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Abstract. This study investigates low-Prandtl-number fluids natural convection in a square
differentially heated cavity, a canonical problem with relevance to liquid metal applications.
Due to their technological importance, accurate prediction of flow and heat transfer in such
regimes is essential. Two numerical strategies are assessed: standalone simulations with a finite
element code (FEMuS) and with a finite volume code (OpenFOAM), and a coupled approach in
which the two solvers are volumetrically linked via MEDCoupling. Results are benchmarked
against reference DNS data.

1 INTRODUCTION

Heat transfer in liquid metals plays a crucial role in many engineering applications, such as
high-performance cooling systems for next-generation nuclear reactors and solar energy collec-
tors. In these contexts, natural convection often governs the heat transfer process. For instance,
during the shutdown of a liquid metal nuclear reactor, heat removal from the core to the coolant
occurs predominantly via natural convection, driven by the temperature gradient between the
two.

Despite its importance, natural convection in liquid metals remains relatively poorly under-
stood, particularly in confined enclosures where buoyancy-driven flows can display complex
and unpredictable behavior. When dealing with confined enclosures, two canonical configura-
tions are typically considered: Rayleigh—-Bénard convection, where heating occurs from below
and cooling from above, and the differentially heated cavity, where lateral walls are maintained
at different temperatures. In the latter case, the imposed temperature gradient induces a circu-
lation loop: fluid rises along the hot wall, moves across the top, descends along the cold wall,
and closes the loop along the bottom wall. As the temperature difference between the hot and
cold walls increases, the intensity of convection grows, potentially leading to a transition from
laminar to turbulent regimes.

This paper focuses on turbulent natural convection of liquid metals in a differentially heated
cavity. The study addresses key challenges such as identifying the transition between laminar
and turbulent regimes, evaluating suitable turbulence models for low-Prandtl-number fluids, and
assessing numerical strategies for accurate simulations. Two standalone codes are employed:
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the in-house finite element (FE) code FEMuS [1] and the widely used finite volume (FV) solver
OpenFOAM [2]. In addition, a coupled approach is introduced, where FE and FV solvers are
integrated through the open-source library MEDCoupling [3], which enables volumetric data
exchange.

The paper is organized as follows. First, a review of the available literature and reference
benchmarks is presented, with particular attention to the differences between conventional fluids
(e.g., water, air) and low-Prandtl-number fluids such as liquid metals. This is followed by an
overview of the coupling procedure and algorithm. The results obtained with the standalone FE
and FV solvers are then discussed and compared with those of the coupled approach. Finally,
the numerical results are validated against benchmark DNS data, emphasizing the capabilities
and limitations of each method.

2 BUOYANT DRIVEN DIFFERENTIALLY HEATED CAVITY

The natural convection regime is determined by the Grashof number, G = Ra/Pr, which
is the buoyancy ratio to viscous forces acting on a fluid. The Rayleigh number, Ra, is the
dimensionless number that defines the ratio between diffusive and convective thermal transport
phenomena, while Pr, the Prandtl number, is defined as the ratio of momentum diffusivity to
thermal diffusivity. For a given Pr number, below a critical Ra, conduction dominates heat
transfer. As Ra increases, buoyancy strengthens the flow, and the convection term becomes
more important. Once Ra exceeds the critical threshold, the flow becomes unsteady, exhibiting
periodic motion, and eventually transitions to turbulence. Indeed, it is evident that the critical
Rayleigh number itself does not define the transition limit, as the natural convection regime is
also closely dependent on the Prandtl number.

According to Lage et al. [4], high-Prandtl number fluids begin the transition to turbulence at
a Rayleigh number exceeding 10®, while low-Prandtl number fluids start the transition at much
lower Rayleigh, Ra < 10°. As a result, maintaining laminar flow in liquid metal enclosures is
challenging, as the flow often becomes turbulent even at relatively low Rayleigh numbers. How-
ever, the turbulent regime in this kind of fluid has received limited attention and the available
literature data, to the authors’ knowledge, is limited to the studies [5, 16, 7, 18} 9, [10].

In [5], Bawazeer et al. conducted a detailed analysis mapping flow regimes in the Ra — Pr
domain for steady and unsteady flows, resulting in a correlation relating Pr and the critical Ra
number detailed in Equation

Ra = 2.8727 x 108 Pr?0%0% (1)

This correlation is illustrated in Figure [T, where the dividing line separates the region of
steady solutions, occurring below the critical Rayleigh number, from the region of unsteady
solutions above it, where the onset of turbulence emerges. The figure also reports configura-
tions from previous studies. Mohamad et al.[8] investigated transient natural convection while
neglecting turbulence terms (circle markers), and later considering them (triangle markers) [9]].
Viskanta [7]] (plus markers) and Wolf [6] (cross markers) conducted experimental and combined
experimental-computational studies, respectively. Finally, Oder et al. [10] (square markers)
presented high-fidelity DNS results obtained with a high-order spectral method.

The three Ra — Pr configurations highlighted in red are the considered simulations for this
case study. The fluid properties have been adjusted to represent a liquid metal, while variations
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Figure 1: Correlation by Bawazeer et al. from Equation (black line), marking the transition from steady (below)
to unsteady (above) flow regimes in low-Prandtl fluids. Black diamond markers refer to the simulations cases
conducted in [5]. Circle markers denote critical values predicted by Mohamad et al. [8], triangles point out cases
studied by Mohamad et al. [9], and crosses show configurations analyzed by Wolff et al.[6]. DNS case from [10]]
is indicated using square markers. Those marker coloured in red represent the simulated case configuration in this

paper.

in the Rayleigh number have been achieved by modifying the geometry dimensions, keeping
the non-dimensional temperature difference between the side walls fixed at 1, and a constant
aspect ratio for the cavity (H/L = 1). The specifications of the simulated case are depicted in
Table[I] where the Grashof number is also reported.

Case Prandtl | Rayleigh Grashof | Reference
Simulation 1 | 0.0210 | 3.78 x 10% | 1.8 x 108 [10]
Simulation 2 | 0.0208 | 1.08 x 10° | 5.2 x 107 | [7,[11]
Simulation 3 | 0.0110 | 3.66 x 10° | 3.3 x 107 | [6}11]

Table 1: Parameter values (Prandtl, Rayleigh and Grashof numbers) for the simulated cases,

For the sake of conciseness, and because it is the sole case directly comparable with DNS
data, only the results of Simulation 1 are presented here. Further details on the other cases can
be found in [12].

3 COUPLING ALGORITHM

For the simulation of highly complex problems, it is essential to model multiple physical
phenomena arising from different application domains. A representative example is again the
simulation of a nuclear reactor, where each physical process is tightly coupled with the others.
However, no existing numerical code is capable of handling the full complexity of all physical
phenomena simultaneously. Consequently, two main strategies have been developed to address
such multiscale and multiphysics problems. The first is the monolithic approach, which consists
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of designing a new numerical code capable of modeling all relevant physical processes. The sec-
ond strategy is the coupling approach, which integrates existing and validated codes in order to
enhance simulation capabilities by leveraging their individual strengths. This work follows the
latter strategy, focusing on a framework designed for efficient code coupling through direct in-
memory data exchange, thereby avoiding input/output operations via external files. Specifically,
we present a coupling methodology that exploits the open-source MED and MED-Coupling li-
braries to link the in-house FEMuS code with the well-established OpenFOAM software. The
MED library, developed by the CEA (Commissariat a I’énergie atomique et aux €nergies alter-
natives) and EDF (Electricité de France), is part of the SALOME platform and provides tools
for retrieving, processing, and sharing data at the memory level, thus eliminating the need for
intermediate disk files.

3.1 Coupling Procedure through the MED Library

This section provides a detailed description of the coupling approach implemented between
the two CFD codes, FEMuS and OpenFOAM, which will be employed for the numerical
demonstrations presented in the following sections. The procedure can be readily generalized to
other software with minimal modifications, primarily by translating the internal data structures
into the MED format. The coupling framework is based on three dedicated classes responsi-
ble for data retrieval, storage, management, and communication between the two codes. Two
of these classes are tailored to each code and serve as intermediaries with the MED library,
transferring data from the internal structures of the codes into objects compatible with the MED
format. The third class supervises all operations involving MED data. It provides function-
ality such as interpolating fields defined on meshes with different discretizations, exchanging
mesh and numerical field information, and managing both time synchronization and conver-
gence between the codes, thereby ensuring the consistency of the coupled simulation as the
solvers advance concurrently. For clarity, in the following we will refer to the finite-volume
(FV) and finite-element (FE) solvers simply as Code 1 and Code 2, respectively, to emphasize
the interchangeability of the codes within the coupling algorithm.

The coupling process begins with the initialization and setup of the two codes, achieved by
creating ghost meshes in MED format. These meshes correspond to either the entire compu-
tational domain or to selected subdomains. A specific function of the MED library is devoted
to retrieving mesh connectivity, coordinates, and mapping data, which are essential to link the
internal data structures of each code with the MED mesh. Once this setup is completed, the
interface class is configured, and the time loop can begin. After the first code completes its
computation and obtains a solution, the internal fields are transferred into a corresponding MED
array. If interpolation is required, a projection function can then be applied. In the present case,
for example, FEMuS employs biquadratic fields (P2), whereas OpenFOAM represents data us-
ing cell-wise linear fields (PO). Therefore, an alignment of field orders is necessary, which is
achieved by converting the FEMuS fields before storing them in the MED ghost mesh. The
converted fields can then be transferred to Code 2 directly in memory. With the solution pro-
vided by Code 1, Code 2 proceeds to solve its own set of physical equations. Once the solution
is obtained, the resulting fields are interpolated from PO to P2 and passed back to Code 1. At
this stage, one coupling step is completed, and the time loop advances to the next iteration.
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4 PHYSICAL MODELLING

In the following section a brief description of the FE and FV codes used for the standalone
and coupled simulations is given, together with an overview of the equation solved.

4.1 OpenFOAM solver

This study uses the finite volume solver OpenFOAM (Open Field Operation and Manipula-
tion), version 11, developed and maintained by the OpenFOAM Foundation. OpenFOAM is an
open-source CFD toolbox widely used for the numerical solution of fluid flow and heat transfer
problems, based on the finite volume method and written in C++. It provides a comprehen-
sive set of solvers and libraries for simulating a wide range of engineering-relevant problems,
supporting both laminar and turbulent regimes, incompressible and compressible flows, as well
as conjugate heat transfer and multiphysics applications, while ensuring full compatibility with
parallel computing architectures. Moreover, version 11 introduces modular solvers written as
classes, in contrast to the traditional application solvers integral to OpenFOAM in previous ver-
sions and different releases. Its open-source nature and active community support make it a
reference framework for both academic research and industrial applications.

The governing equations used in the finite element simulations are the RANS equations with
the introduction of the Oberbeck-Boussinesq approximation for modeling the buoyancy forces,
defined as follows:

oz =0 @
B tanle e (G e )] —em o
% = 88% [(a - Ozt)agz;)} . 4)

where (u;) is the Reynolds-averaged velocity field, (p) the averaged pressure, (T') the mean
temperature. (3 is the thermal expansion coefficient, v the laminar kinematic viscosity, and «
the thermal diffusivity, while v; and o are the turbulent viscosity and turbulent diffusivity, re-
spectively. As can be seen, the Reynolds stress tensor and the turbulent heat flux in OpenFOAM
are modeled using the Boussinesq approximation, which assumes a linear relationship between
the Reynolds stresses and the mean velocity gradient, and between the turbulent heat flux and
the temperature gradient. Depending on the choice of the turbulent model, OpenFOAM models
v; as a function of the turbulent kinetic energy % and the turbulent dissipation ¢, or the specific
turbulent dissipation w. It adopts the Reynolds analogy to determine the turbulent diffusivity as
oy = v/ Pry where Pr, = 0.85 is the turbulent Prandtl number, taken as constant by the solver.

The validation of the turbulence model has been performed by comparing four different
built-in turbulence models available in OpenFOAM on the same cavity configuration. Without
reporting the comparison, the best choice resulted in the standard £ — w turbulence model by
Wilcox [13]], which has then been used in the coupled simulation.
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4.2 FEMusS solver

The finite element simulations have been carried out using FEMuS, an in-house multigrid
C++ library designed for multiphysics applications. The framework builds upon external open-
source packages, such as PETSc [14] for managing linear algebra operations and LibMesh [15]
for handling the mesh hierarchy. Within FEMuS, several solvers are available, covering incom-
pressible Navier—Stokes flows, heat transfer by convection and conduction, turbulence model-
ing, fluid—structure interaction, and multiphase phenomena. One of its main design principles
is extensibility, which allows for the incorporation of new physical models by formulating the
governing constitutive equations directly within the finite element framework. This character-
istic allows the library to be adapted to emerging research needs, for example, in the study of
turbulent convection in low-Prandtl-number fluids such as liquid metals.

The governing equations used in FEMuS are similar to the considered equations for the
FV solver, with a different, more accurate, computation of the Reynolds Stress Tensor (u;u’;)
and the Turbulent Heat Flux (u/T"), for which we exploit the Explicit Algebraic Stress Model
(EASM) and Explicit Algebraic Heat Flux Model (EAHFM). The equations now hold:

P = T [ (G + ) — ] - a7, ©
DT 0 T

l<)t> ox; ( E§a7> <U/ZT,>> ’ )

() = f(ve, V{w), fry fry Timg) (8)

(uiT") = f(V{us), (wnd}), frr, m) - )

where fr, frr are model function and 7,,, 7,4 are characteristic thermal and mixed thermal-
velocity time scales. The interested reader can find details on the implementation in [16]]. Re-
garding the resolution of the turbulence in the flow, a logarithmic four-parameter K — 2 — Ky —
)y turbulence model has been employed, allowing for the solution of the dynamic turbulence
and two additional transport equations for the thermal turbulent variable, as stated in [[17]. Here,
Ky represents the logarithmic temperature variance and €2y its specific dissipation. The use of
logarithmic variables improves the stability of the standard models by ensuring that the state
variables remain positive throughout the solution process.

4.3 Coupled equations

The allocation of physical models to each code was determined to best exploit their respective
strengths. OpenFOAM was employed to solve the incompressible Navier—Stokes equations
(Equations [2] [3), together with the Wilcox k—w model for the computation of the turbulent
dynamic variables. FEMusS, on the other hand, was used to solve the energy equation and to
evaluate the turbulent heat flux. The field transfer between the solvers is therefore bidirectional.
The FV solver provides velocity and turbulent variables to the FE solver, which in turn uses
these fields within the turbulent thermal model to compute the turbulent heat flux, as expressed
in Equation 9] This quantity is then employed in the temperature evaluation (Equation [7). The
resulting temperature field is subsequently transferred back to OpenFOAM, where it contributes
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to the buoyancy term in the momentum equations. This coupling mechanism is illustrated in
Figure 2]

OpenFOAM FEMuS
MED
Data Transfer
Fluid solver: Temperature solver:
u T T
A
u A
Turbulent model: Turbulent model:
k-w k—w Ky - Qy- (u'T")

Figure 2: Schematic representation of the coupling strategy between the two solvers.

S NUMERICAL RESULTS

The test case selected for assessing the volume coupling strategy is the classical differentially
heated square cavity (L = H = 1), illustrated in Figure 3| The system is modeled as a two-
dimensional enclosure filled with an incompressible Newtonian fluid. Heating is applied along
one vertical wall (I'y;), while the opposite wall (I') is maintained at a lower temperature, thus
establishing a temperature gradient across the cavity. The top and bottom boundaries (I',,) are
assumed adiabatic. Under these conditions, buoyancy forces induced by the thermal gradient
drive the flow inside the cavity.

Figure 3: Differentially heated cavity configuration.

In the following, the simulation results are reported in non-dimensional form. Introduc-
ing the characteristic velocity scale uy = +/fgATL the dimensionless velocity is defined
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as UT = vu? +v?/uy and the turbulent kinetic energy as k™ = k/(u2/2). With AT de-
noting the temperature difference between the hot and cold walls, the non-dimensional tem-
perature is expressed as O = (T — T,y4)/AT and the normalized turbulent heat flux as
(W Tt = (uT") /(upAT). In this framework, the hot wall corresponds to ©F = 1, while
the cold wall corresponds to OF = 0.

5.1 Coupled Simulations Results

In the following, the results obtained with the Coupled £ —w approach are compared with the
DNS data from Oder et al., and with the solutions of the monolithic solver. The variable profiles
are plotted against the non-dimensional z-direction at two different cavity heights: y+ = 0.5
(left) and y* = 0.75 (right).

061 o DNS \ o DNS
—— OpenFOAM i 0.5 —— OpenFOAM
0.5 —— Coupled k —w g ¢ —— Coupled k —w
0.4
+
£ o3
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xt z+

Figure 4: Comparison between DNS (circle marker), coupling application (red line) and monolithic simulations
(black line) of the non-dimensional velocity magnitude U™ for the two heights y+ = 0.5 on the left, y+ = 0.75
on the right.

FigureH]illustrates the dimensionless velocity profile. Both monolithic and coupled solutions
produce results that are overall consistent with the DNS profile. In particular, the coupled
application improves the prediction of velocity peaks and profiles at the center of the cavity,
whereas the standalone OpenFOAM simulation shows larger deviations from the DNS profile.
Figure [5 reports the dimensionless turbulent kinetic energy. While both approaches correctly
capture the location of the peak, they underestimate its magnitude as well as the values in the
central region of the cavity. The coupled solution, being based on the FV model, remains close
to the OpenFOAM prediction, although the slightly higher peak value represents a promising
improvement.

Regarding the thermal fields, Figures [6] and [7] present the non-dimensional temperature dis-
tribution and the turbulent heat flux components, respectively. The coupled approach repro-
duces the temperature profile more accurately than the standalone FEMuS solution, likely as
a consequence of the improved velocity field prediction, although the uncoupled simulation
still achieves satisfactory agreement. The turbulent heat flux profiles are generally comparable
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Figure 5: Comparison between DNS (circle marker), coupling application (red line) and monolithic simulations
(black line) of the non-dimensional turbulent kinetic energy magnitude k™ for the two heights y+ = 0.5 on the
left, y+ = 0.75 on the right.

between the two configurations. For the normal component, (u/T"), the coupled method under-
estimates the maximum value, while FEMuS alone slightly overestimates the minimum. For

(v'T"), the coupled approach smooths the profile by reducing peak magnitudes and simultane-
ously provides a better match for the minimum values.
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Figure 6: Comparison between DNS (circle marker), coupling application (red line) and monolithic simulations
(black line) of the non-dimensional temperature magnitude 7' for the two heights y+ = 0.5 on the left, y+ = 0.75
on the right.

Finally, some considerations can be made on the performance of the coupling method in
terms of execution time and convergence rate. Figure [§] (top) shows the total execution time as
a function of domain resolution for each component of the coupled algorithm, with each solver
run on a single core (serial configuration). As observed, the coupling procedure introduces only



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

x10~%
x10~3

(@] N
[ sms ] o e
Y o —— FEMWS

57 —— Coupled k —w

—— Coupled k —w

08 1.0

0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6

Figure 7: Comparison between DNS (circle marker), coupling application (red line) and monolithic simulations
(black line) of the non-dimensional turbulent heat flux components (u'T") (left) and (v"T") (right) for y+ = 0.5.

a negligible overhead (~ 0.05% of the total time), highlighting its low-intrusive nature. The
picture at the bottom instead shows the residual behavior of the two velocity components as a
function of the number of iterations to reach the convergence of the solution, compared with the
OpenFOAM code in an 80 x 80 element mesh. The coupling algorithm improves the solution’s
convergence behavior, achieving the convergence criteria after approximately 6000 iterations,
compared to around 7000 iterations required by the standalone OpenFOAM simulation.

6 CONCLUSIONS

This work investigated turbulent natural convection of low-Prandtl-number fluids in a dif-
ferentially heated cavity using both monolithic solvers and a coupled FE-FV strategy. The
coupling framework linked the FEMuS algebraic thermal turbulence model with the dynamic
turbulence modeling capabilities of OpenFOAM through volumetric data exchange.

The analysis of velocity profiles shows that both the monolithic and coupled solutions align
well with DNS results, with the coupled approach providing a more accurate velocity and tem-
perature prediction of peaks and the central flow region. While the prediction of turbulent
kinetic energy and turbulent heat fluxes remains challenging, the coupled results showed en-
couraging improvements, particularly in the smoothness and alignment of the profiles with
reference DNS data. In fact, the coupled approach behaves similarly to OpenFOAM due to
its FV-based model, but it slightly improves the peak value. The analysis also highlighted that
FEMusS thermal solver performs better when provided with improved dynamic field data, sug-
gesting that employing a more accurate dynamic solver is crucial for simulating such flows.
Conversely, OpenFOAM appears less sensitive to improvements in the temperature field, likely
due to the simplicity of its turbulence model, which lacks the capability to significantly improve
variable predictions based on changes in the thermal field.

Importantly, the coupling procedure introduced negligible computational overhead and even
improved convergence rates, confirming its practicality for multiphysics simulations. Overall,

10
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Figure 8: Execution time of the standalone codes, executed in serial, and the coupling procedure plotted against
the mesh resolution (top). Residuals of the velocity components as a function of the number of iteration for the FV
and the coupled simulation (bottom).

the study demonstrates that coupling heterogeneous solvers can enhance predictive accuracy for
complex buoyancy-driven flows in liquid metals. Nevertheless, further investigations are nec-
essary to enhance predictive capabilities, particularly concerning the dynamic behavior of the
flow. Future work will focus on extending the methodology to three-dimensional configurations
and exploring advanced turbulence closures to further improve predictive capabilities.
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