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This paper presents the numerical study of the fluid flow and thermal transfer between a molten metal
bath and a spherical metallic particle maintained at a constant cold temperature and submitted to mixed
convection. The fluid velocity is imposed and the particle is fixed. For a given Reynolds number, a study of
the influence of the Richardson number on heat transfer and fluid flow is proposed in order to determine
the effect of particle—fluid temperature difference on the wake and the heat transport.
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1. Introduction

The aim of this study is to understand the link between dynamic
behaviours and heat transfer of a cold particle submitted to a hot
ambient fluid flow with a given velocity. In many natural or
industrial processes, a molten medium is composed of a fluid phase
with solid inclusions. The presence of these particles, made of the
same material that the melt phase or not, may lead to different
properties compared to the expected ones. For industrial processes,
it may alter the quality of the final product. For example, during
metal products manufacturing, the material is melted and is
formed under this liquid phase. Then, a cooling system leads to
solidification to obtain the final product. The presence of solid
particles in the bulk molten phase (due to a bad melting) may
create defaults: the particles can be transported by the flow
generated by thermal buoyancy or an external force, and aggregate.
It may create clusters of solid in the molten metal, which poten-
tially modifies the structure of the final product, and weakens it. To
avoid these difficulties, it is necessary to understand how a particle
evolves in a liquid phase, considering fluid flow and heat transfer. It
will give information in order to control the casting process.

We have decided to study a single particle, as many
phenomena occur during the movement of only one particle in
a fluid. In an isothermal configuration, Schouveiler and
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Provansal [1] have shown experimentally that for a fixed particle
submitted to a forced flow, the wake exhibits various structures,
depending on the Reynolds number. Physically, coupling thermal
transfer and fluid and particle dynamics implies a broad range of
behaviours. In an isothermal flow, Archimedes forces imply the
movement of the particle, upward or downward depending on
the density of both the fluid and the particle. The resulting fluid
velocity implies a laminar or turbulent behaviour, determined by
several parameters (diameter, densities, viscosity...). Some
dimensionless numbers (Froude, Galilei numbers) correlate the
characteristics and the fluid flow. When a cold particle evolves
in a hot fluid, natural convection accelerates or decelerates the
particle movement, depending on the configuration: assisting or
opposing flows. An assisting flow corresponds to the situation
where Archimedes forces are superposed to the fluid flow,
whereas for the situation corresponding to an opposing flow, the
Archimedes forces are opposed to the fluid flow. When the
particle reaches a high velocity, the mixed convection replaces
the natural convection. The temperature difference between the
particle and the fluid is of importance in the resulting velocity
field. The thermal effect of buoyancy may become negligible
compared to forced effects which adds difficulties in the analysis
of phenomena. Some authors ([2—6]) have shown, by experi-
mental and numerical analysis of settling or ascension of
a particle, that a transition appears between a low velocity, for
which a linear behaviour of the particle is observed, and a high
velocity for which an oscillating movement occurs. For a metal
medium, an experimental study of the movement of a particle
and heat transfer is not possible. It is hard (or impossible) to
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visualize the phenomena because of the medium opacity, and
the detection of particles does not allow the use of standard
techniques (PIV, ...). Numerical simulation is then essential to
lead an analysis of the behaviour of solid inclusions in the metal
bulk. Some works have been carried out on the numerical
simulation of particles settling. Pianet and Arquis [9] have pre-
sented the numerical simulation of the isothermal 2D particle
settling under Faxen conditions (low Reynolds number) in order
to compare the terminal velocity to the theoretical solution,
with a numerical code based on a finite volumes method.
Another work has been carried out by Maunoury et al. [10] on
the transport of a cold 2D particle in a hot fluid to show the
difference with the isothermal case. Moreover, a numerical study
has been carried out on a sphere falling or ascending freely in
a Newtonian fluid [11]. The results have shown that vortices
occur downstream from the particle, which influences heat
transfer with the fluid.

We propose in this study to carry out numerical simulations on
a fixed particle submitted to a fluid flow at controlled velocity,
taking into account thermal effects, and gravity effect. Some
authors [7] have proposed to study the mixed convection for
a heated particle and have shown the relation between the
thermal conditions and the generated flow. They have shown that
the Nusselt number depends on the Richardson and Reynolds
numbers (the range of the Reynolds number being 50—1400). The
same kind of study has been carried out by Bhattacharyya and
Singh [8], the authors propose a Lattice Boltzmann method to
compute the motion of a particle in a fluid. They have shown that
for three Richardson numbers (Ri = 0, Ri = 0.5 and Ri = 1), the
Nusselt number increases with the Reynolds number (the range of
the Reynolds number is 0—200). These studies only concern water
and air flows with a Prandtl number respectively of Pr = 7 and
Pr = 0.72. No information on metal settling is available in litera-
ture, and such a study could be helpful to control the final metal
product shape and quality. In this article, we do not consider phase
change, even if in the case of particles made of the same material
than the fluid, this phenomenon occurs. We will lead a study of
Nusselt and eddies evolutions with the Richardson number, for
Re = 309 and Pr = 0.11. Such a study has not been found in liter-
ature. The modelling of the solid—liquid interface during phase
change (melting) will be reported in a future work, the present
study focuses on the behaviour of an undeformable cold solid
particle in a hot fluid.

In the present work, the particle is maintained at a fixed position
and a fluid velocity is imposed upstream from the particle. The aim
of this study is to highlight the relationship between the flow
regime and thermal transfer between the cold particle and the hot
fluid (thanks to appropriate dimensionless numbers which quan-
tify and qualify thermal and dynamic changes). It provides infor-
mation about the energy transferred between the particle and the
fluid, the temperature and velocity fields of the fluid, for an
assisting flow. This will be useful to predict the behaviour of metal
while it is forming. To this way, we use two numerical codes based
on different methods, the first one is called Thétis and is developed
at [2M Institute of Bordeaux. The second one is called IMFS and is
developed at IUSTI of Marseille and Institut de Mécanique des
Fluides et des Solides of Strasbourg (France).

In the first part, we present the physical configuration, with the
corresponding equations and assumptions. In the second part, we
describe the numerical methods of the two codes. In the last part,
we present the results from simulations for various Richardson
numbers and a constant Reynolds number (Re = 309) and we
comment the results from the numerical simulations of the 3D
particle in terms of Nusselt evolution and particle wake as functions
of the Richardson number.

2. Physical modelling

The problem that we study consists of a fixed cold solid particle
submitted to a hot fluid flow. The domain is large enough (16 times
larger than the particle radius), so that the assumption of an infinite
medium can be considered (no interaction with walls). The fluid
infinite velocity and temperature are set at a given constant value.
The flow is considered incompressible, the fluid is Newtonian and
its thermal conductivity, heat capacity and dynamic viscosity are
temperature-independent variables. Only the fluid density
depends on temperature (the Boussinesq approximation is used).
The particle density, heat capacity and conductivity are constant.
The two codes we describe in this work are based on two different
manners.

2.1. Thétis modelling approach

The velocity field is modelled by the incompressible Navier—
Stokes equations, with the Boussinesq approximation. A Brink-
man term (where K is the permeability) is added to model the
presence of a solid particle:

vVu=0
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The numerical code Thétis is based on a One Fluid Model. The
distinction between the fluid and the particle is obtained by a high
value of permeability K in the fluid (K = 10%° m?) and a low value in
the particle (K = 1072% m?). So, in the particle, u = 0, and the fluid
does not penetrate it. The distribution of K in the domain is directly
imposed with the geometry and the position of the particle defined
as a sphere. So the permeability field is discontinuous, like density
and heat capacity.

The heat transfer is modelled by the energy equation:

9oy (g + T ) = V-V + B(T - Ty) )

To take into account the thermal buoyancy, the fluid density is
supposed to be linear with temperature.

p = po(1—6(T—To)) (3)

In equation (3), the density pp corresponds to the density at
T =To.

In order to limit the domain size, and considering a moderate
Reynolds number, lateral boundary conditions are symmetry
planes. The particle centre is set on the Y-axis. Imposed velocity and
temperature are set on the inlet boundary condition and a Neu-
mann adiabatic condition is proposed at the outlet condition. The
particle is kept at a cold temperature. The fluid is initially at steady
state with a given temperature, and the particle is kept at a cold
temperature T, during all the simulation, thanks to a penalization
term expressed in the energy equation (2): the term B is locally (in
the particle) imposed to a high value to obtain T = T}, in the sphere
region.

2.2. IMFS modelling approach

The method of the code IMFS consists in taking into account
only the fluid phase, so that the sphere surface corresponds to
a part of the boundary conditions. The previous equations are
expressed under a dimensionless form, where d, V;, d/V; and pV? are
respectively the length, velocity, time and pressure scale refer-
ences. The dimensionless temperature is expressed as
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