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Abstract

The current work presents experimental and computational investigations of fluid flow through a 37
element CANDU nuclear fuel bundle. Experiments based on Magnetic Resonance Velocimetry
(MRYV) permit three-dimensional, three-component fluid velocity measurements to be made within
the bundle with sub-millimeter resolution that are non-intrusive, do not require tracer particles or
optical access of the flow field. Computational fluid dynamic (CFD) simulations of the foregoing
experiments were performed with the HYDRA-TH code using implicit large eddy simulation, which
were in very good agreement with experimental measurements of the fluid velocity. Greater
understanding has been gained in the evolution of geometry-induced inter-subchannel mixing, the
local effects of obstructed debris on the local flow field, and various turbulent effects, such as
recirculation, swirl and separation. These capabilities are not available with conventional
experimental techniques or thermal-hydraulic codes. The overall goal of this work is to continue
developing experimental and computational capabilities for further investigations that reliably support
nuclear reactor performance and safety.
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1 Introduction

Understanding fluid flow through a CANDU nuclear fuel channel is important from both
performance and safety points of view under normal operating and upset' conditions since the coolant
provides a heat sink for the fuel. Typically, thermal-hydraulic predictions of coolant circuits and fuel
channels in a CANDU reactor are performed by the system level code CATHENA [1] or the subchannel
level code ASSERT-PV [2], which have been developed at the Canadian Nuclear Laboratories (CNL;
formerly Atomic Energy of Canada Limited). More recently, CNL has been developing its
Computational Fluid Dynamics (CFD) capabilities [3,4] to complement its system level and
subchannel level code suite to capture fluid behaviour with a much higher degree of resolution than
what was previously possible with conventional thermalhydraulic codes. While great progress has

! Upset conditions include, but are not limited to, partial loss of power, coolant flow or coolant system pressure.



been made in contemporary approaches based on CFD, any analyses that support nuclear reactor
safety must ultimately be validated by carefully designed and executed experiments.

Conventional experimental and computational investigations of fluid flow through a fuel
channel have been limited by physical or computational constraints that result in overly conservative
assumptions and an underlying uncertainty about the flow field. Established fluid flow instruments —
such as pitot tubes, Laser Doppler Velocimetry (LDV) or Particle Image Velocimetry (PIV) — are
ineffective at reliably measuring fluid velocity within a CANDU fuel channel due to their intrusive
nature or due to lack of optical visibility of the fluid regime within the fuel channel. While progress
has been made using LDV and PIV for Light Water Reactor (LWR) applications using Refractive
Index Matching (RIM), the same techniques cannot be effectively applied to CANDU fuel channels
for geometric reasons. First, LWR fuel rods are very long and predominantly cylindrical, whereas
CANDU fuel rods are relatively short and have appendages, which play an important role that must be
considered. Manufacturing an optically transparent bundle replica with appendages is problematic.
Second, LWR fuel assemblies are rectangular with rods arranged on a structured grid, which permits
optical visibility of the interior of the assembly with careful control of optics, whereas CANDU fuel
bundles are cylindrical. Therefore, lasers must traverse multiple solid/liquid interfaces to measure
fluid velocity in the interior of the bundle, which can result in significant error due to refraction
despite the best efforts in employing RIM techniques.

Although computational predictions of thermal-hydraulic behaviour that are made with
conventional codes are generally in good agreement with available experimental measurements, they
typically rely heavily on empirically tuned correlations that are not universal in nature and are also
unable to capture local effects with high spatial resolution. For example, one could not reliably extend
such a framework from subchannel flow through a fuel bundle in a normal pressure tube to a
deformed pressure tube, which may experience considerable diametral creep towards end of life
resulting in flow bypass effects.

Many of the aforementioned concerns have been eliminated by recent advances in experimental
and computational methodologies. Magnetic Resonance Velocimetry (MRV) permits all three
components of the time-averaged velocity vector field to be measured in three dimensions without
requiring optical access to the measurement volume, injection of tracer particles or physically
intruding the flow field. The MRV technique is based on Magnetic Resonance Imaging (MRI), which
has demonstrated many practical applications for medical [5,6] and engineering flows [7,8]. Similarly,
recent advancements in CFD, compounded by the availability of affordable high performance
computing resources, facilitate the detailed simulation of complex fluid flow problems with
sophisticated turbulence models, in particular models capable of capturing the anisotropy inherent in
such flows.

In the current work, MRV measurements of light water flowing through a CANDU fuel channel
replica have been performed, which provide time-averaged, three-dimensional, three-component
velocity measurements within the fuel bundle. Moreover, the CFD code HYDRA-TH [9] was used to
predict time-dependent fluid dynamic behaviour within the bundle. An Implicit Large Eddy
Simulation (I-LES) model was used to capture the turbulent flow behaviour, which does not rely on
the isotropic eddy-viscosity assumption while also resolving large eddies directly. The flow
conditions that are analyzed in this work are not representative of in-reactor conditions (specifically,
lower temperature, pressure and mass flow rate). However, the intent of the work is to further
develop capabilities for understanding and predicting fluid flow through a fuel channel with a much
higher degree of resolution than what has been previously possible. Together, these experimental and
computational tools are intended to provide confidence in the analysis techniques described herein,
which are envisioned to investigate more realistic in-reactor conditions in future work to support
performance and safety analyses.



2 Experimental Considerations
2.1  Experimental Setup

A typical CANDU fuel bundle, which is illustrated in Figure la, contains 37 fuel elements” that
are concentrically arranged and mounted on two end plates. The total length of a bundle is
approximately 500 mm and the diameter is about 100 mm. Spacer pads are appended to the fuel
elements to prevent adjacent elements from contacting one another and bearing pads are appended on
the outer elements to provide spacing with the pressure tube wall. Depending on the particular plant,
12 or 13 bundles are horizontally arranged in a string within a pressure tube. The configuration of a
bundle sitting within a pressure tube, which also resides within a calandria tube, is shown in Figure
1b. Pressurized heavy water flows through each fuel channel with a mass flow rate of ~24 kg/s and a
Reynolds number of about 3 million at the inlet of a fuel channel, which is calculated from the inner
diameter of the pressure tube.

fuel element

Figure 1. a) Isometric view of a 37 element CANDU fuel bundle, and b) the configuration of a CANDU fuel
channel including the fuel bundle, pressure tube and calandria tube [4].

A replica of the CANDU fuel bundle shown in Figure 1 above was manufactured using direct
polyamide laser sintering and is shown in Figure 2. The bundle was manufactured in two halves due
to size limitations of the laser-sintering machine, and the two parts were mated together with a tongue
and groove fixture with adhesive. During the manufacturing process, the sintered parts densified
during the cool-down phase. The final fuel element diameter was measured with a vernier caliper to
be 12.9 mm, which is very close to the actual geometry of 13.08 mm (i.e., ~1% difference) [10]. The
current bundle is surrounded by a tube with an Inner Diameter (ID) of 102 mm and an Outer Diameter
(OD) of 110 mm, which was made of acrylic glass. Due to fabrication tolerances, the ID was
measured to be 102.5 mm with a vernier caliper, which is less than 1% from the actual geometry [10].
The relative difference in the cross-sectional area of the fluid region between the MRV experiment
and commercial specification is ~0.3%, which is inconsequential.

The entire flow model including the fuel bundle is depicted in Figure 2 below. The fuel bundle
was axially fixed with a pin attached to a thin plate located inside the downstream end nozzle.
Immediately upstream from the fuel bundle, a nozzle accelerates the fluid from the settling chamber
with an ID of 150 mm. Both the settling chamber and the end nozzle contain de-aeration holes, which
permit air bubbles to escape but not water. Upstream from the settling chamber, a wide-angle diffuser
with multiple diffuser grids preconditions the flow. The intent of preconditioning is to generate a
uniform velocity profile immediately upstream from the bundle, which is favourable for simulation
purposes. A detailed discussion of the manufacturing of the pre-conditioner is given by Wassermann

[11].

2 A 28-element bundle design is also used in some commercial CANDU power generating stations.
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Figure 2. A schematic is shown of the flow apparatus. A diffuser adapts the inlet of the flow rig to the region
containing the fuel bundle with multiple intermittent diffusers. The nozzle downstream from the bundle converges to the
return line. A photograph shows the laser sintered polyamide bundle used in the MRV measurements. The manufactured

bundle is a geometrically accurate representation of a CANDU fuel bundle. Graphic adapted from Wassermann [11].

The operating fluid was deionised light water with 1 g/L copper sulfate salt as a contrast agent,
which was added to the water to enhance signal quality without affecting fluid transport. The flow
loop was prepared with a flow supply system and was adjusted to 60 L/min [11]. The fluid
temperature was maintained constant at 21 °C using an immersion cooler (Julabo FT402, Seelbach,
Germany) inserted into the 100 L fluid reservoir. The resulting Reynolds number was approximately
12,500, as calculated with the ID of the pressure tube.

The Reynolds number in this experiment was much lower than what is typically experienced in-
reactor. The main limitation in reproducing these conditions ultimately rests on materials that are
compatible with an MRI. Specifically, non-metals must be used, which is why the bundle replica and
the preconditioner were manufactured using polyamide powder via additive manufacturing.
Furthermore, the very high flow rate of ~24 kg/s of water flowing through a multi-million euro MRI
poses a legitimate risk of water leakage with subsequent damage to electronics, which could
potentially be resolved given appropriate engineering design changes. Nevertheless, the intent of this
work is to further progress capabilities of investigating fluid flow inside a fuel bundle to high spatial
resolution with the understanding that it is not representative of normal operating conditions in-
reactor.

2.2 Measurement Parameters

The measurement principle of MRV is based on the magnetic interaction of the hydrogen
nucleus with external magnetic and electromagnetic fields. This also implies that no optical access is
necessary. The measurement fluid just needs magnetic and electromagnetic access. In the presence of
a strong magnetic field, the hydrogen nucleus starts to precess with a unique frequency, called the
Larmor frequency, which depends on the magnetic field strength. Such precessing hydrogen nuclei
can be excited with electromagnetic pulses that are also oscillating at the Larmor frequency and emit
electromagnetic signals (Magnetic Resonance (MR) signal) that can be received by sensitive coils.
The Larmor frequency of each macroscopic ensemble of hydrogen nuclei (called Voxel, typically a
cube with ~1 mm edge length) can be altered in space and time by altering the magnetic field using
magnetic field gradients. This process is known as spatial encoding. Thus, the spatially encoded MR
signal can be received and the information in each voxel can be reallocated to its spatial position.
Additionally, by applying bipolar velocity-encoding gradients, the velocity information can be
detected in each voxel. This enables the measurement of three-dimensional, three-component (3D3C)
velocity fields.



For MRV measurements, the Siemens TIM Prisma system (Erlangen, Germany) operating with
a 3 Tesla main magnetic field strength was utilized. The chosen MR settings are summarized in Table
1. Velocity data were acquired in five separate Field-Of-Views (FOVs) with consistent MR settings.
Each FOV was acquired with a 3D gradient echo Fast Low Angle Shot (FLASH) sequence where the
Frequency Encoding (FE) and Phase Encoding (PE) axes were aligned with the Cartesian Z- and X-
directions, respectively. Despite the fact that the utilized MR machine is designed for high
performance measurements, field distortions can arise from inhomogeneities in the magnetic system
when using large flow models exceeding the dimensions of the magnetic iso-centre. Hence, the entire
geometry was partitioned into five sections (~100 mm each) in the axial (Z) direction for
measurement purposes and then merged during post-processing. For each scan, the table was moved
100 mm by the scanner controls with an uncertainty of approximately 1 mm; each time shifting the
FOV. The channels of the applied receiver coils were toggled on and off according to the table
position. For each FOV, an additional scan without flow and equal MR parameters was acquired to
enable a background phase correction utilizing a 3D fit routine provided by Testud and Zaitsev [12].

A quantitative measure of data quality is the Signal-to-Noise Ratio (SNR). For the presented
data, a magnitude threshold of 60 was chosen with the help of a statistical histogram plot to separate
the noise from the signal [13]. Additionally, the magnitude threshold was used for masking the
material structure. The choice of the magnitude threshold can influence the appearance of the data
significantly, especially in regions where high signal loss is present. The SNR can be calculated with
the signal background method [13]. The velocity error due to phase noise is proportional to the
reciprocal of the SNR and can be calculated according to methods described by Bernstein [5]. Both
are listed in Table 1. By this procedure, an overall SNR of the dataset is determined, which allows
one to quantify a single velocity uncertainty for the whole dataset. More advanced methods for
quantifying location dependent velocity uncertainty are currently under development.

Table 1. Imaging parameters and MR settings of the MRV acquisitions [11].

MR Parameter Value
Repetition time/Echo time [ms] 36.8/5.2
Flip Angle [°] 15
Pixel bandwidth [Hz/pixel] 445
Spatial Resolution [mm] 0.8 isotropic
FEXPE lines (Z- x X-direction) 256x144
Slices (Y-direction) 144
Channels 14
Total acquisition time [min] 15
Averages 1 (2 for FOV 1)
Venc [m/s] 0.5
SNR 13.1
Velocity error [m/s] 0.03

2.3 Magnetic Resonance Data Consistency

The data set has been composed of five different acquisitions and will heretofore be referred to as
FOV1 to FOVS5. Data consistency in transitioning from one FOV to the neighbouring FOV must be
verified. For this reason, the cross-sectional averages along the Z-direction of the velocity
components Uy, Uy and U, (streamwise component) were derived. Additionally, the flow rate was
integrated over all cross-sections to ensure continuity is satisfied. All curves are shown in Figure 3.
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Figure 3. a) Cross-sectional integrated measured velocity components in X-, Y- and Z-directions; b1) and b2) show
contour plots of the streamwise velocity at two axial locations (marked with O in (a)) in neighbouring fields of view; c)
volumetric flow rates along the axial direction are calculated by integrating the axial velocity component from MRV data.
The volumetric flow rate provided by the pump is provided with uncertainty bars to provide an indication of the overall
measurement error. Graphic adapted from Wassermann [11].

In Figure 3a, the cross-sectional averages of the cross-stream components (i.e., Uy and Uy) are
considered. Both velocity components are near zero, which verifies that the inflow was sufficiently
pre-conditioned and that the applied background phase correction was done properly. Secondly, the
cross-sectional averaged streamwise velocity component (i.e., U,) is shown in Figure 3a and
compared to the overall average (dashed line). Good agreement is found over a wide range across the
Z-coordinate.



The U, average velocity increases towards the ends of FOV2 and FOV4. Figures 3 (b1) and (b2)
show contour plots of the streamwise velocity component at Z = 385 mm (i.e., downstream position of
FOV4) and Z = 387 mm (i.e., upstream position of FOVS5). Upon closer examination, the fuel
elements shown in Figure 3 (bl) appear larger in diameter compared to Figure 3 (b2), which is
physically not possible as each bundle half was manufactured in one process. The gaps between
neighbouring elements appear smaller for Figure 3 (bl) than for Figure 3 (b2). The blue regions
adjacent to the fuel elements (i.e., velocity boundary layer) are absent in Figure 3 (bl). The reason for
that was an inappropriate selection of the receiver coil channels for FOV2 and FOV4 that lead to a
reduced signal towards the ends of both FOVs. Hence, the signal in the regions around the fuel
elements, which already suffers from partial volume artifacts (e.g., signal drop out in voxels that are
partially filled with fluid and solid material of the flow model), and the signal in the upper periphery
of the bundle decreases below the magnitude threshold of 60. This was recognized after the
measurements were completed and during post-processing. This explains the increase of the cross-
sectional average of U, in Figure 3a for FOV2 and FOV4. Nevertheless, the velocity values per voxel
are consistent for both contour plots. Hence, issues are only present for the signal magnitude but not
for the signal phase, which means that the cross-stream velocity components are not affected. The
cross-sectional averaged or integrated values are affected as they require a complete representation of
all voxels. Hence, these areas are marked in the subsequent plots.

Figure 3¢ compares the integrated flow rate to the bulk flow rate provided by the flow supply
system (denoted with pump). Both curves show good agreement and the integrated flow rate lies
within the error bars of the ultrasound flow rate sensor utilized in the flow supply system. The flow
rate curve in FOV2 and FOV4 is affected according to the cross-sectional integrated streamwise
velocity component discussed above. Measurement error is relatively high in the middle section of
FOV3 and through the front and rear end plates, as evidenced by the departure from continuity in
Figure 3. This error is due to insufficient spatial resolution and errors due to flow acceleration. For
Z <0 mm, the flow rate is noticeably below 60 L/min. The error is relatively high in this region
because it is outside the magnetic iso-centre; hence, distortions can occur that artificially reduce the
effective cross-sectional area [5].

3 Computational Considerations

The CFD code HYDRA-TH was used in this work to simulate the experiments described in
section 2. HYDRA-TH is a subset of the Hydra Toolkit and it provides a general-purpose capability for
simulating incompressible and low-Mach number flows. HYDRA-TH has been used by Los Alamos
National Laboratory for the Consortium for Advanced Simulation of Light water reactors (CASL) to
address a number of single phase applications for a wide range of nuclear industry thermal-hydraulic
applications, such as grid-to-rod fretting [14]. The Hydra Toolkit is a massively parallel multi-physics
framework that is written in C++ and provides a rich suite of lightweight high performance
components that permit rapid application development, supports multiple discretization techniques,
provides 1/O interfaces to permit reading and writing multiple file formats for meshes, plot data, time-
history, surface and restart output.

For this problem, HYDRA-TH solved the time-dependent partial differential equations
representing continuity and momentum under isothermal conditions. The continuity equation for an
incompressible isothermal fluid is given by

o1,
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where u; is the instantaneous velocity component in the direction of x; and the over-bar indicates a
filtered quantity. The time dependent momentum equation in an inertial reference frame is given by
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Here, fluid density is denoted by p, time by t, pressure by p, the dynamic viscosity by u and the
stress tensor by 7. The stress tensor is model dependent, which will be given more careful
consideration in the following section.

3.1  Turbulence Modelling

The fluid transport for this problem is bounded by numerous walls, and is affected by the
overall complexity of the geometry. For instance, the front and rear end plates induce rotation, the
skewed spacer pads induce swirl and the combination of various effects lead to inter-subchannel
mixing. Needless to say, accounting for turbulent anisotropy is important, as is the viscous near-wall
region.

Several previously published articles that have investigated fluid flow through a CANDU fuel
bundle have independently come to the same conclusion that turbulence models based on the
Reynolds Averaged Navier-Stokes (RANS) equations are inadequate for this particular flow problem,
which have been supported by experimental measurements [4,15,16]. Furthermore, RANS models
under-predict inter-subchannel mixing in a fuel bundle due to its inability to capture turbulent
anisotropy or quasi-periodic flow (for steady state cases) [17]. In this study, an Implicit-LES (I-LES)
model [18] was utilized to evaluate the time-dependent flow characteristics in the wall-bounded flow
through a CANDU fuel bundle.

There are many variants of LES that have been developed, and the characteristics and
advantages of these methods relative to RANS models are relatively well known. The many aspects
of LES, and in particular I-LES, are beyond the scope of this paper. Here, only the relevant aspects
of I-LES are outlined. I-LES, in contrast to conventional explicit subgrid-scale (SGS) models, hinges
on the concept associated with the numerical regularization of the resolved-scale numerics due to the
effects of SGS fluid dynamical effects. Numerical methods that “build-in” this regularization may be
found in stabilized finite element methods and some monotonicity-preserving finite volume methods
[18]. In addition, a detailed presentation of modified equation analysis and assessment of high-
resolution (monotonicity-preserving) algorithms is described by Grinstein et al [18]. A spectral
analysis of the interplay between advective phase (and group) speed and dissipation for signals
ranging from the integral to the grid Nyquist limit is described by Christon et al [19,20]. The
modified equation analysis is important in defining the form of implicit SGS terms, HYDRA-TH also
considers the spectral analysis that is critical in designing I-LES methods that accurately represent the
grid-resolved eddies. The details of the non-linear, monotonicity-preserving advection scheme, and
the associated phase speed and dissipation may be found in the HYDRA-TH Theory Manual [9].

In contrast to an explicit SGS approach, the I-LES formulation used in HYDRA-TH does not rely
on filtering concepts with a 2Ax cut-off (i.e., “energy drain”). Instead, a balance between phase speed
and dissipation is constructed in a non-linear and monotonicity preserving procedure that respects the
energy cascade throughout the discrete spectrum. The application of I-LES to a turbulent flow
problem is not unlike the practices used for explicit SGS models. In HYDRA-TH, wall-functions are
not used for I-LES, requiring a mesh resolution down to a y* ~1 for near wall cells.

An automatic time-step controller is used with a fixed maximum Courant-Friedrichs-Levy
(CFL) condition in order to capture the eddy-turnover time scale associated with eddies in the regions
between the rods of the bundle. Preliminary computations were carried out to assess the time-scale
when a statistically stationary flow is established using the integrated kinetic energy of the flow
domain as a metric to establish the presence of a clear mean flow and associated turbulent
fluctuations. This time-scale determined the starting point for the collection of turbulent statistics for



the flow problem with refined meshes. HYDRA-TH provides a rich set of tools for instrumenting a
flow simulation and collecting turbulent statistics that include means, variances, RMS values,
turbulent kinetic energy and Reynolds stresses.

3.2 Geometry and Mesh Generation

For the sake of consistency, the geometry of the CANDU fuel bundle used in the CFD
simulations was made using the same CAD model that was used to manufacture the polyamide bundle
shown in Figure 2. The simulated geometry is shown in Figure 4, which also identifies the inlet,
outlet, channel wall and the 37-element fuel bundle. This model is a correct geometric representation
of a CANDU 37 element fuel bundle used in the Bruce Nuclear Generating Station in Canada. The
computational geometry also included the pressure tube with a 0.89 mm radial gap, 50 mm upstream
fluid region and 150 mm downstream fluid region.

In the experiment, a large diffuser adapts the flow supply system at the inlet of the test rig
containing the fuel bundle with a nozzle at the outlet. Again, the pre-conditioning system shown in
Figure 4 used in the experiments was designed to produce a uniform velocity profile at the inlet of the
test rig, which eliminates the need of including it in the computational geometry. Figure 5 shows the
measured axial velocity near the inlet is fairly homogeneous. While a uniform velocity profile
upstream from a bundle is not representative of in-reactor conditions, it was intended to facilitate
comparison between measurements and predictions for this analysis.
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Figure 4. A schematic of the simulated geometry with the inlet, outlet, channel wall and 37-element bundle identified.
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Figure 5. Measured axial velocity contour plot upstream of the 37-element fuel bundle,
at the position z = -10mm. The contour demonstrates a very uniform flow velocity,
with slightly higher velocities towards the bottom right region of the channel.



The geometry of the bundle was constructed with SOLIDWORKS [21], which was then meshed
with HEXPRESS/HYBRID [22]. HEXPRESS/HYBRID was chosen for its ability to automatically generate
high quality hex-dominant meshes directly from CAD geometries, which proved to be very effective
for such a highly complex geometry. Table 2 summarizes the mesh size and quality statistics, which
includes the distribution of mesh cell types. Observe that 96% of the mesh cells are either
hexahedrons or prisms, which are clearly desired, while only 1.6% of the mesh cells are tetrahedrons.

Table 2. Mesh size and quality statistics are given.

Parameter Value
Minimal edge-length [m] 3.14x10°
Average edge-length [m] 1.4x10™
Maximum edge-length [m] 5.9x107
Total # of mesh cells 53,512,046

% hexahedrons 80%

% tetrahedrons 1.6%

% prisms 16%

% pyramids 2.5%

Figure 6 shows the mesh resolution on solid surfaces near the front end plate of the bundle,
which includes the fuel elements, bearing pads, spacer pads, end plates, and spacer caps. Figure 7
illustrates the mesh in the fluid region between adjacent fuel elements in the bundle. A five-layer
inflation zone was generated near the walls of the fuel elements to capture the boundary layer with
overall high resolution within the subchannels. Figure 8 shows an enlarged view of the fluid region
between two adjacent fuel elements, which also intersects the middle of the spacer pads. This region
was most challenging to generate a high quality mesh due to the close proximity of spacer pads,
which are also skewed with respect to one another. Note that some of the mesh elements may appear
distorted, which is a graphical artifact resulting from the projection of a three-dimensional mesh onto
a two-dimensional plane for visualization purposes.

In the rod bundles, the integral scale corresponds roughly to the hydraulic diameter of the
channel and the size of the largest eddies, while the dissipation scale is set by viscosity. For the I-
LES method, the accurate resolution and propagation of eddies requires a minimum of approximately
4-6 cells per wavelength (eddy). The non-linear, locally-conservative and monotonicity-preserving,
advection method provides the transition between the resolved scale and the subgrid scale where
dissipation of kinetic energy occurs. Note that the mesh resolution in this work is comparable to
similar analyses of subchannel flow in Pressurized Water Reactors by Christon et al [23], and is
actually finer in some regions with more uniform mesh spacing in smaller subchannels. A grid
sensitivity analysis by Christon et a/ [23] demonstrated that while the mean flow behaviour could be
reasonably resolved with a medium density mesh, a mesh of approximately double the number of
cells was needed to adequately resolve RMS quantities.
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Figure 6. The computational mesh near the upstream end plate is shown.
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Figure 7. The computational mesh is shown through the centre subchannel, which illustrates the high resolution between the
fuel elements with a multi-layer inflation zone.
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Figure 8. An enhanced view of the computational mesh between four adjacent fuel elements is shown with a five-layer
inflation zone (i.e., to better capture the near wall boundary layer), which includes the mesh between contiguous spacer pads.

In general practice of CFD simulations of wall-bounded turbulent flows, the mesh quality along
no-slip walls has a significant influence on the accuracy of the numerical solution. Near wall
boundary elements need to be small and uniform in order to adequately resolve the flow behaviour
near the wall. However, for very complex flow geometries, the size and uniformity of the cells along
the wall are difficult to maintain during mesh generation due to the complexity of the geometry. In
contemporary CFD engineering practice, the quantity y* is commonly used to assess the mesh quality
at no-slip walls and represents a dimensionless distance normal to an adjacent wall. The distance from
the wall, measured in viscous length units, is defined by

— 3
vP
where y, v, T,,, and p denote the (dimensional) normal distance from the wall, kinematic viscosity,
wall-shear stress, and fluid density, respectively. In this study, the y* values were evaluated only for
boundaries where there is a no-slip/no-penetration boundary. Although not required by I-LES, normal

distance boundary conditions were employed to identify the no-slip/no-penetration walls in the model
for the computation of y+.

In the mesh study, two different meshes (18M, 54M) were generated by HEXPRESS/HYBRID. The
average y monotonically decreased with increasing mesh size. In this paper, the 54M mesh was
chosen as the baseline mesh with five boundary layer mesh cells (see Figure 8). The average
calculated y" value over the fuel bundle surface is close to 1 with a maximum value of 5. The spatial
uniformity of the y* value is also of importance whereby the spatial distribution of y* over the fuel
bundle is pretty smooth with small variations of y". As y" is similar to a local Reynolds-number, the
magnitude of the average y* value can indicate the relative importance of viscous and turbulent
processes in the near wall region. A value of y* near approximately 1 is recommended for LES with
full wall resolution (i.e., no wall function) [9].

3.3 Solver Details

HYDRA-TH is based on a hybrid projection algorithm for time-dependent, incompressible
viscous flow [24]. This hybrid finite element/finite volume algorithm circumvents the usual
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divergence stability constraints — such as checkerboard modes in the pressure — and does not require
explicit treatment of pressure modes using Rhie-Chow interpolation or a pressure-stabilized Petrov-
Galerkin formulation. The hybrid projection algorithm relies on the so-called co-velocity approach,
where dual-edge velocities that are centered at unique faces in the grid are made divergence-free and
then used for advection. Together with a high-resolution advection scheme with consistent edge-
based treatment of viscous/diffusive terms, this yields a robust algorithm for incompressible flows.
Here, the second-order (in space and time) accurate projection method is used for the I-LES
computations with a fixed CFL automatic time-stepping algorithm. The construction of the high-
resolution monotonicity-preserving algorithm with a second-order Trapezoidal rule in time permits an
extended stability range. This permits stable, time-accurate I-LES computations with CFL values
around 5-10. A maximum CFL value of 4 was chosen here to be conservative.

HYDRA-TH relies on PETSc [25], the ML preconditioner from Trilinos [26], and Hypre [27] for
its linear solvers. In particular, Hypre’s BoomerAMG is employed as a preconditioner to PETSc’s CG
solver for the pressure projection linear solve, while the momentum transport linear solve is
performed using PETSc’s FGMRES solver with PETSc’s block Incomplete LU-decomposition as a
preconditioner.

3.4 Material Properties and Boundary Conditions

The operating fluid for this particular problem was condensed light water, whereby heat transfer
and chemical reactions are not relevant. The fluid was taken to be incompressible and isothermal at
21 °C. The density of water was taken to be 997.2 kg'm™ and the dynamic viscosity is 8.9043x10™
kg'm™-s”, which were computed from the Thermalhydraulics Evaluation Package [28]. The inlet was
represented as a velocity inlet boundary condition with a uniform axial velocity profile of
0.1191 m-s™, which is a good approximation to the measured inlet velocity shown in Figure 5.

The outlet face was represented as a pressure outlet boundary condition with a zero gauge pressure
applied and all surfaces were treated as solid walls with a no-slip no-penetration boundary condition.
Since the I-LES turbulence model was used, turbulent boundary conditions for turbulent kinetic
energy and dissipation rate are not required at the inlet. Furthermore, the flow at the inlet of the
physical system is fairly laminar, which is due to the design of the pre-conditioning system (i.e., as
shown in Figure 2). Turbulence is generated by the separation at the inlet endplate and boundaries in
the rod bundle. Here, it was determined that the inflow turbulence intensity was quite low (i.e., <1%)
so a uniform velocity profile was used at the inlet. Synthetic turbulence boundary conditions can be
required in some forced flow conditions, and for canonical periodic flow in a box where there is not
significant energy input due to boundary conditions, only the cascade and subsequent energy decay.
The approach used here does seem to be adequate for this particular case, and like other fuel-rod
bundle LES simulations, more sophisticated treatments at the inlet were not deemed necessary.

3.5 Convergence Criteria

In this study, the semi-implicit projection time-integration scheme [9] was used to calculate the
transient flow characteristic over the complex wall-bounded flow channel. The basic philosophy of
the projection method is to provide a legitimate way to decouple the pressure and velocity fields to
provide an efficient computational method for transient incompressible flow simulations. Time
integration was dynamically determined by HYDRA-TH to constrain the maximum CFL number to 4,
which resulted in a step size of approximately 10* s for most of the simulation (see Figure 9). The

2
domain integrated kinetic energy, [ % dQ, was computed by HYDRA-TH with respect to time, which

is also shown in Figure 9. Here, Q0 denotes the volume of the fluid domain. Based on these
calculations, a time of 2 s was selected as the starting point for calculating time-integrated statistics
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until the end of the simulation at 10 s. This time interval corresponded to approximately 70,000 time
steps. The initial 2 s corresponds to the startup time required to establish the turbulent boundary
layers, after then, the volume-integrated kinetic energy has reached a statistically stationary state.
Convergence at the time step level was determined by ensuring that the residuals of all three-
momentum equations and the continuity equation were less than 107, In addition, the outlet flow rate
was monitored to ensure that continuity was satisfied as the simulation progressed.
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Figure 9. The computed volume-integrated kinetic energy is plotted with respect to time for the
HYDRA-TH simulation, which was used to determine when temporal statistics should be
recorded. Also, the time step size is superimposed using the same abscissa.

Figure 10 plots the instantaneous axial velocity at a particular node located immediately downstream
from the front end plate. Since the flow is still numerically developing in the first few seconds,
results should only be considered after ~2 s. The time averaged axial velocity from 2 to 10 s and
standard deviation are superimposed on Figure 10. These results were used to determine whether the
simulation has reached a stage of statistically stationary flow.
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Figure 10. The predicted instantaneous axial velocity is plotted for a particular
node located immediately downstream from the front end plate.
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4 Presentation and Discussion of Results

The space between neighbouring fuel elements in a CANDU fuel bundle is termed a
subchannel, through which the coolant is flowing. For good convective heat transfer, highly turbulent,
thin velocity boundary layers and a high fluid velocity are advantageous. Inter-subchannel mixing
improves the homogenization of coolant temperature within a CANDU fuel bundle, thus promoting
the normalization of fuel element temperatures.

By subdividing the fuel bundle into four concentric subchannel regions (normally referred to as
“subchannel rings”) and calculating the cross-sectional averaged streamwise velocity and the cross-
sectional integrated flow rates in these regions, insights about the flow distribution can be achieved.
Figure 11a shows the four subchannel regions with the outer diameters indicated in millimeters. Each
subchannel ring is assigned a certain colour (i.e., red, light blue, green and dark blue) and name (i.e.,
A1-A4), which is used to indicate the corresponding regions in Figure 11b and c. Axial positions that
are highlighted with light orange have to be considered carefully, due to abnormalities in the
acquisition process. In Figure 11b, the cross-sectional averaged streamwise velocity relative to the
overall average of the streamwise velocity (i.e., bulk fluid velocity) is depicted for the four
subchannel rings. Throughout the length of the fuel bundle, the average U, velocity in Al is
considerably lower than the remaining three subchannel rings; A2 and A3 are fairly consistent and
roughly equal to the bulk velocity, and A4 is slightly below the bulk velocity. As to be expected, all
four regions begin with roughly the same value at the beginning of the bundle (i.e., Z = 0 mm).
Afterwards, the flow through A4 decreases while A3 increases. Around the middle of the bundle,
where the strongest cross-sectional obstruction due to spacer and bearing pads is present, considerable
mixing among all four subchannel rings takes place. Hence, the bundle appendages lead to a velocity
re-distribution, which is positive for A2 and A4, but negative for Al and A3.

The average streamwise velocities in A1 and A4 decrease throughout the length of the fuel
bundle, whereas the average streamwise velocity in A2 and A3 marginally increase as the fluid
progresses downstream. A possible explanation may be the increasing velocity boundary layer
thickness, which progressively affects fluid flow in subchannel ring Al. In addition, adjacent fuel
elements are in much closer proximity to one another in Al in comparison to the remaining
subchannel rings. Indeed, this matter is quite important in terms of the coolability of the central fuel
rod.

The integrated flow rate for each of the four subchannel rings is plotted in Figure 1lc as a
percentage of the bulk flow rate. As a form of verification, the sum of flow rates calculated from A1
to A4 is displayed as a dashed line, which is very near 100%. As is shown in Figure 11c, ~40% of the
fluid flow rate is accommodated by subchannel ring A3, ~30% in A4, ~20% in A2 and finally ~10%
in Al. The graphs demonstrate similar behaviour as previously discussed for the relative cross-
sectional averaged streamwise velocity.

Another region of interest is immediately upstream from the bundle (i.e., Z < 0 mm). The flow
rates and average streamline velocities in subchannels A1-A3 are initially high and decrease over the
front end plate, whereas region A4 experiences the opposite trend. This is due to the sudden cross-
section reduction starting with the front end plate, where the flow has to evade the downstream
obstruction. For A1 to A3, the flow has to funnel through the small openings of the end plate. On the
pressure tube wall upstream from the fuel bundle, a significant velocity boundary layer has developed.
Hence, the flow can evade into these regions and reduce the velocity boundary layer again. This is
also the reason why the flow rate increases for A4 just downstream from the front end plate.

A general conclusion that can be drawn from these results is that all four subchannel rings are
able to communicate with each other. With appropriate passive flow control devices (e.g., vanes), a
redistribution of the flow is possible. For the given CANDU fuel bundle, this is already partially
achieved by the spacer and bearing pads. The flow through subchannel A1 and around the central
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element in particular is quite important since the average streamwise velocities are up to 30% lower
than the bulk velocity. When assuming constant material properties, this also implies that the
Reynolds number is reduced. Fortunately, the neutron flux is the lowest in the central region of the
fuel bundle, which results in the lowest local linear power within the bundle [10]. Thus, the reduced
coolability resulting from a lower flow rate through subchannel ring A1 is partially offset by the lower
neutron flux.
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Figure 11. a) Front view of a CANDU fuel bundle depicting the four subchannel integration areas; b) Cross-sectional
integrated measured streamwise velocity represented relative to the bulk streamwise velocity; c) Cross-sectional integrated
measured flow rate relative to the total flow rate through the channel. Erroneous areas are marked with an orange bar.
Graphic adapted from Wassermann [11].

The distribution of the streamwise velocity component U, for different axial positions is
considered in consecutive contour plots in Figure 12. Starting with Z = -10 mm, the flow upstream
from the front end plate is very homogeneous with a small boundary layer at the pressure tube wall.
This figure verifies using a constant axial velocity as a boundary condition at the inlet. For Z =
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10 mm, a flow field has developed in each subchannel, where the maximum velocity values are
present in area Al. In all other areas, U, is evenly distributed. Only small boundary layers surrounding
the elements and at the pressure tube wall are visible (i.e., roughly the size of a voxel or smaller).
Effects resulting from the obstruction of the front end plate are still observed in the flow field
downstream. Following the contour plots further downstream (i.e., Z = 50 mm, Z = 100 mm and
Z =200 mm), the maximum velocity values increase in the subchannel rings A2 to A4 and decrease in
Al. This behaviour was also observed in Figure 11. Concurrently, the boundary layers increase in size
to a greater degree in some subchannels than others. In the middle of the bundle at Z =250 mm, the
maximum streamwise velocities in the entire flow field develop. The cross-sectional area is a
minimum in the middle of the bundle (i.e., Z = 250 mm) due to the presence of the bearing and spacer
pads.

The last contour plot in Figure 12 (i.e., Z = 500 mm) shows the streamwise velocity distribution
approximately 5 mm downstream from the rear end plate. There is significant recirculation following
the ribs of the rear end plate, which would enhance mixing downstream. Behind the radial struts of
the rear end plate, large wakes with recirculating fluid are present. Additionally, jets with high-speed
fluid develop from the subchannels of areas A2 to A4. In comparison, fluid velocities in the centre
area (i.e., Al) are relatively low. One critical result of such a flow profile could be fluid-structure
interactions.

In a commercial CANDU reactor, multiple bundles are placed in series within a fuel channel,
whereby the flow downstream of one bundle is affected by the presence of the adjacent downstream
bundle. Indeed, the presence of neighbouring fuel bundles complicates flow between the two adjacent
bundles, particularly since fuel bundles may not be circumferentially aligned with one another. This
could lead to increased mechanical loads on the front end plate and fuel element heads. Another
potential scenario resulting from the uneven out-flow profile and the complex interaction with the
entry region of the downstream fuel bundle would be the undersupply of certain subchannels with
coolant flow. As shown above, a fluidic interaction between the subchannels in angular and radial
positions is possible. Nevertheless, the redistribution of coolant in the radial direction is not very
intensive.

As the CANDU fuel bundle has a certain rotational symmetry, it is valuable to transform the
cross-stream velocity components into a radial velocity Ugr and an angular velocity Ug. This enables
the observation of flow redistribution in the radial direction, which is associated with fluid movement
from one subchannel ring to a neighbouring region. With Ug, a swirling motion or a fluid movement
within a subchannel ring is identifiable. Figure 13 depicts different contour slices showing the Ug and
Uy fields for critical axial positions before and after the front end plate and in the presence of the
spacer pads. The displayed coordinate system gives the direction for Ug and U,

For Z = -5 mm, the Uy plot shows that the flow is affected by the front end plate and the presence
of the fuel bundle. The radial redistribution of the flow is the highest for area A4 in the positive R-
direction. This redistribution was observed for the flow rate integration over subchannel ring A4 in
Figure 11. The radial movement in the negative R-direction is only slightly visible. In addition, Ug
depicts the detection produced by the radial struts of the front end plate. The angular detection is
much weaker than the radial detection.

The contour plots for Z = 5 mm show strong interaction between the radial subchannel rings. The
radial velocity reaches a maximum right after the small gaps of each ring. Like before, the radial
movement in the positive radial direction is greater than in the negative direction. Referral to the Ug
plot for this Z-location shows that high angular velocity values are only present where the radial struts
are located upstream. Another critical Z-location is the region where the spacer pads are located,
which corresponds to Z = 242 mm. Again, strong radial movement (especially from A3 to A4 and Al
to A2) is present. At positions where spacer pads are present and the streamwise velocity value is
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high, increased angular movement is observable. This is mainly present in the third subchannel ring
A3.

Figure 12. Measured axial velocity contour plots are shown at various axial positions. The dashed concentric
rings represent the different subchannels A1-A4. Graphic adapted from Wassermann [11].
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Figure 13. Contour plots of the measured radial (Ugr) and angular (Ug) velocity components along various axial positions.
The dashed concentric rings represent the different subchannels A1-A4. Graphic adapted from Wassermann [11].

Figure 14 gives a qualitative comparison of predicted and measured axial velocity distributions
throughout the fuel bundle at axial positions of 10 mm, 50 mm and 250 mm downstream from the
front end plate. The contour plots shown at 10 mm are consistent with Figure 11, whereby the axial
velocity is fairly well distributed amongst the subchannels. At an axial distance of 10 mm, the flow is
clearly still developing, as evidenced by the non-uniform velocity distributions in Figure 14, which
are consistent between both experiments and simulations.

As the fluid progresses downstream, the flow begins to develop with more evident velocity peaks.
Also, it is clear that the majority of flow takes place in subchannel rings A2 and A3. Axial velocities
experience a maximum at the centre of the bundle (i.e., near 250 mm) where the fluid regime is
constricted due to a smaller cross-sectional area. Again, this is due to the presence of bearing and
spacer pads, as shown in Figure 1. This figure also clearly demonstrates the relatively higher fluid
velocity through subchannel rings A2 and A3 compared to Al and A4. Note that the near-zero fluid
velocity regions in the predicted contour plot at Z = 50 mm is due to the presence of bearing pads that
alternate positions near the front of the bundle, which is consistent with the measured values shown in
the adjacent plot. The position of bearing pads on the fuel bundle is shown in Figure 1.
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Figure 14. Measured and predicted axial velocities are qualitatively compared at various axial positions in the domain.

Figure 14 demonstrates very good qualitative agreement between measured and predicted
axial velocity contours, while Figure 15 gives a quantitative comparison along both horizontal and
vertical directions at 5, 10, 50 and 250 mm axial distances. Figure 16 identifies the horizontal and
vertical directions superimposed on a cross-sectional view of a fuel bundle, which should be used in
the context of Figure 15. In general, there is very good agreement between measured and predicted
axial velocity quantities. Not only are trends in axial velocity profiles well represented, but so are
absolute values.
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Figure 15. Measured and predicted axial velocities are quantitatively compared at various axial positions in the domain.
The orientations of horizontal (i.e., X) and vertical (i.e., Y) directions are illustrated in Figure 16.
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Figure 16. Cross-sectional view of the mid-plane of a fuel bundle indicating
the vertical and horizontal directions used in Figure 15.

As is shown in Figure 15, recirculation shortly downstream from the front end plate (i.e.,
Z =5 mm) appears to be more pronounced in the CFD simulation in the vertical direction in
comparison to the MRV measurements. Conversely, recirculation is predicted to be lesser in the
horizontal direction. Although these discrepancies are fairly minor and are not of great concern, they
are most likely due to the misrepresentation of small eddies in the simulation near the front end plate,
whereby a large degree of recirculation takes places, since they are modelled rather than resolved.

Predicted and measured axial velocity profiles further downstream at 10 and 50 mm are in very
good agreement with one another. Conversely, the discrepancy between measured and predicted
values near the middle of the bundle (i.e., Z =250 mm) is quite noticeable. The MRV measurements
suggest that there are multiple stagnation zones near the midplane, which does not make sense
because there is no physical reason why the flow should stagnate in this region. This may be due to
the relatively larger experimental error in this region (as is shown in Figure 7), which is likely due to
insufficient voxel resolution between adjacent fuel elements.

Figure 17 illustrates a series of predicted isosurface plots of pressure at various regions of the fuel
channel. Note that separation zones near the bearing pads are predicted. Furthermore, the fluid
pressure isosurface at the downstream end plate shows a very complex structure, which results in
considerable recirculation in this region and was observed experimentally in Figure 12. Large
pressure gradients are shown in the downstream region, particularly near the interface of fuel elements
and the end plate. The largest pressure gradients appear in subchannel rings A2 and A3.
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Figure 17. Predicted pressure isosurface plots are shown in the downstream region of the bundle.
In this figure, fluid flows from left to right alongside the fuel rods.

Helicity isosurface plots are illustrated in Figure 18. As to be expected, small helical
structures are formed near the leading edges of bearing pads and trail downstream. Also, a significant
number of helical structures are observed at the downstream end plate resulting from the complex
structure of the rear end plate. The complex behaviour immediately downstream from the rear end
plate demonstrated by the pressure and helical isosurface plots suggest even more complex behaviour
if two fuel bundles are adjacent to one another.

The helical structures are very intense in the region adjacent to the upstream end plate. In this
area, turbulence and fluid mixing is very strong. After a short distance downstream from the front end
plate, the helical structures disappear again. This is an effect of flow acceleration that is caused by the
flow obstruction of the front end plate. In this region, the helical structures are stretched in the Z-
direction and are ultimately dissipated. This is analogous to the effect of a nozzle. This is
disadvantageous for heat transfer as laminar flow has no fluid mixing and an increased boundary layer
thickness. A counter measure for that would be to induce helical structures using passive flow control
devices as for instance discussed by Yao [29]. This would increase the flow rotational momentum and
lead to increased fluid mixing and a reduction of the velocity boundary layer.
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Under abnormal conditions that differ from what has been described heretofore, debris may be
circulating in the Primary Heat Transport System (PHTS) and get lodged somewhere in the fuel
channel, potentially resulting in a partial blockage of a subchannel. Consequently, the adjacent fuel
elements in these subchannels would suffer from insufficient cooling with the increased likelihood of
fuel failure, whereby the primary concern would be the release of radioactive fission products to the
PHTS. During one of the MRV experimental campaigns, a suspicious velocity distribution led to the
discovery of debris lodged within the bundle, which is shown in Figure 19. The source of this debris
is believed to be non-sintered polyamide powder, which is likely to stick between narrow gaps.
Although at the time it appeared that the presence of this debris was undesirable, this discovery came
to the realization of the valuable capability of MRV to not only perform velocity measurements, but to
also verify that the fluid regime that is being measured is free of any such obstructions, which is not
possible with any other experimental technique. Moreover, MRV is able to quantify the effects of
such debris on the local flow field, which is quite advantageous to investigate abnormal conditions in-
reactor.
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Figure 19. In a separate experiment, MRV measurements revealed debris lodged
within the bundle and the resulting effects on the local flow field.

The experimental and computational analyses described herein of flow through a 37 element
CANDU fuel bundle were generally in very good agreement with one another. One of the main
reasons why the numerical analysis is in such great agreement to the corresponding measured values
is because of the high level of fidelity captured by the I-LES turbulence model. However, the use of
this model comes at a great computational cost. The final simulation of the 54 million cell mesh was
executed for ~110,000 time steps on the Institutional Computing High Performance Computing
platform at the Los Alamos National Laboratory with approximately 2000 cores for 14 days. Indeed,
this places such an analysis in the realm of research and development, which is not compatible with
direct industrial use at this time.

One potential industrial application of the combined experimental and computational approach
described herein could investigate the modified 37 element bundle design — known as the 37M bundle
— designed by Ontario Power Generation for the Darlington Nuclear Generating Station. This design
is essentially identical to what is shown in Figure 1 except that the centre fuel element has a smaller
diameter in the 37M design. The motivation of this design change was to increase flow surrounding
the central element where dryout is expected to initially occur during a postulated accident scenario
[30]. Increasing flow near this element restores some of the lost safety margin due to reactor ageing
[30]. The foregoing capabilities could be applied to measure and predict local flow conditions for this
design and other similar design changes that may be considered in future investigations.

Although the flow conditions considered in these analyses are not representative of in-reactor
conditions — specifically, lower temperature, hydrostatic pressure and mass flow rate — progress has
been made in gaining confidence in the combined experimental and computational approach. For
instance, three-dimensional, three-component velocity measurements within a CANDU fuel bundle
have not been possible until now without the use of MRV technology. Also, numerical simulations
have demonstrated the ability to predict detailed flow distributions in a very complex geometry.
Future investigations are anticipated to study the effects of flow-bypass resulting from a crept
pressure tube and conjugate heat transfer simulations that are representative of in-reactor conditions.
Also, future work may include developing the capability to distinguish between velocity and density
information of gas and liquid phases in every voxel in a time-averaged manner for two phase flows.
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5 Conclusions

Progress has been made in developing the capability of investigating fluid flow through a 37
element CANDU fuel bundle through experimental and computational means. Experiments
performed with MRV provide three-dimensional, three-component fluid velocity measurements
without intruding the flow, introducing tracer particles or requiring optical access of the flow field.
CFD simulations performed with HYDRA-TH using the I-LES turbulence model were in very good
agreement with the foregoing experiments. Although these investigations were performed at much
lower Reynolds numbers than what is experienced in-reactor, these analyses demonstrate for the first
time the capability of measuring inter-subchannel mixing, particularly in regards to quantifying the
effects of turbulence induced mixing from the appendages. Moreover, the capability of verifying the
absence (or presence) of debris from internal fluid flow measurements has been demonstrated, which
is an invaluable feature to ensure reliable fluid velocity measurements. The development of this
combined experimental and computational capability instills confidence in understanding the complex
behaviour of fluid flow through a fuel bundle, which has important implications to performance and
safety.
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Appendix

A mesh sensitivity analysis was performed to determine the sensitivity of CFD simulation
results on mesh resolution. In addition to the mesh shown in section 3.2, which was mainly
developed based on experience with subchannel flow simulations, a coarse mesh was generated using
HEXPRESS/HYBRID with the same geometry and formulation. The main difference between the two
meshes is that three inflation zones were used in the coarse mesh instead of five, and the base mesh
size was increased to achieve a total mesh count of 18 million cells (rather than 54 million for the fine
mesh). HEXPRESS/HYBRID applied the same refinement techniques (e.g., near the appendages, near
neighbouring wall surfaces) for both meshes, which is a function of the base mesh size.

Figure 20 compares axial velocity predictions along the horizontal and vertical directions at an
axial position of 5 mm between both meshes. This particular axial position was selected because it is
shortly downstream from the front end plate, where the flow is expected to experience an appreciable
degree of turbulence. Generally, axial velocity predictions are fairly comparable between the two
simulations with exception of some of the subchannel regions in the vertical direction. Simulation
results from the fine mesh are considered well resolved, especially when considering that the total
number of cells is three times greater than the coarse mesh.
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Figure 20. Axial velocity predictions produced from a coarse and fine mesh are compared
along the horizontal and vertical directions at an axial position of 5 mm.
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