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ABSTRACT

In the present paper turbulent flow in a geometry of 5 × 5 fuel assembly is investigated using
open-source Computational Fluid Dynamics (CFD) software OpenFOAM. Simulated fuel assembly
does not contain any flow deflector, hence it represents a region where flow is attached to the walls.
There is also no heat transfer since turbulence alone is put under investigation. Simulations are
using two different approaches: Unsteady Reynolds Averaged Navier-Stokes simulations (URANS)
and Large Eddy Simulations (LES). The capability of various turbulent models are estimated: two
low-Reynolds eddy viscosity models (isotropic k-omega SST and anisotropic v2f), a high-Reynolds
Launder-Reece-Rodi Reynold’s Stress Transport Model (LRR RSTM) and Smagorinsky LES model.
Each model was performed on two meshes to investigate effects of different mesh elements (e.g.
hexa vs tetra and prisms) on the results. Although all results are assessed against measurements from
MATiS-H experiment (performed at KAERI in 2011), a special focus is put to a near-wall velocity
profile, where measurements were not provided. In that region LES simulation could provide an
additional data for assessing URANS results.

Generally, the simulation results are in a reasonable agreement with measurements. Velocities
are slightly overestimated whereas fluctuations are underestimated for up to 30%. URANS predicted
quite similar velocity profiles, however fluctuation predictions differ more from each other. Discrep-
ancies among the results obtained on different meshes (hexa vs tetra+prisms) with the same model
are similar in magnitude as results obtained with different turbulent models.

1 INTRODUCTION

Modelling of a coolant flow in a fuel assembly of PWR is of great engineering interest. The
flow is highly turbulent and the geometry is too complicated for the present supercomputers to be
able to calculate it with direct numerical simulation (DNS). Therefore other approaches, such as
Reynolds Averaged Navier-Stokes simulations (RANS) and LES, must be used for numerical sim-
ulations which introduce modelling of turbulence on certain scales. Both approaches have their
limitations in accuracy, however LES simulation is expected to be more accurate since it employs
less modelling.

In this paper a single-phase turbulent flow with Reynolds number about 50000 in the geometry
of 5× 5 fuel rod assembly is being investigated. These conditions are less turbulent than the typical
conditions in a real PWR core, however they are feasible for simulating with LES approach. Fur-
thermore, RANS models have shown their strength essentially for wall-bounded flows [1] and in our
case flow is expected to be attached to the walls or just mildly separated. It was shown in [2], that in
a tight lattice fuel bundle an inclusion of adequate anisotropy in modelling is of a great importance
for accurate reproduction of velocity. In our case the lattice is less tight, however anisotropy could
be important. Moreover, in [3] various simulations on MATiS-H fuel assembly were performed
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with ANSYS CFX as well as Fluent code and Reynolds Stress models show a substantially better
agreement for the velocity profile, which is due to their anisotropic character and ability to capture
secondary flows. Hence, in this paper three different (U)RANS turbulence models consisting various
degrees of anisotropy are investigated together with LES.

The differences among various turbulence models are sometimes of the same order of magnitude
as the mesh effects due to mesh density or quality. For this reason, all the URANS simulations were
performed on two meshes, which are topologically different: fully hexahedral versus tetrahedral with
prismatic boundary layers. Since LES domain is larger and tetrahedral mesh elements are more
memory consuming, only fully hexahedral meshes with two different densities were used for LES
simulations.

2 BENCHMARK SPECIFICATIONS

In 2011, MATiS-H1 experiment was performed at KAERI, South Korea, in which velocity fields
and their fluctuations (i.e root mean square values of velocity) were measured in a 5× 5 fuel assem-
bly with spacer grids and mixing vanes ([4] and [5]). Measurements were obtained with accurate
Laser Doppler Anemometry technique and they were intended for benchmarking a blind test of the
CFD simulations sponsored by OECD/NEA. To reduce the size of the geometry being simulated,
it was highly desirable for some participants to have also measurements of the turbulent flow at
the inlet of the spacer grid, which would serve as a boundary condition for velocity. Therefore an
additional measurements of velocity field and their rms were obtained in a fuel assembly with no
spacer grid. The measurements were taken in the cross-section at location 90DH downstream of the
flow straightener, which was far enough to assume a fully developed turbulent flow. For this reason
our simulation results in the present paper are validated against these measurements. Some relevant
experiment specifications are summarized in Table 1.

Table 1: Parameters and operating conditions of MATiS-H experiment.

Parameter Mean Value Overall Uncertainty (%)
Rod-to-Rod Pitch (P ) 33.12mm /
Wall-to-Rod Pitch 18.76mm /
Hydraulic Diameter (DH ) 24.27mm /
Mass Flow Rate 24.2 kg/s 0.3

Temperature 35 ◦C 0.3

Pressure 1.569 bar 0.4

Bulk Velocity (Wbulk) 1.50m/s 0.4

Reynolds Number 50250 2.0

3 NUMERICAL SIMULATIONS

In the present study URANS and LES approach have been used for simulations of fully developed
turbulent flow in the 5 × 5 fuel assembly (see computational domain on Fig.1a). Since there are no
spacer grids or mixing vanes in our fuel assembly, the nature of such wall-bounded flow is ”globally
steady”. In our context this means that the flow is attached or mildly separated [1].

1An acronym for Measurement and Analysis of Turbulent Mixing in Subchannels - Horizontal

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  ̶  11, 2014

920.2



920.3

(a) computational domain

(b) H3-lowRe mesh detail

(c) T1-lowRe mesh detail

Figure 1: A computational domain for URANS simulations (a). The computational domain for LES
simulations is 4.9-times longer in the stream-wise direction. Images (b) in (c) show a small detail
(top left corner) of two topologically different meshes: H3-lowRe and T1-lowRe (see Table 3). Both
meshes shown here are designed for low-Re turbulent models.

The spatial numerical schemes used were all second-order accurate except for the turbulent quan-
tities (e.g. k, ε, ω, v2,...), which were first order upwind discretizations to increase stability. For the
time derivative backward numerical scheme has been used, which is implicit and second order.

3.0.1 Turbulence models

In this paper four different turbulence models were used, which are shortly described below. The
reason for such a selection is mostly in our interest to test different turbulence modelling approaches,
which are available in the latest version of OpenFOAM 2.3.0 [6].

The k-ω SST turbulent model (see [7] and [8]) is a two-equation eddy viscosity model, which
combines the original Wilcox k-ω model for use near walls and the standard k-ε model away from
walls. This model is a low-Re turbulent model, which means that it is directly usable all the way
down to the wall. Moreover, k-ω SST model does not use any extra damping functions. In the
present paper the k-omega SST model is a representative of an isotropic low-Re turbulent model.

The v2f turbulent model is also an eddy viscosity model but it is not isotropic. The model is
an extension of the k-ε model with two additional equations for the turbulence stress normal to
the streamlines, v2, and an elliptic damping function f. The idea of this model is to introduce a
new velocity scale at the walls (i.e v2), which provide the right scaling for the representation of the
damping of turbulent transport close to the wall. Hence v2f model incorporates also some near-
wall turbulence anisotropy. There are many variations of v2f model (see [9]) and OpenFOAM’s
implementation is the one of Lien and Kalitzin [10] with a limit imposed on the turbulent viscosity
given by Davidson et al [11]. Certainly, this model is a low-Re model and requires dense mesh at the
walls with y+ ≈ 1.

The LRR (Launder-Reece-Rodi) model [12] is a representative of Reynold’s Stress Transport
Model. In this model, the eddy viscosity approach has been discarded and the Reynolds stresses are
directly computed, hence the model is anisotropic. However, the implementation of this model in
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OpenFOAM is high-Re, so wall-functions are needed at the walls.
The Smagorinsky turbulence model is the first and most commonly used subgrid scale model of

LES approach [13]. Although it is an eddy viscosity model, it is superior to previous mentioned
models due to his LES approach, which does not apply time averaging. Hence the solutions of this
model are vividly fluctuating with time, therefore the results were statistically processed on a time
interval of at least 10 FTT2. Of course, the URANS velocity also varies, however their fluctuations
are almost negligible due to the ”globally steady” nature of the flow. It was equally important also
that the flow was statistically developed before the accumulation of the statistics was started. For
all this reasons and because it is a low-Re model, the Smagorinsky model is more time and memory
consuming.

3.0.2 Boundary conditions

Periodic boundary conditions (i.e. cyclic in OpenFOAM) have been applied on the inlet and
outlet. In LES simulations a special care was taken to avoid inaccuracies caused by the stream-
wise periodicity condition. Space autocorrelation functions of the velocity signals downstream the
flow showed that a stream-wise domain length of 20DH is large enough to avoid these boundary
condition affects. In URANS simulations the stream-wise domain length was shorter (i.e. L =
10 cm = 4.12DH) since the fields are time averaged and do not contain significant variations.

Periodic boundary condition in the stream-wise direction physically connects the outlet with the
inlet. Consequently, such boundary condition provide no pressure gradient which will drive the
flow. To sustain the flow in a fuel assembly, an explicit pressure source term based on mean flow
velocity has been employed in the solver routine. The solver used was pimpleFoam which worked
in a standard PISO mode with maximal Courant number of 0.5. At each time step, a current mean
velocity was additionally calculated by averaging across all cell volumes and the pressure gradient
has been adjusted to achieve specified velocity.

Boundary conditions at the walls depend on turbulence modelling and are summarized in Table 2.
In brief, there are boundary conditions for low-Re models (i.e. k-ω SST, v2f and Smagorinsky) and
for high-Re models (i.e. LRR), which uses wall-functions. The Smagorinsky LES model was used
together with van Driest damping boundary condition at walls, which provide correct subgrid scale
eddy viscosity at surfaces: νSGS = 0. The problem is related with the Smagorinsky model, which
tends to overestimate eddy viscosity [13].

Table 2: Boundary conditions at the walls.

k-ω SST v2f LRR Smagorinsky
U (0 0 0) (0 0 0) (0 0 0) (0 0 0)

p zeroGradient zeroGradient zeroGradient zeroGradient
νt or νSgs zeroGradient zeroGradient nutkWallFunction vanDriest
k 10−11 10−11 10−11 /
ε / zeroGradient epsilonWallFunction /
ω omegaWallFunction / / /
R / / kqRWallFunction /
v2 / 10−11 / /
f / 10−11 / /

2Flow Through Time (FTT) is defined as domain stream-wise length divided by mean velocity. In our case 1FTT =
L/Wbulk = 0.4854m/1.5ms−1 = 0.32 s.
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3.1 Mesh

The mesh requirements are related to the underlying turbulence model used, therefore several
meshes have been created3. We have applied models with two different near wall treatments. High-
Re turbulence model uses standard wall-functions, which requires coarser mesh at the wall. Since
the standard wall functions apply a logarithmic law-of-the-wall directly to the first interior node, the
first cell at the wall must be in the log-law layer (i.e. 30 < y+ < 200). On the other hand the low-Re
turbulence models and LES resolve the boundary layer. Therefore a finer mesh is required at the wall
(i.e. y+ ∼ 1). Specifications of all meshes used are summarized in Table 3.

Table 3: Parameters of the mesh.

Meshing parameter H1-LES H2-LES H3-lowRe H4-highRe T1-lowRe T2-highRe
stream-wise domain length 20DH 20DH 4.12DH 4.12DH 4.12DH 4.12DH

Number of mesh elements 21.4 · 106 80.4 · 106 2.0 · 106 1.0 · 106 4.2 · 106 2.5 · 106
Mesh elements in cross sec. 1.07 · 105 2.69 · 105 1.07 · 105 0.52 · 105 / /

Mesh cells in axial direction 199 299 19 19 / /

Wall-normal stretching ratio 1.1 1.05 1.1− 1.25 1.0006 1.2 1.2

Max. cell height at the wall 50µm 50µm 50µm 500µm 50µm 600µm

Max. aspect ratio 135 90 291 30 43 7.5

Max. and aver. non-ortho. 43 (14.7) 44 (15.8) 43 (14.8) 44 (18.3) 68 (12.5) 70 (14.6)

Max. skewness 0.76 0.96 0.76 0.86 2.5 0.89

Aver. y+ (Max. y+) 2.3 (∼ 6.9) 2.4 (∼ 7.3) 2.5 (∼ 6.4) 26 (∼ 49) 2.7 (∼ 3.7) 30 (∼ 38)

LES simulations were the most demanding one and have been performed only on fully hexahedral
meshes, which consist purely of hexahedral elements (see hexa on Fig. 2a and detail of fully hexa
mesh on Fig. 1b). LES simulation required dense enough mesh at the walls to resolve the boundary

(a) hexa (b) tetra (c) prism

Figure 2: Mesh element types.

layer as well as large enough domain in the flow direction to avoid cyclic boundary condition effects.
To test LES results independence on a mesh density two different meshes were prepared: H1-LES
and a finer mesh H2-LES (see Table 2). H3-lowRe mesh was prepared for low-Re URANS models
whereas H4-highRe is used with high-Re model. Additionally, all the URANS simulations were
repeated on meshes, which consisted of tetrahedral (see Fig. 2b) and prism elements (see Fig. 2c).
The prism elements were used only at the walls (see Fig. 1c). It is believed that numerical diffusion
could be minimized when the flow is aligned with the mesh. Hence the prismatic boundary layer
was used in tetra meshes: the quads in Fig. 1c are faces of prisms not hexas. Two such meshes

3Meshes were prepared with ICEM CFD program and imported to OpenFOAM using fluent3DMeshToFoam utility.
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were prepared, T1-lowRe and T2-highRe (see Table 3), for low-Re and high-Re turbulence models,
respectively.

A special care was taken to avoid producing bad quality meshes. It is known that we are much
better at identifying a bad mesh than we are at judging a good one. Mesh quality was validated with
maximal non-orthogonality, maximal skewness and maximal aspect-ratio (see Table 3). A special
care was taken to make change in size of elements gradual and smooth, especially at walls (see max.
cell height in Table 3). On the contrary, H3-lowRe mesh has a particularly high maximal aspect
ratio. It is believed that hexa cells can be stretched where the flow is fully-developed and essentially
one-dimensional.

4 RESULTS

In the MATiS experiment measurements were taken in three different subchannels between the
rods shown in Fig. 3. The origin of the coordinate system is in the geometrical centre of the xy-
cross-plane shown in Fig. 3, where flow flows in z-direction. We used a standard notation for

Figure 3: Measurement locations in MATiS-H experiment [4].

velocity (U V W ) and stresses (e.g. u, v, w, uv,...). LDA probes measured instantaneous velocity
fields, which were statistically processed to obtain mean velocity profiles (i.e W and V ) and their
fluctuations (i.e. w, v and vw).

4.1 URANS results

To present the results in a summarized way, the simulated velocity fields and their fluctuations
are compared with measurements only for subchannel at y = 1.5P , where P is rod-to-rod pitch
(see Table 1). Fig. 4 presents W -component of velocity and their fluctuations w. The blue shaded
quarter- and half-circles show positions of rods in the x-direction whereas the left blue shaded area
presents channel’s wall. The yellow shaded area near to the wall is a region, where measurements are
not provided. The lack of measurements is related to the finite-sized laser beam, which was partly
scattered from the wall. Consequently, averaged velocities were underestimated at the wall whereas
fluctuations were overestimated. Therefore all near-wall measurements are excluded [4]. URANS
results on various meshes are presented with coloured lines. Each turbulent model was used on
fully hexagonal mesh and on tetra+prisms mesh. All the results (except the v2f on H3-lowRe mesh)
predicts the positions of extremes at the same locations, which are slightly shifted toward the outer
wall of the channel. Similar results were obtained also with ANSYS CFX and FLUENT codes by T.
Frank et al [3]. According to that paper, experimentalists from KAERI explained this shift with the
viscous effects from the outer channel walls. It is interesting that the v2f model on H3-lowRe mesh
predicted locations of extremes better. However, there is a large discrepancy between solutions of the
v2f model on two meshes, which is not well understood. One reason could be sensitivity of the v2f
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Figure 4: Comparison of URANS results with measurements: velocity component W (a), fluctua-
tions w (b).

model on the initial condition. Apart from this it is obvious that all the simulations predicted slightly
larger velocities than were measured, which was noticed also in [3].

Fluctuations w are presented on the graph 4b. In the case of LRR model reynolds stresses were
calculated, hence a direct comparison of w with measurements is made. On the other hand, the eddy
viscosity models does not calculate reynolds stresses. The information of w is hidden in turbulent
kinetic energy k:

k =
1

2

(
u2 + v2 + w2

)
. (1)

Of course, k is a scalar and fluctuations (i.e. u, v and w) cannot be reproduced from it in a exact way.
The fluctuations of w can be estimated as w ≈

√
2k/3 assuming isotropic turbulence (u ∼ v ∼ w).

This relation has been used for estimation of w in the case of k-ω SST and v2f model. On graph 4b it
is obvious that LRR model predicts stresses better than eddy viscosity models. However, predictions
of v2f and k-ω SST models are quite close to the measurement too. Discrepancies are larger among
the same models applied on different meshes. Since the fluctuation profiles are smoother (less wavy)
in the case with tetra+prisms meshes, we believe that this is an effect of larger numerical diffusion
due to the first-order accuracy in the transport equation for k.

4.2 LES results

The results of LES Smagorinsky simulation have been obtained on a time interval of 10FTT ≈
3.4s. Velocity profile in Fig. 5 shows that maxima locations are in a good agreement with measure-
ments whereas the largest discrepancies are near minima. However, the results on larger mesh are in
a better agreement near minima, so there seems to be still some space to improve the simulation on
finer mesh.

Fluctuations were slightly underpredicted, but it is the shape of the curve which is in a worse
agreement than it is for URANS predictions. The reason is probably too short time interval for
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Figure 5: Comparison of LES results with measurements: velocity component W (a), fluctuations w
(b).

statistical processing of instantaneous velocity fields. However, there is a sharp peak at left wall
which is in a better agreement with measurements than predictions of URANS simulations. That
peak is 20% higher on fine mesh than it was on course mesh, which indicates that the simulation
could be improved on finer mesh.

4.3 Near-wall velocity

Since there is a lack of LDA measurements near to the walls it is hard to validate accuracy of
the boundary conditions, especially for the high-Re turbulence model which uses wall functions.
Let’s take a closer look to the velocity profile at y = 1.5P in the region at right channel’s wall (see
Fig. 3). Wall units are introduced with the origin of x coordinate at the wall. Friction velocity has
been calculated from velocity gradients at wall, which yields wall shear stress τW = 5.05Pa and
friction velocity uτ = 7.13 cm/s assuming water density ρ = 994 kg/m3 and dynamic viscosity
µ = 7.19 · 10−4. Wall scaled distance and velocity are:

x+ =
x uτ

ν
W+ =

W

uτ

(2)

Velocity profiles at the wall are shown in Fig. 6. Dashed black curves indicate laminar (parabola)
and log-low (linear line) contributions of the law-of-the-wall. It is interesting that calculated friction
velocity (uτ = 7.13 cm/s) used for scaling gives velocity profiles which are in a very good agreement
with theoretical prediction W = u2

τ x/ν in the laminar region (x+ < 5). Both low-Re models are
in a perfect match with laminar theoretical curve, whereas LES slightly deviates from it. However,
this suggest that friction velocity is global property of the flow, which is independent of model used.
Hence it was used to scale measurements and velocity profile of the high-Re model (i.e. LRR) too.
The measurements can be seen in the right top part of the graphs in Fig. 6, where closest-to-wall
value is x+ ≈ 600 far from the wall. Blue curves in Fig. 6 show results of the high-Re LRR model.
That model used wall functions at x+ ≈ 30, so velocity below that value is just a simple model and
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Figure 6: Parallel to wall velocity component W comparison in the near wall region. Black dashed
parabola represents laminar part (i.e. W+ = x+) of the law-of-the-wall, whereas straight black
dashed line represents logarithmic part (i.e. W+ = ln(x+)/0.41 + 5.0).

should be discarded. However, velocity above x+ ≈ 30 is in a good agreement with log-law and
velocities of the low-Re models. It is obvious that in this wall-bounded flow regime, wall functions
predicted velocity as good as the low-Re models.

5 CONCLUSIONS

The velocity predictions of URANS simulations gave very similar results. All the URANS mod-
els (except v2f on H3-lowRe mesh) predicted same positions of extrema and all velocity profiles are
slightly overestimated. Since similar predictions of velocity profile are observed with k-ω SST and
LRR model, it seems that anisotropy does not have significant effect here. Anisotropy could took
place very close to the wall and LRR did not capture it’s effect due to high-Re near wall treatment.
However, a closer look to the velocity profiles at the wall revealed that wall functions of LRR model
successfully predicted similar velocity magnitude as low-Re turbulence models. On the other hand,
the LES velocity profile in the buffer layer is damped more.

Among all models used in our study the high-Re LRR model’s predictions of w fluctuations
are the best. This results were somehow expected because LRR model directly calculated stresses
whereas eddy viscosity models calculated turbulent kinetic energy, which was indirectly used for
estimating w assuming isotropic turbulence. However, all URANS simulations successfully predicted
shape of w fluctuation profile. The LES predictions did not capture all extremes in a fluctuation
profile, which is probably the outcome of short time interval (i.e. 10 FFT) for statistical processing.

From the obtained results it is obvious that the differences in meshes (hexa vs tetra+prisms)
have effects on results, which are similar in magnitude as effects of different turbulence models.
Discrepancies are larger among the fluctuations than they are in velocity profiles, which indicates
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that it could be related to the first-order discretization of equations for turbulent quantities, i.e. k,
ω,... Since it is important to avoid undesirable mesh effects on solutions, this problem will be closely
examined also in the further studies.
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