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ABSTRACT 
 
 
A new three-dimensional nodal model for neutronics calculation is currently under 
implementation into APROS - Advanced PROcess Simulation environment - to conform the 
increasing accuracy requirements. The new model is based on an advanced nodal code 
HEXTRAN and its static version HEXBU-3D by VTT, Technical Research Centre of 
Finland. Currently the new APROS is under a testing programme. Later a systematic 
validation will be performed. In the first phase, a goal is to obtain a fully validated model for 
VVER-440 calculations. Thus, all the current test calculations are performed by using Loviisa 
NPP’s VVER-440 model of APROS. In future, the model is planned to be applied for the 
calculations of VVER-1000 type reactors as well as in rectangular fuel geometry. The paper 
outlines first the general aspects of the method, and then the current situation of the 
implementation. Because of the identical model with the models of HEXTRAN and HEXBU-
3D, the results in the test calculations are compared to the results of those. In the paper, 
results of two static test calculations are shown. Currently the model works well already in 
static analyses. Only minor problems with the control assemblies of VVER-440 type reactor 
still exist but the reasons are known and will be corrected in near future. Dynamical 
characteristics of the model are up to now tested only by some empirical tests.  



1. INTRODUCTION 
 
 
Three-dimensional calculations are important and still increasing part of safety analyses of 
nuclear reactors. Realistic analyses of asymmetric transients, e.g. control rod ejections and 
main steam line breaks, insist three-dimensional treatment. Especially detailed thermal-
hydraulics calculation requires plenty of computation power. However, separate description 
of each flow channel has become reachable for every-day calculations. To get a full advantage 
of detailed thermal-hydraulics solution, a three-dimensional neutronics calculation is needed.  
 
 
APROS (Advanced PROcess Simulation environment) [1] is a widely used analysis tool 
especially for VVER-440 type reactors in Finland but increasingly also abroad. The strength 
of APROS is a detailed simulation of all the important components of nuclear power plant. By 
applying APROS, the effect of large number of different scenarios related to different 
subsystems of power plant can be included to safety analysis in flexible way.  
 
 
The current three-dimensional neutronics model in APROS has shown to have difficulties in 
purposes to get accurate results in the most demanding analyses. To improve the application 
range of APROS, implementation of a new three-dimensional neutronics model has been 
started at VTT, Technical Research Centre of Finland. With the new neutronics model, 
APROS is capable to analyze accurately different type of asymmetric transients. The new 
model, together with sophisticated thermal-hydraulics model and detailed component-level 
description of the nuclear power plant, makes APROS extensive analysis tool for nuclear 
power plants.   
 
 
HEXTRAN [2] is a three-dimensional reactor dynamics code for VVER reactors developed at 
VTT. It is based on three-dimensional stationary code HEXBU-3D [3] and one-dimensional 
dynamics code TRAB [4] for rectangular geometry, both developed at VTT. HEXTRAN 
includes an advanced nodal model for neutronics calculation and thermal-hydraulics model of 
its own. It is widely used for analyses of transients such as control rod ejection and 
unintended dilution of soluble boron at the core inlet e.g. for VVER-440 and VVER-1000 
reactors.  
 
 
The sophisticated nodal model of HEXTRAN is currently under implementation into APROS. 
This paper outlines the basic information of the new model and current state of the 
implementation. 
 
 
 

2. 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. [5] 
 
 
The advanced nodal model of HEXTRAN is shown to be relatively accurate and numerically 
stable. A real advantage of the method is the speed of it. The method is shown to be extremely 
fast compared to other corresponding models. Thus, HEXTRAN coupled with thermal-
hydraulics circuit model SMABRE [6] is widely used especially in safety analyses of VVER-
440 reactors in Finland.  
 
 

NEUTRON FLUX SHAPES 
 
 
The neutronics model of HEXTRAN is a sophisticated nodal model based on solving two-
group diffusion equations in homogenized fuel nodes. To solve the equations inside each 
node, a mode-decomposition is used, i.e. the group fluxes are presented as a linear 
combination of two eigensolutions of the Helmholtz equation. The mode shapes are easier to 
model than original flux shapes, since in practise, a fundamental mode is well behaving inside 
the nodes and a transient mode is significant only at the node boundaries.  
 
 
 The fundamental mode is approximated by third-degree polynomial, which is adequate for 
well-behaving function. The transient mode is approximated separately at each interface by 
solution of one-dimensional problem. The approximations don’t lead to large error compared 
to the computational advantage, which are obtained, because of the nature of the functions. 
Naturally, this holds only at the normal fuel assemblies and e.g. the handling of the reflector 
elements as diffusive areas has shown to be problematic, which however, is not a significant 
limitation. 
 
 
The node fluxes and neutron currents at the interfaces are connected using coupling 
coefficients. Neutron fluxes and currents for both energy groups at each interface between 
two nodes are related to the fundamental modes of the nodes.  
 
 
In nodal methods, it is not justified to set neutron fluxes continuous at the interfaces because 
the homogenization of relatively large volumes causes errors into the internal flux shapes. A 
typical solution is using of discontinuity factors. Using continuity conditions for neutron 
currents and neutron fluxes with discontinuity factors, the connection between the node 
internal flux shapes and global flux shape is obtained accurately.  
 
 

 
 



TIME DISCRETIZATION 
 
 
Neutron dynamics code requires also an efficient time discretization and description of 
delayed effects. First, inside each node, typical approximations of separable flux shape in 
respect of the time and spatial variables during one time step as well as similar shape of 
prompt and delayed neutron source are used. These are again approximations, which don’t 
lead to large error compared to the computational advantage. Further, the delayed neutrons are 
divided into six groups. Feedback effects of fuel and moderator temperature and density are 
taken into consideration. Also effects of xenon and samarium poisoning as well as soluble 
boron are taken into calculation.   
 
 
In the time discretization, a spectral matching method W11 is used [7]. It offers an efficient 
and accurate but also numerically stable method. With sufficient parameter selection, it takes 
very accurately into account the time variation of the total power. The discretization method 
also allows flexible choice of time step.  
 
 

ITERATION SCHEME 
  
 
The method uses a two-level iteration 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 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 contains all information of the internal flux shapes. During each outer 
iteration, several inner iterations are performed. This is computationally favourable scheme, 
which is based on the fact that the node internal flux shape is slowly varying function of the 
average fluxes of the node and its neighbours.  
 
 
 

3. IMPLEMENTATION OF THE MODEL INTO APROS 
 
 
The new neutronics model has been implemented into APROS from scratch, even though it is 
the same model as in HEXTRAN. There are several reasons for that. The main reason is a 
significant difference in the code architectures between APROS and HEXTRAN, which has 
made it impossible to couple these codes straightforwardly.  
 
 



The purpose is first to implement the same basic model in computational level into APROS 
than already exists in HEXTRAN. However, for user, slightly simpler usage is planned. A 
validation mainly against HEXTRAN and some measurements will be carried out to show the 
capability to simulate VVER-440 and VVER-1000 reactors. After validation, some new 
features are planned to be implemented to get a feasible analysis tool. 
 
 
The old three-dimensional neutronics model of APROS utilizes already similar calculation of 
cross-sections as HEXTRAN. However, some minor changes for cross-section calculations is 
needed related to follower parts of control assemblies. Also the connection to sophisticated 
heat transfer and thermal-hydraulics calculations of APROS has already been implemented in 
convenient way in the old three-dimensional neutronics model and the same connections are 
utilized in the new model. 
 
 
APROS is used for simulations of dynamical processes and typically the stationary state 
needed before an interesting dynamical simulation is utilized by driving the simulation to 
steady state by dynamical calculation. However, for neutronics calculation, it is more 
comfortable to use real steady-state calculation to find correct keff and then using this during 
the dynamical run. For this purposes, a possibility to steady-state calculation is included also 
to the new model in opposed to the old model. In practise, the steady-state equations are used 
only in the neutronics calculation currently, and the thermal-hydraulics calculation is still 
performed using dynamical equations.  
 
 
The model is implemented as independent model as possible. Thus, the testing and further 
development is easier. The model could also be connected to several other ‘main programs’ 
and thermal-hydraulics models within reasonable amount of work if needed. 
 
 
 

4. CURRENT STATE OF THE IMPLEMENTATION 
 
Currently a majority of the model has been programmed. However, the necessary changes for 
cross-section calculation in control assembly followers are not fully implemented. From the 
important physical parts, discontinuity factors and wide-range cross-section model are still 
missing compared to HEXTRAN. Also possibility to calculate in rectangular lattice is 
planned, but not implemented.  
 
 
Current testing has concentrated on finding programming errors and only few first accuracy 
comparisons have been made using static problems. Dynamical characteristics are currently 
tested only by some empirical test calculations. A systematic validation is starting after 
implementation of the discontinuity factors.  
 
 
 



5. EXAMPLE CALCULATIONS 
 
 
Comparisons between new APROS and stationary code HEXBU-3D has been made. In the 
calculations, Loviisa NPP BOC (beginning of cycle)-16 has been analyzed. Two test cases are 
presented here. The cases are simplified by ignoring the feedback effects. In this way, the 
differences arising from the different thermal-hydraulics solutions are ignored and pure 
neutronics model can be tested. 
 
 
In the first case, power distributions are calculated for the reactor in full power state with fully 
withdrawn control assemblies. In the calculations, also xenon and samarium are included. 
 
 
In the second case, the control rod group 6 has been inserted 1.5 meters. This insertion leaves 
part of all different pieces of the control assembly inside the reactor core, i.e. the fuel 
follower, connector piece and absorber. Reactor power has been decreased to 1000 MW. The 
incomplete work related on cross-section calculation in control assembly followers required 
an calculation without xenon model to get entirely same cross-sections. 
 
In table 1, the operational conditions and main results of the calculations are shown. In Figs. 
1-2, radial and axial fission power distributions are shown in example calculation 1. The same 
information for example calculation 2 is shown in Figs. 3-4. All the results are shown as 
fractions of the results between APROS and HEXBU-3D.  
 
 
The results show that the new model in APROS gives almost the same results as HEXBU-3D 
as it should. A slight skew in radial and axial distributions can be seen. The reasons for skews 
will be clarified with higher certainty but can be already mainly explained by numerical 
errors. 
 
 

6. CONCLUSIONS 
 
 
Demand for better accuracy in three-dimensional neutronics calculation in APROS has 
initiated a project to implement the neutronics model of HEXTRAN into APROS. The project 
is currently running and basic structure of the model has been implemented. Some important 
physical models are still missing, but at present the model is already capable to calculate 
simplified analyses.  
 
 
The test calculations have shown that the model is stable and gives similar results compared 
to HEXBU-3D in static calculations. Also some empirical tests have shown that the model is 
capable of performing dynamical calculation in stable manner. The current results indicates 
that after inserting the currently missing models, the model is ready for systematic validation.  
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Table 1: Operational conditions and main results of the example calculations. 
 CALCULATION 1 CALCULATION 2 
Reactor thermal power [MW] 1500 1000 
Control assembly positions [cm] fully withdrawn Group 6: 150 
Boron concentration [ppm] 1291.2 1152.7 
keff  APROS/HEXBU3-D 0.999484 / 0.999485 1.00090 / 1.00090 
Nodewise fission power 
difference, min/max [relative] 

-0.070% / 0.085% -0.022% / 0.024% 

Nodewise fission power 
difference, standard deviation 
[relative] 

0.036% 0.010% 

 
 
 

 
Figure 1: Fractions of assemblywise fission power between APROS and HEXBU-3D in example 
calculation 1. 
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Figure 2: Fraction of axial fission power distribution betweem APROS and HEXBU-3D in example 
calculation 1. 

 
Figure 3: Fractions of assemblywise fission power between APROS and HEXBU-3D in example 
calculation 2. 
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Figure 4: Fraction of axial fission power distribution betweem APROS and HEXBU-3D in example 
calculation 2. 


