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ABSTRACT 
 
 
APROS - Advanced PROcess Simulation environment – is a widely used simulation tool for 
nuclear power plant modelling. Earlier the three-dimensional neutronics calculation has been 
based on model using the difference method. The original three-dimensional core model is 
mainly used in power plant simulator applications, where it fits well because of its speed. For 
safety analysis purposes, however, a new model was considered to be an important 
improvement to meet the accuracy requirements. A sophisticated nodal model used already in 
HEXTRAN and TRAB-3D was decided to be implemented into APROS. The hexagonal part 
of the model has now been implemented and tested. For practical reasons, the model was 
programmed from scratch into APROS and also some small improvements were added and 
thus, an extensive validation program was necessary to prove the correct behaviour of the 
model. In this paper, the most important results from AER kinetic benchmarks 2 & 3 
calculations are shown as well as the calculation results against data achieved LR-0 test 
reactor space-time kinetic experiments. Since the model is similar to the one in HEXTRAN, 
the results in benchmarks are compared to the results by it. In LR-0 calculations, results by 
both, original and new model are presented and compared to the measurements. The results 
shows that the implementation of the model has been successful and the new model improves 
the accuracy of three-dimensional neutronics calculation in APROS into the level required in 
safety analyses.  
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1. INTRODUCTION 
 
 
Three-dimensional neutronics calculation with good thermal-hydraulics model gives a tool to 
analyze all type of transient scenarios of nuclear reactor in realistic way. Mainly for simulator 
purposes developed original three-dimensional neutronics model in APROS [1], based on 
difference method, is known to have difficulties to perform accurately enough in the most 
demanding safety analyses. Thus, an improved model was decided to be implemented. A 
model used in safety analysis code HEXTRAN  by VTT [2] was decided to be optimal for 
this purpose, since it has shown to be accurate and it is well tested already. For several 
practical reasons, the model was fully reprogrammed into APROS.  
 
Work was started at the end of 2007 and the hexagonal part of the model has been now 
implemented and tested. Earlier phases of the implementation and testing are introduced in a 
former paper presented in AER-symposiums [3, 4].  
 
This paper introduces the basics of the model. Further, the paper presents the most important 
results of the last test calculations. These include the AER’s second and third kinetic 
benchmarks calculations for a VVER-440 reactor and comparison to the measurements from 
LR-0 zero power test reactor space-time kinetic experiments [5, 6, 7].  
 
 
 

2. SHORT INTRODUCTION IN THE NEUTRONICS MODEL OF 
HEXTRAN 

 
 
The sophisticated nodal model of HEXTRAN has been validated using already validated 
codes as well as measurements from Czech LR-0 test reactor and Loviisa power plant. The 
results have shown that HEXTRAN is capable to calculate VVER-440 and VVER-1000 type 
reactors accurately in different type of transients. It is particularly intended and validated to 
analyses of asymmetric transients. [2] 
 
The model is based on two-group diffusion theory in homogenized nodes. Mode 
decomposition is used. Fundamental mode is approximated by a third degree polynomial, 
while transient mode is simpler calculated separately at each node boundary using one-
dimensional equations. [2] 
 
The interaction between nodes at the node boundary is described by coupling coefficients. 
The outer boundaries, as well as at the absorber part of the VVER-440 control assemblies, are 
described also by coupling coefficients, which are calculated by using albedos. However, also 
extrapolation distances can be used. [2] 
 
In the time discretization, a spectral matching method W11 is used [9]. Six groups of delayed 
neutrons are included in the calculation as well as xenon and samarium calculation.  
 
The iteration is done in two-level scheme. During an inner iteration, average values of the 
fundamental modes are calculated using current coupling coefficients. In other words, the 



global flux shapes are calculated using constant flux shapes inside the nodes. This is 
performed using an iterative method, where over-relaxation is used to accelerate the 
convergence.  
 
During an outer iteration, the flux shapes inside the nodes are improved according to the new 
global flux distribution. In practise, this culminates in calculation of new coupling 
coefficients, which contain all information of the internal flux shapes. During each outer 
iteration, several inner iterations are usually performed, depending on input. This is a 
computationally favourable scheme, which is based on the fact that the node internal flux 
shape is a slowly varying function of the average fluxes of the node and its neighbours.  
 
Some small improvements have been made compared to HEXTRAN. The differences are 
mainly related to a more flexible use of the old model and especially to details in the VVER-
440 control rod follower description. Details of the improvements are given in earlier 
validation reports [4]. 
 
Currently, the new model doesn’t still include some important features, that are already in 
HEXTRAN. From the physical models, the partial albedos need to be programmed. For a 
safety analysis program, it is important to have options which allows to take into account 
conservative assumptions. In HEXTRAN, extensive various conservative assumptions are 
available and partly this work must be done still to APROS. 
 
 
 

3. CALCULATIONS OF AER’S SECOND AND THIRD KINETIC 
BENCMARKS  

 
 
To get full guarantee that the new implementation and the improvements, as well as the co-
operation with ‘old’ APROS works correctly, wide validation program is necessary. The 
series of AER kinetic benchmarks for VVER-440 reactor is considered to be excellent first 
validation set. The original model of HEXTRAN and the model of HEXBU-3D have been 
validated successfully and widely [2]. Thus, a comparison of the results by the new 
implementation of the model to the results by HEXTRAN shows if the implementation of the 
model has been done correctly. Further, this comparison gives a guarantee of accuracy that is 
needed in safety analyses, because the model of HEXTRAN is already successfully validated. 
 
Results of first benchmark are presented in an earlier AER-symposium [4]. The second 
kinetic benchmark is slightly more complicated version from the first one. Both are control 
rod ejections in a VVER-440 reactor. The difference between the first and the second one is 
that Doppler feedback-effect has been included to the calculation. Thermal-hydraulics 
feedback is ignored and a heat transfer away from the fuel is obstructed so that all produced 
heat stays inside the fuel. 
 
The results in such a fast transient are extremely sensitive. Thus, small changes in input may 
cause noticeable difference in the results. In the HEXTRAN calculation, the usual manner is 
that Doppler temperature is calculated by using mean value of fission power of the current 
time step and the former one, but the weighting can be varied. In APROS, it is currently 
calculated using the fission power of the current time step only. Thus, also in HEXTRAN 



calculation this option is used in the calculation of this report. This affects especially the 
maximum power level noticeably in fast transients like control rod ejection. Thus, when 
comparing the calculations in this report to earlier released results by HEXTRAN, this input 
difference is one of the main reasons of the differences in results. 
 
Calculation results and difference comparison of fission power and total released energy are 
shown in Figs. 1 & 2. As explained above, the absolute results differ somewhat from those, 
calculated by HEXTRAN earlier on its own validation, because of the clear input differences. 
However, the results show excellent similarity between the new APROS model and 
HEXTRAN with the same input. Only very small differences exists, which come from 
numerical differences and small differences in the models like the slightly different 
description in control rod follower. More careful studying, like comparing local powers and 
fuel temperature, don’t bring anything surprising. This proves that the behaviour of the pure 
neutronics model of new APROS is in practise identical to HEXTRAN and implementation of 
the model has been successful.  
 
 
 

 
 
Figure 1: Comparison of total fission power between (modified) APROS and HEXTRAN in second AER’s 
benchmark. 
 



 
 
Figure 2: Comparison of total fission energy between (modified) APROS and HEXTRAN in second AER’s 
benchmark. 
 
 
In the third kinetic benchmark, thermal-hydraulics calculation inside the core was included. 
This naturally brings differences between the codes, since only the neutronics models are 
almost identical. In the benchmark, still control rod ejection was under consideration. For the 
same reasons than in second benchmark, input values were slightly different to the original 
input. This affects also significantly the results compared to those, calculated in the actual 
HEXTRAN benchmark calculation.  
 
In Figs. 3 & 4, the total fission power and comparison of them between APROS and 
HEXTRAN are presented in different time scales. Further, total released energy is shown in 
Fig. 5. During the power peak, the difference between the codes stays somewhat over 2 %, 
which is relatively small. Later after the power peak, relative error increases reaching 10.2 % 
at 1.05 s, but to the other direction than during the power peak. At this moment, the absolute 
power and thus the absolute error are already relatively small. From the curve representing the 
total released energy, the same can be seen. During the power peak, the relative error reaches 
about 2 %, but later this difference clearly decreases. At the end of the calculation, the relative 
error changes its sign and clearly, the difference makes decreasing oscillation.  
 
From Figs. 6 & 7, the main reason for the difference can be seen. During the power peak and 
also later, the mass flow calculated by the codes, differ significantly from each other’s. In full 
core values the difference is not so big, but the difference comes from local variation. As an 
example, in the hottest channel, the relative difference in inlet flow reaches 17 %, flow being 
bigger in APROS calculation and in outlet flow over 40 % to other direction as seen in Fig. 7. 
The moment for this maximum error is 0.95 s. 



 
 

 
 
Figure 3: Total fission power comparison between APROS and HEXTRAN from 0.0 to 0.5 s in third 
AER’s benchmark. 
 
 
 

 
 
Figure 4: Total fission power comparison between APROS and HEXTRAN from 0.0 to 10 s in third 
AER’s benchmark. 



 

 
 
Figure 5: Comparison of total released fission energy between APROS and HEXTRAN in third AER’s 
benchmark. 
 
 

 
 
Figure 6: Total outlet coolant flow between APROS and HEXTRAN in third AER’s benchmark. 



 
 

 
 
Figure 7: Comparison of outlet mass flows in the hottest channel in AER's third benchmark. 
 
 
As a curiosity, an interesting notation about benchmark’s sensitivity was made. Originally a 
clear difference between codes was noticed and reason was found a from slightly different 
table of material properties of water and especially from interpolation of the properties. To get 
a same water density at the initial state, slightly hotter inlet water was used in HEXTRAN 
calculations to guarantee as comparable condition as possible for comparison of neutronics 
models. To see the relatively significant effect of the small difference in initial water density, 
in Fig. 8, the total released fission energy comparison between two HEXTRAN calculations 
are shown. The only difference between calculations is a slightly over one degree difference 
in inlet water temperature, and thus, small difference in water density. It can be seen that this 
about one degree difference causes about 10 % relative difference during the quickest power 
increasing phase. Quickly after the power peak, the relative difference in released energy 
decreases back to a smaller scale. Also it is important to note that the largest relative 
difference occurs at a time, when the absolute power is still relatively small and thus, the 
difference in the absolute power is not so dramatic. Anyway, the calculation shows that the 
benchmark calculation is sensitive in the maximum power peak values, the magnitude and 
time. The corresponding calculation with real power plant data for Loviisa NPP, didn’t show 
similar sensitivity and conclusion is that the sensitivity came from cross-section data. 
 
 
 



 
 
Figure 8: In figure, total released energy comparison with different coolant inlet temperature is shown by 
HEXTRAN in third AER’s benchmark. Actual released energies are shown above and relative difference 
is shown below. 
 
 
As a total, the results of all three calculated kinetic benchmarks by AER show that the 
implementation of the neutronics model of HEXTRAN into APROS has been successful and 
the pure neutronics model parts calculate almost identically as was intended. More detailed 
analysis for the results in second and third benchmarks are presented in separate reports [10, 
11].  
 
 
 

4.  COMPARISON OF THE CALCULATION RESULTS BY APROS 
TO SPACE-TIME KINETICS EXPERIMENTS IN LR-0 TEST 

REACTOR 
 
 
Space-time kinetics experiments carried out in the zero-power test reactor LR-0 in former 
Czechoslovakia, have been earlier calculated by e.g. DYN-3D and HEXTRAN [2, 12]. They 
offer excellent data for testing the new APROS model against measurements and comparing 
the predictions of the new model to the original one. In five different experiments with slow 
and fast control rod movement, neutron flux was measured in several different locations 
around the core. The test reactor contained 31 or 55 shortened VVER-1000 fuel assemblies. 



The smaller core was in use in the first experience and bigger in the last four. Both 
symmetrical and eccentric control rod movements were used. [7] 
 
In the first experiment, an eccentric trapezoidal control rod movement was done slowly. 
Comparison of some of the detector rates to the results calculated by APROS are shown in 
Figs. 9 & 10. In the first one, the results are calculated by the new nodal model and as a 
comparison, the same calculation was performed by the original model based on the 
difference method and those results are in the latter figure.  
 
It can be seen that in detector locations C3 and C10, calculated results with the new model 
have excellent agreement with the measurements. In the detector spot C13, some difference 
exists at the beginning of the insertion and withdrawal. This detector is located in the 
assembly with the moving control rod. Further, it locates in area of two calculation nodes 
which covers the part of the assembly that the tip of the control rod whips on its movement. 
Error comes from part of the detector that locates in lower node. The rapidly decreasing flux 
between two neighbouring axial nodes is challenging to be modelled for the method.  
 
From the results calculated by the original difference model, the advantage of the new model 
can be seen. Before the withdrawal phase, original model calculates the power behaviour well 
in detector spot C13. However, in the other detector spots, as well as in C13 location after 
withdrawal, the results differ from the measurements more.  
 
 
 

 
 
Figure 9: In figure, relative detector rates calculated by APROS with new model are compared to 
measurements in first lr-0 experiment. 



 
 
Figure 10: In figure, relative detector rates calculated by APROS with original model are compared to 
measurements in first lr-0 experiment. 
 
 
As a second example a fast symmetrical control rod drop from half-inserted position to fully 
insertion was done. This was the fourth experiment in the test reactor. Comparison of 
calculation results to measurements from several detector positions are presented in Fig. 11. 
Results show a good agreement with measurements in all detector locations.  
 
All results of the calculations are presented in a separate report [13]. Results are in practise 
identical to those, which were calculated earlier by HEXTRAN. They show good agreement 
with measurements in different type of control rod movements and in different locations in 
the reactor core.  
 



 
 
Figure 11: In figure, relative detector rates calculated by APROS are compared to measurements in 
fourth lr-0 experiment. 
 
 
 

5. CONCLUSIONS 
 
 
The original three-dimensional neutronics model in APROS, based on the difference method 
was developed mainly for simulator purposes, and constructed by requirements for calculation 
speed. It is known to have difficulties to perform accurately in the most demanding safety 
analyses. The desire to carry out even such safety analyses with APROS, in which the three-
dimensional power distribution is important, caused a decision to implement a more accurate 
model in APROS. The new model uses the same method that is used in HEXTRAN. VTT’s 
three-dimensional HEXTRAN code with a sophisticated nodal neutronics model has been 
well validated and widely used in demanding safety analyses for VVER-reactors. The model 
was completely reprogrammed into APROS.  
 
Hexagonal part of the method has been implemented now and a large number of test 
calculations have been performed. The series of AER’s kinetic benchmarks have shown that 
the results are identical to HEXTRAN and thus, implementation of the model has been 
successful.  
 



Later, calculation results have been compared to space-time kinetic experiments from LR-0 
test reactor. The results show good agreement with the measurements. Results with the 
original model show in addition, that the new model makes a noticable improvement and 
accuracy of the model is now on level that is required from three-dimensional core model in 
safety analysis calculations. 
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