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Abstract. A two-phase Mixture model is proposed to simulate the liquid-solid phase transition
of a Fe-0.82wt%C steel alloy under the effect of Marangoni flow. This model simplifies
computations by solving a single momentum and enthalpy equation for the mixture phase using
a three-dimensional finite volume method. The simulation involves solidifying a rectangular
ingot (100 x 10 x 100 mm?) from the cold bottom surface towards the hot-free surface at the top.
To facilitate heat exchange with the surrounding environment, a high heat transfer coefficient of
h = 600 W/m?*/K was applied on the bottom surface to establish an upward solidification
direction. However, a lower heat transfer coefficient of 20 W/m?/K was applied on the top free
surface, which was considered flat. This study aims to examine the effect of Marangoni flow
generated by surface tension on flow and segregation patterns. The results show that the
Marangoni flow emerges at the free surface and penetrates into the liquid depth, leading to the
formation of hexagonal patterns along the liquid thickness. Upon full solidification, macro-
segregation also exhibits hexagonal structures, mirroring the stationary hexagonal shapes
generated by Marangoni flow.

1. Introduction

The Rayleigh-Bénard-Marangoni (RBM) convection constitutes a complex fluid dynamics phenomenon
that arises in systems subject to temperature gradients and surface tension variations. This intricate
convection process combines the classical Rayleigh-Bénard convection and the Marangoni effect,
creating dynamic fluid flow patterns and heat transfer characteristics. In a Rayleigh-Bénard-Marangoni
system, a vertical temperature gradient leads to the formation of convective cells as a consequence of
buoyancy-driven convection. The interaction between temperature differences and surface tension
gradients introduces the Marangoni effect, where variations in surface tension across the fluid interface
induce flow. Unlike conventional Rayleigh-Bénard convection, where the fluid's properties remain
uniform at the free surface, the Marangoni effect introduces additional complexities by allowing
temperature-dependent changes in surface tension to influence the flow dynamics. Many researchers [1-
6] have conducted numerical and experimental investigations, considering the Rayleigh-Bénard-
Marangoni (RBM) convection phenomenon. In a numerical study, Rachid Es Sakhy et al. [7]
investigated the Rayleigh-Benard Marangoni (RBM) flow in a cylindrical geometry filled with silicon
oil, heated from the bottom and with a free upper surface. This configuration generated a temperature
gradient that triggered the formation of convective cells. The authors examined the formation of cells
and hexagonal patterns at varying Marangoni and Rayleigh numbers. They found that the appearance of
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hexagonal cells was directly linked to the Marangoni number (Ma). Notably, in the absence of surface
tension (Ma = 0), no hexagonal patterns were formed. However, at a higher Marangoni number of Ma
= 2000, hexagonal cells emerged, and their number increased with increasing Rayleigh number.
Additionally, it was reported that the size and number of hexagonal cells augmented with increasing
Marangoni number. Rahal et al. [8] conducted an experimental study to investigate the dynamics of
Bénard-Marangoni convection in a circular geometry filled with silicone oil. Their findings indicated
that the number of cells formed in the fluid decreased as a function of Marangoni number (Ma). This
observation suggests that Marangoni forces play a crucial role in pattern formation and dynamics in
Bénard-Marangoni convection. Furthermore, the Marangoni flow promotes segregation which is
influenced also by the size of the secondary dendrite arm spacing (SDAS) which in turn directly controls
the mushy zone permeability and macro-segregation phenomena. The evolution and the final value of
SDAS can be predicted based on the cooling rate and the tip radius as described elsewhere [9, 10].

This paper presents a 3D numerical simulation model to investigate the influence of Marangoni flow
on the formation of hexagonal structures in terms of flow patterns and the morphology of segregation
during the solidification of Fe-0.82wt%C steel alloy. Particular emphasis is placed on regulating both
the size and number of hexagonal cells. The fluid movement is driven by two key mechanisms: the
buoyancy effect, arising from variations in fluid density caused by temperature and concentration
gradients, and the Marangoni-driven flow, driven by surface tension gradients. Therefore, a system of
equations will be presented to treat RBM convection phenomena that include the effect of the Marangoni
flow on velocity, thermal fields, and the morphology of the segregation structures after the full
solidification.

2. Model description

A 3D Two-phase mixture columnar solidification model has been performed to investigate the effect of
Marangoni flow on segregation patterns. The two phases refer to the liquid melt (primary phase) and
columnar dendrite trunks (secondary phase), and their amounts are quantified by their volume fractions,
fi, and f;, respectively, their volume fractions sum up to one, denoted as fi + f; = 1. The columnar phase
is stationary, i.e. us = 0; while the motion of the fluid is calculated by solving the momentum
conservation equation.

I e
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L

Figure 1. Sketch of the simulated domain.

Except for the conservation of species, which is solved only in the liquid phase. The volume-average
conservation equations of mass, momentum, and enthalpy are solved for the mixture phase. The
equations are presented in table 1, where p, and um are the mixture density and velocity, respectively.
In the present work, the density in the liquid and the solid phases is considered constant p; = ps. f denotes
the volume fraction, p is the shared pressure, and p the dynamic viscosity. C; is the liquid concentration,
h is the enthalpy per unit mass, ke is the effective thermal conductivity, and the subscripts “i” refer to
either liquid (1) or solid (s). Fparcy, Cs1, and Sr, are the source terms for momentum, species, and enthalpy
conservation equations, respectively. Amuss = 107 kg m™ s7! is the mushy zone coefficient, € = 107 is an
arbitrary constant that is used to avoid dividing by zero. Cs* =k ((T-Twm))/my is the solid concentration
at equilibrium, where k, T, Twm, and ml are the partition coefficient, temperature, melting temperature,
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and liquidus slope, respectively, and L is the latent heat of fusion. The thermophysical properties of fe-
0.82wt%C alloy are given elsewhere, [11, 12].

Table 1. Volume-average conservation equations.

. 0 -
Mass conservation: %-FV‘(mem):O Q)
. 0 pmam I . S
Momentum conservation: % +V- (pmumum ) =-Vp+ v(pmuva ) +pg—Fay @
. . o(p fic ~
Species conservation: %+V-(p, fuic, ) =V(pD Ve, )+cy (3)
bl 2 2 .
Enthalpy conservation: E(ZP‘ ficpiTiJ+V-(Zpi fiuihijzv(keﬂVT)+ST (4)
i=1 i=1

The numerical model was applied to a 3D rectangular geometry (figure. 1) initially filled with molten
Fe-0.82wt%C steel alloy. The side surfaces were assumed adiabatic, while the top and bottom surfaces
have a hot and cold temperature. The top surface was considered a free surface and has a positive surface
tension coefficient, which means that the surface tension increases with temperature. The surface tension
created a horizontal non-uniform temperature distribution along the free surface, causing the formation
of flow patterns and convective cells known as Marangoni cells as illustrated in figure 1. The model has
been described in detail elsewhere [13].

Table 2. Exchange terms used in the conservation equations.

. f2 -
Momentum Transfer: Foay = ——5—A Ui (5)
(1-f,) +e
Species Transfer: Co=—p o(c1,) ©6)
) ot
of
Enthalpy Transfer: S =p LES (7

3. Results and discussion

3.1. Marangoni effect on the flow field

As mentioned previously, the presence of surface tension and temperature gradients leads to the creation
of a net force that drives the liquid in the direction of high surface tension known as the Marangoni
convection. This phenomenon has a profound impact on the flow patterns on the free surface extending
to the liquid depth. The dimensionless number which characterizes the relative effects of surface tension
and viscous forces is the Marangoni number (Ma=0c/0T (e DT)/pa), where, 0c/0T is the temperature
coefficient of the surface tension. The presence of a Marangoni flow can significantly reorganize the
convective cells to perfect hexagonal patterns, as illustrated in figures 1 and 2. The number and the size
of the formed cells may change with changing the thermal gradient and the geometry height.

In this part, three simulations were conducted for three cases, each using a different mesh resolution:
1629350 elements for case (a) and 203125 elements for cases (b) and (c). The velocity fields for these
cases are presented in figure 2. The height (liquid depth) in cases (a), (b), and (¢) was 10, 1.25, and 1.25
mm, respectively, and the thermal gradients were 65, 100, and 65 K, respectively. The length "L" in
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case (a) was 10 mm, but in cases (b) and (c) it was 1.25 mm. While all the studied flow situations reached
stationary cells, the results were obtained using a transient solver. The results show that the flow patterns
exhibited a hexagonal structure due to the influence of surface tension. To investigate the impact of
thermal gradient on the flow configuration, figure 2(c) and (b) depict two scenarios with identical aspect
ratios but varying thermal gradients (DT = 65 K and 100 K, respectively). In these cases, increasing the
thermal gradient from 65 K to 100 K resulted in an increase in the number of convective cells from 15
to 21 (see figure 2). This corresponded to a rise in the Marangoni number from Ma = 1186.8 to 1825.9.
The stronger Marangoni force was responsible for the formation of six additional cells and the cells size
was noticed to decrease. The temperature coefficient of surface tension was set to 66/0T=5-10"* N/(m.K)
for the case of small thickness (case b and c). The impact of thickness on pattern formation was
investigated by examining a larger geometry (8-fold) in case (a) of figure 2. To maintain the same
Marangoni number (Ma = 1186.8), the value of do/0T was reduced to 6.25-10° N/(m.K) (eight times
less) while keeping the thermal gradient constant (DT = 65 K). The results reveal that increasing the
thickness to 8-fold resulted in a stable number of cells (15 cells) but dramatically enlarged the cell size.
Generally, the number of Marangoni cells increases with increasing Marangoni number. However, when
thickness increases while keeping the same Marangoni number, the number of cells remains constant
but the cell size grows significantly. The case of e = 1.25 mm was studied in this section (figure 2 (b)
and (c)) to explore the influence of thermal gradient and liquid depth on hexagonal pattern formation.
However, in subsequent sections, we will focus solely on the geometry with e = 10 mm (as shown in
figure 1).

e t ®

18868 =

1186.8

e [mm]

Figure 2. Flow patterns are visualized at e = 0.1 mm for different
thermal gradients and different heights.

3.2. Marangoni effect on segregation

Following the formation of hexagonal structures induced by Marangoni effects and surface tension, an
intensive heat transfer coefficient (HTC) of h = 600 W/Am? K) was applied to the bottom surface. This
HTC facilitated efficient heat extraction between the molten metal and the air, promoting faster growth
of columnar structures on the bottom surface compared to other regions. Conversely, a weaker HTC of
20 WAm? K) was applied along the top free surface. Therefore, solidification starts from the bottom and
progresses to the top free surface. After the full solidification of the sample, the segregation which
presents the mixture concentration (Cnix = Ci fi + Cs* f;) was analyzed at different cut planes as shown
in figure 3. The results demonstrate that the segregation patterns exhibit hexagonal morphologies,
mirroring the influence of Marangoni flow on the segregation structures. The established hexagonal
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segregation pattern coincides with the position of the convective cells observed in the previous section
(see figure 2(a)).

Cnix[WE%C]
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0.69
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Figure 3. Mixture concentration presented after the full solidification of the sample at 1 mm, 4
mm, and 7 mm presented in left, middle, and right, respectively.

The hexagonal segregation structures presented in figure 3 maintain a consistent position from the
bottom to the top. However, the maximum and minimum concentration differences exhibit an increasing
trend from the bottom to the top. This behavior is mainly attributed to the strong flow generated at the
free surface, which causes a pronounced segregation gradient in the vicinity of this region. However, as
the distance between the cut plane and the free surface increases, the Marangoni flow diminishes,
leading to a gradual decrease in segregation difference.

T T T T T
0.94

0.73 -
0.69 -

Segregation difference AC, [%wt]

Sample height, [mm]

Figure 4. Segregation difference versus the sample thickness. The inset maps are the mixture
concentration after the full solidification of the sample at 0.1, 2 mm, 5 mm, 7 mm and 9 mm.
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To analyze the segregation difference at different cut planes after the full solidification of the
simulated domain, figure 4 presents the segregation difference (AC) at 0.1, 2, 5, 7, and 9 mm cut planes.
The color bar on the right side of figure 4 aids in comparing the segregation levels at different cut planes,
with the minimum and maximum values for each plane being indicated. The results reveal a substantial
increase in segregation difference, from AC = 7. 10 to AC = 0.94-wt%, between the 0.1 mm cut plane
and the 9 mm cut plane. A very weak segregation difference of 7. 10* -wt% was observed at e = 0.1
mm, which can be attributed to the weaker flow at the bottom compared to the top, as discussed
previously in figure 3 (weaker Marangoni flow at the bottom).

4. Conclusion

A 3D numerical simulation model was developed using the finite volume method to investigate the
influence of Marangoni flow induced by surface tension on the solidification of a Fe-0.82wt%C alloy.
The aim of this study is to examine the effect of surface tension on the flow and segregation structures.
The study revealed that Marangoni flow effectively generates hexagonal convective cells at the free
surface, extending throughout the liquid depth. The size and number of hexagonal patterns were found
to be related to the thermal gradient and the liquid depth. We found that increasing the thermal gradient
resulted in a rise in the number of cells while increasing the geometry height led to larger hexagons.
After full solidification, the segregation was found to be in perfect hexagonal shapes, with stronger
segregation occurring near the free surface. This study highlights the crucial role of Marangoni flow in
producing hexagonal patterns in terms of flow and segregation structures, providing valuable insights
for various industrial applications.
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