in Figure 3
both for full and hollow pellets. For these predictions, three different models for MOX thermal conductivity
were employed: a) UO2 conductivity with MOX specific heat multiplier; b) Duriez MOX conductivity
correlation with Lucuta burn-up degradation correction; c) Halden MOX conductivity correlation including
degradation with burn-up. Obviously, temperatures vary according to the underlying modeling assumptions. It is
also apparent that fission gas release is sensitive to temperature. The power/temperature spike at 175 days
triggers substantial fission gas release only in the case of conductivity model (c).

At this stage, the benchmark is blind and only the different results submitted by participants will be compared
with each other. There is merit in such an intercomparison of code predictions since it allows code developers to
benchmark the capabilities of their code against others and to identify major discrepancies or deficiencies should
they exist.

Further efforts will encompass a detailed comparison of all results with each other and eventually a comparison
with the experimental data. The definition of a simplified case is also considered. The objective would be to
identify the response of major sub-models (e.g. fission gas release after a power increase) and to assess the effect
of uncertainties (e.g. power, conductivity, fabrication parameters) on the prediction sensitivity of the codes.
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Figure 3. ORNL results: a) solid rod, b) hollow rod

6 - CONCLUSION

The results from the reactor physics benchmarks carried out so far are satisfactory and confirm that the use of
state-of-the-art codes and cross-section data sets for these ensure a good agreement among participants and with
experiment. Further benchmarks will address 3-D models of the VENUS-2 benchmark, whole core calculations
and burn-up calculations and possibly core transient calculations. The results in the area of fuel performance are
also encouraging. In the last phase results will be compared against experiment. A further exercise is being
proposed for modeling of MOX fuel rod behaviour under fast power pulse conditions.
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