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High fidelity simulations of nuclear systems generally require a multi-dimensional
representation of the system. Advanced nuclear reactor cores are governed by
multiple physical phenomena which should be all be resolved, and the coupling
of these physics would also need to be resolved spatially in a high-fidelity
approach, while lower fidelity may leverage integrated quantities for the
coupling instead. Performing a spatially resolved multiphysics simulation can
be done on a single mesh with a single coupled numerical system, but this
requires catering to each equations’ time and spatial discretization needs. Instead,
each physics, usually neutronics, thermal hydraulics and fuel performance, are
solved individually with the discretization they require, and the equations are
coupled by transferring fields between each solver. In our experience coupling
applications within the MOOSE framework, mostly for advanced nuclear reactor
analysis, there are several challenges to this approach, from non-conservation
problems with dissimilar meshes, to losses in order of spatial accuracy. This paper
presents the field transfer capabilities implemented in MOOSE, and numerous
technical details such as mapping heuristics, conservation techniques and parallel
algorithms. Examples are drawn from nuclear systems analysis cases to illustrate
the techniques.

KEYWORDS

MOOSE, field transfers, multiphysics, finite element, finite volume, advanced
nuclear, fusion

1 Introduction

Modeling and simulation of nuclear reactors is necessary for design, licensing, and
operations purposes. The power distribution, the temperature of the fuel, and heat flux-
related metrics must be gathered to ensure the nuclear reactor meets safety considerations.
For most reactors, obtaining these distributions amounts to solving three groups of
equations: neutron transport with depletion and precursors, thermomechanical
equations in the solid structures, and thermal-hydraulic equations in the coolant. Over
the last 70 years, these equations have been extensively studied and solved for light water
reactor analysis. Engineering approximations have been developed and models have been
tuned to obtain models that are representative of the reality of their operation. The advent of
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a new generation of advanced nuclear reactors is challenging these
tools, and the plurality of designs rendered in simulations requires a
generality the current tools cannot achieve.

This generality is provided by leveraging unstructured mesh
to represent these arbitrary geometries. On unstructured
meshes, we can deploy finite element (Schoder and Roppert,
2025; Lindsay et al., 2022), finite volume (Schunert et al., 2021),
and sweeping methods (Gaston, 2019; Gaston et al., 2021;
Prince et al., 2024) to solve equations. Another challenge
comes from the wide variety of physics interactions involved
in these new reactors, as many of the new designs introduce
physics-based passive safety. Modeling different physics in the
reactor is relied upon to provide a safe outcome in the case of
accidental transients such as reactivity insertion accidents or
loss of flow accidents (Forum, 2024). These features can be
modeled at various levels of fidelity and complexity for each
physics, but there is a constant need to couple different
physics solvers.

The United States Department of Energy Nuclear Energy
Advanced Modeling and Simulation (NEAMS) program
supports the development of a suite of mixed-fidelity
simulation tools based on the Multiphysics Object Oriented
Simulation Environment (MOOSE) (Lindsay et al., 2022) C++
framework. These include BISON (Williamson et al., 2021) for
fuel performance, Griffin (Prince et al., 2024) for neutronics,
SAM (Hu et al, 2021) for systems thermal-hydraulics,
Pronghorn (Schunert et al, 2021) for multidimensional
thermal-hydraulics, and a selection of MOOSE-wrapped
codes. MOOSE provides these codes with support for
unstructured mesh via an interface to libMesh (Kirk et al,,
2006). enable  the
representation of the geometry of these advanced reactors.

Unstructured  meshes accurate
The shared framework enables an efficient and easy-to-use
coupling of the multiple physics, which is the subject of
this paper.

About two-thirds of the first three sections of this paper were
presented at the Super Computing for Nuclear Applications
conference in Paris in October 2024 (Giudicelli et al., 2024a).
Additional techniques and figures were added to these sections,
the content was re-organized and reworked to improve clarity, and
additional examples and results were included in the final section.

2 Coupling simulations with MOOSE-
based or wrapped codes

MOOSE was originally designed to attempt to solve every
equation in a single Preconditioned Jacobian-Free Newton Krylov
method-based solve. With potentially an additive, multiplicative or
Schur complement field split, all the equations could be written as a
single nonlinear problem. This was successful for a very narrow
selection of problems featuring very strong interactions between
equations Wang et al. (2017). For most others, differences in
required spatial or time discretizations, and in numerical
methods to solve equations, rendering this approach inefficient to
unworkable.

Hence, this initial approach has been superseded for most
advanced reactor simulations with an operator split in which
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each simulation is performed independently and coupled through
fixed point iterations (Gaston et al., 2015). MOOSE greatly simplifies
this approach by introducing the MultiApps system.
MultiApps are created by a parent application, often in a
distributed manner, to nest other physics solves. For example, a
Griffin neutronics simulation may spawn BISON MultiApps for
each fuel pin calculation. A hierarchy of MultiApps is shown
in Figure 1.

Once the simulations are created, they can exchange data using
the Transfers system. Transfers are created by users to pass
fields Fields

dimensional, while scalars are typically reductions computed

and scalars between applications. are multi-
from the fields. They are capable of projecting fields across
different meshes, even non-overlapping. Transfers handle the
complexities of distributed simulations, for example, if the parent
and child application(s) use different numbers of processes. Field
transfers are described in more detail in Section 3, while scalar
transfers are described in Section 4.

An additional point of interest is that MOOSE-based and
MOOSE-wrapped applications are easily combined. The build
infrastructure makes building applications combining several
MOOSE-based or wrapped applications a trivial task. If the codes
are not built together, an application can still be dynamically loaded
by another at runtime. The user may specify in the input the
application type for the MultiApp and the dynamic library to
load to create this application.

2.1 Parallel execution of MultiApps

MultiApps are distributed to maximize the utilization of the
machine with an equal split distribution of the processes by default
among child applications. There are no set limits to the number of
processes used. For example, in Figure 1, if the main application is
run with 12 processes, then MultiAppl is first solved with
12 processes split between the two child applications. Then,
MultiApp3 is solved with six processes split between the two
grandchild applications, while child application four to one is
solved with six processes concurrently. Child application 2-1, two
to two, and two to three of MultiApp2 are solved with four
processes each once MultiAppl has been run. Child apps within
a MultiApps are solved concurrently.

Executing several MultiApps concurrently is not currently
possible but is a topic of interest as this would let a CPU-heavy and a
GPU/accelerator-heavy Mult iApp execute concurrently and make
the best use of available resources. This limitation is due to the
sequential execution of each Mult iApps, and parallelization being
only performed over child applications.

2.2 Siblings transfers

A recent improvement of the Transfer system is the
development of child-to-child application transfers, which we
refer to in publications related to MOOSE as siblings transfers
(Giudicelli et al., 2024b). Previously, MOOSE could only handle
transfers between parent and child applications, so transferring
between two child applications of different MultiApps would

frontiersin.org
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Two-level hierarchy of Multiapps. MultiApps created in the parent app has two independent child applications, each having a MultiApp creating child
application(s). The bi-directional arrows represent data transfers between applications.
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Multiphysics core coupling schemes for a molten salt reactor core analysis case, with sibling transfers (left) enabling a simpler scheme and lower
duplication of fields alternative schemes (two alternatives shown on the center and right). The application at the top is the parent and the numbering
indicates the order of execution. By default, transfers to an application are executed before this application executes, transfers from an application are

executed after this application executes.

require one transfer from a child to a parent application, and
another from the parent to the other child application. Sibling
transfers are widely supported across transfers, including all the
field transfers mentioned in Sections 3, 4.

An example of these transfers is shown for a molten salt reactor
(MSR) core multiphysics case in Figure 2. The neutronics calculation
requires the temperature field from the thermal hydraulics
calculation, which itself requires the local heat source to solve for
the energy conservation equation. The delayed neutron precursor
equations requires the velocity fields from thermal hydraulics to
solve for their advection, and the fission source from the neutronics
to solve for their production. The delayed neutron precursor
concentration is then transferred back to the neutronics solver to
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describe the delayed neutron source, a part of the fission source. The
siblings transfer capability enables the leftmost organization of the
solves, which does not require the duplication of both fields and
transfers in the other schemes. The reader should note that the order
of execution of the solvers can be re-arranged. For example, the
neutronics could be executed first, then send the power distribution
to the thermal hydraulics, then using that velocity field, the
precursor advection equations can be solved.

Of note, the recent development of multi-system capabilities,
solving multiple nonlinear systems on the same mesh, enables
defining both fluid flow and precursor advection equations in the
same input file. This negates the need for duplicating fields, and thus
for siblings transfers for this MSR application.
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(a) Nested indexing of pins within assemblies in a micro-reactor core, mesh from (Stauff et al., 2021). (b) Nested indexing of rings of sectors in fuel
pins of a micro-reactor assembly. (c) Nested indexing of pebble rings in a high temperature pebble bed gas reactor. Mesh divisions used to match transfer

regions in advanced reactor cases.

TABLE 1 Coordinate collapsing.

Coordinate system 1 Coordinate system 2

Cartesian axisymmetric
Cartesian radially symmetric
axisymmetric radially symmetric

3 Field-to-field transfers

Transferring a field from a simulation that computes or
generates it to a simulation that is influenced by this quantity is
a common need. For example, the neutronics solve generates the
power density field, which is necessary for the thermal physics solve.
Transferring a field between two solves is non trivial. The two solves
may be using different meshes, may be partitioned differently in
parallel, or may have different finite element representations for the
field. We first present the communication algorithm in Subsection
3.1, then the field reconstruction algorithm in 3.2, then the several
options for providing source values in 3.3, how to conserve integral
quantities in 3.4, how to map regions in 3.5, and finally automated
diagnostics to look for ill-posed transfers in 3.7.

3.1 Asynchronous transfer algorithm

The communications required for field transfers between
(perhaps distinctly) parallel-distributed mesh data are handled

Frontiers in Nuclear Engineering

Resulting coordinate system for data Transfer
axisymmetric
radially symmetric

radially symmetric

via the asynchronous sparse communication algorithms made
available in MOOSE by the Templated Interface to MPI
(TIMPI) library. This library provides a wealth of algorithms to
perform communication operations between processes, from very
simple communicator.gather (vector) operations to the
parallel  asynchronous  push-pull
leveraged here.

When each MPI rank has gathered some amount of data to
send to some subset of other MPI ranks, in a “sparse push,” for
them to act on, a nested map of containers of these data is provided
to be sent, and a function object (commonly a C++ lambda) is
provided to act on received data. Container data types are used to
automatically infer or create a corresponding MPI type (for fixed-
size data) or a buffering strategy (for variable-size data), and the
API then handles all “sends” and “receives” of data, and calls the
provided function object with each received vector. Sends and
receives are done asynchronously via the non-blocking exchange
(NBX) algorithm, allowing for proper scalability up to large
processor counts where the send pattern is typically extremely
sparse. For a “sparse pull,” in which data are requested from other

algorithm  which  we
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FIGURE 4

(a) Homogenized heat conduction mesh: non-solid regions are not meshed. (b) Neutronics mesh: all regions are meshed, including coolant and
control rod channels. Example of the commonly found indetermination case for the nearest-node transfer. If transferring the graphite matrix temperature
from the left heat conduction mesh onto the neutronics mesh on the right (for example, for cross section tabulation purposes), the value at the center of
each fuel pin is not uniquely determined with a ‘'nearest’ node or element centroid approach.
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FIGURE 5
Geometry of the HPMR-H, problem.
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FIGURE 6

Integrated computational workflow for the HPMR-H, problem. Courtesy of (Terlizzi and Labouré, 2023).

FIGURE 7
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Three dimensional temperature distribution in the solids and 2D spatial distribution for selected axial planes in the HPMR-H, problem. Courtesy of

(Terlizzi and Labouré, 2023).

processors, a push of request keys (such as mesh indices or
geometric locations) is followed by a response push of the
requested data values associated with those keys; in this case,
the transfer code provides a function object with which to collect
data for each request and another function object with which to
process the collected and received data.

For field-to-field transfers, the “sparse pull” is used to request
data at locations specified by the GenericProjector (see 3.2)
to reconstruct the target field. The function to determine which
processes may have these data is based on one of three user-
selectable heuristics. The first one is the nearest-app heuristic.
Only processes working on the child application that is nearest to

Frontiers in Nuclear Engineering 06

the needed location are contacted to provide a value. The second
one is based on forming a sphere of interest around each target
point from the application bounding boxes. The bounding box,
possibly inflated or fixed using user parameters, around the
domain of each process is checked for every process. We find
the minimum of the maximum distances within a bounding box
from the point of interest. This creates a sphere around the point of
interest. Only processes whose bounding boxes intersect this
sphere are contacted to provide a value for this target point.
The last one is the greedy search, which is mostly used for
debugging. This one requests data from every single other rank,
and is therefore not scalable.
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FIGURE 8
Spatial distributions of quantities of interest at the axial mid-plane in the HPMR-H, problem. Courtesy of (Terlizzi and Labouré¢, 2023).
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FIGURE 9
(a) Moderator Temperature Distribution and (b) hydrogen-yttrium stoichiometric ratio in YH, as a function of space in the HPMR-H, problem.
Courtesy of (Terlizzi and Labouré, 2023).
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FIGURE 10

Cross section of the HTTF core block, from Woods (2019).

FIGURE 11
HTTF mesh and model overview.
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FIGURE 12
Coupling scheme for the HTTF model.

3.2 Generic projection capability in the
context of asynchronous transfers

The GenericProjector code in libMesh was designed to
enable the restriction of arbitrary input functions to arbitrary
supported finite element bases. Input functions are defined by the
function values they return at arbitrary points and, in cases of
higher-continuity finite element spaces, function gradients are either
directly provided or inferred by finite differencing. In a typical
libMesh use case, the input function is locally evaluable and the
projection operation onto a Cy-continuous finite element space is

L thus straightforward: vertex points are first evaluated and directly

o copied onto vertex degrees of freedom, then quadrature points on

10 element edges are evaluated to enable local L? projections of element

Cam edge values while holding vertex values constant, then (in 3D)

| m?; element face degrees of freedom are evaluated via projection
§

holding vertex and edge values constant, then finally element
interior degrees of freedom are projected while holding each
element’s boundary values constant. Each of these local
30 projections is an implicit solve, but with few degrees of freedom,
and hence reasonably fast.

In MOOSE, differences between domain and partitioning of
transfer source meshes may make it impossible to locally evaluate
input functions, so the usage of GenericProjector is slightly
more complex. The projection code is evaluated twice: once to

determine which quadrature point data will be required from which

FIGURE 13 remote processors, and then a second time to actually evaluate
Temperature distribution in the HTTF core block before the

depressurization transient projections and so transfer the data responses correctly to the output

field. As with the communications code, the projection code is
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FIGURE 14
Temperature evolution at the bottom of the HTTF core.

FIGURE 15
Simplified tokamak model mesh and a zoomed-in view on the divertor; colors correspond to different subdomains.

Heating

MOOSE OpenMC

Temperatures

Mesh displacements

FIGURE 16
Multiphysics coupling scheme for the tokamak model.
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clad inner surface

pellet outer surface

duct inner surface

clad outer surface

Heat conduction mesh used by the MOOSE heat transfer module. Sideset numbers are listed to the right of each highlighted sideset. Reproduced

with permission from Argonne National Laboratory (2024).

designed to accept function objects for its innermost operations. The
transfer code first provides objects, which merely examine and
encapsulate each of the queries to be sent, then provides objects
which evaluate cached response data and write projection results to
the appropriate field vector coefficients.

3.3 General field transfers

Fields have spatially dependent values on the mesh. Fields in
MOOSE are generally variables, though material properties and
functions can also be considered fields. There are three main
algorithms for performing field transfers in MOOSE. Once the
target application has sent its requests for values at certain
points, the source application can.

Frontiers in Nuclear Engineering
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e Evaluate the source variable at the requested points by
evaluating the shape functions and performing the finite
element reconstruction. This is implemented by the Multi
AppGeneralField- ShapeEvaluationTransfer dass.

e Return the “nearest” or a combination of the “nearest” values,
which are formed at the nearest node or nearest element
centroid on which the value of the source variable is known.

This

implemented by the MultiAppGeneralFieldNearest

This avoids evaluating the shape functions. is

LocationTransfer class. This class was previously

named MultiAppGeneralFieldNearestNode
Transfer and the previous name is still in use.

e Evaluate a source user object at the requested point. This is often
to evaluate the source variable through this user object’s

operation, for example, layered other

averaging  or

frontiersin.org
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FIGURE 19
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Fluid flow mesh used by NekRS. Sideset numbers are listed to the right of each highlighted sideset. Reproduced with permission from Argonne

National Laboratory (2024).
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Summary of conjugate heat transfer fields which Cardinal passes between NekRS and MOOSE. Reproduced with permission from Argonne National

Laboratory (2024).

reduction operations. This is implemented by the

MultiAppGeneralFieldUserObjectTransfer class.

The implementations of these three algorithms leverage the
techniques explained in Sections 3.1, 3.2 through a common base
class called MultiAppGeneralFieldTransfer. The derived
classes are simply defining how to evaluate the value at a target point,
and related details like the detection of ill-posedness. The first two
transfer options are also found in other data transfer libraries
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(Pawlowski et al., 2013), as is the L2-projection transfer which is
not described here as it is implemented very differently in MOOSE.

3.4 Conserving integral quantities
An important concern when transferring fields is preserving

integral quantities. The most common issue is to preserve power
when passing the power distribution from the neutronics solvers to
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39

FIGURE 21

41

4.100e+01

bin

40

Example of bin indices used for a hexagonal subchannel volume binning, for a 19-pin bundle.

NekRS fluid temperature

FIGURE 22

MOOSE solid temperature

Fluid temperature computed by NekRS (left) and solid temperature computed by MOOSE (right) for the flux-temperature coupling option.

Reproduced with permission from Argonne National Laboratory (2024).

either the fuel performance solver for solid-fueled reactors, or the
thermal-hydraulics solver for molten-fuel reactors. For power, the
conservation problem is rather simple and only requires a re-scaling
by the ratio of integrated power on the source and target meshes.
This re-scaling can be distributed if there are multiple target
applications, for example, fuel pin solves that have a different
local conservation error during the transfer.

At this time, the relation between the field and the
postprocessed data is assumed to be linear, so only a single
correction step is performed. If the postprocessed data were to
be recomputed, we would expect this rescaling to have equalized
the ratio between the source and target quantities. However, this
would not hold for nonlinear quantities. For example, if the
specific heat depends on temperature, rescaling a transferred
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temperature field once would not suffice to provide conservation
of energy.

3.5 Mapping source and origin regions

With the popularity of nearest-node or nearest-element value
approaches, a major concern arises in that the nearest-location value
is not actually the correct value to obtain. Differences in axial meshes
might make the nearest value for the temperature field come from
another solid region. For example, for the temperature field where
transfers match fuel pins together, an axial mesh cell for a guide-tube
in the source application could be closer to the target mesh cell, and
therefore would erroneously provide the source value. MOOSE
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flux-temperature coupling

FIGURE 23

20 axial layers are used
for the heat transfer
coefficient computation

flux-flux coupling

Solid temperature computed by MOOSE when using either the flux-temperature coupling or the flux-flux coupling. Reproduced with permission

from Argonne National Laboratory (2024).

offers a wide variety of region-mapping options to make sure this
does not happen.

The simplest options offered are to restrict both source and
target domains using block (a subdomain of the mesh) and/or
boundary restrictions. These restrictions can be combined
completely independently, but the user must understand an
important detail. Block and boundary restrictions are restrictions,
not matches. Specifying two source blocks and two target blocks
does not match the first source block to the first target block. It
simply specifies that the transfer will find values from both targets
blocks in the union of the two source blocks.

Another restriction technique when using multiple child
applications is to use only values from the closest child
application to each requested point. This technique is also used
as a heuristic to determine which processes should communicate, as
mentioned in Subsection 3.1. This technique is particularly useful for
consistently matching fuel rods to the channels nearby when using a
“nearest-node/location” approach. The concern is that a mismatch
between the axial meshes of the rods would map cells in a channel
nearest to a certain rod to another rod with a locally finer axial mesh.

To offer a much finer-grained mapping capability, the concept of
mesh divisions was introduced. Mesh divisions are an arbitrary indexing
of the source and target meshes. The source and target mesh divisions can
be matched on a per-index basis. This concept can easily cover the block
and boundary restrictions options, but these are kept for backwards
compatibility and user friendliness. Example mesh divisions are
represented in Figure 3 for various reactor applications: a pin
indexing in Figure 3a, a pin and rings indexing in Figure 3b, and a
pebble and rings indexing in Figure 3c. Numbering these regions enables
focused transfers between physics solvers.

3.6 Coordinate transformations

Different simulations may use different coordinate systems.
For example, a neutronics simulation may be performed in
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Cartesian three-dimensional space whereas a fuel performance
calculation may be performed using a two-dimensional
axisymmetric coordinate system. Communicating information

between these different configurations would be difficult

without reconciling the differences in coordinates. One
mechanism MOOSE provides for making this communication
simpler is the MooseAppCoordTransform class. Each

MooseApp instance holds a coordinate transformation object
in its MooseMesh object. Users may specify transformation
information about their simulation setup on a per-application
basis in the input file Mesh block. A coord type parameter
specifies the coordinate system type, e.g., Cartesian, axisymmetric,
or radially symmetric. Euler angles are available to describe
extrinsic rotations. The convention MOOSE uses for a a-f-y
Euler angle rotation is:

1. Rotation about the z-axis by « degrees
2. Rotation about the x-axis by  degrees
3. Rotation about the z-axis (again) by y degrees

A length unit parameter allows the user to specify their
mesh length unit. The code in MooseAppCoordTransform
which processes this parameter leverages the MOOSE units
system. A scaling transform will be constructed to convert a
point in the mesh domain with the prescribed mesh length unit
to the reference domain with units of meters. The last option which
the
positions

contributes to transformation information held by

MooseAppCoordTransform class is a
parameter. The value of positions exactly corresponds to the
translation vector set in the MooseAppCoordTransform object
of the sub-application. The «, 3, y, and positions parameters
essentially describe forward transformations of the mesh domain
described by the MOOSE Mesh block to a reference domain.
The of the

MooseAppCoordTransform class scaling, rotation,

sequence transformations  applied in
is

translation, and coordinate collapsing.
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The last item in the transformation sequence, coordinate
collapsing, is only relevant when information has to be
with  different
information from Cartesian

transferred between applications coordinate

systems. For to

axisymmetric, we must collapse Cartesian coordinates into the

transferring

axisymmetric space since there is a unique mapping of Cartesian
coordinates into axisymmetric coordinates, but not vice versa, e.g., a
point in the axisymmetric space has infinitely many corresponding
locations in Cartesian space due to rotation about the axis of
symmetry. Table 1 summarizes the coordinate collapses that
occur when transferring information between two different
coordinate systems. The table should be understood as follows,
using the first row as an example: for a Cartesian-axisymmetric
pairing (e.g., axisymmetric
axisymmetric data transfers), both ‘from” and ‘to’ points will be

— Cartesian or Cartesian —

cast into the axisymmetric coordinate system for the reasoning
given above: there is a unique map from Cartesian to axisymmetric,
but not vice versa. Similarly for an axisymmetric-radially
symmetric pairing (e.g., axisymmetric — radially symmetric or
radially symmetric — axisymmetric data transfers), both ‘from’
and ‘to’ points will be cast into the radially symmetric
coordinate system.

Note that there are consequences for these coordinate
system collapses. When transferring data in the 1 — two
direction, there are (as already stated) infinitely many points
in three-dimensional Cartesian space that correspond to a
single axisymmetric coordinate. For example, the Cartesian
points (1, 0, 0) and (0, 1, 0) map to the same axisymmetric
coordinate (1, 0) if the z-axis is the axis of symmetry on the
Cartesian mesh. So if we are performing a nearest-node transfer
of data from Cartesian to axisymmetric, where the ‘to’ point is
(1, 0), then selection of the ‘from’ point is arbitrary if both (1, 0,
0) and (0, 1, 0) points (or any combination of /xZ+ yZ =1
points) exist. We are considering how best to handle these
situations moving forward. One option would be to average
the field data from equivalent points. Note that for the
axisymmetric coordinate system with general axes, only
translation is supported for coordinate transformations,
i.e., there is no scaling, rotation, or coordinate collapsing.

3.7 Automated transfer ill-
posedness detection

In numerous common transfer setups, there is potential for a
non-unique valid source value at a target point. In this event, a single
value is still selected, usually the one from the process with the lowest
rank. The lowest-rank may not be consistent across different
partitionings, so this leads to results that are not consistently
reproducible in parallel. These indeterminations occur when,
for example:

e Multiple points in the origin mesh(es) are equidistant to the
target location for nearest-node type transfers. An example of
this case is shown in Figure 4.

e Multiple child apps can compute a valid value for a target
location because their meshes overlap, for variable shape/user-
object evaluation-type transfers.
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These issues are detected automatically by the transfers. They
can first be discovered when computing the transferred value on the
source side. If the child applications presenting the issue are handled
by the same process, the multiplicity of valid values is registered
when a valid value is requested. If not, then the transfers can also see
the indetermination by examining received values from each process
for each target point. When multiple values are received for a single
target point, the value from the lowest-ranked process is used and, at
that point, a potential indetermination is registered.

Finally, at the end of the transfer, global communications are
performed to verify that issues discovered when computing the
transferred value were actually relevant (e.g., the value selected
during that stage was actually the final value for the target
point). If another value from another process was selected, then
the initially detected indetermination was irrelevant. This global
communication is inherently non-scalable and the user is warned if
they are deploying it on a case with more than ten processes.

Mesh, block, or boundary restrictions can sometimes be used to
alleviate these indeterminations in the origin values. Other times,
either re-meshing one of the applications or using the child
application positions parameter to create a very small offset can
help the type
indeterminations, is to use a local

remove indetermination. For nearest-node
the recommended fix
reduction, for example, the average of the nearest-node values

using layered averages.

4 Field-to-scalar, scalar-to-field and
scalar transfers

In advanced reactor multiphysics core analysis, it is common to
have a difference of spatial scale between two physics. Neutronics is
typically solved on the global scale for the entire core. On the other
hand, fuel performance is typically better solved when considering
each disconnected fueled part separately. The fuel performance/
thermomechanics of a fuel pin in a light water reactor do not, in
most analysis, sufficiently influence the thermomechanics of its
neighbor pin to justify a fully-coupled solve including both.
Therefore, each pin is best resolved in independent calculations
that are pin-scale as opposed to core-scale.

In those cases, while field transfers are still used when both the
core-scale and pin-scale meshes are heterogeneous and both
resolving the fuel pins, it is often easier to average the local fields
and only transfer the average or integrated quantity. It is a simpler
approach when the fuel pin meshes do not match. For example, the
fuel pin temperature may be averaged over the entire pin before
being transferred to the neutronics fuel temperature field. In this
case, a scalar quantity is transferred from the distributed fuel
performance applications to a field in the global mesh of the
neutronics application.

Many coupled cases only require a single scalar number or a few
scalars to be passed between applications to couple. This can be, for
example, the current insertion height of a control rod that should be
shared between the core neutronics calculation and the control rod
channel cooling calculation. Domain-overlap coupling of thermal-
hydraulics simulations only involve the transfer of a few scalars for
the pressure drop, the heat source, and the precursor source for
molten salt reactors (Hu et al., 2022).

frontiersin.org


https://www.frontiersin.org/journals/nuclear-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fnuen.2025.1611173

Giudicelli et al.

MOOSE widely supports this transfer mode. Scalars in MOOSE

can be Reporters, ScalarVariables or
Postprocessors, and all three can be transferred to and
from each other with different transfer objects. These transfers
are easily distributed as the source values are replicated across all
rank using global synchronizations already. This is not a scalable
approach but the amount of data is minimal so its impact is not felt

in reactor analysis.

5 Advanced reactor multiphysics
studies leveraging transfers

5.1 Heat pipe cooled microreactor model

5.1.1 Model description

The HPMR-H, is a 2-MW monolithic heat-pipe-cooled
microreactor model hosted on the Virtual Test Bed (VTB)
repository (Giudicelli et al, 2023). The model, based on the
simplified microreactor benchmark problem defined in Ref.
(Terlizzi and Labouré, 2023), is composed of 18 hexagonal
assemblies arranged into two rings. The tops and bottoms of
these 160-cm-high assemblies are surrounded by 20-cm-high
axial beryllium reflectors. Each assembly contains 96 fuel pins
that are 1 cm in radius, 60 Yttrium Hydride (YH) pins that are
0.975 c¢m in radius, and 61 1-cm-radius sodium heat pipes drilled
into a graphite monolith. The core is surrounded by 12 control
drums, with boron carbide employed as the absorbing material. For
a simplified mesh, the beryllium radial reflector is hexagonal. The
core has a one-twelfth rotational symmetry that allows mitigating
the computation burden associated with the simulation. The
geometry of the reactor is shown in Figure 5.

The HPMR-H, model uses Griffin Prince et al. (2024), BISON
Williamson et al. (2021), and Sockeye Hansel et al. (2021) to solve
the coupled steady-state equations for heterogeneous neutron
heat
redistribution. Figure 6 illustrates the computational workflow for

transport, transfer, sodium flow, and hydrogen
the multiphysics simulation. Within the workflow, Griffin is used to
solve the multigroup neutron transport equation, BISON is
leveraged to simulate both the solid heat transfer and the
hydrogen redistribution in the moderator pins, while Sockeye is
used to model the sodium flow in the 101 heat pipes. The left box
outlines the preliminary steps, including mesh preparation and
cross-section tabulations performed using Serpent (v. 2.1.32).
Serpent is used due to the existence of a cross section workflow
with Griffin at that time. OpenMC and Shift are alternative options
with similar workflows. These meshes, along with the cross sections
generated, serve as inputs for Griffin, BISON, and Sockeye. For a
comprehensive description of the single-physics models, refer to

Refs. (NRIC Virtual Test Bed, 2024; Terlizzi and Labouré, 2023).

5.1.2 Transfers and coupling

As shown in Figure 6, Griffin serves as the parent application for the
simulation. It computes the space-dependent multigroup flux distribution
by solving the Multigroup Neutron Transport Equation (MNTE). The
MNTE is solved with the discontinuous finite element, discrete ordinates
(DFEM-SN) approach accelerated with Coarse Mesh Finite Difference
(CMFD) acceleration. The power density field, Py (X), is then derived
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from the neutron flux and transferred to BISON via the
MultiAppGeneralFieldShapeEvaluationTransfer. This
transfer method is chosen because both the Griffin and BISON
models are defined at the full-core level, allowing for the evaluation of
the source variable’s shape function at the desired transfer location. This
transfer was selected because the DFEM-SN solution employs constant
monomial variables whereas the BISON model uses first-order Lagrange
variables, that are nodal. The use of monomial variables in Griffin was
made to decrease the memory requirement in the neutronic simulation.

BISON functions as the daughter application, responsible for
computing the temperature distribution in solid materials, T'(X),
and the hydrogen-yttrium stoichiometric ratio’s spatial distribution
in the YH moderator, cy (X). The solid temperature at the heat pipe-
monolith interface, denoted as T%,,, is determined from the solid
temperature field using layered side averages around each of the
101 heat pipe model instantiations. Each of these instantiations,
corresponding to 101 child applications, experiences a different
external temperature, which serves as a boundary condition for
the fluid solver. The fluid solver then computes the effective heat
lsecondary
heat pipe i. These computed values are transferred back to BISON to

transfer coefficient A’ , and secondary temperature T for each
define a convective boundary condition for the solid. Additionally,
the heat flux at the heat pipe condenser, denoted as Q' is
transferred to BISON to ensure energy conservation between the
solid and fluid calculations. Checking the energy balance is crucial
due to the different mesh between Sockeye and BISON application.
Based on calculation performed through post-processors’
manipulation, we computed that a discrepancy of 0.04% between
the heat balance in the solid and the fluid. This discrepancy was
deemed sufficiently small to avoid the use of conservative transfers
in the simulation. The latter can however be added to enforce
conservation of the integral of the energy, as described in Section 3.4.

After iterating between the BISON and Sockeye solutions
through a pseudo-transient approach, the steady-state three-
dimensional solid temperature distribution is used to determine
the fuel, moderator, and reflector temperature distributions, which
serve as parameters for the macroscopic cross sections. These partial
temperature fields, denoted as T (X), T, (X), and T,(X),
respectively, are then passed back to Griffin through the
MultiAppGeneralFieldNearestNodeTransfer together
with the hydrogen-yttrium stoichiometric ratio, ¢ (X). Both block
restriction and bounding boxes are leveraged to ensure a well-posed
transfer process, as detailed in Section 3.7. The Griffin and thermal
solution are iterated until the effective multiplication factor
converges within a prescribed absolute tolerance, (e.g., 1 per cent
mile in the model available on the VTB).

5.1.3 Results

The 3D solid temperature distribution is presented in Figure 7. It
is noticeable that the solid temperature is asymmetric with respect to
the axial mid-plane due to the heat pipes penetrating only in the top
reflector. As a result, fewer neutrons are reflected back into the upper
portion of the reactor’s fuel compared to the bottom, leading in turn
to an axially asymmetric power generation rate and temperature
field. A secondary temperature peak is also evident at the center of
the bottom reflector, resulting from the limited heat removal in the
central control rod shutdown channel, which is filled with stagnant
air. Additionally, the solid temperature distribution at selected axial
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planes is shown to illustrate the temperature variations at each pin
location. A zoomed-in view of the power density, stoichiometric
ratio and temperature at the axial mid-plane is provided in Figure 8.

The temperature of the moderator and the corresponding
hydrogen-yttrium stoichiometric ratio are reported as a function
of space in Figure 9. It is noticeable that the two quantities are
inversely correlated, with the hydrogen redistributing towards
colder zones, as expected due to the Soret effect (Terlizzi and
Labouré, 2023).

5.2 High temperature prismatic gas reactor
(HTGR) model

In a prismatic gas-cooled reactor, the fuel is in the form of
compacts housed in graphite blocks. The fission heat is transferred
to the gas coolant, generally helium, which flows either in an annular
flow channel around the fuel rods, as in the High Temperature Test
Reactor (HTTR) design, or within dedicated coolant channel holes
in the graphite blocks. System-level approaches can be used to model
these reactors, but they need an effective thermal conductivity to
accurately represent heat conduction in the graphite block. Three-
dimensional approaches can more accurately model the heat
transfer in the graphite block. These approaches require the
evaluation of convective heat transfer in the flow channels for
each flow channel location, which can be achieved by modeling
the flow channels as child applications created by the heat transfer
High

simulation. This approach is demonstrated on the

Temperature Test Facility (HTTF).

5.2.1 Model description

The HTTF at Oregon State University is a scaled integral effects
experiment for investigating transient behaviors in prismatic nuclear
HTGRs. The HTTF uses electrical heated rods as the power source
and helium as the coolant. A radial cross section of the HTTF core
region is shown in Figure 10.

A 3D mesh of the facility is built and includes the core block with
all the coolant flow holes and heater rods holes, the barrel, pressure
vessel and the reactor cooling cavity system (RCCS)as shown in
Figure 11. A view of the mesh is also shown in Figure 11.

The heater rods are not explicitly modeled and a heat flux
corresponding to the heater power as a function of time is prescribed
on the heater holes surface. The heat conduction within the core
block is modeled using the MOOSE heat transfer module. A
convective boundary condition is applied to the coolant channels
walls, on the upcomer walls, and on the RCCS pannel walls. The flow
in the coolant channels, upcomer and RCCS channel is modeled
using the MOOSE Thermal Hydraulics Model (THM) Hansel et al.
(2024). Note that this model is published on the Virtual Test Bed
Giudicelli et al. (2023). The heat transfer coefficient in the flow
channels is calculated using the modified Dittus Boelter correlation
as suggested by McEligot McEligot et al. (1965), and the friction
factor is calculated using the Churchill correlation.

5.2.2 Transfers and coupling

The coupling strategy is illustrated on Figure 12. The heat
conduction application solving for the heat transfer in the
ceramic block is the main application. One SubApp is created for
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each flow channel within the core block, for the upcomer and for the
RCCS water channel.

The temperature on the flow channel walls is averaged by axial layers.
Each layers corresponds to an element on the flow channel simulations.
This wall temperature is transferred to the channel applications using a
The
heat transfer coefficient is calculated within each channel application

MultiAppGeneralFieldUserObjectTransfer object.

and is transferred with the bulk fluid temperature to the main application
using a MultiAppGeneralFieldNearestLocationTransfer.
The wall temperature, heat transfer coefficient and bulk fluid temperature
are used to calculate the convective heat transfer between the core block
and the flow channels. A similar approach is used to model the convective
heat transfer in the RCCS and upcomer. Note that the upcomer channel
has two convective heat fluxes, one on the barrel side and one on the
pressure vessel side. Lastly, the upcomer bulk outlet temperature is
transferred to the core flow channel application and is used as an inlet
boundary condition. A MultiAppPostprocessorTransfer object
is used for that purpose.

This model makes use of the nearest-application heuristic to
determine which processes should exchange data in the field
transfers, see Section 3.5. The default heuristic, based on forming
a sphere around each point from the bounding boxes, is rendered
inefficient by the elongated bounding boxes of the channel
geometries. The nearest-application is a simple concept which
suffices here to map regions of the mesh to each channel application.

5.2.3 Results
The transient PG-26 was

PG26 includes a heatup phase followed by a depressurized

used as a demonstration.
conduction cooldown transient. The temperature distribution in
the core before the initiation of the depressurization is shown
in Figure 13.

A comparison of the experimental data with the simulation
prediction for the core block solid temperature at the bottom of the
core is shown in Figure 14 for each radial ring. A reasonable
agreement is reached, especially considering the uncertainties in

the measurements.

5.3 Molten salt reactors

Molten Salt Reactors are Generation-IV advanced reactor design
that is actively pursued by several companies and for which several
experiments are planned in the US. Notably, the Molten Chloride
Reactor Experiment is scheduled to be build inside the LOTUS test
bed of the National Reactor Innovation Center at Idaho National
Laboratory. Several molten salt reactor models were developed using
the MOOSE-based tools and are available on the VIB Giudicelli
et al. (2023). The pool-type core multiphysics model share the same
coupling strategy, which was summarized in Subsection 2.2 and in
Figure 2. We briefly recall here which features of the transfers
are leveraged.

The fluid flow and precursor advection simulations typically use
the same mesh, because the velocity field is obtained from solving
conservation equations and should not be modified by the transfers
or the mesh. Advecting precursors with a non-mass conserving
velocity field would create oscillations in the precursors’
distributions. Because they use the same mesh, the simple copy
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transfer can be used for transferring velocities and Rhie Chow
coefficients.

For the other transfers, we have to consider the meshes of
the neutronics application compared to the flow applications’.
The neutronics application mesh is typically coarser than
the fluid the pool-type
homogeneous in the fuel region. The neutronics mesh

application, as geometry is
includes both the salt region and the solid region, with the
reflectors and the control rods. In the salt region, it suffices to
evaluate the fields in the origin application to recreate them in
the target application, as explained in the discussion on
shape evaluation transfers in Section 3. The integral of the
transferred field is preserved using the rescaling described in

Subsection 3.4.

5.4 Fusion device example: a tokamak
demonstration model

5.4.1 Model description

This demonstration model consists of a 90-degree sector of a
Tokamak. For simplification, the model consists of five domains
only: a Tungsten first wall, a Homogenized multiplier layer, a
Homogenized breeder layer, a Vacuum vessel, and a divertor.
Figure 15 shows the model mesh with different colors for each
subdomain. Geometry parameters were taken from (Shimwell et al.,
2021). Both the first wall and divertor were modeled as pure
Tungsten. The multiplier is a homogenized layer of 65%
beryllium, and 35% Helium. The breeder is a homogenized layer
of 10% stainless steel alloy, 37% beryllium, 15% LisSiO4, and 38%
Helium. Finally, the vacuum vessel was modeled as a stainless steel
alloy. Natural abundance was assumed for all elements. These
compositions were considered for this demonstration model as
placeholders where we focused on the modeling workflow and
multiphysics solvers transfers.

The model leverages Cardinal (Novak et al, 2022), a
wrapping of the Monte Carlo particle transport code
OpenMC (Romano et al, 2015) and the spectral element
Computational Fluid Dynamics (CFD) code NekRS (Fischer
2022) within the MOOSE framework to allow
multiphysics feedback to the particle transport model. A

et al,
tutorial based on this tokamak model can be found on the
Cardinal website (DAGMC Tokamak, 2025).

The tokamak model was first built using capabilities in
Paramak (Shimwell et al., 2021), a python package that
allows rapid production of 3D CAD models of fusion
reactors. Then, the CAD model was imported into Coreform
Cubit Blacker et al. (1994) to assign materials, subdomain
names, and boundary conditions. Two meshes are then
heat
conduction problem using the MOOSE heat transfer module,

generated for this model: a mesh to solve the
and a triangulated surface mesh for transporting particles
within OpenMC.

For simplicity, all regions were modeled as purely
conducting with no advection considered. This is a
significant simplification, and therefore the results obtained
should not be taken as representative of a realistic device.

The boundary conditions applied to the heat conduction
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model are also simplified, as the outer boundary temperature
is set to a Dirichlet condition of 800 K. All other boundaries are
assumed insulated. To approximate some cooling in the breeder
and divertor, a uniform volumetric heat sink is applied in
these regions.

OpenMC was used for neutron transport by running a series of
fixed source calculations on this model. OpenMC and MOOSE are
coupled via fixed point iterations through Cardinal. The neutron
source was defined as an isotropic ring cylindrical source distributed
uniformly inside the cavity of the tokamak with a uniform neutron
energy of 14.08 MeV. The cross-section library ENDF/B-VIL1
(Chadwick et al, 2011) was used. The number of particles
sampled is 1 x 107 particles per batch. The OpenMC trigger
capability (Shen et al., 2015) was used to finish simulations based
on tally uncertainties by setting a trigger threshold on the heating
tally to finish the simulation at a specified tally relative
uncertainty level.

5.4.2 Transfers and coupling scheme

An unstructured mesh-based heat source is calculated in
OpenMC using the MOOSE mesh as a tally mesh. The heat
source is then transferred to MOOSE via Cardinal to be applied
as a volumetric heating term. Heat conduction is solved using
the MOOSE heat transfer module and temperatures are
calculated. The resulting temperatures are then sent back to
OpenMC to account for temperature feedback where one
temperature is applied to each OpenMC cell, updating the
nuclear interaction cross sections used. Figure 16 illustrates
the multiphysics coupling scheme, where temperature feedback
is utilized in the OpenMC model to calculate the different
neutronic quantities of interest.

The heat transfer MOOSE module functions as the parent
application for the simulation, where it computes temperatures
and sends them via the MultiAppCopyTransfer to the
Cardinal application which uses an identical mesh for simplicity.
The Cardinal daughter application runs at the end of each fixed
point iteration to calculate the neutronics quantities of interest
(heating, and tritium production) and the heating results are
the the
MultiAppCopyTransfer.

transferred back to parent application using

With recent developments, Cardinal now has the capability to
update displacements on OpenMC’s surface mesh geometry from
MOOSE’s solid mechanics solver (Eltawila et al., 2025). This allows
for utilizing thermomechanical feedback arising from thermal
expansion, which will be added as an extension to this tokamak

model in future work.

5.4.3 Results

The multiphysics results correspond to a power of 6.1 MW for a
90° sector. Figure 17 shows the simulation results for the neutronics
quantities of interest, where we show the solid temperatures
computed by MOOSE, on the last fixed point iteration, as well as
the tritium production results. Note that these results are not
necessarily intended to replicate a realistic tokamak, due to the
highly simplified geometry, neutron source definition, and lack of
fluid flow cooling. However we can still use this model to estimate
the different feedback mechanisms’ importance and demonstrate
the workflow.
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5.5 High fidelity conjugate heat transfer
simulations

In the previous section, Cardinal’s use for coupling OpenMC to
Multiphysics Object Oriented Simulation Environment (MOOSE)
was demonstrated. Cardinal also contains a wrapping of the NekRS
spectral element CFD code for a variety of coupling mechanisms,
including (i) conjugate heat transfer, (ii) volumetric neutronics
feedback, systems-CFD
coupling, and (v) forward Uncertainty Quantification (UQ).

(iii) fluid-structure interaction, (iv)

5.5.1 Model description

To demonstrate MOOSE’s transfers for conjugate heat transfer
applications, we illustrate a simple 7-bin wall-resolved Sodium Fast
Reactor (SFR) bundle, where the fluid region is solved with NekRS’s
spectral element methods and the solid is solved with MOOSE’s
finite element heat transfer module. A tutorial based on this model is
available on the Cardinal (2025).

The geometry is a shorter, seven-pin version of the fuel bundles
in the Advanced Breeder Reactor (ABR) J. Cahalan and T. Fanning
and M. Farmer and C. Grandy and E. Jini and T. Kim and R. Kellogg
and L. Krajtl and S. Lomperski and A. Moisseytsev and Y. Momozaki
and Y. Park and C. Reed and F. Salev and R. Seidensticker and
J. Sienicki and Y. Tang and C. Tzanos and T. Wei and W. Yang and
Y. Cahalan et al. (2007). Pin dimensions match those of the full-size
reactor, and the bundle power, inlet temperature, and flow rate are
scaled so as to obtain laminar flow conditions. While this is not
representative of actual turbulent flow SFR conditions, the purpose
of the present discussion is to illustrate two different types of heat
flux transfers facilitated by MOOSE.

The MOOSE heat transfer module is used to solve for energy
conservation in the solid. The outer surface of the duct and the tops
and bottoms of the pins and ducts are insulated. Cardinal supports
two options for the boundary condition to be applied to the solid-
fluid interface, and which necessitate different transfers in MOOSE.
These two options are referred to as (i) “flux-flux” coupling, whereby
NekRS passes a convective heat flux to MOOSE, h (T — T); and (ii)
“flux-temperature” coupling, whereby NekRS passes the wall
temperature to MOOSE. The gap region between the pellet and
the cladding is unmeshed, and a quadrature-based thermal contact
model is applied based on the sum of thermal conduction and
thermal radiation (across a transparent medium).

NekRS is used to solve the incompressible Navier-Stokes
equations. At the outlet, a zero-gage pressure is imposed and an
outflow condition is applied for the energy conservation equation.
On all solid-fluid interfaces, the velocity is set to the no-slip
condition and a heat flux is imposed in the energy conservation
equation computed by MOOSE.

The meshes for the solid (MOOSE) and fluid (NekRS) domains
are shown in Figures 18, 19. Note that the two applications do not
employ a conformal mesh at the fluid-solid interface, which will
necessitate nearest node type transfers.

5.5.2 Transfers and coupling scheme

When using conjugate heat transfer coupling, MOOSE passes a
conductive heat flux, —kVT -7, along the coupled boundary to
NekRS. NekRS then either returns the wall temperature as a
Dirichlet condition, or a convective heat flux, h (T — T,). While
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the wall temperature option, referred to as “flux-temperature”
coupling, is fully 3-D, it sometimes requires very frequent data
transfers between NekRS and MOOSE to retain stability of the
Picard operator splitting. Alternatively, the flux-flux transfer may
offer better stability, especially for problems with a large different in
thermal conductivity between the fluid and solid, or for high Prandtl
number fluids. These two transfer options are summarized
in Figure 20.

The MOOSE transfers used to facilitate these transfers are now
described. In order to pass the conductive heat flux from MOOSE to
NekRS, a
GeneralFieldMultiAppNearestLocationTransfer is
employed to pass between nearest nodes on the duct inner
surface and clad outer surface sidesets. A nearest node transfer is
needed because the use of different meshes in MOOSE and NekRS
will not necessarily lead to node overlap. Evaluating the shape
function of variables outside of their domain is allowed. In order
to account for different side quadrature rules and element
refinement, a MultiAppPostprocessorTransfer is also
used to pass the side-integrated heat flux (power) from MOOSE
to NekRS for an internal normalization step to ensure energy
conservation.

The transfer from NekRS to MOOSE then differ
depending on the field(s) passed from NekRS to MOOSE.
For the coupling option, a
MultiAppGeneralFieldNearestLocationTransfer
is used to pass NekRS’s wall temperature to MOOSE. Cardinal
internally interpolates between NekRS’s Gauss-Lobatto-Legendre
(GLL) node points to a MOOSE mesh. For the flux-flux coupling
option, UserObjects in Cardinal are used to compute / and
T on the NekRS mesh. T, represents the bulk-averaged fluid
temperature, which is computed directly on the NekRS mesh by

flux-temperature

subdividing the mesh into sub-volumes. For the present example,
each GLL point in the NekRS mesh is mapped to a single
subchannel from a  typical hexagonal subchannel
discretization. For example, Figure 21 shows the indices of
each hexagonal subchannel, over which volume averages are

used to compute T, in sub-volume i,

[, Tav
v

(1)

00,1

where (); are the sets of GLL points that would fall into
subchannel bin i.

To compute the heat transfer coefficient, side-averaged
quantities are also required. The index i was used to represent
the colored volumes in Figure 21. Using j to indicate the fluid-solid
sideset bordering volume i, the wall-average temperature and heat
flux are computed as

| 20, TS
i= _[ 4s (2)
20;
"ds
q; = Jan 28 3)
Iaﬂjds

where 0Q); is the sideset pertaining to subchannel i. The heat
transfer coefficient is then computed as
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h; = m 4)

UserObjects in Cardinal are used to compute the three
quantities on the right-hand side of Equation 4. h is then passed
to the MOOSE heat conduction solver as an auxiliary variable using
MultiAppGeneralFieldNearestNodeTransfer. Ty, is
passed directly as a user object, using MultiApp
GeneralFieldUserObjectTransfer which then locally
evaluates the value of h at the nodes on the MOOSE heat
conduction mesh. h and T,; are then applied as a Robin-type
using  MOOSE’s

HeatFluxBC. In other words, using the center pin as an

flux  condition CoupledConvective
example, the heat conduction model is applied six different
values of h and T, around the pin circumference to capture the
3-D nature of the heat transfer.

5.5.3 Numerical results and transferred fields

This seven-pin bundle is run with both the flux-temperature
The fluid and solid
temperatures computed with the flux-temperature coupling

and flux-flux coupling options.
option are shown in Figure 22. This conjugate heat transfer
mode utilizes two MultiAppGeneralFieldNearestNode
Transfers.

Figure 23 shows the solid temperature, when using either the
flux-temperature or flux-flux coupling option. For the flux-flux
option, the subdomain is divided into 20 axial layers and with a
hexagonal subchannel discretization in the x -y plane
(18 subchannels). Both options are nearly equivalent, with
minor differences because the convective heat flux is not a
truly 3-D transfer due to the averaging options required to
define h.

6 Conclusion

The coupling of different physics solvers is required for
advanced nuclear systems analysis due to the need for
specialized solvers to tackle each physics separately. In the
MOOSE ecosystem, this is achieved by leveraging the
MultiApps and Transfers systems. Over time, those
systems have evolved to include numerous refinements such
as asynchronous communications, general projection
capabilities, sibling transfers, and automated ill-posedness
detection. These capabilities support analysis of a wide range
of advanced nuclear reactors, several examples of which
were shown in Section 5. The scope for planned future
developments will focus on concurrency of execution for
GPU-CPU  applications data

Transfers, following.
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