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SOLID/LIQUID PHASE CHANGE: RECENT STUDIES AND MODELS

R. Prud’homme?! and M. El Ganaoui?

Abstract: Some problems related to solid/liquid phase change are presented. Attention is
focused on interface modeling for numerical analysis and one-dimensional directional
growing and melting. Microgravity relevance of some situations is emphasized. It is shown, in
particular, that in some circumstances melting is not the simple reversal of crystal growth due
to some (still poorly known) phenomena (nucleation and growth of liquid droplets in the bulk,
solid and liquid dendrites due to a morphological instability of the phase boundary). Relevant
mathematical models are discussed and described (to a certain extent) for analysis and/or
characterization of these phenomena when they are disjoint or partially combined. Some
effort is provided to model phenomena occurring at both the microscopic and macroscopic
scale lengths.®

1. Introduction

Solid/liquid phase change phenomena are sensitive to gravity. On Earth natural convection
induced by thermal or solutal buoyancy forces occurs during solidification, and as a
consequence, the interfacial zone is often overly complex. Front curvature and solid phase
structure depend on several factors. Microgravity can help in the understanding of such
factors through removal of buoyancy convection that tends to be a dominating effect in
normal gravity conditions.

Experiments under microgravity conditions are usually performed using drop towers,
parabolic flight, sounding rockets and satellites. French Research activity on that field
particularly developed in the Group: “Transport Phenomena and phase transitions in
Microgravity” GDR - P2TPM, (presently GDR-MFA for Fundamental and Applied
Microgravity) of Centre National d’Etudes Spatiales (CNES) / Centre National de la
Recherche Scientifiqgue (CNRS) [Prud’homme & Zappoli, 2003; Prud’homme et al., 2001,
Prud’homme & El Ganaoui, 2004, a, c].

This review runs as follows: Various fundamental considerations are given in section
“Basic considerations”: - the fluid motion caused by gravity is characterized by relevant
dimensionless numbers (Sect. 2.1) - the couplings between the force of gravity and other
forces (surface tension, crystalline force) are evoked in Sect. 2.2 - the effects of the
convection on the morphology of alloys are presented in relation to classical theories and
recent results (Sect. 2.3) - finally, the attention is focused on the significant problem related to
the conditions of preparation of the samples to solidify (Sect. 2.4). Section 3 “Interfacial
modeling and applications” is devoted to modeling necessary to the analysis of various
processes: - modeling of the liquid solid/transition - modeling of the type ‘phase field “: on a
macroscopic scale to reproduce the total shape of the interfaces of phase change, then on a
microscopic scale to study the fine structure of the formation of eutectics in directional
solidification. The last section is devoted to additional considerations not discussed in the
earlier sections.
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Of course, the present review is necessarily limited in scope and depth, both because of the
page limit and because of the amount of published literature on these subjects that is now
enormous. Consequently, the emphasized topics have been selected according to our opinion
and experience. Owing to the elaborate nature of some of these studies it has not always been
possible to fit an adequate account of them into the frame work of the present analysis, but
attempts are made to give some indication of the most important results, and of the methods
employed.

2. Basic Considerations
2.1. Gravitational convection

Convection during phase change can be driven by several forces. For typical solidification
systems unless the process takes place under microgravity conditions on orbiting space
platforms, gravity is always present and thermal or compositional non-homogeneities give
rise to density differences. According to the mutual orientation of the gravity vector and the
density gradient, buoyancy driven convection can arise significantly altering the thermal and
compositional state of the system and affecting the solid/liquid interface shape and motion.
This microgravity relevance for fluid flows with large density gradients and negligible forced
convection is generally encountered for Grashof number [Landau & Lifschitz, 1971] of orders
one or larger:

Gr=Apgl®/V? 1)

Gr permits to compare the effects of the buoyancy force and the viscous drag force
[Prud’homme & El Ganaoui, 2004 b). In this formula, Ap is the local density deviation v is the
kinematical viscosity, L is a characteristic length, and g is the gravity acceleration.

The Rayleigh number is more appropriate than Grashof number when the fluid is a liquid
and when coupling of the momentum equation with energy equation [Chandrasekhar, 1961] -
and sometimes with mass balances of species- happens. Two non-dimensional numbers are
then used according to the studied case:

Ra; =Gr; Pr, Rag =Grg Sc (2)

Where subscripts (1) and (s) refer to die thermal and the solutal origin of Ap:
Ap = S, AT or Ap = s AC respectively. The classical Rayleigh - Bénard thermal instability

occurs in a fluid layer heated from below (see [Lappa, 2005a], [Punjabi et al., 2006] However,
in typical solidification processes. horizontal thermal gradients can also occur and drive
natural convection [Benielli et al., 2001]. Instabilities appear when die appropriate Rayleigh
numbers reach critical values depending on the considered processes.

2.2. Flow instabilities and possible control strategies

As explained above, in terrestrial solidification (and melting) problems, flow instabilities
occur when the Rayleigh number becomes higher than a critical value, which depends in
particular on the geometrical configuration.

If a free surface separating the liquid phase and a surrounding ambient gas is present, an
additional type of convection can appear. A surface tension gradient caused by thermal and/or
compositional non-homogeneities along the interface can lead, in fact, to Marangoni
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convection (a typical example is solidification by the floating zone technique, see [Lappa,
2005b; Gelfgat et al., 2005; Lan and Yeh, 2005]; or other solidification procedures in which
the contact between the fluid phase and the wall of the crucible is not ensured see [Scriven
and Sternling. 1964; Bennacer et al., 2002, 2004; Amberg and Shiomi, 2005; Tsukada,
Kobayashi, Jing and Imaishi, 2005; Li, Peng, Shi and Imaishi, 2006; EI-Gamma and Floryan.
2006; Matsunaga and Kawamura, 2006]).

When a free surface is present, phase change may also interact with other types of
hydrodynamic instabilities, such as the Marangoni-Bénard flow [Nield, 1964; E1 Ganaoui,
2002; Bergeon et al., 1994; Timchenko et al., 2002].

It is known that magnetic fields can be used for compensating gravity effects [Lehmann et
al., 1999; Touhiri et al., 1999; Giessler et al., 2005; Ma and Walker, 2006, Kakimoto and Liu,
2006].

Lappa [2005b] investigated die possibility to use magnetic fields to control also the
instabilities related to Marangoni flow.

For some materials, the crystalline anisotropy can interact with the phenomena mentioned
above. Both the kinetics of growth and surface tension are sensitive to crystal anisotropy, and
there are consequences on morphologies resulting from growth or melting [Debierre et al.,
2003].

2.3. Morphological instabilities in directional solidification

It has been noted that convection effects strongly influence the development of
solidification microstructures. However, most microstructure models are based on purely
diffusive transport mechanisms. For this reason. crucial benchmark data required to test
fundamental theories of micro structural pattern formation have resulted from solidification

ipun

Figure 1: Interface observation from the top in growth direction for

a thick solid seed: cells are localised in the middle of the interface.
(SCN-0.2% Acetone, V= 1.4 um/s) [Benielli et al. 2001].



experiments conducted in microgravity environment, where convection effects can he
substantially reduced, and/or from ground-based experiments with restricted samples sizes
[Karma, 2001].

The conditions for instabilities to appear in directional solidification of dilute alloys were
initially given by Mullins and Sekerka [1964].

In the case of binary lamellar eutectics, relations between the lamellar characteristic
spacing, the temperature gradient and the front velocity were found first by Jackson and Hunt
[1965] who also give a first estimate of the lamellar pattern.

These theories applied to highly idealised systems Langer. 1986]. They cannot explain
complex phenomena observed in small systems such as curvature of the front in relation to
convective instabilities (figure 1), or eutectic colony formation.

The later phenomena have been observed in the thin-sample directional solidification of
the transparent eutectic alloy CBrs-C2Cls, showing the existence of colonies when impurities
are present [Akamatsu & Faivre, 2000]. The transition between the planar lamellar eutectic
front and the eutectic colonies goes through intermediate structures as traveling waves and a
two-phase finger, which have been recently observed and are currently studied by linearized
theories or by phase field methods ( sec Section Phase field model for microstructures).
General stability problems in eutectic solidification have been examined thoroughly by
Akamatsu et al. (2002; 2004).

2.4. Melting and thermal stabilization

Stage preparatory to directional solidification greatly affect the initial stale at which growth
is started [Benielli et al., 2002], and therefore the directional solidification itself [Akamatsu &
Faivre, 2000].

Nguyen Thi et al. (2001) have stressed the importance of microstructures for the resulting
properties of the materials. Spatial experiments LMS and STS-95 on directional solidification
of Al-3.5 wt% Ni alloy enabled them to understand the role played by the preparatory phases
of melting and stabilization and die initial directional solidification transient.

In such a context, it has been pointed out that melting is not the simple reverse of crystal
growth. Two phenomena have been observed in situ and in real time during the directional
melting of transparent succinonitrile-acetone alloys in a cylinder: nucleation and growth of
liquid droplets in the bulk solid and liquid dendrites due to morphological instability of the
phase boundary (relevant models and additional information are provided in Sect. 3.5).
Benielli et al. [2001; 2002] analysed the dynamics of melting morphology at the solid-liquid
interface. These authors have emphasized the importance of carrying out experiments in the
limit of diffusive transport of solute in the liquid, which imposes to work in the absence of
gravity (Prud’homme & Zappoli, 2003].

3. Interfacial Modeling and Applications
3.1. Solid/liquid transition zone

The study of the solid/liquid transition zone is often overly complex. In some cases of
directional solidification in alloys. the solidification front appears as a smooth (but generally
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nonplanar) surface with local thermo-chemical equilibrium between the solid and the liquid.
In other cases, for sufficiently high values of pulling velocity, microstructures resulting from
an instability process appear. In the case of lamellar eutectic alloys, it is important to
determine the size and distribution of microstructures in relation to the external constraints.
The interfacial morphology becomes overly complicated for dendrites and for dendritic
layers.

Local balance equations resulting from the irreversible thermodynamics can be written in
each case, both for the interface and for the bulk phases. A critical problem for numerical
solution is the presence of an interfacial discontinuity at the boundary between the phases
[Ludwig, Gruber-Pretzler, Wu, Kuhn and Riedle (2005); Abhilash, Joseph and Krishna,
(2006); Hong, Zhu and Lee, (2006); Narski and Picasso, (2007)]. To avoid this difficulty,
some authors replaced the discontinuity by a continuous description of the transition region.
This is the concept of phase field. Two classes of phase field methods, which differ by the
scale of the description (macroscopic, and microscopic -or mesoscopic, but not molecular) are
presented here.

One of the macroscopic methods is applied to dendritic-like porous structures. The main
difference with the other cases is that a ‘mushy zone’ between the fully solid and the liquid
phases is considered [Camel and Arquis, 1992; Goyeau et al., 1999]. The Darcy source term

— (24, p/Kp,)(V —V, ) appears on the right-hand side of the momentum equation, where K

denotes the isotropic permeability and represents a direct link between the microscopic
morphology and the macroscopic equations of conservation. Here, K is a scalar for simplicity
[Benielli et al., 2001; Akamatsu & Faivre, 2000]. It is expressed as a function of the volume
fraction ¢ of the liquid. In more general case it becomes a second order tensor. Closure
relations were given by [Goyeau et al., 1999; Favier & Camel, 1986].

3.2. Enthalpy method: a homogeneous macroscopic approach

The enthalpy approach for directional solidification [Benielli et al., 2001; ElI Ganaoui,
2002; El Ganaoui et al., 2002; Guérin et al., 2001] considers a single set of homogenous
balance equations adapted to the problem of phase change in a 2D configuration, as explained
in [Prud’homme & EI Ganaoui, 2004].

In these equations, p is an average density weighted by the liquid and solid mass fractions,
V,Vg,C and h are averaged local quantities weighted by the liquid and solid volume fractions.

For instance, one has: C = ¢C, +(1-¢)C,.

With this model, including appropriate closure relations and boundary and initial
conditions, it is possible to obtain isotherms and streamlines which show in particular, the
position of a curved smooth interface. The numerical solution is obtained by the enthalpy
model associated to a finite volume approximation. One obtains evolutions of the melt-solid
interface, and of velocity and solutal fields. Illustrations of flow evolving from monocellular
to multicellular convective cells with thermal Ra are given in figure 2 and coupling between
buoyancy and magnetic effects in figure 3.

Other important applications in the field concern the floating zone configuration. Generally
this configuration is investigated in a restricted situation without phase change [Bennacer et
al., 2002]. The enthalpy formulation permits ta access to the fully coupled problem, and to
include the shape of the solid/liquid interface and its displacement. It is possible to quantify



some external parameters effect and their use as controlling parameters (heat distribution,
pulling velocity. etc.) [Bennacer et al., 2004].
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Figure 2: illustration of the enthalpy-porosity based computations: melt under directional solidification
using vertical Bridgman method () for 10° < Ra; = gA(T, —T,)L® /var <10’ (i.e gravity effect)
showing evolution from monocellular to rnulticellular flow (b) Simulation corresponding to an
enthalpy porosity formulation/Finite Volumes method [El Ganaoui, 2002].

Ha =10 Ha =103 e =1o7é Ha =10°

o —

_~ Solid/liquid
interface

Figure 3: Illustration of the enthalpy-porosity based computations : effect of constant magnetic field
(0<Ha=(cBL%)"?<10* opposite to gravity on multicellular flow corresponding to Rar = 107 for
vertical Bridgman configuration [El Ganaoui, 2002].

Figure 4 (Benielli et al., 2001) illustrates the thermocapillary flow occurring in a horizontal
Bridgman cavity with a non-deformable free surface.

3.3. Phase field model for microstructures

To explain microstructures in constrained growth. and recently in eutectic colony formation
[Akamatsu & Faivre, 2000]. Plapp and Karma studied the problem first analytically [ Plapp &
Karma, 1999], and then numerically, using a phase field model [Plapp & Karma, 2002]. They
studied a ternary alloy close to a binary eutectic, assuming for simplicity a symmetric phase
diagram. They introduced a phase field ¢(x,z,t) that distinguishes between solid and liquid,
i.e., a .scalar field that has a fixed value in the bulk phases and varies continuously across the
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smooth, diffuse interface. They started with a dimensionless Helmholtz free energy functional
and deduced, by minimization, three local equations between three variables. which are valid

everywhere under appropriate assumptions.
In the obtained equations, reminded in Prud’homme. & El Ganaoui (2004), u is a scaled

concentration u(x,z,t)= Cix.z.t)-Ce , Where Ce , C, and Cp are the of the liquid and the
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Figure 4: lllustration of the enthalpy-porosity based computations; -Schematic of physical system and
boundary (right) followed by the solid/liquid interface form under Marangoni effects for Grashof

number Gr=1000 (Ma =|0c/dT |AT H /11, o is the surface tension,  the kinematics viscosity and H
the cavity height).

two solid phases in the pure binary eutectic at the eutectic temperature Te, C (X, z, t) is the
3 ~

concentration of impurities, h(¢)= g(¢ - %) is an interpolation function fi (u,C , T) and

fs (u, C, T) are the free energy densities for liquid and solid respectively, Wu and W, are the

characteristic thickness of the solid-solid and of the solid-liquid interfaces respectively, and

M (¢,u,C) and I\W(qﬁ,u,c) are the mobility functions of the eutectic component and the

ternary eutectic, respectively.

4

Figure 5: Dendritic growing of a partially facetted crystal from a pure
liquid (phase-field numerical simulation) (Debierre et al., 2003].

Numerical simulations performed with this phase field model have enabled the authors to
carry out large-scale simulations of colony formation starting with arrays of up to 40 lamella



pairs [Plapp & Karma, 2002]. Debierre et al. (2003) extended this method to faceted materials
(Figure 5).

The phase field model must be extended to 2D interfaces in 3D configurations [Plapp &
Dejmeck, 2004]. Akamatsu et al. (2001) compared results obtained in thin and massive
sample experiments. In the first case, one bas generally a flat solid-melt interface. In the last
case, the 2D simulated solidification front presents a curvature. This curvature is of course
influenced by gravity, but it exists also in micro-gravity. Thermosolutal convection is also
lead to modifications in local dynamics of eutectic fonts and can also cause a macro-
segregation.

3.4. Fluid-fluid interface

In the case of directional solidification by the floating-zone technique. we have to study a
process involving three phases. Especially, a liquid-gas interface does exist implying thermal
and solutal Marangoni effects.

Some fluid-fluid interfaces have been studied bv second gradient methods [Casal, 1972;
Seppecher, 1987]. In second gradient model, internal energy per unit mass depends not only
on the entropy and the density but also on the magnitude of the density gradient [Gatignol &
Prud’homme; 2001]. A coefficient A, called the “capillarity coefficient”, is introduced.

Using average quantities and introducing the volumetric masses of the species and their
gradients, this type of model can be certainly extended to solidification fronts in mixtures and
can be considered as a phase field model [Gatignol & Prud’homme, 2001; Gouin, 1998].

A phase-field model has been recently introduced by Jamet & Ruyer (2004) to study
liquid-vapor flows with phase-change.

3.5. Directional melting and thermal stabilization

As anticipated in Sect. 2.4, studying directional melting and thermal stabilization stages
preparatory to directional solidification of transparent succinonitrile-acetone alloys, Benielli
et al. (2002) observed two categories of phenomena: melting morphologies resulting from the
instability of the liquid-solid interface and liquid droplets in the superheated solid (Figure 6).

The criterion for the occurrence of morphological instability in directional melting is given
by:
V >V,, = (kD + D, )G/[mC,(k —1)]= D,G/[mC,(k —1)] ©)

where Vwi is the critical melting velocity, Co is die initial solute concentration, Ds , Dv are
the diffusion coefficients for the solid and the liquid, respectively. The orientation of dendrites
with respect to the liquid-solid interface is determined by die anisotropy of solid succinonitrile
that favors growth in < 100> direction, and the orientation of die grain they occupy.

In many circumstances, however, the observed morphological instability structure depends
on local experimental conditions: buoyancy-driven fluid flow is always present. and the
formula may be applied with Cioc instead of Co.

Benielli et al. (2002) observed and modelled the phenomenon related to droplet growth in
super-heated solids during directional melting. The length Lsu of the superheated solid can be
derived from the phase diagram under the restrictive conditions



Lst=m Co (k-1)/G k 4)

The global droplet velocity is the difference V =Vp -Vmig between the pulling velocity and
the migration velocity

Vmig=-G Dv/[m Cr(k-1) (5)

The mechanism of migration of the liquid droplets by TGZM (Temperature Gradient Zone
Melting) is elucidated and well explained in the cited papers: the hot and cold sides of the
droplet having different compositions (local equilibrium holds at solid-liquid interface of the
droplet), there is a concentration gradient across the liquid droplet and solute diffuses from the
cold side to the hot side. This causes solidification at the cold side and melting at the hot one,
so that a droplet migrates up the thermal gradient.

The authors deduce a droplet lifetime t as a function of non-dimensional nucleation depth f
(f = Zi/lLsu where Zi, is the nucleation depth, i.e. die distance between the nucleation of the
droplet and (lie solid/bulk liquid interface).

The modeling of the growth of the droplets can be performed assuming a separation
between the one-dimensional growth in z direction controlled by TGZM, and the free growth
of the 2D cross section at z = 0 (at the point of nucleation of the considered droplet). For the
latter phenomena, the considered equation is given by

d°C,(r,0) 1 aC,(r,0)
or? r or
Solute conservation equation at die droplet solid/liquid interface is

-0 (6)

.(7)~Cs(r ), =0, 0 o

where Vr the growth velocity and T satisfies
T=To-G(Z-Zo)+G Vp (t-10) (8)

in a frame attached to the crucible, To is die liquidus temperature for the solute concentration
Co and Zo is the vertical position of the isotherm To at rime t where the droplet appears. A
concentration boundary layer is assumed in the solid surrounding the liquid droplet.

= N %

Figure 6: a) Liquid droplets grain— b), ¢) Morphological instability at grain boundaries d) Arrays
melting dendrites in a grain [Benielli et al, 2002]



The equations are solved by a finite difference method. The found time evolution of the
droplet is in good agreement with the experimental results, obtained for different pulling rates.

Liquid droplets were also observed in the case of Al-1.5 wt% Ni directional melting
followed by the thermal stabilization [Nguyen Thi et al., 2003]. In addition, there are liquid
channels separating the solid grains. These structures appear in a mushy zone whose thickness
can be evaluated. They migrate during the thermal stabilisation period. The mechanism of
migration of the Ni rich liquid droplet by TGZM is the same as for the previous examples.

A simple numerical model has been derived to describe the directional melting and the
thermal stabilization regime. If p(X, t) is the density number of droplets at time t and altitude
X from the solid base of the mushy zone. neglecting droplet coalescence, we obtain the
balance equation for droplet (or horizontal channel) concentration

6_p+ a([)Vmig)z 0
ot oX

where Vnig is the migration velocity given by eq. (5).

(9)

During the melting phase t<to, a moving boundary condition p(Xs, t) is used at the altitude
Xs where T (Xg, t) =Tk.

Stopping the furnace at time to with the temperature remaining constant during the
stabilization, the boundary condition becomes p(O,t)zO.Eq. 9 can be solved by a finite

difference scheme on a one-dimensional grid.

Comparison between the numerical and the experimental results has shown a good agreement
In the case of microgravity experiment but is less satisfactory on earth.

3.6. Other Relevant Solidification Aspects

To complement the previous sections and conclude this review, some solidification
problems relevant to microgravity experiments are briefly discuted.

Berne, Pasturel & Vinet (2001) studied crystalline nucleation and phase selection in
refractory metals and alloys in the 50-meters high Grenoble drop tube of CEA.

They emphasize the importance of microgravity and ultra-vacuum to ensure absolute no-
contact conditions and purification by evaporation of really spherical droplets.

Camel & Dupouy (2001) have studied the influence of natural convection on the formation
of dendritic microstructures in the columnar/equiaxed transition case in the specific case of
Al-3.5 wt% Ni alloy.

Process control by vibration was studied for stabilizing solidification fronts and obtaining
planar fronts. Reduced gravity experiments are to be performed in this field, for a better
understanding or the effects of vibrating fields on fluids interfaces and multiphase flows
[Lyubimov et al., 1997].

Finally it should be kept in mind that, even in microgravity conditions, solidification
remains sensitive to the gravity level and orientation as shown by Simpson and Garimella
(2000).

Nomenclature
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Gr Grashof number

Pr Prandtl number

Ra Rayleigh number

solute concentration, average mass fraction

concentration of impurities

Magnetic field intensity

mass diffusivity

non-dimensional nucleation depth

volume fraction of the liquid

gravitational acceleration

thermal gradient

enthalpy per unit mass. interpolation function
thermal conductivity, segregation coefficient
isotropic permeability

reference length

liquidus slope

mobility function of the eutectic

mobility function of the impurities

radial coordinate

time

mixture temperature, melting temperature

x velocity component

z velocity component

melting velocity. pulling velocity local velocity
characteristic thickness

altitude from the solid base

horizontal coordinate

vertical coordinate

nucleation depth

thermal, resp. solutal, expansion coefficient of the liquid
jump

thermal diffusivity, capillarity coefficient
dynamical viscosity, kinematical viscosity
density, number density of droplets

phase field

droplet lifetime

Z,ZICTAXTTOQRTO® 0,0

<< c—H—~-=
< -

> o NN X X
>

SR SR~
]}

Subscripts

eutectic

melting

pulling

SH superheated

I, s, sl liquid, solid, transition zone
mig migration

a, solid phases in a binary eutectic

T Tm

11



References

Abhilash E., Joseph M.A., and Krishna P., (2006), Prediction of Dendritic Parameters and
Macro Hardness Variation in Permanent Mould Casting of Al-12FDMP: Fluid Dynamics &
Material Processing, 2, No. 3. pp. 211-220.

Akamatsu, S.; Faivre, G. (2000) Traveling waves, two-phase fingers, and eutectic colonies
in thin-sample directional solidification of a ternary eutectic alloy. Physical Review E
(Statistical Physics, Plasmas, Fluids, and Re Interdisciplinary Topics), 61, 3757-3769.

Akamatsu, S., Bottin-Rousseau, S. & Faivre G. (2001): La dynamique de solidification des
eutectiques lamellaires : des échantillons minces aux systemes massifs, J. Phys. 1V France,
11, Pr6-127-134.

Akamatsu, S., P M., Faivre, G., Karma, A. (2002): Pattern stability and trijunction motion
in eutectic solidification, Phys. Rev. E, 66.3 p. 03050 1(R).

Akamatsu, S., Plapp, M., Faivre, G., Karma, A. (2004): Over stability of lamellar eutectic
growth below the minimum-undercooling spacing, Met. Mat Trans., 35A, 6 p. 1815-1228.

Amberg G. and Shiomi J., (2005), Thermocapillary flow and phase change in some
widespread materials processes, FDMP: Fluid Dynamics & Materials Processing, 1, No. 1,
pp. 81-95.

Benielli, D., ElI Ganaoui, M., Semma, E., Bergeon, N., Jamgotchian, H., Voge, P., Billia,
B. & Bontoux, P. (2001): Effect of the thermal convection on directional solidification of
succinonitrile-acetone alloy: Comparison between experimental and numerical studies, J.
Phys. IV France, 11, Pr6-135-142.

Benielli, D., Bergeon, N., Jamgotchian, H., Billia, B. & VVoge, Ph. (2002): Free growth and
in stability morphologies in directional melting of alloys, Phys. Rev. E., 65, 051604-1-10

Bennacer R., L1 Ganaoui M., Mohammad A. A., and Fauchais P. (2002): Computational
analysis of Marangoni effects during floating zone growth under micro-gravity conditions,
Progress in Transport Phenomena, S. Dost, H. Struchrup and 1. Dincer (eds). Elsevier, Paris,
pp. 559-564

Bennacer R., ElI Ganaoui M. and Semma E. (2004): Quelques parametres de controle de la
convection thermo-capillaire en croissance par fusion de zone en microgravité. Comptes
Rendus Mecanique, 332, Issues 5-6, May-June, pp.447-456.

Bergeon, A., Henry, D. & Benhadid, H. (1994): “Marangoni-Bénard instability in
microgravity conditions with Soret effect” International Journal of Heat and Mass Transfer,
37, pp. 1545.

Berne, C., Pasturel, A. & Vinet, B. (2001); Germination et sélection de phases dans les
métaux et alliages réfractaires: approches expérimentales en tube a chute libre et théorique par
calculs ab initio, J. Phys. IV France, 11. Pr6-1 19-186.

Camel D., Arquis E. (1992): “Structural effects of convective flows in dendritic
solidification” - Numerical modelling, EUROMECH 284 on Fluid Flow Phenomena in
Crystal Growth, Aussois, pp.13-16 October 1992.

12



Camel, D. & Dupouy, M. D. (2001): Comparative study of the columnar-equiaxed
transition in microgravity and on ground during directional solidification of a refined Al-15
wt% Ni alloy, J. Phys. IV France, 11,Pr6-119-126.

Casal, P. (1972): “La théorie du second gradient et la capillarité”, C.R. Acad. Sci. Paris,
274, Série A, pp. 157 1-1574.

Chandrasekhar S. (1961): Hydrodynamic and hydro-magnetic stability, Clarendon Press,
Oxford.

Debierre, J.M., Karma, A., Celestini, F., Guerin, R. (2003): Phase field approach for
facetted directional solidification. Phys. Rev. E., 68, pp. 041604-1-13.

El-Gamma M. and Floryan J.M., (2006), Thermocapillary Effects in Systems with Variable

Liquid Mass Exposed to Concentrated Heating, FDMP: Fluid Dynamics & Materials
Processing, 2, N°l, pp. 17.26.

El Ganaoui, M. (2002): Computational modeling of heat mass and solute transport in
solid/liquid transition systems on earth and on microgravity environment. Mecanica
Computational XXI, ISSN 1666-6070, Eds. S. R. Idelsohn, V. Sonzogi, A. Cardona, pp.
2587-2592.

El Ganaoui M., Lamazouade A., Bontoux P., and Morvan D. (2002): Computational
solution for fluid flow under solid/liquid phase change conditions, Int. J, Computers and
Fluids, 31, issues 4-7, pp. 539-556.

Favier, JJ. & Camel, D. (1986): Analytical and experimental study of transport processes
during directional solidification and crystal growth, J. Crystal Growth, 79, pp. 50-62.

Gatignol, R. & Prud’homme (2001): Mechanical and thermodynamical modeling of fluid
interfaces, Series on Advances in Mathematics for applied sciences, 58. World Scientific.

Gelfgat A. Yu., Rubinov A., Bar-Yoseph P.Z. and Solan A. (2005): On the Three-
Dimensional Instability of Thermocapillary Convection in Arbitrarily Heated Floating Zones
in Microgravity Environment. FDMP: Fluid Dynamic: & Materials Processing, 1, No.1, pp.
21-32.

Giessler C.; Sievert C.; Krieger IL, Halbedel B. Huelsenberg D., Luedke U., Thess A.
(2005): A Model for Electromagnetic Control of Buoyancy Driven Convection in Glass Melts
FDMP: Fluid Dynamics & Materials Processing, 1, No. 3, pp. 247-266.

Gouin, H. (1998): Energy of interaction between solid surfaces and liquids, J. Phys. Chem.
B, 102, pp. 1212-1218.

Goyeau B., Benihaddadene T., Gobin D. & Quintard M. (1999): Numerical calculation of
the permeability in a dendritic mushy zone. Metallurgical & Materials Transactions, 30B, pp.
613-622.

Guérin, R., ElI Ganaoui, M., Haldenwang, P. & Bontoux, P. (2001): Finite volume and
spectral methods applied to Pb-30%T]I alloy solidification, J. Phys. IV France, 11, pp. 151-
159.

Hong C.P., Zhu M.F. and Lee S.Y., (2006), Modeling of Dendritic Growth in Alloy
Solidification with Melt Convection, FDMP: Fluid Dynamics & Materials Processing, 2, No.
4, pp. 247-260.

Jackson, K.A. & Hunt, J.D. (1965): Acta Metall., 13, 1212-1215.

13



Jamet, D. & Ruyer, P. (2004): A quasi incompressible model dedicated to the direct
numerical simulation of liquid-vapor flows with phase-change, 52th International Conference
on Multiphase Flow, ICMF’04, Yokohama, Japan, May30-June 4, Paper No. 169.

Kakimoto K.; and Liu L. (2006): Flow Instability of Silicon Melt in Magnetic Fields,
FDMP: Fluid Dynamics & Materials Processing, 2, No. 3,pp. 167-174.

Karma, A. (2001): Microstructural pattern formation during solidification, Introduction a
la session 2 (Solidification et croissance cristalline) du Colloque “ Sciences de la matiére et
microgravité 14-15 mai, ESPC Paris.

Lan C. W., Yeh B.C. (2005): Effects of rotation on heat flow, segregation. and zone shape
in a small-scale floating-zone silicon growth under axial and transversal magnetic fields,
FDMP: Fluid Dynamics & Materials Processing, 1, No. 1, pp. 33-44.

Landau, L. & Lifschitz, E. (1971): Mécanique des fluides, Editions MIR.

Lappa M. (2005a): On the nature and structure of possible three-dimensional steady flows
in closed and open parallelepipedal and cubical containers under different heating conditions
and driving forces, FDMP: Fluid Dynamics & Materials Processing, 1, No. 1, I-19.

Lappa M. (2005b): Review: Possible strategies for the control and stabilization of
Marangoni flow in laterally heated floating zones. FDMP: Fluid Dynamics & Materials
Processing, 1, No. 2,pp. 171-18g.

Langer, J.S. (1986): Recent developments in the theory of pattern formation, Physica A:
Statistical and Theoretical Physics, 140, Issues 1-2, pp. 44-50.

Lehmann, P., Alboussiére, T., Moreau, R., Uspenski, V. (1999): MMD convection control
applied to chemical diffusivities measurements, J. Chim. Phys., vol. 96, pp. 1105-1110.

Li Y.R., Peng L., Shi W.Y. and Imaishi N., (2006), Convective instability in annular pools,
FDMP: Fluid Dynamics & Materials Processing, 2, No.3, pp.153-166.

Ludwig A., Gruber-Pretzler M., Wu M., Kuhn A. and Riedle ,J., (2005), About the
Formation of Macro segregations During Continuous Casting of Sn-Bronze, FDMP: Fluid
Dynamics & Materials Processing, 1, No. 4, pp. 285-300

Lyubimov, D.V., Cherepanov, A.A., Lyubimova, T. & Roux, B. (1997): Orienting effect of
vibrations on interfaces, CR. Acad. Sci. Paris, 320, Série lib, pp. 225-230.

Ma N. and Walker J. S. (2006): Electromagnetic Stirring in Crystal Growth Processes,
FDMP: Fluid Dynamics & Materials Processing, 2. No. 2, pp. 119-126.

Matsunaga K.; and Kawamura H. (2006): Influence of Thermocapillary Convection on
Solid- liquid Interface FDMP: Fluid Dynamics & Materials Processing, 2, No. 1, pp. 59-64.

Mullins, W.W. & Sekerka, R.E (1964); J. Appl. Phys., 35, pp. 444.

Narski J. and Picasso M., (2007), Adaptive 3D finite elements with high aspect ratio for
dendritic growth of a binary alloy including fluid flow induced by shrinkage, FDMP: Fluid
Dynamics & Materials Processing, 3, No. 1, pp. 49-64.

Nguyen Thi, H., Dabo, Y., Billia, B., Camel, D. & Drevet (2001); Solidification dirigée
d’alliages Al-3,5 %pds Ni; analyse des étapes préliminaires de fusion et de stabilisation, J.
Phys. IV France, 11,Pr6-161-167.

Nguyen Thi, H., Drevet, B., Debierre, J.M., Camel, D., Dabo, Y. & Billia, B. (2003):
Preparation of the initial solid-liquid interface and melt in directional solidification, J. Crystal
Growth, 253, 1-4, pp. 539-548.

14



Nield, D.A. (1964): Surface tension and buoyancy effects in cellular convection, J. Fluid
Mech., 19, pp. 341-352.

Plapp, M. & Karma, A. (1999): Eutectic colony formation: A stability analysis, Physical
Review E (Statistical Physics, Plasmas. Fluids, and Related Interdisciplinary Topics), 60, pp.
6865-68809.

Plapp, M. & Karma, A. (2002): Eutectic colony formation: A phase field study, Phys. Rev.
E, 66,6 p. 061608.

Plapp, M., Dejmek, M. (2004): Stability of hexagonal solidification patterns, Europhysics
Lett., 65, 2 p. 276-282. -

Prud’homme, R., Langevin, D. & Faivre, G., Eds. (2001): Sciences de la Matiére et Micro-
gravité, Colloque 86, J. Phys. IV France, 11.

Prud’homme R. & Zappoli, B., Eds (2003): Bilan a quatre ans 2000-2003 du GDR 2258
Phénomenes de Transport et Transitions de Phase en Micropesanteur”, septembre.

Prud’homme, R., & El Ganaoui, M. (Guest Eds.) (2004a): Microgravity, CR Acad. Sc.
Meca, t. 332. fasc. 5-6, Elsevier.

Prud’homme, R. (2004): “L’intérét de 1’outil microgravité pour la mécanique des fluides et
ses applications” Mécanique et Industries, 5 No. 3, mai/juin. pp. 339-351.

Prud’homme, R., & El Ganaoui, M. (2004b): On some basic considerations of solid/liquid
transition models under microgravity environment, Int. J. Materials and Product Technology,
Special issue on ‘Crystal Growth of Semiconductors from the liquid phase’. Ed. S. Dost, pp.
213-225, 2005.

Prud’homme, R. , & El Ganaoui, M. Eds. (2004c): Numéro thématique "Microgravité et
Transferts" Mécanique et Industries, 5 N° 5, octobre/novembre 2004.

Punjabi S.; Muralidhar K.; Panigrahi P. K. (2006): Influence of Layer Height on Thermal
Buoyancy Convection in A System with Two Superposed Fluids Confined in A
Parallelepipedal Cavity, FDMP: Fluid Dynamics and Materials Processing, 2, N° 2. pp. 95-
106.

Scriven, L.E. & Sternling, C. (1964): On cellular convection driven by surface-tension
gradients: effects of mean surface tension and surface viscosity, Chem. Engng. Mech., 19, pp.
321 340.

Seppecher, P. (1987): Etude d’une modélisation des zones capillaires fluides : Interfaces et
lignes de contact, These de Doctorat de 1’université Pierre et Marie Curie, Paris.

Sympson, J.E. & Garimella, SV (2000): The influence of gravity levels on the horizontal
Bridgman crystal growth of an alloy, Int. J. Heat Mass Transf., 43, pp. 1905-1923.

Timchenko, V.; Bennacer, R.; Leonardi, E. and de Vahl Davis, G (2002): The influence of
Soret effect on morphological instability during directional solidification of a binary alloys’,
Progress in Transport Phenomena, S. Dost, H. Struchrup and 1. Dincer (eds), Elsevier, Paris,
pp. 611-616.

Touhiri, R., Benhadid, H., & Henry, D. (1999): Stabilisation par champ magnétique de la
convection en cavité cylindrique chauffee par le bas, J. Chim. Phys., 96. pp. 1098-1104.

Tsukada T., Kobayashi M., Jing C.J. and Imaishi N., (2005), Numerical simulation of CZ
crystal growth of oxide, FDMP: Fluid Dynamics & Materials Processing, 1, No. 1, pp. 45-62.

15



