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ABSTRACT 
In this paper, a blind CFD simulation  (experimental data is not known during the time of 

CFD analysis) of a cold 5x5 rod bundle experiment, performed in the Measurement and 
Analy- sis of Turbulence in Subchannels - Horizontal (MATiS-H) facility at the Korean 
Atomic Energy Research Institute  (KAERI), is presented.  The simulations were performed 
in the frame of OECD/NEA CFD Benchmark exercise.  In the experiment, two types of grid 
spacer designs were tested: swirl-type  and split-type. In the paper, only the simulations of the 
rod bundle with split-type grid spacers are presented. 

To simulate the flow structures between the rods and mixing  vanes, a complex, fully 
hexag- onal mesh was constructed, taking into account all spacer grid details. For 
computational pur- poses, high resolution  numerical  methods and time-dependent  scale-
resolving  turbulence  mod- els are used. The results in the form of cross-stream and axial 
velocity  components and turbu- lence intensity  profiles at the specified downstream 
locations are presented and discussed. 

1 INTRODUCTION 

In a pressurized water reactor (PWR), an optimal  heat removal from the surface of the 
nu- clear fuel rods is very important for thermal margins and safety. The geometry of the 
PWR fuel assembly spacer grids has a strong influence  on the safety and performance issues. 
The spacer grids that support the fuel rods in a fuel assembly are equipped with mixing vanes 
that act as turbulence-enhancing  devices to improve  the heat transfer from the hot surfaces of 
the rods to the surrounding coolant flow. The design of the mixing vanes is therefore an 
important optimization  parameter for the fuel assembly performance. 

The flow phenomena in the sub-channels, bounded by adjacent rods or outer rods and the 
spacer grid walls are very complex and exhibit patterns, which are not present in simple pipe 
flows. Testing of different  spacer grid geometries usually requires expensive experiments.  
How- ever, nowadays the supplementation or even replacement of experiments by CFD 
numerical analyses are of relevant interest, mainly owing to rapid development of advanced 
computer hardware that enables highly  efficient  parallel computing.  Nevertheless, it is not 
trivial to select the best modelling  options to capture the essential features of the turbulent  
structures down- stream of the spacer grid.  
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Untill recently, studies of coolant flow properties in nuclear reactors relied mostly on ex-
periments. This meant complex and expensive test facilities had to be constructed in order
to measure flow properties in the rod bundles. In the recent years, however, there have been
significant improvements in the performance of computers, which allow us to construct com-
putational models of complex structures, associated with the flow in rod bundles and to achieve
a converged solution of the governing equations in a reasonable time - even in a transient ap-
proach. (e.g. [1], [2], [3])

Before the release of data from the MATIS-H experiment, the participants had to provide
their simulation results that include values of time averaged flow velocity components, their
root mean square (RMS) fluctuations - also known as the standard deviation, and circulation
at the required locations. In the following sections, the blind transient simulations, performed
at Jožef Stefan Institute are presented and compared with experimental data for the split-type
spacer grid.

2 EXPERIMENT

The experimental setup consist of 25 cyllindric rods, scaled up by factor of 2.67 compared
to real size rods (with diameter of 9.5 mm) in order to improve the resolution of mesurements,
which are held in place by a spacer grid with attached mixing vanes which act as turbulence
enhancers. Inlet flow of water at 35o C is straightened by a flow straightener, which is placed at
sufficient distance (2.4m) upstream to allow for the flow to fully develop. The developed flow
then runs through the spacer grid with mixing vanes, where it becomes highly turbulent. Mea-
surements of fluid properties were done using the Laser Doppler Anemometry (LDA) technique.
As the flow continues toward outlet, the turbulence dissipates and the flow slowly approaches
the shape of undisturbed flow. The layout of the experiment is shown in Figure 1:

Figure 1: MATiS-H facility [4]



401.3

3 MESH

For the sake of reducing the computational demands of the model, only the section from 10
hydraulic diameters (1 DH = 24.27mm) upstream of the spacer grid to 10 DH downstream of
the spacer grid was modeled, as is shown on Figure 2:

Figure 2: Geometry of the simulated region

The fluid domain of the model was meshed with a fully hexahedral mesh. Construction
of hexahedral mesh, especially for complex geometries like the presented one, can be a time
consuming process. However, the simulations converge 4 to 10 times faster on well con-
structed hexahedral mesh than on the tetrahedral mesh with equivalent number of mesh cells
[5]. Therefore the hexahedral mesh is well suited for transient simulations of fluid flow on
complex meshes with a lot of elements, where the time required to carry out the computation is
measured in weeks or even months, depending on the computational capacities. The hexahedral
mesh on the other hand, also has disadvantages, for example hexahedral mesh should be ori-
ented in the direction of the fluid flow. This is not easily achievable in the case of rod bundles,
where the region downstream of the mixing vanes is rather chaotic in terms of flow orientation.
Additionally, the process of creating hexahedral mesh requires consistent subdivision of the ge-
ometry to smaller segments, the so-called blocks. Attempting to keep consistent blocking may
result in difficulties creating mesh on geometry that diverges from a common starting point, as
in the case of split vanes. This causes the blocking to become very stretched and the resulting
mesh cells are highly non-orthogonal. This is the case in the plane perpendicular to z axis (bulk
flow direction) at region close to the tips of the vanes as is shown in Figure 3:

Figure 3: Hexahedral mesh at the tips of the mixing vanes
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The most extreme stretching of the mesh occurs at the region between the two vanes. There-
fore special care was taken to keep the internal angles between two faces above, or at least very
close to, the angle of 20 degrees, which is generally considered to be the minimum required for
good solutions.

The hexahedral mesh had the following properties:

• Mesh consisted of 13.1 million elements in the fluid region.

• Y+ ranged from 0.16 (the important region around the spacer grid and rods, especially
near the vanes) to 87.03 (less important region near the outside boundary).

• Cell edge length varied from 0.227 mm (region around the vanes and immediate down-
stream of the vanes and in the boundary layer) to 81.8 mm (region upstream near the
inlet)

• 0.016% elements had 2x2x2 determinant between 0.06 and 0.1 and the rest above 0.1.
Determinant of 0.1 is generally considered to be sufficient for fast convergence, but values
as low as 0.01 are tolerable.

• 0.056% of the elements had minimum angles between 10o (which according to CFX5
manual is the lowest safe angle [6]) and 18o and all of those elements were located in
the region around the space holders, where possible errors do not contribute significantly
to the conditions downstream. Additional 0.016% of the elements had minimum angle
between 18o and 20o, the rest of the elements were above 20o, which is considered a good
value for fast convergence.

• Highest warpage (maximum angle between an edge of a face and the plane, defined by
midpoints of all edges of the same face) was under 80o, which is the acceptable limit.

4 MODELING APPROACH AND BOUNDARY CONDITIONS

The inlet boundary condition, defined at cross section A-A (Fig. 1) is uniform flow with a
mass flow rate of 24.2kg/s. At the outlet, the boundary condition is pressure drop of 156.9 kPa.
Water in the experiment was maintained at temperature of 35o C. Bulk velocity of water was
1.5 m/s and its dynamic and kinematic viscosity were 0.73 × 10−3 N s/m−2 and 0.73 × 10−6

m2/s respectively.
CFD code ANSYS CFX [6] was used for simulations with the following numerical setup:

• Scale adaptive simulation shear stress transport (SAS SST) turbulence model was used
[7]. SAS SST model is based on introduction of the von Karman length scale into the
turbulence scale equation. This allows SAS model to dynamically adjust to structures,
resolved in an unsteady reynolds averaged navier stoker simulation (URANS), which
results in a large eddy simulation-like behaviour in unsteady regions of the flow field.
The model provides standard RANS capabilities in stable flow regions at the same time.
The SAS SST model is meant to be used in inherently unsteady flows.

• Central difference advection scheme.

• 2nd order backward euler transient scheme.

• First order turbulence numerics.
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• Time step of 10−4s for transient simulation, where each coefficient loop was limited to 4
iterations (maximum momentum equation residuals at each step were around 10−3).

• 1 second of total simulated time.

5 RESULTS AND DISCUSSION

Time averaged values were taken along the lines at 0.5DH , 1.0DH , 4DH and 10DH down-
stream of the vane tips in three subchannels between the rod rows. Figure 4 shows locations
of the subchannels where measurements using LDA probe were conducted and the location of
subchannel, where circulation was measured:

Figure 4: Locations of measurements of fluid properties

The data from simulations was collected along the same lines and then compared to the
values from the experiment. When deciding whether the simulation has reached a converged
state, we look at the time dependence of the time averaged components of velocity and their
fluctuations, which are shown in Figure 5. From the plot of time dependence we can see, that
the simulated time, required for the time averaged quantities to converge, is on the order of
seconds.

(a) Transient average velocity (b) Transient RMS velocity fluctuations

Figure 5: Time dependence of averaged velocities and their fluctuations.

When the time averaged values have converged, we are able to compare them to the mea-
sured values from the experiment [8], [9]. Figure 6 shows comparison between experimental
and simulated values for each component of velocity and its RMS fluctuations.
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(a) Uavg (b) URMS

(c) Vavg (d) VRMS

(e) Wavg (f) WRMS

Figure 6: Simulated and experimental components of velocity and their RMS fluctuations at
0.5DH downstream and 0.5P.
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Figure 6 shows, that the average velocity profiles fit the experimental velocity well through-
out the entire measuring area with small absolute deviations from the experimental velocities.
When comparing the RMS fluctuations, the results show good agreement with experimental
results throughout most of the measuring region, with the computational model correctly pre-
dicting the locations of the major peaks in all velocity components. The intensity (height) of
these peaks is, however, underestimated.

Figure 7 shows the relative and absolute errors of the simulated velocities and their fluctua-
tions. The relative and absolute errors are the standard relative and absolute error.

(a) ∆URMS (b) δURMS

Figure 7: Absolute and relative errors in RMS fluctuations of components of velocity.

Relative error in the calculated RMS fluctuations is up to 0.5 in axial velocity component
and up to 0.3 in U and V components of the velocity, however it stays between -0.2 and 0.2
throughout the most of the measurement region, as can be seen in Figure 7. The calculated
fluctuations in W direction differ the most from the experimental values. The U and V RMS
fluctuations are predicted a bit better, with the biggest relative error in the last subchannel next
to the outside boundary of up to 0.35. Again, for the most of time, the relative error stays
between -0.2 and 0.2.

Figure 8 shows the development of W (axial) component of velocity at locations 1 DH , 4DH

and 10DH downstream of the tip of the vanes for simulated (full line) and experimental case
(dashed line):

Figure 8: Axial velocity at selected downstream locations
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It can be seen from Figure 8 that the difference between the simulated and the experimental
flow remains mostly within 10%, at most 20% of the bulk flow velocity. The discrepancies
between the simulated and measured velocities are partly due to the computational mesh, which
was coarsened downstream of the vanes in order to reduce the time, required to complete the
transient simulation.

The last quantity to be evaluated was the circulation in one subchannel, shown in Figure 4
(hatched).

Circulation is defined as

Γavg =
∫

(
∂uavg

∂y
− ∂vavg

∂x
)dS (1)

Reported value of circulation in the subchannel at 0.5DH downstream of the tip of the
vanes was -0.030m2/s, and the value of circulation, calculated from the simulated time averaged
values was -0.023 m2/s. The time averaged velocity vectors in the subchannel, where circulation
was measured, are shown in Figure 9. The circulation was measured at distances greater than
0.84mm from the rods (walls).

Figure 9: Time averaged velocity vectors in the subchannel, where circulation was measured.

6 CONCLUSIONS

The results presented show a good level of agreement between computational model and
actual experimental values. Use of hexahedral computational mesh allows us to complete the
transient simulation in, for example, one month, where simulation on tetrahedral computational
mesh would take a lot more time. The computational model correctly predicts the trends and
magnitudes of separate velocity components, with possible room for improvement in computa-
tional mesh. The RMS fluctuations are underestimated by less than 20%. The results give suffi-
cient level of confidence in computational model for giving the CFD models an ever increasing
role in designing both the components of nuclear reactors and other industrial products.
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