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Hydraulic Forces Acting on Full Cross Section Fuel Assemblies with 17×17 Fuel Rods

The pressure and velocity distribution within and between full cross-section fuel assemblies with generic but realistic mixing grids are analyzed by CFD using high performance computing (HPC). The reference fuel assembly consists of a bundle of 17×17 rods, including fuel rods, control rod guide tubes and a mixing grid with split type mixing vanes. The axial length of the analyzed domain spans approximately the interval between two successive mixing grids. Only hydraulic effects of the mixing grids on the behavior of the flow are analyzed, power input and heat transfer are not considered

The presented results are based on a well-validated calculation procedure. The intra-assembly exchanges and pressure fields were analyzed by modelling one single assembly, whereas the inter-assembly exchanges and pressure fields were analyzed by modelling a group of three horizontally aligned fuel assemblies, each build of 17×17 rods and a mixing grid. In the multi-assembly test cases, the water gaps that separate the central assembly from the neighboring fuel assembles vary between 2 mm and 10 mmm. In one additional test case, the rods of the central fuel assembly were slightly inclined in order to treat deformed assemblies.

For a fuel assembly that is surrounded by water gaps of 2 mm, the total force (pressure and shear force) acting in flow direction upon one mixing grid is about 230 N. The total force working on the grid in cross flow direction is small. The prediction of this horizontal force can be falsified by inappropriate boundary conditions as symmetry. The total force acting upon the rods is about 160 N in flow direction and small in crossflow direction.

Variations in the width of two oppositely located water gaps significantly influence the pressure force that is acting on the mixing grid in horizontal direction. Depending on the difference in the width of the water gaps, pressure forces of 39 N and 24 N were calculated for gap couples of 2 mm and 5 mm, and of 3 mm and 7 mm, respectively. This horizontally acting pressure force (Venturi force) tries to push the assembly in the direction to homogenize the water gap widths (self-stabilizing effect).

The inclination of the rods of the central assembly does not lead to significant forces in cross flow direction. In order to assure this result, a calculation with very fine meshing (1000 million tetrahedrons) was performed.

INTRODUCTION

The reactor core of a PWR (Pressurized Water Reactor) is assembled from arrays of nuclear fuel bundles, which in turn are typically composed by a group of 15×15 or 17×17 bars, more precisely of fuel rods and guide tubes. Support and mixing grids are positioned within the assembly at specific axial distances to maintain the lateral spacing of fuel rods. Since turbulent, forced convection dominates the transport of the thermal energy from the surfaces of the fuel rods to the bulk of the fluid, mixing vanes are placed on the top edges of the mixing grid lattice in order to enhance turbulence and thus heat transfer. The cooling water flows mainly in the direction parallel to the rods. Due to the mixing vanes, cross flow occurs in planes orthonormal to the axial flow direction. This cross flow influences the horizontal fluid mixing as well as the pressure distribution in fuel assemblies and therefore the pressure forces on the grids and the fuel rods. [START_REF] Karoutas | 3-D flow analyses for design of nuclear fuel spacers[END_REF] realized one of the first CFD simulations of turbulent flow in a fuel bundle with mixing vanes by using Reynolds Averaged Navier Stokes Equations (RANS). Only half of a single sub channel was simulated using symmetry boundary conditions. The calculations were validated by comparison to experiments. W.K. [START_REF] In | Flow analysis for optimum design of mixing vane in PWR fuel assembly[END_REF] have optimized vane geometries by using RANS calculation (k-ε). [START_REF] Navarro | Evaluation of a numeric procedure for flow simulation of a 5×5 PWR rod bundle with a mixing vane spacer[END_REF] improved these results using a computational domain of a 5×5 rods. Such 5×5 rod bundle domains have been extensively analyzed in various studies. As an example, the MATIS_H experiment [START_REF] Smith | Report of the OECD/NEA KAERI rod bundle CFD benchmark exercise[END_REF] are cited here that was analyzed among others by [START_REF] Rashkovan | Examination of Separate-Effect and Integral Phenomena Within a Grid Spacer with Mixing Vanes: Results for the MATiS-H OECD_NEA Benchmark Exercise[END_REF] and [START_REF] Mikuž | URANS prediction of flow fluctuations in rod bundle with split-type spacer grid[END_REF]. [START_REF] Bieder | LES analysis of the flow in a simplified PWR assembly with mixing Grid[END_REF] analyzed the AGATE experiments, [START_REF] Wells | Computational Fluid Dynamics Benchmark of High Fidelity Rod Bundle Experiments Industry Round Robin Phase 2 -Rod Bundle with Mixing Vane Grids[END_REF] and [START_REF] Kang | Computational fluid dynamics (CFD) round robin benchmark for a pressurized water reactor (PWR) rod bundle[END_REF] studied the NESTOR experiments. Other 5x5 rods experiments were investigated for example by [START_REF] Conner | Hydraulic benchmark data for PWR mixing vane grid[END_REF] or [START_REF] Nguyen | Stereoscopic particle image velocimetry measurements of flow in a rod bundle with a spacer grid and mixing vanes at a low Reynolds number[END_REF].

Due to the important increase of computational power in recent years, first CFD analysis of full size fuel assemblies have been published. [START_REF] Li | Methods of simulating large-scale rod bundle and application to a 17×17 fuel assembly with mixing vane spacer grid[END_REF] simulated a 17×17 rod bundle with a single mixing grid. [START_REF] Yan | Influence of Spacer Grid Outer Strap on Fuel Assembly Thermal Hydraulic Performance[END_REF] have analyzed by CFD the influence of the mixing grid outer straps (protective tabs) on the flow within adjacent assemblies. [START_REF] Mikuž | Low resolution modelling of mixing phenomena in PWR fuel assembly with split type mixing grid[END_REF] analyzed mixing phenomena in a heated PWR fuel assembly of 15×15 rods with split type mixing grids. They assumed all rods being similar and used a so-called low-resolution approach with porous media and momentum models to mimic the effect of spacers. [START_REF] Mikuž | Low resolution modelling of mixing phenomena in PWR fuel assemblies[END_REF] also presented the low-resolution CFD model. The model reproduces similar pressure and temperature distribution in the PWR rod bundle as it has been observed in reference CFD simulations with reduced resolution. [START_REF] Bieder | CFD analysis of intra and inter fuel assembly mixing[END_REF] have analyzed the cross flow in an assembly of 17×17 rods (intraassembly flow) as well as in a cluster of 2×2 fuel assemblies (inter-assembly flow), where each assembly consists of 17×17 rods.

To the knowledge of the authors, hydraulic forces acting on real cross-section mixing grids in 17×17 rods assemblies have not been published to date. The intra-assembly pressure field is analyzed here by modelling one single assembly. Inter-assembly pressure fields are analyzed by modelling a bundle of three horizontally aligned fuel assemblies, each build of 17×17 rods and a mixing grid. Finally, the influence of inclined rods on flow field and hydraulic forces is discussed. Only hydraulic effects of the mixing grids on the behavior of the flow are analyzed, power input and heat transfer are not considered yet.

THE GENERIC FUEL ASSEMBLY

The calculation domain comprises a part of a PWR fuel assembly (FA) of 17×17 fuel rods including a mixing grid. Mixing grids maintain the lateral spacing between fuel rods and support the fuel rods at intervals along their length. The mixing grid consists of an egg-crate arrangement of interlocking straps. The straps contain spring fingers and dimples for fuel rod support as well as coolant mixing vanes [START_REF] Weihermiller | Batelle Topical Report[END_REF].

Guide taps on the outer straps assure the unhindered axial movement of the fuel assembly during charge and discharge of the reactor core. A typical fuel assembly as well as the used mixing grid are given in Fig. 1 The resulting CAD model of the generic mixing grid is shown in more detail in Fig. 2. This CAD model was developed in SALOME1 platform; it is parametrized by PYTHON scripts in order to have the possibility to modify easily the geometry of the mixing grid for further studies. A zoom on the CAD-model of fuel rods, guide tube, springs, dimples, lattice strap and protective tabs is given in Fig. 2a. Guide tubes have a larger diameter than fuel rods. They are not fastened by springs and dimples but by guide thimbles that are joined to the straps. The protective tabs are located on the outer lattice straps, which have a slightly higher width than the inner straps [START_REF] Weihermiller | Batelle Topical Report[END_REF]. The geometry of the springs is simplified; they are not modelled as bands. The tangential contact between dimple and fuel rod was avoided by increasing their contact zone. Fig. 2b shows a generic form of split type mixing vanes with a triangular central hole. Drop wise holes as used by [START_REF] Delafontaine | Simulation of unsteady fluid forces on a single rod downstream of mixing grid cell[END_REF] are used for the calculations presented here. The angle between grid strap and vane is 33°. The mixing vanes are arranged on the straps to initiate diagonal cross flow in order to increase the flow mixing between sub-channels. Protective tabs are located at the lateral grid straps, all oriented inside the mixing grid. A summary of the geometry of the FA is given below;

• Rod diameter: 9.5 mm • Rod-to-rod pitch:

13.0 mm • Rod-to-rod gap:

3.5 mm • Hydraulic diameter of a sub channel:

13.15 mm Three arrangements of the generic, full cross-section fuel assembly of 17×17 rods were investigated as shown in Fig. 3: one single FA (Fig. 3a) and two groups of three FAs that are aligned in one row. In the case of groups of FAs, two configurations are modeled; three FAs, each with straight rods (Fig. 3b) where the width of the water gaps d1 and d2 can vary between 2 mm and 10 mm, and three FAs where the central FA has partly inclined rods. In the case of a FA with inclined rods, the variation of the water gaps is shown in Fig. 3c. The assemblies are numbered from left to right according to A, B and C assembly. The orientation of FA's mixing grid is always identical; hence, the grids are never rotated horizontally. 

THE NUMERICAL MODEL

The TrioCFD code [START_REF] Angeli | Overview of the Trio_U code: Main features, V&V procedures and typical applications to engineering[END_REF] is used for all calculations presented here. TrioCFD is a general CFD code, developed at CEA, dedicated to simulate incompressible or dilatable flows in nuclear engineering applications. The code is open source and uses efficiently the capabilities of massively parallel HPC machines. Bieder and Genrault (2020) have already described the numerical model and give information on the meshing procedure, mesh sensitivity studies and on mesh convergence as well as on the validation of the model. This information is not repeated here; rather the focus is directed to the application of the model.

In the calculations presented in this study, the fluid is assumed Newtonian and incompressible. As only isothermal flow is treated, buoyancy effects are not taken into account. The instantaneous velocity of such a fluid is expressed by the equations of mass-and momentum conservation. The equations can be found in in standard CFD books as e.g. [START_REF] Pope | Turbulent Flows[END_REF].

Turbulence modelling

The Reynolds number of the flow in the analyzed fuel assembly is about 5×10 5 . Turbulence is modelled by unsteady Reynolds averaged Navier-Stokes equations (U-RANS). In Reynolds-averaged turbulence modelling, an averaging operator is applied to the instantaneous velocity. The non-linearity of the Navier-Stokes equations gives rise to Reynolds stress terms that are modeled by turbulence models. In this study, the Reynolds stresses are modeled according to Boussinesq's concept of eddy-viscosity, which assumes that the Reynolds stresses are aligned with the main strain rates. The high Reynolds number k-ε model [START_REF] Pope | Turbulent Flows[END_REF] is used to calculate the turbulent viscosity. This turbulence model has been selected because of the profound validation effort that has been done at CEA. In fact, for the simulation of the flow in fuel assemblies with mixing grids the use of the k-ε model has been validated by means of the AGATE experiments of CEA [START_REF] Bieder | LES analysis of the flow in a simplified PWR assembly with mixing Grid[END_REF] and the MATHIS_H experiment of KAERI [START_REF] Bieder | Analysis of the Flow Down-and Upwind of Split-type Mixing Vanes[END_REF].

Discretization method

TrioCFD [START_REF] Angeli | Overview of the Trio_U code: Main features, V&V procedures and typical applications to engineering[END_REF] uses a finite volume based finite element approach on tetrahedral cells to integrate in conservative form all conservation equations over the control volumes belonging to the calculation domain. As in the classical Crouzeix-Raviart element, both vector and scalar quantities are located in the centers of the faces [START_REF] Angeli | FVCA8 Benchmark for the Stokes and Navier-Stokes Equations with the TrioCFD Code-Benchmark Session[END_REF]. The pressure, however, is located in the vertices and at the center of gravity of a tetrahedral element [START_REF] Angeli | FVCA8 Benchmark for the Stokes and Navier-Stokes Equations with the TrioCFD Code-Benchmark Session[END_REF]. This discretization leads to very good pressure/velocity coupling. Along this staggered mesh arrangement, the unknowns, that is the vector and scalar values, are expressed using nonconforming linear shape-functions (P1-non-conforming). The shape function for the pressure is constant for the center of the element (P0) and linear for the vertices (P1). [START_REF] Angeli | FVCA8 Benchmark for the Stokes and Navier-Stokes Equations with the TrioCFD Code-Benchmark Session[END_REF] give more information on the discretization method.

Numerical scheme, solution method and boundary conditions

The 1 st order Euler backward time marching scheme was used to integrate the momentum equations. A fully implicit predictor corrector method assures mass and momentum conservation. [START_REF] Guermond | On the Stability and Convergence of Projection Methods Based on Pressure Poisson Equation[END_REF] have demonstrated the stability of this scheme. The generalized minimal residual method (GMRES) with Jacobi preconditioning is used to predict the intermediate velocity that is not divergence free. In the corrector step, this velocity is projected with a conjugated gradient method (CG) with symmetric successive over-relaxation (SSOR) preconditioning in the divergence free space by solving Poisson's equation of the pressure. The CG algorithm of the PETSc2 library is used.

The discretization in space of the Navier-Stokes equations is realized by a second order upwind scheme for the convection term and a second order centered scheme for the diffusion term. The pressure gradient follows a first order approximation.

Dirichlet boundary conditions were used at inflow faces. Fully developed turbulent flow in a bare rod bundle without mixing grids is assumed at the inlet [START_REF] Bieder | LES analysis of the flow in a simplified PWR assembly with mixing Grid[END_REF]. Neumann conditions with an imposed pressure are applied at outflow faces. The general wall function of [START_REF] Reichardt | Vollständige Darstelling der turbulenten Geschwindigkeitsverteilung in glatten Leitungen[END_REF] is used to model momentum exchange between walls and fluid. A slip wall boundary condition (symmetry) is applied at the boundaries that surround laterally the rod bundle in order to mimic free flow conditions in the water gaps between adjacent FAs. Table 1 summarizes the complete numerical scheme. 

Meshing of the calculation domains

The CAD model of the mixing grid was transferred in STEP format to the commercial mesh generator ICEMCFD ® . A pure tetrahedral meshing was created around the mixing grid in the region called Meshed Zone that has an axial extension of 43 mm (see Fig. 4). One mm of the surrounding, water gaps are also meshed. As discussed in more detail by [START_REF] Bieder | CFD analysis of intra and inter fuel assembly mixing[END_REF], the best performance concerning the resolution time of one time step is achieved with the Delaunay meshing method and when using a homogeneous mesh size in the whole Meshed Zone; local mesh refinement was not applied. The meshing used in this study has a reference size of 1 mm, what led to about 50 million tetrahedral cells in the Meshed Zone. The height of a tetrahedron is about 0.5 mm with this reference size. As the velocity is discretized in the center of the faces of the tetrahedrons, the distance between two calculation points is about four times smaller than the reference size, that is about 0.25 mm. The meshing of the lateral faces of the Meshed Zone is periodic in x and y direction. The two-step meshing procedure (initial surface meshing followed by volume meshing) leads to tetrahedrons on the walls that are very similar in size. Therefore, the y + values of the wall meshes are very similar and the mesh type will not affect the near wall flow significantly as long as wall functions are used.

Reference meshing of a single fuel assembly

The surface mesh of the axial boundaries of the Meshed Zone, which is represented by triangles, was extruded uniformly in z-direction, more precisely -30 mm in upstream direction and +300 mm in downstream direction. The resulting extruded triangles form prismatic cells. These zones made of prisms are called Extruded Zones. In order to create a meshing made exclusively of tetrahedral cells, each created prismatic cell is divided into 3 tetrahedrons. In the reference meshing, each extruded tetrahedron has an axial length of 3 mm. The resulting calculation domain of one assembly of 17×17 rods is shown in Fig. 4, including Meshed Zone, the Extruded Zones and the inlet and outlet plane.

The total number of cells of the complete calculation domain of one FA is about 130 million tetrahedrons. The number of velocity control volumes is twice as high as the number of tetrahedrons, namely about 260 million. As the pressure is discretized in the center and the vertices of an element, the number of pressure control volumes, that is the control volumes in which the divergence free condition is assured, is about 1.125 times higher than the number of tetrahedrons, namely 146 million. Mesh independency of the velocity field was studied as described in more detail by [START_REF] Bieder | LES analysis of the flow in a simplified PWR assembly with mixing Grid[END_REF] and [START_REF] Bieder | CFD analysis of intra and inter fuel assembly mixing[END_REF].

Reference meshing of three straight fuel assemblies in line

In order to gather clusters of several fuel assemblies of 17×17 rods, the meshing of the lateral faces of the Meshed Zone is periodic in x and y direction. Hence, clusters of three FAs that are arranged in a line as shown in Fig. 3 can be compounded easily by using the mesh manipulation capacities of TrioCFD. The periodic faces of two domains of the Meshed Zone can be merged directly, what leads to a water gap of 2 mm between the mixing grids. For wider water gaps, the meshing of the lateral face of one Meshed Zone can be extruded befor merging two adjacent mixing grids. In this way, several Meshed Zones can be merged with different water gaps between the mixing grids. As in the case of a single FA, the surface mesh of the axial boundaries of the complete Meshed Zone was extruded uniformly in z-direction for -30 mm in upstream direction and +300 mm in downstream direction. Each prisms layer has an axial length of 5 mm. After splitting the prismatic cells in tetrahedrons, the complete calculation domain of three aligned FA with water gaps of different width include about 390 million tetrahedrons.

Fine mesh of three straight fuel assemblies in line

In the reference meshing, the tetrahedrons in the Extruded Zones have an axial length of 5 mm. This leads in these zones to stretched tetrahedrons that are longer in axial flow direction and shorter in cross flow direction. Such stretched meshes might overestimate flow phenomena that are aligned with the fuel rods and might underestimate flow effects in cross flow direction. To assure that the meshing does not favorite a certain flow direction, tetrahedral meshes that are not stretched were created in the Extruded Zones. Therefore, the number of extruded layers was increased in these zones by a factor 7.15. The height of a tetrahedron is then about 0.7 mm, what is slightly above the tetrahedron's height of 0.5 mm in the Meshed Zone. This fine mesh of 1.030 billion tetrahedrons was used for mesh convergence tests.

Fine mesh of one inclined assembly between two straight assemblies

Fig. 3c illustrates the case of slightly inclined fuel rods in the center assembly. In this case, it is very important that effects related to anisotropic meshing not dominate small forces in cross flow direction. Thus, for this configuration, it is mandatory to use the fine mesh for the analysis since meshing effects cannot be excluded a priori for the anisotropic reference mesh. The inclination is realized by shearing the mesh of the Extruded Zone of the center assembly. The resulting slightly elliptical form of the rods is assumed negligible. Before shearing the mesh, a fine mesh with upward rods was build, with water gaps of 3 mm between assemblies A and B and 7 mm between B and C. The shearing process opened in an axial length of 450 mm gap A-B from 3 mm to 7 mm and closed accordingly gap B-C from 7 mm to 3 mm (see Fig. 3c).

It was tested to create the meshing from a CAD model of the full calculation domain with more realistically inclined rods that is with inclined rods that pass across the mixing grid. Modifying the CAD model accordingly was not difficult due to the applied modelling procedures with python scripts. However, meshing the whole domain with a reference size of 1 mm was not possible with ICEMCFD due to memory limits of the used workstations. The authors did also not succeed to do the meshing via the creation of several sub-meshes, which can be merged to the compete domain. However, our failure does not exclude that such a stepwise meshing procedure is not possible. Finally, it was tested to create the fine mesh by homogeneous mesh refinement. Therefore, as a first step, a coarse mesh of the whole domain with about 125 million tetrahedrons was created. This mesh was then refined in a second step by splitting each tetrahedral cell in eight small tetrahedrons. As it was not possible to project the refined mesh to the initial geometry, the meshing did not represent sufficiently precise the complex geometry of the mixing grid and the curvature of the rods.

Parallelization and used HPC machines

The presented CFD calculations have been carried out by exploiting the parallel calculation capabilities of TrioCFD. The key to run large models is that the code is distributed on the different processor cores, where each core is handling only a part of the data. A master processor core that handles the complete calculation domain is not needed. Using METIS library, each domain is decomposed into several overlapping sub-domains by minimizing the load imbalance of the domain partition. The load imbalance is defined by the product of the maximum cells among sub-domains and the number of sub-domains divided by the total number of cells. Then, all sub-domains were distributed equally among different processor cores, which, by using message passing interface libraries (MPI), communicate mutually only when data transfer is needed. All I/O processes are parallelized with the possibility to read and write from a single file (with HDF5 library) or from distributed files. Post-processing with Visit3 is also available in a parallelized version. When a calculation domain comprises more that about 500 million tetrahedral cells, the integers need to be represented on 64 bits. This feature is included as compiler option. The performance of TrioCFD was evaluated in a preparatory numerical study, which concerns the laminar flow around a circular cylinder. The calculations were performed on Irène-Joliot, the BULL Sequana X1000 supercomputer of the Très Grand Centre de calcul (TGCC) of CEA. The following partition was used:

• Partition AMD with 2292 AMD Rome Epyc 7502 bi-processors nodes at 2.66 GHz with 64 cores per processor. Each node has 256 GB of DDR4 memory. The nodes are interconnected by InfiniBand HDR100 network.

Strong scaling was evaluated on 1.335 billion cells with an Euler explicit time scheme. The pressure solver used is the same as that of the current study (Conjugate Gradient with SSOR preconditioning). The CPU time per time step (dt TS) and the CPU time per conjugate gradient iteration (dt CG) are reported in Table 2. The load imbalance of the different partitions is added to Table 2 as it correlates well with the decrease of parallel efficiency above 12800 cores shown in Fig. 5. Since TrioCFD is a memory bandwidth limited code and in order to spend minimal CPU hours, we run the final calculations on the fine mesh on the SKL partition of Irène-Joliot:

• Partition SKL with 1656 Intel Skylake 8168 bi-processors nodes at 2.7 GHz with 24 cores per processor. Each node has 192 GB of DDR4 memory. The nodes are interconnected by InfiniBand EDR network.

In SKL partition, the network and memory bandwidth per core are 2-3 times higher than in the AMD partition, although fewer cores are available and are slightly slower. The calculations with the reference meshes were performed on Occigen, the BULL B720 supercomputer of the Centre Informatique National de l'Enseignement Supérieur (CINES):

• Partition HSW with 2106 Haswell bi-processor nodes at 2.6 GHz with 24 cores per processor. Each node has 128 GB of DDR4 memory. The nodes are interconnected by InfiniBand FDR network.

The performance of TrioCFD on these HPC computers is summarized in Table 3. The load imbalance was 1.054. 

ANALYSIS OF THE HYDRAULIC FORCES IN FUEL ASSEMBLIES

Typical thermal hydraulic operating conditions in a PWR core at nominal power form the basis of this study. These thermal hydraulic conditions close to the core outlet are:

• Total pressure, 16 MPa • Mean coolant temperature, 330°C

The resulting physical properties of the coolant water are:

• Mean coolant density, 648 kg/m 3 • Dynamic viscosity, 7.75×10 -5 Pa s • Mean coolant velocity, 5.35 m/s • Sub-channel Reynolds number, 605000

The physical properties are taken constant in all calculations.

First, the forces acting on one assembly with equal water gap widths are presented. Then the width of the water gaps are varied, and finally the rods of the center fuel assembly were inclined. The pressure force Fp and shear force Fµ that act on mixing grid and rods, respectively, are calculated by integrating the local pressure P and shear force over all solid walls according to:
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is the unit vector normal to the considered wall, µ the dynamic viscosity and the velocity vector.

Fuel assemblies with identical water gap widths

The main objective of this first study is to provide a better insight into the pressure distribution within a realistic fuel assembly of 17×17 fuel rods with mixing grid.

Analysis of one assembly

It is assumed that a 2 mm water gap exists around the analyzed assembly. In order to simulate these water gaps, symmetry boundary conditions are used at the outer vertical faces of the calculation domain, at a distance of 1 mm from the outer lattice straps of the mixing grids. The whole assembly is shown in a perspective view in Fig. 6a. The spatial distribution of the velocity magnitude is given in color scale. About one-half of the assembly (0.0<y<0.1185) is hidden visually to show the velocity in the rod-to-rod gaps. A predominant axial flow exists upstream of the mixing grid. Downstream of the grid the mixing vanes add significant cross flow components on the main flow. This crossflow disappears about 10 hydraulic diameters downstream of the grid that is after about 0.13 m. Since guide tubes have larger diameters than fuel rods, the velocity in the guide tube-to-rod gaps is reduced significantly compared to the rod-to-rod gaps. The guide tubes also constrain the development of crossflow. The reduced velocity along the guide tubes is well visible in Fig. 6a. Fig. 6b shows the cross-flow velocity in a horizontal plane, cut 0.05 m above the upper edge of the mixing grid straps (z = 0.05 m). The color scale denotes the velocity magnitude and the vectors show the velocity direction. The formation of the diagonal cross flow direction and the reduction of the velocity close to the guide tubes are readily visible. [START_REF] Bieder | CFD analysis of intra and inter fuel assembly mixing[END_REF] The spatial distribution of the pressure is displayed in Fig. 7 in form of 2D plots. Fig. 7a shows the vertical plane at y=0.1185 m and Fig. 7b a horizontal plane at z = 0.0 m. The vertical plane is located in the center of the rod-to-rod gap and traverses a lattice strap. The highest pressure is located upstream of the mixing grid below the water gaps of 2 mm width, which are located in the periphery of the calculation domain. Here the pressure reached a value of approximately 12.9 kPa. The square vertical vanes that are located at the top of the lattice strap are guide tube thimbles. They mark the location of the control rod guide tubes. The pressure gradient in flow direction exceeds largely horizontal pressure variations. Nevertheless, the pressure peaks upstream of the water gaps, which are located in the periphery of the assembly, are readily visible. The low-pressure streaks further downstream the mixing vanes can also be observed easily. They persist along the complete vertical calculation domain.

The horizontal plane is located at the upper edge of the lattice straps. A zoom to the lower left corner of the assembly is presented. Pressure peaks are present on the concave side of the mixing vanes and low-pressure areas are present on their convex side. It is mentioned here that the pressure in the wake of springs is lower than in the wake of dimples. As visible in Fig. 7b, these two design features lead to significant pressure differences within each grid lattice. A pressure loss coefficient Ks was evaluated in the NESTOR round robin benchmark [START_REF] Wells | Computational Fluid Dynamics Benchmark of High Fidelity Rod Bundle Experiments Industry Round Robin Phase 2 -Rod Bundle with Mixing Vane Grids[END_REF] from the MANIVEL experiments. For one mixing grid span and a bundle of 5×5 rods, a pressure loss correlation was derived for Re < 100,000, where l is length of one span: . ) . ( 4) [START_REF] Benhamadouche | Pressure Drop Predictions using CODE_SATURNE in NESTOR CFD Benchmark[END_REF] has shown that this correlation also reproduces the pressure losses of one grid span at higher Reynolds numbers. Correlation and calculations with Reynolds stress turbulence models where compared up to Re=500,000. The calculations underestimate at high Reynolds numbers the correlation by about 10%.
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In this study, for Re = 605,000, the pressure loss is ∆P/∆z ≈ 30.5 kPa/m, calculated for an axial span length of ∆z ≈ 0.41 m. The pressure loss of the NESTOR correlation (eqs.( 3) and ( 4)) is ∆P/∆z ≈ 34.2 kPa/m, calculated for an axial span length of about ∆z ≈ 0.34 m. This comparison shows that the axial pressure gradient calculated in this study for full cross-section mixing grids is in accordance to [START_REF] Benhamadouche | Pressure Drop Predictions using CODE_SATURNE in NESTOR CFD Benchmark[END_REF] and the NESTOR benchmark [START_REF] Wells | Computational Fluid Dynamics Benchmark of High Fidelity Rod Bundle Experiments Industry Round Robin Phase 2 -Rod Bundle with Mixing Vane Grids[END_REF].

The calculated pressure and shear forces (eqs(1) and ( 2)), which act on the mixing grid as well as on fuel rods and guide rubes, are summarized in Table 3. Here, Fx and Fy denote the horizontal forces in cross-flow direction and Fz the vertical force in flow direction. The vertical pressure force represents to the force for one axial grid distance. For the mixing grid, the viscous forces are small compared to pressure forces, although a noteworthy viscose force exists in flow direction. Concerning the pressure forces, the component in flow direction is significantly higher than the components in cross-flow direction. Further, the two horizontal pressure forces are not equal due to the unsymmetrical geometrical arrangement of mixing vanes, springs and dimples within the mixing grid. For fuel rods and guide tubes, the viscose force in flow direction dominates all other forces. The pressure forces acting in horizontal direction are somewhat higher than the corresponding viscose forces.

Analysis of three assemblies in line

The validity of the symmetry boundary conditions for the prediction of pressure forces as used in chapter 4.1.1 is reassessed. Therefore, a more general modeling approach was introduced, in which three FAs were gathered. Each assembly consists of 17×17 rods. The assemblies are arranged in line along the x-axis as shown in Fig. 3b. It is assumed that the water gaps, i.e. the gap between two adjacent the FAs, have a width of d1 = d2 = 2 mm. Table 4 summarizes the calculated pressure and shear forces, which act on the mixing grid as well as on fuel rods and guide rubes of the central assembly. Both the shear forces and the pressure forces in flow direction (z-direction) are very similar in the two modelling approaches. The symmetry boundary condition, which is used at the peripheral faces of the single assembly, leads to an overestimation of the pressure force in x-direction compared to the corresponding force acting of the grid of the central assembly. It seems that pressure forces calculated with symmetry boundary conditions can be used only with caution. It is thus expected that the calculated pressure forces in y-direction are also overestimated.

In summary, to give orders of magnitudes for the total force (Fp+Fµ) acting upon the mixing grid in flow direction is about 230 N. Assuming that only the forces in x-direction of the central assembly are representative for cross flow forces, the total force acting in cross flow direction seems to be small. The total force acting upon the rods is 170 N in flow direction and negligible in crossflow direction. Self-evidently, these are only guiding values for a realistic fuel assembly at high Reynolds number. Nevertheless, the estimated forces denote a first insight into a realistic distribution of hydrodynamic forces that are acting upon mixing grids and rods.

Fuel assemblies with different water gap widths

The main objective of this second study is to provide insight into the pressure distribution between realistic fuel assemblies of 17×17 fuel rods with mixing grid. Especially the influence of the water gaps widths on the forces acting on fuel assemblies is addressed. For that reason, three FAs were gathered and arranged in line along the x-axis. Water gaps of different sizes exist between the assemblies. Fig. 8 shows the top view on the three FAs called "A", "B" and "C". As indicated, the water gaps have a width of 2 mm and 5 mm, respectively. At the outer vertical faces of the calculation domain, at a distance of 1 mm from the outer lattice straps of the mixing grids, symmetry boundary conditions are used. This boundary condition simulates a 2 mm water gap. Each fuel assembly is identical to the FA presented in chapter 4.1. A tracer with the concentration 1 is injected from below into assembly "B" in order to mark the flow in the central assembly. Analogously, the tracer with concentration 0 is injected into the assemblies "A" and "C". Fig. 8 shows for the reference mesh, that the tracer injected into assembly "B" penetrates less into assembly "C" (separated by a 5 mm water gap) than into assembly "A" (separated by a 2 mm water gap). This indicates that the wider the water gap, the more the fuel assemblies are separated hydraulically one from another, what reduces inter-assembly exchanges. Test calculations with the fine mesh have confirmed this result. More detail on the pressure distribution within the three assemblies illustrates Fig. 9. Like in Fig. 7a, the pressure is given in a vertical plane at y = 0.1175 m that cuts rod-to-rod gaps in the middle. The whole calculation domain is visualized on the top figure; a section around the mixing grid strap of the central assembly is zoomed in on the lower figure. Upstream of the mixing grid, the highest pressure is located below the three narrow water gaps of 2 mm width, with a maximum value of approximately 12.9 kPa. These peak values exist on one hand below the water gap between assembly A and B and on the other hand below the gaps between the outer symmetry boundary conditions and the adjacent mixing grid. The pressure below the wide gap of 5 mm width is 10.4 kPa and thus 20% lower than that below the narrow gaps. It is interesting to note that the spatial extension of the high-pressure zone below the wide gap is significantly reduced with respect to the high-pressure zone below the narrow gaps. Downstream of the grid, the pressure distribution above each assembly is similar to that given in Fig. 7a for one single assembly.

Velocity vectors were added to the zoomed in section. They show the deflection of the flow by the mixing vanes as already mentioned in Fig. 6a. It is also well visible that the velocity significantly accelerates in the wide water gap, in contrast to the narrow gap, where further wall friction decelerates the flow. In accordance to the Bernoulli equation, the pressure in the wide gap is lower than in the narrow gap. This pressure difference is acting on the external lattice walls of the central mixing grid in direction from the narrow gap to the wide gap. This is shown in more detail in Fig. 10 where the pressure distribution in a horizontal plane at z = 0 m is given. This plane is located at the upper edge of the grid lattice. The figure zooms in the central assembly (B) in order to better visualize the pressure distribution in the water gaps and in the grid lattice. The pressure distribution within the grid was already discussed in Fig. 7b. The difference between the mean pressures in the wide gap and the narrow gap is approximately 3.25 kPa. The pressure differences between the water gaps and within each grid lattice lead to a total mean pressure force of +39 N that is acting in x-direction on the mixing grid of the central fuel assembly. It is important to note, that this pressure force (called Venturi force) has a significant self-stabilizing effect on the alignment of FAs in the reactor core. In fact, as the Venturi force is directed from the narrow to the wide water gap, this force attempts to push the FA in this direction in order to reduce the width of the wide gap. The Venturi force thus tries to even out the widths of all water gaps to similar values. Besides the Venturi forces, local pressure differences within the grid lattice interact with mixing grid and rods (Fig. 10). The resulting pressure forces affecting a mixing grid are summarized in Table 5. Viscous forces are not considered as they are small in cross-wise direction. Three different configurations of the widths of the water gaps are discussed, which confine an assembly in x-direction, namely gaps of 2 mm and 5 mm, 3 mm and 7 mm as well as 2 and 10 mm. In the first two cases, fully developed flow in pure rod bundle is imposed as inlet boundary condition. This hypothesis let in the gap of 10 mm to an unrealistic high axial velocity, since the mixing grids would reduce significantly the velocity in real assemblies. Therefore, a constant velocity of the same mass flow rate is used in this case as inlet boundary condition.

The pressure forces acting on the mixing grids are summarized in Table 5 for all three grids and all three cases. The pressure forces of the calculation with equal width of the water gaps (2 mm) is added for the sake of completeness. It is interesting to note that the axial pressure forces (Fz) are only slightly dependent on the water gap widths (about 200 N in all cases). The pressure force in y-direction (Fy) are consistent among each other and does show only an unimportant dependency on the water gap width. Nevertheless, a doubling of the force from Grid "A" to Grid "C" is observed. It should be noted however that the pressure force in y-direction might be falsified by the used symmetry boundary condition. -32.4 -10.3 192 Concerning the pressure force in x-direction, the situation is much more complex as the water gap widths influence significantly this pressure forces. A significant net pressure force is acting on the central grid B, which increases from -0.5 N for the gap combination 2-2 mm to 39 N in the gap combination 2-5 mm and decreases

B C A

again to 24 N in the gap combination 3-7 mm. Since the inlet boundary condition is different in the gap combination 2-10 mm, this case cannot be compared directly to the other results. It is important to note that comparative calculations with the fine mash were realized for the water gap widths of 2-5 mm and 3-7 mm. These results with the fine meshes have confirmed the vertical and horizontal forces mentioned above.

Fuel assemblies with inclined rods

The main objective of this third study is to provide further information on the pressure distribution in bundles of 17×17 fuel rods; especially the influence of the inclination of the rods on the flow field and the resulting pressure and shear forces is addressed. The geometry of the three assemblies was given in Fig. 3 and is recalled in Fig. 11. The rods in the central assembly are inclined downstream the mixing grid. The water gap between assemblies A and B opens in 470 mm from 3 mm to 7 mm. Accordingly, the gap between assemblies B and C closes from 7 mm to 3 mm. A tracer marks the flow in the central assembly. The pressure forces that act on the rods of the three assemblies A, B and C are summarized in Table 6. The detected difference between assemblies with only upright rods and assemblies, where the central assembly has inclined rods, seems negligible. The difference of the shear forces that are acting on the rods in upright and inclined configuration are also very small. This is shown in Table 7 for the rods of the three assemblies. The calculated differences are too small to draw robust conclusions. The insensitivity of pressure and shear forces on the inclination of the rods might have two reasons. On the one hand, the inclination angle is small. On the other hand, the distribution of both the cross flow velocity and the pressure is very inhomogeneous within the assemblies due to the presence of mixing grids. These inhomogeneous distributions are visualized in Fig. 13 for the central assembly with inclined rods. The fields of the magnitude of the crossflow velocity (+ , + . ) and of pressure are shown in color scale for a plane at z = 0.35 m. A clear direction of the resulting forces cannot be detected. 

CONCLUSION

The velocity and pressure distribution within and between full cross-section fuel assemblies with generic but realistic mixing grids have been analyzed by CFD using high performance computing (HPC). The analyzed assembly consists of bundles of 17×17 rods including fuel rods, control rod guide tubes and a mixing grid with split type mixing vanes. The axial length of the analyzed domain spans approximately the distance between two successive mixing grids.

The flow and pressure distribution in three configurations of assemblies with 17×17 rods are compared: a single assembly test case and two multi-assembly test cases, each with three assemblies arranged in line. Intraassembly flow and pressure distribution are analyzed for the single assembly case; inter-assembly flow and pressure distribution are analyzed for the multi-assembly test cases. In the last-mentioned case, two water gaps of different width separate the central assembly from the neighboring fuel assembles, namely 2 and 5 mm as well as 3 and 7 mm. Finally, it was analyzed if inclined rods can significantly affect pressure and shear forces, which are acting on the rods.

For a fuel assembly surrounded by water gaps of 2 mm, the total force (pressure and shear force) acting upon the mixing grid in flow direction is about 230 N. The total force working in cross flow direction on the grid is small. This horizontal force can be falsified by inappropriate boundary conditions as symmetry. The total force acting upon the rods is about 160 N in flow direction and small in crossflow direction. Self-evidently, these are only guiding values for a realistic fuel assembly at high Reynolds number. Nevertheless, the estimated forces denote a first insight into a realistic distribution of hydrodynamic forces that are acting upon mixing grids and rods.

Variations in the width of two oppositely located water gaps significantly influence the pressure force acting on the mixing grid in horizontal direction. Depending on the difference in the width of the water gaps, pressure forces of 39 N and 24 N were calculated for gap couples of 2 mm and 5 mm as well as of 3 mm and 7 mm, respectively. This horizontally acting pressure force (Venturi force) affects the fuel assemblies in the reactor core in a way that the force tries to adjust automatically the width of water gaps to similar values (self-stabilizing effect).

Very precise calculations with 1 billion tetrahedral cells were realized to calculate the hydraulic forces on inclined rods. The predicted forces on inclined rods do not differ significantly from those upon upright rods. The insensitivity of pressure and shear forces on the inclination of the rods might have two reasons: on the one hand, the inclination angle is small and on the other hand, the distribution of both the cross flow velocity and the pressure is very inhomogeneous within the assemblies due to the presence of mixing grids.

It was shown that symmetry boundary conditions could falsify the calculated hydraulic forces acting on a fuel assembly. In order to overcome this problem, the hydraulic forces on an assembly will be analyzed, which is located in the center of nine assemblies. The forces on this central assembly will not be affected by horizontal boundary conditions of the peripheral faces of the assembly cluster. Further, it is planned to vary more systematically the width of the water gaps and to add thermal effects.

Fig. 1 .

 1 Fig.1. Typical fuel assembly (a) and mixing grid of the generic fuel assembly (b).

  Fig.2 Details of the mixing grid: a) Zoom on fuel rods, guide tubes, grid strap, springs and dimples; b) zoom on the split type mixing vanes with triangular central hole

  Fig.3 Configuration of analyzed assemblies: a) single assembly, b) three assemblies in line with upright rods and c) one assembly with inclined rods in the middle between two assemblies with upright rods

Fig. 4

 4 Fig.4 Calculation domain of the fuel assembly with mixing grid, meshed and extrudes zones as well as with inlet and outlet planes.

Fig. 5

 5 Fig.5 Comparison of the speedup of TrioCFD compared to ideal speedup (laminar test case)

  Fig.6 Spatial distribution of velocity magnitude in the 17×17 rods fuel assembly. a) view on the calculation domain, b) Cross-flow velocity close to a guide tube (horizontal plane at z= 0.05 m)

Fig. 7 .

 7 Fig. 7. Spatial distribution of the pressure in cut planes; a) vertical plane at y = 0.1175 m, b) horizontal plane at z=0 m (zoom to the lower left corner of the assembly).

Fig. 8

 8 Fig.8 Group of 3 fuel assemblies; arrangement of the assemblies and visualization of the inter-assembly flow exchanges by a tracer.

Fig. 9 .

 9 Fig. 9. Pressure in a vertical plane with a zoom to the water gaps and mixing grid lattice

Fig. 11

 11 Fig.11 Concentration of a tracer in test case with inclined central rods; arrangement of the assemblies and visualization of the inter-assembly flow exchangesAs soon as the gap widths change, the sharp frontier between high and low tracer concentration becomes diffuse. This was not observed for constant gap widths (Fig.8). The closing gap pushes the flow more profoundly into the central assembly B whereas the opening gap sucks the tracer from assembly B into the gap. These processes are shown in more detail in Fig.12, where the flow interactions across the water gaps are visualized in a horizontal plane at z = 0.35 m; the opening gap is shown in Fig12aand the closing gap is shown in Fig12b. Velocity vectors visualize the direction of the cross flow velocity. It is interesting to note a certain correlation of the flow in the peripheral rods of assembly B: the flow enters and leaves, respectively, the central assembly at the same y-coordinate, and one out of two columns sustains a similar cross flow behavior. It would be interesting to know if, after discharge of the reactor core, the wear of fuel rods close to the water gaps can be related to the different flow fields observed for upright and slightly deformed assemblies.

  Fig.13 Cross flow velocity (a) and pressure (b) in the assembly with inclined rods at z = 0.35 m

  

  

  

Table 1

 1 Summary of the numerical scheme

	Time scheme	Euler backward	1 st order implicit
		Predictor step	GMRES
		Corrector step	CG with SSOR preconditioning
	Spatial discretisation	Convection term	2 nd order upwind
		Diffusion term	2 nd order centred
		Pressure gradient	1 st order
	Turbulence	U-RANS	k-ε with wall functions

Table 2

 2 Strong scaling evaluation of the parallel performance of TrioCFD

	Number of cores	dt TS [s]	Dt CG [ms]	Cells/core	Load imbalance
	6,400	69.6	88	208594	1.003
	12,800	34	46	104297	1.053
	25,600	18.5	25	52148	1.268
	51,200	10.4	15	26074	1.300

Table 3

 3 Characterization of the parallel performance of TrioCFD for assembly calculations

		Reference mesh	Reference mesh	Fine mesh
		One assembly	Three assemblies	Three assemblies
		Occigen	Occigen	Irène-Joliot
	Number of elements	129,094,176	390,881,109	1,036,437,165
	Number of processor cores	2800	8400	16,680
	Number of elements per core	46,105	46533	62,137
	Mean CPU per time step [s]	4.8	11.0	22.6
	Time spent in solvers [%]	69	84	74
	Network traffic per time step [Mb]	0.11×10 6	6.2×10 6	31.0×10 6
	Machine time to convergence [h]	10.6	24.5	50.2

Table 3

 3 Hydraulic forces acting on the mixing grid and rods.

			Mixing grid			Fuel rods and guide tubes	
	Force	Fx	Fy	Fz	Fx	Fy	Fz
	[N]	-9	-6	190	-2	-1	0.2
	[N]	-0.005	-0.004	43	0.7	0.3	167

Table 4

 4 Hydraulic forces acting on the mixing grid and the rods of the central assembly.

			Central mixing grid		Central fuel rods and guide tubes
	Force	Fx	Fy	Fz	Fx	Fy	Fz
	[N]	-0.5	-10.6	204	-0.3	-3.3	0.2
	[N]	-0.006	-0.002	40	0.01	-0.03	169

Table 5

 5 Pressure forces acting on the mixing grid.

	Width of the		A-B 2 mm			A-B 2 mm			A-B 3 mm			A-B 2 mm	
	Gap		B-C 2 mm			B-C 5 mm			B-C 7 mm			B-C 10 mm	
	[N]	Fx	Fy	Fz	Fx	Fy	Fz	Fx	Fy	Fz	Fx	Fy	Fz
	Grid A	-3.2	-6.2	204	-3.1	-5.6	207	18	-5.0	203	-1.6	-4.3	200
	Grid B	-0.5	-10.6	204	39	-8.9	206	24	-9.8	202	30,6	-7.9	192
	Grid C	-4.8	-14.7	204	-42	-13	206	-51	-13.6	203			

Table 6

 6 Pressure forces acting on the rod bundles of the three assemblies

	Width of the Gap		Upright rods			Inclined rods	
	[N]	Fx	Fy	Fz	Fx	Fy	Fz
	Rods A	6.0	5.2	0.2	5.2	7.1	0.2
	Rods B	1.1	-4.1	0.2	-1.8	-6.1	0.2
	Rods C	-14.3	-9.3	0.2	-9.8	-7.1	0.2

Table 7

 7 Shear forces acting on the rod bundles of the three assemblies

	Width of the Gap		Upright rods			Inclined rods	
	* [N]	Fx	Fy	Fz	Fx	Fy	Fz
	Rods A	0.2	0.7	165	0.3	1.2	171
	Rods B	-1.1	-0.02	168	-1.9	0.2	175
	Rods C	-0.3	-0.6	168	0.5	-1.0	175
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Group of 3 fuel assemblies; arrangement of the assemblies and visualization of the inter-assembly flow exchanges by a tracer.

Forces in flow direction and in crossflow direction were quantified. The influence of boundary conditions on the prediction of forces is discussed. The horizontally acting pressure force (Venturi force) affects the fuel assemblies in the reactor core in a way that the force tries to adjust automatically the width of water gaps to similar values (self-stabilizing effect).