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ABSTRACT 

Commercial nuclear power plants produce an excess of plutonium during their 

operation that could be utilized as mixed-oxide (MOX) uranium and plutonium fuel in 

existing or advanced nuclear reactors. This creates the requirement of reliably simulating such 

MOX fuelled reactor cores and, at the same time, the necessity to validate neutronic codes and 

nuclear data libraries for such applications. To this purpose, the OECD/NEA launched a 

widely used blind international MOX three-dimensional benchmark of the VENUS-2 core. 

The main objective is to calculate the axial fission rates of six fuel pins and to compare the 

results with measurements and other computations. Besides the above parameters, additional 

results are provided in the framework of the VENUS-2 benchmark, concerning multiplication 

factor and reaction rates for each type of fuel pin separately. In this paper, the benchmarking 

results of the MCNP5 Monte Carlo code regarding the 3-D VENUS-2 MOX problem are 

reported. 3-D MCNP5 calculations were performed using the JEFF 3.1.2 and ENDF/B-VII.0 

nuclear data sets. The computational results are compared with measured data, as well as with 

the results of other benchmark analysers using different Code/Library combinations. In 

general, the MCNP5 results are in agreement with both the experimental data and other 

computational analyses of the VENUS-2 benchmark. The multiplication factor calculations 

show an excellent agreement with both the experimental value and the average of the Monte 

Carlo based codes. As regards the absorption and fission rates, in most calculations the 

discrepancies with measurements are found in a reasonable range. Only in some specific 

positions and for certain isotopes and energy groups the discrepancies become rather high, 

however similar to corresponding calculations of other analyses of the benchmark, which are 

attributed to the utilized libraries. 

1 INTRODUCTION 

Several countries use plutonium as mixed oxide fuel (MOX) in existing power plants to 

exploit the excess of plutonium produced during their operation. Nonetheless, this practice is 

not sufficient, yet, to stabilise the stockpile of plutonium. A possible solution would be to 

extend the current constraints, such as larger quantities, multiple recycle and high burn-up of 
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plutonium. To this purpose, it is still necessary to better understand the behaviour of MOX 

fuel pins in challenging situations by validating both nuclear data and calculation methods. 

In this frame, a blind international three-dimensional VENUS-2 MOX core benchmark 

was launched in 2001 by OECD/NEA Working Party on the Physics of Plutonium Fuels and 

Innovative Fuel Cycles (WPPR) and the Task Force on Reactor-based Plutonium Disposition 

(TFRPD). Its main objective was to test computed axial fission rates in 21 different levels of 

six fuel pins against measurements, providing at the same time cross checking of k∞, keff, and 

additional reaction rates computations. 

A total of twelve participants contributed to the benchmark providing more than 20 

simulations from both deterministic and continuous-energy Monte-Carlo codes. The evaluated 

libraries sets used were: ENDF/B- VI.2, ENDF/B- VI.3, ENDF/B- VI.5, ENDF/B- VI.7, 

ENDF/B- VI, ENDF/B- IV, JEFF-2.2, JENDL- 3.2, and JENDL-3.3 [1]. In a previous work 

of NSCR “Demokritos” the benchmark was also analysed using the TRIPOLI code with 3 

new sets of libraries: ENDF/B-VI.4, ENDF/B-VII.0 and JEFF 3.1 [2].  

In this work the VENUS-2 core benchmark is re-analysed using the MCNP5 Monte-

Carlo code [3] with ENDF/B-VII.0 and JEFF 3.1.2 set of libraries, aiming also at evaluating 

and validating the results obtained by TRIPOLI in [2].  

2 VENUS-2 CORE BENCHMARK MODEL 

The VENUS facility is a zero power critical reactor located at SCK∙CEN in Belgium. 

The core geometry, as shown in Fig. 1, consists of 12 “15x15” subassemblies and is divided 

in three fuel regions. The first region (3/0) is the central part of the core (four subassemblies) 

and it contains UO2 fuel pins with 3.3 wt.% enrichment in 
235

U. The second region (4/0) 

consists of the seven internal rows of the eight peripheral subassemblies and contains fuel 

with 4 wt.% enrichment in 
235

U. The remaining eight external fuel pins rows of the peripheral 

subassemblies have been replaced by mixed oxide fuel pins (MOX) enriched 2.0 wt.% in 
235

U 

and 2.7 wt.% in Pu comprising the third fuel region of the core (2/2.7). There are also five 

Pyrex cells in 1/8 of the core located in the 3/0 fuel region [4]. 

 

          
                             (a)                                                                                (b)                                                                 

Figure 1:  a) Complete geometry of the Venus-2 core, b) 1/8 of the Venus-2 core with the fuel pins    

positions for axial fission measurements and calculations 

The average fission rate in the core at the mid-plane is 1.87E+08 fissions/cm/sec and is 

used as the absolute reference irradiation. This value corresponds to a power of 595 Watts. 
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The axial measurements were carried out at 21 consecutively vertical planes along 50 cm of 

the six fuel pins length (two 3/0 UO2, two 4/0 UO2 and two 2/2.7 MOX) in segments of 2 cm. 

The six fuel pins were measured by γ-scanning after an irradiation of 8 hours at 90% of the 

VENUS maximum power. An identifying number was assigned to each fuel pin measured 

axially (30, 74, 115, 131, 240, 325) as highlighted in Fig. 1b. 

The complete description of the three-dimensional VENUS-2 core benchmark 

specifications can be found in Na and Massaoudi (2003) [4]. In this description, all the 

geometry and material data necessary to develop a detailed three-dimensional computational 

model of the reactor core are provided, as well as the isotopic concentrations in each medium 

in order to minimize the discrepancies concerning atomic densities calculations. 

The results required for the 3-D VENUS-2 core benchmark and thus calculated in this 

work by MCNP5 code can be divided in two categories:  

 Cell calculations: For each type of fuel cell, k∞ and reaction rates per isotope 

(absorption and fission) must be provided. As regards the reaction rates, the 

energy boundaries are 5keV and 4eV, dividing the neutron spectrum in three 

energy groups. 

 Core calculations: The core effective multiplication factor keff and the 

normalised axial fission distribution of the six fuel pins in 21 vertical planes 

must be provided. 

3 MCNP5 1.40 RESULTS 

The continuous-energy Monte-Carlo based code MCNP5 v. 1.40 was used to analyse 

the VENUS-2 core benchmark along with two new sets of libraries, ENDF/B-VII.0 and JEFF 

3.1.2 calculated at temperatures 293.6 K and 300 K respectively. Additionally, the Watt 

fission spectrum was chosen, self-shielding effects in the unresolved resonance range were 

taken into account by using the probability table treatment for some isotopes and due to the 

lack of S(α,β) thermal treatment data for Plexiglas, the Polyethylene data were used instead. 

The results for k∞, keff and the cell reaction rates are compared with both the results obtained 

from TRIPOLI [2] and the Monte Carlo average results of the benchmark. Regarding the axial 

fission distribution, the results are compared with the experimental data derived from the 

measurements.  

3.1 Cell calculations results 

For the cell calculations each fuel type, 3/0 UO2, 4/0 UO2, 2/2.7 MOX, was modelled 

separately, along with its cladding and moderator. The boundary surfaces of the cells were set 

as reflected. 

In both k∞ and reaction rates (absorption and fission) calculations a total of 10.000.000 

neutron histories were followed (10.000 neutrons/cycle, 1100 cycles, 100 cycles skipped) to 

obtain results with a satisfactory standard deviation (std). The neutron energy spectrum was 

divided in three groups according to the benchmark energy boundaries (5keV and 4eV) 

creating the following groups: g1= 20MeV- 5keV, g2= 5keV- 4eV and g3= 4eV- 0eV. The 

results were normalised so that the total fission rate of the cell equals to 1 and were compared 

with both Monte-Carlo average of the benchmark and the results derived from the TRIPOLI 

simulation in [2]. The discrepancies presented are derived from the formula: 100∙(C- E)/E, 

where C is the calculated value and E the value under comparison (i.e. benchmark average, 

measurements). 
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The k∞ calculations are in very good agreement with the benchmark Monte-Carlo 

average since for both libraries and for all fuel cells the discrepancies are found less than 

0.2%, (Table 1). The results exhibit also a very good agreement with the corresponding 

TRIPOLI results shown in the same table. 

Table 1:  Results of the k∞ calculations. The Discrepancy is in relation to the benchmark MC average 

Library Fuel Cell 
Calculation 

(MCNP5) 

Discrepancy 

% 

Benchmark Monte-

Carlo average 
TRIPOLI 

JEFF 3.1.2 

(MCNP5) 

JEFF 3.1 

(TRIPOLI) 

     

3/0 UO2 1.40934 ±17 pcm 0.065 1.40842 ±324 pcm 1.41269 ±7 pcm 

4/0 UO2 1.33935 ±18 pcm -0.015 1.33955 ±376 pcm 1.33914 ±7 pcm 

2/2.7 MOX 1.26052 ±21 pcm 0.104 1.25921 ±366 pcm 1.26896 ±6 pcm 

ENDF/B-VII.0 

     

3/0 UO2 1.41012 ±17 pcm 0.121 1.40842 ±324 pcm 1.41238 ±6 pcm 

4/0 UO2 1.33993 ±18 pcm 0.028 1.33955 ±376 pcm 1.34122 ±7 pcm 

2/2.7 MOX 1.26056 ±20 pcm 0.107 1.25921 ±366 pcm 1.26944 ±6 pcm 

 

As regards the reaction rates, the overall behaviour of the two libraries is presented in 

Figs. 2 and 4, including also the corresponding results from TRIPOLI simulation. In general 

there is a good agreement between the benchmark average and most calculations. However, in 

the fission rates of some isotopes and for the energy groups g=2 and g=3 quite large 

discrepancies are found for both ENDF/B-VII.0 and JEFF 3.1.2 (plot peaks, Fig. 2). More 

specifically, the fission rates of 
238

U show a large deviation from the benchmark average in all 

three fuel cells and for both the aforementioned energy groups. There is also a large 

difference between the deviations related to the two different libraries, with JEFF 3.1.2 

showing the highest one. Important discrepancies are also observed in MOX fuel cell for the 

isotopes 
234

U and 
242

Pu. The behaviour exhibited by these two libraries is in accordance with 

the one obtained earlier by TRIPOLI [2] (dotted lines in Fig. 2). 

 

Figure 2: Fission rates discrepancies (Y-axis) from the benchmark average of JEFF 3.1.2 (MCNP5), JEFF 

3.1(TRIPOLI) and ENDF/B-VII.0 (MCNP5, TRIPOLI) libraries for all energy groups and isotopes  
 

The large variations of the results could be attributed to the cross sections values of the 

libraries under study. In Fig. 3 the fission cross sections are plotted for the desired isotopes 

and as it can been seen they reflect the calculation discrepancies presented above, that is the 

library related to the higher computed values shows a respectively higher fission cross section 

in the specific energy range.  
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(a)                                                                     (b) 

 
(c) 

Figure 3:  a) Fission cross section of 
234

U, b) Fission cross section of 
238

U, c) Fission cross section of 
242

Pu 

 

Finally, it is important to note that the observed discrepancies have a very small impact 

on the fuel cells balance due to the respectively small contribution of each isotope’s fission 

rate in the total fission rate of the fuel. Particularly, the fission rate of 
234

U consists 

approximately 0.002% of the total fission rate. The fission rate of 
238

U consists only 0.02% 

and the fission rate of 
242

Pu about 0.310%. 

 

 
Figure 4: MCNP5 absorption rates discrepancies from the benchmark average in comparison with TRIPOLI 

results 
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3.2 Core calculations results 

The core of the reactor was modelled in a three-dimensional geometry according to the 

benchmark specifications. The complete geometry with all the fuel rods, Pyrex rods, cladding, 

coolant and moderator was modelled. In Fig. 5  the core is plotted by MCNP5 (radially and 

axially) and as it can be seen all the radial components are included, such as the central hole, 

the inner baffle, the different fuel regions, the outer baffle, the barrel, the neutron pad, the 

jacket and the reactor vessel. The neutron pad was considered a part of a cylindrical tube of 6 

cm thickness, although the real pad does not have uniform thickness. 

 

    
                                           (a)                                                                                     (b)                                                                                                                                                         

Figure 5: The core of VENUS-2 reactor. a) Radial plot, b) Axial plot 

 

For the core calculations 3.000 cycles of 100.000 neutrons/cycle (100 cycles skipped) 

were used, creating a total of 300.000.000 neutron histories. The keff results are presented in 

Table 2 and show an excellent agreement with the benchmark and the TRIPOLI results. Both 

ENDF/B-VII.0 and JEFF 3.1.2 calculated the keff = 1.00094, which corresponds to a 

discrepancy of 0.094%. 

As regards the fission rates, two 3/0 UO2, two 4/0 UO2 and two MOX fuel pins were 

examined. The cells were divided in 21 segments along the fuel height and in each segment 

the fission rate was calculated, in order to obtain the profile of the pin power distribution 

along its vertical dimension. The results were plotted in Fig. 6-8 and are found in satisfactory 

agreement with the measurements, showing discrepancies less than 7% with an average value 

of 1.8%. The larger deviations were observed at the axial positions near the upper and lower 

reflector regions, mainly due to the fact that the calculation model ignored the detailed 

structures beyond these regions. 

 
Table 2:  Results of the keff calculations 

 

Library keff Discrepancy  

  % pcm 

JEFF 3.1.2 1.00094 ± 4 pcm 0.094 94 

ENDF/B-VII.0 1.00094 ± 4 pcm 0.094 94 

Monte Carlo Benchmark Average 1.00232 ± 341 pcm 0.23 232 

TRIPOLI 
JEFF 3.1 1.00348 ± 6 pcm  0.35 348 

ENDF/B-VII.0 1.00407 ± 6 pcm 0.41 407 
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Figure 6:  Normalized axial fission rate distribution of 3/0 UO2 fuel pins 

 

  

Figure 7:  Normalized axial fission rate distribution of 4/0 UO2 fuel pins 

 

  

Figure 8: Normalized axial fission rate distribution of 2/2.7 MOX fuel pins 

 

0.0300

0.0350

0.0400

0.0450

0.0500

0.0550

0.0600

110 120 130 140 150

N
o

rm
a

li
ze

d
 a

x
ia

l 
fi

ss
io

n
 r

a
te

 

Axial position (cm) 

(a) Normalized axial fission rate profile 

of 3/0 UO2 (-11, +2) fuel cell    

Experimental

JEFF 3.1.2

ENDF/B-VII.0

0.0300

0.0350

0.0400

0.0450

0.0500

0.0550

0.0600

110 120 130 140 150

N
o

rm
a

li
ze

d
 a

x
ia

l 
fi

ss
io

n
 r

a
te

  

Axial position (cm) 

(b) Normalized axial fission rate profile 

of 3/0 UO2 (-6, -6) fuel cell 

Experimental

JEFF 3.1.2

ENDF/B-VII.0

0.0300

0.0350

0.0400

0.0450

0.0500

0.0550

0.0600

110 120 130 140 150

N
o

rm
a

li
ze

d
 a

x
ia

l 
fi

ss
io

n
 r

a
te

 

Axial position (cm) 

(a) Normalized axial fission rate profile 

of 4/0 UO2 (-15, +2) fuel cell    

Experimental

JEFF 3.1.2

ENDF/B-VII.0

0.0300

0.0350

0.0400

0.0450

0.0500

0.0550

0.0600

110 120 130 140 150

N
o

rm
a

li
ze

d
 a

x
ia

l 
fi

ss
io

n
 r

a
te

 

Axial position (cm) 

(b) Normalized axial fission rate profile 

of 4/0 UO2 (-13, -12) fuel cell 

Experimental

JEFF 3.1.2

ENDF/B-VII.0

0.0300

0.0350

0.0400

0.0450

0.0500

0.0550

0.0600

110 120 130 140 150

N
o

rm
a

li
ze

d
 a

x
ia

l 
fi

ss
io

n
 r

a
te

 

Axial position (cm) 

(a) Normalized axial fission rate profile 

of 2/2.7  MOX (-27, -12) fuel cell    

Experimental

JEFF 3.1.2

ENDF/B-VII.0

0.0300

0.0350

0.0400

0.0450

0.0500

0.0550

0.0600

110 120 130 140 150

N
o

rm
a

li
ze

d
 a

x
ia

l 
fi

ss
io

n
 r

a
te

 

Axial position (cm) 

(b) Normalized axial fission rate profile of 

2/2.7  MOX (-22, -2) fuel cell    

Experimental

JEFF 3.1.2

ENDF/B-VII.0



614.8 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8     11, 2014 

4 CONCLUSIONS 

The analysis of VENUS-2 MOX core benchmark using MCNP5 with two new sets of 

library data (ENDF/B-VII.0 and JEFF 3.1.2) produces, in general, results in good agreement 

with the Monte-Carlo average of the benchmark, as well as corresponding results obtained 

earlier with TRIPOLI [2]. 

More specifically, the keff has 94 pcm discrepancy from the expected value (criticality) 

while the computed axial fission rates, as far as the discrepancies from the measurements are 

concerned, show a similar behaviour with the other benchmark calculations and with earlier 

TRIPOLI results [2]. The k∞ calculations for the three different fuel cell types report 

deviations of less than 0.2%, which is the claimed uncertainty on reactivity in current nuclear 

design methods.  

Finally, the fission and absorption rates of 3/0 UO2, 4/0 UO2 and 2/2.7 MOX fuel rods 

are the only calculations that raise questions and require further analysis. Although the 

majority of the results have discrepancies at a normal and acceptable range, for the fission 

rates of the isotopes 
238

U, 
234

U and 
242

Pu in the energy groups 5keV-4eV and 4eV-0eV the 

reported deviations become very large reaching 124.78%. These discrepancies for the neutron 

libraries ENDF/B-VII.0 and JEFF 3.1 are also observed in the TRIPOLI calculations and are 

attributed to differences in the corresponding cross section values. Therefore, it is crucial to 

continue evaluating these cross section libraries, in order to understand the reason behind such 

large deviations and to be able to investigate which cross section values produce the correct 

results. 
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