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ABSTRACT 

Cell and lattice calculations are the basis for all deterministic static and transient 3D full core 
calculations. The spatial discretization used for the cell and lattice calculations influences the 
results for these transport solutions significantly. The arising differences in the neutron flux 
distribution due to different spatial discretization are demonstrated. These differences in the 
flux distribution cause significant changes in the kinf value. An evaluation of the kinf value 
for the case of infinitely fine discretization is made. The influence of the discretization on the 
calculation of homogenized few group cross sections which are forwarded to the 3D full core 
calculations is investigated. Strategies for improving the discretization are developed and their 
influence on the calculation time is evaluated. 

INTRODUCTION 

The aim of many reactor calculations is the determination of the neutron flux and the nuclear 
power distribution. These distributions are in general calculated by solving the space and 
energy dependent static transport equation. Thus, a reliable computation of the neutron flux 
distribution within the reactor core would require the solution of the space-, energy- and 
angle-dependent neutron transport equation for the full nuclear reactor core. It is not feasible 
to solve the neutron transport equation exactly for realistic reactor core geometries in detail in 
practical use. Thus deterministic reactor calculations are split into the cell and lattice 
calculation based on static transport and the core simulation based on nodal codes. The cell 
and lattice calculations are mostly based on multi group transport calculations within two 
dimensions considering unstructured meshes. The resulting neutron flux is used for the 
preparation of few group cross sections like they are used in the nodal 3D full core simulation 
codes. 

One commercial standard product is the Studsvik Scandpower code system HELIOS 1.9. 
»The transport method of HELIOS is called the CCCP method, because it is based on current 
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coupling and collision probabilities (first-flight probabilities) ... the system to be calculated 
consists of space elements that are coupled with each other and with the boundaries by 
interface currents, while the properties of each space element - its responses to sources and 
in-currents - are obtained from collision probabilities« [1]. 

The applied collision probabilities method is based on the flat-flux and flat-current 
approximation. »We assume that particles are emitted isotropically and uniformly within each 
discrete volume. This is known as the flat flux approximation. The flat-flux approximation 
places a restriction on the mesh: if the flux varies rapidly within a region, the mesh should be 
refined sufficiently to ensure that the flux is well approximated by a piecewise - constant 
function« [2]. 

These approximations require a careful spatial discretization to produce reliable results. The 
problem of discretization for the solution of the diffusion equation by finite difference 
methods has been studied in the past [3]. 

The influence of the spatial discretization [4] on the multiplication factor of an infinite system 
kinf constructed by single cells will be presented here for the collision probability method of 
the code system HELIOS 1.9. 

GENERAL DATA 

All performed calculations are based on the GRS benchmark for a U02 fuel assembly [5]. 
The major parameters are: 18x18-24 U02 fuel assembly of Konvoi type with 4% initial 
enrichment and a specific power of 37.5 W/gHM. 

The HELIOS 1.9 standard settings are sharpened to reduce uncertainties due to both, the 
convergence criteria and the reproduction of the geometry. The boundaries are coupled 
(boundary coupling) to reach an infinite lattice. The cross sections are taken from the 
unadjusted 190 energy group HELIOS 1.9 internal library [6]. 

FLUX DISTRIBUTION 

Firstly the influence of different discretization strategies is calculated for a standard and a 
detailed fine mesh flux distribution. The original 190 energy group neutron flux is integrated 
only for the visualization purposes. The two group fluxes are calculated with energy cut off at 
0.625 eV. 

Figure 1 shows the thermal and fast flux distributions for the coarse mesh discretization. In 
the left picture for the thermal flux, the flux maximum is in the moderator area and the 
minimum is in the fuel area. In contrast in the right picture for the fast flux, here the 
maximum is in the fuel area and the minimum is in the moderator area. This fact is physically 
explainable - the fast neutrons are born in the fission reactions in the fuel. These neutrons are 
thermalized as soon as they reach the moderator. After this process they form the high thermal 
neutron flux in the moderator region. When thermal neutrons are appearing in the fuel they 
create fission reactions though they disappear in this region rapidly. Additionally absorption 
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processes influence the neutron economy in the system as well in the fuel as in the moderator 
and in the cladding. Due to the coarse discretization with three regions only three discrete 
values in every neutron flux group are available and the neutron flux within every region is 
flat. 

The visualization of the neutron fluxes on the unstructured mesh is performed with the 
visualization tool IRIS terracidata developed at the Institute of Safety Research [7]. 

A very fine mesh discretization is created to calculate the approach to the true neutron flux 
distribution. The neutron flux distribution for the very fine mesh discretization with 328 
regions is shown in Figure 2. The thermal neutron flux is once more lowest in the fuel, but 
there is now a developed neutron flux distribution within the fuel where the thermal neutron 
flux decreases continuously from the corner regions of the single cell to the centre of the fuel. 
The fast neutron flux of the fine mesh solution increases from the corner of the single cell to 
the centre of the fuel region. 

The difference in the kinf value for the two presented cases is remarkable. While the kinf of the 
coarse mesh solution is 1.315123, the k;nf of the very fine mesh solution is 1.320866. This is a 
significant difference of more than 435 pcm. 

3.172E+13 2.548E+14 

Figure 1: Thermal (left) and fast (right) neutron flux distribution (cut off at 0.625 eV) in a single cell of an 
infinite lattice for the coarse mesh discretization consisting of the fuel, the cladding and the moderator 

area, kinf = 1.315123 (the visualization is created with IRIS) 

Figure 2: Thermal (left) and fast (right) neutron flux distribution in a single cell of an infinite lattice for a 
very fine mesh discretization consisting of 328 independent regions, kinf = 1.320866 
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ANALYSIS OF THE DISCRETIZATION EFFECT 

The further investigation of the kinf worth for the analysis of the spatial discretization effect is 
shown in Figure 7. The very fine mesh calculation is taken as reference. With this reference 
solution is an almost converged solution reached for the investigation of the effect of mesh 
refining. This is a real break through for the transport solution compared to the investigations 
for the diffusion solution in the seventies [3]. A significant influence of the dominating mean 
free path on the convergence behavior of the k;nf value over the averaged thickness of the 
regions is observed [4], [9]. A further refinement by doubling the number of meshes to reach 
complete convergence is due to the available computer resources and the system limits of 
HELIOS 1.9 not achievable anymore. 

For the stepwise analysis of the spatial discretization effect the kinf worth the solution 
presented in Figure 2 is used to determine the asymptotic system value. For this reference 
calculation with 328 cells a kinf worth of 1.320866 is calculated using the 190 energy group 
library of HELIOS 1.9. The difference between the reference solution and the coarse mesh 
solution (Figure 1) is like already mentioned more than 435 pcm. Both results are displayed in 
Figure 7 - the reference value indicated by a dashed line as 'asymptotic system' and the result 
for the coarse mesh discretization by the green sphere occurs as starting point for all 
discretization strategies. 

A stepwise analysis of the influence of adding new regions for the spatial discretization is 
done by introducing additional regions only into the fuel area. The first new region is added 
close to the outer border of the fuel area and rises the k;nf significantly by more than 75 pcm 
(see Figure 7). Adding more regions to the direction of the centre (see Figure 3) has less 
influence on the k;nf (see the black curve with squares in Figure 7) The final k;nf for the very 
fine mesh discretization only in the fuel is 1.317000, this value is indicated in Figure 7 by 
'asymptotic fuel'. 

Figure 3: Steps (1, 2, 4 and 6) for the analysis of the spatial discretization effect by adding regions only in 
the fuel leading to the black curve with square in Figure 7 (visualization is created with ORION [8]) 

The identical stepwise procedure is used to subdivide the moderator region. Starting from the 
border to the cladding additional regions are inserted. This process is shown in the steps in 
Figure 4. The regions in the beginning are inserted in the form of rings. Inserting one ring 
region reduces the kinf by roughly 15 pcm the second ring region does only lead to a very 
small change in the kinf (see Figure 7 red line with dots). When the ring is touching the border 
of the single cell the following regions are inserted in the form of dodecagons like in the steps 
4 to 8 in Figure 4. Noticeable is the significant change in k;nf when adding the fourth new 
region into the system. This step rises the kinf by roughly 60 pcm, adding the following 
dodecagon rises the k;nf once more by about 15 pcm. The final result of k;nf = 1.319356 for the 
very fine mesh discretization only in the moderator is shown in Figure 7 as 'asymptotic 
moderator' by a dashed red line. 



Figure 4: Steps (1, 3, 4, 6 and 8) for the analysis of the spatial discretization effect by adding regions only 
in the moderator leading to the red curve with dots in Figure 7 

STRATEGIES FOR OPTIMAL DISCRETIZATION 

Different strategies are developed for finding an optimal way for an economical spatial 
discretization. The aim is to get a reliable discretization strategy leading to a good result for 
the k;nf with an acceptable number of additional regions. This number should be significantly 
smaller than the number of regions in the very fine mesh solution of Figure 2. As traditional 
strategies like evaluation of the maximal gradient and cutting new regions close by or using 
regions with identical areas did not work [4] other strategies have to be found. 

Optimized Strategy 

In the optimized strategy the knowledge about the system is used which is gained in the 
analysis of the spatial discretization effect by cutting new regions separately first into the fuel 
area and secondly into the moderator area. The new regions in the first step are inserted where 
the major changes in the k;nf arise in the cutting of the fuel and the moderator area. This 
means: the first step of inserting regions into the fuel (from three to four regions in Figure 7) 
and the fourth step of inserting regions into the moderator (from six to seven regions in Figure 
7) are used and spatially optimized. In the second step the steps with the second largest 
change in k;nf are used. The ones from 4 to 5 in the fuel and from 7 to 8 in the moderator and 
once more spatially optimal placed by iteration. The steps inserting new regions for this 
strategy are shown in Figure 5. 

The results for the kjnf worth are shown in Figure 7 by the orange line with diamonds. The 
first step gives already a rise in the k;nf of roughly 145 pcm. This means an insertion of only 
two well placed new regions can already improve the result for the k;nf calculation 
significantly. The second step improves the result once more by roughly 30 pcm. The addition 
of four new regions can thus improve the result by about 175 pcm and halves the deviation 
too the reference solution. 

Figure 5: Steps for the analysis of the spatial discretization effect for the optimized strategy leading to the 
dark yellow curve with stars in Figure 7 
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Elaborate Strategy 

All the up to now developed strategies are not acceptable to get a really reliable calculation of 
the ki„f worth of the single cell since the deviation in the kinf worth is still obvious. 

The elaborate strategy demonstrates a way to calculate a reliable kinf worth but with 
significantly higher computation cost. On the one hand only a few cells are inserted into the 
fuel area because of the good convergence behaviour there. On the other hand a fine gird 
structure is used in the moderator area where for convergence a much fine grid structure is 
needed [9]. The result for the elaborate strategy is indicated in Figure 7 by short black lines 
with spheres. The number of used regions is much higher than in the strategies before. 45, 93, 
and 163 regions are used which leads naturally to a significant increase in calculation time. 

Figure 6: Steps (45, 93 and 163 regions) for the analysis of the spatial discretization effect for the elaborate 
strategy leading to the black lines with spheres in Figure 7 
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Figure 7: kinf dependent on the number of regions for different discretization strategies for a single cell 

EFFECT ON CROSS-SECTION PREPARATION 

Cell and lattice calculations with transport codes like HELIOS are mostly used for the 
preparation of few group cross sections for the use in 3D nodal full core simulation codes. 

The influence of the spatial discretization on the 2 energy group cross sections for nodal 3D 
full core calculations is presented in Figure 8. The results are produced for different over the 
entire cell homogenized two energy group cross section sets (absorption, fission and 
scattering) and the diffusion coefficients. The calculated cross-sections converge successively 
for refined spatial discretization. Remarkable is the really poor quality of the cross sections 
for the coarse mesh discretization especially the absorption cross section and the fission cross 
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section for the fast energy group. An approximation of the expected quality of the prepared 
cross-sections for the different suggested discretization strategies is indicated by the vertical 
lines. 

Elaborate Scheme Optimized Scheme 
^ ^ 4 5 regions ^ ^ 5 r e g j 0 n s 
- ^ "93 regions —• - 7 regions 
• » 163 regions • » 9regoion 

—•— Fast Diffusion Koeff. 
—•— Therm. Diffusion Koeff. 
—r— Absoprtion XS (fast Gr.) 
—4—Absoprtion XS (therm. Gr.) 
-±— Fission XS (fast Gr.) 
—*— Fission XS (therm. Gr.) 
—•— Scattering XS (fast to therm. Gr.) 
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Figure 8: Deviation of calculated 2 group cross sections depending on the used spatial discretization 

CHANGES IN EFFICIENCY 

The efficiency of the calculation procedure is certainly affected by the insertion of additional 
regions into the system. The computation time (used computer: AMD Athlon™ 64 3200+, 2.2 
GHz, 2GB RAM) for the different strategies is shown in Table 1. The indicated time is only 
the HELIOS 1.9 calculation time without pre-processing with AURORA and post processing 
with ZENITH. Nevertheless is the absolute time not really meaningful since special HELIOS 
settings are used to create reference solutions. 

The introduction of additional regions complicates the calculation thus it costs money due to 
rising computation times. The computation times for the single cell calculations are indicated 
in Table 1. The time consumption factor in the last row gives a good orientation on the 
consequences of refining the discretization. To calculate the solution for the optimized 
discretization takes about 3 and 4 times more CPU time for the calculation. The elaborate 
solution consumes roughly a factor of 100 more time than the coarse mesh solution and the 
reference solution takes a more than 1000 times longer. 

7 



Bi', ď, LA. 
2.554E+14 2.54E+14 2 53E+1-

Figure 9: Thermal (upper) and fast (lower) neutron flux distribution studied for the coarse mesh 
discretization (left), the optimized discretization of step 2 (middle) and the elaborate discretization (right) 

Table 1: Comparison of criticality and computation time for different discretization schemes for the 
investigated single cell (AMD Athlon™ 64 3200+, 2.2 GHz, 2GB RAM) 

kinf worth 

deviation pcm 
CPU time 

(min) 

Add. time 
cons, factor 

coarse 
mesh disc. 

1.315123 

-434.8 

0.14 

1.0 

opt. disc, 
step 1 

1.317278 

-271.6 

0.36 

2.6 

opt. disc, 
step 2 

1.317708 

-239.1 

0.47 

3.4 

opt. disc, 
step 3 

1.317906 

-224.1 

0.61 

4.4 

elabor. 
discr. I 

1.319390 

-111.7 

4.72 

33.7 

elabor. 
discr. II 

1.320322 

-41.2 

15.44 

110.3 

elabor. 
discr. Ill 

1.320770 

-7.3 

54.08 

386.3 

CONCLUSION 

A detailed analysis of the influence of the spatial discretization on the neutron flux 
distribution and the k;nf worth in a single cell is performed. The analysis of the neutron flux 
distribution shows a significantly different neutron flux distribution for the coarse mesh 
discretization and the very fine mesh solution. This is since in every calculation region only 
one neutron flux value is available due to the basic assumption for the collision probability 
method as solution of the transport equation. The so-called the flat-flux approximation, but 
this is not only in the collision probabilities the case. It is used inn most other deterministic 
solution method for the transport equation too. The flat-flux approximation determines that 
the result for the flux distribution in every calculation is only as good as the spatial 
discretization. Additional influence is given by the second approximation, the flat-current 
approximation. This approximation defines that only one current value is used in one 
boundary sector. It was the intention of the user to refine the meshing in former times using 
structured mesh codes. It was done to have the possibility to approximate the geometry as 

8 



good as possible. In modern codes with unstructured mesh possibilities the geometry can be 
reproduced very well by a small number of meshes. This improved geometric possibility 
misguides the user to neglect the detailed reflection about the correct modelling of the system 
by appropriate discretization. Nevertheless exactly this appropriate discretization is needed to 
produce reliable calculation for the neutron flux distribution and the k;nf worth. 

However, not only the flux distribution but also the kinf worth is very much dependent on the 
spatial discretization. It is nearly impossible to get a reliable result for the k;nf worth without 
performing a real very fine mesh calculation. The detailed investigation of the effect on k;nf 
shows a difference of roughly 430 pcm for the coarse mesh discretization as compared to the 
almost converged very fine mesh solution for the single cell. The relevance of this value can 
be seen with some background information. Some years ago the developers of HELIOS 
created an adjusted library to get better coinciding results for the calculations with existing 
experiments. The difference in the results for the single cell for using the adjusted and the 
unadjusted library is roughly 370 pcm. »This means that the effect of the library adjustment 
on kinf is hidden in an adequate spatial discretization.« [10]. 

A significant improvement can be gained by the demonstrated optimized and especially by 
the elaborate discretization scheme. For the single cell calculation the price of the use of the 
optimized discretization is about a factor of 3 to 5 in calculation time. The penalty for a really 
good estimation of the k;nf worth by the elaborate discretization scheme is roughly a factor of 
100. Unfortunately is neither the optimized scheme nor the elaborate scheme really capable of 
being automated because sophisticated knowledge about the system is needed. At a first 
glance some ideas for the optimized scheme can be gained. In the area of the fuel where the 
fast flux is dominant it seems to be helpful to add regions where the major gradient occurs. In 
contrast in the area of the moderator it seems to be helpful to divide the area by halving the 
longest straight outward distances. In principle the mesh size should be oriented at the 
different mean free path lengths of the dominant flux group in the different areas, fuel and 
moderator. For a really reliable result by the elaborate scheme important knowledge about the 
convergence behaviour is needed. 

As a final comment: Let's fix - it's not a bug it is a matter of the used approximation. The 
user performing the calculation has to think for the appropriate discretization for producing 
reliable results! The deviations in the results for neutron flux and k;nf will be carried forward 
to all operational and safety relevant full core calculations, because these results are finally 
used to create the few energy group cross section sets for the 3D nodal full core calculations 
for operation and safety evaluation. These cross section sets are significantly influenced by 
the used spatial discretization [4], [11]. 
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