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Abstract

This paper presents a unified framework, called multiRegionFoam, for solving multiphysics problems of the multi-region
coupling type within OpenFOAM (FOAM-extend). It is intended to supersede the existing solver with the same name.
The design of the new framework is modular, allowing users to assemble a multiphysics problem region-by-region and
coupling conditions interface-by-interface. The present approach allows users to choose between deploying either monolithic
or partitioned interface coupling for each individual transport equation. The formulation of boundary conditions is generalised
in the sense that their implementation is based on the mathematical jump/transmission conditions in the most general form for
tensors of any rank. The present contribution focuses on the underlying mathematical model for interface coupled multiphysics
problems, as well as on the software design and resulting code structure that enable a flexible and modular approach. Finally,
deployment for different multi-region coupling cases is demonstrated, including conjugate heat, multiphase flows and fuel-
cells. Source code: multiRegionFoam v1.1 [1], repository https://bitbucket.org/hmarschall/multiregionfoam/.

Article highlights
e A novel multiphysics framework, called multiRegionFoam, has been developed for solving multi-region coupled problems
in OpenFOAM.
e The design of the framework allows for a modular multiphysics setup with freedom of choice on the coupling strategy
(partitioned vs. monolithic).
e Extension of the general transport equation by interface conditions enables a unified coupling approach.

Keywords Multiphysics - Interface coupling - Multi-region problems - OpenFOAM

1 Introduction

Interface-coupled multi-region problems like fluid—structure
interactions, conjugate heat and mass transfer or multi-
phase flow problems represent a subgroup of multiphysics
problems of high relevance in engineering. Analysis of
the underlying continuum-physical models reveals inherent
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We have developed a novel unified solver framework
for computational multiphysics of the multi-region coupling
type, i.e. transport processes coupled across region bound-
aries/interfaces. The code design is such that a multiphysics
problem can be assembled region-by-region, and the cou-
pling conditions interface-by-interface. Both monolithic and
partitioned coupling for each individual transport equation
can be applied as desired by the user. Fluid flow problems
are dealt with using SIMPLE, PISO and PIMPLE pressure—
velocity algorithms—with loops of predictor and corrector
steps across regions. The code is implemented as a C++
library in OpenFOAM (FOAM-extend) for computational
continuum physics [2] and follows the principles of object-
oriented programming.

We incorporate user-defined types of regions represent-
ing sub-domains of specific physics i.e. a set of transport
equations. Such a region type should govern a meaningful
subset of physics specific to the region—such as e.g. fluid
flow, solid mechanics, species and/or energy transport—and
can be combined with others. This results into a modu-
lar concept and allows to assemble a multiphysics problem
region-by-region. The coupling and communication between
regions is realised in a modular fashion where interface-
specific physics as well as interpolation/mapping methods
are accessible in boundary conditions. The implementation
is readily parallelised for large scale computations in domain
decomposition mode for runs on distributed-memory parallel
computer architectures.

Literature survey

There are numerous open-source solutions to cope with
multi-region coupled problems. However, the majority of
codes are dedicated to specific problems, and thus are fol-
lowing a domain-driven design. In consequence, they cannot
be easily adapted to other multi-region coupling problems.
Available proprietary simulation codes, on the other-hand-
side, often do provide platforms to solve for a broad range of
multi-region coupling problems. However, being proprietary
the source-codes are non-accessible to the community with
the consequence of limited flexibility and/or extensibility,
particularly when it comes to very specific engineering appli-
cations in technology niches. To alleviate these limitations,
(mostly) open-source multi-code coupling approaches have
been devised. Examples are the ADVENTURE_Coupler
(ADVanced ENgineering analysis Tool for Ultra large REal
world) [3], MpCCI (Mesh-based parallel Code Coupling
Interface) [4, 5], OpenPALM (Projet d’Assimilation par
Logiciel Multimethodes) [6, 7], the OASIS coupler [8, 9],
PIKE (Physics Integration KErnels) [10] as a part of the
Trilinos library [11], preCICE [12, 13], and FEnicCS [14—
16]. With these coupling software packages, multiple distinct
simulations codes are coupled in a co-simulation run—each
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with an own specialisation coping with the physics in one
specific region of the multi-region domain. Note that such
code-to-code coupling frameworks for co-simulations are
particularly outside the scope of this work, since they inher-
ently only provide partitioned coupling strategies and thus
suffer from stability and/or efficiency issues when it comes
to challenging, e.g. numerically stiff, coupling problems.

In what follows, we attempt to provide a comprehensive
yet concise overview over available open-source multi-
region coupling software in the literature, highlighting their
coverage of applications.

Alya [17, 18] is a Fortran and C based code devel-
oped at Barcelona Supercomputing Center,
Spain. It solves coupled multiphysics prob-
lems using high performance computing
techniques for distributed and shared mem-
ory supercomputers. The simulations involve
the solution of partial differential equations
in an unstructured mesh using finite element
methods. Indeed it provides region coupling
in a single code environment as well as par-
titioned multi-code coupling using existing
code. Examples of implementation for fluid—
structure interaction (FSI) and cojugate heat
transfer (CHT) problems, among other appli-
cations, are found in [19] and [17].

[20] is developed primarily by Electricité de
France R&D (EDF) for computational fluid
dynamics (CFD) applications. It is written
in C and Fortran and relies on finite vol-
ume discretisation. It can be coupled with
other codes, using its Parallel and Locator
Exchange library (PLE) [21], for instance,
with SYRTHES [22], a code for transient
thermal simulations in solids, to model CHT
problems [23]. It also has a module for arbi-
trary Lagrangian Eulerian (ALE) interface
tracking in the frame of fluid—structure inter-
action [24].

[25] is a C++ library intended to serve as an
interface to the complex data structures and
algorithms required for solving partial differ-
ential equations using adaptive finite element
methods. Itis deployed in multiphysics simu-
lations for various applications including FSI
in ALE formulation [26], and numerous oth-
ers [27].
stands for Multiphysics Object-Oriented Sim-
ulation Environment [28]. It is an open-
source C++ based code developed at the
Idaho National Laboratory, enabling parallel
multiphysics simulation. It uses a finite ele-
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ment framework and supports segregated and
fully implicit volumetric coupling as well as
partitioned interface coupling. Fluid dynam-
ics, heat transfer, and fluid—structure inter-
action are some of the applications where
MOOSE is used [29, 30].

[2] (Open Field Operation And Manipula-
tion) is an open-source C++ library for com-
putational continuum physics (CCP) includ-
ing computational fluid dynamics (CFD)
based on the finite volume method (FVM)
with support for dynamic meshes of gen-
eral topology (unstructured meshes). Within
OpenFOAM, numerous application-specific
multi-region frameworks are available mostly
from its active developer community. For
instance, solids4 foam[31]hasbeendevel-
oped for FSI simulations, openFuelCell
[32] for modelling fuel cells, chtMulti-
RegionFoam [33] for CHT problems, and
catalyticfoam [34] for reactive flows
at surfaces. Note that besides the above
application-specific solutions to interface-
coupled multiphysics, OpenFOAM
(OpenFOAM-dev) has undergone refactor-
ing towards a “new modular solver frame-
work” [35], in which so-called solver mod-
ules can be selected for coupled multi-region
simulations. However, with only one solver
module selectable for each region, the result-
ing framework forces the user to develop
modules covering the full set of physics in
a region. This hinders flexibility and intro-
duces unnecessary complexity. Moreover,
interfacial physics has not been modularised
and generalised at all. Both aspects have been
subject to the present work.

[36] aims at solving two-phase combustion
from primary atomization to pollutant pre-
diction on massive complex meshes. It is
developed at CORIA-CFD using C++ and
Fortran. It uses a finite volume solver for mul-
tiphysics problems in fluid dynamics, with
support for ALE within FSI context [37]
in addition to the possibility for multi-code
coupling, such as for CHT applications [38]
through the OpenPALM library [39].

OpenFOAM

Yales2

While the focus here is on open-source, there are also vari-
ous proprietary software packages developed for similar pur-
poses, such as COMSOL Multiphysics [40], FEATool [41],
Fluent [42], and LS-DYNA [43].

Aim and objective

This contribution aims to provide a unified and versatile
framework to cope with multiphysics problems of the multi-
region coupling type in OpenFOAM. Particular emphasis is
put on

e freedom in the choice of coupling strategies—i.e. mono-
lithic and partitioned coupling is at the choice of the user
for each individual transport equation,

e case and flexibility in assembling multiphysics problems—
by means of use-defined region types, which also can be
superimposed, leading to a multiphysics setup that can
be assembled in a modular fashion,

e support of established predictor-corrector based solution
algorithms—e.g. to support pressure—velocity, or mag-
netohydrodynamics in fluid flow across regions,

e strict physics-driven design which allows to clearly sep-
arate material models from balance equations—by rigor-
ously exploiting the common mathematical structure of
transport equations and interface jump and transmission
(flux) conditions.

With this, it is hoped to enable substantial coverage over a
spectrum of different multiphysics problems of the multi-
region coupling type, and to leverage significant synergies
among different, so far disjoint domain-expert communities,
such that improvements and fixes from one community can
directly benefit others.

In the remainder, detailed information on the generic
mathematical formulation of the sharp-interface model is
given (Sect. 2) which is exploited at the software design
stage in the code structure to arrive at a unified multiphysics
framework (Sect. 5). Eventually, its deployment for different
multi-region coupling cases is demonstrated (Sect. 7).

2 Generic sharp interface model

We aim to provide a concise self-contained derivation of the
sharp interface model in its generic formulation as it emerges
from balance considerations of conserved quantities. The
mathematical procedure will also yield the well-known gen-
eral transport equation introduced by Spalding in [44]. Thus,
the following can also be seen as its extension to general
transport equations in multiple domains coupled across sharp
interfaces separating the domains. For this, we shall closely
follow [45-48].

Starting point of this derivation is a conservation equation
in its generic form,

Dq)—J-FS (1)
Dr ’
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Fig.1 Material volume V with two subdomains Q1 and Q™ separated
by a sharp interface ¥

with the left hand side of (1) being the material derivative
of an extensive quantity ® (e.g. mass, momentum, energy),
J denoting the flux term and S being sources/sinks of ®.
We assume this generic conservation equation to be valid in
a material control volume V(1) = Q7 (¢) U Q7 (¢), being
composed out of two subdomains QT and Q™ (see Fig. 1).
The two subdomains are separated by a deformable sharp
interface X (t) = 9Q () N 3~ (¢) which leads to the fact
that V (¢) isbounded by dV (t) = aV T (1) UdV (1) UIX (1),
where dVE(r) = 0Q* (t)\ 2 (¢). Furthermore, we define that
the interface normal ns, always points from Q~ to QT and
the interface edge normal nyy points out of X.

The sharp interface ¥ (¢) considered here can be seen as a
simplification of a transition layer of finite thickness between
adjacent domains with different physical properties. There-
fore, the interface is not necessarily mass-less and can store
conserved quantities which are accounted for in the following
by the appearance of so-called surface excess quantities [45].
Thus, the extensive quantity can be written as a volume inte-
gral,

<I>=/ p¢>dx+/ p=¢*dx, )
V(t) (1)

where p is the mass density in QF, ¢ is the mass density-
related volume specific density of the extensive quantity in
the bulk and p* and ¢* are their respective area specific
excess quantities defined on the interface [46]. The flux term
can be expressed through

J:—f jnds_/ jE'"i)Zdl, (3)
v (r) 9% (1)
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with the first integral being a surface integral over the bulk
flux density j across the boundary of V (¢) and the second
integral being a line integral over the interface flux density
Jj ¥ across the interface boundary. A similar expression as (2)
can be formulated for the source/sink term

S=/ sdx+/ s¥ds . “4)
V) 20

Here s is the source/sink density field in the bulk and s* is
its respective counterpart on the interface. Inserting (2), (3)
and (4) into (1) gives

—- pdx + = pEprds
Dt V(1) Dt =)
:—/ j-nds—/ j¥ nyxdl
aV(t) d2(1)
+/ sdx—i—/ sTds . (5)
V(O\Z (1) (1)

The generalized transport theorem, [49]

D o
Dt 140)
9
= / Lq&dx ~|—/ V - (pou)dx
Vs Ot VO\E(1)
+f [pd(m — u®)] - nxds, (6)
()

can be applied to the first term on the left hand side of (5),
where the jump brackets are defined as

lolG.x) = hl_i)rl(f)1+ ¢ (1, x +hny) —¢ (1, x — hnx)],
xex. )

Furthermore, u is the velocity field in the bulk and u® is
the interface velocity field which—in the general case of a
fluid interface—can have contributions in both normal and
tangential direction to the interface. The second term on the
left hand side of (5) can be reformulated through the use of
the surface transport theorem [46]

D 9 PP
— p2¢>2ds =/ pé ds
Dt (1) (1) ot

+/ Vs (0%0%uS)ds. (8
(1)

Here the interface Nabla operator is defined by Vy =
[I —ny ®nx] - V, with interface divergence of a vector
Vs -y = tr(Vyy) being the trace of the interface gradi-
ent [47]. Using the two-phase divergence theorem [46], the
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first term on the right hand side of (5) can be written as

—/ jonds = —/ V.jdx— [ [j]-nzgds. 9
av(t) VIONZ(@) (@)

Similarly, the second term on the right hand side of (5) can
be expressed using the surface divergence theorem [50]

—f Jj¥ nyxdl = —[ Vs, - j¥ds.
X (1) (1)

Substituting (6), (8), (9) and (10) back into (5) yields

(10)

/ [a(p¢)+v~(p¢u)+v~j—s}dx
viovse L9t

979" .
+/ o 9™ vy (PP u) + Vs -
() Jat

+[pp @ — u*) + j] -nx —s*]ds = 0. (1)

Localizing this expression to points inside the bulk results in
the well-known general transport equation

a'.;(p-G-V.(,oqbu)z—V'j—i-s

o7 (12)

introduced by Spalding [44]. Doing the same for points on
the interface yields

a(p2¢2)
ot
+lpp@ —u®) + j]-ng =-Vs - j¥ +5%,

+ Vs - (pZ¢>u*)
(13)

which is called the interface transmission or flux condition.
This equation relates the transport of the surface excess quan-
tities to the jump in convective and diffusive fluxes from
the adjacent regions across the interface. By specifying ¢,
J, s and their corresponding surface excess quantities it is
then possible to obtain the respective transport equations
and transmission conditions for mass, momentum, energy
and entropy of a continuum to describe. An example of such
specifications for a system containing multiple fluid phases
that are separated by a sharp, mass-less and capillary interface
are given in Table 1. In this table, p represents the pressure,
7 is the deviatoric stress tensor, g is the gravitational vec-
tor, e is the internal energy and ¢q is the heat flux vector.

)

The interfacial stress tensor T = accounts for the interfacial

tension.

3 Interface-coupling

Within the sharp interface model framework, adjacent regions
are coupled with each other through the interface transmis-
sion condition (13). Note that (13) does not represent a
boundary condition for the coupling of the primitive fields
(unconserved quantities like pressure, velocity or temper-
ature for which the governing equations are solved for and
which are used to describe the state of each region). However,
it can be reformulated when considering a generic primitive
field f [51] to match with
[CVf] -ns =F. (14)
Here, I' typically denotes a constant diffusivity but can also
be a dependent function of other variables. The jump of the
interfacial flux of f (flux discontinuity) is denoted by F,
which might also be a dependent function of other variables.
When linearised appropriately, (14) can be used as a coupling
Neumann boundary condition on either side of the interface.

In addition, one also needs to account for jumps of the
primitive fields f at the interface in order to fully describe
the interfacial coupling. Such jumps of the primitive fields
arise from closure, e.g. when applying methods of rational
continuum mechanics which require the second law of ther-
modynamics to be satisfied in every case—see [45] for a
rigorous treatise on this subject. Jump conditions can also be
written in a generic form [51],
If1=7. (15)
where J represents the interfacial jump of f and may be
a dependent function of primitive transport variables. In a
linearised form (15) can be applied as a coupling Dirichlet
boundary condition on either side of the interface.

When it comes to the algorithmic aspect of region-to-
region coupling, monolithic coupling and partitioned cou-
pling types are to be distinguished. In monolithic coupling
methods, the coupled equations for each region are assem-
bled and solved simultaneously in one system accounting

Table 1 Example of the

specifications of the general ¢ J S ¥ Jj* ¥
transport equation and the Mass | 0 0 0 0

generic interface transmission

condition describing multiple Momentum u -z g 0 -7

fluid phases that are separated Energy e+ % g+(pI—1)-u b 0 D S > 0

by a sharp, mass-less and

capillary interface
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for the coupling conditions implicitly. In contrast, in parti-
tioned coupling methods, the equations of each region are
solved separately, updating the coupling conditions using
iterations [52]. These partitioned methods are most often
based on so-called non-overlapping domain decomposition
methods—also known as Schwarz methods—and can be
of different types [53, 54]. One such type is the Dirichlet-
Neumann-Algorithm, which is implemented in the presented
framework. Here, each interface is assigned a coupling
Dirichlet boundary condition on one side and a coupling Neu-
mann boundary condition on the other side. Since partitioned
coupling algorithms in general can lack convergence, accel-
eration methods are needed during the update procedure [55].
These acceleration methods can either be based on relaxation
of the boundary condition values or on quasi-Newton proce-
dures. The multiRegionFoam framework implements a
fixed and an Aitken relaxation method as well as the IQN-ILS
(Interface Quasi Newton Inverse Least Squares) procedure.
The interested reader is referred to [55-57] for more details.

4 Notes on OpenFOAM

In the following, we attempt to set out details regarding two
essential features OpenFOAM provides by design, namely
the object registry and runtime selection. Both are crucial to
understand at this point, since multiRegionFoam lever-
ages them so as to devise a flexible and modular approach
for computational multiphysics problems of the multi-region
coupling type.

4.1 Run-time selection

Typically a domain expert will be concerned with develop-
ing models and/or testing different combinations of models.
For this purpose, in the strict object-oriented programming
paradigm of OpenFOAM, models are implemented as classes
answering to the same interface so they are encapsulated
and re-usable. Note that the term 'model’ is used here in
the broadest sense, e.g. for the choice of linear solvers, or
the selection of discretisation schemes, etc. Then, compiling
such model classes into shared objects (model libraries) has
the advantage that the selection of models can be deferred
until run-time (compared to compile-time in traditional fac-
tory methods). Together with Run-Time Selection (RTS)
tables, models can then be selected from dynamically loaded
shared libraries. Such an approach provides ultimate exten-
sibility, since new models can be just added to a RTS table
at run-time (by loading shared libraries dynamically) and
become available to the top-level solvers just like the mod-
els of the same kind from the legacy code. The basic idea
of a Run-Time Selection Table is to use a combination of
static member variables and methods as well as templates

@ Springer

to declare a Hash-Table in the base classes which all child
classes register to automatically [58]. It leverages the fact that
when a new shared library is loaded, all static variables are
immediately initialized, which is exploited to call code that
inserts the type name to the parent class’s table of models. The
parent class’s side basically manages a dynamic ’v-table’ to
construction methods of child classes. Traditionally, a static
method (called New) looks up the requested model (provided
by user input), constructs the object with its concrete type,
but returns a pointer to the base type.

4.2 Object registry

In OpenFOAM the object registry can be thought of as a
kind of database that stores information about each object
registered to it. It provides a way to keep track of all relevant
objects created in a simulation, making it easier to access
and manipulate them during runtime. An object registry is
implemented using a hash table which belongs to C++ data
structures that store key-value pairs. In this case, the keys
are strings representing the names of the objects, and the
values are references to the objects themselves. All classes in
OpenFOAM inheriting from objectRegistry represent
such an object registry. The most notable ones are the classes
Time, providing read access to e.g. mesh objects, and mesh,
providing read access to e.g. field objects.

To look up an object in the registry, OpenFOAM uses
a technique called string hashing. If the object is found, its
reference is returned. If the object is not found, an exception is
thrown indicating that the object does not exist in the registry.
In essence, the mechanism relies on two ingredients to check
for existence of a requested object and return a reference to
it (see Listing 1):

e the object’s name, which is assumed to be unique in a
single database, and

e the object’s type, which is passed as a template argument
to the lookup member function. Dynamic casts are sim-
ply used to check whether the regTIOobject object of
requested name is also of requested type.

This hierarchy enables flexible access to objects across
multiple libraries. These objects are typically declared at
the main scope in solver code and persist throughout the
solver’s execution. The object registration mechanism facil-
itates obtaining references to these objects from any shared
library, provided there is access to the corresponding database
(refer to Sect. 4.1 for the significance of this access level).
This mechanism effectively eliminates the requirement to
pass lengthy lists into class constructors, which otherwise
impairs maintainability, extensibility, and generality.
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Listing 1 Object lookup example in OpenFOAM

1 // Lookup the velocity field (of type volVectorField)

from the mesh

2 const volVectorField& U = mesh.lookupObject<volVectorField>("U");

5 Code structure and design

In its essence, multiRegionFoamis a unified framework
for multiphysics simulations of region-to-region coupling
type. This coverage of distinct region and interfacial physics
requires combinatorial flexibility. Therefore, it is designed
with attention to the following complementary aspects, in
many areas going beyond basic requirements of domain-
driven software development in research & development:

o Usability. Often domain experts are developing research
software using their substantial knowledge on details
of the continuum-physical model specific to their own
area. To leverage this potential, we have followed the
domain-driven software design approach. Utmost atten-
tion has been devoted to devise a modular framework
for both region- and interface-specific physics which can
be developed as entities on their own right. Our aim has
indeed been to keep the differences between implement-
ing amodule to writing a domain-specific top-level solver
in OpenFOAM as low as possible.

e Understandability. We have aimed to devise a complete
and organized software fabric with a concise, clear as
well as descriptive terminology for names of classes, data
and functions. This has been motivated by the wish that
when presenting multiRegionFoam to an engineer
not familiar with the code before, basic functionality and
principles of use should be easily comprehended.

e Generality. Recognising inherent structural similarities
which multiphysics problems of the multi-region cou-
pling type have in common, we have devoted significant
effort in a general mathematical formulation as founda-
tion of the software design. This has led to a unified
framework for multi-region coupling with coverage over
a wide range of numerous coupled continuum-physics
problems from various distinct fields.

e Extensibility. The structure of multiRegionFoam
has been purposely designed to allow the flexible and
non-intrusive addition of new capabilities or functional-
ity. For instance, it is straightforward to add new modules
for region- and interface-specific physics and to comple-
ment the set of provided coupling algorithms and coupled
boundary conditions if needed.

e Maintainability. multiRegionFoam makes compre-
hensive use of modern C++, such as classes (encapsu-
lation, inheritance and composition), virtual functions
(dynamic polymorphism), and operator overloading. We

paid attention to enforcing consistent encapsulations of
class families under common interfaces being as small
as possible. Classes are minimal in size and as low in
complexity as possible, so as to fulfill their (single) task.
Moreover, special attention has been paid to avoid code-
repetition by means of templating.

e Robustness. Substantial efforts have been devoted to pro-
vide different coupling strategies. The approach enables
to deploy both monolithic and partitioned coupling at
the user’s choice for each continuum-physical transport
equation. This enables to devise the solution strategy
to coupled multiphysics problems of region-to-region
coupling type on an abstraction level, allowing to have
numerical robustness (stability and convergence) in mind
despite dealing with substantial model complexity.

e Parallel Efficiency. We ensure the possibility to effi-
ciently deploy multiRegionFoam on distributed-
memory parallel computer architectures on high-
performance computing clusters by providing means for
straightforward domain-decomposition. In particular, the
interface-to-interface communication layer is developed
such that it can be used in coupled boundary conditions
for data transfer both in serial and parallel in a versatile
manner providing multiple mapping strategies.

5.1 Main class structure

We have followed a strictly object-oriented programming
paradigm underlying a layered software design. Fig. 2
depicts the class structure following the unified modeling
language (UML) class diagram convention [59]. The build-
ing blocks of the code structure are two fundamental classes;
regionType and regionInterfaceType which are
base classes providing common functionalities that any type
of region or interface would require regardless of the simu-
lated physics. Examples of such functionalities for regions
include assembling the equations that specify their phys-
ical behaviour, correcting the region’s material properties
and moving its mesh. Similarly for interfaces, examples are
administering the protocols for communication and coupling
between regions, allowing for deploying various mapping
methods, and implementing generic coupled boundary con-
ditions (Sect. 5.4).

From the aforementioned base classes, a code with mod-
ular design is devised which relies on the run-time selection
mechanism (Sect. 4.1) in which the fundamental inheritance
in C++ plays a crucial role. This enables the creation of
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Fig.2 General structure of the

multiRegionFoam
framework
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Listing 2 Object lookup or read helper function

template <class T>

1

2 inline autoPtr<T> lookupOrRead

3 (

4 const fvMesh& mesh,

5 const word& fldName,

6 const bool& read=true,

7 const bool& write=true,

8 const tmp<T> fld = tmp<T>(nullptr)
9

derived classes that inherit all common functionalities and
extend them to account for additional physical processes
at the respective region or interface by defining specialised
fields or equations. The inheritance hierarchy is indicated in
Fig. 2 by a solid line with a hollow arrowhead pointing from
derived to base classes. Currently some specialised region
types are implemented such as icoFluid for transient
flow of incompressible fluid, conductTemperature and
transportTemperature for thermal transport inside
the fluid and the solid, respectively. Also different region
interface types are already available, like the
capillaryInterface which is a fluid-fluid interface
type accounting for surface tension and surfactant trans-
portand heatTransferInterface accounting for heat
transfer between adjacent regions. Additional region or inter-
face types can be easily added with this design. Moreover,
different region types and region interface types can be super-
imposed. This is made possible by utilising the functionality
of the object registry (Sect. 4.2) and the helper function
lookupOrRead in Listing 2, so that all superimposed
region types have access to the fields present in one region
even if they are defined in another one.

The information of the regions and interfaces, such as
name, type and the settings for the interfacial coupling algo-
rithm are specified by the user at run-time via the dictionaries
multiRegionPropertiesandregionInterface-
Properties (see Listings 4 and 3 for a simple conjugate
heat transfer (CHT) problem whose setup is also displayed
in Fig. 3). The regions and interfaces information is read and
stored by the regionPropertiesand regionInter-
facePropertiesclasses whichare utilised by the regi -
onTypeListandregionInterfaceTypeList classes
to instantiate the regions and the interfaces. Themult iReg-
ionSystem class builds on these lists to create the multi-
region system of equations. These composition relationships
are indicated by a solid line with a filled diamond in Fig. 2.
It orchestrates the solution process by either applying mono-
lithic or partitioned approaches and therefore acts as the main
class interface to the top-level solver multiRegionFoam.

5.2 Solution of the coupled system

The set of equations describing the physical behaviour are
defined in the specialisations of the regionType class
in the setCoupledEgns function as illustrated in List-
ing 5 for the transport temperature equation in a fluid region.
An instance of the equation system is stored in a hash
pointer table, HashPtrTable. In this case, it is called
fvScalarMatrices which points to a finite volume
matrix system of scalar type. Other types include vector, ten-
sor, or symmetric tensor matrices, as well as block coupled
types fvBlockMatrix, asindicated in Listing 6. A unique
name identifier is used as a key for the hash table where the
same name pattern is used among all types of regions for
straightforward access to all coupled equations later when
the system is set up and solved.

The multi-region system comprising all such physics-
specific equations, defined in different specialisations of
region types, is assembled and solvedinthemul tiRegion-
System class via the solve function shown in Listing 7.
The auto pointers interfaces_ and regions_ which
point to regionInterfaceTypelList and region-
TypeList classes (cf. Fig. 2) provide access to the list
of all regions and their interfaces, including the functions
defined in their respective specialised classes. For example,
using interfaces_->detach (), the detach boundary
mesh modifier is applied to the interfaces, which triggers the
recalculation of the cell to cell/ cell to face distances and inter-
polation weights at the coupled boundaries in preparation for
partitioned coupling. Furthermore, regions_->solve
Region () checks for possible individual physics solu-
tion requirement in each region. Another function, solve-
PIMPLE (see Sect. 5.3), is dedicated for solving pressure—
velocity systems, if any, using the PIMPLE algorithm. A
distinction of cases is made based on whether the pres-
sure and velocity fields are coupled across the interface
or not. For example, solving the pressure—velocity system
in the fluid region in the case of heat transfer between
fluid and solid, versus the case of pressure—velocity inter-
facial coupling between two fluids as in a rising bubble
scenario. Moreover, the coupling of the pressure and the
velocity fields is made separate from other fields in order
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Fig.3 Example of a heat
transfer multi region system 3
being composed out of two

regions. The physics of the fluid

fluid region

regionType: icoFluid

solid region

region is described by the
superposition of the two
regionTypes icoFluidand
transportTemperature
while the physics of the solid
region is described by the
regionType
conductTemperature with
a
heatTransferInterface
coupling both regions

regionType: transportTemperature

regioninterfaceType: heatTransferinterface

finite area mesh

interface

Listing 3 multiRegionProperties dictionary for a simple CHT problem

| regions

2|

3 ( fluid (icoFluid transport Temperature) )
4 ( solid (conductTemperature) )

5 );

6

7 DNA Dirichlet -Neumann Algorithm controls
8 {

9

10 {

11 maxCouplelIter 20;

12 residualControl

13 {

14 maxJumpRes 1e-07;

15 outputJumpResField no;

16 maxFluxRes 1le-07;

17 outputFluxResField no;

18 }

19 }
20y

to allow for mesh motion using the Arbitrary Lagrangian—
Eulerian (ALE) interface tracking method. For other fields,
the system of equations is created and solved under the
assembleAndSolveEgns function for partitioned cou-
pling and the assembleAndSolveCoupledMatrix
for monolithic coupling. Each of these functions loops
over the list of the partitioned or monolithic coupled
fields from the lists partitionedCoupledFldNames
ormonolithicCoupledFldNames,respectively. These
are hashedWordLists reading coupled fields as specified
intheregionInterfaceProperties dictionary (List-
ing 4). Note that when the partitioned Dirichlet-Neumann
Algorithm (DNA) (Sect. 3) is selected, a convergence
criteria is added. It is based on the interface residuals
(see Section 4.4.2 in [51]) which are computed in the
generic coupled boundary condition classes (Sect. 5.4).
dnaControl has access to these coupled boundary con-
ditions and residuals for all interfaces. The DNA controlled
fields and the termination criteria are specified by the user
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in the multiRegionProperties dictionary as illus-
trated for the temperature field T in Listing 3 under the DNA
entry The assembly and solution of the system of cou-
pled equations in partitioned mode is shown in Listing 8
which represents the assembleAndSolveEgns function
of the multiRegionSystem class. The function iterates
through all regions and obtains a non-constant reference,
called rg, to the current region. It also constructs a unique
name matrixSystemName for the equation system for
the coupled field in this region. This name matches the pat-
tern of the key assigned for the hash pointer table defined
within the setCoupledEgns function in the respective
specialised region type as mentioned earlier (see Listing 5).
The coupled equation matrix defined in the current region is
retrieved from the hashed table using the getCoupledEqgn
function which is a member of the regionType class. It is
defined using a template, which allows it to be specialised for
different types of matrices where the type is deduced from the
input matrixSystemName. The use of templatisation is
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Listing4 regionInterfaceProperties dictionary for a simple CHT problem

partitionedCoupledPatches

1

2|

3 fluidsolid

4 {

5 interfaceType heatTransferInterface;
6

7 coupledPatchPair

8 (

9 (fluid bottom)
10 (solid top)

11 ) ;

12

3 coupledFields

14 (

15 T

16 ) ;

17

18 heatTransferInterfaceCoeffs{}
19 }

20 ) ;

21 monolithicCoupledPatches () ;
22

23 curvatureCorrectedSurfacePatches 0();
24 interpolatorUpdateFrequency 1;

25 interfaceTransferMethod directMap;

26 directMapCoeffs{}

27 GGICoeffs{}

Listing 5 setCoupledEgns of transportTemperature region type

1

2 {

3 //- Create temperature equation system
4 TEgQn =

5 (

6 rho_*cp_

7 *

8 fvm::ddt (T ())

9 + fvm::div(phi_ (), T())

10 )

11 ==

12 fvm::laplacian (kappa_ (), T())

13 ) ;

14 //- Store equation system in appropriate
15 fvScalarMatrices.set

16 (

17 T_().name ()

18 + mesh ().name () + "Mesh"

19 + transportTemperature::typeName +
20 + "Egn",
21 &TEgn ()

22 ) ;
23 )

void Foam::regionTypes::transportTemperature::

setCoupledEgns ()

HashPtrTable

"Type "

Listing 6 coupled governing equations

// - coupled governing equations

AW B W —

HashPtrTable<fvMatrix<scalar> > fvScalarMatrices;
HashPtrTable<fvMatrix<vector> > fvVectorMatrices;
HashPtrTable<fvMatrix<symmTensor > > fvSymmTensorMatrices;
HashPtrTable<fvMatrix<tensor> > fvTensorMatrices;
HashPtrTable<fvBlockMatrix<vectord4d> > fvVector4dMatrices;
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Listing 7 solve function of multiRegionSystem

void Foam::multiRegionSystem::solve ()

|

2 {

3 // - Detach boundary mesh modifier

4 interfaces_->detach () ;

5

6 //- Solve individual region physics

7 regions_->solveRegion () ;

8 //- Check if at least one region implements PIMPLE loop
9 // and solve pressure-velocity system 1if so

10 if (regions_->usesPimple ())

11 {

12 regions_->s0lvePIMPLE () ;

13 }

14

15 //- Solve region-region coupling (partitioned)

16 forAll (partitionedCoupledFldNames_, f£1d41I)

17 {

18 //- Get name of field which 1is currently partitioned coupled
19 word fldName = partitionedCoupledFldNames_[£f1dI];
20 //- Solve pressure-velocity system using PIMPLE
21 if (fldName == "pUPimple")

22 {
23 while (dnaControls_[fldName]->1loop ())

24 {
25 // PIMPLE p-U-coupling
26 regions_->solvePIMPLE () ;
27 // ALE mesh motion corrector
28 regions_ ->meshMotionCorrector () ;
29 // Update interface inherent physics

30 interfaces_->update () ;

31 }

32 }

33 else

34 {

35 //- Solve other partitioned coupled fields

36 while (dnaControls_[fldName]->1loop ())

37 {

38 assembleAndSolveEgns <fvMatrix, scalar>(fldName) ;
39 // fields of higher tensor rank
40 }
41 }
42 }
43 //- Attach boundary mesh modifier
44 interfaces_->attach () ;
45
46 //- Solve region-region coupling (monolithic)
47 forAll (monolithicCoupledFldNames_ , f1d1I)
48 {
49 // Get name of field which is currently monolithic coupled
50 word fldName = monolithicCoupledFldNames_ [f1dI];
51 //- Assemble and solve block matrix for monolithic couple fields
52 assembleAndSolveCoupledMatrix<fvMatrix, scalar>
53 (

54 monolithicCoupledScalarFlds_, fl1dName

55 ) ;

56 // fields of higher tensor rank

57 }

58 3

particularly beneficial here to avoid writing multiple identical
classes differing only in type. The system of equations is then
assembled and solved with the option to perform individual
post-solve actions that are implemented in each region.

For monolithic coupling, the procedure starts with attach-
ing the meshes at the interfaces between adjacent regions
using the attach boundary mesh modifier interfaces
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_—->attach() function as indicated previously in List-
ing 7. This mesh modifier again triggers the recalculation
of the cell to cell/ cell to face distances and interpola-
tion weights at the coupled boundaries in preparation for
monolithic coupling. Then, as for partitioned coupling, the
assembleAndSolveCoupledMatrix function creates
and solves the coupled system. However, it is now repre-



Engineering with Computers (2025) 41:1051-1084

1063

Listing8 assembleAndSolveEgns of multiRegionSystem

template< template<class> class M,

class T>

2 void Foam::multiRegionSystem::assembleAndSolveEgns
34

4 word fldName

5 ) const

6 {

7 forAll (regions_ (), regI)

8 {

9 /- Getting non const access to current region
10 regionType& rg = const_cast <regionType&>(regions_ () [regI]);
11

12 // - Unigque name of equation system

13 word matrixSystemName =

14 (

15 fldName

16 + rg.mesh () .name () + "Mesh"

17 + rg.regionTypeName () + "Type"

18 + "Egn"

19 ) ;

20

21 //- Sanity checks

22

23

24 //- Get equation from region

25 M<T>& eqgn = rg.getCoupledEgn<M,T>(matrixSystemName) ;
26

27 //- Relax equation

28 rg.relaxEgqn<T>(eqgn) ;

29

30 //- Solve equation

31 egn.solve () ;

3

33 // - Post solve actions

34 rg.postSolve () ;

35 }

sented as a block coupled finite volume matrix using the
coupledFvMatrix approach [60] as illustrated in List-
ing 9. This is a block matrix system that is initialised with
the number of monolithic coupled regions. The equations to
be loaded into the coupledFvMatrix are obtained from
the respective regions using the getCoupledEqgn func-
tion analogously to the partitioned approach by iterating over
the regions and collecting equations by their unique name.
Unlike partitioned coupling, the retrieved coupled equations
are not directly solved but instead inserted into the block
matrix system. They are first appended into the dynamic
list of equations egns which holds pointers to the equa-
tion matrices for all regions. The new operator dynamically
allocates memory for each instance of a coupled equation
appended to the list. Finally, the equations are solved in the
block matrix system simultaneously in an implicit manner
using the linear equation solver specified by the solution dic-
tionary of the first region’s mesh for the given coupled field
name.

5.3 Pressure-velocity coupling

The pressure—velocity coupling is solved in a semi-implicit
manner using the PIMPLE algorithm which is a combination

of the well known Pressure-Implicit with Splitting of Oper-
ators (PISO) algorithm [61] and a more consistent version
of the Semi-Implicit Method for Pressure-Linked Equa-
tions (SIMPLE) algorithm [62]. This involves a predictor-
corrector procedure in which a tentative solution for the
velocity is obtained in the predictor step while the pressure
is updated in the corrector step. The standard implementa-
tions of these algorithms in OpenFOAM are refactored and
integrated into the class structure of multiRegionFoam
(see Fig. 2). The code is implemented in the icoFluid
region type class which needs to be specified by the user
inthemultiRegionProperties dictionary (Listing 3).
The code block for each of the steps of the PIMPLE algo-
rithm are defined in the momentumPredictor and the
pressureCorrector functions. These are called in the
regionTypeList class by utilising the concept of oper-
ator overloading in C++, as illustrated in Listing 10. The
solvePIMPLE () function represents the skeleton of the
PIMPLE algorithm which outlines the outer and the inner
loops and the execution across regions. In order to ensure the
consistency of the pressure—velocity coupling, each step of
the solution procedure is performed for all regions before the
next step is carried out.
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Listing9 assembleAndSolveCoupledMatrix of multiRegionSystem

template< template<class> class M,

class T>

1

2 void Foam::multiRegionSystem::assembleAndSolveCoupledMatrix
34

4 PtrList <GeometricField<T, fvPatch Field, volMesh> >& flds,
5 word fldName

6 ) const

T {

8 // - Get number of monolitic coupled regions per field name
9 / / and return if there are none

10 //

11

12 //- Initialise block matrix system

3 // with number of monolitic coupled regions

14 coupledFvMatrix<T> coupledEgns (nEgns) ;

15

16 // - Assemble all matrices one-by-one and combine them into the
17 // block matrix system

18 label nReg = 0;

19 DynamicList <M<T>* > eqgns;
20 forAll (regions_ (), regl)

21 {

22 //- Getting non const access to current region
23 regionType& rg = const_cast<regionType&>(regions_ () [regIl]);
24

25 //- Unigue name of equation system
26 word matrixSystemName =
2 (

28 fldName

29 + rg.mesh () .name () + "Mesh"

30 + rg.regionTypeName () + "Type"

31 + "Egn"

32 ) ;

33

34 //- Get equation from region

35 M<T>& eqn = rg.getCoupledEgn<M,T>(matrixSystemName) ;
3

37 //- Insert matrix into block matrix system

38 egns . append (new M<T>(eqgn)) ;

39 coupledEgns .set (nReg, eqgns[nRegl):;

40 nReg++;

41 }

42

43 //- Solve block matrix system

44 coupledEgns .solve

45 (

46 regions_ () [0] .mesh().solutionDict ().solver (fl1dName + "coupled")
47 ) ;

48

49 // Post solve actions for monolithic coupled fields

50 //

501 %

5.4 Generic boundary conditions for partitioned
coupling

As described in Sect. 3, the solution of the multi-region sys-
temusing a partitioned approach is achieved via the Dirichlet-
Neumann-Algorithm. This requires specifying boundary
conditions on the connecting boundaries of the sub-regions
where a Dirichlet condition is applied on one side while
a Neumann condition is applied on the other one. For
this purpose, a set of generic boundary conditions are
devised exploiting the fact that these conditions have a
general mathematical formulation (Sect. 2). Fig. 4 shows
how the implementation is integrated into the structure of
multiRegionFoam.
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The generic boundary conditions are derived from the
standard OpenFOAM Dirichlet and Neumann boundary
conditions, namely fixedvValueFvPatchField and
fixedGradientFvPatchField. This results in two
classes genericRegionCoupledValueFvPatch-
FieldandgenericRegionCoupledFluxFvPatch-
Field which implement the interfacial jump and transmis-
sion conditions, respectively. Utilising templates, these con-
ditions are made agnostic to the actual physics that the jumps
and fluxes originate from and rather receive this information
from the relevant specialisation of regionInterface-
Types. The derived coupled boundary conditions also inherit
from the interfaceToInterfaceCoupleManager
class which gives access to the neighbour region data,
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Fig.4 General structure of the
generic coupled boundary
condition
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such as the mesh and patch names, and has access to the
regionInterfaceType on which the coupled bound-
ary condition is applied. For their use in the partitioned
interface coupling solution approach they are also able to
utilize different convergence acceleration methods includ-
ing, besides others, the Aitken relaxation method [55] and
the Interface Quasi-Newton Inverse Least-Squares method
(IQN-ILS) [63].

5.5 Parallelisation

In OpenFOAM, parallelization is generally implemented
through the domain decomposition method. This typically
requires dividing the solution domain into sub-regions in
order for each of them to be solved on separate CPU cores.
The standard Message Passing Interface (MPI) [64] is then

1
1
1
1
1
1
1
regionCoupledVelocityValue :
1
1
1
1
1
1
1
1

utilised to establish communication between the proces-
sors. Although the proposed multi-region framework already
requires subdivision of the computational mesh into multiple
domains, these sub-domains are not convenient for efficient
parallel computing, especially because a unified framework
is sought. For example, if partitioned coupling is selected,
then only one region will be solved at a time, or if the
regions vary significantly in size in some scenarios, this
will lead to an unbalanced distribution of load over the pro-
cessors. Instead, all regions are decomposed into the same
number of sub-domains but not necessarily using the same
decomposition method. Fig. 5 depicts an example of two
interface coupled regions representing gas bubble and liquid
where both phases are decomposed into two sub-domains
but one is decomposed vertically while the other is decom-
posed horizontally. This causes the two patches, that form
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Fig.5 Local (blue, green) and
global (red, orange) poly
patches of a gas and a liquid
region decomposition [51]

Fig.6 Directory structure for

O testSuite

" 4
P

@)
J8isinig Ty Sy

the testing framework 0 baseCase
I T T (Listing 12)
I (Listing 12)
L[ test_template. Py .« oeeeernerneeneerneenernaereenaenaannnns (Listing 11)
(O tests

| monolithic

O pytest.ini
L[ conftest Py

L [ run

_D clean

the two sides of the interface, to be non-entirely overlap-
ping (cf. blue and green lines in Fig. 5) which makes the
fields mapping between the two sides impossible. To over-
come this situation, the global face zone approach, introduced
by Cardiff et al. [31] and Tukovi¢ et al. [65], is used. It
suggests that each processor is given access to the entire
interface patch via the so-called globalPolyPatch (red
and orange lines in Fig. 5) which resembles the union of the
non-overlapping boundaries, holding copies of their data and
allowing for mapping the fields from one global patch to the
other. These global patches also facilitate the implementation
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| genCases.py ......
[ getResults.py ...

(O Pr_0.01_Re_500_k_1
(O Pr_0.01_Re_500_k_5

LD partitioned_Aitken
O Pr_0.01_Re_500_k_1

............................................. (Listing 15)
............................................. (Listing 14)

of the coupled boundary conditions. To adapt this concept in
multiRegionFoam, the globalPolyPatch is incor-
porated into the regionInterfaceType class, i.e. it
includes a pair of the local interface patches as well as pair
of global patches.

6 Automated test harness

In order to validate and evaluate different aspects of
multiRegionFoam, an automated test framework is
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Listing 10 solvePIMPLE of regionTypeList

void Foam::regionTypelList::solvePIMPLE ()

1

2 {

3 /- Get the number of outer correctors that should be performed
4 during the PIMPLE procedure (We do not have a top-level
5 mesh. Construct fvSolution for the runTime instead.)

6 fvSolution solutionDict (runTime_);

7 const dictionary& pimple = solutionDict.subDict ("PIMPLE");
8 int nOuterCorr (readInt (pimple.lookup ("nOuterCorrectors")));
9

10 //- PIMPLE loop

11 for (int oCorr=0; oCorr<nOuterCorr; oCorr++)

12 {

13 forAll (*this, 1)

14 {

15 this->operator [] (i) .prePredictor () ;

16 }

17

18 forAall (*this, 1)

19 {

20 this->operator[] (i) .momentumPredictor () ;

21 }

22

23 forAall (*this, 1)

24 {

25 this->operator[](1i).pressureCorrector () ;

26 }

2 }

28 %

Listing 11 Test case completion check using oftest and pytest libraries

I def test_completed(run_reset_case):
2 log = oftest.path_log ()
3 assert oftest.case_status(log) ==

"completed’

Listing 12 oftest requirement for Allrun & Allclean scripts

1
2 #

cd ${0%/*} || exit 1 # Run from this directory

deployed. The main goal is to automatically run a suite of test
cases and report on the results. This includes testing whether
each simulation was successfully executed and completed
as well as checking the obtained results against some crite-
ria, such as a reference solution or an error threshold. The
testing framework is also useful for parameter studies, con-
tinuous integration, and testing of further developments or
new features. The tests are performed using Python while
utilising the of test library [66] which is a test framework
for OpenFOAM cases available as open source under the
GPLvV3 License. It makes use of the pytest library [67]
and pytest-xdist [68] plugin to run the tests across
multiple CPUs. The implementation is illustrated for the
flow over a heated plate scenario (see Sect. 7.1). The main
study investigates the interface-coupling approach (mono-
lithic/partitioned), where the latter could be performed with
different acceleration methods (cf. Sect. 3). Each coupling
approach entails a sub-study of the parameters Re, Pr, and k
which correspond to the Reynolds number, Prandtl number,

and thermal conductivity ratio, respectively. The directory
structure of the test suite is depicted in Fig. 6, emphasiz-
ing the necessary files for the test setup and execution. An
overview of these files and the testing process is described
below:

e A baseCase folder is required which, in addition
to the standard OpenFOAM case files, contains the
test_template.py script provided in Listing 11.
In this script the test_completed function adds the
case to the pool of tests, returns the status of completion
(passed/failed) in the terminal, and leaves the simulation
log file in the specified path. The run_reset_case
module from oftest library is responsible for running
and cleaning the case according to the standard A11run
and Allclean files. These must include the require-
ment in Listing 12.
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Listing 13 run script to automate the execution of all the testing steps

1 ./clean
2 python genCases.py
3 pytest --no-clean-up -n auto tests

&~

python getResults.py

e The tests folderincludes the variations of the base case
which are generated using any preferred tool, such as
PyFoam [69] or its additional module CaseFOAM [70].
The latter is particularly advantageous when the study
involves subcases associated with each of the primary
ones. Thus, it is used in this scenario as illustrated in List-
ing 15, which shows the content of the genCases.py
script.

e The results, typically generated from a post processing
utility, are accessed and analyzed in the getResults.
py file. A snippet is provided in Listing 14 where the
CaseFOAM built-in function positional_fieldis
used to retrieve and combine the results from all tests
into a single data structure. This can be further analyzed
using standard Python libraries for data management and
visualisation.

e Thefilespytest.iniand conftest.py areconfig-
uration files for global settings of the test execution, as
well as custom options specifying, for example, the num-
ber of time steps or whether the test cases are cleaned or
kept after running.

e With the required files in place and a sourced Open-
FOAM, the run script (Listing 13) automates the execu-
tion of all the steps. The option -n auto indicates using
as many processors as available, while -no-clean-up
specifies not to clean the case after run.

7 Examples of usage

A collection of test cases is presented in this section to
showcase the usage of multiRegionFoam, including val-
idation studies where analytical or experimental results are
available in the literature, in addition to advanced industrial
applications.

7.1 Forced convection heat transfer from a flat plate

In this case, an incompressible laminar flow over a flat plate
is considered, following the description from Vynnycky et
al. [71]. Their numerical results as well as their derived ref-
erence solution, using boundary-layer theory, are used for
validation. A schematic sketch of the case setup is shown in
Fig. 7. A fluid of uniform temperature T, and velocity U
flows over a plate of finite thickness that is held at constant
temperature 75 > T.
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Table 2 Boundary conditions for the flow over a heated plate

Boundary Thermal Velocity
Fluid

inlet 300K 100" m/s
bottom coupled 0007 m/s
slip-bottom (before the plate) zeroGradient zeroGradient
noSlip-bottom (after the plate) zeroGradient 000" m/s
Outlet, top zeroGradient zeroGradient
Solid

top coupled -

bottom 310K -

left, right zeroGradient -

Table 4 Parameters for the flow over a heated plate simulation

Re Pr k

500 0.01 1,5,20
0000 0.01 1,5,20
500 100 1,5,20

Table 5 Thermophysical properties of the fluid and solid for the flow
over a heated plate

Property Symbol  Unit Solid  Fluid
Density P kg/m? 1 1

Dynamic viscosity nw kg/ms - prUxL/Re
Thermal conductivity & W/m-K 100 ks /k
Specific heat capacity ¢ J/kg-K 100 kyPr/u

The computational mesh is depicted in Fig. 8. It covers
the fluid and solid regions, both consisting of hexahedral
elements. In order to capture the thermal and viscous bound-
ary layers in the fluid, mesh grading is used to obtain
a finer mesh at the fluid—solid interface and the leading
edge of the plate. The two regions are coupled at the
fluid—solid interface with a heatTransferInterface
regionInterfaceType which consists of the meshes
boundary patches, namely the “bottom” patch from the fluid
and the “top” patch from the solid. Table 3 shows the thermal
coupled boundary conditions used inmultiRegionFoam.
A Dirichlet condition is applied at the fluid side of the fluid—
solid interface while a Neumann condition is specified at the
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Listing 14 Snippet of getResults.py to retrieve the tests results using CaseFOAM

# Specify baseCaseDir and caseStructure as in genCases.py (cf. Listing 15)
# Specify directories in the postProcessing folder to retrieve data from
TdataDir = ’‘sets/fluid’

Tdata = casefoam.positional_field (TdataDir,

caseStructure,

'DataFile_T.xy',
baseCaseDir)

10,

# Rename the columns
Tdata.columns = ['x’,’'T’, ' 'coupling method’, "'parameters ']

NelleIEN No WU, BN RO I S

# Calculate a new
10 Tdatal[’theta’] =

column (theta) from the temperature
(Tdata[’'T’]-300)/(310-300)

Table 3 Coupled thermal boundary conditions for the flow over a heated plate simulation

Region Boundary Partitioned Monolithic
Fluid bottom regionCoupledTemperatureJump monolithicTemperature
Solid top regionCoupledHeatFlux monolithicTemperature

Fig.7 Computational domain
and boundary conditions for the
flow over a heated plate

Uso :ilny844ﬂ
Too =300K —

y T _ ak/.
L, oy =0Em fluid
< -
7 solid a—=0.25m
o = 0K/s x © G = 0%/m
‘ L=1m

solid side. The generic jump and flux boundary conditions
(Sect. 5.4) are used for partitioned coupling while the region
couple patch field monolithicTemperature isused for
monolithic coupling. The rest of the boundary conditions are
summarized in Table 2. The authors of [71] investigated sev-

TR
IlIlIIIIIIIIIIJIIIIIIIIIIHIH

Fig.8 Meshes for the flow over
a heated plate simulation

Table 6 Numerical schemes for the flow over a heated plate simulation

LA
g0

eral factors affecting heat transfer, including the aspect ratio
of the plate A = a/L, the Reynolds number, Re, the Prandtl
number, Pr, and the thermal conductivity ratio, k = k;/k,
between the plate and the fluid. In this study, the aspect ratio
is fixed at A = 0.25, while different combinations of the

T

Scheme Setting

Time scheme ddtScheme backward

Finite volume schemes gradScheme leastSquares
divScheme div(phi,U) Gauss upwind
divScheme div(phi,T) Gauss linearUpwind Gauss linear
laplacianScheme Gauss linear corrected
interpolationScheme linear
snGradScheme corrected
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Listing 15 genCases . py script to generate the parameter study with CaseFOAM

1 # Specify the base case name and a directory name for the tests

2 baseCase = ’'baseCase’

3 baseCaseDir = ’'tests’

4

5 # Specify the names of the test

6 cases caseStructure = [# main cases

7 ["monolithic’,’ partitioned_Aitken'],

8 # subcases for each of the main cases

9 ["Pr_0.01_Re_500_%k_1", "Pr_0.01_Re_500_k_5",

10 "Pr_0.01_Re_500_k_20’, 'Pr_0.01_Re_10000_k_1",
11 "Pr_0.01_Re_10000_k_5’, "Pr_0.01_Re_10000_k_20",
12 "Pr_100_Re_500_k_1", "Pr_100_Re_500_k_5",

13 "Pr_100_Re_500_k_20"11]

14

15 # Partitioned coupling with acceleration type and init. relaxation factor
16 def p_coupled(accType, relaxValue):

17 return {

18 '0/fluid/orig/partitioned/T': {’'boundaryField’:

19 {’interface’:

20 {’accType’': accType,

21 ‘relax’ : relaxValuel}}},
22 "#!bash’: ’'cp baseCase/AllrunP tests/baseCase/Allrun’

23 }

24

25 # Monolithic coupling

26 m_coupled = {’#!bash’: ’‘cp baseCase/AllrunM tests/baseCase/Allrun’}
27

28 # Parameters
29 def update_params (Pr, Re, k):

30 L = 1.0

31 rhof = 1.0

32 ks = 100.0

33 Uinf = 1.0

34 mu = rhof*Uinf*L/int (Re)

35 kf = ks/k

36 cp = kf*Pr/mu

37

38 return {

39 ‘constant/fluid/transport Properties’: {

40 ‘mu’: ‘mu [ 1 -1 -1 0 0 0 0 ] %s’ %mu,
41 ‘cp’: ‘'cp [ 02 -2 -1 0 0 0 ] %s’ %cp,
42 'k’: 'k [1 1 -3 -1 0 0 0] %s’ %kf},

43 '0/fluid/orig/monolithic/k’: {’internalField’: 'uniform %s’ %$kf}
44 }

45

46 # Define input parameters for each of the cases listed in "caseStructure"
47 caseData = {

48 ‘monolithic’ : m_coupled,

49 'partitioned_Aitken_0.75’: p_coupled(’aitken’, 0.75"),
50 "Pr_0.01_Re_500_k_1’: update_params (0.01, 500, 1)

51 "Pr_0.01_Re_500_k_5"':update_params (0.01, 500, 5),

52 "Pr_0.01_Re_500_k_20': update_params (0.01, 500, 20),

53 "Pr_0.01_Re_10000_k_1': update_params (0.01, 10000, 1),
54 "Pr_0.01_Re_10000_k_5': update_params (0.01, 10000, 5),
55 "Pr_0.01_Re_10000_k_20’: update_params (0.01, 10000, 20),
56 "Pr_100_Re_500_k_1': update_params (100, 500, 1)

57 "Pr_100_Re_500_k_5': update_params (100, 500, 5),

58 "Pr_100_Re_500_k_20': update_params (100, 500, 20)

59 3

60

61 casefoam.mkCases (baseCase, caseStructure, caseData,

62 hierarchy='tree’, writeDir=baseCaseDir)
other parameters are considered as specified in Table 4; the The results are validated by computing the dimensionless

thermophysical properties of the fluid and solid are givenin  conjugate boundary temperature, 6, defined as
Table 5. The simulations are run for 10 s using a time step

size of At = 0.01 s. The numerical schemes used are listed 0 = I —Tw
in Table 6 according to OpenFOAM equivalent terms [72]. Ts — T

s
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1
fotpmmpmp—pe - k=20
g k=5
---= Vynnycky-numerical
—— Vynnycky-analytical
@ + Monolithic
__q,»—@———e--€>*-@‘“‘9‘"®‘*"‘” k=1 O Partitioned-Aitken
0.2 R
.2 e E
e
0 T T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X

(b) Dimensionless conjugate boundary temperature 6 over non-dimensional distance
z for Pr = 0.01 and Re = 10*

1
0.8 —
06— e e - ¢ k=20 —— Vynnycky-analytical
R S il ---= Vynnycky-numerical
® + Monolithic
Sl s o Partitioned-Aitken
> o -&-& & & ¢ k=5
02 H T
“7 bttt k=1
0 == T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x

(c) Dimensionless conjugate boundary temperature § over non-dimensional distance z
for Pr = 100 and Re = 500

0.5
»
£
o 0.4
£
=]
£ B Partitioned-Aitken
[=% o
3 mmm  Monolithic
S 0.2
[
o
° 0.1
g
<
0 -

Pr=0.01 Pr=0.01 Pr=0.01 Pr=0.01 Pr=0.01 Pr=0.01 Pr=100 Pr=100 Pr=100

Re=500 Re=500 Re=500 Re=10% Re=10% Re=10% Re=500 Re=500 Re=500

k=1 k=5 k=20 k=1 k=5 k=20 k=1 k=5 k=20

Case
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Fig.9 Simulation results for different Pr, Re, and k values
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Fig. 10 Geometry for the heat
exchanger

Inner fluid inlet
T=283K—
U =0.002m/s —

Fig. 11 Meshes for the heat
exchanger simulation

LT
1Efsls

TTT
1s[=ls]
i@ EE!

283 300 320 340 353
T

Fig. 12 Final temperature distribution for the heat exchanger simula-
tion

where T is the temperature along the fluid—solid inter-
face. Fig. 9 summarizes the results of multiRegionFoam
using monolithic and partitioned coupling. The latter was
performed with Aitken’s relaxation procedure to accelerate
the convergence. Both approaches result in good agreement
with the numerical and analytical results from Vynnycky et
al. [71]. The deviations from the reference solutions in Fig. 9¢c
are due to the fact that the solutions for the case Pr > 1 were
derived under the constant-flux approximation assumption,
which does not provide an accurate description of the flow as
k increases. Fig. 9d reports the average time spent on the cou-
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pling during one time step using partitioned and monolithic
approaches. In comparison to partitioned coupling, mono-
lithic coupling exhibits either the same or reduced average
coupling time across all cases. However, a notable distinction
is observed when Pr is equal to 100. Notably, for monolithic
coupling, the time remains almost constant regardless of the
simulated parameters.

7.2 Shell-and-tube heat exchanger

The next example demonstrates an industrial application
where conjugate heat transfer takes place. Fig. 10 shows
a shell-and-tube heat exchanger. This particular design
includes a shell, tubes, and baffles. Heat transfer occurs
between two fluids; an inner fluid, flowing at lower tem-
perature inside the tubes, and an outer fluid, flowing within
the shell, but outside the tubes. The solid walls of the tubes
ensure that the two fluids do not mix while the baffles help
directing the flow on the shell side.

The case setup is based on a case prepared by SimScale
GmbH that is publicly available at [73]. The computational
mesh is shown in Fig. 11 and the boundary conditions are
summarized in Table 7. The coupled boundary conditions
are as in the previous case in Table 3. The material properties
of the solid and fluid regions are shown in Table 8 where the
inner and the outer fluids both have the same properties.

The simulations are run for 500 s using a time step size
of At = 1 s. The numerical schemes used are listed in
Table 9. Fig. 12 shows the results of the heat exchanger
simulation using monolithic coupling. It depicts the distri-
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Table 7 Boundary conditions

for the heat exchanger Boundary Thermal Velocity
Inner fluid
inlet 283K 0.00200)" m/s
inner_to_solid coupled oo’ m/s
outlet, walls zeroGradient zeroGradient

Outer fluid
inlet
outer_to_solid
outlet, walls
Solid
solid_to_inner

solid_to_outer

353K

coupled

00.00370)T m/s
©00)" m/s
zeroGradient zeroGradient
coupled -

coupled -

walls zeroGradient -
;::pl)zliiez};?t?:g};ﬁlzilci solid Property Symbol Unit Fluid Solid
for the heat exchanger case Density kg/m? 1027 8960
Thermal conductivity W/m-K 0.668 401
Dynamic viscosity kg/ms 3.645¢4 -
Specific heat capacity Cp J/kg-K 4195 385

FluidA

space

interfaceShadow interface

Fig. 13 Sketch of the computational domain for the rising bubble sim-
ulation

bution of the temperature at t = 30 s where no significant
change in the temperature is observed afterwards. The com-
puted field values using the partitioned approach are not
remarkably different, but it takes longer to reach a steady
state (around t = 500 s).

7.3 Air bubble rising in water

This case demonstrates the usage of multiRegionFoam
to implement a moving mesh ALE interface tracking method,
originally developed by Hirt et al. [74] and originally imple-
mented into OpenFOAM by Tukovi¢ and Jasak [75]. A single
air bubble rising in still pure water is considered, following
the setup of Duineveld [76] and using his experimental data
for validation. The bubble assumes an initial spherical shape
with radius rp, and accelerates from zero velocity at release
to its terminal rise velocity. As shown in Fig. 13, the com-
putational domain has two regions comprising the bubble
and the outer medium which is represented by a sphere of
radius 20r;. The meshes consist of polyhedral cells for the
bubble and prismatic cells with a polyhedral base for the
water, as shown in Fig. 14. The bubble mesh is bounded
by the “interfaceShadow” patch which coincides with the
“interface” patch from the liquid side forming the bubble-
liquid interface where the coupled boundary conditions are
imposed according to Table 10.

The study considered bubbles with equivalent initial radii
of r, = 0.5,0.6,0.7, 0.8, and 0.9 mm. The physical prop-
erties of the bubble and the surrounding liquid are reported
in Table 11. The simulations run with a time step size of
At = 107 s until the terminal rise velocities are observed.
The numerical schemes used are listed in Table 12. The
results are compared with the experimental data obtained
by Duineveld [76], as well as the simulation results from
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Table 9 Numerical schemes for
the heat exchanger

Scheme Setting

Time scheme ddtScheme steadyState

Finite volume schemes gradScheme Gauss linear
gradScheme grad(U) cellLimited Gauss linear 1
divScheme div(phi,U) Gauss upwind
divScheme div(phi,T) Gauss upwind
laplacianScheme Gauss linear corrected
interpolationScheme linear
snGradScheme corrected

o
R
0

X
o

SO
o8
X
S

o’

>
“‘“:\$
RN

o0
g8
=

Fig. 14 Mesh for the rising bubble simulation

Table 10 Boundary conditions

for the rising bubble simulation Boundary

Pressure

Velocity

FluidA
interface
space
FluidB

interfaceShadow

regionCoupledPressure Value

zeroGradient

regionCoupledPressureFlux

regionCoupled VelocityFlux
inletOutlet

regionCoupled Velocity Value

Tukovi¢ and Jasak [75]. Fig. 15 depicts the rise velocity of the
bubble with radius r, = 0.5 mm over time until the expected
terminal rise velocity value is attained. Fig. 16 displays the
terminal rise velocity for a set of larger bubbles. The high
level of agreement between the simulation results and the
available data from the literature indicates that the present

work has successfully addressed any potential robustness
issues related to significant mesh deformation. Fig. 17 depicts
the terminal state of the rising bubble with , = 0.9 mm.

Table 11 Physical properties

for the rising bubble simulation Property FluidB (air) FluidA (water)
Density 1.205 kg/m> 998.3 kg/m>
Dynamic viscosity 1.82- 1072 kg/ms 1073 kg/ms

Surface tension coefficient

0.0727 N/m
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Table 12 Numerical schemes

h -
for the rising bubble simulation Scheme Setting
Time scheme ddtScheme backward
Finite volume schemes gradScheme Gauss linear
divScheme div(phi,U) Gauss GammaVDC 0.5
divScheme div(phi,T) Gauss linearUpwind Gauss linear
laplacianScheme Gauss linear corrected
interpolationScheme linear
snGradScheme corrected
Finite area schemes gradScheme Gauss linear
divScheme Gauss linear
interpolationScheme linear
Fig.15 The rise velocity over 0.30
time for a bubble with radius
rp = 0.5 mm compared with the 025 o T T
experiment results N
IS 0.20
£
> 0.15
kY]
o
E 0.10 —
0.05 — —— Numerical
---- Experimental
0 T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Timeins
Fig. 16 Comparison of the 0.4
terminal rise velocity for
00 0 000000 O o
varying equivalent bubble radii 00@O $oo * *
w 03 0@®O0
€ 0®
£ ISl
> 02 - o
i
]
a
> 0.1 — o Duineveld (Experiment)
' e Present work (Simulation)
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7.4 Channel flow around an elastic object

The moving mesh ALE interface tracking method for mul-
tiphase flow is modified to extend the applicability for
fluid—structure interaction (FSI). A frequently examined val-
idation case involves laminar incompressible flow around
a cylinder with an elastic plate, as detailed by Hron and
Turek [77]. The configuration, illustrated in Fig. 18, com-
prises a horizontal channel containing a cylinder with an
elastic plate attached to its right side.

From the left side of the channel, the fluid flows with a
parabolic velocity profile with a maximum inflow velocity

Radius in mm

of 1.5 U, where U is the mean inflow velocity. The tests
typically encompass three cases: FSI1, FSI2, and FSI3, each
varying in the inflow speed, resulting in two outcomes—
steady for FSI1 and unsteady periodic solutions for FSI2 and
FSI3. The latter is considered in this discussion. The mean
inflow velocity along with other fluid and solid properties are
listed in Table 13. The boundary conditions are summarized
in Table 14.

Three cases of mesh refinement levels are considered. The
one depicted in Fig. 18 is refered to as the coarse mesh.
It has a total of 630 cells for the solid structure against
5336 cells for the fluid. Two more variations are consid-
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Table 13 Fluid and solid properties for FSI3 case

Property Symbol Unit Solid Fluid
Kinematic viscosity v/ m?/s - 1073
Mean inflow velocity U m/s - 2
Density p kg/m> 103 103
Young’s modulus E* kg/ms? 5.6-10° -
Poisson ratio v¥ - 0.4 -

Fig.17 Velocity field
visualisation for the rising
bubble with r,, = 0.9

I |
0.0 0.2 0.4 0.6
Velocity in m/s

Fig. 18 Computational domain
for FSI3 case with zoom on the
structure part

y €(0.2,0.2)
T 47 =005m A(0.6,02)8]h = 0.02m
* 1=0.35m
x1072 0 x1073
2 -
£ £ —27
S 0 =
> X
3 3 —4 -
_2 .
-4 T T T -6 T T T 1
9 9.5 10 10.5 11 9 9.5 10 10.5 11
Time ins Time ins

Fig. 19 x and y displacement of point A obtained from the finest mesh
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|
1.5e+06

6.9e+06

Fig.20 The velocity and the pressure fields in the fluid along with the displacement and the stress fields in the structure domain

Table 14 Boundary conditions

for the FSI3 case Boundary Velocity Kinematic Pressure Traction

Fluid

interfaceShadow movingWallVelocity zeroGradient -

inlet parabolicVelocity zeroGradient -

outlet zeroGradient 0m?2/s? -

cylinder, bottom, top ©00)" m/s zeroGradient -

front & back planes empty empty -

Solid

Interface - - regionCoupledTraction

Table 15 Comparison of the Displacements of point A in the form
mean + amplitude [frequency]

Case uy Uy

Coarse 1.67 £ 28.55(5.9] —1.99 + 1.84[11.5]

ered which affect the fluid domain only, namely medium and
fine meshes with 21,344, and 85,376 cells, respectively. The
coarse mesh is generated using the blockMesh utility [78]
in OpenFOAM. The medium and fine meshes are obtained
using the refineMesh utility [79] and employing the
extrudeMesh utility [78] to preserve the two-dimensional
mesh. Different time steps, i.e., At = 1- 10735s,7.5-107%s,
5.107* s are used for the different levels of refinement,
coarse, medium, and fine, respectively. The simulations are

Medium 1.53 £33.41[5.3] —2.66 £+ 2.45[10.9]
Fine 1.47 £ 34.37[5.3] —2.67 £2.53[10.9]
Benchmark 1.48 £+ 34.35[5.3] —2.69 £+ 2.53[10.9]
Table 16 Governing equations K

for the single-phase PEM fuel Equation type

cell Continuity
Momentum
Species

Nernst potential

Overpotential

Electrical potential
Ionic potential

Dissolved water

Energy equation

Fluid regions

V.-(pU) =R

V.- (pUU) = -Vp+ V- (uVU) + pg + Sparcy
V- (pUY) = V- (o DfVY) + Ri

—(H;—T S;)w—R, T wlnp;
_ ( g
ENernst,ae = § i - le -

&
. . C; —ae2F
Jae = lae,O[] Ireac,i (Cr;f> exp ( ‘};ngde>

T () o (5722)
Electric/ionic regions
V- (0gV®E) = Jg
V- (o1Vor) = Ji
V(ina) = £V - (DEFV) + By
Global region
pc,U-VT =V - (k'VT) + 0

For details refer to [82]
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Global region

interconnect .
interconnect

air fluid )
air

GDL

membrane electrolyte

GDL
fuel fluid

fuel

interconnect interconnect

(a)

Fig.21 General modeling approach of the PEM fuel cell

carried out until a periodic solution is reached. From the last
period of oscillations, the mean value is calculated as the
average of the minimum and maximum values, while the
amplitude is their difference from the mean. The frequency
is computed using fast Fourier transforms. Fig. 19 shows
the x and y displacement of point A, denoted u, and u,,
while Fig. 20 captures the simulation at the instant in time
when point A reaches the maximum position. For quanti-
tative comparison, the displacements are given in Table 15
in the same format of the benchmark results, i.e., mean =+
amplitude [frequency].The mesh sensitivity analy-
sis showed that as the resolution of the fluid mesh increases,
the computed displacements remarkably converge towards
and get very close to the benchmark values.

7.5 Polymer electrolyte fuel cell

The possibility of simulating complex multi-physical sys-
tems within the multiRegionFoam framework will be
demonstrated in the following example, namely a single poly-
mer electrolyte fuel cell (PEMFC) channel assembly. A fuel
cell is a flow-through device that converts chemical energy
into electricity and heat. The general structure and the physi-
cal components of a typical PEMFC are depicted in Fig. 21a.

Beginning with the outer components, the cell consists of
two end plates, or interconnects, to which the external load
is connected. The reactants/products are conveyed through
the air and fuel channels and transported via porous gas dif-
fusion layers (GDLs) to the catalyst layers (CLs), which are
represented here as infinitely thin surfaces. Besides effecting
gas transport to the catalyst layers, the electrically conducting
GDLs also facilitate electrical contact between the membrane
electrode assembly and the end plates (interconnects).
The CLs are located between the ionically conducting mem-
brane and the GDLs. On the cathode (CL at the air side)
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Fig.22 Mesh and simulation domain

oxygen is reduced and water is produced, whereas on the
anode side (CL at the fuel side) hydrogen is oxidized and
protons are transported through the ionic conductive mem-
brane to the cathode. Fig. 21b shows the general structure and
decomposition of the modeling and computational domains.
The design of the single-phase PEMFC implemented here in
multiRegionFoam is based on developments described
in [80-83] which have been further extended to incorporate
interface coupling. Since the present study of a PEM fuel
cell serves primarily as a showcase for the capabilities of
multiRegionFoam, a detailed explanation of the under-
lying physics is not provided here; Only the fundamentals
and the differences from the previous work (to which the
reader is referred) associated with surface coupling of the
electric potential field will be expanded in detail below.
Table 16 lists the governing equations for each region,
depicted in Fig. 21, in a compact form. For a comprehen-
sive overview on how the equations are used and solved,
the interested reader is referred to the original publication
of the openFuelCell2 software suit [82]. The novice
reader can find an elementary introduction to modeling a
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Table 17 Boundary conditions for the PEM fuel cell

Boundary Thermal Velocity

Species mass fraction Potential

Air

airInlet -
airOutlet - zeroGrad.
airTolnterconnect - noSlip
airToElectrolyte - noSlip
airSides -
Fuel

fuellnlet -

fuelOutlet -

noSlip

zeroGrad.
fuelToInterconnect - noSlip
fuelToElectrolyte -
fuelSides -
@

electrolyteSides - -

noSlip
noSlip

electrolyteToAir - -
electrolyteToFuel - -
g A

anodeSides - -
interconnectDown - -
@i AToElectrolyte - -
Pk

cathodeSides - -
interconnectUp - -
o E.c ToElectrolyte - -
Global region

363.15K -
zeroGrad -
363.15K -

zeroGrad. -

airnlet
airOutlet
fuellnlet
fuelOutlet
zeroGrad. -
363.15K -
363.15K -

interconnectSides
interconnectUp

interconnectDown

(0.65500) Tm/s

(0.16100) Tm/s

Yo2 = 0.156,Yyo = 0.35 -
zeroGrad. -
zeroGrad. -
zeroGrad. -

zeroGrad. -

Y2 = 0.65, Yo = 0.35 -
zeroGrad. -
zeroGrad. -
zeroGrad. -

zeroGrad. -

_ zeroGrad.
- coupled flux
- coupled jump

- zeroGrad.
- ov

- coupled flux

- zeroGrad.
- adjustedPotential
- coupled jump

simple electrode with OpenFOAM in [84]. Following the
methodology of openFuelCell2,the subdomains defined
as different region types are solid, fluid and electric/ionic
region. In the fluid (air and fuel) regions, both the mod-
ified Navier-Stokes equations, which take into account the
porous GDLs via Darcy’s law, and the species mass fraction
equations are solved. Oxygen is consumed and water vapor
is produced at the cathode whereas hydrogen is consumed
at the anode in accordance with Faraday’s law of electroly-
sis. These are accounted-for by corresponding source terms
on the right-hand side of the species and continuity equa-
tions, see Table 16. The gas mixtures are assumed to be ideal
gases. Diffusion is characterized by Fick’s law, taking into
account the presence of the porous layers; for further details

the reader is referred to [85]. On the cathode side, the inflow-
ing gas mixture is composed of oxygen, nitrogen and water
vapor, whereas on the anode side, the influent is made up
of hydrogen and water vapor. The constraint that the sum of
all mass fractions equals unity must be fulfilled at all times.
Humidification of the gas mixtures is necessary to ensure that
the ionic conductivity of the membrane, which is strongly
dependent on water content, is sufficient. At the same time,
flooding must be avoided. Within the electric/ionic conduct-
ing regions, Fig. 21c, the equations for the electronic potential
at the cathode and anode, (P c, Pg, a) and the ionic poten-
tial (®y) are solved using the partitioned coupling approach.
The open cell voltage is described by a Nernst equation and
the activation overpotential, i.e., the change in voltage result-
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Fig.23 Velocity and species

Velocity in (m/s)
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5.2e-02 0.08

_——

ing from the finite-rate reaction, is expressed in terms of a
Butler-Volmer equation, Table 16, [86, 87].

The cell operates in galvanostatic (as opposed to poten-
tiostatic) mode, i.e., a constant current is applied. Therefore,
the potential field specified at the upper surface of ®g c
is adjusted at every iteration until the prescribed mean
current density is reached. This is indicated by the entry
adjustedPotential for the boundary interconnectUp
in Table 17. The calculation of the temperature within each
component of the PEM fuel cell takes place on the global
region, Fig. 21a, by mapping the required quantities such as
densities and specific heat capacities etc. onto this mesh. A
further adaptation of the source code, whereby the energy
equation on all the individual regions are solved using the
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coupled boundary conditions as shown in the previous sec-
tions, is also possible in the framework here. Fig. 22 shows
the dimensions of the single channel and selected boundary
conditions taken from Table 17.

The cell under consideration consists of a single channel
with a length of 20mm, where the fluid channels have an
area of 1 x 1 mm. The simulation itself is steady state and
the velocity used for the boundary condition at the fluid inlets
is given by a constant stoichiometry of A = 5 calculated via
Faraday’s law.

The temperature of the incoming gases is set to 7 =
363.15 K and a mean current density of i = 8000 A/m?
is applied. Fig. 23 shows (a) the corresponding velocity and
(b) species mass fraction contours at different positions along
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Fig. 24 a Potential distribution along the middle of the cell perpendicular to the flow, and b polarization curve

the channel inside the anodic and cathodic fluid regions. At
the air side (cathode) the velocity increases due to the reaction
and decreased density of the gas mixture and added water. For
the fuel side (anode), the velocity is decreasing, mainly due
to the removal of water and hydrogen/protons. This is con-
sistent with the displayed mass fraction contours, Fig. 23(b),
where the oxygen and hydrogen mass fractions both decrease
in the main flow direction.

The main focus of the present example is the surface cou-
pling of the electrical field potential. The electrochemical
reactions, characterized by the Nernst (ideal) potential and
the losses/overpotentials given in Table 16, are presumed to
take place on infinitesimally thin CL interfaces, where the
coupled jump/flux boundary conditions for the potential are
prescribed (see Table 17). Fig. 24a shows the potential varia-
tion in the middle of the cell traversing from the upper surface
of the GDL at the cathode to the lower surface of the GDL at
the anode. Due to the high electric conductivity of the porous
media, the potential drop in the porous regions is negligibly
small. At the two CLs, however, the proximity of two dis-
similar materials results in overall potential jumps at open
ciruit. The overpotentials arising from the reactions (flow-
ing current) induce a change in these jumps. A gradient in
the potential can also be noticed in the membrane region.
This is because of ohmic losses associated with the low ionic
conductivity of the membrane. Fig. 24b shows the charac-
teristic “polarization curve’ (voltage versus current density)
obtained by conducting a series of calculations for different
current densities at constant A. The polarization curve of a
PEM fuel cell typically exhibits a characteristic form fea-
turing a non-linear region at low current densities, which is
primarily influenced by the activation overpotential, and a

subsequent linear ohmic region, predominantly governed by
the internal resistances of the fuel cell.

8 Summary and outlook

The present contribution sets out multiRegionFoam,
a unified framework for multiphysics problems of multi-
region coupling type within OpenFOAM (FOAM-extend).
multiRegionFoam offers a flexible design that allows
for the assembly of multiphysics problems region-by-region
and the specification of coupling conditions interface-by-
interface. For this, the framework enables to formulate
region-specific physics in form of sets of partial differential
equations in a modular fashion and incorporates mathe-
matical jump/transmission conditions in their most general
form—accommodating tensors of any rank. This advance-
ment allows for a unified treatment of coupled transport pro-
cesses across regions. Moreover, users have the freedom to
choose between monolithic and partitioned coupling for each
coupled transport equation separately. To address fluid flow
problems, the code implements various pressure—velocity
algorithms, including SIMPLE, PISO, and PIMPLE, incor-
porating loops of predictor and corrector steps across regions.
The framework’s maturity and versatility is demonstrated
through its successful deployment in various multi-region
coupling cases, including conjugate heat transfer, multiphase
flows, fluid—structure interaction, and fuel cells.

The authors anticipate that the creation and release
of multiRegionFoam will empower numerous domain
experts and developers to derive significant advantages from
this framework. Specifically, they aspire for this contribution
to facilitate thorough investigations in diverse domains of
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multiphysics problems and across various application areas.
This, in turn, is expected to foster synergistic collaborations
among previously separate disciplines, enabling mutual ben-
efits to be realized.
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