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Abstract. The simulation of complex systems, such as the primary circuit in a nuclear reactor,
requires multiscale and multiphysics capabilities due to the inherent difficulty of dealing with
many physical models, geometric complexity, and time scales. A full-scale simulation of the
flow geometry would require extensive computational capabilities that are not always needed,
especially at the design stage of a system when the configuration can iterate quickly or sim-
ulate long pipes that are best modeled with 1-D elements. In this framework, multiscale and
multiphysics techniques can significantly reduce the computational effort and offer valuable
insights for research and design purposes. Single-domain computational software has been de-
veloped for a long time and offers state-of-the-art capabilities and validation for an extensive
range of applications. This paper details implementing a coupling technique suitable for multi-
scale and multiphysics frameworks that rely on existing codes by managing the data exchange
between them directly in memory. The different computational domains can be coupled via
various techniques, relying on overlapping domains, boundary data exchange, or the defective
boundary approach. The latest technique is the most suited to exchange data between a complex
3-D domain representing the reactor pressure vessel and the external circuit and its additional
components, such as heat exchangers and pumps, that can be modeled with 1-D meshes and
0-D components. The methodology is demonstrated on some simplified models that mimic
the full-scale problem to address the accuracy, robustness, and performance of the proposed
approach.

1 INTRODUCTION

Multiscale and multiphysics techniques in the nuclear field arise from the challenge of accu-
rately capturing the wide range of physical processes that govern the behavior of nuclear sys-
tems. These processes extend across very different lengths and time scales, from atomic-level
interactions and microstructural evolution in fuel materials, to coolant flow and heat transfer in
reactor components, and further up to full system dynamics that determine safety and perfor-
mance. A purely single-scale approach typically deals only with a single domain, while some
effects deriving from external models can significantly impact the simulation accuracy. For
example, irradiation-induced defects at the nanoscale can influence thermal conductivity at the
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fuel-rod level [1], or turbulent flow structures in the coolant channel generate disturbances in
the core-wide temperature distributions [2].

To address this, multiscale methods connect simulations across scales, either by explicitly
passing information upward from fine-resolution models to coarser ones, or by embedding de-
tailed local physics into larger-scale frameworks through homogenization or surrogate models.
The multiscale approach allows the construction of models that account for material degrada-
tion, crack formation, or changes in fuel morphology within reactor system analyses. At the
same time, multiphysics approaches integrate the simultaneous action of distinct phenomena,
be it neutronics, thermal-hydraulics, structural mechanics, and sometimes even chemistry or
corrosion processes, within unified computational platforms. The interaction between these
fields is particularly critical under transient or accident conditions, where the evolution of one
process can strongly amplify or mitigate others [3]. Another field where the multiphysics ap-
proach can be crucial is at the design stage of innovative systems, where the feedback effect of
different models can significantly modify the outcome of the single-physics computational tool.

The combination of multiscale and multiphysics modeling has become a cornerstone of mod-
ern nuclear science and engineering [4, 5, 6]. It underpins predictive capabilities for advanced
reactor concepts, supports life-extension of existing nuclear power plants, and informs safety
assessments. Recent advances in computational power and numerical methods have made it
possible to move beyond simplified, decoupled treatments toward more integrated and predic-
tive simulations. This shift reflects a broader ambition: to create digital frameworks that mirror
the true complexity of nuclear systems, enabling deeper scientific understanding and more ro-
bust decision-making in design, operation, and regulation.

Multiscale and multiphysics techniques can be successfully applied to capture the complex
behavior of fluids under extreme conditions of temperature, pressure, and radiation [7]. At the
largest scale, system thermal-hydraulic (TH) codes such as RELAP5, TRACE, and ATHLET
are traditionally used to describe reactor-wide transients and accident scenarios. These codes
treat coolant flow with averaged, one-dimensional formulations of the conservation equations
for mass, momentum, and energy. While computationally efficient, this approach cannot resolve
localized phenomena such as turbulent mixing, boiling instabilities, or flow separation, which
are critical in many safety-relevant scenarios.

Computational fluid dynamics (CFD) methods are introduced as a finer-scale modeling tool
to address this limitation. Codes such as OpenFOAM, STAR-CCM+, ANSYS Fluent, or spe-
cialized nuclear CFD platforms solve the Navier-Stokes equations in three dimensions, often
with turbulence models like Reynolds-Averaged Navier-Stokes (RANS) or Large Eddy Simu-
lation (LES). These allow detailed resolution of velocity fields, pressure distributions, and heat
transfer in coolant channels, sub-assemblies, and mixing junctions.

2 COUPLING APPROACH

Two main philosophies can be employed to implement multiscale and multiphysics tech-
niques in thermal fluid-dynamics: developing a dedicated, unified code that integrates mul-
tiscale and multiphysics features from the ground up, or coupling together existing, well-
validated codes that each specialize in a particular domain. Both approaches aim at the same
goal, i.e., accurately capturing the interplay between neutronics, thermal-hydraulics, and struc-
tural behavior, but they differ significantly in methodology, flexibility, and maturity.

A dedicated code, explicitly designed for tightly integrated multiscale and multiphysics anal-

2



S. Baldini, G. Barbi, A. Cervone, F. Giangolini, S. Manservisi and L. Sirotti

ysis, benefits from consistency in its numerical framework and data structures. This means that
the discretization methods, time stepping, and solution algorithms can be harmonized from the
start, reducing interface errors and often enabling tighter coupling between physics. This ap-
proach also allows developers to optimize the code for high-performance computing, taking
advantage of massively parallel architectures to handle the computational intensity of DNS,
LES, or coupled neutronics-thermal-hydraulics simulations. The trade-off, however, is that
these codes often require decades of development to reach the level of validation and regulatory
acceptance available through the use of legacy tools.

In contrast, coupling well-validated codes leverages the extensive experimental benchmark-
ing and regulatory trust that established system TH, CFD, and neutronics tools already enjoy.
This modular approach allows researchers to pick well-established, state-of-the-art software for
each physics domain and combine them through carefully designed interfaces. It accelerates
deployment in real-world applications because each component code has a proven pedigree,
and the primary development effort focuses on the robustness and efficiency of the coupling
strategy. On the other hand, challenges arise from mismatches in discretization, time integra-
tion schemes, and underlying assumptions. Achieving stable and accurate coupling across these
disparate temporal and spatial scales requires sophisticated interface algorithms, and sometimes
approximations that dilute the benefits of detailed physics.

Ultimately, the dedicated code approach offers a path toward seamless, future-proof integra-
tion of multiscale and multiphysics models, particularly suited for research on advanced reactors
and long-term innovation. The coupled-code strategy, by contrast, is more pragmatic for near-
term deployment, capitalizing on the validation heritage of legacy tools while incrementally
enhancing predictive fidelity.

This paper deals with an open-source numerical library, cocoa (COde COupling for Appli-
cations), that implements the second paradigm by interfacing state-of-the-art codes most effi-
ciently [8, 9]. Similar libraries have been developed and are currently in use, the most relevant
being the precice library [10] and the GenFoam library [11], but not all the features that
are required are available in this open-source software. In particular, the features that must be
available include the possibility to couple different codes on interfaces that are shared between
different domains, and on overlapping three-dimensional domains, as well as the possibility to
use data structures that are not built in the OpenFOAM framework. The library is written in C++
and is fully open-source, with bindings for the python language that allow its use with a sim-
plified interface. The library is available at https://github.com/capitalaslash/
cocoa.git. The library has been already adopted for other application domains, e. g. in the
optimal control of the heat equation [12, 13].

The library operates as a supervising agent communicating with the different codes, offering
a unified software interface that allows easier reusability. Using multiple codes that interact
via a coupling interface leads to a segregated solution of the different domains associated with
each code. Ideally, a monolithic solution for the whole system would benefit accuracy and
robustness. In some specific interactions, a tight coupling is necessary to achieve convergence,
but it could not even be feasible due to its computational cost. When using segregated solutions
on different codes, the coupling algorithm must provide a tight interaction between codes (inner
looping) that can perform multiple iterations of the data exchange until a suitable convergence
is achieved.

Figure 1 illustrates two different approaches: the Point-to-Point and the Hub-and-Spoke
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Figure 1: Point-to-Point (left) and Hub-and-Spoke (right) couling techniques.

strategies. In a Hub-and-Spoke model, all components communicate through a central hub that
manages data exchange and synchronization, ensuring consistency and easier scalability. In a
Point-to-Point model, components interact directly with each other, allowing flexibility but cre-
ating a complex web of interfaces. The former simplifies integration and control, while the latter
risks redundancy and maintenance challenges as the number of interfacing libraries grows. The
Hub-and-Spoke approach is especially advantageous for software interfaces between libraries
because its common interface makes it far easier to add new libraries in the future without
rewriting existing connections, supporting long-term extensibility and modular growth.

3 NUMERICAL IMPLEMENTATION

In order to exchange heterogeneous fields between different codes, it is important to unify the
data structures that different codes adopt to facilitate and uniform the exchange. To this scope,
the cocoa library uses an intermediate representation common to all codes. This representation
is based on the open-source MED and MEDCoupling libraries.

These libraries have been developed in the framework of the SALOME platform. SALOME
is an open-source numerical platform developed by CEA (Commissariat Ãă l’Ãl’nergie atom-
ique et aux Ãl’nergies alternatives) and EDF (ÃL’lectricitÃl’ de France) to provide open-source
software for computer-aided engineering (CAE) [14].

The platform includes several modules, namely GUI, Geometry, Mesh, Fields, YACS, Job-
Manager, and ParaViS, that can be used to manage every stage of a computational simulation
performed by external standalone codes. The software implements tools for parametric CAD
modeling, tetrahedral and hexahedral mesh generation, code supervision, data analysis, and
postprocessing [15]. The YACS module acts as a supervisor that can manage simulation work-
flows that connect different computational units with the support of the FIELDS and MEDCou-
pling libraries. Data communication is performed by manipulating the inputs and outputs of the
simulations. The module can also perform data transfer, modification, and analysis. The most
relevant feature for the present work is the management of data structures and their input/output
from/to files coherently to their memory representation. Furthermore, the library can perform
aggregation and data exchange, interpolation between different grids, format conversion, and
renumbering or partitioning of data for multiprocessor frameworks.

Specifically, the MED library is a low-level module of the SALOME platform that imple-
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Figure 2: The architecture of the MEDCoupling platform.

ments retrieval, processing, and data sharing at the memory level, avoiding the use of external
files. This library is an implementation of an abstraction layer for data structures that can be
manipulated and stored on top of the HDF5 format. The MEDCoupling library is a high-level
module in the SALOME platform that performs the coupling operations on the data fields. It
uses MED communication for the exchange format and implements (parallel) field distribution
and interpolation algorithms, buillt on overlapping and non-overlapping unfitted meshes. The
structure of the library and of its dependencies is shown in Figure 2. In the following, for
simplicity, we will refer to the MED and MEDCoupling libraries only by the name MED.

4 LIBRARY USAGE

The cocoa library provides several examples of usage, comprising overlapping domains
and interface exchange, utilizing different CFD and TH libraries interchangeably.

Currently, an interface to several open-source CFD libraries has been implemented. In par-
ticular, the library can interface with the OpenFOAM library in both the Foundation and ESI
Group versions. The first one is a more advanced interface, since starting from version 11, the
OpenFOAM Foundation provides a class-based implementation of all the major solvers, which
can be interfaced to the coupling library more easily. The ESI Group version, on the other hand,
provides stand-alone applications that must be interfaced one by one with the coupling library.
For this reason, only a selected number of solvers have been implemented.

The cocoa library also includes an interface to two in-house open-source finite element
libraries, ProXPDE [16] and FEMuS [17]. These libraries implement a set of physics, includ-
ing the Navier-Stokes equations, heat equation, Fluid-Structure Interaction, advanced thermal
turbulence models, and two-phase flow using the VOF approach.

On the system thermal-hydraulics side, the library currently supports only a simple 1-D and
2-D finite difference solver (included in the library). The library is also capable of interfacing
with the CATHARE software, which is a specialized nuclear thermal-hydraulics code that is,
however, only available upon licence from CEA. Future plans include implementation of an
interface to the OpenMODELICA software [18].

An example of code coupling with overlapping domains is given in Algorithm 1. The
code builds two problems: a CFD problem leveraging the OpenFOAM library and a thermal-
hydraulics code leveraging the internal 1-D finite differences solver. For the problem initializa-
tion, the OpenFOAM solver requires a case_dir that contains all the usual files required by
an OpenFOAM simulation(i.e., a 0 folder with initial and boundary conditions, a constant
folder with physics parameters such as gravity, turbulence model, etc., and a system folder
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Algorithm 1 A one-way code coupling with overlapping domain.
import cocoa

problemCFD = cocoa.ProblemOForg()
problemCFD.setup(case_dir="oforg_box", config_file="oforg_box.yaml")

problemTH = cocoa.ProblemFD1D()
problemTH.setup(config_file="circuit.yaml")

coupling = cocoa.CouplingMED()
coupling.setup(problem_src=problemCFD, problem_tgt=problemTH)

while problemCFD.run() or problemTH.run():
problemCFD.advance()
problemCFD.solve()

coupling.project(name="Tcfd")
problemTH.advance()
problemTH.solve()

with configuration files such as controlDict, fvSolution, and fvSchemes) supple-
mented by an additional YAML file with instructions on the required coupling. The 1-D
thermal-hydraulics code includes definitions of the coupling as well. These instructions report
the name of the field to be exchanged and the mesh region on which it is exchanged.

Figure 3 exemplifies the different couplings that can be performed in the example. The CFD
domain overlaps the 1-D domain so that the information could be exchanged at all the shared
locations between the two domains. Alternatively, the information between the CFD code and
the TH code can be exchanged only in the inlet and outlet regions of the CFD domain, marked
in red and blue in the figure, respectively.

The exchange could require the usage of a feedback loop, as shown in Figure 4. In fact,
the exchange of information between the two codes, be it volumetric or at the boundary, can
be performed only before or after the solution of the timestep. This would imply that the first
code that is executed cannot see the updated solution from the second one. In order to avoid
discontinuities at the exchange interface, the field that is obtained by the other solver can be
interpreted as a target of a feedback loop, i.e., the field is not imposed directly in the receiving
code, but instead it is integrated as in

∂T

∂t
+ u · ∇T = −α∇2T + k(TCFD − T )|XCH , (1)

for the energy equation. Here, T is the temperature field, u is the advection field, α is the
thermal diffusivity, TCFD is the field coming from the coupled domain, and the pedix XCH
restricts the term only to the overlapping region. k is the feedback amplification constant that
regulates how strongly the receiving system tries to follow the CFD system. A higher constant
would produce a smaller distance between the two codes, at the expense of possible oscillations
due to overshooting.

Algorithm 2 shows an example of code coupling at the interface. In this case, the coupling
is performed between two CFD codes, namely ProxPDE and OpenFOAM. The coupling in this
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Figure 3: Coupling between a 3-D CFD code and 1-D thermal-hydraulics code.
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Figure 4: Feedback loop between a TH code and a CFD code.

case is two-way: both codes export a field to be used by the other code. The two domains
are one after the other, so the top section of the first domain overlaps with the bottom section
of the other. There are two coupling interfaces: one that communicates the fields from the
first problem to the second, and the second one that performs the inverse exchange. The first
problem communicates the velocity field to the second one, which uses it as an inlet bound-
ary condition. On the other side, the second code returns the pressure distribution at its inlet,
which becomes the outlet condition for the first domain. The tightness of the coupling is reg-
ulated by the feedback parameter, that determines how many times the step is executed to
reach equilibrium between the two codes. Also in this case, a feedback control loop can be
implemented to regulate how effective is a solver in following the external condition in order to
achieve robustness and accuracy in the coupled domain.

5 CONCLUSIONS

The paper introduces a novel open-source library developed to perform code coupling be-
tween existing state-of-the-art codes in the field of multiscale and multiphysics simulation for
the nuclear field. The importance of such tools is easily demonstrated by the requirement of
simulating systems with very high complexity, leveraging codes that have been extensively val-
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Algorithm 2 A two-way code coupling with an exchange surface.
import cocoa

p1 = cocoa.ProblemProXPDENS()
p2 = cocoa.ProblemOForg()
feedback = 3

p1.setup(config_file="box_proxpde.yaml")
p2.setup(case_dir="box", config_file="box_oforg.yaml")

coupling12 = cocoa.CouplingMED(cocoa.COUPLING_SCOPE.boundary)
coupling12.setup(

interface_src=cocoa.CouplingInterface(p1, "top", ["vel"]),
interface_tgt=cocoa.CouplingInterface(p2, "bottom", ["vel"]),
method=cocoa.INTERPOLATION_METHOD.p1p1,

)
coupling21 = cocoa.CouplingMED(cocoa.COUPLING_SCOPE.boundary)
coupling21.setup(

interface_src=cocoa.CouplingInterface(p2, "bottom", ["p"]),
interface_tgt=cocoa.CouplingInterface(p1, "top", ["p"]),
method=cocoa.INTERPOLATION_METHOD.p1p1,

)

while p1.run() or p2.run():
p1.advance()
p2.advance()

for _ in range(feedback):
coupling21.project("p")
p1.solve()
coupling12.project("vel")
p2.solve()

idated for the extreme conditions that can be found in nuclear systems.
The library leverages existing open-source software and implements a generic interface that

can be easily extended to other software libraries via the hub-and-spoke paradigm. Currently,
the library supports many open-source CFD codes, such as OpenFOAM and the in-house finite
element codes ProXPDE and FEMuS. The coupling algorithm is demonstrated in two scenarios
with different features: an overlapping domain coupling between a 3-D CFD code and a 1-D
thermal-hydraulic code, and an interface coupling between two CFD codes.

Future work will focus on the implementation of an interface for the generic library Open-
MODELICA that can replace the usage of proprietary software for the thermal-hydraulic side,
as well as on the implementation of the exchange of advanced models for turbulence and opti-
mal control.
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