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ARTICLE INFO ABSTRACT

Keywords: Monte Carlo simulation based on Constructive Solid Geometry (CSG) brings unique challenges for multiphysics
Cardinal simulation, including establishing field transfers with mesh-based physics codes, the combination of stochastic
AURORA and deterministic solvers, and high computational expense. In this work, an adaptive, on-the-fly mesh-based
MOOSE Monte Carlo geometry algorithm is implemented in Cardinal to reduce the barrier-to-entry for high-fidelity
I?IEEEI:IC multiphysics by (i) eliminating ambiguity in defining CSG cells for temperature and density feedback, (ii)
Monte Carlo enabling simple mesh convergence studies, and (iii) more closely integrating Computer Aided Design (CAD)
CFD workflows with Monte Carlo methods. During Picard iterations, an OpenMC mesh geometry is adaptively
CAD refined or coarsened by contouring temperature and/or density fields from a thermal-fluid solver. This

algorithm is applied to a full-core Molten Salt Fast Reactor (MSFR) geometry with NekRS Large Eddy
Simulation (LES) coupled to OpenMC neutron transport. A performance study indicates a net speedup of 2.3x
in the OpenMC solver when using an adaptive geometry for cell sizes chosen intermediate to the as-built CAD
geometry versus 1:1 element tracking, which points to future algorithmic research in accelerated Monte Carlo
mesh tracking.

1. Introduction solvers to provide motivation for the present work. An outline of the
subsequent content is provided at the end of Section 1.2.

Recent growth in computing now permits large-scale multiphysics
modeling using Monte Carlo methods, considered state-of-the-art for
particle transport. The enormous diversity in the advanced reactor

landscape requires a flexible and general-purpose computational frame-

1.1. Geometry representations in Monte Carlo

work, to which the Monte Carlo method is well-suited for bench-
marking lower-fidelity tools, guiding multigroup cross section library
development, and aspects of reactor design (a growing use case in the
microreactor sector). However, many challenges arise when coupling a
Monte Carlo transport solver to a typical mesh-based Partial Differential
Equation (PDE) solver, due to the different geometry representations,
the combination of stochastic and matrix-type solvers, and the high
computational cost.

This paper focuses on methods for multiphysics feedback to unstruc-
tured mesh Monte Carlo simulations which are adaptive and flexible,
with the goal of reducing the barrier-to-entry for high-fidelity multi-
physics simulation. This paper will involve comparisons of Constructive
Solid Geometry (CSG) and mesh-based geometries, and as such Sec-
tion 1.1 first provides necessary background on the different geometry
representations used in Monte Carlo codes. Section 1.2 then summa-
rizes the challenges for multiphysics data transfers with Monte Carlo
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Computational geometry in Monte Carlo radiation transport can
take a number of forms, depending on the software in question. The
most common geometry representations include (i) CSG, (ii) surface
meshes, and (iii) volumetric meshes. Fig. 1 provides a conceptual
depiction of these different geometries. Most codes support intermixing
of these various geometry representations together into a single model
using the notion of universes (Leppanen, 2022; Bennett et al., 2019;
Ferraro et al., 2018) or layering (Biondo et al., 2022).

The most common geometry format is CSG, also referred to as
“combinatorial geometry”. Regions of space are formed using boolean
combinations of the “half spaces” of various first- and second-order
surfaces (e.g. planes, cylinders, spheres), as well as fourth-order tori.
For example, the CSG pincell shown in Fig. 1 can be constructed using
the half spaces of six planes and a cylinder. CSG is well-suited to many
problems due to its ability to exactly represent common fission reactor
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Fig. 1. Common geometry representations in Monte Carlo codes. The CSG example shows a pincell, while the mesh examples show a fast-spectrum Molten Salt Reactor (MSR).

geometries and repeated geometry units in lattice structures. CSG is
also appealing for its fast and robust ray tracing capabilities.

However, a far more common representation for many engineering
workflows is Computer-Aided Design (CAD) geometry, usually the
starting point for unstructured mesh generation. While several soft-
ware libraries provide conversion capabilities from CAD into CSG
(e.g., GroBe et al., 2013; Song et al., 2014; Wang et al., 2020), the
process is imperfect and sometimes requires additional manual in-
tervention (HauRler et al., 2016). Therefore, other forms of Monte
Carlo geometry are instead based on unstructured meshes, of either
(i) volumetric or (ii) surface type. These mesh representations are
often colloquially referred to as “CAD transport”, though the geometry
is represented using unstructured meshes instead of the splines in
CAD software. Many CAD geometry engines do support ray tracing on
boundary representations, but at high computational cost due to the
root-finding needed for these high order surfaces (Tautges et al., 2009).
Therefore, direct tracking on CAD has not yet seen widespread use for
radiation transport.

Mesh-based geometries are appealing due to their ability to repre-
sent arbitrary geometry. Examples of geometries that cannot readily
be built using CSG include the curved vessel walls of fast spectrum
MSRs (Rouch et al., 2014), additively-manufactured fuels (Trammell
et al., 2019), and many components in fusion devices (Haul3ler et al.,
2016). Most multiphysics and engineering workflows are also already
based on CAD software, which may offer synergies with mesh-based
Monte Carlo methods.

Volumetric mesh geometry tracks particles within individual mesh
elements. Each cell typically corresponds to a single mesh element
and cell adjacency information is readily available from the mesh
topology. Volumetric mesh geometry is supported in several Monte
Carlo codes. Serpent’s volume meshes are based on the OpenFOAM
polyhedral mesh format (Ferraro et al., 2018). These polyhedra are in-
ternally subdivided into tetrahedral volume meshes to simplify tracking
and eliminate some numerical precision issues related to non-coplanar
faces. MCNP6’s volume mesh geometry is based on the Abaqus format,
and supports first and second-order tetrahedral, pentahedral, and hex-
ahedral meshes (Martz, 2017). Using the CADMesh interface, GEANT4
supports tesselated surface meshes in addition to in-line conversion of
surface meshes to Delaunay tetrahedralized volumes for more efficient
tracking (Poole et al., 2012). A volumetric unstructured mesh mode
is currently under development in OpenMC based on libMesh (Kirk
et al., 2006; Shriwise et al., 2022a) with support for tetrahedral meshes.
The JMCT code also supports volume unstructured mesh transport in
tandem with domain decomposition (Wang et al., 2023).

Contrary to volume mesh tracking, surface mesh geometry tracks
particles within a volume bounded by a triangulated surface. For
radiation transport, such representations are appealing because, in
many cases, the material cross sections, X, are uniform across multiple
volume mesh elements and ray tracing through a volume mesh incurs

unnecessary re-sampling of flight paths (when using surface tracking)
upon entering each new element. For the same level of detail, surface
meshes capture arbitrary geometry with fewer elements than volu-
metric meshes, also resulting in lower memory requirements (Turner,
2017). In contrast, volume meshes can leverage the element adjacency
and fast distance-to-surface computation in tetrahedra to sometimes
yield performance gains when compared to large surface meshes (Poole
et al., 2012).

Surface mesh geometry is supported in a large number of Monte
Carlo codes. Serpent’s surface mesh geometry is based on native support
for the Stereolithography (STL) triangular surface mesh format (Lep-
panen, 2022). Other Monte Carlo codes leverage the Direct Acceler-
ated Geometry Monte Carlo (DAGMC) library (Wilson et al., 2010),
which provides implementations of the necessary ray tracing kernels
on MOAB (Tautges et al., 2004) triangular surface meshes which can
then be called within the tracking routines of an existing Monte Carlo
code. DAGMC has been integrated into MCNP (Wilson et al., 2010),
OpenMC (Shriwise et al., 2020), Shift, and many other Monte Carlo
codes.

Despite some of the advantages of mesh-based geometries, there are
a number of key limitations. First and foremost, mesh-based geometries
require greater attention to model preparation. Many CAD packages do
not generate mesh geometry to the high standards needed for particle
transport. For particle transport, each position in space should belong
to a single cell, but the presence of small gaps and body overlaps in
meshes generated from CAD software can result in lost particles or
other numerical issues. Fixing these deficiencies can be a highly manual
process.

Most unstructured mesh geometries used for Monte Carlo transport
use first-order elements, which are incapable of perfectly capturing
curved surfaces. This discretization error may distort material vol-
umes (and mass), which for criticality applications may require careful
attention to mesh generation and/or density corrections to preserve
mass (Spencer and Alwin, 2019). Unstructured mesh geometries also
necessitate higher memory usage to store the geometry representation
and acceleration data structures than corresponding CSG represen-
tations (Leppanen, 2022; Yilmaz et al.,, 2024) (if they can be built
for the geometry in question). In nearly all cases CSG matches or
outperforms mesh representations in terms of runtime (Turner, 2017;
Wilson et al., 2010; Leppanen, 2022; Haulller et al., 2016; Shriwise
et al., 2022b; Yilmaz et al., 2024), though exceptions to this behavior
have been observed due to the efficacy of acceleration structures, the
problem physics (e.g. mean free path relative to cell size), and possibly
code-specific implementation details.

1.2. Multiphysics feedback to Monte Carlo transport

Multiphysics feedback to a Monte Carlo code is typically in the
form of geometry (e.g., thermal expansion) and material temperatures,
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Fig. 2. Different choices for Monte Carlo CSG cells determines the “granularity” of multiphysics feedback. Examples of conformal and non-conformal mappings are denoted with

asterisks or daggers.

densities, and nuclide concentrations. These data transfers are typically
performed from a coupled mesh-based PDE solver, such as a Computa-
tional Fluid Dynamics (CFD) code, to the Monte Carlo application.

Understanding these data transfers requires knowledge of how
Monte Carlo methods move particles through space. Rather than
spatially and temporally discretizing PDEs with Degrees of Freedom
(DOFs) at nodes, Monte Carlo methods explicitly simulate individual
stochastic particle tracks through “cells”. For a total cross section X,(x),
the distance-to-collision d is sampled as

d X
E= / X,(x)exp [— / Z,(x')dx’:| dx , (@))
0 X0

where 0 < ¢ < 1 is a uniformly-distributed random number. For
arbitrary X,(x), Eq. (1) lacks a closed-form solution for d. However,
if %, is constant, Eq. (1) becomes

I
21

d=

(2)
Three different options are generally used to evaluate Eq. (1):

+ Uniform-property cells: Subdivide the domain into uniform-
property cells such that Eq. (2) is valid.

Numerical solution: Numerically solve Eq. (1), such as with nu-
merical integration (‘“‘substepping”) or Newton iteration (Brown
et al., 2004).

Rejection sampling: Replace Z,(x) in Eq. (1) by the “majorant”
cross section X,;, or the maximum ZX;. Then, the distance-to-
collision is sampled with d = —In(¢)/Zy, anywhere in the
domain, with rejection sampling used to “accept” an individual
collision based on the ratio X,(x)/ Zp,,; (Leppanen, 2013).

These options have significant implications for multiphysics feed-
back because continuous distributions for temperature and density
imply continuous variation in X,. The rejection sampling approach is
perhaps the most generalized technique for integrating feedback. For
example, the Serpent 2 code can read temperature/density distribu-
tions from an OpenFOAM unstructured mesh, allowing feedback to be
decoupled from the geometry. At a potential collision site X, the local
temperature/density is fetched from the mesh representation at X.

However, most Monte Carlo codes use uniform-property cells, either
because they (i) do not support rejection sampling and/or (ii) they
lack a mechanism to read X, from a continuously-varying distribution.
OpenMC is one such code that does not yet fully support rejection

sampling. As OpenMC is the software used in this paper, all remaining
discussion is based on the presumption of surface tracking using Eq. (2).
Key differences from a rejection sampling approach will be noted where
relevant.

For Monte Carlo codes using surface tracking in tandem with
Eq. (2), multiphysics coupling requires pre-dividing the domain into
“extra” cells ready to receive spatially-varying temperature and density
fields. This concept is shown in Fig. 2 for applying a mesh-based
temperature distribution (top) to CSG cells (bottom). Depending on
how the CSG cells are constructed (nine possible variants are shown),
particles will transport through different temperature/density fields.
The specification of the CSG cell subdivisions is somewhat arbitrary.
Ideally, each analyst would perform a CSG cell “refinement” study to
understand the necessary resolution and make an informed choice for
their system of interest. However, this process is tedious and often
established by trial-and-error, and increases the barrier to adoption of
Monte Carlo multiphysics simulation.

Another complexity with CSG is the additional effort needed to
establish the mechanism by which the cells map to a general unstruc-
tured mesh. The simplest approach is to enforce a 1:1 correspondence
between cells and mesh elements, though this often results in exces-
sively high cell counts (Gurecky and Schneider, 2016) (degrading the
tracking rate) and can be tedious to construct. Using Fig. 2 as an
example, a 1:1 correspondence would require constructing the CSG
cells to exactly match the element boundaries in the unstructured mesh
used for temperature. More common is a conformal mapping, where N
mesh elements are fully contained within a single cell (Romano et al.,
2021), and the properties of the cell are taken as a volume-average
over those N elements. This option may still require significant manual
intervention during the meshing process to ensure that element surfaces
do not intersect cell edges. For CFD methods in particular, developing a
quality mesh can occupy 80% of the analyst’s time (Boggs et al., 2005);
imposing additional constraints to facilitate data transfers to a Monte
Carlo is undesirable.

A slight variation, a non-conformal mapping instead allows the N
elements to span the cell boundaries (Novak et al., 2022a) (such as
with a centroid cell-lookup). An example of a non-conformal mapping
is shown in the lower right image of Fig. 2, which is shown in enlarged
detail in Fig. 3.

Another very significant downside with CSG is its inability to easily
represent arbitrary geometries. Building a CSG model of arbitrary
curves requires numerous stages of manual decomposition and approx-
imation.
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Fig. 3. Example of a non-conformal mapping based on element centroids (white dots in lower left image).

Recognizing these deficiencies of multiphysics coupling to CSG, we
now turn to mesh-based Monte Carlo methods. Mesh-based geometries
are a natural complement to multiphysics coupling to mesh-based
codes. A CAD model may already be generated due to other code
requirements, which could reduce the upfront effort to prepare mod-
els. Equally important is the wide availability of software libraries
which support fast and robust spatial data transfers between different
unstructured meshes, such as MOOSE (Permann et al., 2020), pre-
CICE (Chourdakis et al., 2022), and SALOME (Bergeaud and Lefebvre,
2010). Such libraries can eliminate the need to develop custom scripts
for transferring data between CSG and mesh-based solvers (a major
hurdle in past multiphysics simulations based on CSG).

As described in Section 1.1, surface mesh representations offer the
same general-geometry benefits of volume mesh representations, but
with lower memory requirements. However, surface mesh geometries
are confronted with some of the same issues encountered with CSG
— the model should be pre-divided into smaller regions in order
to represent temperature/density feedback with sufficient resolution.
However, this process is just as tedious and complex as pre-dividing
CSG cells.

This paper describes an approach for multiphysics feedback on
adaptive unstructured surface mesh geometry which eliminates the
need to pre-divide regions to receive temperature/density feedback.
The algorithm is intended to reduce the barrier-to-entry for high-
fidelity multiphysics by leveraging widely-used CAD model prepara-
tion workflows and an easily tunable refinement process. Section 2
describes the software tools leveraged in this work, which include
OpenMC Monte Carlo transport (Romano et al., 2015), DAGMC (Taut-
ges et al., 2009) surface mesh ray tracing, and two different approaches
for integrating OpenMC into the Multiphysics Object-Oriented Sim-
ulation Environment (MOOSE) framework. Section 3 then discusses
the adaptive unstructured mesh multiphysics algorithm, its software
implementation, and a series of verification tests. Finally, Section 4
demonstrates the method for a multiphysics simulation of the Molten
Salt Fast Reactor (MSFR) using OpenMC neutron transport coupled to
NekRS spectral element CFD using Large Eddy Simulation (LES). Details
of computational performance are given in Section 4.3, which indicate
promising future avenues of study. Conclusions are given in Section 5.

2. Computational tools

The present research is conducted using open-source software which
combine high-fidelity multiphysics solvers with a finite element/
volume ecosystem for nuclear engineering modeling and simulation.
This section briefly describes these tools.

2.1. MOOSE framework

The MOOSE framework is an open-source project for solution of
coupled systems of nonlinear equations using the finite element and
finite volume methods (Permann et al., 2020). Key strengths of MOOSE
are its MultiApp and Transfer systems, which allow construction
of tree-like code coupling hierarchies of arbitrary depth with flexible
mesh-to-mesh solution transfers. An example of a MOOSE coupling
between four different physics solves, with mesh-to-mesh transfers
between different and non-overlapping meshes, is shown schematically
in Fig. 4. The microstructure images (MultiApp C) are meant to
convey the flexibility of MOOSE’s multiscale approach, which can
embed lower-length scale simulations within coarser-scale simulations.

Multiscale and multiphysics analyses are both straightforward and
efficient to construct, leading to broad adoption of MOOSE as a
framework-of-choice for both building new simulation capabilities
(Williamson et al., 2021; Lee et al., 2021; Spencer et al., 2021; Hansel
et al.,, 2021; Novak et al., 2021) as well as a platform for coupling
existing codes (Brooks and Davis, 2023; Novak et al., 2022a). Another
salient feature is a Quality Assurance (QA) software development pro-
gram (Slaughter et al., 2021), which facilitates use for safety-relevant
nuclear applications.

2.2. Cardinal

In recent years, MOOSE has added the capability for coupled solves
with “external” applications that are based on entirely different so-
lution methodologies and software stacks. An external code can be
“wrapped” into MOOSE by overriding a few key interface functions
that initialize, run, and postprocess results for the external code, while
exposing the time stepping, synchronization, and data transfer systems
in MOOSE.

Argonne National Laboratory (Argonne National Laboratory (ANL)),
the University of Illinois at Urbana-Champaign (UIUC) and the United
Kingdom Atomic Energy Authority (UKAEA) have been developing
MOOSE wrappings of the OpenMC Monte Carlo code for high-fidelity
multiphysics feedback in neutron-photon transport. AURORA (Brooks
and Davis, 2023) (https://github.com/aurora-multiphysics/aurora) is
the OpenMC-MOOSE coupling developed by the UKAEA, while Car-
dinal (Novak et al., 2022a) (https://github.com/neams-th-coe/cardin
al) is the OpenMC-MOOSE coupling developed by UIUC/ANL. These
two codes originally employed very different geometry models due
to their initial focus on applications in fusion (for AURORA) and fis-
sion (for Cardinal). However, there are considerable overlaps between
the simulation needs for nuclear fission and fusion. Both domains
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Fig. 4. MOOSE provides flexible infrastructure for multiscale and multiphysics analysis.

are concerned with interactions between particle transport, thermal-
hydraulics, structural mechanics, material performance, and more. Am-
bitious development timelines are also proposed in each, with many
first-of-a-kind advanced fission reactor operations targeting the 2026—
2030 year time frame, and the UKAEA Spherical Tokamak for Energy
Production (STEP) project targeting a prototype fusion plant in 2040.
Given the extensive effort to stand up the “mechanics” of code cou-
pling (data transfers, parallel communication, etc.) and the extensive
software Verification and Validation (V&V) efforts required for li-
censing, there is a strong motivation to leverage development efforts
across multiple institutions in the pursuit of a high-fidelity multiphysics
simulation framework.

The software outcome of this joint effort is a porting of AURORA’s
CAD surface mesh multiphysics algorithms into the Cardinal code
base to enable new high-fidelity simulation couplings to NekRS. More
details on the software-related impetus for this porting can be found
elsewhere (Novak et al., 2023a). To avoid confusion between the ca-
pabilities of AURORA and Cardinal and to avoid oversaturation of this
algorithmic discussion with library names, this paper will solely discuss
the capabilities in Cardinal after this porting effort was completed. It
should be recognized that the original conceptualization of the mesh
skinning algorithm (described shortly) was developed by the UKAEA
and first implemented in AURORA (Brooks et al., 2022; Brooks and
Davis, 2023).

After this software porting, Cardinal now supports multiphysics
coupling with two forms of OpenMC geometry, using either (i) DAGMC
surface meshes or (ii) CSG. Irrespective of the geometry choice, the
overall multiphysics algorithm is the same. First, the OpenMC heating
distribution is tallied and mapped to a finite element basis on an
unstructured MOOSE mesh. Then, MOOSE’s mesh-to-mesh Transfer
system sends that tally to a coupled code, where it may be used as a
volumetric heat source. For the inbound transfer, temperature 7" and
density p are volume-averaged over all elements e which map to an
OpenMC cell ¢, and the cell temperature and density are updated in
OpenMC. Depending on the energy range in question and user settings,
updates to temperature either use an on-the-fly Doppler broadening
method or stochastic interpolation between cross section libraries.
Convergence is obtained using Picard iteration. Now, the differences
in Cardinal’s two geometry representations are described.

Prior multiphysics studies using Cardinal leveraged CSG (Novak
et al., 2022a, 2023b; Merzari et al., 2021; Eltawila et al., 2024; Hegazy
et al., 2024; Jiang et al., 2023; Chen et al., 2023). For these CSG mod-
els, Cardinal loops over the elements in a coupled mesh (for example,
a heat conduction mesh), and maps each element to an OpenMC cell
according to a centroid lookup. The CSG mapping is non-conformal,
and does not require strict preservations of boundaries or volumes.
Cardinal’s non-conformal CSG model was depicted in Fig. 3, and is
shown again in Fig. 5. The inset in the left panel of Fig. 5 shows

an actual boundary between two CSG cells as a dashed white line.
Elements straddling cell boundaries are mapped to a single CSG cell
based on their centroid.

An alternate geometry representation (originally developed in AU-
RORA) is a recent addition to Cardinal and the focus of this paper.
This geometry is based on DAGMC surface meshes and is shown in
Fig. 6 in a simplified form. After each Picard iteration, elements in
a coupled unstructured mesh are “binned”/“contoured” according to
temperature and density. This grouping is performed according to a
user-specified “bin width” (e.g. 25 K). Then, the elements that occupy
each bin are grouped and ‘“‘skinned” to generate the closed DAGMC
surface mesh bounding that region. OpenMC cells are then redefined
using the new surface mesh regions. The skinning process invokes
functionality in the MOAB mesh library to create triangulated surfaces
from the boundary faces of collections of tetrahedral elements. In other
words, the OpenMC geometry is adaptive, and changes in response
to the coupled physics fields — eliminating a major hurdle in CSG-
based multiphysics with surface tracking. For a small bin width (e.g. 0.1
K), this re-skinning results in a 1:1 correspondence between OpenMC
cells and mesh elements and is equivalent to tracking particles on a
volumetric unstructured mesh. Therefore, Cardinal now also supports
a form of volumetric unstructured mesh coupling with OpenMC (but
which begins from a surface mesh, rather than a volumetric mesh).

Cardinal also contains a NekRS-MOOSE coupling independent of
the OpenMC-MOOSE coupling. NekRS (Fischer et al., 2022) is a spec-
tral element CFD code with capabilities for Reynolds Averaged Navier
Stokes (RANS), LES, and Direct Numerical Simulation (DNS) with both
CPU and GPU backends. Cardinal supports several modes for coupling
NekRS to MOOSE, including (i) boundary conjugate heat transfer, (ii)
volumetric heat transfer, and (iii) systems-level coupling to CFD (Novak
et al., 2022a, 2023b; Merzari et al., 2021; Huxford et al., 2023; Novak
et al., 2022b). As the emphasis of this work is on CAD-based neutron
transport multiphysics, we refer the reader to the literature for further
details on how data transfers occur between NekRS and MOOSE (Novak
et al., 2022a).

3. Adaptive unstructured mesh multiphysics in cardinal

In this section, a more detailed discussion of the DAGMC surface
mesh multiphysics algorithm is described, including implementation
details and verification tests.
3.1. Implementation details

The adaptive surface mesh geometry in Cardinal regenerates cell

boundaries in response to temperature and density feedback, while
also respecting material regions. To describe the full complexity of the
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Fig. 7. Detailed depiction of DAGMC adaptive mesh geometry in Cardinal.

algorithm, Fig. 7 shows a hypothetical problem comprising a cube com-
posed of two materials (e.g., wood and concrete) subject to gradients
in temperature and density. These problem specifications are shown in
the top row of Fig. 7 and are selected arbitrarily just for illustration.
Within Cardinal, the user specifies the binning/contouring interval
separately for temperature and density. Supposing temperature to be
in the range of 500K to 600K, choosing a temperature contouring
interval of 50 K will mark elements into two groups: (i) Bin 0, with all
elements for which 500 < T < 550; and (ii) Bin 1, with all elements
for which 550 < T < 600. Supposing density to be in the range of

1.1kgm™3 to 1.4kgm™3, selecting a contouring interval of 0.1 kgm™

will mark elements into three groups: (i) Bin 0, with all elements for
which 1.1 < p < 1.2 kgm™3; (ii) Bin 1, with all elements for which
1.2 < p < 1.3 kgm™3; and (iii) Bin 2: all elements for which 1.3 <p < 1.4
kgm~3. These bin “tags” are shown using colors in the bottom row of
Fig. 7.

After the bin indices for material, temperature, and density are
identified, each mesh element will then be grouped into a unique
DAGMC cell for every unique combination of tags. In this example,
there are 2-2-3 = 12 new cells formed, one for each unique combination
of material tag (2), temperature tag (2), and density tag (3) which exist
in the problem. One bin is shown outlined in white in the bottom row,
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and a cutaway slice through the skinned geometry is shown in the
bottom right.

The implementation is designed for flexibility and usability. The
unstructured mesh on which OpenMC reads temperature and density
for skinning must be a tetrahedral volume mesh (because DAGMC
only supports ray tracing between triangular surface meshes). However,
MOOSE’s mesh-to-mesh data transfers allow this tetrahedral volume
mesh to be coupled to any other MOOSE application (which may use
an entirely different mesh). This aspect will be leveraged in Section 4,
where OpenMC is coupled to a NekRS hexahedral mesh. Furthermore,
the user has two parameters with which to instantly vary the resolution
of multiphysics feedback — the contouring intervals for (i) temperature
and (ii) density. Refinement studies are straightforward to perform,
and do not require modification of the original model. This simple
refinement process is not possible for CSG models, as the addition of
new surfaces to divide space must be created by the modeler manually.

The necessary input files include (i) the usual OpenMC XML input
files; (ii) the usual DAGMC surface mesh geometry, in .hbm format;
and (iii) the matching volumetric version of this surface mesh geome-
try, to use for the skinning (in any mesh format supported by MOOSE’s
FileMesh object). For more information on the user interface for the
on-the-fly skinning, a tutorial for a tokamak and the MSFR example in
Section 4 is available on the Cardinal website (Novak, 2024).

As one point of contrast, Serpent accomplishes multiphysics feed-
back by combining mesh-based data with rejection sampling (a.k.a
delta tracking), which separates the notion of geometry and state (Lep-
panen, 2013). However, rejection sampling is restricted to collision
estimators (Leppanen, 2010). Conversely, MOAB cell tallies support
tracklength estimators, including on the re-skinned geometries.

3.2. Verification tests

A series of verification tests were incorporated in Cardinal’s regres-
sion test suite to ensure equivalence between the skinned geometries
and CSG representations. Here, one of these verification tests (Fig. 8)
is described in order to convey the overall testing approach.

The domain consists of a slab containing two materials, each with
a different enrichment of U-235 in uranium. These two materials are
indicated as “material A” and “material B”. A functional form for a
temperature gradient is imposed (lower left), which is then skinned
into four bins. This particular temperature gradient is selected such
that the resulting contours result in skinned surfaces which can ex-
actly be represented using CSG. After skinning, the model will then
comprise eight cells (four temperature bins and two material bins). The
region denoted as “graveyard” is related to the application of vacuum
Boundary Conditions (BCs).

The skinning operation causes the initially two-cell model to be
refined into eight cells, with each cell having a unique combination of
temperature and material. Offline, an identical eight-cube CSG version
of this geometry was constructed for comparing tallies (k, heating de-
position, flux) with the skinned geometry. Identical results are obtained
using CSG, which verifies the implementation. More complex test cases,
which can be found in the Cardinal repository, use combinations of
temperature and/or density skinning, mesh tallies, and relaxation to
provide additional confidence in the implementation.

4. Fast spectrum molten salt reactor

In this section, the adaptive unstructured mesh geometry in Cardinal
is applied to couple OpenMC CAD neutron transport to NekRS LES
for a fast-spectrum MSR. Most fast-spectrum MSR design concepts use
curved reactor vessel walls to enhance fluid mixing, which usually
require mesh-based radiation transport. The current objective of our
study is to present a large-scale, proof-of-concept demonstration of
the adaptive mesh algorithm on a semi-realistic reactor geometry. Be-
cause several model simplifications are taken, the physical predictions
should not be construed as the actual simulation of a real system
— but only as a challenging deployment of the adaptive mesh al-
gorithm. Section 4.1 describes the computational models employed,
Section 4.2 presents the physics predictions and adaptive mesh ap-
plication, and Section 4.3 provides a preliminary exploration of the
relationship between computational runtime and contouring strategy.
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4.1. Computational model

The computational model is based on an open-source MSFR de-
sign (Rouch et al., 2014). This concept is a 16-leg design using a molten
salt fuel with a nominal power of 3 GW, a bulk temperature rise from
898K to 998K, and a core flowrate of 18932 kgs~'. The fuel salt is a
lithium fluoride, actinide fluoride mixture. The full reactor is modeled
by coupling NekRS LES with OpenMC neutron transport.

The OpenMC model uses DAGMC for ray tracing within triangular
surface meshes in k-eigenvalue mode. An LES turbulence model is
employed in the NekRS case to (i) demonstrate high-fidelity capabilities
and (ii) attain an inherently time-varying fluid temperature field to
drive the on-the-fly adaptivity. Images of the meshes used in each code
are shown in Fig. 9. The NekRS mesh is composed of approximately
616,000 hexahedral elements of polynomial order N = 7 (about 315
million grid points), while the OpenMC mesh is composed of 35,186
tetrahedral elements. These two models are coupled, with OpenMC
physics feedback in the form of (i) Doppler feedback to microscopic
cross sections and (ii) density feedback to macroscopic cross sections.
NekRS feedback is in the form of a power distribution evaluated by
OpenMC.

As this analysis is intended to demonstrate on-the-fly geometry
skinning, several simplifications are introduced. In the present work,
the reactor is modeled at a 10% flow, 10% power condition (i.e. 300
MW, and 1893 kgs~!) to be within an approachable range for LES.

Furthermore, Delayed Neutron Precursors (DNP) transport is ne-
glected, though there is ongoing work to extend OpenMC to support
DNP movement driven by velocity (e.g. from a CFD solver), which will
relax this assumption in the future. The NekRS model is incompressible
with constant thermophysical properties from Rouch et al. (2014). Den-
sity treatments including a Boussinesq buoyancy term or a low Mach
formulation will be added in future work. In the OpenMC model, den-
sity feedback is instead approximated by evaluating a thermophysical
property correlation p(T') given temperature feedback from NekRS.

A number of approximations are made for geometric simplicity. The
radial breeder blankets and axial reflectors are neglected. In addition,
the heat exchanger and pump in each of the 16 legs are replaced
by recycling inlet and turbulent outlet BCs for velocity. The recycling
inlet BC applies the inlet velocity using the velocity distribution some
distance upstream from the outlet boundary, essentially representing
the inlet as fully-developed flow. The inlet temperature is then set to
a uniform value of 898K. Vacuum BCs are applied to a bounding box
enclosing the OpenMC mesh.

Within each Picard iteration, NekRS and OpenMC communicate via
mesh-to-mesh interpolations through Cardinal. The NekRS tempera-
ture T is interpolated onto the OpenMC mesh, where the density is
evaluated as p(T'). Then, the OpenMC model is re-generated on-the-fly
according to contours in density and temperature. After completing the

following OpenMC solve, the fission power is tallied on an unstructured
mesh and mapped with a mesh-to-mesh interpolation back to the NekRS
mesh, where the heat source is applied as a volumetric power density.
We emphasize that the meshes used by NekRS and OpenMC (shown in
Fig. 9) are completely independent.

Each OpenMC solve is a steady, k-eigenvalue simulation. The NekRS
solver, however, uses a transient LES solve (which is steady when
averaged over a sufficiently long turbulence time window). In this
analysis, the fluid temperature sent from NekRS to OpenMC is, for
simplicity, taken as the instantaneous temperature field (as opposed
to a moving-window time average). As such, conventional criteria
for terminating Picard iterations (such as a relative L? norm between
successive iterates) will never indicate coupled convergence except in
the trivial limit of extremely loose tolerances. As this paper presents
one of the first cases where LES is coupled to Monte Carlo transport,
there remains much fundamental algorithmic questions to be answered
but which are outside the scope of the present work. These questions
include (i) the impact of time-averaging turbulent fields before passing
to a neutron transport solver (and on what moving window to do so)
and (ii) the ideal Picard iteration frequency considering computational
cost and physical accuracy. These questions will be explored in future
work. In the meantime, the present model is run for a fixed number of
Picard iterations (10) with each Picard iteration defined to span 2000
NekRS CFD time steps. With these settings, the fluid completes at least
one full flow-through time.

Despite these simplifications and caveats, this model is of suffi-
cient complexity and realism to provide a useful demonstration of the
adaptive unstructured mesh algorithms in Cardinal.

4.2. Results

The coupled simulation is run on the Summit supercomputer, re-
quiring about 50 node hours per Picard iteration. Fig. 10 shows the
(a) OpenMC fission power, (b) NekRS temperature, and (c) re-skinned
OpenMC geometry on the last Picard iteration. Temperature is con-
toured into 15 bins (of width 20 K), while density is contoured into 15
bins (of width 20.6 kgm™3). DAGMC cells must be contiguous in space,
so in practice each Picard iteration results in a new OpenMC geometry
with about 2500-3000 cells due to the complex turbulent flow field
and the nature of the unstructured mesh. The black lines in Fig. 10(c)
denote cell edges.

Fig. 11 shows the correspondence between the NekRS fluid tem-
perature and the OpenMC cell temperature at two additional Picard
iterates. Temperatures are shown on a shared color scale, ranging from
890 K to 1090 K. By careful inspection, the iteration-dependent nature
of the OpenMC cells can be discerned by comparing the last column
in Fig. 11. The geometry adaptivity automatically considers contours
in temperature and density, eliminating the user ambiguity in defining
CSG cells for multiphysics.
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Fig. 10. (a) OpenMC power, (b) NekRS 7T, and (c) OpenMC T with cell edges in black, for the last Picard iteration.
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Fig. 11. NekRS fluid temperature (left column) and OpenMC cell temperature (right column) at two different Picard iterations (top row, bottom row).

For illustration only, Fig. 12 shows the same model, but using only
4 temperature bins (instead of 15). Due to the fine-scale turbulent
LES, each temperature contour does not necessarily comprise a single
contiguous region of space.

4.2.1. Mesh convergence

Next, we study the impact on k and the fission heat distribution as
we vary the resolution of the temperature and density contours. Our
objective is to illustrate how the on-the-fly skinning enables stream-
lined mesh refinement studies with a simple “tuning knob” (the width
of the temperature/density bins), in contrast to the often highly manual
geometry subdivisions required for refinement studies of CSG problems
(which are therefore most often not performed/published). Here, the
temperature and density distribution is “frozen” at the last Picard
iteration (NekRS’s solve is disabled), and six separate OpenMC simu-
lations are performed for increasingly fine resolution of temperature
and density. Regardless of the skinning resolution, each of these six

OpenMC simulations has the same overall average temperature and
density.

The details on these six runs, including numbers of cells and tem-
perature/density resolution, are summarized in Table 1. For each case,
we use the same number of bins for temperature and density using the
temperature and density at the heat exchanger inlet/outlet conditions
to bound this range. Each OpenMC run is performed with 50000 parti-
cles/batch, 500 inactive batches, and 1000 active batches. Table 1, as
well as Fig. 13, shows the variation in k as the temperature and density
distributions are refined. Mesh convergence is obtained by refining the
contours. Note that even when using a fairly wide contouring interval,
the small-scale details of LES result in high cell counts.

The temperature applied to each OpenMC model is shown in Fig. 14.
As the contouring interval is refined, a more detailed temperature
profile is applied to the neutron transport.
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Table 1
Skinning parameters used for mesh refinement study.

T Bin Width (K) p Bin Width (kgm™) # OpenMC cells k

350.0 308.7 1 0.94580 +4 pcm
175.0 154.3 399 0.94643 +4 pcm
87.5 77.2 442 0.94639 +4 pcm
43.8 38.6 1175 0.94515 +4 pcm
21.2 19.3 3080 0.94498 + 4 pcm
10.9 9.6 7442 0.94496 + 4 pcm
0.94650
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Fig. 13. Convergence of k as a function of refinement of OpenMC cells.

4.3. Computational performance

In Section 4.2, the temperature and density contouring intervals
were selected based on a mesh refinement study, without consid-
eration of their impact on runtime. The obvious physics choice for
contouring interval would be to select very fine contours (e.g., 0.1
K) such that particles track through the temperature/density field
without any additional numerical approximations induced by volume-
averaging this temperature/density. However, it is expected that the
particles/second rate simulated by OpenMC is influenced by the ge-
ometric detail. This section explores the impact of the contouring
interval on OpenMC runtime in order to provide more detail on the
selection of this parameter.

10

When skinning DAGMC models, an initially single-cell DAGMC ge-
ometry is split into smaller cells, which induces two competing effects
on the runtime related to (i) sourcing a particle from the fission bank
and (ii) the distance-to-surface calculation. When sourcing a particle
from the fission bank, OpenMC does not currently store the particle’s
birth cell information. An OpenMC model with a higher number of cells
has an increased cost of the “find cell” routine when sourcing a particle
from the fission bank because there are more cells to check. The find-
cell call is a point-containment operation, which in DAGMC currently
scales as O(N), where N is the number of cells.

However, as each cell decreases in size, the ray fire operation
accelerates because the number of triangular surface elements per cell
is lower (faster distance-to-surface calculation, due to a shallower tree
search and fewer bounding box intersection checks). The competing
nature of these two effects suggests there may exist an optimal binning
strategy (from the perspective of runtime, and not necessarily multi-
physics accuracy — which would instead be assessed through a mesh
convergence study such as in Section 4.2.1).

To explore these two find-cell and ray tracing hot spots further, the
MSFR model was re-run with uniform 7" and p to eliminate any possible
influence due to physical properties. Cardinal’s object-oriented design
allows the skinning to be driven by any field data, which we use to our
advantage by simply dividing the MSFR mesh into a Cartesian grid.
This is illustrated in Fig. 15(a) for a 2 x 2 x 2 grid, which results in
> 23 cells because the skinning operation will only create contiguous
cells (and some cells here are “split” by the gap between the inlet and
outlet of the 16 flow legs and by the unstructured mesh behavior along
the grid edges).

The MSFR case is run for grids with n = [1,2,4,8,12,16,24,32,40],
which produce OpenMC models ranging from 1 to 17083 cells. The
volume mesh contains 35186 elements, so this skinning is creating
OpenMC models with between 35186 elements/cell and ~ 2.0 ele-
ments/cell (nearly equivalent to true unstructured mesh tracking). All
runs are performed with 10° particles/batch, for a fixed number of
batches, in serial — the only difference is the number of (materially-
identical) cells. The simulation is also run without any active batches,
to isolate runtime effects from particle tracking and remove additional
effects from tally operations. The overall runtime of the simulation and
functions are collected using additional timers for geometric operations
in OpenMC. The next two sections delineate general observations re-
garding performance, followed by alternative find-cell and ray tracing
algorithms tested in DAGMC.
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Fig. 14. Fluid temperature applied to the OpenMC model, adjusted by modifying the contouring interval. All images are shown on the same color scale, for 898 < T < 1073 K.
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Fig. 15. Example skinning for an 2 x 2 x 2 grid.

4.3.1. General performance observations

Fig. 16 shows the speedup of the OpenMC simulation as a function
of the average number of elements per OpenMC cell. The speedup is
computed relative to a geometry consisting of a single large cell. A
maximum speedup of 2.31 is observed for an OpenMC model with ~47
mesh elements/cell. A net loss in performance (speedup < 1) is only
observed with very fine skinning (~3 or less mesh elements per cell).

Fig. 17 shows the runtime of the two dominant function calls (the
find-cell and ray firing operations), as the OpenMC cell size is varied.
As the number of cells increases, the runtime of (i) the “find cell”
operation increases, while (ii) ray fire runtime initially decreases and
eventually saturates. It is expected that the peak performance observed
of ~47 elements/cell is strongly problem-dependent, and related to
parameters such as (i) the ratio between the mean free path and cell
size; (ii) cell complexity (e.g., surface area/volume ratio); and (iii) cell
aspect ratio. In-depth study of these effects, and whether they can be
optimized to enhance ray tracing performance in unstructured meshes,
will be part of future work. However, it is interesting to note that
the skinning algorithm can be used to “unlock” this performance gain,
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Fig. 16. Overall runtime and speedup of the OpenMC simulation as a function of
OpenMC cell size.

which would otherwise not be accessible when using purely volumetric
mesh tracking (one element/cell) or easily generated during the initial
CAD-based geometry preparation.

It is also notable that, during a Cardinal run a skinned DAGMC
.hbm geometry file can be output on each Picard iteration and loaded
as geometry in a standalone OpenMC run, such that the skinning
algorithm can also be used as a preprocessor to accelerate standalone
OpenMC runs.

4.3.2. Performance studies

To further explore the nature of the particle tracking rate perfor-
mance, we explored two modifications to DAGMC both individually
and in concert with one another. First, an alternate algorithm for the
find-cell call in DAGMC was implemented, in the aims of improving
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performance for the fine-scale cell geometries where this function call
dominates runtime. The original find-cell operation in DAGMC fires
a ray for each cell in the model, querying every volume for point
containment. A new algorithm was implemented that performs an
additional joining of all surfaces in a DAGMC model into a single
Bounding Volume Hierarchy (BVH) tree. This additional global surface
tree is used to accelerate the find-cell call because during particle flight,
the particle’s current containing cell BVH can be used for ray queries
to exclude all irrelevant triangles from the query.

Both find-cell algorithms are shown conceptually in Fig. 18. In other
words, an additional, global tree joins all surfaces to reduce the cost of
a find-cell search in DAGMC from G(N) to 6G(log N), where N is the
number of volumes in the model. With this data structure in place, a
ray can be fired that may intersect with any surface in the problem.
The surface intersection is then used to determine which volume the
particle/ray is exiting via the topological information in the DAGMC
model.

The nominal simulations performed in Figs. 16 and 17 used the
native MOAB ray tracer, though DAGMC also supports hardware-
accelerated ray tracing using Intel’s Embree ray tracer (Shriwise et al.,
2022b). The Embree ray tracer employs single-precision, vector oper-
ations, and axis-aligned bounding boxes, which can more efficiently
leverage Single Instruction/Multiple Data (SIMD) operations. In order
to study the effect of the ray tracer, the MSFR simulations were also
repeated using the Embree ray tracer.

Fig. 19 shows the speedup from either (i) replacing the MOAB ray
tracer by the Embree ray tracer (red line); (ii) replacing the find-cell call
with the global tree algorithm (blue line); and (iii) applying both the
changes simultaneously (black line). All speedup lines are computed
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relative to the same baseline (the MOAB ray tracer with the original
find-cell call). As expected, the modification to the ray tracer enhances
performance for large, complex OpenMC cells with many triangles due
to more efficient traversal of deeper tree structures when the number of
DAGMC cells is low (< 10? cells). Conversely, the global tree find-cell
call has a higher impact when a greater number of simpler DAGMC cells
are present (> 5 x 10 cells). Between these regions (10> to 103 cells),
the tree depth decreases and the number of cells is not yet high enough
to stress the original find-cell algorithm. When both modifications are
applied simultaneously, the speedup for all cell counts is improved, but
especially so for both the high- and low-cell count geometries. This
inverted performance gain, relative to the speedup shown in Fig. 16,
can be used to obtain more uniform performance numbers for these
DAGMC simulations.

5. Conclusions

Open-source software can provide great benefits to the nuclear
engineering community by allowing developments to be shared across
project and institution boundaries. AURORA’s innovative on-the-fly
geometry re-generation process adaptively updates the OpenMC cells
according to contours in temperature and density. This capability was
ported into Cardinal and applied to a new and challenging high-fidelity
multiphysics simulation of a fast-spectrum MSR. Full-core LES using
NekRS was coupled with OpenMC neutron transport, presenting one of
the first cases integrating unsteady turbulence modeling with radiation
transport physics. As future work, the physical realism of the MSFR
model will be improved by incorporating buoyancy terms in the NekRS
model and delayed neutron precursor drift in OpenMC. Algorithmic
questions related to Picard iteration strategies when using LES are also
currently being explored.

The dynamic on-the-fly geometry regeneration reduces the barrier-
to-entry for high-fidelity multiphysics by (i) eliminating the user am-
biguity in defining cells for constant-X, surface tracking; (ii) enabling
simple refinement studies which do not require additional model gen-
eration steps; and (iii) more closely integrating CAD workflows with
Monte Carlo multiphysics. A performance study shows the impact
of geometry subdivision on the find-cell and ray tracing calls, and
suggests there may be performance improvements associated with the
dynamic geometry regeneration. In the future, we will expand the
performance study to include shared and distributed memory paral-
lelism studies. We will also explore the influence of geometry (e.g. cell
surface area/volume ratio) and physics (e.g. mean free path relative
to cell size) on these performance numbers using a wider set of test
cases in addition to the fast spectrum MSR studies in this paper.
Additionally, future work should explore the possibility of body-fitted
refinement. Such a development would require both (i) an adaptive
baseline mesh (this work uses a fixed baseline mesh, and simply groups
elements together according to temperature/density fields) and (ii)
MOOSE’s Adaptivity system to have knowledge of the underlying
CAD geometry.

This research points towards many future lines of study. Because
AURORA/Cardinal track on skinned versions of a MOOSE mesh, there
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Fig. 19. Speedup in the MSFR case obtained when modifying the find-cell call, ray
tracer, or both simultaneously.

is a natural opportunity for deforming mesh applications such as from
thermal expansion. Ongoing work in the areas of fusion modeling,
where complex CAD geometry is a necessity, will continue to expand
the skinning algorithm’s performance and add support for new features
such as (i) in-line initialization of DAGMC via MOOSE, which will
eliminate the need for duplicated mesh files (the .h5m surface mesh
and an Exodus volume mesh); (ii) reflecting and periodic BCs; and (iii)
multiphysics support for hybrid CSG/CAD geometry.
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