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ABSTRACT

In the present paper, the wall-adapting local eddy-viscosity (WALE) model has been implemented
in OpenFOAM code and applied for wall-resolved Large Eddy Simulation (LES) of a turbulent flow
in 5 × 5 fuel rod bundle at moderately high Reynolds number, i.e. Re = 50000. The numerical
model is validated against Laser Doppler Velocimetry (LDV) measurements of the MATiS-H ex-
periment, which was performed in 2011 at KAERI, South Korea. Experiments and simulations are
compared in the bare fuel bundle section without spacer grids. Mean velocity profiles are predicted
with a remarkable accuracy including also prediction of weak secondary flow of the second kind,
which causes mixing in the fuel bundle. However, detailed analysis of the experimental data shows
that minor rescaling of the streamwise velocity measurements improves the internal consistency in
the measured data and improves the agreement with the simulations as well. Furthermore, a well
arranged pattern of the secondary flow is presented which is believed to be crucial for accurate pre-
diction of the turbulent flow in a bare fuel bundle. The motion of the secondary currents in a bare
fuel bundle is in agreement with the latest findings of the study on its origin obtained in literature for
a simple channel flow.

1 INTRODUCTION

Efficiency and safety of a pressurized water reactor during normal operation depends on the heat
removal capability of the turbulent flow in a reactor core. Heat transfer from the surface of the fuel
rods to the surrounding water in reactor core is enhanced with efficient mixing of the coolant flow.
For this reason, the fuel assemblies contain passive mixing devices, i.e. mixing vanes, which induce
additional cross flow in the subchannels of the fuel assemblies. As a result, directly downstream
of the mixing vanes, the mixing of the flow is strong and governed by advection. However, further
downstream the cross flow is being damped until it dies out. Here, according to (Bieder, 2012;
Bieder et al., 2014) the turbulent mixing is characterized by the anisotropy of turbulent fluctuations,
which can become a predominant turbulent mixing process and induces the formation of so-called
secondary flow of the second kind (Prandtl, 1952).

The secondary flow of the second kind in a simple channel flow has been recently closely ex-
amined by (Yang et al., 2012). According to (Yang, 2009; Yang et al., 2012) the secondary currents
in the channel flow are driven by mean streamwise velocity wall-parallel (i.e. spanwise) variation
in the near-wall region. In the near-wall region the secondary flow always moves from the region
with lower velocity (or lower boundary shear stress) to the location with higher velocity (or higher
boundary shear stress). Subsequently, the near boundary secondary flow creeps into the main flow
and drives circulation, leading to anisotropy of turbulence in the main flow region. Therefore, the
anisotropy of turbulence is a consequence rather than origin of the secondary flow. These findings
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are obtained from the simple channel flow and are here examined for the secondary flow in the bare
fuel bundle case.

In the present paper, the wall-resolved LES of a turbulent flow at Re ≈ 50000 in a bare 5 × 5
fuel bundle has been performed. For this purpose, the WALE model (Nicoud and Ducros, 1999)
has been implemented in the OpenFOAM 2.3.0 code. The main benefit of our approach is avoiding
modelling in the near-wall regions, where all turbulent scales are resolved. The LES is validated
against the Laser Doppler Velocimetry (LDV) measurements of MATiS-H experiment, which has
been performed in 2011 at KAERI, South Korea.

2 EXPERIMENT

The MATiS-H experiment provided high quality, i.e. CFD-grade, measurements of turbulent
mixing in 5 × 5 rod fuel bundle with mixing vanes (Lee et al., 2014). Besides that, additional tests
were performed in the same fuel bundle with no spacer grid to provide desirable information about
inlet conditions upstream of a mixing grid (Chang et al., 2014). The latter measurements are used for
comparison with simulations in the present paper.

The relevant specifications of the experiment are summarized in Table 1. More details are given

Table 1: Parameters and operating conditions of MATiS-H experiment.
Parameter Mean Value Overall Uncertainty (%)

Rod Diameter (D) 25.40mm /
Rod-to-Rod Pitch (P ) 33.12mm /
Wall-to-Rod Pitch (S) 18.76mm /

Hydraulic Diameter (DH) 24.27mm /
Mass Flow Rate 24.2 kg/s 0.3

Temperature 35 ◦C 3
Pressure 1.569 bar 0.4

Bulk Velocity (Wbulk) 1.50m/s 0.4
Reynolds Number 50250 2

in (Smith et al., 2013; Chang et al., 2014). To increase the measurement resolution, the dimensions
of the fuel bundle are 2.6-times larger than the real PWR fuel bundle (see Table 1). Fig. 1 shows the
measurement locations in a quarter cross section of the fuel bundle. The measurements were obtained
along 23 lines in 3 different gaps of the fuel bundle (see Fig. 1). Due to the symmetry, these three
horizontal gaps are equivalent to three vertical gaps. For this reason, the measurement locations can
be mirrored across the diagonal of the shown quadrant. At locations where the horizontal and vertical
directions overlap, two independently obtained measurements are available at the same locations: the
original measurements and the measurements obtained by mirroring from homogeneously equivalent
locations. In the following sections, where possible both measurements will be shown at the same
location together with simulation results.

Experiments were performed under isothermal conditions (see Tab. 1) since turbulent mixing
alone has been put under investigation. The velocity fields have been measured with Laser Doppler
Anemometry (LDA) technique. 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 (Smith et al., 2013; Chang et al., 2014). On the other side, the measurement section is only
10mm inward from the end side of the rod bundle.
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Figure 1: Measurement locations through the cross-section of the fuel bundle in the MATiS-H exper-
iment.

3 MATHEMATICAL MODEL AND NUMERICAL METHOD

The flow is considered to be isothermal, three-dimensional and incompressible. In the present
research the LES approach has been applied, which assumes that the dependent variables can be
divided to filtered (or grid-scale) and residual (or subgrid-scale) components, e.g. for velocity com-
ponents Ui = Ūi + u′

i. Furthermore, the Boussinesq hypothesis1 is assumed and as a result, the
filtered continuity and filtered Naver-Stokes equations for incompressible flow are derived as follows
in (Pope, 2000)

∂Ūi

∂xi

= 0, (1)

∂Ūi

∂t
+

∂
(
ŪiŪj

)

∂xj

= −1

ρ

∂p̄

∂xi

+ (ν + νr)
∂2Ūi

∂xj∂xj

, (2)

where ρ is the density of fluid, ν is the molecular kinematic viscosity and p̄ = P̄ +ρτRkk/3 is modified
pressure consisting of filtered pressure P̄ and isotropic part of the residual stresses tensor τRij . To
close the system of equations, the anisotropic residual stresses are modelled using the wall-adapting
local eddy-viscosity (WALE) model (Nicoud and Ducros, 1999), which yields the residual viscosity
νr

νr = (Cw∆)2
(Sd

ijS
d
ij)

3/2

(S̄ijS̄ij)5/2 + (Sd
ijS

d
ij)

5/4
, (3)

1The Boussinesq hypothesis states that the deviatoric part of the residual stress tensor is locally aligned with the
anisotropic part of the filtered rate of strain tensor, while the normal stresses are assumed to be isotropic and are thus
representable with the residual kinetic energy kr
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where the filter width is expressed with the cell volume V as ∆ = V 1/3 and

Sd
ij = S̄ikS̄kj + Ω̄ikΩ̄kj −

1

3
δij

(
S̄mnS̄mn − Ω̄mnΩ̄mn

)
, (4)

The model takes into account effects of both the strain S̄ik = 0.5
(
∂Ūi/∂xk + ∂Ūk/∂xi

)
and the

rotation rate Ω̄ik = 0.5
(
∂Ūi/∂xk − ∂Ūk/∂xi

)
of the smallest resolved turbulent fluctuations and

it has only one parameter with a standard value of Cw = 0.325. The main benefit of the WALE
model is that it provides a proper y3 near-wall scaling for the modelled eddy viscosity νr without
requiring dynamic procedure (Germano et al., 1991) or wall-damping functions. The WALE model
became a standard part of the CFD software Ansys CFX and Fluent, however it is not part of the
official OpenFOAM release yet. For the purpose of the present research, it has been implemented in
OpenFOAM 2.3.0.

The standard no-slip boundary condition is used at the walls of the fuel bundle. The periodic
boundary condition (i.e. cyclic in OpenFOAM) is used in the streamwise direction of the fuel
assembly whereas at the symmetry plane of the fuel bundle two boundary conditions were tested: pe-
riodic boundary condition and the standard symmetry boundary condition (i.e. symmetryPlane
in OpenFOAM). The total pressure along the streamwise direction decreases due to the drag from
the walls. In order to compensate this effect and at the same time obtain a flow with the specified
averaged velocity Umean, an adaptable pressure gradient source term has been added to the momen-
tum equation. This approach is convenient in our case, because the streamwise pressure drop was
not measured in the bare fuel bundle case therefore the pressure gradient is not known in advance.
However, the flow rate was measured accurately and the mean velocity Umean in the fuel bundle is
well known .

The mesh discretization in the present paper followed typical guidelines for LES in a channel
flow, namely in wall units the streamwise mesh resolution is ∆z+ = 40, spanwise ∆x′+ = 20 and
wall-normal resolution at walls is y′+ ≈ 1. Second-order spatial discretization schemes are used. The
temporal term is discretised using a second-order implicit backward differencing scheme based on
current and two successive old time step fields. An adjusted time step has been used with maximum
Courant number CFL = 0.5. The pimpleFoam solver is used, which has performed well-known
PISO algorithm for pressure-velocity coupling.

4 RESULTS

The flow in a bare fuel bundle will be regarded as consisting of two components: a primary
flow and a secondary flow. The primary flow is parallel to the main direction of fluid motion (i.e.
the streamwise direction) whereas the secondary flow is perpendicular to this. Specifically, we are
dealing with the so-called “secondary flow of the second kind” (Prandtl, 1952), which is typically two
orders of magnitude weaker than the primary flow. Consequently, the comparison with measurements
is shown for the primary flow whereas only simulation results are presented for the secondary flow
since the measured values are too weak to be accurately reproduced.

4.1 Primary flow

Mean streamwise velocity profiles at different locations in the cross section of 5× 5 fuel bundle
are shown in Fig. 2. In the background of the plots, the light-blue coloured shapes represent locations
of the rods along the x-coordinate and the channel outer wall. On the right side of the plots, a yellow
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Figure 2: Comparison of simulated and measured streamwise velocity profiles at different locations
in the fuel bundle (for locations see also Fig. 1).

coloured background area represent near-wall region, where wall-normal LDA measurements have
been excluded due to the low quality.

In Fig. 2 the black circles represent the original measured profiles whereas the red circles cor-
respond to the measurements from homogeneously equivalent locations. Apparently, the latter mea-
surements are available only in the gaps between the rods and the gap between the rods and outer
channel wall. In the regions were both sets of measurements overlap the measurements are mutually
consistent and within the measurements error, which is estimated to be between 4.8% and 5.1% with
95% confidence according to (Smith et al., 2013; Chang et al., 2014). However, in the region close
to the outer wall of the fuel bundle, inconsistencies are observed which are beyond the measurement
error, namely up to 15%. The origin of this discrepancy seems to be related to the laser beam orien-
tation with respect to the outer channel wall. Namely, the near-wall velocity fields in the former case
have been obtained with LDA probe pointing normal to the wall whereas in the latter case the LDA
probe was oriented parallel to the outer channel wall. Therefore the original measured velocity pro-
files will be herein denoted as wall-normal measurements whereas the mirrored data will be denoted
as wall-parallel measurements.

Results of three different LES using WALE model are shown in Fig. 2. The first simulation has
been prepared in a relatively short section with streamwise fuel bundle length of 2Dh (red solid line in
Fig. 2). It was preliminarily inspected that such domain length is sufficiently long and it is not shown
here. However, another simulation has been prepared with twice as long streamwise length, i.e. 4Dh

(blue solid line in Fig. 2), to additionally check the effect of different streamwise domain length.
At the symmetry plane both before-mentioned simulations applied periodic boundary conditions. It
was important to make sure that this boundary condition does not effect the physical reality in the
vicinity of symmetry planes. To compare the influence of the boundary condition at the symmetry
plane, another simulation has been applied with different boundary condition, i.e. symmetry plane
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(see green line in 2). As can be seen in Fig. 2, there is no significant deviation between all three
simulations.

In general, there is good agreement between simulations and measurements. However, it is ob-
served in Fig. 2 that the wall-normal velocity measurements gradually deteriorates towards the outer
channel wall. At the same time, there is a very good match between wall-parallel measurements (red
circles in Fig. 2) and simulations in the near-wall region, which confirms fidelity of wall-parallel
measurements and at the same time rises the question about the accuracy of the wall-normal mea-
surements in the near-wall region. Moreover, the wall-normal measurements exhibit a slight shift of
extrema towards the fuel bundle centre, which was not detected in our simulations. According to
(Smith et al., 2013; Chang et al., 2014) the peaks could be shifted due to the shear effect of the outer
channel wall. However, no shift have been observed also in (Bieder, 2012) using wall-modelled LES
and (Frank et al., 2012; Cinosi et al., 2014) using various RANS models. (Bieder, 2012) showed that
shift of extrema could be an influence of the outlet plenum of the test facility, whereas (Cinosi et al.,
2014) argued that the tapered ending of the rods seems to have stronger influence to the upstream
velocity field. There may also be a different explanation. We have noticed that a much better match
is obtained if the x-scale in measured data is linearly stretched for 3% (see Fig. 3). The proposed
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Figure 3: Comparison of simulated streamwise velocities with measurements, which are corrected
by stretching the x-coordinate with factor of 1.03. Obviously, the positions of extrema are in a better
agreement here.

correction is based on discrepancies between the wall-normal and wall-parallel measurements and
also on agreement with our simulations. Detailed physical background of such correction should be
given together with the authors of the experiment.

4.2 Secondary flow

Secondary flow is observed in the time-averaged velocity fields as shown in Fig. 4. The left
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(a) (b)

Figure 4: Secondary flow in a quarter cross section of the bare fuel bundle. (a) presents the stream-
lines of the time-averaged velocity field. In the background the z-component of vorticity field is
shown, which has also been calculated on the mean velocity field. (b) shows a simplified sketch of
secondary flows with the red and blue colours representing the opposite directions of the circulation.

picture in Fig. 4 shows the streamlines of the 2D velocity field in the cross section of the fuel bundle.
The pattern of secondary currents contains symmetries, which are clearly observable on simplified
sketch in the right picture of Fig. 4, where the directions of the secondary currents are also shown.
As can be seen, the same pattern is repeated in all subchannels except the outermost subchannels at
the outer channel walls. In the latter subchannels the symmetry is broken due to the presence of the
outer channel walls causing only one big circulation at the rod’s surface instead of two circulations,
which was not expected. However, the same pattern is repeated in both outermost subchannels, i.e.
horizontal and vertical one. Consequently, there is a reflection symmetry across the diagonal of the
fuel bundle. In the corner of the fuel bundle a pair of strong circulations are observed, which are
typical for flows in straight channels with noncircular cross sections (Prandtl, 1952).

Similar pattern of secondary flow in a singular subchannel in a periodic array has been also
obtained by (Bieder et al., 2014) using wall-modelled LES and Reynolds Stress Transport Model.
Furthermore, (Bieder, 2012) prepared wall modelled LES in a whole 5 × 5 bare fuel bundle, where
it was found that the flow structures start to develop with the used mesh-refinement however the
structures were not very well arranged. On the contrary, our simulation showed that the secondary
structures are well arranged if sufficiently dense mesh is applied. Moreover, the secondary flow hasn’t
been predicted at all in previous study of (Mikuž and Tiselj, 2014) using k-omega SST model and v2f
model whereas the simulations using LRR turbulence model predicted the opposite circulations of
the secondary currents. The velocity predictions of the former simulations are much worse than the
present results, which could mean that the correct prediction of the secondary flow is of paramount
importance for accurate prediction of the flow in a bare fuel bundle. Although the secondary flow of
the second kind is weak, it is believed to be crucial for correct prediction of the turbulent mixing in a
bare fuel bundle.
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5 CONCLUSIONS

In the present paper, LES using WALE model has been performed in a quarter cross section of
the 5 × 5 rod fuel bundle without mixing grid and the results are compared with the measurements
of the MATiS-H experiment. For this purpose, the WALE turbulence model has been implemented
in OpenFOAM open source CFD toolbox. It was found that at certain locations in the cross section
of the fuel bundle an additional (wall-parallel) measurements are available due to the symmetry. In
general the discrepancies between both measurements are small and below the measurement error
(i.e. ∼ 5%) except near the outer channel wall, where discrepancies up to 15% are observed. Since
the difference between both measurements seems to be related to LDV laser beam orientation with
respect to the outer channel wall, so-called wall-normal and wall-parallel notation is adopted. In the
innermost subchannel, the simulated mean streamwise velocities are almost in a perfect agreement
with both measurements. However, the wall-normal measurements exhibit gradual deterioration to-
wards the outer channel wall. At the same locations, the wall-parallel measurements are still in a
much better agreement with simulations, which confirms their accuracy. Moreover, the wall-normal
measurements exhibit a slight shift of velocity extrema towards the fuel bundle centre. This was not
detected in our simulation results nor in some other previous published studies. It seems that the cen-
tre of the fuel bundle is accurately determined and the position error gradually increases towards the
outer channel wall. For this reason, a simple correction for wall-normal measurements is proposed,
which linearly stretches the x-direction (locations) for only 3%. The correction is small, however it
greatly improves the agreement between simulations and both measurements.

The secondary flow of the second kind in a cross section of the fuel bundle is presented and
analysed. The complex pattern of secondary currents is found to be well arranged and symmetric.
An explanation of their motion is consistent with the findings on their origin obtained in the simple
channel flows. Namely, in the near-wall region the secondary flow always moves from the region
with lower velocity (or lower boundary shear stress) to the location with higher velocity (or higher
boundary shear stress). At location in the near-wall region where two opposite directed flows meet,
the near boundary secondary flow bends into the main flow and drives circulation. Therefore, the
secondary currents are driven by mean streamwise velocity spanwise variation in the near-wall region
just like in the channel flow case.
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