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ABSTRACT 
   

 

The experiments performed at the ZR-6 zero critical reactor by the Temporary International 
Collective (TIC) and a numerical assembly burnup benchmark specified for depletion 
calculation of a VVER-440 assembly containing Gd burnable poison were used to qualify the 
APOLLO2 (APOLLO2.8-E3) code as a part of its ongoing validation activity. The work is 
part of the NURISP project, where KFKI AEKI undertook to develop and qualify some 
calculation schemes for hexagonal problems. Concerning the ZR-6 measurements, single cell, 
macro cell and 2D calculations of selected regular and perturbed experiments are being used 
for the validation. In the 2D cases the radial leakage is also taken into account in the 
calculations together with the axial leakage represented by the measured axial buckling. 
Criticality parameter and reaction rate comparisons are presented. Although various sets of 
the experiments have been selected for the validation, good agreement of the measured and 
calculated parameters could be found by using the different options offered by APOLLO2. An 
additional mathematical benchmark - presented in the paper - also attests for the reliability of 
APOLLO2. All the test results prove the reliability of APOLLO2 for VVER core calculations. 
 
 

1. INTRODUCTION 
 
The main goal of the NUclear Reactor Integrated Simulation Project (NURISP) launched by 
the European Union is to make new and significant steps towards a European Reference 
Simulation Platform for applications relevant to present power plants including VVERs and 
also to future reactors. The individual programs integrated into the platform are to be verified, 
validated and demonstrated through several benchmarks corresponding to present and future 
PWRs, VVERs and BWRs. 
 
In the frame of this cooperation, MTA KFKI AEKI is performing calculations by using the 
APOLLO2 code [1-2]. As a first step, calculations for ZR-6 experiments have been performed 
on the basis of the NURISP benchmark specifications and the results have been compared to 
the measured values and to the results from the lattice transport module of the code complex 
KARATE-440 [14]. The experimental data used in this paper are compiled in the NEA data 
bases [3]. Calculations on single pin-cells, macro cells and 2D calculations of full 



  

experimental configurations have been performed. Finally, depletion calculation for a second 
generation VVER-440 assembly containing Gd burnable poison [4] is presented, while the 
results are compared to other calculated results.  
 
In this paper, Section 2 outlines the APOLLO2 version and its features. The calculations on 
single cell are discussed in Section 3. Results for macro cell configurations are presented in 
Section 4 with the comparison to other code results as well. The last section deals with the 
depletion calculation.  
 
 

2. APOLLO2 COMPUTATIONAL MODELS 
 

In the NURISP project the APOLLO2.8-E.3 [5-6] is used, which is a deterministic neutron 
transport code for lattice physics calculations. It is developed by the French Commissariat à 
l’Energie Atomique (CEA) with the support of AREVA and Electricité de France (EdF) and 
provides the basic physics computation modules for solving the Boltzmann transport equation 
in a multi-group scheme and for generic unstructured geometries. Tree methods are applied 
more frequently: 

• The Sn method solves the discrete ordinate transport equation in a differential form [7]. 
• The collision-probability method (PIJ) using the interface current approximation with 

a multi-cell geometry, 
• The method of characteristics (MOC) [8-10] with the ‘step’ or ‘linear surface’ 

numerical schemes. 
 
With the step MOC the geometry needs a high segmentation to reach good accuracy, 
especially in the presence of absorbers. This option was used in the calculations presented. 
 
In the linear surface (LS) MOC the approximation is of higher order. The sources and the flux 
moments in the transport equation are linearly approximated between every two edges 
(surfaces) crossed by the ray. A coarse basic mesh can be used. The azimuth segmentation can 
be automatically refined on user’s request if the surface size exceeds a given threshold. 
 
Even the APOLLO2 supports different multi-group neutron data libraries (ENDF/B-VII.R0 
and JENDL), in our practice only the recommended one was used, which is the CEA2005 
v4.1.1 data set based on JEFF3.1.1 evaluation data [11] comprising 281 energy group cross 
sections. 
 
Many sophisticated models are integrated in the APOLLO2 code, such as treating the self-
shielding effect, neutron leakage, double heterogeneity. The highly modularized code treats a 
great number of geometries (from elementary cell in infinite medium to complex assemblies) 
and it permits calculating in one or two dimensions the characteristic neutron parameters such 
as cross-section or buckling. The modularity of the APOLLO2 code means that it has been 
designed as a toolbox from which a user can choose a task via corresponding operators 
designed to solve a specific problem. Physical, numerical and structural functions are built 
into modules that perform specific task, like preparation of geometry, self-shielding flux 
solver etc. The GIBIANE macro language is used to link dynamically these operators at run 
time, thus defining a particular calculation scheme fit to specific users’ objective. For the user 
several official calculation routes are recommended by CEA.  
 



  

The definition of calculated area consists of basic data, cell geometry descriptions, material 
compositions and building the assembly model. For the collision probability solver the fuel 
node is built as a multi-cell object with approximate cell geometry. For the MOC solver, the 
SILENE GUI [12] is used to generate the exact geometry, the unstructured spatial mesh and 
the boundary conditions. Based on mesh refinement studies, the following guidelines for cell 
discretization can be given: 
- 4-6 rings in the fuel pellet, smeared gap-cladding,  
- 2-3 radial meshes and 6 azimuth sectors in the moderator.  
- the fuel pin is not subdivided into sectors. 
- refined radial mesh, recommended in absorber cells,  
- at least 6 radial rings in Gd poisoned cells. 
 
Any material can be defined by entering its isotopic composition. The fuel can also be defined 
by general information such as density, uranium enrichment, gadolinium concentration, 
plutonium concentration, etc. 
 
There is a recommendation for self shielding calculation, too. It was developed by CEA, 
through an individual isotope by isotope optimization analysis to explicitly describe the most 
important resonance of the main fission product and actinides. Therefore, this energy mesh 
allows avoiding resonance self- and mutual- shielding treatment bellow 23 eV where complex 
resonance overlapping effect are observed, while keeping the number of groups and 
computational burden at reasonable level. 
 
Several calculation options were investigated but most of the experiments were simulated by 
the recently developed MOC solver, too. In those cases, great effort had to be made for the 
geometry preparation, which was done by using the SILENE auxiliary module. 
  
 

3. ASYMPTOTIC CELLS 
 

There are two series of asymptotic pin cells with measured material bucklings in [3]. Table 16 
in LEU-COMP-THERM-015 contains 25 (No. 1-24 and 27 in Table 1), meanwhile Table 16 
in LEU-COMP-THERM-036 3 cases (No. 25-26 and 28 in Table 2). The first group 
comprises the standard VVER lattices, while the other cases refer to enlarged fuel pin radii. 
The calculations were performed by using both the PIJ (collision probability) and the MOC 
solver. Different geometry discretizations were used for the two cases. In case of MOC 
solver, the SILENE auxiliary tool was used for the necessary data preparation. An example of 
the single hexagon subdivision applied in case of the MOC solver is shown in Figure 1. 
 
Table 1 shows the obtained keff values and also some comparisons with HELIOS [15] and 
KARATE code results. It can be seen that for the lattices in which the pin radius is enlarged 
rather poor results are obtained (in connection of pin geometry and material data see in LEU-
COMP-THERM-036). That is the reason why the average value and standard deviation is also 
given without these cases, indicated by asterisk. In the standard simple cases, the advantage of 
the MOC solver is not convincing, the more detailed PIJ solver of APOLLO2 gave rather the 
same results as the MOC method.  
 
For the cases with non zero boron concentration an overestimation and for the lattices with 11 
mm pitch without boron an underestimation could be observed.  
 



  

The available measured δ28 values (the ratio of the fission rate of U-238 to that of U-235) and 
the calculated ones obtained by different codes can be seen in Table 2. Concerning 
APOLLO2, similar conclusion can be drawn as for the criticality, namely the MOC option 
and the detailed calculation with PIJ solver give rather similar values. It seems that for this 
parameter the results of APOLLO2 and KARATE are close each to other. 
 
Table 1: Comparison of the keff  calculated by different codes and methods 

 Lattice   2
mat

B  APOLLO2 (JEFF-3.1.1 library) HELIOS KARATE 

 Lattice pitch/ 
enrichment/ 
boron density/  
temperature 

 
[m-2] 

 
Pij 

(4 rings) 

 
Pij  

(7 rings) 

 
MOC 

 
MOC 

 
Pij 

(5 rings)  
 

 1 11.0/3.6/0.0/  20 66.01±0.55 0.985746 0.987091 0.989604 0.99919 0.9975 
 2 11.0/3.6/0.0/  80 64.02±0.49 0.977775 0.980214 0.982459 0.99166 0.9897 
 3 11.0/3.6/0.0/130 59.76±0.31 0.975437 0.977483 0.979790 0.98894 0.9867 
 4 11.0/3.6/1.0/  20 62.14±0.62 0.990807 0.991967 0.994560 1.00388 1.0020 
 5 11.0/3.6/1.4/  20 61.70±0.53 0.988036 0.989637 0.992310 1.00138 - 
        
 6 12.7/1.6/0.0/  20 50.57±1.15 0.988412 0.989587 0.994670 1.00197 0.9893 
 7 12.7/1.6/1.8/  20 33.32±1.30 0.986442 0.989311 0.992524 1.00003 - 
         
 8 12.7/3.6/0.0/  20 100.41±0.40 1.0045 1.00197 1.004831 1.00797 1.0087 
 9 12.7/3.6/0.0/  80 96.55±1.29 0.996676 0.99792 1.000398 1.00438 1.0040 
10 12.7/3.6/0.0/130 90.27±0.91 0.995105 0.99641 0.998979 1.00327 1.0023 
11 12.7/3.6/4.0/  20 74.16±0.34 1.00622 1.00796 1.010507 1.01361 1.0037 
12 12.7/3.6/4.0/  80 72.07±0.21 1.00119 1.00272 1.005609 1.00928 1.0089 
13 12.7/3.6/4.0/130 67.63±0.20 1.00116 1.00234 1.005428 1.00962 1.0131 
14 12.7/3.6/5.8/  20 64.95±0.26 1.00365 1.00537 1.008011 1.01076 1.0079 
15 12.7/3.6/5.8/  80 61.69±0.20 100464 1.00625 1.008906 1.01258 1.0094 
16 12.7/3.6/5.8/130 59.02±0.13 1.00107 1.00262 1.005527 1.00978 1.0064 
17 12.7/3.6/7.2/  20 56.54±0.39 1.00752 1.00871 1.011036 1.01400 - 
        
18 12.7/4.4/0.0/20 112.58±1.65 0.994645 0.996188 0.999423 1.00265 1.0037 
19 12.7/4.4/0.6/20 106.6±1.84 1.00200 1.00392 1.007340 1.00954 1.0102 
20 12.7/4.4/7.2/20 69.03±1.06 1.01443 1.01561 1.018823 1.02078 1.0037 
        
21 15.0/1.6/0.0/20 48.90±0.65 1.00010 1.00103 1.006163 1.01122 0.9998 
22 15.0/3.6/0.0/20 120.36±0.65 1.0031 1.00390 1.006614 1.00879 1.0112 
23 15.0/3.6/4.0/20 70.25±0.81 1.01357 1.01438 1.0158251 1.01748 1.0134 
24 15.0/4.4/0.0/20 136.80±0.64 0.996900 0.997715 1.0009537 1.00257 1.0054 
        
25 19.05/2.0/0.0/20 66.56±0.31   1.0102590   
26 19.05/2.4/0.0/20 73.59±1.89   1.0281823   
27 19.05/3.6/0.0/20 108.20±1.56 1.01325 1.01363 1.014779 1.01235 - 
        
28 25.98/2.0/0.0/20 55.43±0.27   1.013082   
 Average  0.998096 0.999357 1.003807 1.00642 1.003667 
 St.dev.  0.010337 0.009969 0.010739 0.007499 0.007564 
 Average*    1.001679   
 St.dev.*    0009697   

 
 
 
 
 



  

 
Figure 1 Singe pin cell geometry developed by SILENE 

 
Table 2: Measured δ28 and values calculated by different codes 

Lattice Measured APOLLO2 (JEFF-3.1.1 
library) 

HELIOS KARATE 

Lattice pitch/ 
enrichment/ 
boron density/  
temperature 

  
Pij  

(7 rings) 

 
MOC 

 
MOC 

 
Pij  

(5 rings) 

11.0/3.6/0.0/20 0.0853±0.0027 0.0825 0.0823 0.0894 0.0860 
11.0/3.6/1.4/ 20 0.0819±0.0029 0.0830 0.0828 0.0916*  
12.7/1.6/0.0/ 20 0.0667±0.0039 0.0607 0.0606 0.0672 0.0627 
12.7/1.6/1.8/ 20 0.0673±0.0039 0.0630 0.0630 0.0698  
12.7/3.6/0.0/ 20 0.0543±0.0013 0.0538 0.0537 0.0594* 0.0553 
12.7/3.6/4.0/ 20 0.0671±0.0028 0.0560 0.0559 0.0626*  
12.7/3.6/4.0/130 0.0671±0.0021 0.0589 0.0587 0.0652  
12.7/4.4/0.0/ 20 0.0557±0.0014 0.0527 0.0526 0.0583 0.0539 
12.7/4.4/0.6/ 20 0.0578±0.0014 0.0528 0.0528 0.0586 0.0543 
12.7/4.4/7.2/ 20 0.0656±0.0016 0.0558 0.0557 0.0627  

 
 

4. MACRO CELL CALCULATIONS 
 

Concerning the macro cell experiments, two sets can be distinguished. The first group 
comprises the perturbations which are supposed to be used for the standard VVER-1000 
assemblies, while the other groups are for the assemblies containing Gd burnable poison. For 
the first group, the corresponding information can be found in the LEU-COMP-THERM-015 
data set of [3]. In these cases, due to the strong absorber materials, the MOC solver is the 
appropriate option for the calculations. In connection with the APOLLO2 geometry 
discrtetization and input preparation, the corresponding SILENE „motif” is presented in 
Figure 2. 



  

 
Figure 2 X5 Macro cell type geometry developed by SILENE 

 
Table 3: Comparison of the keff  calculated by different codes 

Lattice 
Lattice pitch/ 
enrichment/ 

boron density 
Absorber type 

 
Temp. 
[oC] 

 
2
mat

B  [m-2] 
 

Keff [-] 
APOLLO2 

 
Keff [-] 

HELIOS 

 
Keff [-] 

KARATE 

11.0/3.6/0.0  E3 21 83.47±0.74 0.99595 1.0011  
11.0/3.6/0.0  E7 21 67.29±0.62 1.00021 0.9961  
12.7/3.6/0.0  E3 21 107.38±0.52 1.01182 1.0113  
12.7/3.6/0.0  C5 21 70.56±0.31 1.00352 1.0067 1.00035 
12.7/3.6/0.0  G5 21 40.62±0.60 1.01568 1.0273 1.02535 
12.7/3.6/0.0  E7 130 62.75±028 0.99759 1.0048  
12.7/3.6/0.0  F7 21 78.29±0.19 0.99548 1.0025  
12.7/3.6/0.0  G7 21 73.11±0.21. 0.99997 1.0055 1.00397 
12.7/3.6/0.0  G7 130 90.19±0.19 1.00521 1.0028  

Average:   1.00283 1.00646 1.009891 
St.dev.:   0.00703 0.00885 0.013511 

 
The results of the different codes are collected in Table 3. Similar trends can be observed as 
for the criticality parameters of the asymptotic cells. The overestimation of Keff can be seen 
for the same measurements for all codes. The absorber types G and E can be calculated pretty 
well for the other macro cells. Concerning the power distributions, good agreements were 
gained which is demonstrated in Figures 3-4.  
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Figure 3 Inter-comparison of the power distributions calculated by APOLLO2 and 

KARATE for the macro cell 12.7/3.6/0.0-C5 
 

Power distribution in G5 macrocell
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Figure 4 Inter-comparison of the power distributions calculated by APOLLO2 and 

KARATE for the macro cell 12.7/3.6/0.0-G5 
 
The other group of the macro cells contains gadolinium perturbation. In table 4, the type of 
the macro cell, the measured material buckling and the calculated keff values are presented. 
The simulation of the experiments was performed by the solver of the KARATE code too. 
 
The keff values calculated by the two different codes overestimate the criticality, however the 
extent is not increasing with the gadolinium content. Table 4 shows that the material buckling 
variation beyond 2% gadolinium content is very weak and in this region the APOLLO2 
results are better. 

 



  

 

Table 4: Criticality calculated by APOLLO2 and KARATE-440 for  
X7(Gd absorber) perturbed ZR-6 lattices 

Lattice ID Gd 
conc. 

2
mat

B  [m-2] Keff [-] 
APOLLO2 

Keff [-] 
KARATE 

12.7/3.6/0 I7 0.0 97.13±0.41 1.019920 1.01198 
12.7/3.6/0 J7 0.2 91.22±0.46 1.01535 1.01302 
12.7/3.6/0 K7 1.0 88.58±0.34 1.00513 1.00574 
12.7/3.6/0 L7 2.0 87.43±0.35 1.00248 1.00445 
12.7/3.6/0 M7 5.0 84.60±0.41. 1.00465 1.00796 
12.7/3.6/0 N7 7.5 83.55±0.38 1.00517 1.00888 

 
The power distributions within the X7 macro cell were also calculated. In the cases of higher 
Gd content the measured and calculated distributions have been compared in Figures 5-7. The 
overall agreement between the distributions is good. 
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Figure 5 Measured power distribution and its simulation by the APOLLO2 and 

KARATE codes in the K7 macro cell 
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Figure 6 Measured power distribution and its simulation by the APOLLO2 and 

KARATE codes in the L7 macro cell 
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Figure 7 Measured power distribution and its simulation by the APOLLO2 and  

KARATE codes in the M7 macro cell 
 

 

5. THE NUMERICAL FUEL ASSEMBLY BURNUP BENCHMARK 
 

The second generation VVER-440 fuel assembly (FA), containing Gd burnable poison, has 
some specific features in comparison to the standard FA. Therefore, special attention has to be 
paid to the spectral calculations of such a FA. In 2000, a mathematical benchmark was 
proposed in order to compare the basic calculated characteristic parameters, like k-inf, pin-
wise power distribution inside the FA and the bunup dependent concentrations of the most 
important actinide and Gd isotopes [4]. The results presented on the AER Symposiums in 
2002 [14] were received from eight organizations using different spectral codes, namely: 
• Kurchatov Institute, Moscow, TVSM and MCU-REA code; 
• ÚJV /Energoprojekt/, Prague, HELIOS code; 
• ŠKODA JS a.s., Plsen, WIMS code; 
• VÚJE, Trnava, HELIOS code; 
• TÜV Energie Consult, Munich, CASMO code; 
• SSTC Ukraine, Kiev, NESSEL4 code; 
• KFKI-AEKI, Budapest, KARATE code; 
• IRNE, Sofia, HELIOS code. 
 
Comparison of the basic characteristics of the FA with Gd depletion was provided. It can be 
concluded from the studies performed at different organizations that the results of calculations 
for FA with Gd burnable absorbers are more sensitive to options used at calculations, like 
time step at burnup, number of energy groups, geometrical subdivision of fuel and moderator, 
explicit modeling of fuel central hole and gap between fuel and cladding and approximations 
used in transport solutions. Still it is true, that options at solution must be selected carefully. 
The reason on differences lies in different codes and their libraries of microscopic cross 
sections, too. Also “human factor” is important. 
 
Here, some preliminary results obtained by the APOLLO2 code are given. As the assembly 
geometry has sixty degree symmetry, the MOC input set was prepared by taking into account 
this feature. The central instrumental tube, the different pins with different U-235 enrichments 
and the 6 Gd dotted pins are taken into account. The SILENE input can be seen in Figure 8. 



  

The fuel pins are usually divided 4 parts, except the Gd pins where 6 rings were used. The 
APOLLO2 calculation was organized on the basis of the CEA recommendations. The MOC 
procedures take rather long CPU time in that case because for the better convergence the 
APOLLO2 code can revise the burnup steps given by the user. 
 
The Kinf and some isotope concentration as a function of the burnup can be seen in Figures 9-
12. The results are in good agreement with the overall picture given in the summary [13].  
 
 

 
Figure 8 2D configuration of the VVER-440 assembly developed by SILENE 

 
 



  

Kinf vs. Burnup
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Figure 9  Kinf calculated by APOLLO2 and the other participants of AER as a  

function of the burnup 
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Figure 10 U-235 depletion calculated by APOLLO2 and KARATE as a function of the 

burnup  
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Figure 11 U-238 depletion calculated by APOLLO2 and  KARATE as a function 

of the burnup 
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Figure 12 XE-135 depletion calculated by APOLLO2 and  KARATE as a function  

of the burnup 
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