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Investigation of pressure loss and velocity distribution in fuel assemblies with wire-wrapped rods by using RANS and LES with wall functions

Hexagonal assemblies of wire wrapped fuel rods were analyzed experimentally at Texas A&M University. CFD analysis with LES and RANS (SST k-ω) of a 61-pins experiment have already been published by using wall resolved meshing. These results are compared in this study to CFD calculations with wall functions, more precisely RANS (k-ε) and LES. The presented comparison will be used as reference result in the design of RANS based models for the reactor core of sodium cooled fast breeder reactors, since the next generation core models developed at CEA will use CFD models with wall functions. It is shown that the velocity profiles of the analyzed turbulence models are in reasonable accordance to the experiment and among each other. However, RANS with wall functions overestimates the pressure loss in wire wrapped rod bundles.

Introduction

Multi-scale thermal-hydraulics modelling as described by [START_REF] Gerschenfeld | Development and Validation of Multi-scale Thermal-Hydraulics Calculation Schemes for SFR Applications at CEA[END_REF] represents the state of the art in analyzing the thermal hydraulic behavior of sodium cooled fast breeder reactors (SFR) under normal operation and accidental conditions. The next generation of core models at CEA will most probably be based partly or completely on computational fluid dynamics (CFD) with RANS (Reynolds averaged Navier-Stokes equations) and wall functions. In order to prepare the development of future SFR core models, the present work focuses on a better understanding of shortcomings that are related to the use of wall functions in RANS modelling and LES (Large Eddy Simulations) for the specific use in SFR fuel assemblies.

Most fuel assemblies of SFRs consist of wire-wrapped, cylindrical fuel pins in a triangular arrangement. The space between the fuel pins forms sub-channels in which the coolant circulates. The wire coils helically around each pin to assure the spacing between fuel pins and to increase the coolant mixing between sub-channels. However, the intended increase of fluid mixing is counter-balanced by undesired increase in pressure losses. Thus, to develop new SFR core models, a good knowledge of the hydraulic processes in wire wrapped fuel assemblies and of their modelling is mandatory.

Numerous experimental and CFD results are available for the flow in hexagonal fuel assemblies with helical wire spacers. The analyzed domain ranges from basic 7-pins bundles to realistic 61 or even 217-pins bundles. [START_REF] Bieder | CFD calculations of wire wrapped fuel bundles: modeling and validation strategies[END_REF] have presented the CEA validation procedure for applying CFD on wire wrapped fuel bundles. [START_REF] Roelofs | CFD and Experiments for Wire-wrapped Fuel Assemblies[END_REF] have summarized experiments and corresponding calculations that have been used for CFD validation purpose. [START_REF] Bubelis | Review and proposal for best fit of wire-wrapped fuel bundlefriction factor and pressure drop predictions using various existing correlations[END_REF] applied various pressure loss correlations to a large number of experiments. This comparison has shown a wide range of uncertainty in the pressure losses predicted by the correlations, what underlines the necessity for a better understanding of the flow in assemblies of wire wrapped fuel rods.

Most of the recent publications of wire-frapped fuel assemblies use wall resolved modelling (e.g. [START_REF] Dovizio | Validating RANS to predict the flow behavior in wire-wrapped fuel assemblies[END_REF]. [START_REF] Song | Numerical investigation on vortex behavior in wirewrapped fuel assembly for a sodium fast reactor[END_REF] analyzed the vortex formation close to the spacer wire in detail. They showed a high sensitivity to the refinement of near wall discretization (y + ) and the turbulence model. [START_REF] Brockmeyer | CFD investigations of wirewrapped fuel rod bundles and flow sensitivity to bundle size[END_REF] presented the sensitivity of pressure losses to mesh refinement. Further, the effect of the housing wall that is located around the fuel assembly was studied by comparing pressure drop and sub-channel velocities for bundles with 19, 37 and 61 pins.

About 10 years ago, most of the numerical investigations have been done by RANS modelling and logarithmic wall functions. This modeling seems to overestimate the pressure loss as shown for instance by [START_REF] Gajapathy | A comparative CFD investigation of helical wire-wrapped 7, 19 and 37 fuel pin bundles and its extendibility to 217 pin bundle[END_REF] and [START_REF] Raza | Effects of wire-spacer shape in LMR on thermal-hydraulic performance[END_REF].

Both wall resolved analysis and the use of wall functions were applied under constant boundary conditions. However, to the authors' knowledge, transients (with heat transfer) in fuel assemblies under nominal reactor conditions have not been addressed to date due to the high computational costs. These costs increase significantly with decreasing cell size near walls. Thus, for thermal hydraulic analysis under reactor conditions of more than one wire pitch of representative SFR fuel assemblies, the use of wall functions is still an appropriate option (Bieder and Costa, 2018). The prediction of the temperature distribution in full-scale fuel assemblies as shown e.g. by [START_REF] Bieder | CFD calculations of wire wrapped fuel bundles: modeling and validation strategies[END_REF] for the Phenix reactor is still a challenge. For these reasons, the use of wall functions will remain at CEA an important modeling possibility in SFR assembly-and core modelling.

In the work presented here, the matched-index-of-refraction (MIR) experiment of Texas A&M University (Goth et al., 2018) on 61 wire wrapped rods (called MIR61) is analyzed by CFD. Turbulence is treated by the high Reynolds number k-ε model unlike other recent studies on this experiment, where wall resolved low Reynolds number RANS modelling is used, namely SST k-ω models [START_REF] Dovizio | Pragmatic CFD approach for wire wrapped rod bundle[END_REF]. The k-ε modelling is compared to the wall resolved RANS of [START_REF] Dovizio | Validating RANS to predict the flow behavior in wire-wrapped fuel assemblies[END_REF] and large eddy simulations of [START_REF] Obabko | Nek5000 large-eddy simulations for thermal hydraulics of deformed wire-wrap fuel assembles[END_REF] as well as to measured quantities (Vaghetto et al., 2018). In order to understand better the role of wall functions, detailed LES with wall functions were realized. The results of these calculations are compared to detailed MIR measurements and wall resolved LES and RANS.

The fuel assembly model

The fuel assembly model consists of the numerical model, the CAD model and the meshing. This model is described below in more detail for the calculations with wall functions, that is for RANS and LES. The wall resolved RANS calculations, which are based on a linear SST k-ω model, serve as reference. [START_REF] Dovizio | Pragmatic CFD approach for wire wrapped rod bundle[END_REF] and [START_REF] Dovizio | Validating RANS to predict the flow behavior in wire-wrapped fuel assemblies[END_REF] describe this model in detail. The wall resolved LES model is described by [START_REF] Obabko | Nek5000 large-eddy simulations for thermal hydraulics of deformed wire-wrap fuel assembles[END_REF].

Numerical model based on wall functions

The RANS calculations with wall functions were realized with the open source code TrioCFD [START_REF] Angeli | Overview of the Trio_U code: Main features, V&V procedures and typical applications to engineering[END_REF]. TrioCFD 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. 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 is shown in Fig. 1 for the 2-dimensional case, where the discretization is done on triangular cells. The fluid is assumed Newtonian and incompressible. As only isothermal flow is discussed in this work, buoyancy effects are not taken into account. The Reynolds number of the flow in the analyzed fuel assemblies is about Re ≈ 19300. Turbulence is modelled by unsteady RANS (URANS) and LES. For URANS, a transient is calculated until steady state is reached. Since only steady state results are discussed here, we do not further differentiate converged URANS and steady state RANS, which only differ in the solution procedure. For RANS, the high Reynolds number k-ε model with Reichardt's wall function [START_REF] Reichardt | Vollständige Darstelling der turbulenten Geschwindigkeitsverteilung in glatten Leitungen[END_REF] is used as turbulence model. For analysis that is more detailed, LES with the WALE sub-grid model is used for modelling turbulence. For this approach, Reichardt's wall function is also used to model near wall effects in order to avoid very small meshes on rod's surfaces.

The general wall law of Reichardt, written for non-dimensional values of wall distance (y + ) and velocity (U + ), spans with one correlation the 3 sublayers of viscous-, buffer-and logarithmic law region (κ=0.415):
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Uτ is the friction velocity. Local equilibrium between production and dissipation of turbulent kinetic energy is assumed at the first near wall calculation point. The following boundary conditions for k and ε are derived from Reichardt's wall law (Eq.1). The functions are written in non-dimensional form:
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As shown in Fig. 1 for the 2-dimensional case, the control volume of the velocity is built by connecting the associated pressure nodes. The distance of the near wall velocity to the wall can easily be determined as the distance of the center of gravity of the element's surface to the wall. If the meshing consists of tetrahedral meshes of similar sizes as shown in Fig. 1, the wall distance of all elements that have contact to the wall is very similar. This is also true for cells with point contact. The described method has been used recently with success in the analysis of full cross section fuel assemblies of pressurized water reactors [START_REF] Bieder | CFD analysis of intra and inter fuel assembly mixing[END_REF]).

CAD model of the 61-pins rod bundle

The study presented here is based on the MIR61 experiment (Vaghetto et al., 2018). The geometry of the rod bundle in experiment and calculation is identical. The axial length of only one wire pitch is modeled in the calculation whereas three wire pitches are present in the experiment. The CAD model of one wire pitch of the MIR61 assembly has been developed within the SALOME1 platform in accordance to the calculation domain of [START_REF] Dovizio | Validating RANS to predict the flow behavior in wire-wrapped fuel assemblies[END_REF]. The domain consists of the hexagonal enclosure and 61 wire wrapped pins (Fig. 2a).

The axial length of the domain corresponds to one pitch of the spacer wire, i.e. 0.476 m. The flat-to-flat distance of the housing is 0.154 m. The pins were arranged in a triangular lattice with a rod-to-rod pitch P of 0.01888 m. The pin and wire diameters were D = 0.01588 m and Dw = 0.003 m, respectively (Fig. 2b). The wall gap is with 0.003366 m slightly larger than the rod-to-rod gap with 0.0033 m. The wire fillet has a diameter Df = 0.00127 m. In order to avoid a tangential wire-rod contact, which can cause much degenerated meshes with very small angles, the wire is truncated and flattened at the opposite side of the rod. Vaghetto et al. (2018) give further information on the geometry and experimental setup. 

Meshing of the 61-pins rod bundle

The CAD model was transferred in step format from SALOME to the commercial mesh generator ANSYS ICEMCFD. A pure tetrahedral mesh was created in two steps: first, a surface mesh is build that is periodic in flow direction. Then, a volume mesh with the same characteristic length as the surface mesh was created by using the Delaunay method [START_REF] Weatherill | Delaunay Triangulation in Computational Fluid Dynamics[END_REF]. The resulting meshing is thus very homogeneous in the size of the tetrahedrons.

The meshing around a rod with spacer wire is given in Fig. 3. The tetrahedral mesh for the calculations with wall functions (Fig. 3a) is compared to the polyhedral mesh of [START_REF] Dovizio | Pragmatic CFD approach for wire wrapped rod bundle[END_REF] for wall resolved calculations (Fig. 3b). In the presented case, the polyhedral mesh is globally coarser than the tetrahedral mesh, only the near wall region is better resolved in direction normal to the wall. In both cases, the quality of the meshes is generally good; however, the mesh quality degrades in the gap between wire spacer and adjacent rod in both meshes. The first layer of tetrahedrons, which is connected to the walls of pins and shroud, is very homogeneous in size. A good application of wall functions is thus guaranteed as explained in section 2.1.

Sensitivity analysis for RANS with wall function

For the calculations with wall functions, preparative sensitivity analysis was performed for RANS to quantify the influence of three crucial parameters on the calculated pressure loss over one wire pitch:

• the influence of the mesh refinement,

• the influence of the presence of the spacer wire and • the influence of the number of rods per assembly.

As in the MIR61 experiment, the working fluid is p-cymene at 22°C. The kinematic viscosity is ν = 9.47×10 -7 m 2 /s and the density is ρ = 855 kg/m 3 . With the bulk velocity of Ubulk=2.47 m/s that was used by [START_REF] Dovizio | Validating RANS to predict the flow behavior in wire-wrapped fuel assemblies[END_REF], the Reynolds number is about 19300. D, Dw and P/D are the same for all examined bundles, that is those of the MIR61 bundle.

Estimation of the mesh size

The analysis of the influence of the mesh refinement on the pressure drop is performed for an assembly of 7 pins with spacer wire as shown in Fig. 4. A flow is modelled that develops hydro-dynamically within the assembly along the rods. Therefore, a velocity distribution that is constant in time is imposed at the assembly inflow face. More information on the spatial velocity distribution is given in section 3.2, configuration II. A constant pressure is imposed at the assembly outlet. The meshing in the sub-channels was successively refined from 4.3×10 6 tetrahedral cells to 27.8×10 6 cells. A non-dimensional wall distance y + above 50 was respected in areas on the pins far from the spacer wire (high velocity areas). Table 1 summarizes the dependency of the pressure loss (∆P of one spacer pitch) on the total number of tetrahedral cells, the corresponding mean y + values and the number of calculation points in the rod-to-rod gaps. Two fundamental criteria for a good meshing strategy have been deduced from this table:

• Convergence of the pressure loss on the y + value to about 4720 Pa. A further refinement from 11.3×10 6 cells to 27.8×10 6 cells leads to near wall cells that are too small for the use of standard wall functions. In fact, the lower y + limit for the correct application of high Reynolds number k-ε model is about y + >40, corresponding to the upper limit of the buffer layer. Near wall cells that are too small lead to an increase in the pressure loss. • Sufficient calculation points in the rod-to-rod gaps to calculate reasonable velocity profiles between the rods. At least 10 velocity control volumes are required to represent correctly the velocity distribution in these gaps (see e.g. [START_REF] Bieder | CFD calculations of wire wrapped fuel bundles: modeling and validation strategies[END_REF]. This condition requires about 9.0×10 6 cells.

In order to respect both criteria, a correct y + value and sufficient calculation points in the gaps, a compromising refinement of about 1.5×10 6 tetrahedral cells was selected in this study to discretize correctly the flow around one pin.

Influence of the spacer wire on the calculated pressure loss

The influence of the spacer wire on the pressure loss is analyzed for the assembly of 19 pins shown in Fig. 5. For the domain with helical wire, a meshing of 24.7×10 6 tetrahedral cells was created by using the meshing procedure described in section 2.3. According to the mesh convergence study (section 3.1), about 1.3×10 6 tetrahedral cells per sub-channel are present. Self-evident, the meshing is periodic in flow direction. The influence of the spacer wire on the mean pressure loss of one wire pitch is discussed on the example of three flow configurations.

• Configuration I: The flow is spatially fully developed. The wire spacer has not the helical form but is a straight wire. This calculation domain, which is also periodic in flow direction, is created by extruding the surface meshing of one periodic face in flow direction. A transient with a constant mean flow velocity of Ubulk = 2.47 m/s was performed until convergence to a steady state solution was reached. • Configuration II: The flow develops spatially in the domain with helical wire. The steady state solution of the configuration I is imposed at the inflow face of the domain and a constant pressure is imposed at the outflow face. With these boundary conditions (Ubulk = 2.47 m/s), a transient was calculated until convergence to steady state.

• Configuration III: The flow is spatially fully developed. The calculation domain is periodic in flow direction. The wire spacer has helical form. A transient with a constant bulk velocity of Ubulk = 2.47 m/s was performed until convergence to steady state.

For the three configurations, steady state was achieved when the maximum variation per time step of the local velocity is below 10 -6 m/s. The pressure losses over one wire pitch of 0.476 m are summarized in Table 2. The three configurations are compared. The correlations of Blasius, Rehme as well as Cheng and Todreas (version 1986) are taken from [START_REF] Bubelis | Review and proposal for best fit of wire-wrapped fuel bundlefriction factor and pressure drop predictions using various existing correlations[END_REF]. The correlations are not discussed here, as they are well known. Only the Blasius correlation does not account for the helical form of spacer wire. The results show:

• The CFD calculation with wall function calculates the pressure loss of fully developed flow in a domain with a straight wire close to the Blasius correlations. This result indicates a correct prediction of the pressure loss in absence of major 3D-effects, i.e. in a predominant two dimensional flow. • For fully developed flow and helical wire, the CFD calculation with wall function overestimate the pressure loss predicted by the correlations of Rehme and Cheng and Todreas. The helical wire introduces two flow phenomena: increased resistance due to the reduced flow section when the helical wire approaches the opposite fuel rod and the formation of important three-dimensional flow patterns. It seems that 3D-flow effects related to these phenomena cannot be simulated correctly by wall functions. • The CFD prediction of the pressure loss in developing flow is higher than in developed flow with straight wire and lower than in developed flow with helical wire. In Configuration II, two effects are in competition: the increased velocity gradient at the wall in developing flow reduces the pressure loss whereas the reduced flow section when the helical wire approaches the opposite fuel rod increases the pressure loss. Therefore, the pressure loss in Configuration II is located between the pressure losses of Configurations I and III.

Influence of the number of rods per assembly on the calculated pressure loss

The dependency of the pressure loss on the number of pins is evaluated on four hexagonal pin configurations ranging from 7 pins to 61 pins. The calculation domains of 7 pins and 19 pins are given in Figs. 4 and5, respectively and those of 37 and 61 pins are shown in Figs. 6a and6b.

According to the mesh convergence study (section 3.1), meshing was built with 58×10 6 tetrahedrons for the 37-pins configuration (1.5×10 6 tetrahedrons per sub-channel) and 96×10 6 tetrahedrons for the 61-pins configuration (1.5×10 6 tetrahedrons per sub-channel). The mesh procedure is described in section 2.3. Self-evident, the meshes are periodic in flow direction.

For the four assemblies, the pressure losses over one wire pitch are summarized in Table 3. The correlations of Blasius, Rehme and Cheng and Todreas are taken from [START_REF] Bubelis | Review and proposal for best fit of wire-wrapped fuel bundlefriction factor and pressure drop predictions using various existing correlations[END_REF]. [START_REF] Cheng | Numerical Implementation of the Cheng and Todreas Correlation for Wire Wrapped Bundle Friction Factors -Desirable Improvements in the Transition Flow Region[END_REF] improved their correlation for the transition flow region. For the 61-pins case, the value calculated for this improved correlation is give in brackets. Furthermore, pressure losses of the wall resolved SST k-ω calculations of [START_REF] Brockmeyer | CFD investigations of wirewrapped fuel rod bundles and flow sensitivity to bundle size[END_REF] are added. The Reynolds number is calculated with a hydraulic diameter of 0.0077 m [START_REF] Nguyen | PIV measurements of turbulent flows in a 61-pin wire-wrapped hexagonal fuel bundle[END_REF]. The RANS calculation with wall function gives a pressure loss that is almost independent of the number of pins. Moreover, the pressure loss systematically overestimates the pressure loss calculated by correlations. Analysis that is more detailed is presented in chapter 4 for the 61pins assembly in order to identify the origin of this discrepancy.

RANS analysis of the flow in a 61-pins assembly

The velocity and pressure distribution within a 61-pins rod bundle is analyzed with the RANS model with wall functions. More precisely, the 61-pins matched-index-of-refraction experiment of Texas A&M University (Goth et al., 2018a, Goth et al., 2018b[START_REF] Nguyen | PIV measurements of turbulent flows in a 61-pin wire-wrapped hexagonal fuel bundle[END_REF]and Vaghetto et al., 2019) was selected for comparison. This experiment has been analyzed by [START_REF] Obabko | Nek5000 large-eddy simulations for thermal hydraulics of deformed wire-wrap fuel assembles[END_REF] by using wall resolved LES and by Dovizio andMikuž (2019, 2020) by using wall resolved steady-state RANS, which is based on a linear and a nonlinear formulation of the SST k-ω model. The results of the wall resolved LES calculation and of the RANS calculation with linear formulation as well as an experimental pressure loss are used here for validation purpose.

Based on the sensitivity calculations, a meshing with 96×10 6 tetrahedrons was build. The meshing close to a rod is shown in Fig. 3a. The mean y + values on the rods are about 35. As in the sensitivity analysis and in the experiment, the working fluid is p-cymene at 22°C with a mean velocity of Ubulk=2.47 m/s.

Velocity distribution in a horizontal plane

The velocity distribution in the assembly is shown in Fig. 7 On the left side (Fig. 7a) is shown the k-ε calculation with wall function (RANS-wf) and on the right side (Fig. 7b) the wall resolved SST k-ω calculation (RANS-wr) of [START_REF] Dovizio | Pragmatic CFD approach for wire wrapped rod bundle[END_REF]. A global agreement exists although differences are present in the details.

Compared to the wall resolved calculation, the calculation with wall function leads to higher axial velocities in the peripheral sub-channels in the wake of wire spacers and to lower velocities in the inner sub-channels and close to the wire spacers. It is interesting to note that in these zones with low velocities the first near wall calculation point can be located at y + < 40.

Quantitative comparison of velocity profiles

Velocity profiles that are calculated with RANS models, wall functions and wall resolved, are compared in Fig. 8 to the LES of [START_REF] Obabko | Nek5000 large-eddy simulations for thermal hydraulics of deformed wire-wrap fuel assembles[END_REF]. The reference profiles are taken from [START_REF] Dovizio | Pragmatic CFD approach for wire wrapped rod bundle[END_REF]. The comparison is realized at z = 0 m for the X1 line. The location of this line in the assembly is shown in Fig. 8a. All three components of the velocity are compared; that in transvers flow direction (xdirection) in Fig. 8b, that in the cross flow direction (y-direction) in Fig. 8c and that in axial flow direction (z-direction) in Fig. 8d. Taking the LES calculation as reference, in some subchannels, the RANS calculation with wall functions underestimates the maximum values of the axial velocity (z-direction). The wall resolved RANS globally overestimates the maximum velocity. Concerning the transvers and cross-flow velocity components, both RANS calculations give similar results, which generally underestimate the amplitudes calculated by LES. Nevertheless, the accordance of the velocity profiles calculated by the different turbulence models is satisfying in view of the complexity of the flow patterns. It is thus interesting to note that the velocity profiles are not only insensitive to the used RANS modelling, as already known from [START_REF] Dovizio | Pragmatic CFD approach for wire wrapped rod bundle[END_REF]. Rather, concerning the targeted accuracy of core models, the use of wall functions is also not a very sensitive parameter in the prediction of the velocity distribution in fuel assemblies with helical spacer wires.

Pressure distribution in the assembly

The distribution of a reduced pressure in the assembly is shown in Fig. 9 The vertical cut plane shows the presence of a high pressure region upstream of the spacer wire with maximum value of about 600 Pa and low pressure region in the wake of the spacer wire with minimum value of about -600 Pa. These pressure peaks are located in peripheral sub-channels on two oppositely located hexagonal shroud walls. The pressure difference diminishes in the central region of the bundle, where the pressure course from maximum to minimum value is almost linear in the inner sub-channels. On one shroud wall, the pressure maximum and minimum have an axial distance of ½ wire pitch. These extrema move axially and circularly along the housing along with the rotation of the wire spacer.

Quantitative comparison of pressure losses

Axial pressure losses of the one helical pitch are compared in Table 4. The following values are compared to the RANS calculation with wall functions: The experimental value (Vaghetto et al., 2018), the calculated values of the LES of [START_REF] Obabko | Nek5000 large-eddy simulations for thermal hydraulics of deformed wire-wrap fuel assembles[END_REF] and of the wall resolved RANS simulation of [START_REF] Dovizio | Pragmatic CFD approach for wire wrapped rod bundle[END_REF]. Further, the pressure losses calculated by the Rehme correlation and the improved Cheng and Todreas correlation are added. Experiment, correlations and the wall resolved RANS simulations are in good accordance, whereas the RANS calculation with wall function overestimates the pressure loss by about 20%. The origin of the here detected overestimation of the pressure loss is most probably related to the presence of larger zones with reduced velocities. The meshing in these zones leads to near wall calculation points with y + < 40. Table 1 shows that the pressure loss is overestimated for meshes with such wall distances. A more general wall treatment (e.g. the method of [START_REF] Grotjans | Wall functions for general application CFD codes[END_REF]) might lead to more accurate pressure predictions by respecting sufficient calculation points in the gaps. This will be tested in the future.

The here reported overestimation of the pressure loss by using wall function overrates published results. [START_REF] Jeong | RANS based CFD methodology for a real scale 217-pin wire-wrapped fuel assembly of KAERI PGSFR[END_REF] have reported pressure loss for a 127-pins fuel assembly. RANS calculation with wall functions (k-ε) and wall resolved (SST k-ω) overestimate the experimentally determined pressure loss by about 10%. Unfortunately, further information on the numerical scheme and the used wall functions is not given. [START_REF] Volkov | A Coolant Flow Simulation in Fast Reactor Wire Wrapped Assembly[END_REF] reported for the k-ε model a discrepancy in the pressure loss of about 10% between wall function and wall resolved formulation. Mikuž and Shams (2019) reported similar observations for bare rod bundle flow similar to Configuration 1 of section 3.2. The authors showed wall shear stress predictions of different RANS models (linear and non-linear eddy viscosity models as well as EBRSM model). All applied turbulence models with an exception of the k-ε cubic model severely over-predicted the wall shear stress with respect to the prediction of the wallresolved LES results. The pressure drop in the considered bare rod bundle consist only of friction at walls. Thus, over-prediction of the wall shear stress means over-prediction in pressure drop.

LES analysis of the flow in a 61-pins assembly

Chapter 4 shows that RANS calculations (k-ε) with wall function can predict the velocity fields in fuel bundles with wire wrapped fuel rods. However, the pressure loss is overestimated by about 20%. On account of this, it is interesting to analyze the ability of LES with wall function to reproduce both velocity fields and pressure losses.

Estimation of mesh size

The RANS calculations described in chapter 4 served to estimate a suitable mesh size for LES from the Taylor micro scale dt, which is estimated according to 1 7 ≈ &10 • 9 • : ⁄ . The Taylor micro scale defines the scale where the predominant dynamic forces of turbulence switch from inertial to viscous forces. A reasonable good meshing for LES should have a characteristic length that is close to this scale. The distribution of dt in the sub-channels around a pin in the center of the assembly is shown in Fig. 10a for a horizontal cut-plane at z = 0 m (Re ≈ 19300). In the center of the sub-channels, dt is in the order of 0.0003 m and in the rod-to-rod gaps in the order of 0.0002 m. The value descends to about 0.0001 m close to the walls of the rods. The Kolomogorov length scale ; = &< = * ⁄ has been determined to 10 µm < η < 30 µm, being an order of magnitude smaller than the Taylor scale. For LES, a fine mesh of 260 ×10 6 tetrahedrons was realized. Therefore, the CAD model was split vertically in four subdomains of the same length. Each subdomain was meshed independently by using the method described in section 2.3. It was guaranteed that the meshing at the domain's interfaces is identical. The four parts of the mesh were merged in TrioCFD.

The LES meshing around a central rod is shown in Fig. 10b for a horizontal cut-plane at z = 0 m. Since the velocity unknowns are located in the center of the faces of an element, the distance between two velocity points is about 0.0002 m. Hence, the LES mesh respects the characteristic length scale defined by the Taylor micro scale. It is important to note that the y + value on the rods is about 15 for the LES mesh (about 40 for the RANS mesh). Except for the near wall region, improved calculation results were not expected by further refining the mesh. 

Velocity distribution in a horizontal plane

The velocity distribution in the assembly is shown in Fig. 11 on the example of the axial velocity (z-component). As in Fig. 7, a horizontal plane that cut at z = 0 m horizontally the assembly is selected for visualization. On the left side (Fig. 11a) is shown the axial velocity of the LES with wall function and on the right side (Fig. 11b), that of the wall resolved LES of Goth et al. A good global agreement exists although differences are present in the details. Compared to the wall resolved calculation, the calculation with wall function leads to higher axial velocities in the peripheral sub-channels, particularly in the wake of wire spacers. Consequently, for mass conservation considerations, slightly lower velocities are calculated in the inner sub-channels. The better near wall mesh resolution of the wall resolved calculation gives access to more flow details as can be seen for example in the swirling flow near the lower shroud wall.

5.3

Comparison of the velocity distribution in selected measurement planes Goth et al. (2018a and2018b) have published PIV measurements at Reynolds number Re ≈ 19300. As shown in Fig. 12, the measurements were realized in two vertically overlapping windows. On the one hand, the velocity in rod-to-rod gaps is measured. The planes are located between pins 1 and 2 (CSC1 plane) and between pins 2 and 3 (CSC2 plane). On the other hand, measurements were taken in a plane close to the shroud wall F. The measurements represent two-dimensional velocity fields in the local coordinate system X-Y.

In order to better distinguish global and local coordinate systems, the local coordinate system (x, y, z) is given in small letters and in the unit [m], whereas the local coordinate system (X,Y) is given in capital letters and in the unit [mm]. The velocity component normal to the measuring plane is not accessible by PIV. The total measuring windows CSC1 and CSC2 have a height of Y = 125 mm with a lower edge at z = 0.00029 m in the global coordinate system. The width of each window is X = 16.8 mm. Although the Reynolds number of the experiment is respected in the calculation, the mean velocity in the calculation is about 4% higher than in the experiment due to slightly different physical properties. In the calculations, the physical properties of [START_REF] Dovizio | Pragmatic CFD approach for wire wrapped rod bundle[END_REF]2020) were used for correct code-to-code comparisons.

Figure 12 Location of PIV measurements in the rod bundle across the rods 1, 2 and 3 (normal to housing wall A) and parallel to the housing wall F. The figure is taken from Goth et al. (2018a). The global coordinate system (x,y,z) and the local coordinate system (X,Y) are defined.

Figs 13a and 13b, respectively, show the comparison of axial velocity in experiment (Goth et al. 2018a) and calculation for the planes CSC1 and CSC2, which cut centered across the rodto-rod gaps. The authors tried to respect as good as possible window and color scale of the experiment. The global behavior of measured and calculated velocity is similar. This is good visible for example in the CSC1 plane. The calculated velocity reduction in the wake of the spacer wire at Y= 50 mm is very similar in calculation and experiment. This deceleration is less clearly expressed in the plane CSC2. As already mentioned, the axial velocity is slightly overestimated in the calculation. Nevertheless, measured and calculated flow field are generally very similar. The high velocity zones in the four sub-channels disappear with increasing distance (rotation angle) of the spacer wire from the housing wall. At the same time, the flow is deflected in the wake of the spacer wire to the right that is in direction of the rotation of the wire. As a result, the axial velocity reduces with increasing axial length with a minimum near the left bound of the hexagonal housing. The location of the maximum axial velocity turns with the spacer wire in counter clockwise direction. This velocity maximum reaches the next housing wall at Y = 79.3 mm, where the spacer wire rotated by 60° in counter clockwise direction. In analogy to Fig. 8, velocity profiles that are calculated by LES with wall function (LES-wf) are compared in Fig. 18 to wall resolved RANS (RANS-wr) calculation of [START_REF] Dovizio | Pragmatic CFD approach for wire wrapped rod bundle[END_REF] and wall resolved LES (LES-wr) of [START_REF] Obabko | Nek5000 large-eddy simulations for thermal hydraulics of deformed wire-wrap fuel assembles[END_REF], which is also taken from [START_REF] Dovizio | Pragmatic CFD approach for wire wrapped rod bundle[END_REF]. The comparison is realized at z = 0 m for the X1 line. This line is shown in Fig. 18a. All three components of the velocity are compared: that in transvers flow direction (x-direction) in Fig. 18b, that in cross flow direction (y-direction) in Fig. 18c and that in axial flow direction (z-direction) in Fig. 18d. 

Quantitative comparison of pressure losses

Axial pressure losses over one helical pitch of the 61-pins assembly are compared in Table 5.

The following values are compared to the LES with wall functions: the experimental value of Vaghetto et al. (2018), the calculated values of the wall resolved LES of [START_REF] Obabko | Nek5000 large-eddy simulations for thermal hydraulics of deformed wire-wrap fuel assembles[END_REF] and of the wall resolved RANS simulation of [START_REF] Dovizio | Pragmatic CFD approach for wire wrapped rod bundle[END_REF]. Experiment and all calculations are in good accordance with a small overestimation of the LES with wall function. As in Table 3 for RANS with wall function, the pressure loss over one wire pitch, calculated by LES with wall function, is compared in Table 6 to correlations of Blasius, Rehme, Brockmeyer as well as of Cheng and Todreas. Furthermore, the dependency of the pressure loss on the number of pins is shown for three hexagonal pin configurations: 19 pins (Fig. 5), 37 pins (Fig. 6a) and 61 pins (Fig. 6b). The reference size of the tetrahedral meshes are identical for all configurations. The meshing procedure is describes in section 2.3 and section 5.1. This procedure led to a total number of tetrahedral cells of 91×10 6 , 158×10 6 and 260×10 6 for 19, 37 and 61 pins, respectively. The Reynolds number is calculated with a hydraulic diameter of 0.00077 m [START_REF] Nguyen | PIV measurements of turbulent flows in a 61-pin wire-wrapped hexagonal fuel bundle[END_REF]. In accordance to all correlations, in the LES with wall function, the pressure loss increases slightly with of the number of pins. The values predicted by the LES with wall function are in good accordance to the correlations, which to some extent are higher than the pressure loss calculated by LES. Nonetheless, the correlations overestimate also the value of the 61-pins experiment (Table 5).

Conclusion

The next generation of core models of SFRs developed at CEA will be based partly or completely on RANS models. In order to achieve reasonable computational times, wall functions will be used to treat near wall flow. A matched index of refraction experiment performed at Texas A&M university was selected to quantify the effect of wall functions on velocity profiles and pressure loss. The well documented experiment at Re ≈ 19300 represents a 61-rods fuel assembly with wire spacers. The rods in triangular arrangement are placed in a hexagonal shroud. Two modelling approaches with wall functions, namely RANS (k-ε) and LES, are compared to published experimental values and calculation results with wall resolved meshing, that is RANS (SST k-ω) and LES.

In a first step, RANS with wall functions were studied in more detail. Single effect tests on mesh refinement and the number of pins per assembly were realized. Then it was shown that the velocity profiles of RANS with wall functions are in reasonable accordance to the wall resolved RANS and wall resolved LES. However, the RANS with wall functions overestimates the pressure loss in wire wrapped rod bundles. This overestimation is most probably related to the presence of larger zones with smaller velocities. In these zones, the meshing has near wall calculation points with y + <40, what leads, according to the separate effect study, to an overestimation of the pressure loss. A more general near wall treatment might lead to more accurate pressure predictions. This will be tested in the future.

In a second step, LES with wall functions were studied in more detail. A reasonable mesh size was estimated from the Taylor micro scale. Then, the velocity distribution within the assembly and close to the housing wall was compared quantitatively to the experiment. A reasonable accordance was found. The code-to-code comparison of wall resolved LES and RANS to LES with wall function showed similar horizontal velocity profiles for all models.

The LES with wall function also captures well the measured pressure loss, which was also calculated correctly by the wall resolved models.

From these results, it can be concluded that RANS with wall function can be used in core models for the prediction of the velocity distribution. Pressure losses are overestimated and need additional correction methods. LES with wall functions can be used as reference calculations concerning velocity distribution and pressure losses.

Figure 1

 1 Figure 1 Arrangement of control volumes and determination of the wall distance

  Figure 2 View of the 61-pins assembly (a) and zoom on one wire wrapped pin (b)

Figure 3

 3 Figure 3 Example of the meshing close to a wire wrapped rod: tetrahedral mesh (a) and polyhedral mesh (b)

Figure 4

 4 Figure 4 CAD model of the 7-pins assembly

Figure 5

 5 Figure 5 CAD model of the 19-pins assembly

  Figure 6 CAD models of the 37-pins (a) and 61-pins (b) assemblies

Figure 7

 7 Figure 7 Comparison of the axial velocity [m/s] at z = 0 m. RANS with wall functions in (a), wall resolved RANS of Dovizio and Mikuž (2019) in (b)

Figure 8

 8 Figure 8 Comparison of velocity profiles along the X1 line. Location of the line in (a), velocity in x-, y-, and z-direction in (b), (c) and (d).

Figure 9

 9 Figure 9 Distribution of the reduced pressure [Pa] in the assembly: perspective view (a) and vertical cut plane (b). The mean axial pressure gradient is subtracted.

  Figure 10 Taylor micro scale [m] and meshing around a pin for RANS (a) and for LES (b)

Figure 11

 11 Figure 11 Comparison of the axial velocity [m/s] at z = 0 m; LES with wall functions in (a), wall resolved LES of Goth et al., 2018b in (b)

FigsFigure 13 Figure 14

 1314 Figs 14a and 14b, respectively, show the comparison of cross flow velocity in experiment(Goth et al. 2018a) and calculation for the planes CSC1 and CSC2. The dominant direction of the cross flow changes in an axial length of 120 mm from positive X-direction to negative Xdirection. Again, the global flow behavior of experiment and calculation is very similar. The similarity is easily visible due to better adapted color scale of the experiment.

Figure 16

 16 Figure 16 Comparison of axial velocity (Y-component in color scale) and flow direction (velocity vectors) in the plane F that is located close to the housing wall. Measurements of Nguyen et al. (2017) in (a) and calculation in (b).

Figure 17

 17 Figure 17 Comparison of measured and calculated horizontal profiles of the normalized axial velocity (Y-component) in the measuring plane F at: Y = 60 mm in (a), Y = 90 mm in (b) and Y = 120 mm in (c). The location of the lines is shown in (a)

  

  

Table 1 :

 1 Dependency of the pressure loss on the mesh refinements

	Number of	4.3×10 6	5.2×10 6	9.0×10 6	11.3×10 6	27.8×10 6
	Tetrahedrons					
	y + [-]	70	65	55	50	28
	Points in gap	6	7	10	12	15
	∆P [Pa]	4660	4730	4750	4720	5300

Table 2 :

 2 Pressure loss of one wire pitch in Pa for three flow configurations(Re ≈ 19300) 

	Configuration	Configuration I	Configuration II	Configuration III
	RANS with wall function	3800	4750	5150
	Blasius	4070	4070	4070
	Rehme	not valid	not valid	3670
	Cheng and Todreas	not valid	not valid	4400

Table 3 :

 3 Comparison of the pressure losses in Pa for four assembly configurations(Re ≈ 19300) For the analyzed flow in the transition region (Re ≈ 19300), all correlations predict with increasing pin number an increasing pressure loss. The correlation of Rehme gives the lowest pressure losses, the Cheng and Todreas correlation gives the highest values and the Blasius correlation is located between these two. For 61 pins, the improved Cheng and Todreas correlation leads to a similar pressure loss as Rehme and Blasius correlations. The CFD results of Borckmeyer et al., 2015, with wall resolved SST k-ω turbulence model are close to the pressure losses of the Cheng and Todreas correlation.

		7-pins	19-pins	37-pins	61-pins
	RANS with wall function	5200	5150	5120	5260
	Blasius	3920	4070	4210	4310
	Rehme	3070	3670	4050	4350
	Cheng and Todreas	4240	4400	4540	4640 (4300)
	Brockmeyer et al., 2019	-	4310	4410	4450

Table 4 :

 4 Pressure loss in Pa of one helical wire pitch

	Experiment	LES	RANS	RANS	Rehme	Cheng et al.
		wall resolved	wall resolved	wall function		(2013)
	About 4000	4150	4025	5250	4350	4300

Table 5 :

 5 Pressure loss in Pa of one helical wire pitch

	Experiment	LES	RANS	LES
		wall resolved	wall resolved	wall function
	About 4000	4150	4025	4240

Table 6 :

 6 Comparison of the pressure losses in Pa for three assembly configurations(Re ≈ 19300) 

	19-pins	37-pins	61-pins
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