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Abstract 

 
In order to better understand the stresses to which fuel rods are subjected, we need to improve our 

knowledge of the fluid flow inside the core. A code specialized for calculations in tube bundles is used 
to calculate the flow inside the whole of the core, with a resolution at the assembly level. Still, it is 
necessary to obtain realistic entry conditions, and these depend on the flow in the downcomer and 
lower plenum. Also, the flow in the first stages of the core features 4 incoming jets per assembly, and 
requires a resolution much finer than that used for the whole core calculation. 

 
A series of calculations are thus run with our incompressible Navier-Stokes solver, 

Code_Saturne, using a classical RANSE turbulence model. The first calculations involve a detailed 
geometry, including part of the cold legs, downcomer, lower plenum, and lower core of a pressurized 
water reactor. The level of detail includes most obstacles below the core. The lower core plate, being 
pierced with close to 800 holes, cannot be realistically represented within a practical mesh size, so that 
a head loss model is used. The lower core itself requiring even more detail is also represented with 
head losses. We make full use of Code_Saturne 's non conforming mesh possibilities to represent a 
complex geometry, being careful to retain a good mesh quality. Starting just under the lower core, the 
mesh is aligned with fuel rod assemblies, so that different types of assemblies can be represented 
through different head loss coefficients. 

 
These calculations yield steady-state or near steady-state results, which are compared to 

experimental data, and should be sufficient to yield realistic entry conditions for full core calculations 
at assembly width resolution, and beyond those mechanical strain calculations. 

 
We are also interested in more detailed flow conditions and fluctuations in the lower core area, so 

as to better quantify vibrational input. This requires a much higher resolution, which we limit to a 
scale of a few assemblies for practical reasons. We use the calculation result from the lower resolution 
model to provide realistic inflow conditions for the refined domain, in which much more detail is 
represented through the mesh, and use of head loss models, is reduced (though not suppressed) as 
much as possible. 

 
Through a series of calculations, using results on coarser meshes as input for boundary conditions 

on finer meshes, we hope to improve our knowledge of local fluid flow in the lower core, and to better 
quantify the effects of mixed cores on local fluid flow, especially as regards transverse flow 
components which may influence vibration and ultimately fuel rod damage through fretting. 



Introduction 
 

In this paper, we describe the methodology used to improve our knowledge of the flow conditions 
in the lower core of a 1300 MW or 900 MW PWR in nominal conditions. Better understanding of 
these conditions is important, for two different classes of problems: 

 
• deformation of fuel assemblies that may lead to longer control rod drop times and fuel assembly 

unloading and reloading difficulties 
 

• fretting of the fuel cladding around points of contact with the first spacer grid springs, that may 
eventually lead to loss of the claddings sealing role. 
 
As a first step, we study the flow in the lower core with a low resolution, of about one fifth of the 

assembly width. This is sufficient to provide us with inlet boundary conditions to be used by other 
calculations of the flow in the core, to feed fuel assembly deformation studies. As a second step, we 
prepare calculations on a much more local scale, using results from the first step to provide us with 
realistic boundary conditions. 
 

 

 

 

Figure 1: study domain Figure 2: lower core plate region 
 
Note on previous work 
 

Other CFD calculations in the lower core of French PWR reactors have been done in the past few 
years, starting with the N3S-EF code, and continuing with Code_Saturne (its replacement). The first 
calculations were geared towards boron dilution studies, and the last calculations run with N3S-EF 
were used to study the effect of mixed assemblies (with different head losses) on the flow 
redistribution in the lower core at assembly scale. In all cases, the aforementioned general use 
incompressible flow CFD code was used on a calculation domain going from the cold legs to the 
lower core, and another in-house CFD code, specialized for calculation in tube bundles, was used to 
calculate the flow inside the whole core, using inlet conditions based on the lower core calculation 
with the general CFD code. The precise geometry of obstacles in the lower plenum was taken into 
account, while the lower core plate was modeled with head losses. These studies have brought us a 
good amount of experience, and a qualification of the codes and methodology used. Thus, it has been 



verified that the meshes used were of high enough resolution to obtain results in good agreement with 
experimental data using a standard k-ε turbulence model. 

 
In switching from N3S-EF to Code_Saturne, new meshes were built, moving from tetrahedral 

meshes to hexahedral dominant meshed with hanging nodes. CAD was verified, and the new meshes 
were built with a slightly higher resolution than the previous ones. In addition, part of the lower core 
was added to the calculation domain, so as to reduce the influence of the outlet condition on the core 
inlet flow. 

 
Cold legs to lower core calculations 
 
Introduction 
 

The work described in the following sections corresponds to an update of the methodology and 
intermediate tools used in previous years and described above, so as to switch to our latest CFD codes. 
In so doing, we have improved the meshes and the tool chain. 
 
Calculation domain and mesh definition 
 

With Code_Saturne, it is possible to assemble a mesh by parts, even using parts in different file 
formats ; parts are assembled by the code’s file translation module ; non conforming interfaces may 
also be handled by that same module. All of those possibilities are used here, making it feasible to 
construct a pure hexahedral or mixed wedge/hexahedral mesh for the lower plenum in spite of a 
cluttered geometry, and to mesh separately the cold legs, downcomer, lower plenum, and lower core. 
Thus, one part of the mesh may be either refined or simplified, or the calculation domain could even 
be reduced, without requiring a re-meshing of the entire domain. This is important to us, as meshing is 
a complex and time-consuming part of the preparation of a study. In Figure 3, we show these 4 mesh 
parts for a 1300 MW PWR, with half of the downcomer and lower plenum cut-away for better 
visibility. In figure 4, we show the non-conforming interfaces on a semi-transparent mesh, colored by 
domain number in a 12 domain decomposition situation. The meshes described here were built using 
the I-DEAS Master Series™ software. 

 

 

 
Figure 3: mesh assembly Figure 4: non-conforming interfaces 

 



In the following figures, we show how the mesh may be decomposed into multiple domains by 
the METIS software library. The figures correspond to a decomposition into 12 domains tested on a 
PC cluster at EDF. 

 

 

 

Figure 5: domain decomposition cutaway Figure 6: domain decomposition top view 
 

On figure 7, we show a more detailed view of the lower plenum and lower core areas. On the left 
side of the figure, we see the boundary on a quarter of the mesh, with instrumentation columns fully 
represented, while on the right side, we show the volume mesh corresponding to another quarter, with 
cell “colors” represented. As shown, these cell colors correspond to different zones, to which we can 
apply different head loss coefficients. 

 
On figure 8, we represent a cut through the mesh boundary for a 900 MW plant PWR geometry. 

As can be seen, this geometry is even more complex than that for a 1300 MW reactor. In this case, it 
was necessary to use a mixed hexahedra/prisms mesh in the lower plenum area, whereas the 1300 MW 
mesh is a full hexahedral mesh. The number of surfaces with hanging nodes is also greater than that 
necessary for the previous mesh. 

 

  
Figure 7: mesh detail for 1300 MW geometry Figure 8: cut through 900 MW PWR mesh 

 



Turbulence modeling and numerical schemes 
 

In the cases presented here, the standard k-ε  turbulence model was chosen, as it is commonly 
used in industrial practice, and was used for the qualification of Code_Saturne for thermal-hydraulic 
single-phase nuclear applications. A time step of 0.01 second was chosen so as to limit the CFL 
number to reasonable values, especially in the lower plenum and lower core areas. The calculation 
never converges to a steady solution. After a time, the solution fluctuates around a “mean” solution, 
with a period of about 1 Hz. It is possible with Code_Saturne to generate “clips” of the mesh, and to 
post-process any variable on those clips. We use this functionality to save variables every 10 time 
steps (i.e. every 1/10 of a second) on clip planes in the lower core area, while saving variables on the 
full mesh with a much lower frequency, as a full save every 10 time steps would lead to huge storage 
requirements. 

 
When running a new calculation, we may restart from a previous calculation run on the same 

mesh, with slightly different inlet velocities, and with different head loss coefficients in the lower core. 
In this case, 500 time steps are usually sufficient to attain the new “mean solution”, and an additional 
1000 time steps gives us 10 physical seconds of fluctuations around that solution. This requires about 
35 CPU hours on a Fujitsu VPP 5000 supercomputer. 
 
Results 
 

So far, we have run calculations for three different fuel loading schemes : two homogeneous 
loadings (FRAMATOME AFA 2 GL with “end of life” head loss and AFA 3 GL), and one mixed 
loading corresponding to that of the Cattenom 3’s 8th cycle. Figures 9 and 10 illustrate the results 
obtained for that last case, for the full calculation. We see that at this scale, the influence of 
heterogeneous loading is limited to the lower part of the core. 

 
The results obtained here may be used to estimate transverse flow and thus fuel rod assembly 

deformation in the lower half of the core. To have a good estimate of the flow in the whole core, it is 
necessary to use more advanced core outflow boundary conditions, to simulate the effect of the upper 
plenum and the hot legs on upper core flow. This is realized through a coupling of the core flow 
solution code with a specific module, which has been used in previous studies and maintained, but not 
used in this example yet. 
 

  
Figure 9: velocity for full calculation Figure 10: velocity for full calculation (top) 

 



Validation 
 
The velocities obtained on the lower core plate outlet have been compared qualitatively to known 

experimental data, but exhaustive quantitative comparison has not yet been realized. The results 
appear quite similar to those obtained with the N3S-EF code, which were in good agreement with the 
experimental data. 
 
Local calculations 
 
Introduction 
 

The calculations described in the first part of this paper may be sufficient to calculate assembly 
deformation, but are insufficient to ascertain the effect of the flow in fuel rod fretting, as the flow 
structure at the fuel rod scale is much more complicated than that at the assembly scale, and conditions 
which may lead to excessive vibration and fretting around the first spacer grid springs are quite 
localized in nature. Therefore, another type of analysis is necessary, on a much finer scale. 

 
To limit mesh sizes to “reasonable” values, only a small portion of the lower core area is to be 

represented. The approach taken is to use successive refinements on smaller and smaller portions, 
using an approximation of the flow calculated on a larger scales for boundary conditions when 
possible. Also, the represented domain may vary depending on whether we are studying portions of a 
heterogeneous core, or portions of a homogeneous core. To obtain reasonable costs and return times, 
much of the preparation of these studies is done on a partial mesh, and partial meshes are assembled 
only when realistic boundary conditions may not be obtained otherwise. 

 
The calculations described below are yet in their feasibility stage, and the methodology described 

may yet be improved. 
 

Mesh construction 
 
As these calculations are newer to us than those previously described, it is important that we are 

able to easily modify the represented domains and meshes, so as to ascertain the sensibility of results 
to mesh refinement, and assure ourselves that our meshes are fine enough yet no finer than necessary. 

 
Meshes are thus built with the Simail software, which lacks CAD definition, but is very well 

suited to the parameterization of a mesh. Lack of CAD is not an issue here, as shapes at this scale are 
much more simpler than those found in the lower plenum, though they are often repeated. Here, we 
may use combined shell and Simail scripts to copy, translate, rotate or mirror, and pre-assemble 
conforming parts of a final mesh, and use the functionality of Code_Saturne to handle assembly of 
non conforming parts. 

 
Parts of a mesh representing a hole in the lower core plate of a 1300 MW PWR and its inlet and 

outlet region are represented separately in figure 11, and assembled in figures 12-14. The domain 
represented corresponds to the area below one quarter of a fuel assembly. Here, the boundary includes 
a large instrumentation column reaching up to the lower core plate. We may substitute the lower part 
of the mesh with one representing a boundary with one of the more numerous smaller columns, or 
with an area free of instrumentation columns. 

 



 
Figure 11: local mesh components 

 
 
 

 

 

 
 

 

Figure 12: plate inlet with large 
instrumentation column 

Figure 13: plate  with 
assembly leg 

Figure 14: area below quarter 
assembly 

 
Figures 15 and 16 represent a larger domain assembled from the meshes described previously. 

Here, we have represented the area beneath a fuel assembly, with its four legs, surrounded by half of 
the area around each neighboring assembly. The domain thus corresponds to one 2 assemblies wide, 
centered under one assembly. Here, we have represented a large instrumentation column in one corner 
of the domain, a small column in the next corner, and no columns in the other two corners. The 
domain represented here requires symmetry boundary conditions on its sides, but avoiding 
instrumentation columns or placing one in the middle of a similar calculation domain, we could use 
periodic boundary conditions on the sides, and use an inclined inlet velocity or lateral velocity source 
terms, to simulate in a limited manner the effect of flow redistribution above the core plate and below 
the fuel assemblies and its influence on the flow in the lower assembly region. 

 



 
 

Figure 15: assembled domain Figure 16: domain boundary cut-through 
 

It must be noted that the meshes represented here are only preliminary meshes, used to ascertain 
the refinement necessary to represent the lower core plate. Here, the bottom nozzle and tube bundles 
are still represented through head losses, while following meshes will include increasing detail, up to 
the fuel rod bundles. The mixing fins on the second grid will not be represented, as this require too 
much refinement, but this is not an issue as the part of the flow we are interested in lies around this 
first spacer grid. 

 
Preliminary results 

 
Only preliminary calculations have been run so far, notably to test the feasibility of the meshing 

approach, and to obtain a quick qualitative comparison of the shape of the jets coming out of the lower 
plate holes with experimental data. Sensibility to mesh refinement in this area was also verified. 
Representations of the flow are given in figures 17 to 22, for a flow with a constant inlet velocity. 

 

  
Figure 17: jet structure Figure 18: flow around assembly legs 

 



  
Figure 19: lower core plate inlet velocity Figure 20: lower core plate outlet velocity 

 
 
 

 

 
Figure 21: lower core plate inlet velocity Figure 22: velocity in lower core plate and 

around assembly legs 
 

These preliminary calculations have enabled us to better estimate the required level of detail and 
refinement for the forthcoming calculations. For example, we have verified that although a finer mesh 
in the lower core plate enables us to better observe the expected recirculation behind the backwards 
facing step, it does not seem to have a significant impact on the jet shape or on the pressure drop, and 
is thus not necessary. In this way, we may limit mesh sizes to the minimum necessary. 

 
Conclusion 
 

We have updated a tool chain and improved a methodology enabling us to improve our 
knowledge of the fluid flow conditions in the lower core area, despite finite computing resources. 
Preliminary results seem good from a qualitative point of view, and a comparison with available data 
analysis will be made in the coming months. 

 



Meshing of the local calculation domain will continue, so that we can obtain a better knowledge 
of the flow impinging the bottom part of the core’s tube bundles. We expect that this knowledge may 
be used to better prepare tests on new types or combinations of fuel rod assemblies, which in turn 
should help us avoid conditions leading to excessive deformation and fuel cladding fretting. 
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