
19th AER Symposium on VVER Reactor Physics 
and Reactor Safety 

21-25 September 2009 
Varna, Bulgaria 

PROGRESS IN IMPLEMENTATION OF THE 
NEUTRONICS MODEL OF HEXTRAN INTO 

APROS 
 
 

Jukka Rintala, VTT 
Tietotie 3, FI-02150 Espoo 

Finland 
Tel: +358 40 521 9567, Email: jukka.rintala@vtt.fi 

http://www.vtt.fi 
 
 
 

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. However, several improvements for the model are made and the whole model has 
been reprogrammed. They don’t change the theory basement of the method, but rather makes 
the implementation more flexible. Currently the computational part of the program is ready 
and current work concentrates on testing and validation. User interface details and usability 
issues need also work in the future. In this paper, general information about the improvements 
of the theory is explained first. Then the latest validation results are given. Currently the 
dynamical characteristics are tested by calculating the AER’s kinetic benchmarks for VVER-
440 reactors. In this paper, the results for the first benchmark are shown for two version of the 
code. The first version is fully HEXTRAN-comparable code to test that the basic structure 
works as wanted. The second version is the actual improved model for APROS.  
     



1. INTRODUCTION 
 
 
For safety analyses of nuclear power plants, it is important to have possibility for three-
dimensional neutronics calculation. With good thermal-hydraulics model, it gives a tool to 
analyze all type of accident and incident scenarios of nuclear reactor in realistic way. 
 
APROS [1] is a simulation environment for different type of processes and nuclear power 
plant simulation is an important application area for APROS. A new three-dimensional 
neutronics model is under implementation into APROS to improve its accuracy. The model is 
based on another reactor dynamics code HEXTRAN by VTT. Several improvements for the 
model have been made to expand the applicability of the method. The renewals also improve 
the accuracy of the model in some special situations.   
 
The early phases of the implementation with more details about the background and the 
method itself, are introduced in a former paper presented in AER-symposium [2]. Currently 
the main parts of the programming is implemented and partly tested. Numerically code seems 
to be stable and accuracy of the first results are pleasing. Validation calculations are currently 
performed.  
 
This paper outlines the differences in the method comparing to original HEXTRAN model. 
Later, the results of the first AER kinetic benchmark [3] calculation for VVER-440 reactor are 
presented. 
 
 
 

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. [4] 
 
The model is based on two-group diffusion theory in homogenized nodes. Mode 
decomposition is used. Fundamental mode is approximated by third degree polynomial, while 
the transient mode is simpler calculated separately at each node boundary using one-
dimensional equations.  
 
The interaction between nodes at the node boundary is described by coupling coefficients. At 
the outer boundaries, as well as at the absorber part of the VVER-440 control assembly is 
described also by coupling coefficients, which are calculated by using albedos. 
 
In the time discretization, a spectral matching method W11 is used [5]. Six groups of delayed 
neutrons are included in 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 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. IMPROVEMENTS OF THE MODEL COMPARED TO HEXTRAN 
 
 
Two different implementations are made. The first version is fully HEXTRAN-comparable 
model, that is, it work mainly in similar reactors and conditions with similar limitations as 
HEXTRAN and it should always give exactly similar results. Because the implementation is 
different, some numerical differences always is present, but in practise those errors are always 
very small. 
 
The second version is improved version from the first one. Some relatively small 
improvements for old description is made to improve the accuracy, but mainly the differences 
are related to more flexible use of the old model. In the following, the improvements are 
explained.  
 
The basic theory behind the model is relatively simple and clear and works well. There is no 
need to improve the equations. The problems arise from some practical facts. There are 
different length fuel assemblies and a moving fuel follower in control assembly of VVER-440 
reactor. These cause situations where the fuel in one assembly ends in the middle of a 
neighbouring fuel node. In the other words, a boundary of normal fuel node can be partly 
occupied by fuel and partly by absorber or outer boundary. Taking care all different such 
occasions needs lot of work and makes the code more complex. 
 
One of the most problematic situations is when a small tip of fuel extends to area of new 
node. Too flat node is not numerically stable so this tip must be added to next node and thus 
this new node is higher than neighbouring nodes. In such case, the calculation of boundary 
current in the tip area is not straightforward. One pair of coupling coefficients and one 
fundamental mode average cannot fully describe this situation and some approximation is 
needed.  
 
In HEXTRAN, the boundary current of such tip is calculated as follows. The inside current is 
assumed to be the same as in the other part of the higher node. On the other hand, this 
contribution is scaled to be same also to the ‘main’ neighbouring node. For the real neighbour 
of this tip area, the total boundary current is assumed to be zero. This is acceptable solution 
since it preserve the real neutron balance. However, it is rather quite unphysical approach.  
 



In the new version, the total boundary current of the tip area is assumed to be zero for both 
nodes. This is slightly better approach. It still preserves the neutron balance, but is consistent 
all over the code. This approximation can also be assumed not to cause big error. This change 
is after all relatively small change to earlier, but it has shown to give slightly better results. 
 
In HEXTRAN, there is a problematic limitation that the fuel assemblies are assumed to be of 
similar length. Nowadays, e.g. in Loviisa NPP, there is two different length assemblies, which 
need to be under consideration by special treatment. This limitation alone is not big, but 
together with limitation that the control rod follower can’t be higher to the neighbouring fuel 
assembly, it is more difficult problem to solve in HEXTRAN. In APROS, the whole situation 
is solved by using a different type approach, which is a noticeable improvement to 
HEXTRAN. 
 
The key in the new model is to have flexible amount of fuel nodes in the fuel follower, which 
would have been more difficult to implement without dynamical variables and limited 
memory, when HEXTRAN and its predecessors were programmed. Especially, it would have 
induces a need to have notably different programming structure, which would have affected 
on other memory minimizing tricks, which are present now. However, to APROS, this was 
relatively small work, even though it needed some extra tricks because of the old APROS 
structure, that is, the real time database [2]. 
 
The changing fuel node number in fuel follower gives also physically better solution for one 
special case. That is, when the lowermost fuel node is partly outside and partly inside the 
core. When the fuel node number is fixed, there may occur a case, where the tip outside the 
core is relatively big, while still the part inside the core must be similar to the normal fuel 
nodes at neighbours. This is difficult to model accurately and the only real solution is exactly 
to have own fuel node for the remarkable part outside the core.  
 
 
 

4. LATEST VALIDATION RESULTS 
 
 
The original model HEXTRAN has been validated successfully and widely [4]. 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 serial of AER 
kinetic benchmarks for VVER-440 reactor are considered to be excellent first validation 
cases. In the following, the results of the first benchmark are given. The results are not given 
in the originally requested form, since the idea is rather compare the new model to 
HEXTRAN. 
 
As explained earlier, there is two version of the new implementation. The first is ‘fully’ 
comparable to HEXTRAN and the second is the actual APROS version, which includes some 
improvements. In the following, the results for the both versions are given for first AER 
kinetic benchmark [3]. The benchmark describes a VVER-440 reactor with asymmetrical 
control rod ejection and consequential scram. In first benchmark, all feedback effects are 
ignored. In the calculations, 20 axial nodes are used. 
 



In the Fig. 1, the total fission power comparison is shown between the HEXTRAN and 
corresponding version of APROS. In Fig. 2, assembly-wise fission power is shown at 1.5 
second, which is the moment of maximum total power. From the figures can be seen that the 
HEXTRAN-comparable version of APROS works properly and only very small numerical 
differences exists. The situation is similar during the whole transient also with closer 
examination. The results shows that at least without feedback effects, the HEXTRAN-
comparable version works exactly as planned and the actual APROS version can be 
concentrated on.  
 
In previous section was explained that the dynamical node number in control rod follower 
affects to the results during small insertion of control rod. Current kinetic benchmark is a 
good test for that since during the scram, this happens at same time in most of the control 
rods. This is the case between 1.0 to 1.5 second.  
 
In Fig. 3, the comparison between HEXTRAN and APROS is done for total fission power. 
The effect of flexible node number in follower can easily be seen. Because new 
implementation in APROS takes better under consideration the horizontal neutron current 
from small tip below reactor core, it is natural that the total power is somewhat smaller than in 
HEXTRAN. New node for the tip outside the core can’t be made for very short tip because of 
numerical reasons. In the new model, horizontal neutron current of this short tip is taken 
under consideration, but in practise it is slightly overestimated, since it is calculated using the 
average neutron current of the node. Thus, at the beginning of control rod insertion, the 
outward neutron current is overestimated slightly and can be seen from the figure. There is no 
straightforward correction to this, but the error is neither significant. 
 
Other improvements can be seen especially at the moment of maximum power. In 
HEXTRAN, there appears a small ‘sump’ in the power, but in the new model, this effect is 
not seen anymore. 
 
In Fig. 4, assembly-wise fission power is shown at 1.5 s. It can be noticed that the total power 
is smaller all over the reactor, but slight skew exists because of different control assembly 
model and asymmetric transient. All control assemblies in APROS seem to have slightly 
emphasized power level compared to HEXTRAN. This happens especially in control rod 
group 6, which was partly inserted already at the beginning and the situation with extra 
outward neutron current  of tip of the follower doesn’t exist in these control rods. On the other 
hand, the second improvement, affecting on the uppermost node of the follower, slightly 
increases the power. This also mainly causes the skew. The skew is relatively small however. 
 
Furthermore, in Fig. 5, assembly-wise fission power is shown at 5.9 s, which is almost at the 
end of the calculation. At this point, the control rod group 6 is fully inserted, instead of the 
ejected rod and the power ratios for those are not shown. The same skew and slightly smaller 
total power level can still be seen from it, which is natural since nothing dramatic does 
happen anymore after 1.5 sec. The skew is relatively bit bigger, since the improvement 
causing the skew, is still present during whole calculation. 
 
In this paper, only some of the most interesting results are given. The node-wise examination 
does not give any surprises for the other results. For the HEXTRAN-comparable version, the 
node-wise differences neither in fission power nor flux values are not emphasized anywhere 
in the reactor. For the improved version, the node-wise differences are naturally higher.  



The biggest differences are in the lowermost nodes of the control rod followers, which is not 
surprising. At 1.4 seconds, when the difference in the node divisions is the biggest, the 
smallest value in the ratios of fission power in the lowermost nodes of the control rod 
followers is 0.6587 (total power ratio 0.9626). In the improved version, the power is gained 
actually as a sum of two lowermost nodes, while in HEXTRAN the same area is covered by 
one node only. The difference comes from the fact that the horizontal leakage is described 
much better in the improved version.  
 
At 1.5 seconds, the node division is fully same again, for the both models. Also the total 
power is at the maximum for the improved version. At this moment, the relative node-wise (at 
the nodes inside the core) fission power changes between 0.9860 and 0.9888, while the total 
power ratio is 0.9874. The differences continue decreasing with the time after this moment. 
However, some differences exist at a moments when the upper fuel boundaries of the follower 
goes through the fixed node boundaries at the reactor. At these moments, the differences 
increase slightly. 

5. CONCLUSIONS 
 
The results of the calculations show that the HEXTRAN-comparable version of APROS 
works now in exactly as planned in the first AER kinetic benchmark. This gives a reason to 
assume that for that version, no changes are needed anymore. Naturally, the feedback effects 
and several other details may cause new problems later and this will be studied in further 
calculations. 
 
Furthermore, the results are mainly as expected also for the improved version of the model. 
The slightly smaller total fission power as well as slightly horizontally skewed fission power 
was expected because of the renewals of the control rod follower model. 
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Figure 1: Comparison of total fission power between HEXTRAN and comparable version of APROS. 
 



 
Figure 2: Assembly-wise fission power ratios between HEXTRAN-comparable version of APROS and 
HEXTRAN at 1.5 s. 

 0

 2

 4

 6

 8

 10

 0  1  2  3  4  5  6

T
o
t
a
l
 
f
i
s
s
i
o
n
 
p
o
w
e
r
 
[
M
W
]

Time [s]

HEXTRAN
APROS

 
Figure 3: Comparison of total fission power between HEXTRAN and APROS. 
 



 
Figure 4: Assembly-wise fission power ratios between APROS and HEXTRAN at 1.5 s. 
 



 
Figure 5: Assembly-wise fission power ratios between APROS and HEXTRAN at 5.9 s. 
 
 


