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Abstract
To address the issues of low efficiency and insufficient accuracy in traditional
programs for multi-physics coupling simulation of nuclear reactors, this
study constructs a general three-dimensional neutronics-thermal coupling
program based on the open-source coupling library preCICE and its adapter
OpenFOAM-adapter. The neutronics module adopts a finite volume method
neutron transport program developed by our research group, while the
thermal-hydraulics module integrates three-dimensional solid heat conduction
(laplacianFoam) and fluid convection heat transfer models (buoyantPimple-
Foam). Through secondary development, the volume coupling functionality
of the conjugate heat transfer module is extended to achieve cross-grid
data exchange between the neutronics and thermal-hydraulics modules. A
single-rod benchmark problem for pressurized water reactors is selected to
conduct mesh independence analysis, comparing data transfer methods such
as nearest-neighbor mapping, nearest-projection mapping, and radial basis
function mapping. The results demonstrate that the program can accurately
output three-dimensional power distribution, neutron flux density, temperature
field, and velocity field, with the relative error of the coolant outlet average
temperature being less than 0.1% and the relative error of the cladding
maximum temperature being 0.14%. The calculated results agree well with the
reference values in the literature. This program breaks through the traditional
customized development mode, supporting heterogeneous mesh differential
configuration and large-scale parallel computing, and can provide a reference
tool for reactor safety analysis, optimization design, etc.
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Abstract
[Background] The safe operation of nuclear reactors relies on precise simula-
tion of multi-physics couplings, including neutron transport, conjugate heat
transfer, and fluid dynamics. Traditional customized coupling programs of-
ten suffer from low efficiency and insufficient accuracy, struggling to meet
the demands of complex scenarios in advanced reactor designs such as high-
resolution digital twin simulations. [Purpose] This study aims to develop a
general-purpose three-dimensional neutronics-thermal-hydraulics coupling code
with high precision, leveraging the open-source multi-physics coupling library
preCICE and its OpenFOAM-adapter. The goal is to enable accurate prediction
of safety parameters and in-depth analysis of multi-physics interactions within
reactor cores. [Methods] The proposed framework integrates a neutron trans-
port module and a thermal-hydraulic module. The neutron physics module
employs a self-developed neutron transport solver based on the finite volume
method, validated against benchmark problems. The thermal-hydraulics mod-
ule combines a 3D solid heat conduction model (laplacianFoam) and a buoyant
turbulent flow model (buoyantPimpleFoam) for detailed analysis of temperature
and velocity fields. Through secondary development of the preCICE adapter,
the conjugate heat transfer (CHT) module is enhanced to support volume cou-
pling and bidirectional data exchange between neutron and thermal-hydraulics
solvers. A typical pressurized water reactor (PWR) single-rod benchmark is
used for validation, involving grid independence analysis and comparison of
three data mapping methods: nearest-neighbor, nearest-projection, and radial
basis function (RBF) interpolation. [Results] The program accurately outputs
key parameters, including 3D power distribution, neutron flux density, veloc-
ity fields, and temperature fields. Quantitative verification shows a relative
error of less than 0.1% for the coolant outlet temperature and 0.14% for the
maximum cladding temperature, satisfying the precision requirements of reac-
tor design codes. Grid independence analysis confirms that a medium-fidelity
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thermal-hydraulic grid combined with a coarse neutron grid balances accuracy
and computational efficiency. Among data mapping methods, nearest-neighbor
mapping provides acceptable precision with the lowest computational cost, while
RBF interpolation, though more accurate, incurs higher computational over-
head. [Conclusions] The developed program breaks through the limitations
of traditional customized coupling approaches, supporting heterogeneous grid
configurations and large-scale parallel computing. It offers a robust tool for
high-resolution neutronics-thermal-hydraulics coupling simulations, facilitating
safety analysis, design optimization, and digital twin modeling of reactor cores.

Keywords: preCICE; OpenFOAM-adapter; reactor neutronics; thermal-
hydraulics; neutronics-thermal-hydraulic coupling

Chinese Library Classification: TL99

CSTR: (to be assigned)

1. Introduction
During nuclear reactor operation, strong nonlinear couplings among multiple
physical fields—including neutron transport, conjugate heat transfer, and fluid
dynamics—directly affect core power distribution and safety characteristics.
Multi-physics coupling simulation is crucial for revealing complex physical
mechanisms within reactors and predicting key safety parameters. However,
traditional single-physics coupling programs suffer from low efficiency and
insufficient accuracy, making it difficult to meet the demands of complex
scenarios. Therefore, there is an urgent need to develop general-purpose,
efficient, and accurate multi-physics coupling programs to support reactor
safety analysis and design optimization [?].

In recent years, numerous studies on neutronics-thermal-hydraulic coupling anal-
ysis for different reactor types have been conducted both domestically and
internationally. Ferraro et al. [?] developed the Serpent2/SUBCHANFLOW
coupling system using external coupling with input-output file exchange for in-
ternal field transfer, performing pin-by-pin calculations for the OECD/NRC
PWR MOX/UO2 core transient benchmark. Wenpei Feng et al. [?] coupled
CORTH with CORCA-K based on the typical server-client coupling system
ICoCo interface, employing the third-party library MEDCoupling to handle
mesh interpolation and field mapping between CORTH and CORCA-K pro-
grams. Yang Dongmei [?] from Shanghai Jiao Tong University developed a tool
for lead-cooled fast reactor physics-thermal coupling characteristic research and
transient analysis based on the subchannel program COBRA-LM and neutron
physics program SKETCH-N using the parallel virtual machine PVM function
library. Luo Yantao [?] studied the neutronics-thermal coupling characteristics
of the novel deployable LOTUS reactor during dynamic deployment by cou-
pling SERPENT and STAR-CCM+ based on external explicit coupling meth-
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ods with regional mapping for data transfer. Wang et al. [?] established a point
reactor kinetics model using FLUENT’s UDF (User-Defined Function) capabil-
ity and coupled it with FLUENT’s own thermal-hydraulic solver to analyze
transient neutronics-thermal coupling characteristics for a blockage accident
in a lead-based reactor single fuel assembly. Meanwhile, with the deepening
development of digital reactors in recent years, many general-purpose multi-
physics coupling platforms have emerged, such as MOOSE [?], SALOME [?],
preCICE [?], and MORE [?]. Hu Tianliang et al. [?] coupled three-dimensional
neutron diffusion spatiotemporal kinetics, three-dimensional solid heat conduc-
tion, and one-dimensional fluid flow heat transfer based on the multi-physics
coupling platform MOOSE to achieve steady-state and transient multi-physics
coupling calculations for the Xi’an pulsed reactor. In 2005, the European
NURESAFE project aimed to develop an integrated multi-physics simulation
platform for light water reactor safety analysis and innovative light water reac-
tor design [?, ?]. This platform’s multi-physics coupling involved core physics,
thermal-hydraulics, and fuel thermomechanics, integrating all programs into the
SALOME open-source platform for user convenience. Li Zhigang et al. [?] de-
veloped a core cell-level neutronics-thermal coupling calculation system based
on the multi-module reactor coupling framework MORE, integrating modules
such as CORCA-SPn, CORTH, CORTH-R, and TH1D to accurately solve three-
dimensional SP3 equations, channel flow heat transfer, and fuel heat conduction
equations. Most current neutronics-thermal coupling programs are built rely-
ing on traditional customized development modes, employing explicit coupling
strategies and one-to-one mesh mapping methods. However, with advanced
reactors’increasing demands for multi-physics coupling with rich hierarchies,
wide spans, and multiple combinations, flexible and general-purpose high-order
multi-physics coupling analysis tools with secondary development capabilities
are urgently needed.

To address the multi-physics coupling simulation requirements of advanced
nuclear energy systems, this study constructs a neutronics-thermal coupling
computational framework based on the open-source multi-physics coupling li-
brary preCICE and its official adapter OpenFOAM-adapter. The neutronics
module employs a three-dimensional neutron transport program based on the
finite volume method previously developed by our team [?]. The thermal-
hydraulic module integrates a three-dimensional solid heat conduction model
(laplacianFoam) and a buoyancy-driven turbulent flow model (buoyantSimple-
Foam) to accurately resolve the flow and temperature fields within the reac-
tor core. Furthermore, through secondary development of the preCICE official
adapter OpenFOAM-adapter, the data read-write functionality and mesh inter-
face dimensions of the conjugate heat transfer (CHT) module are expanded to
enable efficient data interaction between neutronics and thermal-hydraulic mod-
ules. Finally, mesh independence analysis and result validation are performed
on typical cases, and the effects of three data mapping methods supported by
preCICE are compared.
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1.1 Three-Dimensional Neutron Transport Spatiotemporal Dynamics
Model

The Boltzmann transport equation describes the neutron transport balance pro-
cess within a system, with each term representing neutron production, transport,
and loss mechanisms. The mathematical expression of the three-dimensional
Boltzmann equation within unit volume, unit solid angle, and unit energy inter-
val is:

1
𝑣

𝜕𝜙
𝜕𝑡 +Ω⋅∇𝜙+Σ𝑡(r, 𝐸, 𝑡)𝜙(r, Ω, 𝐸, 𝑡) = ∫

∞

0
𝑑𝐸′ ∫

4𝜋
𝑑Ω′Σ𝑠(r, 𝐸′ → 𝐸, Ω′ → Ω, 𝑡)𝜙(r, Ω′, 𝐸′, 𝑡)+𝜒(𝐸)

4𝜋 ∫
∞

0
𝑑𝐸′𝜈Σ𝑓(r, 𝐸′, 𝑡)𝜙(r, 𝐸′, 𝑡)

where 𝑡 is the time variable, r represents the neutron position vector, Ω is the
neutron direction vector, 𝜙(r, Ω, 𝐸, 𝑡) is the neutron angular flux density per
unit energy interval, unit solid angle, and unit volume; Σ𝑡(r, 𝐸, 𝑡) is the total
neutron cross-section, Σ𝑠(r, 𝐸′ → 𝐸, Ω′ → Ω, 𝑡) represents the scattering cross-
section from initial energy 𝐸′ and initial direction Ω′ to energy 𝐸 and direction
Ω, and 𝜒(𝐸) is the fission neutron energy spectrum.

The discrete ordinates method (𝑆𝑁) is employed for spatial direction discretiza-
tion. This method offers high numerical computational efficiency and flexible
controllability of direction discretization order. Spatial discretization is based
on the finite volume method, consistent with the numerical solution framework
of the OpenFOAM platform. Energy discretization adopts the multi-group ap-
proximation method, which divides neutron energy into several energy groups
and performs weighted averaging of material properties (such as reaction cross-
sections, neutron velocity, etc.) within each group to obtain multi-group param-
eters. Detailed calculation procedures for the neutron transport program can
be found in reference [?].

1.2 Three-Dimensional Solid Heat Conduction Model

The solid heat conduction process in fuel and cladding regions can be described
by the three-dimensional heat conduction equation:

𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡 = ∇ ⋅ (𝑘∇𝑇 ) + 𝑄

where 𝜌 is material density, 𝑐𝑝 is specific heat capacity at constant pressure, 𝑇
is the temperature field distribution, 𝑘 is thermal conductivity, and 𝑄 is the
volumetric heat source term.

The heat source term in the fuel region is obtained through neutron transport
calculations, with the expression:

𝑄 = ∑
𝑔

𝜅𝑔Σ𝑓,𝑔𝜙𝑔
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where 𝜅𝑔 is the neutron energy generation cross-section for group 𝑔, and 𝜙𝑔 is
the neutron flux density for the corresponding energy group.

1.3 Three-Dimensional Fluid Convection Heat Transfer Model

The energy released by nuclear fuel fission reactions in the core causes fuel
temperature elevation, and heat is transferred to the coolant through conduc-
tion and convection, with the coolant transporting heat as it flows through the
core. The coolant flow and heat transfer process are described by the following
governing equations:

Continuity equation:
𝜕𝜌
𝜕𝑡 + ∇ ⋅ (𝜌U) = 0

Momentum equation:

𝜕(𝜌U)
𝜕𝑡 + ∇ ⋅ (𝜌UU) = −∇𝑝 + ∇ ⋅ 𝜏

Energy equation:

𝜕(𝜌ℎ)
𝜕𝑡 + ∇ ⋅ (𝜌Uℎ) = ∇ ⋅ (𝑘𝑒𝑓𝑓∇𝑇 ) + 𝑄𝑠

where 𝜌 is fluid density, U is velocity vector, 𝑝 is static pressure, 𝜏 is stress
tensor, 𝜇𝑒𝑓𝑓 is effective viscosity (including laminar viscosity 𝜇𝑙 and turbulent
viscosity 𝜇𝑡), ℎ is specific enthalpy (J・kg−1), and 𝑄𝑠 is the radiation source
term (W・m−3).

2. preCICE Open-Source Coupling Library and Its Sec-
ondary Development
2.1 preCICE Core Framework and Adapter Principle

preCICE (Precise Code Interaction Coupling Environment) is an open-source
multi-physics coupling library jointly developed by the Technical University of
Munich and the University of Stuttgart. Its core design philosophy is modu-
lar decoupling, aiming to construct a general-purpose multi-physics coupling
paradigm for complex engineering scenarios. Its technical framework is imple-
mented through a two-stage collaborative mechanism: preprocessing and solu-
tion coupling. In the preprocessing stage, geometric matching and data synchro-
nization at coupling boundaries are completed based on various data mapping
algorithms [?] (such as nearest-neighbor mapping, nearest-projection mapping,
radial basis function mapping, etc.), establishing interface boundary consistency
between heterogeneous solvers. The solution coupling stage employs iterative
convergence strategies to dynamically update cross-field data.
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For coupling scheme design and implementation, preCICE provides multiple
combinations of serial/parallel and explicit/implicit coupling methods. The
parallel coupling approach enables independent solving of each physics solver
through a unified time window. Within the time window, each solver performs
sub-cycling calculations based on its own time step, and data matching and
transfer at each time point are completed through interpolation methods. Specif-
ically, the following principles guide coupling scheme selection: for numerical
reasons, explicit coupling should always be used for unidirectional data transfer;
for strongly coupled problems with bidirectional data interaction (such as con-
jugate heat transfer modules), implicit coupling can be employed with various
convergence acceleration schemes [?] (constant under-relaxation, Aitken adap-
tive under-relaxation, and various quasi-Newton variants such as IQN-ILS and
IQN-IMVJ) to ensure numerical stability. When coupling more than two solvers,
there are two options: configuring coupling schemes individually for each solver
pair, or constructing them as a whole into a single coupling scheme. Particu-
larly, for multi-solver strong coupling scenarios in thermal-hydraulic modules,
a fully implicit multi-coupling scheme [?] can be adopted to achieve dynamic
equilibrium among various physical fields through iterative solving. This hierar-
chical coupling strategy significantly improves solution efficiency for large-scale
multi-field coupling problems while ensuring computational accuracy.

[Figure 1: see original paper] preCICE functional description [?]

As shown in Figure 2 [Figure 2: see original paper], preCICE provides official
adapters for various mainstream solvers (such as OpenFOAM, CalculiX) [?] and
supports API bindings for C, Fortran, Python, and other languages. Adapters
serve as “glue”between each solver and the preCICE library. Depending on
the coupling program, an adapter can be a module or class of solver code or
a complete standalone software using certain callback interfaces of the solver.
preCICE achieves collaborative simulation of heterogeneous solvers through ef-
ficient data exchange and iterative algorithms. This design not only supports
coupling among multiple solvers but also significantly reduces code invasiveness
in multi-physics collaboration and lowers development complexity, allowing de-
velopers to focus on single-field solver optimization without reconstructing un-
derlying communication logic.

[Figure 2: see original paper] Adapter functional description [?]

2.2 Functional Expansion of the Conjugate Heat Transfer Module

In coupling simulations, data exchange occurs through coupling meshes between
solvers. The coupling mesh for each solver pair can be either a common coupling
interface (surface coupling) or a common coupling overlapping volume (volume
coupling). This study performs secondary development on the conjugate heat
transfer (CHT) module of preCICE’s official OpenFOAM adapter by first adding
read-write support for heat source terms in the CHT module. Second, surface
coupling at mesh interfaces is expanded to volume coupling for data exchange
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(temperature and heat source terms) within specified overlapping regions, pro-
viding tool support for coupling calculations between thermal-hydraulic and
neutronics modules.

Typically, preCICE handles data transfer between interfaces of two solvers, with
coupling interfaces specified through the patches field in the adapter configu-
ration file preciceDict. Building upon this, the secondary-developed adapter
supports not only surface coupling on domain boundaries but also volume cou-
pling overlapping domains, which can be either complete domains or partial
regions. For coupling the entire solution domain, the locations field in the
adapter configuration file is specified as volumeCenters for data transfer of
volume-coupled quantities (temperature, heat source terms). For coupling only
certain regions of the domain, the OpenFOAM cellSet class is used to define
one or more volume coupling regions using the specialized tool topoSet in Open-
FOAM for managing“designated regions”to define one or more cellSet, which
are then listed in preciceDict.

3. Unified Computing Platform Architecture Design
3.1 Unified Computing Platform Architecture

This study proposes a heterogeneous mesh coupling architecture based on a
unified computing platform. This architecture integrates the neutron transport
solver, three-dimensional solid heat conduction solver, and three-dimensional
fluid convection solver within the OpenFOAM framework to construct a multi-
physics collaborative computing platform. This single-platform architecture ef-
fectively avoids redundant computations caused by cross-platform data conver-
sion and achieves high-precision data transfer between heterogeneous meshes
through the preCICE library, while simultaneously leveraging the parallel ar-
chitectures of both preCICE and OpenFOAM to enhance overall computational
efficiency. Compared with traditional single-mesh coupling methods, a typical
heterogeneous mesh mapping strategy is adopted where each physics solver em-
ploys an independent mesh system with resolution differentiated according to
physical characteristics. The data transfer process follows physical conserva-
tion principles, with cross-mesh data achieved through various data mapping
methods provided by preCICE.

3.2 Multi-Solver Coupling Mechanism

The bidirectional feedback mechanism of neutronics-thermal-hydraulic coupling
is the core of reactor multi-physics analysis. Before calculation, the Monte Carlo
program OpenMC [?] generates few-group macroscopic cross-sections at differ-
ent temperature and density points in the form of polynomial functions fitted
to temperature and density. The thermal-hydraulic module outputs tempera-
ture fields 𝑇 and density fields 𝜌 of fuel, cladding, and coolant through conju-
gate heat transfer calculations. Based on these field distributions, multi-group
macroscopic cross-sections Σ𝑥,𝑔(𝜌, 𝑇 ) (such as fission cross-section Σ𝑓 , scatter-
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ing cross-section Σ𝑠) in the neutronics model are updated to reflect dynamic
changes in material properties with operating conditions. The neutronics mod-
ule solves for neutron flux 𝜙𝑔(r, 𝑡) using updated cross-section parameters and
calculates the fission heat source term 𝑄, which is fed back as an input boundary
condition to the thermal-hydraulic module to drive a new round of heat trans-
fer and flow calculations. Coupling strength (such as data exchange frequency
and convergence tolerance) directly affects key parameters including core power
peaking factors and coolant temperature field gradients, and determines the
spatiotemporal evolution characteristics of reactivity feedback (Doppler effect
and moderator temperature effect). Explicit coupling strategies may lead to nu-
merical oscillations, while implicit coupling improves stability through iterative
correction but requires trade-offs in computational cost.

The neutronics-thermal-hydraulic coupling control equation system consists of
equations (1)-(8) and corresponding initial and boundary conditions. The solu-
tion flow is shown in Figure 3 [Figure 3: see original paper], where 𝑆𝑇 represents
sink temperature and 𝐻𝑇 𝐶 represents heat transfer coefficient.

[Figure 3: see original paper] Neutronics and thermal-hydraulics coupling flow
chart

4. Coupling Program Validation and Results Analysis
The neutron transport solver employed in this study has been developed and
validated in previous work [?], with its computational accuracy and reliabil-
ity confirmed. The thermal-hydraulic solver module integrates mature official
OpenFOAM solvers, including verified heat conduction and flow heat transfer
calculation modules. Given that each single-physics solver already possesses in-
dependent reliability, the validation focus of this study concentrates on verifying
the logical correctness of the adapter-based coupling framework and assessing
the reliability of multi-physics data transfer.

4.1 Benchmark Geometry, Material Properties, and Boundary Con-
ditions

A typical PWR single-rod model is selected as the validation case, which is refer-
enced from literature [?]. The authors constructed a high-fidelity coupling tool
MULTINUKE for PWR steady-state analysis by coupling the MCNP5 Monte
Carlo particle transport program with the STAR-CCM+ computational fluid
dynamics software. The fuel rod has a diameter of 1.0 cm, Zircaloy-4 cladding
thickness of 0.1 cm, and water channel pitch of 1.5 cm. To optimize computa-
tional efficiency, the axial height of the benchmark model is compressed to 20
cm to control mesh scale. The specific model geometry is shown in Figure 4
[Figure 4: see original paper].

[Figure 4: see original paper] Geometry of PWR cell model

The fuel uses 5% enriched UO2, and the moderator is liquid water. Detailed
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geometric parameters and material configurations are listed in Table 1 , and
thermal property parameters for each material are provided in Table 2 .

Geometric dimensions and materials

Thermal properties

The boundary condition system covers both neutronics and thermal-hydraulic
dimensions, with Robin mixed boundary conditions [?] applied at coupling inter-
faces. Detailed configurations are provided in Table 3 . Neutronics calculations
adopt a two-group energy structure (0.625 eV threshold).

Boundary conditions

4.2 Mesh Independence Analysis and Parameter Sensitivity Study

To evaluate the impact of mesh discretization on computational results, a multi-
resolution mesh study is conducted. Both coolant and neutronics modules are
configured with coarse, medium, and fine mesh levels (Table 4 ), with the fuel cell
axially divided into 20 layers. Computations are performed on a computer with
an Intel Core i9-14900KF CPU (32 physical cores). To improve computational
efficiency, fuel/cladding heat conduction calculations are assigned a single core,
coolant convection heat transfer calculations are parallelized across 20 cores,
and neutron transport calculations are parallelized across 4 cores.

Number of meshes

Figure 4 [Figure 4: see original paper] shows the mesh sensitivity analysis re-
sults. The coolant temperature remains relatively stable under different mesh
combinations, with a maximum deviation of 0.0024%. As the coolant mesh
is refined, solution time increases stepwise, and the maximum cladding tem-
perature stabilizes under medium mesh (maximum deviation 0.173%). Each
neutronics mesh refinement increases solution time by approximately 2× but
has relatively minor impact on computational results (maximum data deviation
0.347%). Considering both computational efficiency and accuracy, the medium
coolant mesh combined with coarse neutronics mesh is selected as the optimal
configuration.

[Figure 4: see original paper] Mesh independence validation

4.3 Key Physical Parameter Comparison and Validation

The literature provides coupling calculation results from MCNP5 and STAR-
CCM+, including fuel rod axial power distribution, fuel rod axial centerline
temperature, maximum cladding temperature, coolant outlet temperature, and
coolant velocity distribution. As shown in Figure 5 [Figure 5: see original paper],
the fuel rod axial power distribution and temperature field distribution calcu-
lated by our coupling program agree well with literature values. The normalized
power is slightly lower than literature values in the middle section of the fuel cell
and shows larger deviations near the inlet and outlet. This discrepancy may arise
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because the literature used continuous-energy cross-section libraries in MCNP5
calculations, while our deterministic program performs transport calculations
using multi-group cross-sections output from OpenMC with temperature inter-
polation fitting. Additionally, the literature employed relatively coarse meshes,
whereas our mesh division is more refined, which is another source of error.
Regarding temperature distribution, the first half of the fuel rod shows good
consistency, while the second half exhibits some deviation with an absolute de-
viation of approximately 10 K. Besides differences in neutronics calculations and
mesh division, this deviation may also be caused by flow heat transfer models
—the literature used the two-layer k-epsilon model in STAR-CCM+, while our
study employs the standard k-epsilon model.

[Figure 5: see original paper] Axial power (a) and temperature (b) distribution
of fuel rods

Table 5 presents quantitative comparisons of important parameters such as
coolant outlet average temperature with our calculated values. The coolant
outlet temperature shows only 0.03% error compared to the reference value,
while the maximum cladding temperature is lower than the reference value by
0.14% deviation. These results indicate that our developed coupling program
achieves computational accuracy close to literature results, and the correctness
of the coupling process and reliability of computational results are preliminarily
confirmed.

Quantitative temperature comparison

4.4 Performance Comparison of Data Mapping Methods

This section employs three data mapping methods officially provided by pre-
CICE—nearest-neighbor mapping, nearest-projection mapping, and radial basis
function mapping—to calculate the benchmark case. preCICE requires each
mapping to provide constraint conditions ensuring that data interaction be-
tween different solvers satisfies physical laws and numerical stability, including
conservative constraint and consistent constraint. The former ensures global
conservation of physical quantities (such as mass, energy, momentum) during
transfer across coupling interfaces, while the latter requires data mapping at
coupling interfaces to satisfy geometric and field continuity.

The nearest-neighbor mapping method calculates distances using Euclidean
norms at nodes of the output mesh and copies values from the geometrically
nearest vertex nodes. This method is computationally fast and simple to imple-
ment but has numerical defects. Under consistent constraint conditions, some
values in the input mesh may not participate in mapping operations, while oth-
ers may be reused multiple times. Under conservative constraint conditions,
vertices on the output mesh may fail to receive values or may receive multiple
values from the input mesh that are accumulated.

The nearest-projection mapping method extends nearest-neighbor mapping by
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performing orthogonal projection of output nodes onto the nearest-neighbor
nodes of the input mesh, using barycentric coordinates as interpolation weights
to calculate output values at projection points. Although its computational
speed is relatively fast and preCICE official documentation indicates its nu-
merical performance is significantly better than nearest-neighbor mapping, it
requires explicit mesh connectivity information, meaning the adapter must in-
form preCICE about connections between vertices.

Radial basis function mapping assembles and computes a global (potentially
sparse) linear system constructed on one mesh and evaluated on another. The
global interpolation consists of a linear combination of radially symmetric basis
functions centered at each vertex, supplemented by linear polynomials. This
method is typically more accurate and can provide higher-order convergence
rates but has higher computational requirements. The paper provides an in-
depth introduction to the principles of radial basis function mapping methods
[?].

Figure 5 [Figure 5: see original paper] shows the impact of different data map-
ping methods on computational results. Compared with nearest-neighbor map-
ping, the time overhead of nearest-projection mapping and radial basis function
(RBF) mapping increases significantly, with RBF mapping’s time overhead
being approximately twice that of nearest-neighbor mapping. The current cal-
culations do not demonstrate the advantage of nearest-projection mapping being
faster than nearest-neighbor mapping. Regarding temperature calculations, the
three mapping methods show negligible impact on coolant outlet average tem-
perature. However, when predicting maximum cladding temperature, results
from nearest-neighbor mapping and RBF mapping show high consistency, while
nearest-projection mapping exhibits certain deviations with a maximum error
of approximately 3%. This error may stem from geometric errors introduced by
nearest-projection mapping when processing mesh connectivity information.

[Figure 5: see original paper] Comparison of different mapping methods

5. Conclusions and Outlook
In response to the scarcity of high-fidelity multi-physics analysis tools for cur-
rent numerical reactors, the difficulty of development, and the demands for
generality, breadth, and multi-combination in coupling calculations, traditional
low-order multi-physics coupling analysis tools and customized development
can no longer meet the requirements for flexible, convenient, high-development-
efficiency, and high-resolution full-core multi-physics coupling simulations. This
paper develops and validates a general-purpose neutronics-thermal coupling pro-
gram based on preCICE and OpenFOAM-adapter.

1. First, secondary development was performed on the official OpenFOAM-
adapter provided by the multi-physics coupling library preCICE. Heat
source term read-write functionality was added to the conjugate heat
transfer module. A volume coupling interface was developed to support
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multi-physics data exchange in designated overlapping regions in addition
to surface coupling. A surface-volume coupling hybrid architecture was
constructed to provide technical support for neutronics-thermal coupling.

2. Second, based on the functionally expanded OpenFOAM-adapter, a triple
coupling system of fuel-cladding-coolant was established to achieve con-
jugate heat transfer calculations based on surface coupling. Furthermore,
coupling with the previously developed neutron transport solver enabled
heterogeneous mesh neutronics-thermal coupling solutions based on vol-
ume coupling. Due to the adopted partitioned solution strategy, the pro-
gram supports differentiated coarse/fine mesh configurations between dif-
ferent solvers.

3. To verify the correctness and reliability of the neutron transport-conjugate
heat transfer solver, mesh independence analysis was conducted to deter-
mine the optimal mesh configuration for the case (coarse neutron mesh
+ medium thermal-hydraulic mesh), and key parameters were compared.
Results show a relative error of 0.03% for coolant outlet temperature and
0.14% deviation for maximum cladding temperature.

4. Finally, a systematic evaluation of three data mapping methods supported
by preCICE (nearest-neighbor/nearest-projection/radial basis function)
was performed, with quantitative analysis demonstrating that nearest-
neighbor mapping offers superior solution accuracy and computational
overhead for current neutronics-thermal calculations.

Future research will expand multi-physics functionality and uncertainty anal-
ysis, introduce thermomechanical deformation modules to construct refined
neutronics-thermal-mechanical coupling analysis frameworks, and conduct
multi-physics coupling uncertainty analysis to further improve program
reliability.

Author Contributions
Tan Liangkang: Program development, validation, data analysis, and
manuscript writing
Deng Junjie: Data collection
Li Wei: Guidance throughout program development, validation, and data
analysis
Zhao Pengcheng: Research funding acquisition, manuscript review and
revision
Liu Zijing: Manuscript modification and theoretical guidance

References
1. Wang Qin, Ma Zhanjun, Wang Jincheng, et al. A review of numerical simu-

lation research of neutronic-thermal loosely coupling in reactor[J]. Nuclear
Safety, 2023, 22(2): 52–58. DOI: 10.16432/j.cnki.1672-5360.2023.02.005.

chinarxiv.org/items/chinaxiv-202505.00206 Machine Translation

https://chinarxiv.org/items/chinaxiv-202505.00206


2. Liu Zhouyu, Xu Xiaobei, Wen Xingjian, et al. Development and
application of deterministic numerical reactor code NECP-X[J].
Atomic Energy Science and Technology, 2022, 56(2): 226–238. DOI:
10.7538/yzk.2021.youxian.0930.

3. Li X Y, Liu X J, Chai X, et al. Multi-physics coupling simula-
tion of small mobile nuclear reactor with finite element-based mod-
els[J]. Computer Physics Communications, 2023, 293: 108900. DOI:
10.1016/j.cpc.2023.108900.

4. Zhang J D, Li T, Shen Z R, et al. Investigations of multiphysics models
on a megawatt-level heat pipe nuclear reactor based on high-fidelity ap-
proaches[J]. Nuclear Science and Engineering, 2024, 198(5): 1097–1121.
DOI: 10.1080/00295639.2023.2227838.

5. Ferraro D, Valtavirta V, García M, et al. OECD/NRC PWR
MOX/UO2 core transient benchmark pin-by-pin solutions using
Serpent/SUBCHANFLOW[J]. Annals of Nuclear Energy, 2020,
10.1016/j.anucene.2020.107745.

6. Feng W P, Jiang R, Chen H L, et al. Development of a multi-physics
coupling system based on ICoCo interface and its validation on NEA-
OECD core transient benchmark[J]. Annals of Nuclear Energy, 2021, 156:
108178. DOI: 10.1016/j.anucene.2021.108178.

7. Yang Dongmei. Research and application of thermal coupling in core of
small lead-cooled fast reactor[D]. Shanghai: Shanghai Jiao Tong Univer-
sity, 2020. DOI: 10.27307/d.cnki.gsjtu.2020.000278.

8. Luo Yantao. Core-thermal coupling analysis of dynamic deployment pro-
cess of LOTUS reactor[D]. Harbin: Harbin Engineering University, 2024.

9. Wang L Z, Jin M, Wang L, et al. Transient thermal-hydraulic analysis for
fuel assembly blockage accident by coupling CFD code with the neutron
kinetics model[J]. Annals of Nuclear Energy, 2020, 137: 107138. DOI:
10.1016/j.anucene.2019.107138.

10. Permann C J, Gaston D R, Andrš D, et al. MOOSE: Enabling massively
parallel multiphysics simulation[J]. SoftwareX, 2020, 11: 100430. DOI:
10.1016/j.softx.2020.100430.

11. Nunio F, Manil P. SALOME as a platform for magneto-mechanical sim-
ulation[J]. IEEE Transactions on Applied Superconductivity, 2012, 22(3):
4904904. DOI: 10.1109/TASC.2011.2180297.

12. Chourdakis G, Davis K, Rodenberg B, et al. preCICE v2: a sustainable
and user-friendly coupling library[J]. Open Research Europe, 2022, 2: 51.
DOI: 10.12688/openreseurope.14445.2.

13. Pan Junjie, Zeng Wei, Qiang Shenglong, et al. Development of
multi-channel program grid and interface module based on coupling

chinarxiv.org/items/chinaxiv-202505.00206 Machine Translation

https://chinarxiv.org/items/chinaxiv-202505.00206


framework[J]. Atomic Energy Science and Technology, 2022, 56(S1): 32–
41. DOI: 10.7538/yzk.2022.youxian.0066.

14. Hu Tianliang, Jiang Duoyu, Zhang Xinyi, et al. Study on multi-
physics coupling calculation of Xi’an pulsed reactor based on MOOSE
platform[J]. Nuclear Power Engineering, 2024, 45(3): 14–19. DOI:
10.13832/j.jnpe.2024.03.0014.

15. Chanaron B. Overview of the NURESAFE European Project[J]. Nuclear
Engineering and Design, 2017, 321: 1–7. DOI: 10.1016/j.nucengdes.2017.09.001.

16. Chauliac C, Aragonés J M, Bestion D, et al. NURESIM–A Euro-
pean simulation platform for nuclear reactor safety: Multi-scale and
multi-physics calculations, sensitivity and uncertainty analysis[J].
Nuclear Engineering and Design, 2011, 241(9): 3416–3426. DOI:
10.1016/j.nucengdes.2010.09.040.

17. Li Zhigang, Zhao Wenbo, Pan Junjie, et al. Research and Development of
Core Gate-level Nuclear-Thermal Coupling Computing System Based on
Coupling Framework[J]. Application of Electronic Technology, 2024, (S1):
223-229. DOI:10.16157/j.issn.0258-7998.2024.S1.041.

18. Li Wei, Liu Xiaojing, Chai Xiang, et al. Development of neutron dif-
fusion and transport algorithm based on finite volume method[J]. Nu-
clear Techniques, 2025, 48(01): 010603-010603. DOI: 10.11889/j.0253-
3219.2025.hjs.48.240037.

19. Mühlhäußer, M., Chourdakis, G., & Uekermann, B. (2023). Partitioned
flow simulations with preCICE and OpenFOAM. Proceedings of the EC-
COMAS Coupled Problems 2023. DOI: 10.23967/c.coupled.2023.014.

20. Mehl M, Uekermann B, Bijl H, et al. Parallel coupling numerics for parti-
tioned fluid–structure interaction simulations[J]. Computers & Mathemat-
ics with Applications, 2016, 71(4): 10.1016/j.camwa.2015.12.025.

21. Chourdakis G, Schneider D, Uekermann B. OpenFOAM-preCICE: cou-
pling OpenFOAM with external solvers for multi-physics simulations[J].
OpenFOAM® Journal, 2023, 3: 1–25. DOI: 10.51560/ofj.v3.88.

22. Boyd W, Nelson A, Romano P K, et al. Multigroup cross-section gener-
ation with the OpenMC Monte Carlo particle transport code[J]. Nuclear
Technology, 2019, 205(7): 928–944. DOI: 10.1080/00295450.2019.1571828.

23. Cardoni J N. Nuclear reactor multi-physics simulations with cou-
pled MCNP5 and STAR-CCM+[D]. University of Illinois at Urbana-
Champaign, 2011.

24. Yau L C. Conjugate heat transfer with the multiphysics coupling library
preCICE[D]. Technische Universität München, 2016.

Note: Figure translations are in progress. See original paper for figures.

chinarxiv.org/items/chinaxiv-202505.00206 Machine Translation

https://chinarxiv.org/items/chinaxiv-202505.00206


Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202505.00206 Machine Translation

https://chinarxiv.org/items/chinaxiv-202505.00206

	Development and Verification of a General-Purpose Nuclear-Thermal Coupling Code Based on preCICE and Its OpenFOAM Adapter
	Abstract
	Full Text
	Preamble
	Development and Validation of a General-Purpose Neutronics-Thermal-Hydraulic Coupling Code Based on preCICE and the OpenFOAM-adapter
	Abstract
	1. Introduction
	1.1 Three-Dimensional Neutron Transport Spatiotemporal Dynamics Model
	1.2 Three-Dimensional Solid Heat Conduction Model
	1.3 Three-Dimensional Fluid Convection Heat Transfer Model

	2. preCICE Open-Source Coupling Library and Its Secondary Development
	2.1 preCICE Core Framework and Adapter Principle
	2.2 Functional Expansion of the Conjugate Heat Transfer Module

	3. Unified Computing Platform Architecture Design
	3.1 Unified Computing Platform Architecture
	3.2 Multi-Solver Coupling Mechanism

	4. Coupling Program Validation and Results Analysis
	4.1 Benchmark Geometry, Material Properties, and Boundary Conditions
	4.2 Mesh Independence Analysis and Parameter Sensitivity Study
	4.3 Key Physical Parameter Comparison and Validation
	4.4 Performance Comparison of Data Mapping Methods

	5. Conclusions and Outlook
	Author Contributions
	References


