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Simulating neutronics and thermal hydraulics within nuclear reactor cores is
computationally intensive, not only because of the complexity of the governing
equations but also because of the intricate geometries involved. Solving the
Boltzmann transport and Navier-Stokes equations for a full core representation
typically relies on unstructured meshes, which, while highly flexible, can
substantially increase computational costs regarding memory and solving
time. Cartesian meshes with Finite Elements (FE) offer a faster alternative,
potentially improving computational speed by an order of magnitude due to
direct memory addressing. However, they necessitate finer grids to accurately
capture the boundary details of non-Cartesian surfaces, which can offset these
gains by increasing solver times. To address this challenge, a new meshing
algorithm is proposed in conjunction with hybrid, matrix-based and matrix
free, solver technologies. It employs a geometry-conforming boundary
method using voxel-dominated Cartesian meshes. This method enables
accurate boundary representation at arbitrary resolutions, which can be
adjusted to resolve the physics to the desired level of accuracy rather than
strictly to capture geometric detail. This is combined with a hybrid solver for fluid
flows to different regions of a problem in order to increase efficiency when
resolving the boundary. This article demonstrates the method’s application to
Computational Fluids Dynamics (CFD) and neutronics problems relevant to
reactor physics, showcasing its accuracy, convergence, numerical stability,
and suitability for handling complex geometries.

KEYWORDS

hybrid matrix and matrix-free solver, reactor physics, finite element, CFD, neutron
transport, voxel-dominated meshing

Highlights

• Voxel-dominant meshes are built from Signed Distance Functions (SDF), allowing for
accurate surface representation.

• A hybrid matrix-free and matrix-based FEA solver was developed to accelerate
computations associated with voxel-dominant meshes
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1 Introduction

Simulating neutron transport and thermal hydraulics within
nuclear reactor cores is computationally intensive. The complexity
of the governing equations combined with the intricate geometries
involved often lead us to use simplifications, whether that be to the
equations or the problem domains, that often sacrifices numerical
accuracy for reduced computational costs. Often the thermal
hydraulics are resolved at the sub-channel scale using coupled
one-dimensional models that are highly parameterised and fine
tuned to experimental data. Other examples include the use of
diffusion theory for resolving the neutron distribution, perhaps with
a few groups resolving the energy domain with smeared cross-
sections homogenising the heterogeneous structures making a core.

High fidelity models are of course used today and are still being
developed by various research bodies throughout the world to
improve the quality of numerical approximations. Finite element,
spectral element and control volume models are popular choices as
they offer a flexible route to capturing geometries, and have been
developed extensively over the last few decades. Examples of their
use in thermal hydraulics include Paul et al. (2008), and similarly
Fang et al. (2021), providing full FEM solutions of the Navier-Stokes
LES equations for reactor analysis. Others have proposed hybrid
methods, such as Liu et al. (2019), Liu et al. (2022), that aim to
combine CFD calculations with sub-channel models to enhance
accuracy whilst retaining the computational speed of the sub-
channel model. A recent review of methods in CFD in nuclear
thermal hydraulics can be found in Wang M. et al. (2021). Similarly,
for neutron transport, FEM solutions on both structured (Evans
et al., 2010) and unstructured grids (Wang Y. et al., 2021; Nguyen
et al., 2025) have been developed and are in use in many industry
and research codes and meshing tools (Tautges and Jain, 2012).

Unstructured mesh methods are best suited to handle complex
geometries composing a core that include fuel pins, spacer grids
among other supporting structures. Structured meshes, say with
Finite Elements, have also been proposed as a faster alternative,
offering the potential to improve computational speed by an order of
magnitude due to their reduced memory access requirements and
structured solver implementations. However, their primary
limitation lies in handling complex geometries, particularly in the
presence of curved boundaries and irregular features. Unlike
unstructured meshes, which conform naturally to boundaries,
Cartesian grids approximate curved surfaces with step-like edges.
This stair-casing effect leads to significant accuracy loss, particularly
in the BTE, where geometric fidelity plays a critical role in
determining neutron streaming paths and scattering effects.

To mitigate the stair-casing issue, several Cartesian-based solver
techniques have been developed for general PDEs, including
applications in fluid flow, solid mechanics. These methods include:

• Immersed boundary methods (Peskin, 2002; Verzicco, 2023;
Yang et al., 2018; Yang, 2018), which treats the boundary/
interface as a forcing term on the smeared-interface surface. It
either use the Dirac delta or Heaviside distribution.

• Cut-cell approaches (Ingram et al., 2003; Meinke et al., 2013;
Xie, 2022), where the geometry cuts through the Cartesian grid
or block-structured adaptive mesh refinement (AMR) grid
(Barad et al., 2009; Salih et al., 2019), and cells that intersect

the boundary are trimmed to match the geometry. It strongly
enforces the boundary. But it may lead to small elements or
irregular cuts.

• Unfitted boundary methods (Lesueur et al., 2022; Martorell
and Badia, 2024), which uses background grids with weakly
enforced boundary constraints.

Other approaches include the development of iso-parametric
elements that can be used in combination with both structured and
unstructured meshes to conform exactly to structures such including
fuel pins (Owens et al., 2016).

From an implementation point of view, there are two ways to
implement an FEA solver: the matrix-based method and the matrix-
free method (Johan and Hughes, 1991; Davydov et al., 2020;
Martínez-Frutos and Herrero-Pérez, 2015). The matrix-based
approach assembles the global stiffness matrix, which can be
memory-intensive for large sparse systems, and the assembly cost
grows with the problem size. On the other hand, the matrix-free
approach does not assemble the global matrix; instead, it computes
matrix–vector products on the fly. This results in much lower
memory usage and faster performance for large-scale problems,
e.g., on GPUs.

There are two type of geometry modelling approaches, explicit
modelling or implicit modelling. Explicit modeling describes
geometry through direct parameterisation, where surfaces and
boundaries are explicitly defined. This approach is widely used in
Computer-Aided Design (CAD) systems, which rely on
representations such as Non-Uniform Rational B-Splines
(NURBS) and triangle meshes to create and manipulate complex
structures.

Implicit modelling, on the other hand, defines geometry
indirectly using mathematical functions, typically representing
surfaces as level sets of scalar fields (Li et al., 2018). This
approach is particularly advantageous for handling complex,
topologically evolving shapes, such as those found in fluid
simulations, medical imaging (MRI/CT scans), and volumetric
datasets (e.g., VDB data (Museth, 2013)). It can be generated via
implicit geometry kernel or library, including nTop Inc. (2024),
LEAP71 (2024).

This article explores implicit geometric modelling
techniques, specifically by leveraging the signed distance
function (SDF) to efficiently represent complex geometries. In
addition, the proposed method addresses the challenge of using
structured meshes that still conform to geometries of arbitrary
shape. The method (named implicit geometry-conforming
meshing (IGCM)) employs a voxel-dominated Cartesian mesh,
that maintains as much structure as possible, but for a few
elements that are perturbed so that element surfaces are fitted
to an internal body’s boundary, or a problem’s exterior domain.
In addition, this article also proposes a hybrid solver for CFD
that, in particular, can be used in combination with the meshing
tool. This approach ensures a balance between computational
efficiency and geometric fidelity, allowing fine-scale resolution
where necessary while maintaining the performance benefits of a
structured mesh. In contrast to the hex-core meshing algorithm,
the mesh will be exported in unstructured format. Our solver will
leverage the Cartesian data structure and design the
associated solver.
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The following sections are set out as follows. Section 2 details the
voxel dominated meshing tool together with the hybrid solver for
CFD. Section 3 presents a range of numerical examples applying the
proposed tools to a range of applications and benchmarks including
neutron transport and CFD of fuel assemblies. Section 4 completes
the article with a conclusion.

2 Voxel dominated mesh with
hybrid solver

This section describes the voxel-dominated displaced boundary
mesh method, along with the hybrid solver for efficient CFD
simulations.

Two variants of the meshing approach are proposed for
capturing the geometric details of arbitrary bodies. The first
applies when only the external or internal region of the domain
is needed, such as in CFD calculations for flow around solid bodies.
The second resolves both the internal and external regions of a
structure, which is typically required for neutron transport and
fluid-structure interaction calculations. This approach is often
referred to as multi-material with interface.

In both cases, the goal is to preserve a uniform Cartesian grid
across as much of the domain as possible, modifying or displacing
elements only where necessary to conform to the surface of the body.
The method is illustrated in Figure 1, which shows a Cartesian voxel
mesh initially discretising a square domain containing a circular
region whose surface is to be preserved. Maintaining the Cartesian
structure throughout but filtering out the internal elements of the

circle (assuming here the exterior is to be resolved) results in the
mesh of 1b where clearly the surface is approximated with the step-
like structure and resemblance of the surface is only achieved when
sufficient, and perhaps excessive, resolution is applied.

Instead, the method introduced here begins with structured
Cartesian voxel mesh (or background mesh) of Figure 1a with
element size Δx. An internal geometry, such as the circle here, is
then represented through a signal distance field (SDF), which holds
the minimum distance between any position within the domain to
the surface of the object, denoted here as ΓS.

From this, a transformation map, φd, is defined on the nodes of
the backgroundmesh that map the set of closest nodes to the surface,
to the nearest position on the surface. That is, for the given set of
nodes on the original background mesh, denoted as {xi}, for
i ∈ {1, 2, . . .N} (N being the total number of mesh nodes), a new
set of point positions {x̂i} are formed by,

x̂i � φd xi( ) � xi + d xi( ), if xi ∈ ΓM,
xi, otherwise.

{ (1)

In Equation 1 the term ΓM denotes the interface region between the
surface and the background mesh which contains positions within
Δx
2 from the surface. The term d(xi) is the vector of shortest distance
between the node i and the surface ΓS. That is d(xi) ≔ xS,i − xi, with
xi ∈ ΓM, and xS,i ∈ ΓS being the closest position to the surface.

The set of nodes {x̂i} define the nodes of the mesh used in the
CFD simulations of this article. Note the element and node
connectivity remains the same, and that the elements with
changed shape are those with nodes that have been moved. In
the cases where a moved element has an edge in line with the
structure, no further changes are made. Those elements where the
object’s surface cuts through the element’s volume (i.e., cutting
through two opposite nodes of the quadrilateral), the element is
partitioned into two triangles, with the joining edge aligning with the
internal body’s surface. The internal triangle is then removed from
the mesh, together with all other internal quadrilateral elements of
the unchanged background mesh, resulting in the mesh presented in
Figure 1c. As can be seen, the regular mesh is preserved but for the
set of quadrilateral and triangle elements surrounding the surface of
the internal body. This approach is used in this article for the CFD
calculations.

For neutron transport problems, the solution domain includes
both internal and external regions relative to a surface—such as
when resolving fuel pins and surrounding moderator. In this
situation, meshes must preserve the volumes of both internal and
external regions. To achieve this, the method presented here uses the
SDF function, as before, to define distances between a surface and
the nodes of an initial background Cartesian mesh. The initial node
movement described in Equation 1 is again applied; however,
internal elements of the body are retained. At this stage,
modified elements surrounding the surface either preserve the
surface along an edge or have the surface cutting through their
volume. In the former case, no more modifications are necessary. In
the latter case, a further modification is applied to the element’s
nodes to preserve the surface while maintaining the quadrilateral
structure of the overall mesh. A single node not in contact with the
surface is identified and moved onto it. As presented in Figure 1d,
the resulting mesh preserves both the surface and the Cartesian
quadrilateral mesh structure.

FIGURE 1
(a) Initial voxel grid with circle indicated; (b) Cartesian mesh with
internal elements removed; (c)Unfitted boundarymethod for external
domain with mixed Cartesian and unstructured grid; (d) Unfitted
boundary method preserving internal/external domains using
only quadrilateral elements in Cartesian coordinates.
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2.1 Hybrid region FEM solver

For time dependent CFD solutions, a hybrid matrix-based and
matrix-free solver is implemented for the proposed voxel-dominant
meshes that is composed of a structured (Cartesian) and
unstructured component. More specifically, the domain Ω is
decomposed into two sub-domains Ω � ΩC ∪ ΩU, where ΩC

represents the Cartesian mesh region, and ΩU represents the
unstructured mesh region. Each component is treated separately
in terms of data storage, memory addressing and, if stored, matrix
assembly. A node pairing between local Cartesian grid ΩC and
unstructured mesh ΩU is imposed to enforce solution continuity.

For the Cartesian mesh region (ΩC), where the discretisation
uses hexahedral (in 3D) or quadrilateral (in 2D) elements, the nodes
and elements are stored in a Cartesian grid format. The shape
functions and element stiffness matrices follow standard FEA for
structured meshes with trilinear/bilinear elements.

For the unstructured mesh region (ΩU), the mesh consists of
four types of linear elements that includes hexahedral, tetrahedra,
pyramids and wedge. Here the standard finite element assembly
process is used, storing global system matrices.

The solver treats each region separately, where for the Cartesian
grid it employs the previous work developed in Yang et al. (2016),
Yang et al. (2019), Nillama et al. (2022). In essence this is a stabilised
explicit, matrix-free, solver designed to reduce memory access cost of
indirect addressing by relying on the structured nature of the grid. For
the unstructured grid component, the solver relies on matrix-based
approaches which, whilst fast, does require more memory. However,
due to the voxel-dominant mesh structure, the unstructured part is
restricted to the interface/boundary region which is typically a small
proportion of the whole domain. Thus the larger proportion of the
domain is treated with minimal storage. Overall, this may provide an
even balance of memory usage and efficient computation.

3 Numerical results

This section provides a number of numerical examples using the
proposed methods in diffusion-based applications, CFD and
neutron transport to demonstate the accuracy and stability.

3.1 Poisson problem: circle embedded in a
square domain with analytical solution

This numerical example evaluates the accuracy of the proposed
meshing method in solving Poisson’s equation, given by:

−∇ · ∇u r, θ( ) � f r, θ( ),
where the solution variable u(r, θ) is expressed in polar coordinates.

The problem is defined over a square domain [−1, 1] × [−1, 1],
with a circular boundary of radius R � 1/3 centered at the origin. A
Neumann boundary condition is imposed on the circle, ∂u

∂n � 0,
where n denotes the outward pointing normal to the surface. The
source term f(r, θ) is defined as

f r, θ( ) � 24
r
sin −5θ( ),

On the outer square boundary, a Dirichlet boundary condition is
applied to match the analytical solution:

u r, θ( ) � r sin −5θ( ) + 1
5

r/R( )−6r sin −5θ( ).

The problem is solved on two different mesh types: 1. Voxel-
Dominated Mesh–A geometry-conforming mesh where the circular
boundary is fully resolved. 2. Standard CartesianMesh–A structured
Cartesian grid where elements overlapping with the circle
are removed.

The computed solutions and errors for both mesh types, using a
30 × 30 element resolution, are presented in Figure 2. The results
show that while both meshes yield similar solutions, the voxel-
dominated mesh significantly reduces maximum errors and
suppresses the extent of the largest error regions by better
conforming to the geometry.

This improvement is further illustrated in Figure 3, which plots
the solution along the horizontal line at y � 0.5. The figure
compares results for both mesh types at resolutions of 30 × 30
and 50 × 50. The geometry-conforming mesh demonstrates
improved accuracy, particularly in regions close to the embedded
circular boundary.

In the two simulations presented, the solver iterations (see
Section 3.6) required to reach convergence were closely
comparable. The voxel and voxel-dominant meshes required
80 and 82 solver iterations for tolerance 10−8. Since the mesh
sizes are nearly identical and CPU solver iterations have the
same cost, this demonstrates that the meshing approach allows
geometries to be resolved without increasing the computational cost
of solving the discretised equations.

3.2 Fixed source neutron transport
simulation of fuel pin and PWR assembly

This numerical example provides a demonstration of the
meshing tool for use in resolving neutron transport problems at
the pin-level scale. The analysis is focused on the ability of the
meshing tool to capture domain surfaces accurately, but which also
remains numerically stable when used in combination with typical
FEM discretisations. For this demonstration both the single energy
group fixed source and multi-group eigenvalue versions of the
Boltzmann transport equations are solved. The latter of these is
given by,

Ω · ∇ψg �r,Ω( ) + Σt,g �r( )ψg �r,Ω( )

− ∑G
g′�1

∫
Ω′
Σs,g′→g �r,Ω′ → Ω( )ψg′ �r,Ω′( )dΩ′

� χg
4πkeff

∑G
g′�1

∫
Ω′
]Σf,g′ �r( )ψg′ �r,Ω′( )dΩ′,

for g ∈ {1, 2, . . . , G}. The solution yields the angular flux for each
energy group g, ψg( �r,Ω), in direction Ω at position �r together with
the multiplication factor keff. The terms ]Σf,g′ and Σs,g′→g denote
the production (via fission from group g′) and group to group
scattering material cross-sections, respectively, and χg denotes the
fission spectrum.
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In the following analysis standard numerical technques for
discretising the space-angle dimensions of the BTE are employed.
This includes a discontinuous Galerkin FEM spatial discretisation

using bi-linear basis functions on quadrilateral element meshes. This
is combined with a simple, zero-order structured discrete ordinate-
SN method, based on equal solid-angle quadrature for discretising

FIGURE 2
(a,b) Solution and error using the voxel grid. (c,d) Solution and error using the voxel-dominant grid. Both sets of results are based on a 30 × 30
quadrilateral element mesh.

FIGURE 3
Solution along the horizontal line at y � 0.5 x-axis: horizontal axis. y-axis: solutions.

Frontiers in Nuclear Engineering frontiersin.org05

Yang et al. 10.3389/fnuen.2025.1597165

mailto:Image of FNUEN_fnuen-2025-1597165_wc_f2|tif
mailto:Image of FNUEN_fnuen-2025-1597165_wc_f3|tif
https://www.frontiersin.org/journals/nuclear-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fnuen.2025.1597165


the angular domain in the Boltzmann transport equation, the details
of which can be found in Adigun et al. (2018).

The first demonstration uses a 2-dimensional single fuel pin of
radius 0.418 cm, encapsulated within a square domain, with side
lengths 1.26 cm, bounded by reflective surfaces. Two sets of single
group cross-sections and neutron sources are used which are not
designed to represent anything physical but, moreover, are used to
test numerical stability using the geometry capturing meshes over
different material regimes. In both problems, the material and
sources in the fuel and moderator remain constant, as listed in
Table 1, with the scattering and total cross-sections set to examine
mesh performance in the transparent and diffuse material regimes.
As the analytical solutions yield a constant flux, it would be expected
the solutions to be resolved to within machine precision and solver
tolerances, regardless of the mesh resolution. Thus numerical
instabilities arising from the mesh and element shape will most
likely be exposed when capturing the circular pin geometry. Noting
that all calculations were performed using double precision, this
investigation is not focused on other instabilities, causing solution
divergence, including those due to poor element shape and lower

precision computations. Figure 4 present the absolute relative scalar
flux errors using meshes ranging from FEM grids of 8 × 8 to
100 × 100. In all cases, whilst the largest errors occur around the
pin interface, the errors are to within typical round-off limits and
solver tolerances as they do not exceed 10−8. This demonstrates that
the numerical methods remain stable when used in combination
with the meshing techniques for the extreme transport regimes in
radiation transport.

The following investigation evaluates mesh performance in
resolving fuel pins within a representative reactor geometry. A
single fuel pin and its surrounding moderator were modeled
using the dimensions and material cross-sections for uranium
dioxide (UO2) fuel and moderator from the C5G7 benchmark
Nuclear Energy Agency (2003). Thermal flux solutions for group
7, obtained using meshes of varying resolutions from coarse to fine,
are presented in Figure 5. Additionally, Figure 6 shows the scalar flux
profiles for groups 1 and 7 along the diagonal of the domain (from
position (0,0),cm to (1.26,1.26),cm). This figure also includes the 2-
norm errors of the scalar flux along the same diagonal. The reference
solution was computed using a fine mesh of 400 × 400 elements, and
errors are shown for meshes ranging from 8 × 8 to 200 × 200
elements. These results indicate that the solutions remain stable
across the different mesh resolutions. While oscillations appear in
the coarse mesh, particularly in the fast flux, these are expected due
to insufficient resolution rather than poor mesh performance. That
is, the coarse elements simply lack the ability to capture the finer
solution details observed in higher-resolutionmeshes. Increasing the
resolution mitigates these oscillations, with the fine mesh solution

TABLE 1 Source and material cross-sections used in the neutron transport
test cases.

Test case Source Σt Σs

Test Case 1 1.0 0.01 0.0

Test Case 2 1.0 2.0 1.9

FIGURE 4
S16 Scalar flux solution absolute relative errors to the void (top) and scatter (bottom) pin problem. Left to right, using a spatial mesh of 8 × 8, 30 × 30,
and 100 × 100, quadrilateral elements.
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exhibiting smooth contours, except for small blips in the fast flux,
which result from ray effects. The error convergence graphs show
that the errors do converge at a rate in close agreements with first-
order convergence, which again should be expected due to the use of
linear FEM functions.

In summary, this numerical example provides evidence the
meshing algorithm is suitable for resolving fuel pins across
transparent and diffuse material regimes, and for those typical
found in reactor physics benchmarks.

3.3 Two dimensional CFD benchmark

The 2D lid-driven cavity flow (Ghia et al., 1982) at Re � 1000 is a
well-established numerical benchmark in computational fluid
dynamics (CFD). It involves an incompressible, viscous flow
inside a square cavity, where the top boundary moves at a
constant velocity v � 1 while the other three walls remain
stationary. This setup generates a primary vortex in the cavity
centre, along with secondary vortices near the corners. The case
serves as an ideal benchmark for assessing numerical schemes,
solution accuracy. It is a convection-dominated problem, where
stabilised FE is used (Yang et al., 2016).

To validate the hybrid solver, we rotate the computational
domain by 45°, intentionally introducing a stair-casing issue. This
test evaluates the solver’s ability to handle both Cartesian and

unstructured grids while ensuring accurate vorticity transport
and solution consistency.

Figure 7 presents the computational meshes and their
corresponding velocity solutions under a 50 × 50 resolution. The
voxel-dominant mesh demonstrates superior accuracy in capturing
viscous boundary layers, leading to more accurate results compared
to a purely voxel-based approach. Figure 8 further illustrates the
velocity profiles along the horizontal and vertical centerlines of the
cavity, comparing the obtained solutions against established
reference data.

3.4 Three dimensional CFD CANDU
fuel assembly

This study presents a CFD analysis of a three-dimensional
CANDU fuel assembly (Torgerson et al., 2006), focusing on
pressure distribution and velocity profiles. The CANDU (Canada
Deuterium Uranium) reactor utilizes heavy water moderation, with
fuel bundles immersed in pressurized coolant. Accurately modeling
the flow behavior around the fuel rods is essential for optimising
heat transfer efficiency and minimising pressure drop (Piro
et al., 2016).

A typical CANDU fuel bundle, illustrated in Figure 9, consists of
37 fuel elements, concentrically arranged and mounted on two end
plates. The bundle has a total length of approximately 500 mm and a

FIGURE 5
S32 Group 7 scalar flux solution profiles single pin of C5G7. Left to right, using a spatial mesh of 8 × 8, 30 × 30, and 100 × 100, quadrilateral elements.

FIGURE 6
Left and middle: S32 Scalar flux group 1 and group 2 solution profiles to the single pin of C5G7 for varying resolution meshes. Legend number
indicated number of elements in each dimension. Line plots were taken through the diagonal from positions (0,0)cm to (1.26,1.26)cm. Right: Group 1 and
7 - 2-norm error plotted against mesh resolution in each dimension.
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diameter of about 100 mm. The CFD simulation provides insights
into velocity distribution, flow separation, and pressure variations
within the assembly. These results help assess flow uniformity and
identify potential recirculation zones, ensuring an optimized
thermal-hydraulic performance of CANDU fuel bundles during

reactor operation. The simulation is conducted for a single-phase
flow, excluding heat transfer and chemical reactions.

To analyse the effects of mesh resolution, surface and volume
meshes were generated at three levels of refinement with mesh size
of 0.2868 cm, 0.1434 cm, 0.0717 cm, with a refinement factor of

FIGURE 7
Lid driven flow benchmark case for Re � 1000 using voxel-grid (a, b) and voxel-dominant mesh (c, d) with hybrid solver with 50 × 50.

FIGURE 8
Vertical and horizontal velocity through the horizontal centerline and vertical of the cavity at Re = 1,000 using n = 50 solution in the original
coordinates before rotation.
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two at each level. Figure 10 shows the surface and volume meshes at
three resolutions. All simulations used a mass flow rate of 20.9 kg/s
as used in (Bhattacharya et al., 2012). The pressure drop for each
simulation of increasing mesh resolutions was calculated as
11.22 KPa, 11.02 kPa, 10.78 kPa showing these values to be
converging to within 0.2 kPa. Figure 11 presents the flow
velocities pressure profiles using the small and large meshes.
Again, this shows closely converging solution details.

3.5 Illustration of computational efficiencies

The use of meshes constructed predominantly of structured
elements offer significant memory savings compared to fully
unstructured meshes, in part this is due to the absence of indirect
addressing and mesh-connectivity storage. Additionally, the repetition
of element shapes eliminates the need to compute and store spatial
integrals for each individual element. Although quadrilateral and
hexahedral elements involve more nodes per element, the overall
number of elements is substantially lower, by factors of
approximately 6 in 2D and 20 in 3D, resulting in a net reduction in
memory and computational costs. Thus the effectiveness of the method
presented will be driven by the fraction of unperturbed elements.

Table 2 presents the fraction of unperturbed elements used in
the 2D reactor pincell problems and the 3D CANDU reactor

geometry for varying mesh sizes. In the 2D case, the number of
unperturbed element is quite low for the smallest mesh, the eight by
eight grid resulting in just 25% of elements being unperturbed.
However, one can see from Figure 5 the pin occupies a large
proportion of the domain and so the large elements tend to
intersect the surface on a regular basis. As mesh resolution is
increased the unperturbed fraction quickly rises and reaches over
93% for the 100 by 100 mesh. Similarly the three meshes used for the
CANDU geometry show increasing unperturbed fractions, initially
starting from 51% for the lowest mesh of 300.5 K elements, and
rising to 85% for the large mesh with 20.2 M elements.

3.6 CFD and BTE solver information

The CFD and BTE solver used here was based on an in-house
code (Buchan et al., 2021), written in Fortran-90 and compiled as a
python library. The CFD solver used a continuous linear FEM with
VMS stabilisation, and a generalized minimal residual method
(GMRES) solver with a Jacobi preconditioner. The BTE solver
used discontinuous linear FEM with a sweep based solutions
scheme. For the eigenvalue problems, a Power method was
employed. Both solvers have been developed with MPI parallelism
and the CFD solver has the additional OpenMP capability which was
used in the calculation of the CANDU assembly.

FIGURE 9
Isometric view of a 37 element CANDU fuel bundle modelled in nTOP, left: whole view, right: close view.

FIGURE 10
Surface and volume meshes at three resolutions: 0.2868 cm, 0.1434 cm, and 0.0717 cm, corresponding to a refinement factor of two between
successive levels.
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4 Conclusion

This study presents a hybrid solver framework integrated with a
voxel-dominated Cartesianmeshing approach to efficiently solve the
Boltzmann Transport Equation and Navier-Stokes equations in
complex nuclear reactor simulations. Traditional unstructured
meshing techniques, while flexible, impose significant
computational burdens due to high memory consumption and
solver inefficiencies. In contrast, structured Cartesian methods
offer computational advantages but suffer from stair-casing
errors, particularly in handling curved geometries.

To overcome these limitations, the implicit geometry-
conforming meshing (IGCM) method was introduced within a
voxel-dominated Cartesian mesh. This approach is coupled with
a hybrid solver, applying structured solvers in voxel regions while
using adaptive numerical treatments near complex boundaries. The
combination of these methods enables high computational
efficiency while preserving accuracy in neutron transport and
thermal hydraulics simulation. The demonstration provided here
showed that complex geometries can be resolved through the
simulation of a CANDU assembly. The proposed hybrid solver
and meshing framework provides a promising direction for
accelerating full-core reactor simulations while ensuring the
accuracy of boundary interactions. Future work will focus on

benchmarking the solver against high-fidelity reference solutions
and extending its applicability to multi-physics coupling, including
neutron transport, thermal radiation, and turbulence modelling.
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