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Abstract
This article deals with laboratory studies and numerical simulations of dissolution
phenomena in partially miscible liquids. The peculiar behaviour of stable and unstable
convection that is produced when a liquid droplet dissolves in a surrounding liquid, is
investigated by means of non-invasive optical techniques. Numerical computations are
used to capture additional insights into the physics of the problem as well as to discern
the role played by buoyancy forces, surface tension effects and the interaction of both in
determining dissolution kinetics and instability mechanisms.
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1. Introduction
A miscibility gap in the liquid phase characterises many different systems, e.g., special
metal alloys, binary mixtures of organic liquids, sulphides and silicates systems, glasses
and liquid crystals. Many industrial applications and processes are based on miscibility
gap and related phenomena.
When these liquids are cooled below a critical temperature [1], they tend to separate into
two components at different compositions (the so-called minority and majority phases)
where each component exhibits a different concentration of the two pure substances
initially used for the alloy and behaves as an immiscible phase with different physical
properties (density, viscosity, thermal conducibility, etc.). This is very similar to a
mixture of water and oil at room temperature in which the two components separate from
each other after having been shaken into a near single solution. The difference between
the aforementioned systems and the water/oil system, besides the materials, is that the
latter is already below the temperature at which the de-mixing process occurs
spontaneously. All the shaking performed after chemical de-mixing is occurred will only
break the droplets into smaller droplets, but will not break-up the droplets to the
infinitesimal size that is required to have an homogeneous solution (from which the often
used denomination of "immiscible alloys").
Failure to obtain uniform dispersions of the minority component through the majority
liquid in space as well as on ground is usually referred to as "the phase separation
problem" [1]; sometimes this topic is also referred to as "coarsening of the dispersion"
(where "phase separation" stands for "spatial" separation of the phases; the
thermodynamic counterpart of the process, i.e. the origin of decomposition, in fact, is a
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well-known and essentially understood chemical phenomenon since at least the mid 30th
of the last century).
These aspects represent a very important problem in materials science of multi-phase
multi-component alloys and numerous investigations have been performed in the last two
decades. Theoretical ones discussing aspects of concurrent nucleation, growth and
collisional coagulation in dispersions with moderate or large concentration of droplets
(see, e.g., the excellent studies of Diefenbach et al. [2], Davis et al. [3], and the more
recent contributions by Wu et al. [4] and Zinchenko and Davis [5]) and
experimental/numerical studies that tried to understand Marangoni motion, Stokes
sedimentation and the interaction of both for single and/or pairs of interacting droplets
(see, e.g., the excellent analyses of Subramanian and Balasubramaniam [6], Rother et al.
[7] and Zhou and Davis [8]).
Often, for the sake of simplicity, non miscible liquids (like the aforementioned oil and
water) are selected as model fluids for these fundamental studies (Monti et al. [9]).
As pointed out by Ratke [1], however, possible dissolution processes still should be
regarded as a relevant part of the analysis even if, as explained before, the phases behave
as immiscible liquids when they are formed. Droplets, formed in some regions by cooling
of the considered alloy, in fact, can move (owing to Marangoni migration or gravitational
sedimentation) to regions with different temperature. Since the phases, on the basis of the
phase diagram, have different equilibrium concentrations at different temperatures, a
droplet that is in equilibrium (i.e. immiscible) with the surrounding liquid in a certain
region at a certain temperature will be no longer in such a stable condition if it rapidly
moves to another zone with different temperature. Therein, in fact, it will tend to return to
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equilibrium exchanging mass with the surrounding phase and leading to the onset of
solutal convection.
These effects are still poorly known, owing to the experimental difficulties encountered
when trying to discern the separate contributions provided by many concurrent and
interacting mechanisms (the aforementioned droplet nucleation and ensuing growth,
sedimentation, Marangoni migration, coalescence, and related interplay of all these
aspects). During material processing the different effects cannot be separated; they act all
together and the related mutual interference can be very complex.
This limitation, however, can be removed if a single droplet is considered. This
fundamental situation is considered in the present analysis. Conditions corresponding to
the aforementioned lack of equilibrium (in terms of surface concentration distribution) is
reproduced by directly injecting the pure liquid representing the minority phase into the
majority phase at a temperature below the critical one. This is accomplished by means of
a needle and, accordingly, a single dissolving droplet anchored to the top of the needle is
obtained. Coagulation events cannot occur since a single drop is present and Marangoni
migration as well as sedimentation phenomena are prevented by the fact that the droplet
is locked to its initial position.
In order to better reproduce conditions corresponding to real industrial processes (where
the materials are formed by means of a thermal quench of the initially homogeneous
mixture exhibiting a miscibility gap from temperatures above the gap to lower
temperatures inside the gap, see [1]) the dissolution process is also investigated under the
presence of an imposed temperature gradient.
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2. Materials and Methods
2.1 Experimental apparatus and procedure
The couple of liquids exhibiting a first order phase transition used for the experiments
and related simulations is cyclohexane (C6H12)-methanol (CH3OH), see Table I. This
couple has been selected since: (i) the components have nearly the same density; (ii) are
transparent, allowing both the direct visualisation of the drop and the use of optical and
interferometric diagnostic devices; (iii) their mixture has a critical temperature of 45.7
[°C], slightly larger than the ambient one.
The experiments are performed using a cell made of quartz, 1 [cm] x 1 [cm] x 4 [cm],
filled with liquid. Methanol droplets are injected into the cell, by the introduction of the
capillary through the bottom side of the cell. This tube is made of glass (SIGMA P-6679)
and has external diameter d =1 [mm].
Within the test cell filled with cyclohexane, an isothermal or non isothermal temperature
field can be established. Two Peltier elements at the top and bottom walls can be
controlled, in fact, to obtain a constant temperature inside the enclosure and/or to
introduce a temperature gradient parallel to the axis of the aforementioned capillary tube
used to inject and sustain the droplet. In the latter case (non isothermal conditions), the
test cell is heated from above in order to prevent the onset of large-scale thermal
buoyancy convection in the bulk of the liquid.
In order to visualise the dynamic interaction between the solutal buoyancy and surface
tensions effects, a shearing interferometer based on the 10’ Wollastone prism is used. The
interference occurs between two images of the same target but shifted each other. These
images are spatially separated in a direction orthogonal to the optical axis. The shearing
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is obtained with a prism, that divides the incoming beam into two perpendicular beams.
After a polarizer, the two beams became equally polarised and are visualised by means of
an imaging system. The two beams interfere on the image plane, which is conjugate with
the target. The fringes pattern obtained with shearing interferometer gives information on
the first derivative of the wave front phase along the shearing direction (for further details
on the physical principles at the basis of the interferometer and its peculiarities, see [10]).
A digital camera (Hamamatsu) is also used, having a sensor area of 8.58 x 8.58 [mm2], a
resolution of 1024 x 1280 pixels and providing a direct visualisation in the direction
perpendicular to the axis of the capillary tube (this is shown in Fig. 1).
Hereafter the drop liquid will be denoted as phase 1 and the liquid matrix as phase 2.
Figure 2 gives the cyclohexane-methanol equilibrium curve.

2.2 DDVF - Volume of Fluid Method for dissolving drops.
The DDVF is a single region formulation and allows a fixed-grid solution to be
undertaken. It is therefore able to utilise standard solution procedures for the fluid flow
and species equations directly, without resorting to mathematical manipulations and
transformations (it falls into the category of Volume of Fluid methods, see, e.g., [11]).
The model is based on the mass balance equations. The diffusion of the species is
governed by the equations (drop=phase 1=1, matrix=phase 2=0, where  is the
phase variable):





C1
    V C1   D  2 C1 if =1
t

(1)

C 2
    V C 2   D  2 C 2  if =0
t

(2)
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where D is the binary interdiffusion coefficient and C1 and C2 are the concentrations of a
fixed component (for the present case it is methanol) in the minority (drop) and majority
(matrix) phases, respectively. The initial constant concentrations (mass fraction) in the
drop and in the matrix are denoted by C1(o) and C2(o), respectively (for the case under
investigation: C1(o) = 1, i.e. drop of pure methanol and C2(o) = 0, i.e. matrix of pure
cyclohexane). As time passes, owing to molecular diffusion through the interface, the
drop tends to be enriched with cyclohexane (i.e. C1 becomes <1), correspondingly, the
majority external phase tends to be enriched with methanol (i.e. C2 becomes >0). The
interface is assumed to be a sphere of radius R increasing due to growth or decreasing
due to dissolution; on the ground this assumption is reliable if the Bond number
Bo 

gR 2



( is the interfacial surface tension) is sufficiently small, i.e. for small

droplets and/or for 12 (both these conditions are related to the present case).
The behaviour of the two phases is coupled through the equilibrium concentration values
imposed on the two sides of the interface. These values are provided by the miscibility
law (see Fig. 2 and Ref. [12]) according to the local value of the temperature of the
interface (for isothermal conditions of course the equilibrium values are constant along
the interface). At the interface (   0 ), the concentrations must satisfy the equilibrium
conditions:
C1 i  C1( e ) (T )

(3)

C 2 i  C 2 ( e ) (T )

(4)

this means that when a drop of pure methanol is injected into the cyclohexane liquid
matrix, it is assumed that equilibrium at the liquid-liquid interface is attained
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instantaneously (Perez De Ortiz and Sawistowski [[13]). Equations (3), and (4) behave as
‘moving boundary conditions’.
Based on the local values of , the appropriate properties and variables are assigned to
each control volume within the computational domain. If  denotes the generic fluid
property (e.g., density , dynamic viscosity , thermal conductivity , specific heat
coefficient

C p,

etc.)

the

corresponding

value

in

each

cell

is

given

by

  1    2 (1   ) , i.e.:
   1( o )   2 ( o ) (1   )

(5a)

(where, according to the assumption of incompressible fluids, 1(o) and 2(o) are constant
reference values for the phase (1) and (2), corresponding to the densities of pure
methanol and pure cyclohexane, respectively)

  1   2 (1   )

(5b)

  1  2 (1   )

(5c)

C P  C P 1  C P 2 (1   )

(5d)

accordingly, the governing equations are written for the whole computational domain and
the different phases are treated as a single incompressible fluid with variable material
properties.
The flow is governed by the continuity, and Navier-Stokes equations:
 V  0

 ( V )
t

(6)



  p    V V      V  V

T

 F

g

 F Ma

(7)

where, following the usual Boussinesq approximation for incompressible fluids and
related VOF methods, the physical properties are assumed to depend only on the phase
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variable  as shown by eqs. (5), except for the density  in the gravitational generation
term in the momentum balance equation (see eq. (8a)), which is assumed to be in each
phase a linear function of temperature and concentration, i.e.




)  g 





Fg  g  C1 (C1  C1( o ) )   g  C 2 (C2  C2 ( o ) ) (1   ) 

g  T 1 (T  T( o )

T2



(T  T( o ) ) (1   )

(8a)

c1 and c2 are the solutal expansion coefficients related to the mutual interpenetration of
the phases (1) and (2), T1 and T2, the thermal expansion coefficients. The source terms
FMa takes into account the other driving force involved in the phenomena under
investigation, i.e. the Marangoni effect. The strategy used herein to account for this force
is, in fact, the Continuum Surface Stress (CSS) model (the philosophy underlying this
approach is quite complex and is not treated here for the sake of brevity; the reader will
find all the necessary details in the excellent study of Haj-Hariri et al. [14]); with this
model surface tension gradients along the interface (Marangoni stress) are incorporated
as body forces per unit volume in the momentum equations rather than as boundary
conditions:
 2


F Ma  
nˆ 
I  nˆ nˆ  T  
T
 R






(8b)

it is interesting to point out how, following Warren and Webb [15], the sole
(experimentally determined) parameter /T is needed to account for the dependence of
the surface tension on both T and C (the surface equilibrium concentrations, in fact, are
not free parameters but, in their turn, functions of T as shown by Fig. 2 and eqs. (3-4));
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I is the identity matrix and n̂ is the unit vector perpendicular to the fluid/fluid interface
n̂  


.


The temperature distribution is governed by the energy equation:

C P T
     C P V T      T 
t

(9)

Concerning the boundary conditions, the walls are assumed to be impermeable
(C/n=0) and with no-slip conditions for the velocity. For the energy balance equation,
the lateral boundary is assumed adiabatic whereas constant uniform temperature values
are imposed on the top and bottom walls. At the initial instant (corresponding, from an
experimental point of view, to the end of the drop injection time) the fluid is supposed to
be at rest (V=0) with a uniform temperature distribution or diffusive conditions
(temperature varying linearly between the top and bottom values) in the case of
isothermal and non-isothermal experiments, respectively.
The core of the DDVF method is its technique for updating . The tracking of the
interface between the phases is accomplished by the solution of a special continuity
integral equation for the volume of the liquid drop taking into account the release or
absorption of solute through the interface.
The jump species balance equation across the interface reads (see Bassano [16]):
D



C2
C
 C2 i f   D 1  C1 i f
n i
n i

where



f   with  

(10a)

dR
); therefore, integrating over the surface of the drop, one
dt

obtains for the time evolution of the radius :
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1
dR
D
dt
S

 C2
C
1

 1
n
S C1 i  C2 i  n i




dS
i

where S is the surface of the drop, and

(10b)

C
 C  nˆ .
n

In practice, after the computation of the radius at the new instant (eq. 10b), the
distribution of the phase variable  is reinitialised to take into account the volume change,
i.e. for r<R and  for r>R.
As previously pointed out, the present model, assumes the drop shape to be spherical. In
the classical VOF methods the shape of the interface is unknown: is computed solving
a separate equation, then the interface is "reconstructed" within the framework of a
special geometrical algorithm (e.g., SLIC - Simple line Interface Method or PLIC Piecewise Linear Interface Construction). In the present case, it is the opposite. The
interface shape is assumed to be known. Its radius is computed solving a separate integral
balance equation and finally the phase variable is defined on the basis of the current value
of the radius. The introduction of the phase variable is necessary since, from a
computational point of view, it is used for the definition of the materials physical
properties as shown by eqs.(5). It is also used as a practical geometrical variable for the
definition of the unit vector perpendicular to the fluid/fluid interface and the application
of the CSS philosophy. Thus the present strategy can be regarded as a "hybrid" Volume
Tracking approach. Equations (1), (2), (6), (7), (9) and (10b) represent a system of five
partial differential equations and one ordinary differential equation whose solution
governs the non-linear behaviour of the physical system under investigation. The NavierStokes equations have been solved with the SMAC method (Simplified Marker and Cell,
see e.g., Fletcher [18]). The method is not described here for the sake of brevity and since
11

it is well known. A grid 400x100 (Nx x Ny) has been used to ensure good resolution and
grid-independence. According to the structure of the convective phenomena under
investigation, the computations are axi-symmetric. The integration time step is
automatically selected by the numerical algorithm on the basis of the physical parameters
assigned in input to the code (for the stability of the numerical schemes used for the
diffusive terms appearing in the differential balance equations) and dynamically adjusted
during the computations in order to satisfy at each instant the well-known stability
criteria for the convective schemes (which, in turn, depend on the effective instantaneous
maximum velocity in the computational domain). Such a strategy can be regarded as an
excellent compromise between the computational efficiency and the numerical stability
of the algorithm. Nevertheless each simulation required a week of simulation time on a
DS20 Compaq workstation.

3. Results and Discussions

3.1 Pure buoyant flow
In the absence of temperature gradients, concentrations provided by eqs(3) and (4) are
constant along the droplet surface. Accordingly, both solutal and thermal Marangoni
effects are prevented and only buoyancy forces drive the dynamics of the flow. This is
the simplest possible condition within the framework of the present studies.
The experiments performed in this case (isothermal conditions) simply show an upward
methanol flow, starting from upper point of the drop. This flow corresponds to the
classical solutal Rayleigh-Taylor “plume” typically observed in this kind of studies
(shown in Fig. 3). Nevertheless, it is worth spending some words about the fact that such
a plume is created in the host liquid (cyclohexane) despite this liquid exhibits a smaller
12

density with respect to the drop (methanol). Such apparent counterintuitive behaviour, in
reality, is a consequence of the fact that the density of the cyclohexane-methanol system
does not necessarily behave as an increasing function of the methanol concentration and
can be a decreasing function for small values of this concentration (Fig. 4). This means
that at early stages of the dissolution process, the density of the majority phase (rich in
cyclohexane) tends to become smaller even though methanol is heavier than cyclohexane.
Among other things, this case is also particularly significant since it demonstrates (in
principle) that, owing to the particular density behaviour of systems with a miscibility
gap, drops sedimented to the bottom of the enclosure containing the immiscible alloy can
give rise to rising solutal jets even if they are heavier than the surrounding liquid.
3.2 Stable rising plumes
The same behaviour observed in isothermal condition occurs in the cases in which
moderate thermal gradients (corresponding to the stability region in Fig. 6) are applied to
the test cell.
In both cases, Marangoni effects can be considered negligible and the dominating effect
is driven by solutal buoyancy forces. Lighter methanol-rich phase surrounding the droplet
is removed by the rising buoyant jet-flow.
If the buoyant effect is artificially suppressed by neglecting the corresponding term Fg in
the momentum equation (from a physical point of view, this would correspond to
experiments carried out in microgravity conditions), the numerical simulation shows that
the droplet dissolution rate considerably decreases (Fig. 5).
Such an effect is not unexpected. Typically, Marangoni convection is, in fact, a surface
phenomenon and is confined to regions near the free surface, whereas buoyancy can drive
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fluid motion throughout the liquid bulk. Buoyancy forces are, in fact, volume driving
actions, whereas Marangoni stresses are surface driving actions. Superimposed on this is
the fact that for the present case, buoyancy forces are mainly of a solutal origin (the test
cell is heated from above) whereas surface forces are related to temperature gradients. If
moderate thermal gradients are applied in zero-g conditions, very weak surface flow
occurs driven by thermal Marangoni convection and, as explained before, this flow is
confined to a region close to the drop surface. In the absence of buoyancy, therefore, the
lighter liquid tend to stay around the droplet and accordingly radial concentration
gradients are weakened as time passes. This explains why the dissolution rate is
decreased.

3.3 Oscillatory behaviours
It is now considered the case in which a higher temperature gradient is applied to the test
cell.
In the presence of high temperature gradients, where Marangoni effects are of the same
order of natural convection, oscillatory convective instabilities occur. If a temperature
gradient (T/x) is applied to the liquid matrix, the regular release of methanol in the
rising jet discussed above, is taken over by a new spatio-temporal behaviour. For
sufficiently small values of the temperature gradient (T/x), the transport of methanol in
the rising jet is similar to that obtained in the case of isothermal conditions, but if T/x
exceeds a certain critical value (for a droplet having initial volume 3-5 [l], the critical
T/x is about 1 [°C/cm], see Fig. 6), the aforementioned mechanism undergoes a
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transition to an oscillatory axisymmetric complex flow pattern: An oscillatory convection
mode due to the combined action of thermocapillary and buoyancy appears.
The vertical temperature gradient at the drop-matrix interface is responsible for a
downward motion. At the same time, being the liquid layer close to the drop lighter than
the liquid matrix, far away from the drop, the buoyancy forces tend to bring the fluid
upward. As results of these opposing forces (thermocapillary and buoyancy convection)
an oscillatory convection flow starts. This oscillating flow occurs when the Marangoni
effect is not negligible with respect to the buoyancy effect. A clear evidence of the
counteracting behaviour responsible for the onset of the instability is given, in fact, by the
presence along the drop surface of a “detachment point” (Fig. 7). This point corresponds
to the detachment of the aforementioned layer of liquid transported close to the interface
by surface tension forces. Owing to the solutal buoyancy forces that oppose to downward
motion, the surface layer has not enough momentum to reach the rear of the drop (this
also explains why detachment point moves to the rear of the drop for very supercritical
regimes as will be shown in the next paragraph; in this case, in fact, the surface thermal
Marangoni effect tends to become the dominating force).
For this reason return flow is initiated prior to reach the drop base. The restoring upward
force exerted by the stabilising density gradients restricts the flow (downward motion and
return rising flow) to an area close to the drop.
The surface transfers warm liquid from the peak of the drop to the lower regions until at a
certain stage (the detachment point) buoyancy and continuity bring the fluid up again
resulting in a closed toroidal vortex.
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This behaviour appears in the fringes pattern in the form of a couple of curls that are
initially formed close to the drop surface and then are transported upward by buoyancy
effects (Figs.8a). The phenomenon behaves as a disturbance travelling towards the top
(i.e. a perturbation of the solutal and flow field periodically rising along the symmetry
axis). Instead of a steady regular plume shown in Fig. 3, release of solute occurs in the
form of discrete events separated by certain time (and thus space) intervals. The
instability leads to a somewhat periodic release of lighter fluid in the surrounding liquid.
The numerical simulations have confirmed these behaviours (Fig. 8b).
The mathematical model and the associated numerical algorithm have proven to be able
to "capture" the complex time-dependent phenomena and also to provide information and
data about the intrinsic nature of the instability. For instance, computations obtained
"switching off" surface tension effects (i.e. FMa=0 in eq. (7)), have demonstrated that the
presence of the Marangoni effect is crucial in determining this kind of flow instability. In
absence of Marangoni effect the solutal jet is not broken into discrete events and the
aforementioned characteristic curls do not appear.
In analogy with the case of stationary jet, numerical computations in the presence and
also in the absence of the gravity field have been carried out (see the next paragraph).
3.4 Supercritical regimes and dissolution rates
Numerical simulations obtained switching off the presence of gravity (Fg=0 in eq. (7)) for
the cases treated in paragraph 3.3 show that neglecting solutal buoyancy forces
suppresses the instability and leads to an increase of the drop dissolution rate (Fig. 9).
This second feature seems to lead to an inconsistency with respect to the case treated in
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paragraph 3.2 where for small temperature gradients, the opposite behaviour was
observed.
In reality, such an inconsistency is apparent if one considers that for supercritical
regimes, as anticipated in paragraph 3.3, the surface tension contribution is the
dominating effect close to the drop surface (as shown in Fig. 10, the detachment point
moves towards the rear of the drop when the applied temperature gradient is increased
since surface tension forces are strongly temperature-dependent whereas solutal
buoyancy forces tend to stay constant).
In the absence of solutal buoyancy forces the detachment point corresponds to the
capillary tube. When they are present, on the contrary it is "pushed" in the opposite
direction. This results in a smaller toroidal vortex around the droplet and therefore in a
reduced dissolution rate driven by the mixing of the flow therein. The result is a larger
amount of time to have complete droplet dissolution.
An example of the very intricate spatio-temporal behaviour under the combined influence
of gravity and surface tension effects for large (supercritical) values of the imposed
temperature gradient is shown in Figs. 11.
Very complex scenarios arise. The rising jet is not only broken into discrete temporal
events, but loses its single-finger structure (shown in Figs. 8). In the generic meridian
plane, in fact, two somewhat sinusoidal wave-shaped branches appear (Figs.11).
Hence, on the one hand, the dissolution rate is decreased, but on the other hand, solute
tends to be spread over the entire axial and radial extension of the domain. This is due to
the enhanced mixing provided throughout the text cell by the increased frequency of
release of toroidal vortices rising towards the top.
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From the above discussion, it also follows that if the isothermal and thermal-gradient
cases are compared, as expected, the mass-exchange is favoured in the first case (Figure
12 shows that the dissolution curves (radius versus time) for both isothermal conditions
T=25 [°C] and T=35 [°C], lie below the corresponding one in the presence of T/x=3.3
[°C cm-1] and Taverage=27 [°C]). In fact, in the latter, as elucidated before, the two
counteracting effects tend to weaken the removal action of lighter methanol liquid around
of the dissolving droplet.

4. Conclusions

Dissolution kinetics of an isolated liquid droplet in non equilibrium conditions with an
external host liquid exhibiting a miscibility gap, have been presented in terms of
dissolution rates and possible stationary or oscillatory regimes.
Non invasive optical techniques and relevant numerical methods have been introduced
for the accurate investigation (and better understanding) of these effects.
The investigation has disclosed that process is governed at least by two different
parameters (initial volume of the droplet and possible presence of thermal gradients), and
there is consequently a large number of different types of conditions that can occur. A
variety of qualitatively and quantitatively different results in different parts of parameter
space has been shown, thus providing the reader with a quite exhaustive picture of the
problem.
The mechanisms underlying the different spatio-temporal behaviours of the system have
been captured by the mathematical model and the corresponding numerical technique
used for the computer simulations.
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Numerical simulations, however have also been used to take the comprehension of the
problem beyond the point of view provided by the experimental analysis. This has been
accomplished by systematically taking into account one driving force while switching off
the effect of the other. Such a strategy has allowed the identification of the relevant forces
governing dissolution kinetics and the onset of possible fluid-dynamic instabilities in the
different regions of the parameter space. The major result is that the dissolution process is
dominated by solutal buoyancy forces flow for small values of the imposed temperature
gradient and by thermal surface tension forces for large thermal gradients. Between these
two opposite conditions, onset of oscillatory flow is possible owing to counteracting
behaviour of these opposite effects close to the droplet surface.
Even if the dissolution rate is reduced for this case, the oscillatory thermo-solutal
convection affects methanol distribution throughout the enclosure. Therefore it is
expected to influence solute segregation and interfere in a significant manner with the
solidification mechanisms during real industrial processes involving liquid systems with a
miscibility gap.
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Binary interdiffusion coefficient D [m2 s-1]
Density  [Kg m-3]
Density  [Kg m-3]
Kinematic viscosity  [m2 s-1]
Kinematic viscosity [m2 s-1]
Solutal expansion coefficientc1 [-]
Solutal expansion coefficientc2 [-]
Thermal expansion coefficientT1 [K-1]
Thermal expansion coefficientT2 [K-1]
Specific heat coefficient Cp [J Kg-1K-1]
Specific heat coefficient Cp2 [J Kg-1K-1]
Thermal conductivity [J m-1s-1K-1]
Thermal conductivity [J m-1s-1K-1]
Surface tension derivative T[dyne m-1K-1]
Table I: Physical properties
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Fig. 1: Shearing interferometer
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Fig. 2: Phase diagram for the cycloexane-methanol system
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Fig. 3: Rising plume from a droplet of methanol dissolving in cyclohexane (uniform
temperature distribution T= 25 [°C], initial drop volume 3 [l]):
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Fig. 4: Density vs methanol concentration for the cyclohexane-methanol system (after
Ref. [12]).
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Fig. 5: Dissolution rate of the methanol drop in isothermal conditions (volume= 3 [l] ,
T= 25 [°C), experimental and numerical data for normal gravity conditions and
numerical results for microgravity conditions (buoyancy effect switched off).
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Fig. 6: Stability map and critical temperature gradient (T/x) as a function of the initial
droplet volume (numerical and experimental results). The critical threshold is an
increasing function of the initial volume (triangle: stable condition - experimental result,
diamond: unstable condition - experimental result, star: stable condition - numerical
result, circle: unstable condition - numerical result).
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detachment points

Fig. 7: “Detachment points” along the drop surface.
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a)

b)
Figs. 8: oscillatory instability of the axisymmetric plume rising from a drop of methanol
dissolving in a cyclohexane matrix with T/x = 2.3 [°C cm-1] (Taverage=27 [°C]). The
initial volume of the drop is 3 [l]. The images are taken at time intervals of about 2
seconds. One period of the oscillating behaviour is shown. (a) Experimental results, (b)
Numerical computations.
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Fig. 9: Dissolution rate of the methanol drop (volume= 3 [l]) under the effect of a
thermal gradient (1 [°C/cm]); experimental results and numerical data with and without
gravity.
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Fig. 10: Surface flow for large temperature gradient (T/x>3 [°C cm-1]).
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(a)
(b)
(c)
(d)
Figs. 11: Computed evolution of the unstable solutal plume: concentration and flow field
patterns for a 5 [l] droplet of methanol dissolving into a matrix of cyclohexane with
T/x=5 [°C cm-1] (Taverage=27 [°C]): (a) t= 27.7 [s]; (b) t= 42.4 [s]; (c) t= 68.5 [s]; (d) t=
117.4 [s].
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Fig. 12: Comparison among the dissolution rate for a 5 [l] droplet for two isothermal
conditions (T=25°C and T=35°C) and non iso-thermal conditions with Taverage=
27 [°C] and T/x=3.3 [°C cm-1].
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