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Abstract

The highly turbulent flow circulating between the rods inside a Pressurised Water Reactor (PWR) core creates turbulence induced vibrations. To get a better understanding of the flow characteristics, the French Alternative and Atomic Energy Commission (CEA) had built and operated CALIFS 5x5-test section. This mock up composed of a 5-by-5 rod bundle allowed velocity measurements using laser imaging techniques downstream an analytical spacer grid with and without mixing vanes. The CALIFS experiments and other experiments, revealed turbulence anisotropy downstream of spacer grids. The current study aims to assess the impact of spacer grid geometry on the turbulence anisotropy in a rod bundle using fine scale CFD simulation. The study focuses on the characterisation of the anisotropic behaviour of the flow in a rod bundle downstream simplified mixing grids inspired from the CALIFS 5x5 design. Wall-Resolved Large Eddy Simulations (WRLES) are used at a reduced Reynolds number of 14 000. The computation domain is limited to four subchannels around a central rod. Two simulations are performed, using different spacer grids designs (with and without mixing vanes). The results confirm mixing grid design strongly influences the overall turbulence anisotropy. In the case without mixing vanes, the impact of the grid on turbulence anisotropy seems to vanish 10 Hydraulic diameter (Dh) downstream of the grid. In the case with mixing vanes, the anisotropy remains in the subchannels up to 15 Dh downstream of the grid. In both cases, the turbulence anisotropy in the rod vicinity is strongly impacted close to the grid.


1. Introduction
Spacer grids with mixing vanes enhance the turbulence intensity in Pressurised Water Reactor (PWR) fuel assemblies. This has the advantage of improving the heat transfer from the rods to the water but it also creates flow induced vibrations which can lead to grid-to-rod fretting. For this reason, the turbulent flows inside PWR have been thoroughly studied using experimental test sections as well as CFD calculations [1].
To this end, the International Atomic Energy Agency (IAEA) has organised the Matis-H benchmark based on the experimental results of the Korean Atomic Energy Research Institute (KAERI). The experimental set up was a horizontal 5x5 rod bundle with two different types of mixing vanes spacer grids. The velocity downstream of a grid was measured by Laser Doppler Anemometry (LDA) at three different locations: 0.5 Hydraulic Diameter (Dh), 4 Dh and 10 Dh downstream of the spacer grid. The two types of vanes were called “split type” and “swirl type”. The Reynolds number of the flow was 50 000. Elliptical eddies generating a cross-flow in the gaps between the rods were observed with the “split type” vanes. With the “swirl” type vanes only circular eddies were observed [2]. At the end of the experiments, the measured velocity fields were shared publicly to organise the CFD benchmark which brought together numerous contributions from several research teams around the globe [3]. The Matis-H benchmark displayed several RANS and URANS simulations using Linear Eddy Viscosity Models such as k-ϵ models and k-ω models [4–9] but also Reynolds Stress Modelling [4–6, 8–10]. These calculations proved to be efficient at estimating consistent averaged velocity field with a correct degree of accuracy. However, RANS calculations remain limited, as they offer only modelled velocity fluctuations. Hence, it is necessary to use high accuracy CFD simulations such as Large Eddy Simulation (LES) that can resolve a large portion of the turbulent spectrum when a precise analysis of turbulent quantities such as the Root Mean Square (RMS) of velocity fluctuations or the Reynolds stresses is required. Such simulations were also performed for the Matis-H benchmark using wall modelled LES [11] or hybrid RANS/LES [12, 13] and gave high quality results despite some discrepancies between the measured and the simulated velocity fluctuations.
The French Alternative and Atomic Energy Commission (CEA) also built several experimental set-ups to study fuel assembly hydro-mechanics [14]. Among these, CALIFS 5x5 is a vertical 5x5 rod bundle with mixing vanes spacer grids. The rods are held in the grid by springs and dimples. The particularity with this test section is that a pressure fluctuations measurement system is put in the central rod. This system allows to measure the pressure and the pressure fluctuations at different angles around the rod wall. Velocity field measurements were also carried out on the test section with Particle Image Velocimetry (PIV) and LDA [15–17]. The LDA results were used to validate a CFD benchmark at Re = 66 000 [18]. Three wall modelled LES have been performed using different software and different sub-grid scale models. Like in the Matis-H benchmark, the three LES gave high accuracy results when predicting the averaged velocity field and the velocity fluctuations. However, some disparities between the evaluations of the pressure fluctuations and the experimental results far away downstream of the grid were observed [18].
One of the possible explanations for the slight discrepancies observed in the benchmark might be the flow anisotropy. When a flow is anisotropic at the largest scales of turbulence, this anisotropy can propagate into smaller scales [19]. Then, when performing a LES to simulate an entire experimental apparatus such as a 5x5 rod bundle, the geometry is often too big to create a mesh sufficiently refined to capture this anisotropy. Moreover, experimental measurements using PIV at Re = 14 000 showed that the flow inside a rod bundle downstream of the mixing vanes of a spacer grid is strongly anisotropic [20]. This observation was made also in the vicinity of the rods, using PIV at Reynolds numbers between 800 and 17 600 [21]. In their study, the team observed that a mixing grid induces the presence of velocity fluctuations in more than one direction of the flow in the viscous sub layer with y + < 5.
With the use of CFD computations, one can have access to the 3 components of the velocity field in every cell of the mesh. This data allows the user to characterise turbulence anisotropy. Using Direct Numerical Simulation (DNS), the anisotropic behaviour of the flow inside a 5x5 rod bundle at Re = 17 600 without mixing grids was characterised [22]. The researchers performed the simulation with Nek5000 and calculated the eigenvalues from the anisotropic part of the Reynolds stress tensor. These eigenvalues were then used to create a colour map based on the idea of other researchers [23, 24]. This map displays the turbulent anisotropy in an entire horizontal plane of the section. The map shows that one component of the velocity fluctuations is far stronger than the two others near the rod wall, and also that the velocity fluctuations tend to become equal while departing from the rods. As a result, the flow tends to become isotropic within the subchannels and gaps. The same process was applied to study the impact of a control rod [25]. Using Wall Resolved LES, it was observed that the presence of a thimble tube can modify this anisotropic behaviour in the gaps between rods.
With the anisotropy having been observed experimentally downstream of a spacer grid the aim of this study is to characterise it using CFD at different locations downstream of the grid, employing the same method as applied to the DNS results [22], in order to assess the effect of the grid geometry. To do so, Wall Resolved LES (WRLES) at Re = 14 000 is used in a reduced model of CALIFS test section, consisting of four subchannels around a central rod. The use of this reduced model enables significant mesh refinement without a substantial increase in the number of cells. The conditions required to perform a proper WRLES are given in the literature [26]. Two simulations are performed, using different mixing grids designs (with and without mixing vanes). The filtered Navier-Stokes equations are closed using the Wall Adapting Local Eddy Viscosity model (WALE) [27]. The software used for the calculations is the code TrioCFD which has already been validated and tested on numerous occasions for flows inside rod bundles with spacer grids [28–30].
The methodology used to build the geometry, construct the meshes and perform the calculations is first presented in Section 2. The results are then verified and compared to the experiment in order to ensure their reliability in Sections 3 and 4. A comparison of usual flow metrics is performed in Section 5. The method used to characterise anisotropy is detailed in Section 6. The results without and with mixing vanes are then analysed respectively in Sections 7 and 8. Finally, the results are discussed in Section 9.
2. Methodology
2.1. Geometry
The geometry of the CALIFS 5x5 test section is illustrated in Figure 1 from [16].
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Schematic representation and illustration of the CALIFS 5x5 test section. Figure from [16].




The measurement domain, accessible through the optical access shown in Figure 1, is delimited by a light-blue rectangle in the schematic representation in the same figure. The flow arriving at the bottom of the test section crosses two spacer grids, then evolves through a 40 Dh long bare rod bundle before crossing the third spacer grid, which appears at the beginning of the measurement domain. The total length of the CALIFS 5×5 test section is greater than 80 Dh. Hence, simplifications and assumptions must be made in order to build a computational domain that enables a CFD computation representative of the flow within the measurement domain of CALIFS 5×5 while avoiding excessive computational costs.
The computational domain, along with the associated boundary conditions, is shown in Figure 2. It is assumed that the turbulent flow entering the spacer grid in the measurement domain of CALIFS is fully developed. Therefore, the inlet condition is provided by a 10 Dh long periodic box, shown in yellow in Figure 2. A previous study conducted on a similar geometry found that a length of 10 Dh is enough to ensure convergence of the turbulence inside a periodic box [31]. The convergence of the turbulence has been verified for these calculations as well. The domain of interest appears in Figure 2 enclosed by a red dashed line. It is 25 Dh long and located downstream of the periodic box. The domain of interest shown in Figure 2 is composed of two parts: a 5 Dh long “grid section” appearing in blue in the figure and a 20 Dh long “downstream section” appearing in green in the figure. The black rectangle in the middle of the “grid section” in Figure 2 represents the grid, positioned in the middle of the “grid section”. The red straight line positioned directly at the end of the black rectangle represents the outlet of the grid inside the grid section and this position is taken as z′=0. For the rest of this study, the mention: “at z′=x Dh” denotes “x Dh downstream of the spacer grid”.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Representation of the system and the boundary conditions.




The rod diameter is 26.7 mm and the rod pitch is 35.6 mm which gives a pitch to diameter ratio of 1.33. These are the same dimensions as in the CALIFS experimental test section. The hydraulic diameter of the flow in the bundle represented in Figure 2 is equal to 27.8 mm. In order to perform a WRLES of the domain of interest, it is necessary to create a mesh in which the first cell is placed inside the viscous sub layer. Considering the complexity of the original geometry, it is necessary to apply small geometric changes to the grid. The geometry of the grid without mixing vanes and with the simplified springs and dimples visualised from above is given in Figure 3. The geometry of the grid section with mixing vanes is given in Figure 4.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Geometric representation of the grid without mixing vanes, view from above.




	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Geometric representation of the grid section with mixing vanes.




2.2. Boundary conditions
The inlet boundary condition is ensured by the periodic recirculation box illustrated in Figure 2 in which Ubulk = 0.5 m/s is imposed. A constant static pressure is imposed at the outlet of the domain of interest. Two different boundary conditions are imposed at the lateral outlets of the gaps between rods, depending on the part of the domain. In the periodic box as well as in the grid section a symmetry boundary condition is imposed. In the downstream section, a lateral periodic condition is imposed. The presence of such a boundary condition is especially important in the case with mixing vanes in order to reproduce the cross-flow. The lateral periodic boundary condition sets the velocity entering one face equal to the velocity leaving another identical face. Here, the faces linked by the periodic boundary conditions are the faces sharing the same number in Figures 2 and 5.
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Representation of the periodic mirroring boundary condition of the mixing vanes in CALIFS.




Figure 5 illustrates the position of the domain within CALIFS 5x5. Such a representation is important to confirm that the use of the mixing vanes does not introduce improper mirroring under this choice of periodic boundary conditions. For example, consider a fluid particle leaving the domain from the lateral outlet numbered 1 towards the subchannel named “top” in Figure 5. The fluid particle then meets the cross-flow created by the mixing vanes in the “top” subchannel. These mixing vanes are in the same configuration as the mixing vanes in the bottom left corner of the computational domain. Therefore, a fluid particle exiting the computational domain through periodic boundary condition number 1 finds itself in a similar cross-flow configuration to the one it would experience if the computational domain also represented the neighboring subchannels of the CALIFS 5x5 test section. However, the periodic boundary condition does not reproduce the flow perfectly as it would if the domain were the full CALIFS 5x5 test section. The unrepresented subchannels of CALIFS in Figure 5 introduce mixing vanes that break the periodicity, as well as the wall of the test section. This can contribute to differences in the cross-flow compared to the periodic boundary conditions that simulate an infinite rod bundle.
2.3. Mesh
The geometries displayed in Figures 3 and 4 allow to build a mesh with y+ between 1 and 5 depending on the geometric complexity. y+ <  1.5 is ensured at the rod walls in the entire “downstream section” represented in green in Figure 2. An estimated Taylor scale λ was calculated with equation (1) in order to choose the edge length for the cells. The calculation is based on the assumption that L = Lint with L the length scale for the large eddies and Lint the integral length scale in the streamwise direction. The value of the spatially averaged integral length scale for Re = 11 200 is Lint = 0.14Dh and for Re = 15 700 is Lint = 0.16Dh. These results come from PIV measurements performed on a 2D plane derived from line (c) of Figure 2 just downstream of the spacer grid with mixing vanes [32]. Hence, a value of Lint = 0.15Dh is chosen here for this estimation.
[image: Mathematical equation: $$ \begin{aligned} \lambda =L\sqrt{\frac{10}{Re_{L}}} \end{aligned} $$](1)

The Reynolds number based on the length scale ReL is calculated using equation (2) with the estimated turbulent kinetic energy [image: Mathematical equation: $ k = \frac{3}{2}U_{\mathrm{bulk}}^2I^2 $] and the estimated turbulence intensity [image: Mathematical equation: $ I = 0.16Re_{\mathrm{bulk}}^{\frac{-1}{8}} $]. The Reynolds number Rebulk used to estimate I is the Reynolds number based on the hydraulic diameter and the bulk velocity.
[image: Mathematical equation: $$ \begin{aligned} Re_{L}=\frac{\sqrt{k}L}{\nu } \end{aligned} $$](2)

The estimated average Taylor scale is λ = 1.14 mm and the mean edge size for the cells is 0.7 mm, representing 0.6λ. This cell size provide a slightly finer mesh compared to the tetrahedral mesh used for the TrioCFD calculation of the previous benchmark [18], for a calculation with Re = 14 000 instead of Re = 66 000. This estimation of the Taylor scale is only a methodological tool used for mesh construction. The choice of an averaged size of 0.6λ is a compromise between a mesh refinement that ensures the cell size to be of the order of magnitude of λ even in high turbulence intensity zones, and a mesh refinement that limits the computational cost. A verification of the effective Taylor scale based on the results of the calculations is performed in the next section. The meshes are composed of around 40 million cells in the case without mixing vanes and around 50 million in the case with mixing vanes. However, an edge size of 0.6λ is still too high to ensure y + =1. Hence, the use of prism layers at the wall boundary was necessary to enforce this condition. They are composed of 2 sub-layers with a 1.2 stretch factor, for a total thickness of 0.2 mm. This results in a first cell at 0.09 mm from the wall. The meshes are represented in Figure 6.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Cross sectional view of the mesh inside a subchannel downstream of the spacer grid (a), inside a gap between two rods (b), inside a subchannel through dimples (c), around the central rod through springs (d). Front section view of the mesh through the grid, near the outlet of the grid (e). The volume cells are represented in grey and the surface cells are represented in blue.




In Figure 6 the tetrahedrons are represented in grey and appear in 3D whereas the surface cells appearing in Figures 6c and 6d are represented in blue. The red arrow appearing in Figure 6e annotates the conformal passage of the “grid section” to the “downstream section” represented in Figure 2.
Near the wall the distance between two consecutive cells in the x-axis and the z-axis directions is Δx = Δz <  0.7 mm. With the first cell located at 0.09 mm from the wall, yielding y+ = 1, it is possible to estimate that Δx+ = Δz+ <  8 using a simple cross multiplication. Therefore the condition of using a mesh with Δx+ and Δz+ <  100 in order to perform a reliable LES [26] is respected. The prisms in the layer were then divided into 6 tetrahedrons to make the mesh compatible with TrioCFD. The geometry and the mesh were built with the open source software platform SALOME.
2.4. Physical modelling and solver configuration
When performing a LES of an incompressible flow, the velocity U and pressure P fields are decomposed into a filtered part and a residual part. The symbols for the filtered velocity and pressure are [image: Mathematical equation: $ \bar{U} $] and [image: Mathematical equation: $ \bar{P} $]. The symbol for the residual velocity is [image: Mathematical equation: $ \bar{u} $]. The filtered continuity equation (3) and the filtered momentum equation (4) are displayed below, with τij
R
 being the residual stress tensor. The residual stress tensor can be decomposed using equation (6) into 2 parts: an isotropic part [image: Mathematical equation: $ \frac{2}{3}k_r\delta_{ij} $] and an anisotropic part τij
r
 also called Sub Grid Scale tensor (SGS) [19]. In this decomposition [image: Mathematical equation: $ k_r = \overline{u_{i}u_{i}} $] is called the residual kinetic energy.
[image: Mathematical equation: $$ \begin{aligned}&\frac{\partial \bar{U_i}}{\partial x_i} = 0\end{aligned} $$](3)

[image: Mathematical equation: $$ \begin{aligned}&\frac{\partial \bar{U_j}}{\partial t} + \bar{U_i}\frac{\partial \bar{U_j}}{\partial x_i} = \nu \frac{\partial ^2 \bar{U_j}}{\partial x_i \partial x_i} - \frac{\partial \tau _{ij}^r}{\partial x_i} - \frac{1}{\rho }\frac{\partial \bar{P}}{\partial x_j}\end{aligned} $$](4)

[image: Mathematical equation: $$ \begin{aligned}&\tau _{ij}^R = \overline{u_{i}u_{j}} - \bar{u_{i}}\bar{u_{j}}\end{aligned} $$](5)

[image: Mathematical equation: $$ \begin{aligned}&\tau _{ij}^r = \tau _{ij}^R - \frac{2}{3}k_r\delta _{ij} \end{aligned} $$](6)

The system of filtered Navier Stokes equations needs to be closed with a model for the SGS. In this study the Wall Adapting Local Eddy Viscosity (WALE) model is chosen for the SGS [27]. With this model the eddy viscosity is modelled with equation (7).
[image: Mathematical equation: $$ \begin{aligned} \nu _t = (C_w\mathrm \Delta )^2\frac{(S_{ij}^dS_{ij}^d)^{\frac{3}{2}}}{((\bar{S_{ij}}\bar{S_{ij}})^{\frac{5}{2}})+(S_{ij}^dS_{ij}^d)^{\frac{5}{4}}} \end{aligned} $$](7)

where Sij
d
 defined by equation (8) and calculated using the square of the velocity gradient tensor defined by equations (9) and (10).
[image: Mathematical equation: $$ \begin{aligned} S_{ij}^d&=\frac{1}{2}(\bar{g_{ij}}^2+\bar{g_{ji}}^2)-\frac{1}{3}(\delta _{ij}\bar{g_{kk}}^2)\end{aligned} $$](8)

[image: Mathematical equation: $$ \begin{aligned} \bar{g_{ij}}&=\frac{\partial \bar{U_i}}{\partial x_j}\end{aligned} $$](9)

[image: Mathematical equation: $$ \begin{aligned} \bar{g_{ij}}^2&=g_{ik}g_{kj} \end{aligned} $$](10)

The solver configuration is given in Table 1. For both calculations the fluid is liquid water at 20°C and atmospheric pressure.
Table 1. 
Chosen configuration with TrioCFD for the solver.


A hybrid Finite Volume Element (FVE) discretisation technique for tetrahedral meshes is employed [33]. This approach produces a discrete finite-element representation of the continuous problem while preserving the flux-balance formulation characteristic of finite-volume methods. In TrioCFD, the velocity is stored at the centres of the tetrahedral faces. Consequently, the number of control volumes used for momentum and scalar transport is roughly twice the number of mesh elements. Pressure is represented using a mixed discretisation, with values defined both at the element centre and at the vertices. This staggered arrangement enhances the coupling between velocity and pressure [34]. To enforce mass conservation, the SOLA projection method introduced by [35] is applied to the velocity field. The robustness and accuracy of this numerical scheme have been demonstrated through benchmark tests for the Navier–Stokes equations [36].
A first calculation is necessary to initialise the periodic box with a duration equal to three times the transit time of a fluid particle through the box. The results are then used to initialise the velocity field inside the box in the actual calculation. In the rest of the domain the calculation is initialised with [image: Mathematical equation: $ {\vec{U}} = (0,0,0.5) $] m/s. Data acquisition then starts 2 s of simulated physical time after initialisation. This represents approximately 1.3 times the time needed for the passage of a particle of fluid along the domain of interest. The velocity field is then extracted on several planes downstream of the mixing grid every 0.005 s during a physical time long enough to ensure the statistical convergence of first and second order moments. The chosen planes are located at z′=1 Dh, z′=5 Dh, z′=10 Dh and z′=15 Dh.
The calculations were performed with computing HPC and storage resources on the supercomputer Joliot Curie SKL partition using approximately 30 000 cells per processor core. The calculation in the case of the spacer grid without mixing vanes used 1280 cores in parallel and demanded approximately 860 000 CPU hours. The calculation in the case of the spacer grid with mixing vanes used 1664 cores in parallel and demanded approximately 1 120 000 CPU hours.
3. Verification
3.1. Statistical convergence
With the calculation of the Reynolds stress tensor being mandatory to create the colour map, it is necessary to verify the statistical convergence of first- and second-order moments at several locations downstream of the spacer grid. The moments have been verified at several locations: z′=1 Dh, z′=5 Dh, z′=10 Dh and z′=15 Dh and z′=20 Dh. For each location, the averaged velocity field and Reynolds stress tensor are calculated considering the first 1200 time steps, and then the first 1600, 2000, 2400 time steps, plotted over line (a) of Figure 2. Figure 7 shows the results at z′=1 Dh for the Reynolds stress tensor.
	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Plot of [image: Mathematical equation: $ \frac{{ < }{u\prime_{z}}{u\prime_{z}}{ > }}{0.5U_\mathrm{{bulk}}^{2}} $], over the subchannel line (b), at z′=1 Dh without (a) and with (b) mixing vanes.




	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. [image: Mathematical equation: $ \frac{\mathrm{max}(l)}{\lambda} $]
z′=1 Dh (a) and z′=15 Dh (b) downstream of the spacer grid. The colour-maps represent the scale of the values taken by [image: Mathematical equation: $ \frac{\mathrm{max}(l)}{\lambda} $].




It appears on Figure 7a that the Reynolds stress tensor is sufficiently converged with 2400 time steps in the case of the spacer grid without mixing vanes. The Reynolds stresses are less converged at the transition area between the fine prism layer and the rest of the mesh. This might be due to the rather abrupt transition of cell sizes. Figure 7b shows that after 2400 time steps the 2nd-order moments are perfectly converged. For both cases, the averaged velocity fields are converged. The same conclusion about statistical convergence can be reached at z′=5 Dh, z′=10 Dh and z′=15 Dh and z′=20 Dh.
3.2. Core cell size
It is important to verify that the spatial filter of the LES is in the inertial sub-range of the flow [26]. In order to perform this verification, it is possible to estimate the Taylor microscale for some cells of the mesh and verify that the Taylor microscale in these cells is larger than the maximum edge size of the cell. As mentioned in Section 2, the results are studied mainly over four horizontal planes. With the planes being only one tetrahedron thick along the z-axis, it is not possible to calculate the Taylor scale with a two-point correlation in the streamwise direction. Hence the choice in this study is to estimate the Taylor micro scale using the velocity fluctuations auto-correlation function defined with equation (11). In this equation, u′z represents the velocity fluctuations in the streamwise direction.
[image: Mathematical equation: $$ \begin{aligned} R_{zz}(\tau )= <u^{\prime }_z(t) u^{\prime }_z(t+\tau )> = \frac{1}{T}\int _{0}^{T}u^{\prime }_z(t) u^{\prime }_z(t+\tau ) \,dt \end{aligned} $$](11)

To perform the calculation of an autocorrelation function, the data acquisition needs to be sufficiently time-resolved. However, the acquisition of the velocity field over the planes was carried out with a time step of 0.005 s, which can lead to a poor-quality autocorrelation function. Hence, it is important to compare the obtained Taylor microscale between data acquired every 0.005 s and data acquired every 0.0001 s using a segment probe. The segment probes extracted the data at the centre of gravity of the cells intersecting line (a) shown in Figure 2 at several locations: z′=1 Dh, z′=5 Dh, z′=10 Dh and z′=15 Dh. Then, the integration of the autocorrelation function multiplied by the bulk velocity gives an approximate integral lengthscale in the streamwise direction. This integration is presented in equation (12).
[image: Mathematical equation: $$ \begin{aligned} L_{zz}= \frac{1}{<u^{\prime }_zu^{\prime }_z>}U_{\rm bulk}\int _{0}^{T_{R(T)=0}} R_{zz}(\tau ) \,d\tau \end{aligned} $$](12)

The integral length scale Lzz represents the size of the energy containing eddies and is linked to the length scale of the large eddies by equation (13) with Rλ being the Reynolds number based on the Taylor micro scale [19].
[image: Mathematical equation: $$ \begin{aligned} \frac{L_{zz}}{L}= f(R_\lambda ) \end{aligned} $$](13)

The ratio Lzz/L stays between 0.8 and 0.4 and converges towards 0.43 for Rλ above 100 [19]. It is assumed that [image: Mathematical equation: $ \frac{L_{zz}}{L} = 0.43 $] for every cell on the planes. The calculation of L allows the determination of ReL, the Reynolds number based on L, following equation (2). The value of ReL then gives the Taylor microscale using equation (1). The ratio max(l)/λ is then calculated for every cell of each plane. The results for the planes at z′=1 Dh and z′=15 Dh are shown in Figure 8 for the case with mixing vanes. The comparison between the Taylor microscale estimated from segment-probe data and that obtained from the plane data extracted along line (a) of Figure 2, at z′=1 Dh for the spacer grid with mixing vanes, is shown in Figure 9. Because the mesh is composed of unstructured tetrahedral cells rather than well-structured and aligned hexahedral cells, it is necessary to define precisely the procedure for selecting the plane cells along line (a). A point is considered to lie on horizontal line (a) if the following conditions are satisfied: |ycell|< 0.3 mm and xcell >  0, with xcell and ycell the coordinates of the gravity center of the cell along the x and y axes.
Figure 8a shows that the maximum edge length lies between 0 and 3.5 times the Taylor scale. Hence, the edge lengths are of the correct order of magnitude for a good LES. However, Figure 8a also shows that a significant proportion of the cells have at least one edge larger than the local Taylor microscale. This issue appears to diminish at z′=15 Dh according to the results in Figure 8b. The analysis of each plane shows that, for the case with mixing vanes, the maxima of max(l)/λ are 3.5, 1.8, 1.3 and 1.0 for z′=1 Dh, z′=5 Dh, z′=10 Dh and z′=15 Dh respectively. The same analysis for the case without mixing vanes gives 2.1, 1.7, 0.98 and 0.81 for z′=1 Dh, z′=5 Dh, z′=10 Dh and z′=15 Dh respectively. With the cell size being equivalent at all distances downstream of the spacer grid, it appears that the estimated Taylor scale increases with the distance from the spacer grid. Figure 9 shows that the Taylor scale calculated from the segment probe data follows the same variations as the Taylor scale calculated from the data extracted on the planes. It also appears from Figure 9 that the differences are of the order of one λ. Therefore, this confirms the conclusions drawn from the results of Figure 8 that the filters used in the calculations are of an appropriate size to perform LES capable of capturing the anisotropy of the flow.
	[image: Thumbnail: Fig. 9. Refer to the following caption and surrounding text.]	Fig. 9. [image: Mathematical equation: $ \frac{\lambda}{D_h} $] over the line (a) of Figure 2, at z′=1 Dh, for the spacer grid with mixing vanes.




3.3. Viscous boundary layer resolution
It is also important to verify that the simulations are correctly wall-resolved. Figure 10 shows the plot of u+ as a function of y+ at z′=5 Dh, upstream of the grid section, over the line (a) represented in Figure 2. In Figure 10, u+ = < Uz >  /uτ with the friction velocity uτ defined by equation (14) and the wall shear stress τw defined by equation (15) [19].
	[image: Thumbnail: Fig. 10. Refer to the following caption and surrounding text.]	Fig. 10. u+ = f(y+) for the fully developed turbulent flow in the gap between rods, z′=5 Dh upstream of the grid section.




[image: Mathematical equation: $$ \begin{aligned} u_\tau&= \sqrt{\frac{\tau _w}{\rho }}\end{aligned} $$](14)

[image: Mathematical equation: $$ \begin{aligned} \tau _w&= \rho \nu \left( \frac{d<U_z>}{dy} \right)_{y=0} \end{aligned} $$](15)

The position z′=5 Dh, upstream of the grid section is chosen for this verification because it represents a fully developed turbulent flow inside a rod bundle. Figure 10 shows that the smallest y+ value is y+ = 0.83, with the second closest being y+ = 1.8. It appears that three of the four points below y+ = 5 do not perfectly fit the theoretical curve u+ = y+. It also appears that the points corresponding to 50 <  y+ <  100 are close to the value predicted by the theoretical log law, equation (16) with κ = 0.41 and b = 5.2.
[image: Mathematical equation: $$ \begin{aligned} u^+= \frac{1}{\kappa }\mathrm{log}(y^+)+b \end{aligned} $$](16)

Multiple reasons can explain the discrepancies of the four points inside the viscous sub-layer. At first, the four points might not be perfectly aligned due to the stretched geometry of the near wall cells. The second reason is the gap in size between the cell with y+ = 5 and the next one, having y+ = 17. Indeed, the use of a second order centered scheme for the diffusion, and the use of the Muscl scheme for the convection, imply that the velocity field at y+ = 17 will have a direct impact on the velocity fields calculated on the cells with y+ = 5 and y+ = 4. Despite the differences from the theoretical results, these two calculations show at least six cells before the logarithmic layer. The flow in this region is usually modelled in high-accuracy CFD calculations using this level of geometric fidelity for the spacer-grid design. Hence, the wall resolution of these LES makes it possible to perform new observations on the physical behaviour of the flow downstream of spacer grids.
3.4. Effect of the boundary conditions on the mean flow
It is essential to verify the physical consistency of the results. In this case, the use of a reduced model, with the periodic boundary conditions could have a negative impact on the mean flow velocity. In the case of the flow with mixing vanes, the secondary flow has a specific shape, induced by the presence of the mixing vanes. That shape was often verified and illustrated in the literature [12, 28, 29]. Therefore, it is important to verify that the shape of the secondary flow is the same as the shape observed inside the entire rod bundles. Figure 11 shows the vector representation of the non-streamwise components of the averaged velocity field at z′=5 Dh, with mixing vanes.
Figure 11 illustrates that the flow shows the diagonal cross flow pattern, observed often in the literature on non-reduced models. Therefore, the combination of the reduced geometry and the chosen boundary conditions seems to reproduce the physical behaviour of the averaged velocity field inside a fuel assembly.
	[image: Thumbnail: Fig. 11. Refer to the following caption and surrounding text.]	Fig. 11. Vector representation of the non streamwise components of the averaged velocity field, at z′=5 Dh with mixing vanes. In the figure, the colour-map represents the scale of secondary flow velocity magnitude normalised by the bulk velocity.




4. Comparison with experimental results
The last element that can confirm the reliability of the numerical results is the comparison with available experimental results from the CALIFS 5x5 test section [32]. The comparison is made with PIV results at a Reynolds number of 14 000, over the line (c) represented in Figure 2, at z′=1 Dh, for both cases. The averaged velocity fields are plotted in Figure 12 for the case without mixing vanes, and Figure 13 for the case with mixing vanes. The Root Mean Square (RMS) of the velocity fluctuations is plotted in Figure 14 for the case without mixing vanes and Figure 15 for the case with mixing vanes. Line (c) is located at a distance of 2 mm from the wall of the central rod. A 1 mm-thick laser sheet was used during the CALIFS 5x5 PIV measurements, with an estimation of 3% for the uncertainty on the particles displacements [32].
Figure 12a shows a good agreement of the streamwise velocity field between the experimental and the numerical results in the case without mixing vanes. The maximum of the relative error to the experiment is 12%, and the averaged discrepancy is 6%. Figure 12b also shows that the numerical and experimental results for the averaged lateral velocity field follow the same variations. Figure 12b also shows that the lateral velocity profiles are neither symmetrical in the experiment nor in the calculation. Indeed, the position of the line (c) is close to the rod and not in the middle of the gap. Hence, the spring and the dimple influencing the flow in the top and bottom gaps might influence the lateral velocity field calculated over line (c), just downstream of the spacer grid. At last, it appears from Figures 14a and 14b that the numerical values of the RMS of the velocity fluctuations are in really good agreement with the experimental data.
	[image: Thumbnail: Fig. 12. Refer to the following caption and surrounding text.]	Fig. 12. Plot of [image: Mathematical equation: $ \frac{ < U_z > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (a) Plot of [image: Mathematical equation: $ \frac{ < U_y > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) without mixing vanes.




	[image: Thumbnail: Fig. 13. Refer to the following caption and surrounding text.]	Fig. 13. Plot of [image: Mathematical equation: $ \frac{ < U_z > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh with mixing vane (a). Plot of [image: Mathematical equation: $ \frac{ < U_y > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) with mixing vanes.




	[image: Thumbnail: Fig. 14. Refer to the following caption and surrounding text.]	Fig. 14. Plot of [image: Mathematical equation: $ \frac{u\prime_{zRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (a). Plot of [image: Mathematical equation: $ \frac{u\prime_{yRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) without mixing vanes.




	[image: Thumbnail: Fig. 15. Refer to the following caption and surrounding text.]	Fig. 15. Plot of [image: Mathematical equation: $ \frac{u\prime_{zRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh with mixing vanes (a). Plot of [image: Mathematical equation: $ \frac{u\prime_{yRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) with mixing vanes.




The proximity between experimental and numerical results is lower in the case with mixing vanes. Figure 13a shows that the calculated averaged velocity fields along the streamwise direction are the same order of magnitude as the measured ones. The same observation can be made for the averaged velocity fields in the spanwise direction, as shown in Figure 13b. The plots of Figure 13 seem to show that the numerical results and the experimental results follow the same variations, with a positional offset of the maxima and minima along the Oy axis. The same observations are made with the plots in Figure 15. Figures 15a and 15b show that the calculated RMS of the velocity fluctuations along the streamwise and spanwise directions are in correct agreement with the results from the CALIFS experiments, but also show an offset in the positions of the variations. The possible sources of error are the use of a reduced geometry in the simulations, with periodic boundary conditions, and the differences in spatial resolutions between the LES and PIV.
The comparisons with the CALIFS experimental results show that both simulations give physically consistent results and are accurate enough to ensure the reliability of the following analysis, concerning the turbulence anisotropy of the flow.
5. Comparison of flow metrics
Some flow metrics of both cases are compared in this section. The different physical quantities are plotted over the line (b) of Figure 2. A point is considered to belong to line (b) if |y − ax|< ϵ, with |y = ax| being the equation of the line in the (0, x, y, z) set of coordinates, and ϵ = 0.5 mm being the line thickness. The line thickness can lead to points with the same x-axis value R/Dh, on the graph but different values along the y-axis. The cross-flows are compared in Figure 16, and the turbulence intensities are compared in Figure 17.
	[image: Thumbnail: Fig. 16. Refer to the following caption and surrounding text.]	Fig. 16. Plot of |Ux + Uy|/∥U∥, over the line (b) at z′=1 Dh (a), z′=10 Dh (b).




	[image: Thumbnail: Fig. 17. Refer to the following caption and surrounding text.]	Fig. 17. Plot of I, over the line (b) at z′=1 Dh (a), z′=10 Dh (b).




Figure 16a shows that, at z′=1 Dh, the cross-flow is more significant in the presence of mixing vanes than in their absence. At z′=1 Dh, the cross-flows of both cases are equivalent in the vicinity of the rods. Away from the rod vicinity, the variations in cross-flows, and the values taken, are different between the two cases. In the case with mixing vanes, the cross-flow rises to attain a local maximum around R/Dh = 0.7, then diminishes to reach a minimum at R/Dh = 0.9, and then rises again to attain another local maximum at R/Dh = 1.1. These variations are in agreement with the expected form of the cross-flow just downstream of a grid with mixing vanes, as observed in Figure 11. The two local maxima correspond to the two strong streams going in opposite directions, shown in red in the right corner of Figure 11. The local minimum corresponds to the area trapped between the two opposite streams. At z′=1 Dh, the cross-flow in the case without mixing vanes rises slowly in the subchannel with increasing distance from the central rod. At z′=1 Dh, the cross-flow is between 4 and 8 times greater in the subchannel in the case with mixing vanes, except at the local minimum, where the two cross-flows are equivalent. At z′=10 Dh, Figure 16b shows that, in both cases, the cross-flows are of the same order of magnitude. A local minimum is reached at the limit of the rod vicinity, at R/Dh = 0.6, then it rises to a local maximum at approximately R/Dh = 0.7, and then slowly decreases until R/Dh = 1.2 at z′=10 Dh.
According to Figure 17, the variations, and magnitude, of turbulence intensity show fewer differences between the cases than the cross-flows. At z′=10 Dh, Figure 17b shows nearly identical values and variations of turbulence intensity between the two cases. At z′=1 Dh, the turbulence intensity in the case without mixing vanes passes through a local maximum at R/Dh = 0.9 and a local minimum at R/Dh = 1.1. As for the case with mixing vanes, it follows the same variations of turbulence intensity as at z′=10 Dh. For both cases, the value of the turbulence intensity is around 0.8 at the rod walls and 0.2 in the subchannel at z′=1 Dh. The turbulence intensity then decreases to 0.4 at the rod walls, and progressively to 0.05 in the subchannel at z′=10 Dh.
It is also interesting to compare other turbulence quantities, like the integral length scale in the streamwise direction, Lzz, as well as the decay rate, τ. τ is defined by equation (17) [19]. However, the turbulent dissipation rate, ϵ, cannot be directly calculated from the results of LES. Therefore, τ is estimated using equation (18), derived from equation (19) [19], with L estimated using equation (13). As for Lzz, it is calculated with equation (12). The data for the integral length scale and the decay rate are presented in Figures 18 and 19.
	[image: Thumbnail: Fig. 18. Refer to the following caption and surrounding text.]	Fig. 18. Plot of Lzz, over the line (b) at z′=1 Dh (a), z′=10 Dh (b).




	[image: Thumbnail: Fig. 19. Refer to the following caption and surrounding text.]	Fig. 19. Plot of τ, over the line (b) at z′=1 Dh (a) z′=10 Dh (b).




[image: Mathematical equation: $$ \begin{aligned} \tau&= \frac{k}{\epsilon }\end{aligned} $$](17)

[image: Mathematical equation: $$ \begin{aligned} \tau&= \frac{L}{\sqrt{k}}\end{aligned} $$](18)

[image: Mathematical equation: $$ \begin{aligned} L&= \frac{k^{\frac{3}{2}}}{\epsilon } \end{aligned} $$](19)

Figure 18 shows strong differences between the two cases in the variations of the estimated values of Lzz at each position downstream of the spacer grid. Figure 18a shows that, at z′=1 Dh, Lzz evolves between 0.05 Dh and 0.20 Dh and takes equivalent values in the subchannel, and in the rod vicinity. Figure 18b shows a different behaviour with values of Lzz higher in the rod vicinity than in the subchannel and taking higher values up to Lzz = 0.75 Dh in the case with mixing vanes. The differences between both cases highlight the creation of variations in size and shape for the vortex structures, depending on the presence of the mixing vanes. However, the analysis of the turbulence intensity seems to indicate that these different vortex structures are responsible for the same level of turbulence intensity.
Figure 19a shows that τ evolves between [image: Mathematical equation: $ \frac{5D_h}{U_{\mathrm{bulk}}} $] and [image: Mathematical equation: $ \frac{0.5D_h}{U_{\mathrm{bulk}}} $] for both cases, at z′=1 Dh. For both cases, the values above [image: Mathematical equation: $ \frac{2D_h}{U_{\mathrm{bulk}}} $] are reached in the immediate vicinity of the rods. In the subchannel, the variations are stronger in the case with mixing vanes, with local minima and maxima more pronounced than in the case without mixing vanes. At z′=10 Dh, Figure 19b shows that the variations of τ strongly diminish in the subchannel in the case with mixing vanes. The observations made for the case without mixing vanes are different, with a local maximum appearing at R/Dh = 0.7, reaching higher values than in the case with mixing vanes. As for the overall values of τ it appears from Figure 19b that they are higher than the values reached at z′=1 Dh. The higher values for τ in the case without mixing vanes seem to indicate that, at z′=10 Dh, the vortex structures decay more slowly than in the case with mixing vanes.
6. Post-processing method for the analysis of turbulence anisotropy
This section briefly explains the method used previously in the literature in order to visualise anisotropy using the calculation of eigenvalues [22]. The method is more thoroughly explained in the literature [23]. The application of the post-processing to the results of a LES, starts with the hypothesis that the filtered velocity from the simulation is equal to the actual velocity field: [image: Mathematical equation: $ \bar{U} = U $]. A RANS post-processing of this velocity field is then performed. Since the data acquisition period is sufficiently long to ensure the convergence of both the averaged velocity field and the Reynolds stress tensor, it is assumed that time-averaging the data across all time steps is equivalent to statistical averaging. The Reynolds stress tensor is then separated into an isotropic part [image: Mathematical equation: $ \frac{2}{3}k\delta_{ij} $], and an anisotropic part aij, following equation (20), with δij being the Kronecker symbol. It is then possible to normalise aij and obtain [image: Mathematical equation: $ b_{ij}=\frac{a_{ij}}{2k} $]. Therefore, bij is obtained from the Reynolds stress tensor using equation (21).
[image: Mathematical equation: $$ \begin{aligned} <u_{i}^{\prime }u_{j}^{\prime }>&= a_{ij} + \frac{2}{3}k\delta _{ij}\end{aligned} $$](20)

[image: Mathematical equation: $$ \begin{aligned} b_{ij}&= \frac{<u_{i}^{\prime }u_{j}^{\prime }>}{2k} - \frac{1}{3}\delta _{ij} \end{aligned} $$](21)

The eigenvalues, λ1, λ2, λ3, of bij are then calculated, considering that λ1 >  λ2 >  λ3. By definition of bij, the sum of its eigenvalues is null equation (22). From these eigenvalues, is it possible to introduce three weights, which characterise the anisotropy of the flow. The three weights C1c, C2c and C3c are defined by equations (23)–(25).
[image: Mathematical equation: $$ \begin{aligned}&\lambda _1 + \lambda _2 + \lambda _3= 0\end{aligned} $$](22)

[image: Mathematical equation: $$ \begin{aligned}&C_{1c} = \lambda _1 - \lambda _2 \end{aligned} $$](23)

[image: Mathematical equation: $$ \begin{aligned}&C_{2c} = 2(\lambda _2 - \lambda _3)\end{aligned} $$](24)

[image: Mathematical equation: $$ \begin{aligned}&C_{3c} = 3\lambda _3 + 1 \end{aligned} $$](25)

By definition of the weights, and using equation (22), it is possible to write equation (26). The weights are then used as a Red-Green-Blue triplet, which allows the visualisation of the turbulent anisotropic behaviour of the flow on a colour map.
[image: Mathematical equation: $$ \begin{aligned} C_{1c}+C_{2c}+C_{3c}= 1 \end{aligned} $$](26)

Depending on the values of C1c, C2c and C3c, three limit states can be defined:

	
State 1: C1c = 1, C2c = 0 and C3c = 0.

Equations (22)–(25) then give [image: Mathematical equation: $ \lambda_1 = \frac{2}{3} $], [image: Mathematical equation: $ \lambda_2 = \frac{-1}{3} $] and [image: Mathematical equation: $ \lambda_3 = \frac{-1}{3} $]. Therefore equation (21) gives < u′1u′1 >    =  2k and < u′2u′2 >    =   <  u′3u′3 >    =   0 in the coordinate system associated to the eigenvalues. Hence, the flow is anisotropic with the velocity fluctuations strong in one direction and null in the two others. This limit state appears in red, and is represented as x1C in the colour maps.



	
State 2: C2c = 1, C1c = 0 and C3c = 0.

Equations (22)–(25) then give [image: Mathematical equation: $ \lambda_1 = \frac{1}{6} $], [image: Mathematical equation: $ \lambda_2 = \frac{1}{6} $] and [image: Mathematical equation: $ \lambda_3 = \frac{-1}{3} $]. Therefore equation (21) gives < u′1u′1 >    =   <  u′2u′2 >    =   k and < u′3u′3 >    =   0 in the coordinate system associated to the eigenvalues. Hence, the flow is anisotropic with the velocity fluctuations strong in two directions and null in the last one. This limit state appears in green, and is represented as x2C in the colour maps.



	
State 3: C3c = 1, C1c = 0 and C2c = 0.

Equations (22)–(25) give λ1 = λ2 = λ3 = 0. Therefore bij is null and the flow is isotropic. This limit state appears in blue, and is represented as x3C in colour the maps.





This method was used on the DNS results of a the flow inside a 5x5 bare rod bundle and Figure 20 (Fig. 13 in the original article) was obtained [22].
	[image: Thumbnail: Fig. 20. Refer to the following caption and surrounding text.]	Fig. 20. Barycentric map of componentality contours for a 5x5 bare rod bundle, DNS results from [22].




In Figure 20, the authors added an exponent, and an offset, to each of the weights to modify the colour-mapping in order to be able to better distinguish the transitions between the three limiting states mentioned before [22]. However this does not change the reading method of Figure 20. The red colour appearing in the walls vicinity in Figure 20 indicates that the flow in these areas is anisotropic, with one-component velocity fluctuations. The blue colour present in the gaps and the subchannel indicates an isotropic flow, in these areas. The green colour appearing in the gaps between the rod and the bundle walls indicates an anisotropic flow, with velocity fluctuations along two components. In the following sections the colour maps presented do not have the offset or the exponent used in Figure 20.
7. Anisotropy analysis without mixing vanes
In this part, the results obtained using the post-processing method of Section 6 in the case without mixing vanes, are presented. The colour maps are first analysed and then the focus is put on the plots over the line (b), introduced in Figure 2.
7.1. Physical analysis over the planes
The colour maps, obtained from the calculation of eigenvalues of the anisotropic part of the Reynolds stress tensor, are plotted in Figure 21. The results of the calculation without mixing vanes, on planes z′=1 Dh, z′=5 Dh, z′=10 Dh and z′=15 Dh are shown respectively in Figures 21a–21d. Figure 21a shows an overall strongly anisotropic flow on the plane at z′=1 Dh. It appears from the green colour surrounding the rods that the velocity fluctuations near the rod wall are strong in two different directions. The blue colour forming a grid-like form indicates that the flow is close to an isotropic state in the middle of the gaps and the subchannels. The flow is also strongly anisotropic in the regions appearing in magenta on the map. In these regions the flow is not in one of the three limit states but it is between isotropy and anisotropy with velocity fluctuations stronger in one direction.
Figure 21c shows with the red colour a strong anisotropy with velocity fluctuations along one component at the rod wall, at z′=10 Dh. The blue colour present in a large area is indicates a nearly isotropic flow in the majority of the subchannel and the gaps between rods. At last, the cyan colour surrounding the red colour on the map indicates an in-between state, with the velocity fluctuations being non zero but lower in one direction than the two others.
	[image: Thumbnail: Fig. 21. Refer to the following caption and surrounding text.]	Fig. 21. Anisotropy componentality contours at, z′=1 Dh (a), z′=5 Dh (b), z′=10 Dh (c), z′=15 Dh (d), in the case of the grid without mixing vanes and the chosen colour mapping (e).




The results at z′=5 Dh are presented in Figure 21b. The colour map shows the green colour turning to red for some cells in the logarithmic sub-layer. This indicates that the flow is also anisotropic in the rod vicinity but the velocity fluctuations appear to evolve between one and two components. The magenta colour present in Figure 21a has been replaced by the blue colour indicating a large area of nearly isotropic flow. Hence, the flow is nearly isotropic in the subchannels and in the gaps between rods at z′=5 Dh. Therefore, Figure 21b appears to be a transitional state between the results of Figures 21a and 21c.
At last, Figure 21d shows the results at z′=15 Dh. The results at z′=15 Dh are similar to the results at z′=10 Dh. However, on this map, the red portions in the rod vicinity have become larger. Therefore, the proportion of the domain in which the flow is isotropic decreases, and the proportion in which the flow is anisotropic, with velocity fluctuations along one component, increases.
7.2. One-dimensional profiles
In this sub-section the Reynolds stress tensor and the weights C1c, C2c and C3c are plotted over the line (b) from Figure 2. The considered terms of the Reynolds stress tensor are: < u′ru′r> , < u′θu′θ> and < u′zu′z> with (O, r, θ, z) the polar set of coordinates associated to line (b), where O is the centre of the central rod. Hence < u′ru′r> represents the Reynolds stress tensor in the rod normal direction, and < u′θu′θ> represents the Reynolds stress tensor in the direction orthogonal to the rod normal direction. This last direction will be mentioned later in the text as being the “span-wise” direction. All the terms of the Reynolds stress tensor will be normalised by [image: Mathematical equation: $ \frac{1}{2}U_{\mathrm{bulk}}^2 $]. A point is considered as belonging to line (b) if |y − ax|< ϵ with |y = ax| being the equation of the line in the (0, x, y, z) set of coordinates and, ϵ = 0.5 mm being the line thickness. The line thickness can lead to points with the same x-axis value R/Dh on the graph but different values along the y-axis. The results are presented in Figure 22.
	[image: Thumbnail: Fig. 22. Refer to the following caption and surrounding text.]	Fig. 22. Reynolds stress tensor (a) and Anisotropy weight (b) plot over the subchannel line b from Figure 1 at z′=1 Dh. Reynolds stress tensor (c) and Anisotropy weight (d) plot over the subchannel line b from Figure 1 at z′=5 Dh. Reynolds stress tensor (e) and Anisotropy weight (f) plot over the subchannel line b from Figure 1 at z′=10 Dh.




It appears in Figure 22a that the maximum of the normalised Reynolds stress in one component reaches 0.21. The sum of the normalised Reynolds stresses remains greater than or equal to 0.15 everywhere for 0.5 <  R/Dh <  1.3. Hence it appears on Figure 22 that the mixing grid highly enhances the velocity fluctuations and the turbulence kinetic energy close to the grid. A closer look at Figure 22a shows that the span-wise and the streamwise velocity fluctuations are strong at the walls and decrease in the subchannel. The rod-normal velocity fluctuation is null at the rod wall and increases slowly in the subchannel. Despite this increase the normal component of the velocity fluctuations remains lower than the streamwise velocity fluctuations for 0.6 <  R/Dh <  1.2. It appears that the span-wise velocity fluctuations are as strong as the streamwise velocity fluctuations near the rod boundary at z′=1 Dh. The close values between the streamwise and the span-wise velocity fluctuations explain the observations in the rod vicinity made from Figure 21a. The in between state represented in magenta in Figure 21a can be better understood by analysing Figure 22b at 0.6 <  R/Dh <  0.8 and 1.0 <  R/Dh <  1.2. It appears in these areas of the plot that C1c and C3c are both stronger than C2c which is nearly zero. Figure 22a shows that the span-wise and rod-normal Reynolds stresses are nearly equal, with a value that is approximately half the value of the Reynolds stress in the streamwise direction for 0.6 <  R/Dh <  0.8 and 1.0 <  R/Dh <  1.2. Figure 22b also shows a maximum value for C3c of 0.8. This value is characteristic of a flow close to an isotropic state.
It appears from Figures 22a and 22c that the sum of the normalised Reynolds stresses goes from a maximum of 0.40 at z′=1 Dh to 0.06, at z′=5 Dh. Hence there is a strong loss of turbulent kinetic energy compared to the results at z′=1 Dh. The variations of Reynolds stresses from Figure 22c are also different in comparison with the results from Figure 22a. The streamwise component increases sharply in the rod vicinity then decreases with the distance from the rods. The span-wise component increases more slowly than the streamwise component and decreases far away from the rods. The normal component starts with a null value at the walls and increases in the subchannel. In the case of Figure 22c the span-wise velocity fluctuations remain lower than the streamwise velocity fluctuations for R/Dh <  0.5. Figure 22d has a maximum value for C3c of 0.7. This is characteristic of a nearly isotropic flow. The portion of Figure 22d with C3c being above 0.6 is larger than in Figure 22b, confirming that a larger area of the flow is in a nearly isotropic state. A more thorough analysis of Figure 22d shows that C2c is greater than C1c for the three cells that are the closest to the central rod. Once these three cells are past, C1c becomes greater than C2c for the next 4 cells due to the two large extreme values of < u′zu′z> visible in Figure 22c. Finally, the cyan colour appearing in Figure 21b corresponds to a transitional state with C2c larger than C1c between the rod vicinity and the large nearly isotropic area. In this transitional state C2c = 0.6 on Figure 22d. This corresponds to < u′θu′θ> = < u′zu′z> being greater than a non-zero < u′ru′r> in Figure 22c.
Figure 22e shows results similar to Figure 22c. The sum of the normalised Reynolds stresses represents approximately 0.06 close to the rod and approximately 0.03 in the middle of the subchannel. Hence turbulence decay between z′=5 Dh and z′=10 Dh is less important than the decay between z′=1 Dh and at z′=5 Dh. Figure 22e shows that the Reynolds stresses follow the same variations as at z′=5 Dh and at z′=10 Dh. The streamwise Reynolds stress is 5 times larger than the span-wise Reynolds stress in the rod vicinity at z′=10 Dh. For 0.7 <  R/Dh <  1.1 the Reynolds stresses are of the same order of magnitude and Figure 22f confirms that the flow is nearly isotropic in this portion of the subchannel. According to Figure 22e the span-wise Reynolds stress never exceeds the streamwise Reynolds stress unlike in the cases z′=1 Dh and at z′=5 Dh. Figure 22f shows that the closest point to the central rod shows C2C greater than C1C. The rest of the points in the vicinity of the central rod have C1C greater than C2C. Figure 22f confirms the presence of a transitional area similar to the one found in Figure 22d, allowing the transition between the anisotropy in the rod vicinity and the isotropic part of the flow.
8. Anisotropy analysis with mixing vanes
The post-processing method of Section 6 is now applied to the results from the cases with mixing vanes. As in Section 7, the analysis starts on the colour maps and then moves on to the plots over the line (b) from Figure 2.
8.1. Physical analysis over the planes
The colour maps obtained from the results of the calculation with mixing vanes on planes at z′=1 Dh, z′=5 Dh, z′=10 Dh, and z′=15 Dh are given respectively in Figures 23a–23d.
Figure 23a shows the anisotropy of the flow at z′=1 Dh. The flow appears to be mainly anisotropic with some scattered isotropic areas appearing in blue on the map. The green colour around the rods indicates that the velocity fluctuations evolve along two components in the rod vicinity, as was the case for Figure 21a. It is possible to distinguish cyan eddy-shaped patterns in the subchannels of Figure 23a. These patterns have an ellipsoid shape and follow the inclinations of the mixing vanes.
Figures 23b and 21b are much more alike than Figures 23a and 21a. Figure 23b shows the same mix of green and red in the rod vicinity; indicating a transition occurring at z′=5, with the flow passing from velocity fluctuations along two components to velocity fluctuations along one component. The large areas of blue colour in Figure 23b also indicate that a large part of the section showcases a nearly isotropic turbulent flow. However, unlike in Figure 21b some anisotropic areas appear in each of the subchannels.
	[image: Thumbnail: Fig. 23. Refer to the following caption and surrounding text.]	Fig. 23. Anisotropy componentality contours at, z′=1 Dh (a), z′=5 Dh (b), z′=10 Dh (c), z′=15 Dh (d) and the chosen colour mapping (e).




Figure 23c shows the flow anisotropy at z′=10 Dh. There are again great similarities between the results with mixing vanes from Figure 23c and its no mixing vanes counterpart from Figure 21c. At z′=10 Dh, a strong red colour appears in the vicinity of the rod, indicating a strongly anisotropic flow with velocity fluctuations along a single component. There are also large blue areas indicating a nearly isotropic flow. However, the presence of the magenta areas indicates that the flow remains anisotropic in the subchannels, as in Figure 23b.
Figure 23d shows the flow anisotropy at z′=15 Dh. The analysis is the same as that for Figure 23c. The red areas in the rod vicinity are larger at z′=15 Dh than at z′=10 Dh. However the magenta anisotropic areas in the subchannels are diminished compared to Figure 23c. The analysis of the 4 maps seems to indicate that the patterns observed in the subchannel at z′=1 Dh propagate further downstream and are responsible for the flow anisotropy in the subchannel up to at least 15 Dh.
8.2. One-dimensional profiles
In this subsection the Reynolds stress tensor and the anisotropy weights are plotted over the line (b) of Figure 2. The plotted components of the Reynolds stress tensor are the same as in Section 7.2, using same cylindrical coordinates system. The results are given in Figure 24.
	[image: Thumbnail: Fig. 24. Refer to the following caption and surrounding text.]	Fig. 24. Reynolds stress tensor (a) and Anisotropy weight (b) plot over the subchannel line, z′=1 Dh in the case of the grid with mixing vanes. Reynolds stress tensor (c) and Anisotropy weight (d) plot over the subchannel line, z′=5 Dh in the case of the grid with mixing vanes. Reynolds stress tensor (e) and Anisotropy weight (f) plot over the subchannel line, z′=10 Dh in the case of the grid with mixing vanes.




Figure 24a indicates that the maximum of the normalised Reynolds stress in one component reaches 0.23. The sum of the normalised Reynolds stresses remains greater than or equal to 0.15 everywhere for 0.5 <  R/Dh <  1.3. The Reynolds stress in the streamwise direction increases in the vicinity of the rods, then remains nearly constant around R/Dh = 0.6 and then strongly decreases around R/Dh = 0.7 to reach its minimum in the middle of the subchannel. For values of R/Dh >  0.8, the Reynolds stress in the streamwise direction steadily increases to reach its maximum in the rod vicinity and then plummets, getting closer to the rod wall. The Reynolds stress in the span-wise direction is nearly equal to the Reynolds stress in the streamwise direction near the central rod wall but small near the other rod wall. However, it drops faster in both cases than the Reynolds stress in the streamwise direction in order to reach its minimum in the middle of the subchannel. The normal component of the Reynolds stress is null in the rod vicinity and increases slowly up until R/Dh = 0.6. It then remains nearly constant for 0.6 <  R/Dh <  0.8 and increases its maximum in the subchannel. The profile of the Reynolds stress in the rod normal direction then follows a symmetrical pattern for R/Dh >  0.9. The three Reynolds stresses are never equivalent in the subchannel. The maximum value reached by C3c is around 0.7 in Figure 24b.
Figure 24c shows a maximum of normalised Reynolds stress at less than 0.05. Hence, the turbulent kinetic energy of the flow has decreased significantly when passing from 1 Dh to at z′=5 Dh. Figure 24c shows a high streamwise component of the Reynolds stress tensor at the walls that diminishes in the subchannel. The span-wise component remains greater than the normal component at the rod wall but is significantly lower than the streamwise component. In the subchannel, the three components are close. Figure 24d has a maximum value for C3C around 0.8 which is close to isotropy. However C3C is below 0.6 for [image: Mathematical equation: $ 0.8 < \frac{R}{Dh} < 1.0 $]. Hence, the flow is not isotropic in the central part of the subchannel. Figure 24d also shows similar results to Figure 22d regarding the behaviours of C1c and C2c in the rod vicinity for [image: Mathematical equation: $ \frac{R}{Dh} < 0.6 $] and [image: Mathematical equation: $ \frac{R}{Dh} > 1.2 $]. In these zones the first one or two cells have a high value of C2c, which then plummets to a value lower than C1c. Then C2c increases to 0.5 again in the transition between the rod vicinity and the isotropic part of the flow.
The nature of the variations of the Reynolds stress tensor in Figure 24e is nearly identical to the variations in Figure 24c. However, the numerical values are different. Figure 24e shows a single point with C2C greater than C1C close to the rods. After this first point C1C is the strongest of the three weights until the transition zone. After this transition zone C3C becomes the strongest in the range [image: Mathematical equation: $ 0.6 < \frac{R}{Dh} < 1.2 $]. The maximum value reached for C3C is 0.7. C3C lies between 0.4 and 0.5 for 0.8 <  R/Dh <  1.0 indicating that the flow is far from isotropy in the middle of the subchannel at z′=10 Dh.
9. Discussion
The results of the calculations highlighted a lot of differences between the flows downstream of the two configurations of spacer grids. At first it appeared that the cross-flow close to the grid is far more important in the case with mixing vanes, especially in the subchannel. The differences in the behaviour of the cross-flow remain with the distance away from the grid, however, the magnitude of the cross-flow compared to the norm of the velocity field are equivalent between the cases at z′=10 Dh. Although the cross-flows are different, very few differences appear between the cases when analysing the turbulence intensity of the flow. This seems to confirm the equivalent orders of magnitude observed for the turbulent kinetic energy and Reynolds stress tensor of the flow analysed in the last two sections. Important differences appear in the analysis of the integral length scale of the flow at every location downstream of the spacer grid. These differences, coupled with the analysis of turbulence intensity, seem to indicate that the vortex structures created in both cases are different and propagate differently but generate an equivalent level of turbulence intensity within the flow. At last the analysis of the decay rate tends to show that the vortex structures generated downstream of a spacer grid decay faster with the distance away from the grid in the case without mixing vanes.
The results analysed in this study confirm that the flow inside a rod bundle downstream of a spacer grid is highly anisotropic. The flow anisotropy differs with numerous parameters such as the type of grid (without or with mixing vanes) as well as the distance from the grid. The anisotropic behaviour of the flow is also different depending on the region of interest, whether it is inside the subchannel, the gaps between rods or the rod vicinity.
The anisotropic behaviour of the flow close to the grid is very different from the case without a grid. The results at z′=1 Dh show that, in the case without mixing vanes, the flow remains nearly isotropic only in a short area located in the middle of the subchannels and in the middle of the gaps. In the presence of the mixing vanes, the grid creates anisotropic patterns linked to the mixing vanes’ orientations in the subchannels. These patterns are delimited by zones with strong streamwise velocity fluctuations, weaker span-wise velocity fluctuations, and even weaker rod-normal velocity fluctuations. Hence, the flow is anisotropic in the entire subchannels at z′=1 Dh in the case of a spacer grid with mixing vanes. The results also show that in this case the flow is also anisotropic in the gaps between rods. Whether the grid has mixing vanes or not, the flow in the vicinity of the rods is anisotropic with velocity fluctuations equivalent in the streamwise and the span-wise directions at z′=1 Dh. The observation of strong velocity fluctuations in two components in the rod vicinity might be important for local estimations of heat transfer at the rod walls or rod excitation forces. All of these observations constitute yet another argument for the use of a non-linear eddy viscosity model when performing unsteady RANS CFD calculations of the flow inside a rod bundle downstream of a spacer grid.
The differences with the case without a grid only diminish with the distance from the grid. Whether the grid has mixing vanes or not, the flow is isotropic in the entire gaps by z′=5 Dh. This is similar to the case without a grid. In the case without mixing vanes, the flow becomes isotropic in the entire subchannel, as it does in the case without a grid. In the case with mixing vanes, the anisotropic patterns observed at z′=1 Dh propagate downstream, leaving the flow in an anisotropic state at z′=5 Dh. These anisotropic patterns then propagate further downstream of the grid. Although these anisotropic patterns seem to decay with the distance from the grid, the anisotropy remains in the middle of the subchannels up to z′=15 Dh. The flow in the rod vicinity tends to shift from velocity fluctuations strong along two components to velocity fluctuations strong along one component at z′=5 Dh, with or without mixing vanes. By z′=10 Dh, the velocity fluctuations in the rod vicinity are stronger in the streamwise direction than in the other two, as they are in the case without a spacer grid.
The analysis of flow metrics and turbulence anisotropy together seems to show that the mixing vanes are responsible for the creation of different turbulent structures compared with those observed without mixing vanes, as well as a stronger cross-flow. These turbulence structures are not responsible for an increase in turbulence intensity or turbulent kinetic energy. However, these turbulence structures decay less rapidly than in the case without mixing vanes. This slower decay might lead to slower breakdown of the large anisotropic eddies into smaller isotropic eddies. This could be linked to the observation of turbulence anisotropy in the subchannels, which is only observed in the case with mixing vanes.
10. Conclusion
The WRLES of a reduced model of the CALIFS 5x5 test section has been performed at Re = 14 000 with and without mixing vanes on the grid. For each simulation the velocity field was extracted on several planes at different distances downstream of the spacer grid. Several checks were then performed to ensure the reliability of the results. After this, the turbulent anisotropy of the flow was characterised for both cases using the calculation of the Reynolds stress tensor eigenvalues.
The results show a strong influence of the grid on the turbulence anisotropy at z′=1 Dh. This impact is the same with or without mixing vanes in the rod vicinity. Close to the rods, the velocity fluctuations are equivalent along the streamwise and span-wise components but remain null on the rod-normal component. The influence of the grid on the turbulence anisotropy becomes negligible by z′=10 Dh after the passage of the grid without mixing vanes. In the case with mixing vanes, the grid continues to have an impact on the turbulence anisotropy in the subchannels at least for the first at z′=15 Dh.
Some possible perspectives on this work would be to assess the impact of the choices made on the geometry used to perform the calculation. In the future, the same numerical methodology could be applied to simulate the entire CALIFS 5x5 domain in order to assess the impact of using a shorter domain on the accuracy of the results presented. Another possibility would be to extend the rod-bundle length downstream of the spacer grid and apply a periodic boundary condition that returns the outflow to the inlet of the computational domain. The results of such calculations could make it possible to assess the influence of the upstream spacer grid on the flow within the domain of interest in the CALIFS 5×5 test section.
At last, numerous ways could be explored to complete this work in the process of explaining the discrepancies observed between LES results and experimental results in the previous benchmarks. For example, the size of the filter and the use of a wall model could affect the calculation of pressure fluctuations at the rods walls. Another study assessing the impact of mesh refinements and coarsening will be conducted in order to confirm of refute these hypotheses. The results of this study also raises several interrogations on the impact of the flow anisotropy in the rod vicinity for the numerical simulations of heat transfer and excitation forces downstream of spacer grids.
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Schematic representation and illustration of the CALIFS 5x5 test section. Figure from [16].
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	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Cross sectional view of the mesh inside a subchannel downstream of the spacer grid (a), inside a gap between two rods (b), inside a subchannel through dimples (c), around the central rod through springs (d). Front section view of the mesh through the grid, near the outlet of the grid (e). The volume cells are represented in grey and the surface cells are represented in blue.
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	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Plot of [image: Mathematical equation: $ \frac{{ < }{u\prime_{z}}{u\prime_{z}}{ > }}{0.5U_\mathrm{{bulk}}^{2}} $], over the subchannel line (b), at z′=1 Dh without (a) and with (b) mixing vanes.
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	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. [image: Mathematical equation: $ \frac{\mathrm{max}(l)}{\lambda} $]
z′=1 Dh (a) and z′=15 Dh (b) downstream of the spacer grid. The colour-maps represent the scale of the values taken by [image: Mathematical equation: $ \frac{\mathrm{max}(l)}{\lambda} $].
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	[image: Thumbnail: Fig. 9. Refer to the following caption and surrounding text.]	Fig. 9. [image: Mathematical equation: $ \frac{\lambda}{D_h} $] over the line (a) of Figure 2, at z′=1 Dh, for the spacer grid with mixing vanes.
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	[image: Thumbnail: Fig. 10. Refer to the following caption and surrounding text.]	Fig. 10. u+ = f(y+) for the fully developed turbulent flow in the gap between rods, z′=5 Dh upstream of the grid section.
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	[image: Thumbnail: Fig. 11. Refer to the following caption and surrounding text.]	Fig. 11. Vector representation of the non streamwise components of the averaged velocity field, at z′=5 Dh with mixing vanes. In the figure, the colour-map represents the scale of secondary flow velocity magnitude normalised by the bulk velocity.
In the text



	[image: Thumbnail: Fig. 12. Refer to the following caption and surrounding text.]	Fig. 12. Plot of [image: Mathematical equation: $ \frac{ < U_z > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (a) Plot of [image: Mathematical equation: $ \frac{ < U_y > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) without mixing vanes.
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	[image: Thumbnail: Fig. 13. Refer to the following caption and surrounding text.]	Fig. 13. Plot of [image: Mathematical equation: $ \frac{ < U_z > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh with mixing vane (a). Plot of [image: Mathematical equation: $ \frac{ < U_y > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) with mixing vanes.
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	[image: Thumbnail: Fig. 14. Refer to the following caption and surrounding text.]	Fig. 14. Plot of [image: Mathematical equation: $ \frac{u\prime_{zRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (a). Plot of [image: Mathematical equation: $ \frac{u\prime_{yRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) without mixing vanes.
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	[image: Thumbnail: Fig. 15. Refer to the following caption and surrounding text.]	Fig. 15. Plot of [image: Mathematical equation: $ \frac{u\prime_{zRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh with mixing vanes (a). Plot of [image: Mathematical equation: $ \frac{u\prime_{yRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) with mixing vanes.
In the text



	[image: Thumbnail: Fig. 16. Refer to the following caption and surrounding text.]	Fig. 16. Plot of |Ux + Uy|/∥U∥, over the line (b) at z′=1 Dh (a), z′=10 Dh (b).
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	[image: Thumbnail: Fig. 19. Refer to the following caption and surrounding text.]	Fig. 19. Plot of τ, over the line (b) at z′=1 Dh (a) z′=10 Dh (b).
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	[image: Thumbnail: Fig. 20. Refer to the following caption and surrounding text.]	Fig. 20. Barycentric map of componentality contours for a 5x5 bare rod bundle, DNS results from [22].
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	[image: Thumbnail: Fig. 21. Refer to the following caption and surrounding text.]	Fig. 21. Anisotropy componentality contours at, z′=1 Dh (a), z′=5 Dh (b), z′=10 Dh (c), z′=15 Dh (d), in the case of the grid without mixing vanes and the chosen colour mapping (e).
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	[image: Thumbnail: Fig. 22. Refer to the following caption and surrounding text.]	Fig. 22. Reynolds stress tensor (a) and Anisotropy weight (b) plot over the subchannel line b from Figure 1 at z′=1 Dh. Reynolds stress tensor (c) and Anisotropy weight (d) plot over the subchannel line b from Figure 1 at z′=5 Dh. Reynolds stress tensor (e) and Anisotropy weight (f) plot over the subchannel line b from Figure 1 at z′=10 Dh.
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	[image: Thumbnail: Fig. 23. Refer to the following caption and surrounding text.]	Fig. 23. Anisotropy componentality contours at, z′=1 Dh (a), z′=5 Dh (b), z′=10 Dh (c), z′=15 Dh (d) and the chosen colour mapping (e).
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	[image: Thumbnail: Fig. 24. Refer to the following caption and surrounding text.]	Fig. 24. Reynolds stress tensor (a) and Anisotropy weight (b) plot over the subchannel line, z′=1 Dh in the case of the grid with mixing vanes. Reynolds stress tensor (c) and Anisotropy weight (d) plot over the subchannel line, z′=5 Dh in the case of the grid with mixing vanes. Reynolds stress tensor (e) and Anisotropy weight (f) plot over the subchannel line, z′=10 Dh in the case of the grid with mixing vanes.
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        Geometric representation of the grid without mixing vanes, view from above.
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        Representation of the periodic mirroring boundary condition of the mixing vanes in CALIFS.
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        u+ = f(y+) for the fully developed turbulent flow in the gap between rods, z′=5 Dh upstream of the grid section.
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        Vector representation of the non streamwise components of the averaged velocity field, at z′=5 Dh with mixing vanes. In the figure, the colour-map represents the scale of secondary flow velocity magnitude normalised by the bulk velocity.
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        Plot of [image: Mathematical equation: $ \frac{ < U_z > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (a) Plot of [image: Mathematical equation: $ \frac{ < U_y > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) without mixing vanes.

      

    

  
    
      Fig. 13. 

      
        [image: Fig. 13. Refer to the following caption and surrounding text.]
      

      
        Plot of [image: Mathematical equation: $ \frac{ < U_z > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh with mixing vane (a). Plot of [image: Mathematical equation: $ \frac{ < U_y > }{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) with mixing vanes.

      

    

  
    
      Fig. 14. 

      
        [image: Fig. 14. Refer to the following caption and surrounding text.]
      

      
        Plot of [image: Mathematical equation: $ \frac{u\prime_{zRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (a). Plot of [image: Mathematical equation: $ \frac{u\prime_{yRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) without mixing vanes.

      

    

  
    
      Fig. 15. 

      
        [image: Fig. 15. Refer to the following caption and surrounding text.]
      

      
        Plot of [image: Mathematical equation: $ \frac{u\prime_{zRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh with mixing vanes (a). Plot of [image: Mathematical equation: $ \frac{u\prime_{yRMS}}{U_{\mathrm{bulk}}} $], over the line (c), at z′=1 Dh (b) with mixing vanes.

      

    

  
    
      Fig. 16. 

      
        [image: Fig. 16. Refer to the following caption and surrounding text.]
      

      
        Plot of |Ux + Uy|/∥U∥, over the line (b) at z′=1 Dh (a), z′=10 Dh (b).

      

    

  
    
      Fig. 20. 

      
        [image: Fig. 20. Refer to the following caption and surrounding text.]
      

      
        Barycentric map of componentality contours for a 5x5 bare rod bundle, DNS results from [22].

      

    

  
    
      Fig. 23. 

      
        [image: Fig. 23. Refer to the following caption and surrounding text.]
      

      
        Anisotropy componentality contours at, z′=1 Dh (a), z′=5 Dh (b), z′=10 Dh (c), z′=15 Dh (d) and the chosen colour mapping (e).

      

    

  
    
      Fig. 24. 

      
        [image: Fig. 24. Refer to the following caption and surrounding text.]
      

      
        Reynolds stress tensor (a) and Anisotropy weight (b) plot over the subchannel line, z′=1 Dh in the case of the grid with mixing vanes. Reynolds stress tensor (c) and Anisotropy weight (d) plot over the subchannel line, z′=5 Dh in the case of the grid with mixing vanes. Reynolds stress tensor (e) and Anisotropy weight (f) plot over the subchannel line, z′=10 Dh in the case of the grid with mixing vanes.
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