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DEN-STMF, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France

1. INTRODUCTION
The reactor core of a PWR (Pressurized Water Reactor) is assembled from arrays of nuclear
fuel bundles, which in turn are typically composed by 15×15 or 17×17 fuel rods. Support and mixing
grids are positioned within the assembly at specific axial distances to maintain the lateral spacing of
fuel rods. Since turbulent, force convection dominates the transport of the thermal energy from the
surfaces of the fuel rods to the bulk of the fluid, mixing vanes are placed on the top edges of the
mixing grid lattice in order to enhance turbulence and thus heat transfer. The cooling water flows
mainly in the direction parallel to the rods. Due to the mixing vanes, cross flow occurs in planes
orthonormal to the axial direction.
The temperature distribution in nuclear reactor fuel assemblies is a function of the mixing
efficiency of the mixing grid, the turbulence level of the flow and the cross flow velocity. The onset of
nucleate boiling is expected far downstream of the mixing grids, where both turbulence level and
cross flow velocities are low. Hence, it is important not only to focus CFD applications on the flow
close to the mixing grid, but also on the flow further downstream of the grid. Furthermore, evidence
was found that temperature fluctuations could be induced by cross flow within a fuel assembly
(intra-assembly mixing) and between neighboring fuel assemblies (inter-assembly mixing). Such
temperature fluctuations can potentially damage the fuel rod cladding, especially in the upper part of
the core where the heat flux density is small.
Karoutas et al. (1995) realized one of the first CFD simulations of turbulent flow in a fuel
bundle with mixing vanes by using Reynolds Averaged Navier Stokes Equations (RANS). However,
only half of a single sub channel was simulated using symmetry boundary conditions. Navarro and
Santos (2011) improved these results using a computational domain of a 5×5 rods. Such 5×5 rod
bundle domains have been extensively analyzed in various studies. Exemplified cited is the MATIS_H
experiment (Smith et al., 2013) that was analyzed among others by Agbodemegbe et al. (2015),
Capone et al. (2013), Mikuž and Tiselj (2017) and Rashkovan et al. (2014). Bieder et al. (2014) and
Muller et al (2018) analyzed the AGATE experiments and the NESTOR experiments were studied by
Kang and Hassan (2016). Other 5x5 experiments were investigated for example by Conner et al.
(2013), Holloway et al. (2008), Gandhir and Hassan (2011) as well as Nguyen and Hassan (2017).
Lee and Choi (2007) showed the effect of different positions and orientations of mixing vanes
on thermo-hydraulic performances. A Reynolds Stress Transport Model (RSTM) was used to see the
effects of secondary flow. Conner et al. (2010) compared CFD simulations with experiments and
obtained satisfactory prediction of cross flow velocity and heat transfer. According to Conner et al.
(2010), Westinghouse has tested and validated in extensive research the applicability of turbulence
models to simulate fuel rod bundles. The renormalization group (RNG) k–ε model had been found to
produce the closest agreement with available experimental data. Gandhir and Hassan (2011) have
analyzed the flow in a 5×5 rod bundle with mixing grid up to an axial length of 30 hydraulic diameters
by using k-ω SST and realizable k-ε model. The magnitude of the calculated cross flow velocity
downstream of the grid differs between the two models approximately by a factor of four.
For the complete axial distance between two mixing grids, Ylönen (2013) has reported high
quality experimental data for a 4x4 rod bundle. This data has also been analyzed with CFD
calculations by using RSTM. He concluded that reasonable qualitative agreement between
experiment and simulation was achieved with moderate modelling effort.

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Ikeno et al. (2006) used Large Eddy Simulations (LES) to model cross ﬂow and its decay
downstream of a mixing grid. They conclude that the computational results reasonably reproduced
experimental results for the drag coefficient (difference of a factor two) and the decay rate of
swirling flow. Delafontaine and Ricciardi (2012) used LES to predict the fluctuating pressure forces on
a single tube in a bi-periodic 2×2 rod bundle with mixing grid.
Due to the important increase of computational power in recent years, first CFD analysis of full
size fuel assemblies have been published. Li and Gao (2014) simulated a 17×17 rod bundle with a
single mixing grid. However, only a short axial length of 22 mm was analyzed. Yan et al. (2014) have
analyzed by CFD the influence of the mixing grid outer straps (protective tabs) on the flow within
adjacent assemblies. One full assembly of 17×17 rods was subdivided into four sub-assemblies, each
representing one quarter of the full assembly. These four quarters were regathered to model the
water gaps. The CFD results were compared to results of sub channel codes.
Mikuž and Roelofs (2018) analyzed mixing phenomena in a heated PWR fuel assembly of
15×15 rods with split type mixing grids. They assumed all rods being similar and used a so-called lowresolution approach with porous media and momentum models to mimic the effect of spacers. They
analyzed a complete fuel assembly of 5.2 m length (4.8 m length of fuel rods) including the effects of
10 mixing grids. The heated length of the fuel rods was 4.2 m. At the upper limit of the heated zone,
Mikuž and Roelofs (2018) detected a slightly colder diagonally arranged zone in the fuel assembly.
To the knowledge of the authors, the flow within and between full cross-section fuel
assemblies with generic but realistic mixing grids has not been analyzed and published with fully
resolved RANS and LES simulations. The here presented work tries in a first attempt to close this gap
by using high performance computing (HPC). The analyzed assembly consists of a bundle of 17×17
rods including fuel rods, control rod guide tubes and a mixing grid. The axial length of the analyzed
domain spans approximately the distance between two consecutive mixing grids. Intra-assembly flow
is analyzed by modelling one single assembly; inter-assembly flow is analyzed by modelling a bundle
of 2×2 fuel assemblies. Only hydraulic effects of the mixing grids on the behavior of the flow are
analyzed yet; power input and heat transfer will be considered in subsequent studies.

2. THE GENERIC FUEL ASSEMBLY WITH MIXING GRID
The calculation domain comprises a part of a PWR fuel assembly (FA) of 17×17 fuel rods
including a mixing grid. Mixing grids (also called spacer grids) maintain the lateral spacing between
fuel rods and support the fuel rods at intervals along their length. The mixing grid consists of an eggcrate arrangement of interlocking straps. The straps contain spring fingers and dimples for fuel rod
support as well as coolant mixing vanes (Weihermiller and Allison, 1979). Guide taps on the outer
straps assure the unhindered axial movement of the fuel assembly during charge and discharge of
the reactor core. The representation of the fuel assembly and the mixing grid given in Fig.1 served as
basis for the fuel assembly model.

Fig.1 Fuel assembly and mixing grid that have inspired the geometry of the generic FA model
This figure, whose precise origin can no more be evaluated by the authors, was found on the
internet in 2010. Especially the arrangement of springs, dimples, mixing vanes and protective tabs
was deduced from this figure. The resulting CAD model of the generic mixing grid is shown in Fig.2.
The CAD model was developed in SALOME1; it is parametrized by PYTHON scripts in order to have the
possibility to modify easily the geometry of the mixing grid for further studies.
Two numbers define the location of rods and guide tubes in the assembly; the first one defines
the number of the column, the second the number of the row. As defined in Fig.2, the rows follow
the x-direction and the columns follow the y-direction (location of a rod n° = column : row).

1

https://salome-platform.org/

Location of
rod 15:2

Fig.2 Top view of the generic mixing grid and an example for the numbering of rods and guide tubes
A zoom on the CAD-model of fuel rods, guide tube, springs, dimples, lattice strap and
protective tabs is given in Fig.3. Guide tubes have a larger diameter than fuel rods. They are not
fasten by springs and dimples but by guide thimbles that are joined to the straps.

Fig.3 Zoom on fuel rods, guide tubes, grid strap, springs and dimples (top view)
The protective tabs are located on the outer lattice straps, which have a slightly higher width
than the inner straps (Weihermiller and Allison, 1979). The geometry of the springs is simplified; they

are not modelled as bands. The tangential contact between dimple and fuel rod was avoided by
increasing their contact zone.
Fig.4 shows a generic form of split type mixing vanes with a triangular central hole. Drop wise
holes as used by Delafontaine (2018) and Capone (2012) are used for the calculations presented
here. The angle between grid strap and vane is 33°. The mixing vanes are arranged on the straps to
initiate diagonal cross flow in order to increase the flow mixing between sub-channels. Mixing vanes
are absent in the sub-channels around the control rod guide tubes. Weld nuggets (Capone, 2012) are
not modeled.

Fig.4 Zoom on fuel rods, guide tubes, springs dimples and mixing vanes (top view)
Protective tabs are located at the lateral grid straps, all oriented inside the mixing grid. A
summary of the geometry of the FA is given below:
•
•
•
•
•
•
•
•
•
•

Rod diameter
Rod-to-rod pitch
Rod-to-rod gap
Hydraulic diameter of a sub channel
Pitch/rod ratio
Control rod guide tube diameter
Side to side distance of the FA
Height of mixing grid
Gap between 2 adjacent FAs (water gap)
Distance between successive mixing grids

9.5
13.0
3.5
13.15
1.368
11.64
224
41
2
340

mm
mm
mm
mm
mm
mm
mm
mm
mm

3. THE NUMERICAL MODEL
The TrioCFD code (Angeli et al., 2015) is used for all calculations presented here. Turbulence is
treated either by RANS equations with the linear eddy viscosity k-ε model or by LES.

3.1 UNSTEADY NAVIER-STOKES EQUATIONS
The fluid is assumed Newtonian and incompressible. As only isothermal flow is discussed in
this work, buoyancy effects are not taken into account. The instantaneous velocity u of such a fluid
can be expressed by the equation of mass conservation Eq.1 and momentum conservation Eq.2
(Pope, 2000). Einstein’s matrix notation is used.
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For laminar flow, the effective viscosity νeff is the kinematic viscosity ν of the fluid. SM is a
momentum source term.

3.2 TURBULENCE MODELLING
The Reynolds number of the flow in the analyzed fuel assembly is about 500000. Thus,
turbulence is modelled for closing of the Navier-Stokes equations. Two physically different models
were selected: Unsteady Reynolds averaged Navier-Stokes equations (U-RANS) and filtered NavierStokes equations for large eddy simulations (LES).
3.2.1 Reynolds averaged Navier-Stokes equations

In Reynolds-averaging turbulence modelling, an averaging operation denoted by ̅ is applied to
the instantaneous velocity in Eqs. (1, 2). The non-linearity of the Navier-Stokes equations gives rise
to Reynolds stress terms that are modeled by turbulence models. Most turbulence models for
industrial applications are based on Boussinesq’s concept of eddy-viscosity, which assumes that the
Reynolds stresses are aligned with the main strain rates:
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The Reynolds averaging approach leads to the Reynolds averaged mass conservation equation
and the Navier-Stokes equations. For the RANS approach, Eqs. (1, 2) are written for the Reynolds
averaged velocity /! and
= + . In the study presented here, the turbulent viscosity
is
calculated from the well-known k-ε model by using the following formulation (Pope, 2000):
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The Reynolds stresses $$$$$$
! # are calculated from Eq.3. The following empirical coefficients are
used: cµ=0.09, σk=1, σε=1.3, Cε1=1.44, Cε2=1.92.

3.2.2 Filtered Navier-Stokes equations

In large eddy simulations (LES), a filtering operation denoted by ~ is applied to the
instantaneous velocity of Eqs. (1, 2). The appearing sub-grid-scale stress tensor τij is calculated using
an analogy to the Boussinesq eddy viscosity concept:
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Then, Eqs. (1, 2) are written for the filtered velocity B! and
= + C . The wall adaptive
local eddy-viscosity (WALE) model is applied (Nicoud and Ducros, 1996) to calculate the sub-gridscale viscosity νSGS according to the following equations (Cw=0.5):
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3.3 NUMERICAL SOLUTION OF THE CONSERVATION EQUATIONS
3.3.1 Discretization method

TrioCFD (Angeli et al, 2015) 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 (Angeli et al., 2018). The pressure, however, is
located in the vertices and at the center of gravity of a tetrahedral element, as shown for the 2D case
by Höhne et al. (2006). This discretization leads to very good pressure/velocity coupling and has a
very dense divergence free basis. Along this staggered mesh arrangement, the unknowns, i.e. the
vector and scalar values, are expressed using non-conforming linear shape-functions (P1-nonconforming). The shape function for the pressure is constant for the center of the element (P0) and
linear for the vertices (P1). Angeli et al. (2018) give more information on the discretization method.
3.3.2 Solution method

For the two types of turbulence modelling approaches, different solution methods are used.
For RANS calculation, the 1st order Euler backward time marching scheme was used to solve the
momentum equations. A fully implicit velocity projection method assures the mass conservation.
Guermond and Quartapelle (1998) have demonstrated the stability of this scheme. For LES, the
explicit 2nd order Adams-Bashforth time marching scheme was used to solve the momentum
equations. The SOLA pressure projection method of Hirt et al. (1975) assures the mass conservation.
The convergence thresholds have been set to 10-6 for all calculations presented here.
3.3.3 Boundary and initial conditions

Dirichlet boundary conditions were used at inflow faces. Fully developed turbulent flow in a
bare rod bundle without mixing grids is assumed at the inlet (Bieder et al. 2014). In order to create
the corresponding velocity profiles, a periodic sub-domain is extruded from the inflow faces.
Periodicity is applied on this sub-domain as boundary condition in axial direction. The flow is
initialized with the desired spatially constant mean axial velocity (5.35m/s). Then, the flow develops
temporally in the periodic domain during a transient. A momentum source term assures a constant
mean axial mass flow rate. After transition to turbulence, the transient was continued until both the
temporal mean values and the RMS of the velocity have converged. Temporally constant profiles of
velocity, k and ε are used for RANS calculations, the instantaneous velocity of the periodic domain is
imposed at each time step for LES (Bieder et al. 2014). Neumann conditions with an imposed

pressure are applied at outflow faces. Standard wall functions are used to model momentum
exchange between walls and fluid. In fact, Reichardt’s general wall law (Eq. (11) with κ=0.415) is
used, which spans with one correlation viscous-, buffer- and turbulent sub-layer (Reichardt, 1951).
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A slip wall boundary condition (symmetry) is applied at the boundaries that surround laterally the rod
bundle in order to mimic free flow conditions in the water gaps between adjacent FAs.
3.3.4 Parallelization

The presented CFD calculations have been carried out by exploiting the parallel calculation
capabilities of the code. Using METIS libraries, each domain is decomposed into several overlapping
sub-domains; all sub-domains were equally distributed among different processor cores, which, by
using message passing interface libraries (MPI), communicate mutually only when data transfer is
needed.
3.3.5

Summary of the numerical scheme

For the two types of turbulence modelling approaches, slightly different numerical schemes
are used. For RANS calculation, a finite-element based 2nd order upwind scheme is used to discretise
the convection term (called ef_stab). Ducros et al. (2010) give detailed information on this scheme.
The complete numerical scheme for RANS calculations is summarized in Table 1
Table 1: RANS numerical scheme
Mesh
Time scheme
Spatial
Discretisation

Tetrahedral mesh
Euler backward
Convection
Diffusion
Pressure solver

Turbulence

U-RANS
Wall law

1rd order implicit
2nd order upwind
2nd order centred
Conjugated gradient
with SSOR preconditioning
k-ε
Law of Reichhardt

For LES, the convection term is discretized by a 2nd order centered scheme developed by
Kuzmin and Turek (2004) for scalar transport. Fortin (2006) has extended this scheme to momentum
transport. Additional information on the LES numerical scheme is summarized in Table 2.
Table 2: LES numerical scheme
Mesh
Time scheme
Spatial
Discretisation

Tetrahedral mesh
Adams-Bashforth
Convection
Diffusion
Pressure solver

Turbulence

LES
Wall law

2nd order explicit
2nd order centred
2nd order centred
Conjugated gradient
with SSOR preconditioning
WALE
Law of Reichhardt

3.4 THE MESHING
The CAD model was built in SALOME and was transferred in STEP format to the commercial
mesh generator ICEMCFD®. A pure tetrahedral meshing was created around the mixing grid in the
region called Meshed Zone that has an axial extension of 43 mm (see Fig.5). Then, the surface mesh
of the axial boundaries of the Meshed Zone, which is represented by triangles, was extruded
uniformly in z-direction, more precisely -30 mm in upstream direction and +300 mm in downstream
direction. Each created prismatic cell has an axial length of 3 mm. Each prism is then divided into 3
tetrahedrons. The resulting calculation domain of one assembly of 17×17 rods is shown in Fig.5
including the inlet and outlet plane.

Fig.5 Calculation domain of the fuel assembly with mixing grid, meshed and extrudes zones as well
as inlet and outlet planes.
Various tests concerning the meshing method (Delaunay, octree, advancing front, tgrid) and
local mesh refinement near walls were performed. For the same number of tetrahedrons, these tests
lead to the conclusion that the best performance concerning the resolution time of one time step is
achieved with the Delaunay meshing method and using a homogeneous mesh size in the whole
calculation domain (no local mesh refinement). Two meshes were finally retained, one for LES with a
reference size of 1 mm and 50 million tetrahedral cells in the Meshed Zone and one for RANS
calculations with a reference size of 5 mm and 20 million tetrahedrons in the Meshed Zone. Fig.6
shows the meshing of the control volumes for mass conservation inside the mixing grid with the
presence of the grid strap, a vane and a dimple. The meshing downstream of the mixing grid with
fuel rods and a guide tube (control volumes for mass conservation) is given in Fig.7. Prismatic cells
near fuel rods, guide tubes and mixing grid have not been used in this study, neither in the meshed
zone nor in the extruded zones. Such prismatic cells, which were cut into tetrahedrons for the use in
TrioCFD (Angeli et al, 2015), improve indeed the resolution of wall boundary layers (Bieder et al,
2014). However, the complex geometry of dimples led to the formation of very small prismatic cells
and thus to even smaller tetrahedrons. These small cells would drastically reduce the time step.
Nevertheless, for further studies with heat transfer, it is planned to add two layers of prismatic cells
to the fuel rods.

Fig.6 Meshing in the mixing grid
with mixing vane and dimple

Fig.7 Meshing downstream of the mixing grid with fuel rods
and a guide tube (control volumes for mass conservation)

The total mesh size of the complete calculation domain is about 130 million tetrahedrons for
the fine mesh and 60 million tetrahedrons for the coarse mesh. As the velocity is discretized in the
center of the faces of the tetrahedrons, the distance between two calculation points is about four
times smaller than the reference size (about 0.25 mm for the fine mesh). Analogously, the number of
velocity control volumes is twice as high as the number of tetrahedrons (260 million for the fine
mesh). The fine mesh of a sub-channel is shown in Fig.8 where the control volumes of the velocity
are visualized.
In order to put together clusters of various fuel assemblies of 17×17 rods, the meshing of the
lateral faces of the assembly is periodic in x and y direction. Hence, clusters of 2×2 FAs or 1×3 FAs can
be compounded easily.
Preliminary RANS calculations served to estimate a suitable mesh size for LES from the Taylor
micro scale dt, which is approximated according to:

h i j10 ∙ ∙ -⁄k .

(16)

The Taylor micro scale defines the scale where the dominant 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 assembly downstream of the grid is shown in
Fig.8 for typical thermal hydraulic conditions in the reactor core (see chapter 5). In the central region
of the sub-channel, dt is in the order of 0.1 mm. The value descends to about 0.05 mm close to the
walls of the rods (mean Kolmogorov scale ≈ 0.01 m). In the center of the sub-channels and in the grid
region, the LES mesh approaches the characteristic length defined by the Taylor micro scale. Close to
the walls, however, the flow might be under-resolved. This shortcoming is accepted in the actual
phase of the study as Reichardt’s wall law (eq.13) is applied to treat the near wall flow. It is important
to note that the y+ value on the rods is about 300 for the fine mesh.
Mesh convergence studies have been preformed for the RANS modelling approach with the
coarse mesh and the fine mesh. The flow patterns within the Meshed Zone that were calculated with
the coarse mesh differ from those calculated with the fine mesh. However, on the fine mesh, the
RANS calculation lead in both Meshed Zone and downstream of the mixing grid to similar results as
the temporal mean values of the LES. Hence, the RANS calculations were also realized on the fine
mesh. Additional mesh refinement studies were not performed due to the resulting prohibitive high
number of tetrahedrons.

Fig.8 Distribution of the Taylor micro scale (in m) in the FA downstream of the grid and meshing of
the control volumes of the velocity

3.5 VALIDATION OF THE NUMERICAL MODEL
The used approach is very close to that used in the analysis of four validation test cases that
based on experiments: the IAEA rod bundle benchmark (Bieder et al. 2018), the AGATE experiments
(Bieder et al., 2015 and Bieder et al., 2014) and the MATHYS_H experiments (Bieder, 2012).
Numerical scheme of the validation cases, the meshing methods as well as the used sizes of the
tetrahedral cells are very similar to the numerical approach, which is used in this study. Therefore,
further validation is not discussed here. The presented numerical approach is considered as
validated.

4. ANALYSIS OF THE MIXING IN FUEL ASSEMBLIES
Typical operating conditions at nominal power in a PWR core build the thermal hydraulic basis
of this study. These typical conditions close to the core outlet are:
•
•
•
•
•
•

Total pressure
Mean coolant temperature
Mean coolant density
Dynamic viscosity
Mean coolant velocity
Reynolds number

16
330
648
7.75×10-5
5.35
605,000

MPa
°C
kg/m3
Pa s
m/s

The physical properties are take constant.

4.1 ANALYSIS OF INTRA-ASSEMBLY MIXING
The main objective of this study is to provide a better insight into cross flow formation within a
realistic fuel assembly of 17×17 fuel rods with mixing grid, known as intra-assembly flow. Although
260 million velocity control volumes are used, the turbulence modelling is insufficiently resolved near
walls. By comparing the results of the two turbulence modelling approaches RANS and LES, the
authors hope to derive a more robust interpretation of the results, especially due to the
consideration of the unsteady flow behavior.
4.1.1 Results of the RANS calculation

The norm of the cross flow velocity is defined as |mn | = om * + mf * . This cross flow is shown in
Fig.9 in color scale for a horizontal plane at z=0.05 m, i.e. 0.05 m above the upper edge of the mixing
grid lattice. In Fig.9a, the complete FA is shown. In Fig.9b a zoom around a guide tube is visualized
and the flow direction is marked by the cross flow velocity vectors. The zoom region is marked in
Fig.9a by the rectangle. According to the convention of numbering (n°=column:row), the guide tube
has the number n°=9:12.
Form and orientation of the split type mixing vanes lead within the fuel assembly to the
formation of extended cross flow along diagonal lines in +x, +y direction. The guide tubes, however,
interrupt the diagonal flow patterns as can be seen in Fig.9b. The guide tubes have a larger diameter
than the fuel rods and present thus an obstacle to cross flow. Furthermore, mixing vanes are not
present in the sub channels around guide tubes (see Fig.3), what also hinders the formation of
extended diagonal lines. Nevertheless, unhindered diagonal flow of short lengths develop near the
assembly corners. The diagonals start at the rods with the numberings n°=13:1, 14:1 and 15:1 as well
as n°=1:13, 1:14 and 1:15. Only six long diagonals of unhindered cross flow develop. These diagonals
start at the rods with the numberings n°=3:1, 6:1 and 9:1 as well as n°=1:3, 1:6 and 1:9. These
diagonals can be identified in Fig.9a and sections of four out of these six diagonals are visible in
Fig.9b.
In the flow diagonals, which are broken by the presence of the guide tubes, closed circulation
loops develop in the space between the guide tubes. Such circulation loops enclosing two fuel rods
develop for example between the guide tube n° 9:12 and the neighboring guide tubes n° 6:9 and n°
12:15 (Fig.9b). The longest circulation loop develops across the central rod n° 9:9 that ranges from
guide tube n° 6:6 to guide tube n° 12:12 (Fig.9a). Although the cross flow shown in Fig.9b seems to
form closed circulation loops, the flow follows on its way in axial direction only a short distance on
the loop since the cross flow velocity is much lower than the axial velocity.
The form of the cross flow diagonals change with increasing distance from the mixing grid.
These modified patterns of the cross flow are shown in Fig.10 for a horizontal plane at z=0.15 m, i.e.
0.15 m above the upper edge of the mixing grid lattice. In Fig.10a shows the norm of the cross flow in
the complete FA.

a)

b)

Fig.9 Norm of the cross velocity at z=0.05 m: a) complete FA and b) zoom to a guide tube (RANS)

a)

b)

Fig.10 Norm of the cross velocity at z=0.15 m: a) complete FA and b) zoom to a guide tube (RANS)
In Fig.10b, the zoom around the guide tube number n°=9:12 is visualized and the flow direction
is marked by the cross flow velocity arrows. The cross flow velocity is decreasing with increasing

distance from the grid. The long flow diagonals are still present, although they are disintegrating
more and more with increasing distance from the mixing grid. The initial diagonal cross flow direction
in +x, +y direction breaks up in separated streams in x-direction (e.g. between the rods 7:11 and
10:11) and y-direction (e.g. between the rods 11:10 and 11:14). Even an inversion of the diagonal
flow direction in –x, +y direction is observed e.g. between the rods n° 10:10 and 6:14).
Such inversion of the flow direction has been detected in reduced scale experiments of rod
bundles as the AGATE experiment (Bieder et al., 2014) and the NESTOR experiments (Kang and
Hassan, 2015). Muller et al. (2017) have related such flow direction inversion to meta-stable
solutions for the flow in rod bundles. The results presented here show that flow direction inversion
cannot only exist in small scale experiments with a reduced number of rods (e.g. 5×5), but can also
be present in realistic fuel assemblies of 17×17 rods.
4.1.2 Results of the LES calculation

Bieder et al, (2015) have shown that the use of linear eddy viscosity models as the k-ε model
suppresses the formation of secondary flow structures, which are initiated in rod bundles by the
formation of non-isotropic turbulence. Moreover, these models overestimate the stability of the
diagonal cross flow. LES calculations were thus performed to confirm the results of RANS
calculations. In analogy to Fig.9 (RANS), Fig.11 (LES) presents the cross flow for a horizontal plane at
z=0.05 m. Mean values of the cross flow velocity (|mn | = o /′

*

*
+ /′f ) are shown that are averaged

over 0.1 s. In this time period, the flow traverses approximately two times the calculation domain. In
Fig.11a, the flow in the complete FA is shown and in Fig.9b a zoom around a guide tube is visualized,
in which the cross flow velocity arrows mark the flow direction. The zoom region is marked in Fig.11a
by the rectangle.

In the LES, the cross flow also arranges in diagonal direction. Both loop types are present: the
long diagonals are shown in Fig.11a and the short recirculation loops are shown in Fig.11b. However,
compared to the RANS calculation, the long diagonals are less clearly expressed and the shorter
circulation loops are partly interrupted. Globally, the flow is more perturbed than in the RANS
calculation. The time span to collect turbulence statistics might not be long enough to better
homogenize the flow field. Low frequency fluctuations above 20 Hz are not resolved. Thus, to
account for low frequency fluctuations, the analyzed time span must be significantly increased what
is prohibitive due to the limited CPU power available. Fortunately, this aspect will not affect the main
conclusions.
The form of the cross flow diagonals changes with increasing distance from the mixing grid.
The cross flow velocity is decreasing at the same time. This is shown in Fig.12 for a horizontal plane
at z=0.15 m. In Fig.12a, the norm of the cross flow velocity for the complete FA is shown, including
the area of the domain zoomed in Fig.12b. In this figure, the cross flow velocity arrows mark the flow
direction. As in the RANS calculation, the long flow diagonals are still present, although they are
disintegrating more and more with increasing distance from the mixing grid. The initial diagonal cross
flow direction in +x, +y direction breaks up in separated streams in x-direction and y-direction.
However, the inversion of the diagonal flow direction in –x, +y direction is less obvious. A global
reorganization of the flow is observed but the inversion of the flow direction is present only locally.

a)

b)

Fig.11 Norm of the cross velocity at z=0.05 m: a) complete FA and b) zoom to a guide tube (LES)

a)

b)

Fig.12 Norm of the cross velocity at z=0.15 m (LES): a) complete FA and b) zoom to a guide tube
Fig.13 shows the comparison of the flow field that was calculated for the real fuel assembly of
17×17 fuel rods to that of the AGATE experiment of 5×5 fuel rods. The LES result is presented. Bieder
et al. (2014 and 2015) give more information on this CEA-experiment. A square sub-zone of 5×5 rods
is defined in the center of the 17×17 rods assembly (central rod n° 9:9 and corner rods n° 7:7, 11:7,
7:11 and 11:11). The mean cross flow velocity for the horizontal planes at z=0.05 m and z=0.15 m is
calculated in Fig.13 in analogy to Fig.11b (z=0.05 m), and Fig.12b (z=0.15 m). Temporal mean values
are shown that are averaged over 0.1 s. These results are compared for similar hydraulic conditions

to the AGATE experiment (Re = 605,000 for the assembly calculation and Re = 95,000 for AGATE). The
instantaneous cross flow velocity is averaged over 0.2 s. Close to the mixing grid at z=0.05 m, the
cross flow diagonals develop similarly. Self-evidently, differences exist close to the walls of the
housing of the AGATE experiments. Furthermore, in the experiment, the flow separates locally from
the rods. This is not observed in the assembly calculation. Since the Reynolds number of the
experiment is lower (Re=95,000), the near wall flow is better resolved in the experiment than in the
whole assembly.
AGATE experiment z=0.05 m

Assembly z=0.05 m

AGATE experiment z=0.15 m

Assembly z=0.15 m

Fig.13 Cross flow in the AGATE experiment and in the center of the assembly (LES) at two distances
from the mixing grid
Further downstream at z=0.15 m the flow patterns of the cross flow reorganize in both
calculations, but develop differently in detail.
•

•

In the AGATE experiment, the cross flow circulates in closed, circular loops around the
central rod as well as around the two diagonally adjacent rods. This behavior is similar in the
assembly calculation. Here, a closed flow loop encircles the central rod. The adjacent rods n°
8:8 and 10:10 are also encircled by the flow; however, the loops are not totally closed. The
walls of the housing in AGATE might explain the closing of the loops.
In the AGATE experiment, circular flow vortices develop in some sub-channels. Such vortices
are not present in the assembly calculation (e.g. sub-channels below rods n° 8:9 and 8:10 and
below rods n° 8:10 and 8:11). The velocity of the cross flow diagonals decreases slower in the
assembly calculation than in AGATE and are still dominant at this distance from the grid.

It might be possible that the presence of the housing walls in the experiments significantly
influence the reorganization of the flow in the wake of the grids. If intra fuel assembly mixing is
assumed an important factor in the design of fuel assemblies, further investigations that are more
detailed seem necessary to better understand the differences in the mixing behavior between fuel
assembly experiments and fuel assemblies in the reactor core.
A macroscopic rotational flow within a FA was not detected. Thus, bulk mass fluxes across a
certain row or column of fuel rods were not calculated. Such bulk fluxes are zero for an
incompressible fluid and symmetry boundary conditions at the outer boundaries of the calculation
domain due to mass conservation considerations.

4.2 ANALYSIS OF INTER-ASSEMBLY MIXING
The main objective of this study is to provide a better insight into the formation of cross flow
between realistic fuel assemblies of 17×17 rods with mixing grids. This flow, which crosses the water
gaps, is called inter-assembly flow. Four FAs, each of 17×17 rods, were gathered, forming a total
calculation domain of 2×2 fuel assemblies. It is assumed that the water gap, i.e. the gap between two
adjacent the FAs, has a width of 2 mm. Each 17×17 rods fuel assembly is identical to that of the study
of the intra-assembly flow presented in chapter 4.1.

Fig.14 Time averaged value of the norm of the velocity (|m| = o /′ + /′f + /′q ) in the complete
calculation domain that is gathered by 2×2 fuel assemblies, each composed by 17×17 fuel rods.
One FA is hidden for visualization purpose.
*

*

*

Since the meshing of each FA is identical and laterally periodic, the gathered 2×2 assemblies
have conforming meshes. The complete calculation domain is shown schematically in Fig.14. For a
better visualization, a part of one FA is hidden in the figure.
Concerning the inter-assembly flow, only the time-averaged results of the LES calculation are
discussed. The turbulence statistics are calculated as explained in chapter 4.1.2. RANS calculations
were realized but are not discussed here. As for the intra-assembly flow, these calculations support
the conclusions.
The calculations were performed for the thermal hydraulic conditions of the intra-assembly
flow study (Chapter 4.1). The time averaged value of the norm of the velocity (|m| = o /′ + /′f + /′q ) is
shown in Fig.14 in color scale. The whole calculation domain is represented. ¼ of the calculation
domain is hidden for visualization purpose. Three flow features are noteworthy:
*

•

•
•

*

*

The distribution of the velocity on the lateral front face at x > 0.224 m (middle of the water
gap at y = -0.001 m) differs from that on the internal plane in the water gap at x < 0.224 m
and y = 0.224 m. Hence, the symmetry boundary condition modifies the flow pattern in the
lateral water gap.
The flow significantly accelerates axially in the gap between the mixing grids. This
acceleration occurs along the entire gap.
The highest axial velocity develops in the central square sub channel that is formed by the
four joining water gaps. Thus, the flow close to this central sub channel can be analyzed
only with a calculation domain of 2×2 fuel assemblies.

The temporal mean of the norm of the velocity is shown in Fig.15 in color scale for a vertical
plane at x = 0.1185 m. The plane is located in the center of the rod-to-rod gap, passing through a
lattice strap of the mixing grid. The line in Fig.17 shows the location of this plane within the FAs.

Fig.15 Norm of the velocity in the vertical plane at x=0.1185 m

The square vertical vanes (guide tube thimbles) that are located at the top of the lattice strap
mark the location of the guide tubes of the control rods. Since guide tubes have larger diameters
than fuel rods, the velocity in the guide tube-to-rod gaps is significantly reduced compared to the
rod-to-rod gaps. The mixing vanes impose the cross flow as already discussed in chapter 4.1. The flow
accelerates in the gap between the mixing grids. A notable fraction of fluid bypasses this gap by
entering the neighboring rows of fuel rods. The velocity in the water gap is not distributed
homogeneously in axial direction. The velocity decreases significantly in the wake of the protective
tabs, which are oriented inside the assembly. These straps are placed equidistantly on the outer
lattice straps.
o /′

*

The influence of the protective tabs on axial profiles of the norm of the mean velocity (|m| =

*
*
+ /′f + /′q ) is

shown in Fig.16 for two positions in the water gap: one between two fuel rods and
one between two protective tabs. In the small figure included in Fig.16, dots mark these locations.
Trapezes symbolize schematically the location of the protective tabs. The gray zone in Fig.16
indicates the location of the mixing grid. The velocity develops differently downstream of the grid
lattice:
•

•

Between the protective tabs, the flow keeps its high velocity of almost 8 m/s for an axial
distance of about 0.015 m, before deaccelerating significantly. After reaching a minimum
velocity of about 4 m/s at about z = 0.025 m, the flow accelerates again with increasing
distance to the mixing grid.
Between the rods, the flow first deaccelerates to about 3 m/s before accelerating to a similar
value as for the flow profile located between the protective tabs.

These two profiles explain the presence of significant horizontal velocity gradients in the water gap.

Fig.16 Axial course of the norm of the velocity in the gap between the assemblies at y=0.225 m for
x=0.1185 m (sub channel gap) and x=0.113975 m (rod to rod gap)
*
*
The norm of the mean cross flow velocity (| n | = o /′ + /′f ) is shown in Fig.17 for a horizontal plane
at z = 0.01 m, i.e. 0.01 m above the upper edge of the mixing grid lattice. The figure shows the

complete calculation domain of 2×2 FAs. The added line indicates the location of the vertical plane of
Fig.15.

Fig.17 Norm of the temporal mean cross flow velocity (|
at z = 0.01 m.

Fig.18 Norm of the temporal mean velocity |m| = o /′

*

n|

= o /′

*

*
+ /′f

*
*
+ /′f + /′q

in the horizontal plane

in the horizontal plane

at z = 0.25 m.
The mixing vanes initiate in each assembly the already discussed diagonal intra-assembly cross
flow. The presence of the protective tabs leads to very complex swirling flow in the water gaps as
discussed in Fig.16. Such swirls are not present in the central sub channel, which is formed at the
intersection of four water gaps. The cross flow velocity is very small at this location.
The norm of the time averaged velocity |m| = o /′ + /′f + /′q is shown in Fig.18 for a horizontal
plane at z = 0.25 m, i.e. 0.25 m above the upper edge of the lattice of the mixing grid. The
accelerated flow in the water gap as well as in the central sub channel is good visible. The horizontal
distribution of accelerated and deaccelerated flow zones is very similar in each assembly. Only local
differences in the flow distribution between the four FAs exist near the periphery of the calculation
domain. The differences are introduced by the lateral “symmetry” boundary condition.
*

*

*

The mixing processes between fuel assemblies are analyzed in more detail close to the central
sub channel which is located in the center of the complete 2×2 FA. Two distances from the mixing
grid lattice are selected for the analysis of the norm of the mean cross flow velocity | 1 | = o /r 2 + /\ 2 ,
namely z = 0.05 m in Fig.19 and z = 0.25 m in Fig.20. Fig.19a shows the complete FA, Fig.19b shows a
zoom to the central sub channel, which is formed by the intersection of four water gaps. In this
figure, the velocity vectors of the cross flow norm mark the flow direction. The zoom region is
marked in Fig.19a by the rectangle.
Form and orientation of the split type mixing vanes lead within each fuel assembly to the
already discussed formation of extended cross flow along diagonal lines in +x, +y direction. However,
as can be seen in Fig.19a, the water gaps interrupt the diagonal flow patterns. The interruption of the
diagonals occurs along the whole water gap. Although, small scale vortices with complex shapes exist
in the water gap, flow pattern with a significant cross wise velocity that can contribute to interassembly exchanges are not present close to the mixing grid (Fig.19b). Especially the central sub
channel with its high axial velocity hinders efficient horizontal exchanges. Thus, close to the mixing
grid, the water gaps act as barrier that efficiently holds back inter-assembly exchanges.
The isolation of the flow within each FA is even more clearly present further downstream of
the mixing grid (Fig.20). Intra-assembly cross flow is clearly dominant over inter-assembly flow. The
water gap separates the flow within neighboring assemblies from each other. Only the cross flow in
the long diagonals, which is not hindered by the presence of control rod guide tubes, can traverse
the water gaps in form of plane jets. The formation of these jets is visible in Fig.20b, each two rows
above and below the central sub channel. From Fig.20a it is evident that these jets are extensions of
the long diagonal intra-assembly cross flow across the water gaps. Again, the water gap act as barrier
to inter-assembly exchanges.

a)

b)

Fig.19 Norm of the time averaged cross flow velocity at z = 0.05 m: a) complete FA and b) zoom to
the central sub channel

a)

b)

Fig.20 Norm of the time averaged cross flow velocity at z=0.25 m: a) complete FA and b) zoom to the
central sub channel

In order to better visualize the intra and inter-assembly exchanges, a passive scalar tracer that
has no influence on the flow field is injected in the 2×2 FA. The tracer is injected at the inlet plane
with the concentration 1. Fig.21 shows the dispersion of the tracer in a horizontal plane at z = 0.25 m.
Two injection zones are selected. The intra-assembly injection takes place in an area around the 9th
column with 0.104 m < x < 0.118 m and -0.001 m < y < 0.447 m. The inter-assembly injection takes
place along the water gap at 0.221 m < x < 0.225 m and -0.001 m < y < 0.447 m. For a better
illustration, these injection domains are added to Fig.21 by the attached the small figure.

Fig.21 Dispersion of passive scalar injected in the inlet plane along column n°9 and the water gap
It is good visible that the inter-assembly exchanges across the water gap occur mainly in
diagonal direction. This direction is imposed by the mixing vane orientation. In the last column of an
assembly (column n°17 at x = 0215 m), one out of two mixing vanes in a row of fuel rods is directed
towards the water gap. The interjacent mixing vanes are directed in parallel to the water gap in –y
direction. Therefore, the diagonal flow is present only in one out of two rows. The horizontal
dispersion of the tracer covers in each assembly approximately one column of fuel rods.
The intra-assembly exchanges are more irregular than the inter-assembly exchanges. Again,
the diagonal flow direction is predominant. The most extended dispersion of the traces is located in
the diagonals without the presence of control rod guide tubes. The most extended dispersion from
column n°9 is located at distances of about 2.5 rows (row n° 6.5 and row n° 11.5). The presence of
guide tubes reduce the influenced distance to about one row.
A macroscopic rotational flow interconnecting the four FAs was not detected. Thus, bulk mass
fluxes across the water gaps were not calculated. These bulk fluxes are zero for an incompressible
fluid and symmetry boundary conditions at the outer boundaries of the calculation domain due to
mass conservation considerations.

4.3 COMPUTATIONAL TIME
All calculations have been performed on the Bull cluster “Occigen” of CINES2, a supercomputer
with a maximum power of 3.5 PFflop/s. 2800 processor cores of scalar Intel Xeon E5-2690-v4
processors were used for analyzing the flow in one FA. 8400 processor cores were used for analyzing
the cluster of 2×2 FAs. The CPU time to reach convergence for the RANS cancelations as well as to
collect the turbulence statistics for the LES calculations are given in Table 3.
Table 3: CPU time in h to reach convergence and to collect turbulence statistics
Turbulence model
RANS
LES

1 assembly
Cpu hours
2800 cores
130
64,000
130
320,000

M tetras

2×2 assembly
M tétras
Cpu hours
8400 cores
520
250,000
520
1,300,000

Machine time

About 1 day
About 5 days

The almost linear relationship between CPU times, mesh numbers and processor cores shows
the good parallel performance of TrioCFD under realistic production conditions.

2

CINES: Centre Informatique National de l’Enseignement Supérieur. https://www.cines.fr/

5. CONCLUSION
The flow within and between full cross-section fuel assemblies with generic but realistic mixing
grids have been analyzed by CFD using high performance computing (HPC). The analyzed assembly
consists of a bundle of 17×17 rods including fuel rods, control rod guide tubes and a mixing grid with
split type mixing vanes. The axial length of the analyzed domain spans approximately the distance
between two consecutive mixing grids. Intra-assembly flow is analyzed by modelling one single
assembly; inter-assembly flow is analyzed by modelling a bundle of 2×2 fuel assemblies, each with
17×17 rods and a mixing grid. Only hydraulic effects of the mixing grids on the behavior of the flow
are analyzed, power input and heat transfer are not considered.
The numerical model has already been validated by comparing calculation results to
MATHIS_H and AGATE experiments. After further numerical tests and mesh refinement studies, both
tested turbulence modelling approaches, namely RANS modelling with the standard k-ε model and
statistically converged LES with the WALE model, lead to similar flow fields. Thus, both turbulence
models support the same conclusions concerning the formation of cross flow.
Concerning the intra-assembly flow, it was shown that control rod guide tubes, which have a
larger diameter than fuel rods, significantly hinder the formation of cross flow. Especially the
formation of extended diagonal flow lines were suppressed, which are initiated by split type mixing
vanes. Reduces scale experiments with 5×5 rods might represent the flow field in the center of an
assembly. Inversion of the diagonal flow direction as detected in reduced scale experiments might
also happen in full-scale fuel assemblies.
Concerning the inter-assembly flow, it was shown that the water gap could act as a flow barrier
between neighboring fuel assemblies. The main exchanges across the water gap occurs in extension
of the long flow diagonals that develop within an assembly. Generally, the intra-assembly exchanges
are more efficient than inter-assembly exchanges.
As perspective, a more profound comparison of full cross-section assembly calculations to
experiments and to more detailed LES are planned, both based on the AGATE experiments. Further,
heat transfer will be considered as well as the influence of deformed fuel assemblies on intra and
inter assembly mixing.
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