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ABSTRACT

Marangoni convection is critical in various natural and industrial processes, such as
film coating, droplets, material fabrication, and crystal growth. However, most of these
studies have focused on fixed geometrical settings, neglecting the variability encountered in
real-world scenarios. This thesis aims to fill this gap by investigating Marangoni convection
under various geometrical conditions relevant to practical processes. It strives to uncover and
characterize the novel phenomena that arise when the geometric constraints are altered.
Through meticulous numerical simulations and experimental analysis, this research offers a
fresh perspective on the complexities of Marangoni convection, providing insights that could

revolutionize process optimization in fields where these dynamics are crucial.

Investigating the impact of liquid depth on thermal Marangoni convection stability within a
shallow cavity containing silicone oil with a Prandtl number of 6.7, the findings reveal that
thinner films exhibit primary instability transitioning from a steady state to a 3D oscillatory
pattern. In comparison, thicker films experience secondary instability, shifting from
oscillatory to chaotic flow. These behaviors suggest that thinner films benefit applications
requiring stable coating processes. In contrast, thicker films might be better suited for

applications demanding enhanced mixing, such as lubrication.

The next research delves into the influence of hydro-static free surface deformation on
thermo-solutal Marangoni convection in a shallow rectangular cavity under microgravity
conditions. The results underscore a crucial point: the volume ratio is a dominant factor for
promoting uniform liquid layers and is facilitated by consistent Marangoni flow distribution.
This study also explores the interaction between different Prandtl and Schmidt numbers,
demonstrating how these properties affect flow, temperature, and concentration distributions,

essential for optimizing various industrial processes such as material welding, glass



production, painting, and crystal growth. This emphasis on practical relevance keeps the

reader's attention and highlights the importance of the research.

This final investigation focuses on thermo-solutal Marangoni convection in a floating liquid
bridge of SiGe, considering variations in volume ratio and gravity. The simulation outcomes
indicate that the temperature field in the melt remains unaffected mainly by convective flows,
while the concentration field predominantly determines the transport structures. Notably, the
transition characteristics and the critical azimuthal wave number are influenced by the
volume ratio, with minimal impact from gravitational changes, highlighting the robustness

of Marangoni convection under diverse conditions.

These studies offer a deeper understanding of Marangoni convection's complex dynamics
and highlight its direct implications for improving processes in various industrial and
scientific applications, coating, lubrication, and crystal growth for better design and high-

quality production.
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CHAPTER 1

INTRODUCTION

1.1 Background

Marangoni convection usually occurs in a liquid layer due to the spatial variation of
surface tension. When the temperature gradient causes the variation in surface tension, the
flow in the liquid is called thermal Marangoni convection. Analogous to the thermal
Marangoni effect, when the concentration gradient causes it, the flow is called solutal
Marangoni convection. The combined flow is called thermo-solutal Marangoni convection
in the presence of both temperature and concentration gradients. Due to its complex dynamic
behaviors and flow pattern transitions, Marangoni convection is critical for understanding
various natural phenomena and industrial processes. This convection is essential in
explaining natural occurrences like droplet evaporation [1] and the formation of wine tears
[2] and in enhancing theoretical knowledge in industrial applications, including thin-film
coating [3, 4], casting solidification [5, 6], and crystal growth [7, 8]. The phenomenon
primarily arises along free surfaces, driven by variations in surface tension and influenced by
free surface conditions such as the deformation of a crystal's growing surface (Figure 1.1)
due to hydrostatic pressure during forced convection [9, 10]. These Marangoni flows,
although typically confined to different regions of the melt, exhibit significant interactions,
necessitating a more profound exploration to improve both theoretical understanding and

practical applications in related fields.
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Figure 1.1 (a) 3D Geometry of the liquid bridge with deformed free surface [9] and (b) 2D sketch of
liquid layer with curved free surface [45].

1.2 Relevant research and status

Marangoni convection has seen a resurgence of interest due to advancements in space
experiment conditions over the past four decades, highlighted by theoretical, experimental,
and numerical studies that have elucidated critical parameters influencing flow pattern
transitions, bifurcation laws, and structural influences on flow dynamics. In parallel, the
shallow rectangular cavity system remains a cornerstone in material welding, glass
production, painting, and crystal growth (Figure 1.2 (a)), offering precise control over the
growth of thin liquid layers through adjustments in temperature, solution composition, and
substrate preparation [11]. Despite its advantages in material customization, complete
mastery over the thin fluid layer relationships in industrial applications continues to be
elusive, promoting numerical simulations under micro- or zero-gravity conditions as cost-

effective methods for in-depth study.

Similarly, the Floating Zone (FZ) technique (Figure 1.2 (b)), which allows for the growth of

high-purity crystals without containment, faces challenges due to the high melting points of



materials and limitations in direct observation, compounded by gravitational constraints that
limit the size of the crystals grown on Earth. Here, numerical simulations, particularly those
employing the half zone model for its computational efficiency, also serve as valuable tools.
This model, which simplifies the system to half of a full zone liquid bridge, features a single
toroidal vortex between hot and cold zones, enabling a detailed study of the growth processes
under varied gravitational conditions [12]. These simulations are instrumental in overcoming
practical and experimental limitations, allowing for expanded exploration of thin film

applications and FZ techniques.
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Figure 1.2 (a) Schematic diagram of the shallow rectangular cavity used for thin film application and
(b) floating zone method.

1.2.1 Study on pure thermal Marangoni convection

Numerous studies have investigated pure thermal Marangoni convection due to its
widespread presence in natural and industrial processes. In an earlier study, Smith and Davis
[13] conducted a linear stability analysis of thermal Marangoni convection in an infinitely
shallow liquid layer subjected to a horizontal temperature gradient. They identified two types
of thermal convection instabilities in the liquid, specifically stationary longitudinal rolls, and
oblique hydrothermal waves (HTW), which depend on the working liquid's Prandtl number

(Pr) and the basic flow pattern. They also determined the corresponding critical Marangoni



number. Subsequent experimental studies also observed stationary longitudinal rolls and

HTW.

Li et al. [14, 15] performed three-dimensional numerical simulations of thermal Marangoni
convection and Marangoni-buoyancy convection in silicon melt and 0.65cSt silicone oil
within an annular liquid pool. Their results indicated that the basic flow bifurcates into a
three-dimensional steady flow and then transitions into a three-dimensional oscillatory flow
as the temperature difference increases. These simulation results were largely consistent with
the experimental findings of Azami ef al. [16] and Schwabe [17]. Burguete et al. [18, 19]
experimentally investigated natural and thermal Marangoni convection in a rectangular pool
and found that Marangoni convection was dominant in a shallow pool, while buoyancy

effects were more significant in a deeper pool.

The fluid's properties and the configuration's aspect ratios significantly impact thermal
Marangoni convection. Schwabe et al. [20, 21] conducted microgravity experiments and
numerical simulations to explore thermal Marangoni convection flow characteristics and
stability in a cylindrical annulus under various aspect ratios. They verified that the
axisymmetric flow disappears and becomes an oscillatory flow with a multi-roll structure
when the imposed temperature gradient exceeds a critical value. Additionally, the aspect ratio
significantly affects the critical Marangoni number, with the number of azimuthal waves and
multicells generally increasing with the aspect ratio. Using linear stability analysis, Liu et al.
[22] studied the effect of aspect ratio on the instabilities of thermal Marangoni flow. Their
results showed that the bifurcation is oscillatory for small aspect ratios, while a stationary
bifurcation mode arises for large aspect ratios, revealing different instability mechanisms for
each bifurcation mode. Zhang et al. [23] conducted numerical simulations to investigate the
critical condition for flow destabilization in thermal Marangoni flow at two different aspect
ratios, finding that flow loses stability more easily at smaller aspect ratios, and more wave
numbers are observed in the oscillatory flow. Liu et al. [24] focused on the effect of the
Prandtl number (0.001 > Pr> 6.7) on thermal Marangoni flow in an annular pool using linear

stability analysis, observing five types of instabilities, and systematically discussing the



relationships among the Prandtl number, wave number, and associated instability

mechanisms.

Imaishi et al. [25] predicted flow bifurcations with increasing temperature differences in a
liquid bridge at smaller Prandtl numbers. Li ef al. [26] investigated three types of oscillatory
Marangoni flows in half-zone liquid bridges of low-Pr fluids using proper orthogonal
decomposition (POD) with the snapshot method, identifying oscillatory disturbances with
characteristic eigenfunctions. Li et al. [27] also studied changes in the oscillation mode
through time evolutions of thermocapillary flows in a short half-zone of molten tin with a

low Pr number.

1.2.2 Study on thermo-solutal Marangoni convection

Thermal-solutal Marangoni flow, which is complex due to the coupling of thermal
and solutal Marangoni effects, is crucial in thin film applications and crystal growth
processes. Bergman [28] investigated this phenomenon in a rectangular cavity with opposing,
equal-strength thermal and solutal effects, finding that flow occurs and loses stability when
the Marangoni number exceeds a critical value despite a zero overall effect. However, the
transition mechanism was not detailed. Arafune er al [29-31] used experiments and
simulations to study thermal and solutal Marangoni convection in an In—-Ga—Sb system,
predicting that solutal Marangoni convection could enhance or weaken thermal convection,
affecting crystal growth uniformity. Okano ef al. [32, 33] identified thermal-solutal
Marangoni effects as causing oscillatory flow in GaSb/InSb/GaSb alloys, potentially
degrading crystal quality. Sheremet and Pop [34] found that strong Marangoni effects reduce
heat transfer in a nanofluid-filled porous cavity. Chen et al. [35] analyzed thermal-solutal
Marangoni flow in a two-dimensional rectangular cavity, finding that instability transitions
to oscillatory flow via Hopf bifurcation, influenced by Lewis and Prandtl numbers. Zhan et
al. [36] studied three-dimensional thermal-solutal Marangoni convection in a cubic cavity,
noting the significant impacts of the Marangoni ratio on heat/mass transfer and flow

structures, with transitions from oscillatory to chaotic patterns at higher ratios. Yu et al. [37,



38] examined Marangoni convection in an annular pool, highlighting the Marangoni ratio's
influence on wave pattern evolution. Agampodi Mendis et al. [39] investigated aspect ratio
effects on Marangoni instabilities in a liquid bridge, linking critical Marangoni numbers to
wave numbers and aspect ratios. Given the dual effects' impact on melt flow and crystal
quality, ongoing research focuses on thermal and solutal Marangoni convection in floating
zones and rectangular cavities. Mendis et al. [40, 41] conducted global linear stability
analyses to determine the onset and transition of Marangoni convection in a half-zone liquid
bridge. Furthermore, the SiGe growth melt temperature and concentration gradients arise
from the density difference between Si and Ge, driven by the applied temperature gradient.
These factors collectively influence the development of thermal and solutal Marangoni flows
along the free surface of the liquid bridge. Minakuchi et al. [42, 43] investigated the relative
contributions of thermal and solutal Marangoni convection in the same direction in a half-
zone system under zero gravity through numerical simulation. They demonstrated that the
co-existence of these two flows significantly affects the flow pattern and azimuthal wave
number (m). Augmented effects with m-fold symmetry and an oscillatory rotating tendency
were predominantly observed at large Marangoni numbers. Minakuchi et al. [44] also
conducted a numerical investigation on the hysteresis phenomenon of flow patterns induced
by thermal and solutal Marangoni convection in a half-zone system under zero gravity. They
found that the hysteresis behavior of the flow field showed about a 24% difference between
critical values in the hysteresis diagram. These results and findings are based on the

assumption of the same flow direction for both thermal and solutal Marangoni convection.

Past numerical simulations have predominantly explored the effects of thermal-solutal
Marangoni flows in liquid bridges and rectangular cavities assuming an undeformed free
surface. It must be pointed out that most studies mentioned above considered only the cases
of thermal and concentration gradients in a rectangular cavity and liquid bridge. To our
knowledge, the case of a deformed free surface has not been considered yet. It would be
interesting to investigate since it occurs in some crystal growth processes and thin film

applications such as floating zone method, painting and drying.



1.2.3 Effect of free surface deformation on pure thermal Marangoni convection in thin

liquid layer

Marangoni convection, driven by variations in surface tension due to temperature
and/or concentration gradients across a liquid's free surface, has attracted considerable
attention because of its complex dynamic behaviors and the transition of its flow patterns, as
noted in studies by Zebib et al. [56], Sen and Davis [54], and Zhang ef al. [63]. Research into
these flow patterns is crucial for understanding natural phenomena such as oceanic
circulation [46] and the formation of wine tears [47]. Moreover, exploring Marangoni
convection involving free surface deformation deepens our comprehension of the
fundamental principles vital for numerous industrial uses, such as in the production of thin
films [48], solidification in casting and ingots [57], and crystal growth [49, 61]. A thorough
understanding of Marangoni convection's evolution under varying free surface

configurations is crucial for optimizing these industrial processes.

Smith and Davis [13] investigated thermal Marangoni convection in an infinitely shallow
liquid layer with a horizontal temperature gradient. They identified two types of convection
instabilities based on the liquid Prandtl number (Pr), pinpointing the critical Marangoni
numbers for these instabilities [19]. They studied natural and thermal Marangoni convections
experimentally in a rectangular pool, noting that Marangoni effects are dominant in shallow
pools while buoyancy becomes significant in deeper ones. Xu and Zebib [51] also conducted
numerical simulations to assess thermal Marangoni convection flow characteristics and
stability. Zhang et al. [23] carried out three-dimensional numerical simulations to explore
how liquid heat dissipation affects the stability of thermal Marangoni convection, focusing
on the mechanisms of instability. Rosenblat et al. [52] investigated thermal Marangoni
convection in liquid layers with different aspect ratios, examining the effects of lateral
slippery boundary conditions and identifying conditions under which time-periodic
convection occurs. Schwabe et al. [20] and Sim et al. [21] used microgravity experiments
and numerical simulations to study the flow dynamics and stability of thermal Marangoni
convection in a cylindrical annulus, finding that axisymmetric flow shifts to oscillatory flow

with multi-roll structures as the temperature gradient surpasses a critical threshold. They also



observed that aspect ratios heavily influence the critical Marangoni number, with larger ratios
fostering more azimuthal waves and multi-cells. Ueno et al. [59] explored the complete
transition from steady to unsteady flow regimes by examining the post-destabilization flow
structures via suspended particle motion. Liu et al. [24] analyzed the effect of the Prandtl
number (0.001 < Pr < 6.7) on thermal Marangoni flow within an annular pool, identifying
five distinct flow instabilities and exploring the relationships between the Prandtl number,
wave number, and instability mechanisms, thus enriching the understanding of thermal
Marangoni convection behavior under various experimental conditions. These studies
collectively focus on the simple geometries of thermal Marangoni flow, establishing it as a
preferred model for researchers investigating the complex interactions between fluid

mechanics and heat transfer on a deforming free surface.

Most of the referenced studies have focused primarily on pure thermal Marangoni flow. Yet,
the more intricate thermo-solutal Marangoni flow, which encompasses the combined effects
of thermal and solutal factors, is also crucial and finds relevance in critical applications like
thin film coating and crystal growth. Bergman [28] delved into thermo-solutal Marangoni
convection within a rectangular cavity, specifically exploring scenarios where thermal and
solutal influences counteracted each other equally. His findings indicated that flow would
commence and destabilize once the Marangoni number exceeded a certain critical level, even
though the net Marangoni effect was neutral; however, the study could have provided a more
thorough exploration of the mechanisms driving observed flow pattern transitions. Arafune
and Hirata [30] and Arafune et al. [31] conducted experiments and simulations to assess the
joint effects of thermal and solutal Marangoni convections in an In-Ga—Sb system, observing
that solutal Marangoni convection can either mitigate or enhance thermal Marangoni
convection, thereby affecting application uniformity. Chen et al. [35] studied the onset of
both steady and oscillatory flows in double-diffusive Marangoni convection, focusing on
conditions where thermal and solutal effects were in equilibrium. Their research particularly
addressed the impacts of the Lewis number, the Prandtl number, and the aspect ratio on flow
stability. Likewise, Li et al. [60] investigated the transitions to chaotic flow in double-

diffusive Marangoni convection within a rectangular cavity under horizontal temperature and



concentration gradients. Zhan et al. [36] performed a numerical analysis of three-dimensional
double-diffusive Marangoni convection in a cubic cavity with both temperature and solute
concentration gradients applied horizontally, discussing how the capillary Reynolds number,
the ratio of solutal to thermal Marangoni numbers and the Lewis number affect the flow
regime. Moreover, Chen and Chan [64] explored the stability of double-diffusive Marangoni
convection in a horizontal fluid layer driven by the combined effects of buoyancy and surface

tension, underscoring the complex interactions that govern flow stability in these systems.

Zhang et al., [89] executed three-dimensional (3D) numerical analyses to investigate the
dynamics of thermal-solutal Marangoni convection on a flat free surface within a shallow
cavity. Our current study aims to deepen the physical understanding of Marangoni convection
when the free surface is deformed in a shallow cavity, recognizing the importance of free
surface configurations in the context of the floating zone [49]. It is important to note that
previous studies typically focus on thermo-solutal Marangoni convection without
considering free surface or interface deformation, simplifying the modelling process by
avoiding the complexities associated with undefined surface shapes. However, this
simplification might exclude vital dynamics associated with surface deformation. Thus, a
numerical simulation incorporating surface deformation is essential to capture these critical

dynamics fully.

The influence of free surface or interface deformation is critical in the dynamics of pure
thermocapillary and Marangoni convection, particularly in initiating oscillatory flows. A
microgravity experiment by Koster [50] emphasized the need for comprehensive studies on
thermocapillary convection in multilayered fluid systems, accounting for finite interface
deformations and dynamic contact line conditions. Additionally, several researchers [91, 92]
have included the impact of free surface or interface deformation in their numerical
simulations of pure thermocapillary convection, highlighting its importance in accurate
modelling. Anthony and Clint [53] investigated the effects of surface temperature gradients
and, in their analysis, omitted inertia terms in the Navier-Stokes equations. Their results

indicated that changes in interface height between two points on the free surface directly



correlate with the temperature differences between these points. Sen and Davis [54] used an
asymptotic method to study steady thermocapillary flows in a shallow, two-dimensional slot,
focusing on slight deviations from a flat interface. Their findings apply to situations with
small deviations in interface shape and are relevant in settings with small aspect ratios,
Marangoni numbers, and thermocapillary Reynolds numbers. Chen et al. [10] analyzed
steady-state free surface flows with mild curvature in configurations with small aspect ratios,
using a boundary-fitted curvilinear coordinate system for their studies. Pimputkar and
Ostrach [55] considered free surface deformation in their transient analyses of thin liquid
layers, disregarding pressure effects due to surface curvature resulting from the small
geometry aspect ratio. Zebib et al. [56] applied a domain perturbation method to determine
interface shapes at very low Capillary numbers by examining high Marangoni convection
within a square cavity. Lastly, Cuvelicr and Driessen [57] conducted steady-state analyses of
two-dimensional thermocapillary flows, calculating the free surface shape through three

different iterative methods within a finite element framework.

Many studies have utilized two-dimensional (2D) numerical simulations to examine steady
thermal Marangoni convection, particularly in scenarios involving deformed free surfaces in
thin fluid layers. Therefore, incorporating three-dimensional numerical simulations is

essential to enhance understanding and offer deeper insights into the related topics.

Yamamoto et al. [58] conducted 3D numerical simulations and underscored the significant
impact of water film geometry on the direction and intensity of thermal Marangoni flows.
This study emphasized how the curvature of the liquid film's free surfaces affects flow
characteristics, although it did not account for the solutal Marangoni effect. These results
highlight the crucial role of film geometry in comprehending flow dynamics, providing

important insights for multiple thin liquid film applications.

Free surface deformation can result in complex patterns of concentration, temperature, and
flow velocity within a cavity. Thus, controlling this deformation and examining these
properties near the bottom surface are critical for the liquid phase in cavity systems [63].

Nonetheless, numerical studies of static surface deformation in cavity systems have not fully

10



explored the application of horizontal temperature and concentration gradients in both steady

and unsteady Marangoni convective flows with deformed free surfaces.

As a result, variations in temperature and concentration along the curved free surface create
conflicting thermo-solutal Marangoni forces. This research utilizes 3D numerical simulations
to investigate thermal Marangoni convection and coupled thermo-solutal Marangoni
convection in a shallow rectangular cavity with a deformed free surface. Additionally, the
model is applied to analyze how volume ratios and the Prandtl number affect steady and

unsteady Marangoni flows within the liquid phase.

To our understanding, few studies have addressed the alternative impact of thermo-solutal
Marangoni convection with a deformed free surface in a floating zone system [49]. The
behavior of thermo-solutal Marangoni convection in the cylindrical system of a floating zone
differs significantly from that in a rectangular domain. Therefore, to enhance understanding
of this phenomenon, this study conducts simulations in a shallow rectangular cavity with a
deformed free surface, incorporating the alternative effect of thermo-solutal Marangoni

convection.

1.2.4 Effect of free surface deformation on pure thermal Marangoni convection in a

liquid bridge

The floating-zone (FZ) method is a crucial crystal growth technique for producing
high-quality silicon (Si) and germanium (Ge) alloy crystals. In this system, a molten zone
(liquid bridge) is created by heating a short segment of the feed rod with a ring heater. As the
heater moves, the feed material at the top melts and joins the liquid bridge, solidifying the
seed material at the bottom. The integrity of the melt/seed crystal interface, which remains
flat during the solidification process, highlights the crucible-free nature of FZ, significantly
contributing to the production of high-quality crystals.

The size of crystals grown by the FZ method is limited due to the adverse effects of gravity,
which can cause the liquid bridge to collapse as its diameter increases. However, this

limitation can be mitigated under microgravity conditions, allowing for the growth of larger

11



crystals. The FZ technique ensures reduced contamination, enhanced homogeneity, and
increased purity in the grown crystals. A key feature of FZ is forming a liquid bridge without
using a container (crucible), thereby eliminating the risk of container-induced contamination

and minimizing heterogeneous nucleation.

Marangoni convection is a flow that arises in a liquid bridge along its free surface due to
gradients in surface tension. In the FZ method, these surface tension gradients result from
temperature and concentration variations along the free surface of the molten zone. Typically,
the development of convective bulk flow (strong natural convection) in liquids is driven by
buoyancy and plays a significant role in most crystal growth techniques. However, within the
context of FZ crystal growth, Marangoni flow is particularly relevant due to a free surface,

especially under microgravity conditions.

In the present numerical simulations, a simple "half-zone model" model is considered. This
model consists of a pair of coaxial solid cylindrical disks—cold at the top and hot at the
bottom—with a liquid bridge (melt) suspended between them. The half zone's side boundary
is the liquid bridge's deformed free surface. The half zone model is adopted due to its
simplicity and low computational demands, making it an initial approach to overlook phase

complexities and focus on bulk (natural) convection.

Considerable insights into the flow transition from steady to oscillatory states in liquid
bridges have been experimentally explored by Kang ef al. [7] under microgravity conditions.
These experiments investigated the instability of Marangoni convection and identified three
distinct surface configurations based on the volume ratio. Due to the inherent complexities
and high costs, conducting such experiments in space is infrequent and challenging.

Therefore, numerical investigations serve as a crucial and cost-effective alternative tool.

The geometrical features are crucial for the stability of thermal Marangoni convection [65].
Two main factors influence this stability: the aspect ratio (4s) and the volume ratio (S), which

represents the shape of the free surface [66, 39, 25, 27]. Regarding the stability of convection

12



in deformable free-surface liquid bridges, Kozhoukharova and Slavchev [67] calculated
steady thermal Marangoni convection in FZ with small free surface deformations. Shevtsova
et al. [68] found that for Pr = 1, thermal Marangoni flow occurs near the cold corner of the

liquid bridge across a wide range of contact angles.

Due to hydrostatic pressure effects, a deformed free surface in a cylindrical liquid bridge may
also occur if the length scale is sufficiently large. Hu et al. [69] and Masud et al. [70]
experimentally suggest that the critical conditions for the onset of oscillatory flows in high

Prandtl number liquid bridges highly depend on the volume ratio.

The numerical results of flow bifurcation in thermal Marangoni convection under
microgravity and ground conditions for low Pr fluids were tested by Shevtsova [71].
Shevtsova and Legros [72] investigated the flow transition of silicone oil (Pr = 105) from
steady axisymmetric to oscillatory regimes with significant static deformation of the free
surface of a liquid bridge. They predicted buoyant thermal Marangoni instabilities with m =
0 for relatively low Marangoni numbers under various gravity levels. The critical Reynolds
number and m of the first bifurcation in the deformed liquid bridge were found to be highly
dependent on the volume ratio, as shown by Chen et al. [73] and Lappa et al. [ 74]. The studies
by Lappa et al. [75] and Li et al. [76] considered the significant influence of hydrostatic
deformation and heating orientation on the threshold for bifurcation in the liquid bridge with

S=1.

Nienhiiser and Kuhlmann [9] investigated the combined effect of volume ratio and gravity

conditions on the linear stability analyses for the first bifurcation.

Prior research has predominantly examined thermal Marangoni convection in liquid bridges
with deformed free surfaces. However, solutal Marangoni convection impacts crystal
uniformity in these deformed free-surface liquid bridges. The large separation between the
liquidus and solidus curves of Si-Ge results in significant Ge segregation in the melt in front

of the solidifying interface during SiGe crystal growth. Consequently, the growth rate and

13



overall melt mixing are important factors influencing solutal Marangoni convection's
intensity. There is a critical need to scrutinize the effects of solutal Marangoni convection,
which is a prevailing influence in these scenarios. Additionally, previous studies have
established that the volume ratio is an exceedingly sensitive parameter governing the

bifurcation of thermal Marangoni flow in a liquid bridge.

However, to our knowledge, a comprehensive analysis of thermal and solutal Marangoni
convective flows, including examining the effects of volume ratio and the thermal-solutal

Marangoni numbers in a liquid bridge, has yet to be conducted.

1.3 Thesis outline

This thesis aims to further understand the effect of Marangoni flow by considering
various geometrical conditions in cases of shallow cavity and half-zone models on the flow
instabilities and flow pattern transitions. The chapter outlines the present thesis are stated as

follows.

In Chapter 2, the employed numerical methods, including governing equations and numerical
schemes for calculating the Marangoni convection in a shallow rectangular cavity and half
zone, are introduced. In addition, the numerical method and grid independence are validated

to confirm the calculation reliability of the present work.

In Chapter 3, a series of numerical simulations are performed to investigate the pure thermal
Marangoni convection with different film thicknesses in non-deformed free surface cavities.
For the working fluid, Prandtl number value 6.7 is chosen to examine the effect of film
thicknesses. In addition, the computed flow characteristics and temperature distribution are
analyzed. This work presented herein provides a better understanding of the effect of a film

thickness on Marangoni flow for coating and lubrication applications.

In Chapter 4, numerical simulations are carried out to study thermal-solutal Marangoni

convection in a shallow rectangular cavity under the effect of deformed free surfaces to shed
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further light on improving the uniformity of the thin liquid layer. Also, the alternative
contribution of thermal and solutal Marangoni effects on the Schmidt number and Prandtl
number fluid induced by temperature and concentration distribution is systematically
investigated. Furthermore, the effect of concave, convex and flat free surface configurations

on the characteristic of steady and unsteady Marangoni flow is qualitatively studied.

In Chapter 5 investigates the cases of gravity and microgravity conditions of deformed free
surfaces in the half zone model. It also determines the critical conditions for three volume
ratios under normal gravity conditions. Based on concentration distribution with respect to
volume ratio and gravity condition, stability curves of base flow have been developed. The
results of the present study would be beneficial for making predictions in industrial processes

such as Si-Ge crystal growth of floating zones.

In Chapter 6, the results obtained in this thesis are summarized and concluded, and

perspectives for future works are described as an extension of this work.
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CHAPTER 2

NUMERICAL METHODS

In many industrial processes, Marangoni convection significantly influences the
quality of final products. In this chapter, the author discusses pure thermal Marangoni
convection and thermal-solutal Marangoni convection with and without deformed free
surfaces in a zero gravity and normal gravity conditions. The governing equations for
calculating the Marangoni flow and the relevant assumptions are introduced. All the
governing equations associated with the present numerical simulation were solved using the

open-source software OpenFOAM.

2.1 Pure thermal Marangoni flow

In most studies, the investigation of Marangoni convection has involved various
geometries. For the present study, we have chosen a rectangular model with different
thicknesses. This is because the rectangular configuration, unlike the cylindrical case, is more
applicable to practical processes such as painting and dying, epitaxial crystal growth,
lubrication, and mixing. In our study, we have specifically focused on the thermal Marangoni
effect, and to do so, we have deliberately neglected the buoyancy force throughout the system.
Additionally, we have adopted a shallow rectangular cavity without deformed free surface to

further enhance our understanding of this effect.

The numerical domain configuration is a rectangular cavity filled with silicone oil [98], as
shown in Figure 2.1. The top boundary is the flat free surface and adiabatic, while the other
are solid cavity walls. The fluid motion in a three-dimensional rectangular cavity with a free
surface at the top, as shown in Figure 2.1 (a), is considered in the Cartesian coordinate system.
The length, width, and three different thicknesses of the cavities are L, L, and 0.082L, 0.0615L,
and 0.041L, respectively. High and low-temperature values, 7h and 71, are specified at the

four side walls, and the constant thermal boundary condition is applied, as shown in Figure
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2.1 (b). Due to the imposed temperature difference, the surface tension gradient drives the

Marangoni convection along the free surface.

ds =0.082L, d,= 0.0615L, d, =0.0410L

TLy, -
|t
x <

L=10mm

(a) (b)

Figure 2.1 (a) Top view of the numerical simulation domain with the prescribed boundary conditions.
(b) Near bottom surface boundary conditions (z = 0.0001) and AB, CD lines show at x = 0.5, y=0.5
and M is a sampling point (0.5, 0.5, 0.0001). The green arrows indicate the direction of thermal
Marangoni flows.

In the simulation model, we make the following assumptions:

1. The free surface does not deform under the effect of fluid flow.
ii.  The fluid is incompressible, Newtonian, and has constant physical properties except
for surface tension.
iii.  The no-slip boundary condition on flow velocity is applied along boundaries except
for the top free surface, and the thermal Marangoni force is considered along the free

surface.

The governing equations of the fluid flow in the cavity are written in dimensionless forms.
Being L is the characteristic scale for length, the coordinates (x, y, z) are defined as (x*, y*,

z*)/L. In addition, L?/v and L/v are used as the characteristic time and velocity, respectively;
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the dimensionless governing equations are the conservation of mass, momentum, and mass

transfer:

V-V=0 @.1)
v 5
E+V-VV=—VP+VV (2.2)
90 i _ 1w
e +V-VO = PrV Q) (2.3)

where V' = (Vx, V), V=) is the dimensionless velocity vector, the dimensionless temperature is
defined as ® = (7-T1) (Th -T1), T and P are respectively the dimensionless time and pressure.
Pr=v/a is the Prandlt number, where is the v fluid's kinematic viscosity and « is its thermal
diffusivity. In this study, the computations have been performed for the fluid with Pr = 6.7,

respectively.

The ratio of Marangoni number to Grashof number (Mar/Gryq) was introduced to compare
Ma2/?
the relative contributions of Marangoni and natural convections. In case of - 1T/2 > 1, the
T
d
effect of Marangoni convection is dominant compared with that of natural convection [77].

2/3 2/3

The values of this ratio in thick and thin films are Ma1 = = 16.4,and MalT/z =46.3, respectively,
GTy Grq

which indicate that the contribution of buoyancy can be neglected in this study, while that of

the Marangoni force is dominant.

The free surface boundary conditions are as follows:

7, =0 2.4)
oVy . 0_@
a_Z = MClT |ax (25)

18



Wy _ _ |a_@

oz = MaT ay (26)
00

==0 2.7)

wherein, the thermal Marangoni numbers are defined as:

do (Th—T))L

Mar =
T aT  uv

(2.8)

. L . ] . . :
where u is the viscosity of the fluid, and ﬁ < 0 is the surface tension coefficients of
temperature, respectively.

2.2 Thermo-solutal Marangoni flow

The coupling effect of thermal and solutal Marangoni flows driven by gradients in
temperature and concentration plays a critical role in various material processing techniques,
including crystal growth, film coating, and microfluidics. This study focuses on the complex
interactions of thermal and solutal Marangoni convection in systems with deformed free
surfaces under microgravity and gravity conditions, specifically in the cavity and liquid

bridge configurations.
2.2.1 Rectangular cavity configuration with deformed free surface

In the numerical simulation model, we consider a cavity filled with a fluid in the
absence of gravity effect, as shown Figure 2.2.1. The top boundary is the deformed free

surface, which is adiabatic, while the other boundaries are the solid cavity walls.

19



¥ Th Tl

h{x)

¥ 4 .
TL, L=10mm
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Figure 2.2.1 (a) Top view of the numerical simulation domain with the prescribed boundary
conditions. The red and blue arrows indicate the direction of thermal and solutal Marangoni flows.
(b) Near bottom surface boundary conditions (z = 0.1 mm) and AB line shows at y = 5 mm.

Concerning the computations, the free surface shape is assumed independent of the fluid flow,
temperature and concentration fields. However, it depends on the fluid volume and the hydro-
static pressure difference. In this study the maximum Capillary number (Ca) is 2.04 x10,
Therefore, we assume the Ca number is low enough to support the assumption that dynamic
surface deformation can be neglected [61, 62]. The different free surface shapes represent the
corresponding volume ratios. The top boundary is the free surface, and its vertical coordinate
is a function of x only (%(x)). The assumed hydrostatic shape of the free surface is governed
by the Gauss-Laplace equation under no gravity, relating its mean curvature to the pressure

jump along the liquid-gas interface:

Ap = o (Ri1 + Riz) (2.9)

where R1 and R2 denote the principal radii of curvature at each point of the free surface.

Along the boundary condition that the liquid is attached to the solid boundaries (no-slip), we

have,
h(0)=d, h(L)=d (2.10)
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where / is a function of the x direction coordinate and prescribed volume (¥) is given by:
L
Jo h(x) dx =V = const. (2.11)

The Cartesian coordinate system is adopted. The cavity's length, width, and depth are L, L,
and 0.1, respectively. The dimension value of the length of the rectangular cavity is L = 10
mm. Different temperatures and concentrations are specified at the left (7h, Cn) and right (71,
() vertical walls, where 7h > 71 and Cn > Ci, and zero heat and mass fluxes are imposed on

the remaining boundaries, respectively.

Marangoni convection is commonly associated with buoyancy-driven bulk convection,
arising from temperature and/or concentration gradients within the liquid volume.
Consequently, the convective flow is influenced not only by surface tension gradients but
also by the buoyancy. However, the impact of buoyancy diminishes in systems with small
dimensions or under microgravity conditions [10]. In thin film configurations characterized
by a large surface-to-volume ratio, Marangoni convection along the free surface of the liquid
film becomes predominant over natural convection (buoyancy driven). This dominance

intensifies as the films decrease in depth.

The ratio of the Marangoni and Grashof numbers in the study is 3.5. This indicates that the
contribution of buoyancy can be neglected in this study, while that of the Marangoni force is

dominant [77].
For simplification, we assume,

1. The fluid is incompressible and Newtonian.
ii.  Physical properties do not change with temperature and concentration except for
surface tension.
iii.  The no-slip boundary condition is applied except for the top free surface, while the

thermal and solutal Marangoni forces are considered on the free surface.
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The governing equations of the fluid flow in the cavity are written in dimensional forms.

The dimensional governing equations of the fluid obtained from the overall conservation of
mass, the balances of momentum and energy, and the conservation of species mass transfer

equations under zero gravity are presented below:

%+(u.v)u= —%Vp+vAu (2.13)
oT
4 (u- VT = odT (2.14)
ac
%+ (u-V)C = DAC (2.15)

where u = (ux, uy, uz), represents the fluid flow velocity vector, ¢ is the time, p is the pressure,
AT and AC are the temperature and concentration differences between left and right walls,
while v, @, and D are the kinematic viscosity, thermal diffusivity, and the diffusion

coefficient of C in the fluid, respectively.

Free surface boundary conditions are expressed as follows,

u, =0 (2.16)
ou aT ac
a—n’—— T o~ 0 (2.17)
d oT ac

,u%= —O'TE—O'Ca (2.18)

aT ac

o 0, P 0 (2.19)
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where the thermal Marangoni number shows 2.8 and solutal Marangoni number is

respectively defined as,

_ 0o (Ch—-C)L

Ma
c ac  uv

(2.20)

do do . . .
where 77 < 0, Py 0 are the surface tension coefficient of temperature and concentration

and p is the viscosity of the fluid. T and » are the tangential direction coordinate and normal
direction of the free surface. The thermal and solutal Marangoni forces are in the opposite
directions, as shown by red and blue arrows in Figure 2.2.1. Sc (Sc = v/D) is the Schmidt
number and Pr (Pr = v/a) is the Prandlt number, and the aspect ratio (4s = d/L) of the cavity
is 0.1, respectively. The non-dimensional cavity volume ratio is defined as S = V/Vo where

Vo= L*d.

Here the molten silicon (Pr = 0.011) [80, 90] is considered as the low Pr number fluid and
silicone oil (Pr=6.7) [98] is considered as the high Pr number fluid.

2.2.2 Half zone configuration with deformed free surface

The schematic view of the half-zone model configuration (computational domain) is
shown in Figure 2.2.2. Temperatures on the upper and lower boundaries are prescribed as a
cold boundary on top and a hot boundary at the bottom. The side boundary of the domain is
the deformed free surface of the molten zone. All the boundaries of the model domain,

including the deformed free surface, are fixed.

23



no slip, T, Cy

Z Z
g€ h(L)=R
£
3
: L A
1]
3 _\
- h(0)= R

T C

no slip, Ty, G

Figure 2.2.2 Description of the half-zone model domain with a deformed free surface. The imposed
boundary conditions are also shown in the figure. The blue arrows on the right represent the directions
of Marangoni forces driven by temperature and concentration gradients along the free surface.

The cylindrical computational domain dimensions are given in the figure: radius R = 10 mm,
half zone height L =5 mm. The cylindrical coordinate system (with radial (), azimuthal (0),
and vertical (z) coordinates) is placed at the center of the bottom boundary of the

computational domain.
We assume for the simplification,

i.  Mixture of silicon and germanium and is assumed to be a Newtonian and
incompressible fluid in the model.

ii.  The physical properties of the mixture remain unchanged with concentration and
temperature but change with surface tension. Boussinesq approximation is adopted
for buoyancy in the melt.

iii.  The free surface is assumed to be adiabatic. Concerning the computations, the free
surface shape is independent of the fluid flow, temperature, and concentration fields
but depends on the volume of the liquid, the hydrostatic pressure difference, and

gravity.

The maximum Capillary number (Ca) in this study is 7.5 X10~. Therefore, we assume the
Ca number is low enough to support the assumption that dynamic surface deformation can

be neglected [61, 62].
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The free surface is an axisymmetric boundary with three shapes representing a corresponding
volume ratio. Assuming the interface is fixed and axisymmetric concerning the z-axis in the
half-zone domain, the radial coordinate is a function of z only (i.e., r= /(2)). The shape of
the free surface is governed by the Gauss-Laplace equation, which relates its mean curvature

to the pressure jump across the liquid-gas interface.:

1
Ap+pgz =0 (R—1 + Riz) 2.21)

where R1 and Rz denote the principal radii of curvature at each point of the free surface. Along

the boundary condition that the liquid is attached to the solid boundaries (no-slip), we have,
h(0) =R, h(L)=R (2.22)
where / is a function of the vertical coordinate z.

Regarding governing equations for the growth melt include overall mass conservation,
energy balance, and species mass transfer conservation shown in previous section (2.2.1).

Applied the Boussinesq approximation in the momentum balance is presented as follows:

% +(u-Vu= —%Vp +vViu+ g(Br(T —T.) — Bc(C — C))e,

(2.23)

where, u = (ur, ug, u:) represents melt flow velocity, and C and Ci are the molar fraction and
minimum molar fraction of silicon in the SiGe melt. g is the gravitational acceleration, e: is
unit vector in a vertical direction, f 1t and [ c are the thermal and solutal expansion

coefficients, respectively.
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On the top and bottom boundaries of the domain, we assume the no-slip condition on flow
velocity (u = 0). The Marangoni convection condition is used along the free surface (= /(z)).
A higher temperature (7h) value is imposed on the bottom plane, and a lower temperature
(T¢) value is set on the top plane. The condition of pure silicon concentration (Ch = 1) is
imposed on the top boundary (z = 5 mm) while the pure germanium concentration (Ci = 0)
condition is prescribed on the bottom boundary (z = 0 mm). The surface tension is taken as
the function of concentration and temperature only. The boundary conditions along the free

surface (» = h(z)) are given as follows:

u, =0 (2.24)

ulro ()] = -2 (a5 + 52 5) @29
s =G taca) 020
Z=0, =0 (2.27)

where the thermal and solutal Marangoni numbers defined in previous section (2.2.1) and the

thermal and solutal Rayleigh numbers are respectively defined as,

L3AT
va

(2.28)

L3AC
va

(2.29)

The thermal and solutal Marangoni forces are in the same direction, as shown by blue arrows
in Figure 2.2.2. In the present study Sc = 14 and Pr=6.37 X 1073, respectively, and the aspect
ratio (4s = L/R) of the liquid bridge is 0.5. The physical parameters used in the simulation are
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taken from [78, 79]. The nondimensional liquid bridge volume ratio is defined as S = V/Vo

where Vo= nR’L.

2.3 Numerical method and validation

The governing equations are discretized using the Finite Volume Method (FVM) and
solved with the PISO algorithm in the OpenFOAM software. FVM, a technique for
representing and evaluating partial differential equations as algebraic equations, is known for
its precision. It calculates values at discrete points on a meshed geometry, with each node in
the mesh surrounded by a small finite volume. In FVM, volume integrals containing a
divergence term in a partial differential equation are converted to surface integrals using the
divergence theorem. These terms are then evaluated as fluxes at the surfaces of each finite
volume. The method's inherent conservation property, where the flux entering one volume

equals the flux leaving the adjacent volume, further enhances its reliability.

The PISO algorithm (Pressure Implicit with Splitting of Operator) operates without iterations,
using large time steps and requiring less computational effort. It extends the SIMPLE
algorithm used in computational fluid dynamics (CFD) to solve the Navier-Stokes equations.
Originally developed for non-iterative computation of unsteady compressible flow, PISO has
been successfully adapted for steady-state problems. It involves one predictor step and two

corrector steps, designed to ensure mass conservation through predictor-corrector steps.

The computation is carried out using the open-source software OpenFOAM. The governing
equations adopt the Euler, QUICK, and Gauss linear schemes for terms involving time

derivative, divergence, and Laplacian.

To ensure the hydrostatic deformation of the free surface was correctly calculated, we also

compared the results with those of Lappa [80] as a benchmark work, as shown in Figure 2.3.

The details of the validation of the solver using OpenFOAM can be found in the previous
researchers [89, 93].
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(a) (b)

Figure 2.3 Validation for free surface deformation for S = 1 with 4;= 1 under normal gravity at the
vertical 7-z plane (a) using present the surface curvature code, (b) result of Lappa [80].

24 Grid independence and validation

The uniform grids near all the boundaries resolve the thin boundary layers.
Meanwhile, simulation results with different grids are compared to verify the grid
dependency in the case of pure thermal Marangoni convection without deformed free surface.
Table 2.4.1 shows the dimension velocities on the free surface sampling points P (x, y, z) =
(0.5, 0.5, 0.082), Q (x, y, z) = (0.5, 0.5, 0.0625), R (x, y, z) = (0.5, 0.5, 0.041) and the near
bottom surface sampling point M (x, y, z) = (0.5, 0.5, 0.0001) at different thickness values.
The maximum deviations of velocities are less than 2% between two fine grids, so the grids
of 140x140x30, 140x140%25, 140x140%20 are chosen for the high-accuracy simulation in
the cases of difference thicknesses (d3 = 0.082, d> = 0.0625, and d1 = 0.041) for Pr = 6.7,

respectively.

Table 2.4.1 Comparison of velocity magnitude at P, Q, R with M points in the cases of thicker film
(d3), middle range of film thickness (d-), and thinner film (d)) at pure thermal Marangoni convection

without deformed free surface. NyXN,XN; are the numbers of grids in x, y, and z directions.
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Film thickness (d3) = 0.082 for Map = 2 x 103

Mesh (N, % N, x N 2) Velocity (m/s) at P point | Velocity (m/s) at M point
120 x120x 30 -0.001647 0.00005768
140 x140x 30 -0.001643 0.00005324
160 x160x 30 -0.001640 0.00005310

Film thickness (d,) = 0.0625 for Map = 2 X 103

Mesh (N, x N, x N,) Velocity(m/s) at Q point | Velocity(m/s) at M point
120 x120% 25 -0.001544 0.00006614
140 x140% 25 -0.001542 0.00006607
160 x160x 25 -0.001540 0.00006602

Film thickness (d;) = 0.0410 for Ma; = 2 x 103

Mesh (N, X Ny, X N,)

Velocity (m/s) at R point

Velocity (m/s) at M point

100 x100x 20 0.001000810 0.00005497
120 x120x 30 0.001000150 0.00005493
140 x140x 20 0.000999739 0.00005490
160 x160x% 20 0.000999465 0.00005490

In the case of deformed shallow cavity case, Figure 2.4.1 shows a sample computational grid.
A finite volume method with uniform grids was applied to discretize the governing equation

and boundary conditions. Meanwhile, simulation results with four different grids are
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compared to verify the grid dependency in the case of convex free surface (volume ratio ()
= 1.2) with thermal Marangoni convection and thermo-solutal Marangoni convection. Table
2.4.2 shows the convex free surface's sampling point and maximum velocity at different
Schmidt and Prandtl number values. The maximum deviation of the velocities less than 4%
between two fine grids. Therefore, grids of 80x80x40 and 120x120x40, 120x120%x40 and
140x140x40 are chosen for the high-accuracy simulation in the cases of Pr=0.011, 6.7 and
Sc=4.85, Pr=0.011, and Sc =4.85, Pr= 6.7, respectively.

X (a) (b)

Figure 2.4.1 The computational mesh used in the simulations: (a) the grid at the x-z plane; (b) the 3D
grid configuration.

30



Table 2.4.2 Comparison of sample velocity and maximum velocity in four different cases for thermal
Marangoni convection and thermo-solutal Marangoni convection with deformed free surface (S =
1.2). NyXN,XN: are the numbers of grids in x, y, and z directions.

Pr=0.011,5=1.2 for May = 5 x 10*

Mesh (N, x N, X N) x- velocity (m/s) Maximum velocity
(0.5L,05L,011L) (m/s)
Mesh 1. 80 x 80 x 30 0.0022987 0.0336079
Mesh 2. 80 x 80x 35 0.0028452 0.0339838
Mesh 3. 80 x 80 x 40 0.0033003 0.0342388
Mesh 4. 80 x 80 x 45 0.0036119 0.0344335

Pr=6.7,S=12for Mar =5 x 103

Mesh (N, X N, X N;) x- velocity (m/s) Maximum velocity (m/s)
(0.5L,05L,0.13L)

Mesh 1. 120 x 120 x 30 0.00398613 0.015896
Mesh 2. 120 x 120 x 35 0.00402663 0.016885
Mesh 3. 120 x 120 x 40 0.00405717 0.0176872
Mesh 4. 120 x 120 x 45 0.00408041 0.0183532
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Sc = 4.85, Pr=0.011,5 =12 for Mac = 1 x 10*, Ma; = 5 x 103

Mesh (N, x N, x N,) x- velocity (m/s) Maximum velocity
(05L,0.5L,0.131L) (m/s)

Mesh 1. 120 x 120 x 30 0.00123534 0.00071

Mesh 2. 120 X 120 x 35 0.00124776 0.00076

Mesh 3. 120 x 120 x 40 0.00125746 0.00080

Mesh 4. 120 X 120 x 45 0.00126441 0.00083

Sc =4.85, Pr=6.7,S=1.2 for Mac = 3 X 103, Map = 2 X 103

Mesh (N, X Ny X N;) x- velocity (m/s) Maximum velocity
(05L,05L,0131L) (m/s)

Mesh 1. 140 x 140 x 30 0.0012883 0.00251

Mesh 2. 140 x 140 x 35 0.0013013 0.00269

Mesh 3. 140 X 140 x 40 0.00130946 0.00284

Mesh 4. 140 X 140 X 45 0.00131757 0.00295

In the case of half zone model with deformed free surface, Figure 2.4.2 shows a sample
computational grid. Meanwhile, simulation results with four different grids are compared to
verify the grid dependency in the case of convex free surface (volume ratio (S) = 1.1) with
thermo-solutal Marangoni convection. Table 2.4.3 shows the convex free surface's maximum

vertical velocity at Sc = 14 and Pr = 6.37x 1073 value. The maximum deviation of the
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velocities less than 5% between two fine grids. Therefore, grids of 45x180X60 is chosen for

the high-accuracy simulation in the case, respectively.

Figure 2.4.2 Computational mesh is used in the simulations. The mesh numbers in the 7, 8, z
directions are 45, 180, and 60, respectively. The total mesh number is 486000.

Table 2.4.3 Comparison of maximum vertical velocity in four different cases thermo-solutal
Marangoni convection with deformed free surface (S=1.1). N. X Ny XN: are the numbers of grids in
7, 8, and z directions.

Sc =14, Pr=6.7x 1073, 5= 1.1 for Mac = 1072, Mag = 1750, Rar= 239

Mesh (N X Ng X N,) Maximum vertical
velocity (m/s)
1.35 x35x 40 3.36x 1073
2. 40 x 40x 50 3.49%x 103
3.45x 45 x 60 3.61x 1073
4.55 x 55x 70 3.78x 1073
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CHAPTER 3

STUDY OF THE EFFECT OF LIQUID DEPTH ON THE STABILITY OF
THERMAL MARANGONI CONVECTION IN A SHALLOW CAVITY

In the fast-drying process, reaction-hardening of thin films is achieved through heat
treatment. The sharp decrease in solvent concentration near the layer surface induces a
significant temperature gradient. This study presents a series of three-dimensional numerical
simulations of thermal Marangoni convection instabilities in a non-deformed free surface
shallow cavity filled with silicone oil subjected to perpendicular temperature gradients. The
effects of film thickness on the occurrence of instabilities, mixing efficiency in the film, and
lubrication performance are discussed. Additionally, the evaluation of computed flow

patterns for different film thicknesses is presented.

3.1  Basic flow pattern

At relatively small thermal Marangoni numbers, the flow in the cavity is steady. This
steady flow regime is referred to as "basic flow”. Figure 3.1 shows computed streamlines
(left) and isothermal lines (right) of a typical basic flow for the film thicknesses of 0.041
(Figure 3.1 (a) and (b)) and thickness 0.082 (Figure 3.1 (c¢) and (D)). Due to the small
temperature gradient, the basic flow appears as a single roll in the C-D plane of the cavity,
as shown in Figure 2.1 at different thickness values. The surface flow is from the high-
temperature region to the low-temperature region. The return flow develops near the bottom.
Therefore, the maximum fluid flow velocity decreases from the top free surface to the bottom
surface. When considering the same thermal Marangoni number for both thinner and thicker
films, the maximum fluid flow velocity is nearly the same on the top free surface in both
cases. However, the maximum velocity is greater for a thinner film near the bottom surface
than that for a thicker film. The results indicate that the velocity near the bottom surface has

an important role in flow stabilization.
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(a) d; = 0.041, Mar= 0.3 x 10*

(b) dy = 0.041, Mar= 1.4 X 10*

(©) d; = 0.082, May = 0.3 X 10%

(d) d; = 0.082, Mat = 0.7 x 10*

Figure 3.1 Streamlines (left) and isothermal lines (right) of the basic flow in the C-D plane at z =
0.0001 corresponding to the thickness and thermal Marangoni numbers.

When the thermal Marangoni number is relatively small, the temperature boundary layer
appears near the side walls of a thicker film, as shown in Figure 3.1 (c¢) and (d). Figure 3.2
shows the computed temperature distribution across the free surface near the bottom at
different thermal Marangoni numbers and film thicknesses. Large temperature gradient drops
can be observed in the temperature boundary layers near the sidewalls with high temperature
so that the effective temperature gradient in the middle part of the bottom surface is smaller
than that near the sidewalls. Furthermore, it was found that the temperature gradient drop
increases with the film thickness. The temperature boundary layer thickness decreases with

the thermal Marangoni number, as indicated in Figure 3.2.
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Figure 3.2 Temperature gradient distribution along the A-B plane shown in Figure 2.1 (b) at z =
0.0001.
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Figure 3.3 Stability curve between non- dimensional thicknesses and thermal Marangoni numbers.
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3.2 Critical thermal Marangoni number

When the thermal Marangoni number exceeds a specific critical value, referred to as
the "critical" thermal Marangoni number (Mar c), the basic flow becomes unsteady and
bifurcates into three-dimensional oscillatory flows. The Mar cjwas obtained as 2.2x10%,
1.4x10* and 0.9x 10* for three different cavity heights: 0.041,0.0615, and 0.082, respectively,
using the dynamic mode decomposition method (DMD) [39]. According to Figure 3.3, the
critical thermal Marangoni number is relatively small for thicker films than that for thinner
films. Thus, the flow easily losses its stability when the height of the rectangular cavity
increases. The steady flow regime becomes stable for a wide range of thermal Marangoni
numbers for small film thickness. In a thinner liquid layer, the basic flow appears in an
extensive range of temperature differences. Additionally, this laminar flow enhances flow
uniformity in the entire liquid film; thus, such a uniform flow distribution provides better
surface uniformity. Therefore, the present results indicate that a thinner film layer is useful
for achieving smooth surfaces in the extensive range of temperature differences. These results
imply that thinner liquid layers are suitable for high-quality polishing applications. A similar
flow behavior is observed in the experimental work of paint color of Curak et.al [81] for
thicker films, where various Marangoni cells were observed with fluid motion. As a result,
color changes occurred. Furthermore, they did not observe oscillatory flow patterns in the

case of thinner films, and no color change occurred due to uniform fluid motion.

33 Three-dimensional oscillatory flow

When the thermal Marangoni number is above the critical value, the steady flow in
the cavity destabilizes and bifurcates to a three-dimensional oscillation flow. Figure 3.4
shows periodic oscillation patterns of flow velocity magnitude and temperature with time at
the monitoring point (M) (x, y, z) = (0.5, 0.5, 0.0001) when Mar = 2.4Xx10* in the thinner
film (0.041). The oscillation flow pattern depends on the dynamic equilibrium between the
thermal Marangoni flow and its inertial effect. Because of the existence of flow inertia, there
is a fixed phase lag between temperature and flow velocity oscillations, as shown in Figure

3.4. Therefore, the coupling effect leads to the development of instabilities in the form of
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HTW near the bottom surface. Furthermore, the oscillatory phase difference between
temperature and velocity is similar to the phase difference between concentration and
velocity values of the hydrosolutal waves (HSW) in the case of solutal Marangoni flow.
According to the simulation results of (M. K. Smith and S. H. Davis [13]; Li et.al [82]), and
Shi and Imashi et.al [83] on the HTW, it is suggested that the mechanism responsible for the
instability of the HTW at high Prandtl number values is similar to that of the instability of
HSW observed at high Schmidt numbers [84, 85].

For the case of a thicker film (0.082), three different oscillatory flow patterns were observed
at different thermal Marangoni numbers (Map = 1.2x10% 1.5x10% and 2.4x10%), as shown
in Figure 3.5. At a small thermal Marangoni number (May = 1.2x10%), the amplitude of the
temperature oscillation is constant, and two significant harmonics appear with a fundamental
frequency of ' = 55, as shown in Figure 3.5 (a). When the thermal Marangoni number is
sufficiently large (May = 1.5x10%), the temperature oscillation shows complex frequency
spectra as shown in Figure (b). At a higher thermal Marangoni number, May = 2.4X10% a
dominant frequency cannot be detected in the temperature oscillation spectrum, as shown in

Figure 3.5 (c), and the Marangoni flow becomes completely chaotic.

Flow oscillation with high frequency enhances mixing efficiency, and chaotic advection
increases the spread performance. The chaotic flow possesses the maximum fluid velocity
with streamwise vorticity motion in the fluid layer, and this turbulent motion produces
spontaneous lateral spreading at the free surface. Furthermore, the source of streamwise
vorticity is driven in the entire bulk fluid and strengthens the spreading performance without
an external force. Mixing and spreading properties are vital for lubrication applications. For
thicker films, chaotic flow patterns appear at Mar = 2.4x10* while the thinner film shows a
laminar flow behavior. Thus, the results of oscillation flows suggest that the thicker films are
more appropriate for lubrication and mixing applications. The experimental results of Hu
et.al [86] show that the frequency-dependent mixing efficiency reached the maximum in the
presence of sufficiently strong Marangoni convection with chaotic motion at a higher

frequency.
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Figure 3.4 Periodic oscillation of velocity } and temperature with time at the monitoring point M, ((x,
v, z) = (0.5,0.5,0.0001)) when May = 2.4x10".

To extract the three-dimensional disturbances, a fluctuation measure is introduced as follows:

SW(x,y,z,1t) =W(x,y,21) — %fTOHPW(x, y,z,1)dt (3.1)

To

where, W represents temperature or velocity.

Figure 3.6 presents the computed streamlines (left), snapshots of the computed surface
temperature at z = 0.0001 (middle), and snapshots of the velocity fluctuations at z = 0.0001
(right). In the case of a thickness of 0.041 and in the range of 2.2X10* < May < 3.1x10% an
oscillation flow pattern is observed, as seen in Figure 3.6 (a) and (b). For small thermal
Marangoni numbers, HTW propagates toward the lower right wall and its direction changes
toward the upper left wall as the thermal Marangoni number increases, as described by white

arrows in Figure 3.6 (a) and (b). In the case of HTW, the spatial phase change between the
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surface temperature oscillation and the velocity oscillation is maintained by the coupling
between the thermal Marangoni effect and kinetic energy of the return flow, letting the waves
travel in the transverse direction. Under the high thermal Marangoni condition, this close
coupling between the thermal Marangoni effect and kinetic energy to form the HTW seems
like a different way of relaxation, i.e., alternative change in the flow direction of the HTW.
The mechanism of instability in the flow pattern is shown on the left side of the streamlines
in Figure 3.6 (a) and (b) and the corresponding x-component velocity on the right side of
Figure 3.6 (a) and (b). Chaotic flow patterns were not overserved at the small thickness values

and considered range of thermal Marangoni numbers.

For larger film thickness (0.082) in the range of thermal Marangoni numbers 1x10* < Mar <
1.7x10%, the flow exhibits a three-dimensional wave-type oscillation, as shown in Figure 3.6
(c). As shown in Figure 3.6 (c), the flow cell and temperature fluctuation with the periodic
oscillation move in the same direction of the temperature gradient. The fundamental
frequency (F = 55) and the harmonic frequencies (2F = 120, 3F = 180) shown in Figure 3.5
(a) represent this oscillation. As the Marangoni number increases, the periodic oscillation of
flow cell changes to chaotic behavior. Moreover, heat spots appear near the bottom, and they
move randomly, as shown in Figure 3.6 (d). This chaotic behaviour is responsible for the
random peaks shown in Figure 3.5 (c). The more complex flow structure shown in Figure 3.6
(d) induces velocity fluctuations unevenly in the entire liquid film, which is beneficial in

enhancing the mixing and lubricating performances.
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Figure 3.5 Variation in temperature at the sampling point M, ((x, y, z) = (0.5,0.5,0.0001)) with time
and frequency spectra.
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Figure 3.6 Streamlines in the C-D plain (left), snapshots of the temperature fluctuation on the x-y
plain (middle), and x-direction velocity fluctuation on the x-y plain (right) at z=0.0001.
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CHAPTER 4

STUDY OF THE EFFECT OF DEFORMED FREE SURFACE ON THE
THERMO-SOLUTAL MARANGONI CONVECTION IN A SHALLOW
CAVITY

Free surface deformation can lead to various issues, including complex concentration,
temperature, and flow distribution. Managing this surface deformation is crucial for
optimizing the quality and performance of the thin liquid films grown on substrates.
Consequently, temperature and concentration variations exist along the curved free surface,
leading to opposing thermo-solutal Marangoni forces in microgravity. This study employs
3D numerical simulations to explore thermal Marangoni convection and the alternative effect
of thermo-solutal Marangoni convection within a rectangular cavity featuring a deformed
free surface in microgravity conditions. We further utilize the model to examine the impact
of volume ratio and Prandtl numbers on steady and unsteady Marangoni flows in the shallow

rectangular cavity system.

4.1 Effect of volume ratio under thermal Marangoni convection for low Pr number
fluids
Considering the relatively small thermal Marangoni numbers (Mar) the flow within
the cavity exhibits steadiness, referred to as the "basic flow" regime. Figure 4.1 shows
computed isotherm lines of the basic flow near the bottom surface (z = 0.1 mm) at May =
5x10° exhibit parallelism between the sidewalls for all three volume ratios since the heat

transfer occurs by diffusion in a low Prandtl number fluid (P»=0.011).

As shown in Figure 4.1 (a-c), the uniform distance between isotherms lines is almost
maintained in all three cases. Figure 4.1 (d) shows the temperature distribution when a
temperature difference of AT= 0.5 K is applied between sidewalls. The temperature decrease

follows a linear trend at S = 1. In contrast, in the cases of S = 0.8 and § = 1.2, temperature
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slightly bends towards the opposite side; this bending angle of the temperature drop gives
rise to a non-uniform temperature distribution. However, the effect of the volume ratio on
temperature distribution is small due to the low Pr number. Figure 4.2 shows the effect of
volume ratio on the x-direction flow velocity near the bottom surface (z= 0.1 mm). As shown
in Figure 4.2 (d), the effect of volume ratio on the flow velocity is significant near the cold
wall. Figure 4.3 shows the effect of volume ratio on streamlines. When the cavity is shallow,
the width of streamlines becomes narrower, and the flow velocity becomes faster in the
middle part of the liquid. Due to the satisfaction of momentum balance, the flow near the

cold wall becomes slower as seen in Figure 4.2 (d).

When the thermal Marangoni number exceeds the critical value Mar ¢, the steady thermal
Marangoni flow transits into an unsteady flow regime. Under unsteady conditions (Mag =
1.5x10%), the volume ratio affects the temperature field, and the isotherm lines near the
bottom surface deform for all volume ratios as shown in Figure 4.4 (a-c). The isotherms lines'
deformation increases in the cases of S = 0.8, §=1, and then § = 1.2, respectively. As shown
in Figure 4.4 (d), it is noticed that a linear temperature decrease is observed for the case of S
= 1 and bending towards the opposite side in the cases of § = 0.8 and S = 1.2. This variation
in temperature distribution is due to the effect of free surface shape. When comparing Figure
4.1 and Figure 4.4, a more uniform temperature distribution is seen in the steady Marangoni
condition than in the unsteady Marangoni condition. Figure 4.5 shows the effect of volume
ratio on the flow field in unsteady conditions. As shown in Figure 4.5 (d), sharp velocity
peaks appear near the cold wall, and the peak becomes higher (as shown in Figure 4.5 (d)),
and the higher flow velocity regime becomes wider (Figure 4.5 (a-c)) as S increases. These
peaks are due to vortices near the cold wall shown in Figure 4.6 (a-c). These vortices are
almost stationary but changing in size. Therefore, it is evident that the x-direction flow
velocity becomes unsteady, and the value of velocity fluctuation insufficiently to vortices

movement for all volume ratio, as shown in Figure 4.6 (d-f).

This section concludes that the volume ratio plays a significant role in determining the flow

strength and promotes steeper temperature gradients in unsteady Marangoni conditions. The
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following section discusses the effect of volume ratio on thermo-solutal Marangoni

convection.
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Figure 4.1 The isotherms lines for (a) S = 0.8 (b) S=1 (¢) S = 1.2 and (d) temperature distribution
along the AB line for all volume ratios at the x-y plane near the bottom surface (z= 0.1 mm) at (Mar
=5x10%.
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Figure 4.2 The x-direction flow velocity for (a) § = 0.8 (b) S =1 (c) § = 1.2 and (d) the x-direction
velocity distribution along the AB line for all volume ratios at the x-y plane near the bottom surface
(z=0.1 mm) at (Mag =5 x 10°).
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Figure 4.3 The streamlines for (a) S=0.8 (b) S=1 (c) § = 1.2 at the x-z plane along AB line (y =5
mm) at (Marp =5 x 10%).
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Figure 4.4 Snapshots of isotherms lines for (a) S = 0.8 (b) S=1 (¢) S = 1.2 and (d) temperature
distribution along the AB line for all volume ratios at the x-y plane near the bottom surface (z = 0.1
mm) at (May = 1.5 x 10°).
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Figure 4.5 Snapshots of the x-direction flow velocity for (a) S=0.8 (b) S=1(¢) S§= 1.2 and (d) the
x-direction velocity distribution along the AB line for all volume ratios at the x-y plane near the bottom

surface (z=0.1 mm) at (Mar = 1.5 x 10°).
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Figure 4.6 Snapshots of streamlines for (a) S=0.8 (b) S=1 (c) S = 1.2 at the x-z plane along AB line
(y = 5 mm) and (d), (e), (f) the x-direction flow velocity at free surface sampling points for three
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volume ratios ((S = 0.8; 5 mm, 5 mm, 0.7 mm), (S=1; 5 mm, 5 mm, 1 mm), (S=1.2; 5 mm, 5 mm,
1.3 mm)) in time difference (from (¢ + 300 s) to (f + 600 s)) at (Mayp = 1.5 x 10°).

4.2 Effect of volume ratio under the thermo-solutal Marangoni convection for low
Pr number fluids
Figure 4.7 shows the effect of volume ratio on the iso-concentration lines near the
bottom surface (z = 0.1 mm) when Ma¢ = 1x10*, May = 5x10°, Pr=0.011 and Sc = 4.85. In
this case, the flow is under steady conditions. As shown in Figure 4.7, the width of iso-
concentration lines near the right wall (low concentration) becomes narrower as the volume

ratio increases.

Figure 4.8 shows the effect of volume ratio on concentration distribution and that the
concentration drop between the left-side wall and the middle region is approximately the
same for all volume ratios. On the other hand, the linear decrease of the concentration drop
occurs on the opposite side between the middle region and the right-side wall and is strongly
affected by the volume ratio. Further, it is noted that concentration gradient deformation
increased in opposite directions when increasing concave and convex free surface shapes
with respect to the flat free surface as shown in Figure 4.8. As a result, there is an increase in
non-uniform concentration distribution with increasing concavity and convexity shapes of
the free surface. When Figure 4.1 (a-c) is compared with Figure 4.7 (b, d, f) for the low Pr
number fluid in the same May value (Mar = 5x10%), iso-concentration lines deform more
than isotherms lines. This result shows that the effect of volume ratio on concentration
distribution is higher than that on temperature distribution in the liquid (Figure 4.1 (d) and
Figure 4.8).

Figure 4.9 shows the effect of volume ratio on the x-direction flow velocity distribution. The
flow direction is from the low concentration region to the high concentration region on the
free surface; after that, the return flow develops in the direction from the high concentration
region to the low concentration region near the bottom surface (due to the mass conservation)

since the flow is confined within the cavity [94]. This return flow was observed in all volume
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ratios near the bottom surface with positive velocity values, as illustrated in Figure 4.9. Figure
4.10 shows x-direction flow velocity distribution near the bottom surface, and Figure 4.11
shows the streamlines in the liquid. As shown in Figure 4.10, velocity near the bottom
decreases as S increases because the width of streamlines increases as S increases as shown
in Figure 4.11. Also, streamlines in Figure 4.11 are deformed by solutal effect compared with
those in Figure 4.3 (pure thermal case). As shown in Figure 4.11, the deformation rate shows
the minimum when S = 1. Consequently, the x-direction velocity becomes uniform, as shown

in Figure 4.9 and 4.10.

Figure 4.12 shows effect of volume ratios on the x-direction flow velocity distribution under
unsteady condition. That result shows more uniform flow distribution appears when S = 1

compared with those when = 0.8 and §=1.2.

Figure 4.13 shows time dependency of velocity at each sampling point. Table 4.1 shows the
average frequency and amplitude corresponding to Figure 4.13. The concave shape (S = 0.8)
leads to high inertia, resulting in a low amplitude with a high frequency of flow velocity
fluctuations and more irregular patterns. Increasing volume ratio, lower frequency and higher
amplitude might cause more significant but less frequent velocity variations. Therefore,
higher amplitudes at larger volume ratios could introduce more significant velocity gradients,

affecting process stability.

Figure 4.14 shows the effect of volume ratio on iso-concentration under an unsteady
concentration field near the bottom surface in the case of higher Marangoni numbers (Ma¢ =
3x10* and May = 1x10%). As shown in Figure 4.14 the iso-concentration lines' deformation
decrease in the cases of § = 0.8, S =1, and then S = 1.2, respectively. Figure 4.15 shows the
time dependency of concentration at each sampling point. Table 4.2 shows the average
frequency and amplitude corresponding to Figure 4.15. A concave free surface shape (S =
0.8) leads to high frequency and lower amplitude, creating rapid disturbances that could
promote the non-uniform solute distribution seen in the figure. At the large volume ratio,

lower frequency and higher amplitude result in less solute distribution changes. Higher
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amplitudes at the large volume ratio may introduce more uniform concentration gradients,
affecting the growth process's stability. When compared with Figure 4.13 and Figure 4.15, at
the free surface, Marangoni effects can drive significant fluid motion and contribute to high
velocity fluctuations, this, in turn, leads to smoother concentration profiles due to better
mixing. On the other hand, near the bottom surface, the bottom wall surface effects (no-slip
condition) reduce the fluid's mobility, leading to lower flow velocity fluctuations but higher
concentration fluctuations due to mass transport balance, enhancing the non-uniform mixing.

Therefore, these effects on flow velocity are induced by concentration variations.

Figure 4.16 shows the effect of volume ratio on the flow structure under unsteady conditions.
Although the number of vortices changes with time, the vortex cells in the liquid phase are
observed in cases of different S, as shown in Figure 4.16. Vortices are often associated with
complex flow phenomena and flow strength. As the number of vortices increases, a more
uneven and irregular flow field is observed [63]. Therefore, Figure 4.16 shows the
streamlines showing multiple vortices with less organized flow patterns for the concave free
shape (S = 0.8), which indicates stronger local instabilities and complex Marangoni flow
(Figure 4.16 (a)). The streamlines are more organized, with fewer vortices for the flat free
shape (S = 1), which indicates a more balanced and stable flow (Figure 4.16 (b)). For the
convex free shape (S = 1.2), the streamline size becomes large, well-defined vortices with
organized flow patterns, indicating a stable and dominant flow structure than concave shape
(Figure 4.16 (c)). Figure 4.16 shows that across all volume ratios, vortex cells have a more
dynamic movement in the upper region compared to the lower region, with streamlines
appearing denser in the upper region. This suggests high fluctuations in velocity and larger
average velocity amplitudes at the free surface compared to the near the bottom (detailed in
Table 4.1 and Figure 4.13). Forming pronounced streamline configurations and vortex
formations at the free surface enhances mixing efficiency. Consequently, this enhanced
mixing leads to a more homogenized concentration distribution at the free surface than near

the bottom surface (detailed in Table 4.2 and Figure 4.15).
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These observations highlight the critical role of volume ratio and free surface shape in
determining the stability and dynamics of both concentration and velocity fields in

Marangoni convection systems.
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Figure 4.7 The iso-concentration lines for (a) S=0.7 (b) §=0.8 (¢) S=09(d)S=1(e) S=1.1(H S
=1.2(g) S = 1.3 at the x-y plane near the bottom surface (z = 0.1 mm) at (Mac, Mag) = (1 x 10%, 5 x
10%).
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Figure 4.8 Concentration distributions for all volume ratios along the AB line at the x-y plane near
the bottom surface (z = 0.1 mm) at (Mac, Mar) = (1 x 10%, 5 x 10%).
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Figure 4.9 The x-direction flow velocity for (a) = 0.8 (b) S=1 (¢) S= 1.2 and (d) the x-direction
velocity distribution along the AB line for all volume ratios at the x-y plane near the bottom surface

(z=0.1 mm) at (Mac, Mag) = (1 x 10*, 5 x 10%).
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Figure 4.10 The x-direction flow velocity distribution respect with the flat shape along the AB line at
the x-y plane near the bottom surface (z = 0.1 mm) at (Mac, Mag) = (1 x 10,5 x 10%).
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Figure 4.11 The streamlines for (a) S= 0.8 (b) S=1 (c) S = 1.2 at the x-z plane along AB line (y =5
mm) at (Mac, Mag =1 x 10%, 5 x 10°).
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Figure 4.12 Snapshots of the x-direction flow velocity for (a) S=0.8 (b) S=1 (c) S= 1.2 and (d) the
x-direction velocity distribution along the AB line for all volume ratios at the x-y plane near the bottom
surface (z=0.1 mm) at (Mac, Mag) = (3 x 10*, 1 x 10%).
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Figure 4.13 The x-direction flow velocity distribution at (Mac, Mag) = (3 x 10*, 1 x 10 for three
volume ratios (S), (a) free surfaces sampling points; ((S=1.2; 5 mm, 5 mm, 1.3 mm), (S=1; 5 mm,
5 mm, 1 mm), (S=0.8; 5 mm, 5 mm, 0.7 mm)) and (b) near the bottom surfaces sampling point; (5
mm, 5 mm, 0.1 mm).

52



Sc=4.85 Pr=0.011

€ — C;[mol/m?)

BN

Figure 4.14 Snapshots of iso-concentration lines for (a) $=10.8 (b) S=1 (c) = 1.2 at the x-y plane
near the bottom surface (z = 0.1 mm) at (Mac, May) = (3 x 10%, 1 x 10%).

Table 4.1 Average frequency (favg) and amplitude (a,y,) of velocity variation in free surface and
near bottom sampling points corresponding to Figure 4.13.

Free surface S=08] §=1|5=12
(2} Suvg (H2) (. 49000 | 032800 | 022500
[ 000314 | 000364 | 000430
Mear bottom surface

(2} S 1H2) 051000 | 032900 | 0.22900
(D) ey mf5) 000059 | 0.00047 | 0.00062

Table 4.2 Average frequency (fayg) and amplitude (a,yg) of velocity variation in free surface and
near bottom sampling points corresponding to Figure 4.15.

Free surface §=08] §=1]|5=12
() fuy (Hz) 055000 | 031300 | 0.22000
(1) gy el ") OET0 | 0.07500 | 012200
Mear bottom surface

(8) fuy (Hz) 045000 | 0.30700 | 0.21700
(D) ttyyy (M0l /) 016700 | 0.20400 | 027000
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Figure 4.15 Concentration distribution at (Mac, Mag) = (3 x 10%, 1 x 10*) for three volume ratios (S),
(a) free surfaces sampling points; ((S=1.2; 5 mm, 5 mm, 1.3 mm), (S=1; 5 mm, 5 mm, 1 mm), (S=
0.8; 5 mm, 5 mm, 0.7 mm)) and (b) near the bottom surfaces sampling point; (5 mm, 5 mm, 0.1 mm).
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Figure 4.16 Snapshots of streamlines for (a) S = 0.8 (b) S=1 (¢) S = 1.2 at the x-z plane along AB
line (v = 5 mm) at (Mac, Mag) = (3 x 10%, 1 x 10%).

4.3  Effect of volume ratio under thermal Marangoni convection for high Pr number
fluids
Figure 4.17 shows the effect of volume ratio on the iso-thermal lines near the bottom
surface and temperature distribution under steady conditions (May = 5%10%). Because of the
high Pr number, temperature distribution strongly depends on S compared with that in Figure

4.1.

Figure 4.18 shows the effect of volume ratio on the flow field, the x-direction flow velocity.
For all volume ratios, the x-direction flow velocity values are negative, indicating a return

flow of the thermal Marangoni convection near the bottom surface. The S = 0.8 and §=1.2
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cases lead to the x-direction non-uniform flow velocity distribution due to the developing
uneven temperature gradient within curvature regions, as shown in Figure 4.18 (a-c).
Furthermore, the maximum return flow velocity is observed in the middle region, and low
velocity values observed near the side walls in the S = 0.8 case, as shown in Figure 4.18 (a).
However, in the S = 1.2 case a low velocity return flow is observed in the middle region, and
a high velocity flow is observed near the side wall, as shown in Figure 4.18 (c). Figure 4.18
(d) displays the deviations in the velocity distribution at the x-directional flow depending on
the volume ratio. It is clearly seen that the flow strength variations occur due to deformed
free surfaces. Figure 4.19 shows the streamlines in each case. For a high-volume ratio,

streamlines expand across the domain.

Figure 4.20 (a-c) shows the effect of volume ratio on iso-thermal lines near the bottom surface
(z= 0.1 mm) under the unsteady condition (Mar = 1.5x10%). Under unsteady conditions, the
spatial period of temperature fluctuations varies with volume ratio due to changes in
temperature gradient and free surface shape. The isotherms are closer in the case of $= 0.8
(concave), indicating a steep gradient and frequent fluctuations with a shorter spatial period.
The isotherms are moderately spaced at S = 1 case (flat free surface), reflecting a balanced
gradient and intermediate fluctuations. The isotherms are further apart for S = 1.2 case
(convex), indicating a shallow gradient and less frequent fluctuations with a longer spatial
period. These differences are driven by the varying flow stability and local instabilities
influenced by the free surface shape at each volume ratio. Additionally, Figure 4.20 (d)
illustrates the temperature distribution (7) between the side walls. The temperature
distribution deformation increases in the cases of §=0.8, S= 1, and then S= 1.2, respectively.
When isotherms are relatively closer, indicating a steeper temperature gradient, creating a
more linear and uniform temperature distribution for S = 0.8 cases. This is due to the stronger
influence of thermal Marangoni convection, which stabilizes the temperature field. The linear
temperature trend disappears in the middle region for the § = 1, then § = 1.2 cases under
unsteady conditions. In conclusion, the volume ratio affects the temperature field, causing

non-uniform temperature distributions (variation in temperature distribution) in the liquid.
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Figure 4.21 shows the effect of volume ratio on the x-direction flow velocity at Map = 1.5
x10* near the bottom surface (z = 0.1 mm). Figure 4.21 (a-c) shows that the x-direction
velocity in all cases is of non-uniform distribution, promoting uneven temperature gradient
along the free surface in the unsteady condition. Moreover, Figure 4.21 (a) shows the
maximum flow velocity in the middle region, with lower velocity flow near the right-side
wall in the case of S = 0.8, consistent with the steady condition scenario. However, the non-
uniform return flow increases at the higher volume ratio (Figure 4.21 (b) and (c)). Figure
4.21 (d) illustrates the unsteady x-directional flow distribution in the cases of = 0.8 and S =
1.2 compared to the case S = 1 near the bottom surface. Flow deflection is observed near the
hot wall for all volume ratios and increases with the volume ratio. Notably, the x-direction
flow velocity oscillatory fluctuation decreases towards the cold wall for the case of S = 1
compared to the case of S = 1.2 in the middle region. In the case of S = 1.2, the flow becomes
further non-uniformed compared to the cases of S = 0.8 and S = 1. The differences in flow
patterns among the cases of S = 0.8, § = 1.0, and S = 1.2 are due to the influence of free
surface shape on local instabilities and temperature distribution. At S = 1.2, we observe
stronger temperature gradients, enhanced local instabilities and a stronger Marangoni
convection, resulting in dynamic and irregular flow patterns in the cavity. Conversely, in the
cases of concave (S = 0.8) and flat free surfaces (S = 1) we see weaker temperature gradients
and more stable flow patterns. These observations are crucial for understanding the impact

of surface shape on flow dynamics in the case of unsteady thermal Marangoni convection.

Figure 4.22 shows the effect of volume ratio on streamlines under unsteady condition (Mar
= 1.5x10% for Pr = 6.7 fluid. The number of vortex cells are different at different volume
ratios. As a result, the high volume ratio makes the flow more complex and increases the

flow strength.

When comparing low and high Pr fluids under unsteady Marangoni conditions, the non-
uniform temperature and velocity distributions are more pronounced at the low Marangoni

numbers in high Pr fluids than in low Pr fluids (Figures 4.20, 4.21, 4.4, 4.5).
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Since the volume ratio affects flow velocity and temperature distributions under both steady
and unsteady conditions, it must also affect the concentration distribution under the same

conditions. Thus, the following section discusses the effect of volume ratio on thermo-solutal

Marangoni convection in high Pr number fluids.
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Figure 4.17 The isotherms lines for (a) S = 0.8 (b) S=1 (¢) S = 1.2 and (d) temperature distribution

along the AB line for all volume ratios at the x-y plane near the bottom surface (z= 0.1 mm) at (Mar
=5x10%.

(a) (b)

Figure 4.18 The x-direction flow velocity for (a) S = 0.8 (b) S=1 (c) S= 1.2 and (d) x-direction
velocity distribution along the AB line for all volume ratios at the x-y plane near the bottom surface
(z=0.1 mm) at (Map =5 x 10°).
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Figure 4.19 The streamlines for (a) S=0.8 (b) S=1 (c) S = 1.2 at the x-z plane along AB line (y =5
mm) at (May =5 x 10°).
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Figure 4.20 Snapshots of isotherms lines for (a) = 0.8 (b) S=1 (¢) § = 1.2 and (d) temperature
distribution along the AB line for all volume ratios at the x-y plane near the bottom surface (z = 0.1
mm) at (Mag = 1.5 x 10%).
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Figure 4.21 Snapshots of the x-direction flow velocity for (a) S=0.8 (b) S=1 (c) S= 1.2 and (d) the
x-direction velocity distribution along the AB line for all volume ratios at the x-y plane near the bottom
surface (z=0.1 mm) at (Mag = 1.5 x 10%).
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Figure 4.22 Snapshots of streamlines for (a) S = 0.8 (b) S=1 (c¢) S = 1.2 at the x-z plane along AB
line (y = 5 mm) at (Mag = 1.5 x 10%).
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4.4 Effect of volume ratio under the thermo-solutal Marangoni convection for high
Pr number fluids
Figure 4.23 (a-c) shows the effect of volume ratio on solutal Marangoni flow in the
high Pr number fluids in a steady condition (Mac = 1x10*, May = 5x10%). The snapshots of
iso-concentration lines of the basic flow are shown for all volume ratios near the bottom

surface (z=0.1 mm).

Furthermore, Figure 4.23 (d) shows a drop in concentration between the side walls for the Pr
= 6.7 (with Sc = 4.85) fluid. A bending angle of concentration drop occurs in the cases of S
=0.8, §=1.2, and a linear decrease is seen in the case of S = 1 in the middle region. When
comparing temperature and concentration distributions in a high Pr fluid with the same Mar
value (May = 5x10%), Figure 4.17 (a-c) and Figure 4.23 (a-c) show isotherms lines and iso-
concentration lines with deformation in opposite directions due to the development of

concentration and temperature return flows near the bottom surface.

Figure 4.24 (a-c) shows the effect of volume ratio on the x-direction flow velocity distribution
at Mac = 1x10*, Mar = 5x10° under the steady condition near the bottom surface (z = 0.1
mm). Figure 4.24 (d) illustrates that a non-uniform flow distribution is observed, varied
between side walls. Furthermore, it promotes variations in the flow strength as shown in the
cases of $=0.8 and S = 1.2. Comparison of the flow velocity distributions in Figure 4.24 (a-
c¢) and Figure 4.18 (a-c) shows that the solutal Marangoni effect weakens thermal Marangoni
flow and flow direction becomes opposite due to high Ma. value. In Figure 4.24 (d) and
Figure 4.18 (d), the positive and negative valued x-direction flow velocity indicate a return
flow with a direction change between the solutal and thermal Marangoni flows near the
bottom surface. Therefore, we can conclude that the effect of volume ratio plays a vital role
in flow velocity distribution in the case of Sc = 4.85 with Pr = 6.7 fluid under the steady
Marangoni condition. Figure 4.25 shows streamlines in the middle region in each case, and

the distribution of streamlines changes with the volume ratio.
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Figure 4.26 shows the effect of volume ratio on the x-direction flow velocity under unsteady
conditions (Mac = 3x10* May = 1x10%). The flow fluctuations seen in Figure 4.26 (d) are
due to the effect of volume ratio. A uniform flow distribution is observed in the case of flat
free surface (S = 1), compared with the large volume ratio (S = 1.2). Furthermore, in sampling
points of the x-direction flow velocity distribution at the free surface and near the bottom
surface, the flow velocity exhibits an oscillatory pattern in the case of Pr= 6.7 with Sc = 4.85
number fluid in each sampling point for all three volume ratios, as shown in Figure 4.27. The
amplitude and frequency of flow velocity fluctuations are significantly influenced by the
volume ratio (§). Table 4.3 presents the average frequency and amplitude corresponding to
Figure 4.27. Results reveal that the high amplitude and lower frequency flow velocity
distributions occur in the cases higher values of (S). The lower frequency and high amplitude
observed near the bottom surface and at the free surface in the cases of S=1and S=1.2
indicate stronger flow velocity gradients. In contrast, the concave shape at S = 0.8 leads to a
strong local Marangoni convection that rapidly dissipates flow velocity fluctuations, giving
rise to higher frequency and lower amplitude fluctuations. Higher amplitudes in the cases of
larger volume ratios could introduce stronger velocity gradients and affect the process
stability. One then can conclude that the selection of proper volume ratio is essential in
maintaining stability and achieving high-quality thin films. Furthermore, comparing Figure
4.13 and Figure 4.27, the significant change in the Prandtl number implies a substantial
difference in thermal diffusivity relative to momentum diffusivity. Figure 4.13 shows that
the flow velocity profiles across all volume ratios exhibit more pronounced fluctuations over
time, suggesting a more complex quasi-periodic flow structure. Figure 4.27 shows that the
fluctuations in velocity profiles appear dampened compared to Figure 4.13, which might be
due to the high Prandtl number. This indicates a fluid with a tendency to oscillatory flow and
more stable velocity fluctuation. A higher Prandtl number fluid (Table 4.3) generally
corresponds to slightly lower frequencies at equivalent volume ratios than a low Prandtl
number fluid (Table 4.1). This supports observing more uniform flow fluctuation with

reducing flow disturbances, as shown in Figure 4.27.
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Figure 4.28 shows snapshots of iso-concentration lines in an unsteady condition near the
bottom surface (z = 0.1 mm) at Mac = 3x10%, May = 1x10* The concentrations at the free
surface sampling points of ((S=1.2; 5 mm, 5 mm, 1.3 mm), (S=1; 5 mm, 5 mm, 1 mm), (S
=0.8; 5 mm, 5 mm, 0.7 mm)) and near bottom surface sampling point (5 mm, 5 mm, 0.1
mm) are examined. The concentration fluctuations become oscillatory as seen in Figure 4.29.
Comparing Figure 4.27 and Figure 4.29, we see that the flow velocity fluctuations are
induced by concentration variations near the bottom and top free surfaces. The same is
observed in the case of Sc = 4.85 with Pr=0.011 fluid as mentioned in Section 4.2. Table
4.4 presents the average frequency and amplitude values corresponding to Figure 4.29. It
reveals that the stronger local Marangoni convection in the case of S = 0.8 leads to steeper
concentration gradients. These gradients, however, are rapidly dissipated, resulting in higher
frequency and lower amplitude fluctuations. For the higher volume ratios, the balanced
Marangoni convection maintains significant concentration gradients without dissipating
them rapidly. This leads to lower frequency and high amplitude fluctuations as the system
tries to equilibrate the concentration distribution. Higher amplitudes in the cases of =1 and
S'= 1.2 could introduce more significant concentration gradients. These uniformly distributed
concentration gradients may affect the process stability more than that in § = 0.8. The higher
amplitude fluctuations are observed on both the top free surface and near the bottom surface
in both cases of S=1 and § = 1.2. This implies that the volume ratio impacts the concentration
distribution with more pronounced uniform fluctuations on the top free surface and near the
bottom surface in the unsteady Marangoni convection. When comparing concentration
distributions in Figure 4.15 and Figure 4.29, the low Pr number fluids show more complex
flow structures than those in high Pr number fluids. However, in both cases, the higher
average amplitudes are observed as the volume ratio increases, regardless of the Prandtl
number. This indicates that at the high-volume ratio uniform concentration gradients are
maintained (Table 4.2 and Table 4.4). The difference observed in the cases of low and high
Prandtl number fluids (between Figure 4.15 and Figure 4.29) shows that the flow pattern
change is due to changing heat transfer relative to momentum transfer. A high Sc and high

Pr number fluid develops a weaker heat transfer with an efficient solute transport, leading to
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a homogeneous concentration distribution. Therefore, the average amplitude is higher (higher
Prandtl number) in Table 4.4, allowing for significant variations leading to uniform flow

fluctuations.

Figure 4.30 shows streamlines under unsteady conditions (Mac = 3x10%, May = 1x10%) for
Pr=6.7 with Sc = 4.85 fluid a low number of vortex cells appeared in the flow structure in
all volume ratios in the case of Pr = 6.7 with Sc = 4.85 fluid. This is a snapshot of the flow
structure, and the number of vortex cells must be changed as a function of time. Therefore,
less complex flow phenomena appeared in the case of Pr = 6.7 with Sc = 4.85 fluid.
Comparing solutal Marangoni flows in Figure 4.16 and Figure 4.30, the low Pr number fluid
shows more non-uniform and complex flow patterns, while the high Pr number fluid in more
organized and stable flow fluctuations in the unsteady Marangoni condition. Also, the
volume ratio impacts these structures by either enhancing local flow instabilities (lower

volume ratios) or stabilizing the flow (flat and high volume ratios).
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Figure 4.23 The iso-concentration lines for (a) S = 0.8 (b) S =1 (¢), S = 1.2 and (d) concentration
gradient along the AB line for all volume ratios at the x-y plane near the bottom surface (z = 0.1 mm)
at (Mac =1 x 10*, Mag =5 x 10%).
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Figure 4.24 The x-direction flow velocity for (a) S = 0.8 (b) S=1 (¢) S = 1.2 and (d) x-direction
velocity distribution along the AB line for all volume ratios at the x-y plane near the bottom surface
(z=0.1 mm) at (Mac =1 x 10*, Mag =5 x 10°).
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Figure 4.25 The streamlines for (a) S=0.8 (b) S=1 (c) S = 1.2 at the x-z plane along AB line (y =5
mm) at (Mac, Mag) = (1 x 10,5 x 10%).

Table 4.3 Average frequency (fayg) and amplitude (@,yg) of velocity variation in free surface and
near bottom sampling points corresponding to Figure 4.27.

Free surface =08 8=1]|8&=12
{a) [ (HZ) D130 | 03180 | 02890
(b g (mys) U0 | 00035 | (0043
Mear bottom surface

(2) Sy (Hz) OA100 | 03158 | 0.2920
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Table 4.4 Average frequency (favg) and amplitude (a,yg) of velocity variation in free surface and
near bottom sampling points corresponding to Figure 4.29.

Free surface S=-0R[&§=1|5=12
(@) [y (HZ) 04280 [ 03100 | 02910
(D) ity (M0l /1) 00756 | 01536 | 01340
Mear hottom surface

m!f..., (Hz) 04290 | 03100 | 02920
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Figure 4.26 Snapshots of the x-direction flow velocity for (a) S=0.8 (b) S=1 (c) S= 1.2 and (d) the
x-direction velocity distribution along the AB line for all volume ratios at the x-y plane near the bottom
surface (z=0.1 mm) at (Mac =3 x 10*, Mag = 1x10%.
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Figure 4.27 the x-direction flow velocity distribution at (Mac = 3 x 10*, Map = 1x10%) for three
volume ratios (), (a) free surfaces sampling points; (($=1.2; 5 mm, 5 mm, 1.3 mm), (S=1; 5 mm,
5 mm, 1 mm), (S=0.8; 5 mm, 5 mm, 0.7 mm)) and (b) near the bottom surfaces sampling point; (5
mm, 5 mm, 0.1 mm).

Sc=4.85 Pr=6.7

C — C; [mol/m?]

(a) (b) ()

Figure 4.28 Snapshots of iso-concentration lines for (a) S = 0.8 (b) S=1 (c) S = 1.2 at the x-y plane
near the bottom surface (z = 0.1 mm) at (Ma¢ = 3 x 10*, Mayp = 1x10%).
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Figure 4.29 Concentration distribution at (Mac = 3 x 10*, May = 1x10%) for three volume ratios (S),
(a) free surfaces sampling points; ((S=1.2; 5 mm, 5 mm, 1.3 mm), (§=1; 5 mm, 5 mm, 1 mm), (S =
0.8; 5 mm, 5 mm, 0.7 mm)) and (b) near the bottom surfaces sampling point; (5 mm, 5 mm, 0.1 mm).

Sc=485 Pr=67

Figure 4.30 Snapshots of streamlines for (a) S = 0.8 (b) S=1 (c¢) S = 1.2 at the x-z plane along AB
line (y = 5 mm) at (Mac, Mag) = (3 x 10, 1 x 10%).
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CHAPTER 5

THE EFFECTS OF ZONE VOLUME AND GRAVITY ON THERMO-
SOLUTAL MARANGONI CONVECTION INSTABILITY IN A HALF-
ZONE MODEL OF FLOAT-ZONE GROWTH OF SiGe

In this chapter, numerical simulation of thermal and solutal Marangoni convection in
a floating half zone with deformed free surface under normal gravity and zero gravity has
been performed. The critical conditions of Marangoni convection for volume ratios under

normal and zero gravity conditions are compared.

5.1 Relative contributions of thermal and solutal natural convective flows

In crystal growth from the liquid phase (melt and solution), the convective flows
driven by temperature and concentration gradients in the liquid phase are called "thermal and
solutal convections" respectively. Since the thermal convection is dominant, it is called
simply "natural convection". If both gradients are present, the convective flow is called
"thermo-solutal convection". These flows play an important role in crystal growth; beneficial
or adverse, depending on the system. In most cases their adverse effects must be minimize
for the growth of high-quality crystals. In SiGe growth by FZ, both convective flows are
present. In this section, we examine their relative contributions by examining the associated
dimensionless numbers. This is important to have a comprehensive understand of the

transport structures in the FZ melt.

Here we focus on the solutal Rayleigh number, particularly examining its low value (Rac =
80) in the context of solutal natural convection in the absence of Marangoni flows (Ma¢ =0,
Mar = 0) and also in their presence at the values of (Mac = 714, Map = 1750), for
comparison. The snapshots of the computed concentration field for S = 1.1 are depicted in
Figure 5.1 (a-b). Results show that the solutal concentration distribution in the absence of

Marangoni convection is negligible compared with the case where the Marangoni convection
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is present. We also examine the case at a higher solutal Rayleigh number (Rac = 160). The
computed concentration results, that are given in Figure 5.1 (c-d), show that the concentration
distribution still remains negligible in the absence of Marangoni convection (Mac = 0, Mar

= 0), but it is notable at the Marangoni convection conditions of (Ma¢ = 1428, Mat = 3500).

Next we study the effect of pure thermal natural convection (Mac = 0, Map = 0) by
examining the snapshots of the computed concentration field for S =1.1 at a low thermal
Rayleigh number (Rat = 239) under pure thermal natural convection (Mac = 0, Map = 0)
and also at the Marangoni convection conditions of (Mac = 714, Mat = 1750). The
concentration distribution is notably weaker in the case of pure thermal natural convection
compared to that of the Marangoni case of (Mac = 714, Mat = 1750), as illustrated in Figure
5.2 (a-b). At the high thermal Rayleigh number (Rat =477.9), the concentration distribution
is less pronounced in the case pure thermal natural convection (Mac =0, Mat = 0) compared
to the case at the Marangoni convection conditions of (Mac = 1428, Mat = 3500), as shown
in Figure 5.2 (c-d). Figure 5.3 (a-b) presents the computed flow velocity under a low solutal
Rayleigh number (Rac = 80). In the case of pure solutal natural convection (Mac = 0, Mar
= 0) at a low solutal Rayleigh number, the strength of the flow velocity field is minimum in
compared to that in the case where Marangoni convection is present (Mac = 714, Mat =
1750). Similarly, the flow velocity magnitude under a high solutal Rayleigh number (Rac =
160) is negligible in the case of pure solutal natural convection (Mac =0, Mat = 0), but it is
stronger in the presence of Marangoni convection (Mac = 1428, Mar = 3500) as shown in

Figure 5.3 (c-d).

The flow velocity magnitude shown in Figure 5.4 (a-b) is for the case of a low thermal
Rayleigh number (Rat = 239). As seen from the figure, at the low thermal Rayleigh number,
the flow velocity magnitude is smaller in the case of pure thermal natural convection (Mac
=0, Mat = 0) compared that at the Marangoni convection condition of (Mac = 714, Mart =
1750). Figure 5.4 (c-d) illustrates the flow velocity field at a high thermal Rayleigh number

(Rat =477.9). In this case, the condition of pure thermal natural convection (Mac =0, Mary
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= 0) leads to weaker flow velocity strength compared to that in the case of Marangoni

convection at (Mac = 1428, Mart = 3500).

Furthermore, the strength of buoyancy is measured by the dynamic Bond number (Bodyn).
The small dynamic Bond number indicates that Marangoni forces are dominant with respect
to buoyancy. Thus, in the presence of thermal natural convection cases, the calculated value

of Bodyn= 0.1 shows that the flow is still dominated by Marangoni convection [9, 95].

We then conclude that the Marangoni forces dominate the flow strength in all three cases of
volume ratios considered here, and the contribution of buoyancy is less significant. The
strength of solutal natural convection appears negligible compared to that of Marangoni
convection. Similarly, thermal natural convection has less impact on Marangoni convection
than solutal natural convection. These findings are crucial for understanding and optimizing
convective processes, especially in scenarios where Marangoni convection is a dominant
factor influencing fluid dynamics. Therefore, the following results are obtained by
considering only thermal natural convection together with Marangoni convection. The

contribution of the solutal natural convection is not taken in account.
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Figure 5.1 Snapshots of computed Si concentration distribution for S = 1.1 in the -6 plane at z=2.5
mm: (a) (Mac, Mar, Rac) = (0,0, 80), (b) (Mac, Mar, Rac) = (714, 1750, 80), (c) (Mac, Mar, Rac)
=(0, 0, 160), (d) (Mac, Mar, Rac) = (1428, 3500, 160).
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Figure 5.2 Snapshots of computed Si concentration distribution for S = 1.1 in the -0 plane at z = 2.5
mm: (a) (Mac, Mar, Rat) = (0, 0, 239), (b) (Mac, Mar, Rat)= (714, 1750, 239), (¢) (Mac, Mar,
Rat)=(0,0,477.9), (d) (Mac, Mar, Rat)= (1428, 3500, 477.9).
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Figure 5.3 Snapshots of flow velocity magnitude at S = 1.1 in the r-z plane: (a) (Mac, Mart, Rac) =
(Oa 03 80)5 (b) (MaC, MaTa RaC) = (714: 17505 80), (C) (MaCa MaT, RaC) = (Oa Oa 160): (d) (MaC,
Mar, Rac) = (1428, 3500, 160).
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Figure 5.4 Snapshots of flow velocity magnitude at S = 1.1 in the r-z plane: (a) (Mac, Mar, Rat)=
(0,0, 239), (b) (Mac, Mat, Rat)= (714, 1750, 239), (¢) (Mac, Mar, Rat)= (0, 0,477.9), (d) (Mac,
Mar, Rat)= (1428, 3500, 477.9).

5.2 Flow regimes under various volume ratios

The computed flow regimes are summarized in Figure 5.5 (a-c) with respect to

volume ratios at different thermal and solutal Marangoni numbers. The flow patterns in these
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diagrams are identified by the time variation of concentration and temperature values in the
r-0 plane at the z = 2.5 mm under 1-g. In the figures, we present specific thermal Marangoni
numbers (presented along the horizontal axis) by varying the solutal Marangoni numbers
(presented along the vertical axis). Generally, for increasing Ma. values at a low and middle
range of Mar values, the flow patterns constantly change from steady to oscillatory and then
to quasi-periodic in all volume ratios. At high Mar values, random-periodic flow patterns
appear only at the high-volume ratio (S = 1.1). The critical stability region is a decreasing
function of the volume ratio. Within this range, it reaches a maximum at S = 0.9 and a

minimum at § = 1.1. Therefore, one can conclude that the effect of the volume ratio is

significant.
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Figure 5.5 Stability curves of the base flow in (Mat, Mac) (dash lines) under (1-g) (a) S=10.9 (b) S
=1(c)S=1.1.

5.3 Steady flow pattern

When the Marangoni number is relatively small, the thermal-solutal Marangoni
convection is steady, called the "steady flow" hereafter. Figure 5.5 (a-c) shows the 2D steady
axisymmetric flow regime that is observed for all three volume ratios considered. At the

higher volume ratio, the 2D steady axisymmetric flow region becomes larger, while the
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region of 3D steady flow decreases as seen from Figure 5.5. When the Mac increases for a
given Mar, the flow pattern transits from 2D steady axisymmetric or 3D steady to oscillatory
depending on volume ratios (S=0.9, S=1and §=1.1). This primary 2D steady axisymmetric
flow described above breaks the spatial axial symmetry of the basic solution. It replaces this
solution of maximum symmetry with another steady flow with a different symmetry pattern.
The numerical solution can be azimuthally shifted with respect to each other but remains the

same; that is the feature of the final stationary supercritical state called "3D steady flow".

5.4 Critical Marangoni number

As mentioned above, at a particular Mar, the flow pattern transits from 2D steady
axisymmetric or 3D steady to an oscillatory mode as Ma increases, the solutal Marangoni
number exceeds a critical value, called "the critical solutal Marangoni number" (Mac cr),
and the steady flow becomes unsteady and bifurcates into three-dimensional oscillatory flows
called “primary bifurcation”. The Mac c; values were obtained for each volume ratio by the

global linear stability analysis method, which has shown high accuracy in our previous

studies [88].

In the present study, for S = 0.9 (concave shape), the 2D steady axisymmetric flow becomes
3D oscillatory when Ma( increases at a given Mar value for all Mat values for the range of

Mary < 1050.

For the cases of 1050 < Mar < 3150, the 3D steady flow becomes 3D oscillatory as the
primary bifurcation. For all cases that Mat > 3150, the flow is of a 3D oscillatory pattern
with increasing Mar at a fixed Mac. At S = 0.9, the critical wave numbers (mcri) are 2, 4 and

5 with increasing Mar as shown in Figure 5.5 (a).

For §=1, in all cases with Ma¢ >0, the 2D steady axisymmetric flow becomes 3D oscillatory
as the primary bifurcation with increasing Ma at a fixed May for Mat <2800. For the cases

for Mar > 3150, the flow pattern becomes 3D oscillatory with increasing Mar for a fixed
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Mac. For S =1, the mcri values are 2, 5, 6, and 7 with increasing Mar as shown in Figure 5.5

(b).

For § = 1.1 (convex shape), in all cases with Mag > 0, the 2D steady axisymmetric flow
becomes 3D oscillatory as the primary bifurcation with increasing Mac at a fixed Mar for
Mar < 2800. For the cases of Mar > 2800, the flow pattern is random-periodic with
increasing Mar at a fixed Mac. For S = 1.1, the mc:i values are 5 and 6 with increasing Mar
for the range of thermal-solutal Marangoni numbers considered in the present study, as seen

in Figure 5.5 (¢).

Our simulation results, as also supported by previous analyses, could explain the stabilization
and destabilization mechanisms mentioned earlier [96, 97]. For the Marangoni convection
rolls, the degree of freedom is reduced for the case of S = 0.9. In this case, in fact, due to the
concave shape of the free surface, Marangoni convection rolls prevent mutual interference
and strengthen the constraints for the flow field, leading to large values of the critical
Marangoni numbers. Thus, as seen from Figure 5.5 (a), the critical solutal Marangoni
numbers tend to be higher in the case of S = 0.9. On the other hand, for the case of S= 1.1,
the degree of freedom is enhanced for the Marangoni convection rolls due to the convex
shape of the free surface. It becomes pervasive throughout the system, lowering the stability

threshold as shown in Figure 5.5 (c).

However, another earlier research work [9] has pointed out that two different mechanisms
are responsible for this inertial instability of Marangoni flow, and investigated the critical
Reynolds numbers. The Reynolds number (Re), which represents the ratio of inertial forces
to viscous forces, is a critical parameter influencing inertial instability. The maximum Re
number in our research is 2682.4. Therefore, higher Reynolds numbers indicate stronger
inertial effects (straining and/or centrifugal mechanisms) and an increased likelihood of

instability.
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The first contribution is the strain in the vortex center near the free surface. The second
contribution is due to the centrifugal effect due to the shape of the liquid bridge. For a small
volume ratio (S = 0.9), the enhanced strain on the Marangoni convection roll due to the
concave shape leads to a high contribution of the strain-induced mechanism instability
mechanism. On the other hand, for a high-volume ratio (S=1.1), the convection roll becomes
more circular, indicating less strain, and the centrifugal mechanism becomes more critical

due to the convex shape.

Both mechanisms are present for the volume ratio (S = 1), leading to an optimum critical

Marangoni number.

5.5 Effect of volume ratio under normal (1-g) gravity condition

The effect of gravity is due to three factors in the liquid bridge. The first factor is the
hydrostatic pressure, which breaks the mirror symmetry of the free surface with respect to
the mid vertical plane. The second factor is the buoyancy force in the bulk, which increases
with the Grashof number (Gr # 0). The third factor is the way of heating the liquid bridge.
In the present cases, the heating orientation is kept in the same direction while a higher
temperature is adopted at the bottom horizontal boundary and a lower temperature is imposed

on the upper boundary of the liquid bridge, as shown in Figure 2.2.2.

At Mac =714, Mat = 1400 and Rat = 191, the snapshot of the computed concentration field
shown in Figure 5.6 (a) exhibits a 3D steady flow pattern for S = 0.9, and a 2D steady
axisymmetric structure observed in Figure 5.6 (b) and (c) corresponding to the cases of S =
I, and S = 1.1. Moreover, comparing concentration flow patterns in both the -6 plane and
the -z plane, the concentration distribution is more uniform for the cases of =1 and § =
1.1 for low Marangoni and thermal Rayleigh numbers as shown in the snapshots of Figure

5.6 (b-c).

Figure 5.7 (a-c) shows snapshots of flow velocity magnitude at Mac = 714, Mat = 1400 and

Rart = 191. For all three volume ratios, there are two Marangoni convection rolls near the
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free surface, and the flow along the free surface is from bottom to top. The shapes of

Marangoni convection rolls are significantly different in each case of volume ratios.

For §=1.1 (convex shape), the Marangoni convection roll becomes more circular, indicating
less strain as shown in the snapshot of Figure 5.7 (c). However, the Marangoni flow stretched
to the central region and towards the cold wall at the small volume ratio in the half-zone

liquid bridge as shown in the snapshot of Figure 5.7 (a).

Furthermore, the steady Marangoni convection roll becomes more stretched at the small
volume ratio, but it becomes more circular at the high-volume ratio. Both effects are present

for Marangoni convection rolls in the case of S = 1 as shown in the snapshot of Figure 5.7

(b).

When the solutal Marangoni number exceeds the critical value Mag ¢y, the thermal-solutal
Marangoni flow bifurcates into the unsteady flow. When Ma; = 1428, Mat = 2450 and Rar
=334.5, the snapshots of concentration field is shown in Figure 5.8 (a-c). In the cases of § =
0.9 and S'= 1, it exhibits an oscillatory pattern with different azimuthal wave numbers, where
the lower wave number (m = 2) is for S = 0.9 and the higher value found (m = 7) is for the
volume ratio of § = 1 as shown in the snapshots of Figure 5.8 (a-b). The snapshot of Figure
5.8 (c¢) shows the case of S = 1.1, where the pattern behaves quasi-periodic, which
corresponds to the appearance of the rotating traveling wave in the concentration field in the
azimuthal direction. At the high-volume ratio (S = 1.1), the wave number disappeared, and
there was a transition to quasi-periodic (Figure 5.8 (c)). This shows that the instability of

thermal-solutal Marangoni convection is enhanced at the higher volume ratio.

Figure 5.9 (a-c) show snapshots of flow velocity magnitude, representing an unsteady flow
at Mac = 1428, Mat = 2450 and Rat = 334.5 for different volume ratios. For the thermal-
solutal Marangoni forces being in the same direction, at S = 0.9, the Marangoni convection
roll center is shifted radially inward and displaced toward the cold wall as shown in the

snapshot of Figure 5.9 (a). The enhanced strain on the Marangoni convection roll due to the
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geometrical constraints (i.e., free surface being concave) leads to the convection roll's flow
to the middle region than that of the convex shape as shown in the snapshots of the Figure

5.9 (a) and Figure 5.9 (c).

At the higher volume ratio, the Marangoni convection roll becomes more circular, indicating
less strain. The Marangoni convection roll center is shifted radially outward and towards the
mid-plane for the convex free surface. The centrifugal effect and the roll's mobility area
become high due to the high-volume ratio; therefore, increased local driving force promotes

the circular Marangoni convection roll as shown in the snapshot of the Figure 5.9 (c).

The snapshot of Figure 5.9 (b) shows that (at S = 1), both conditions are present and lead to
the optimum condition for the Marangoni convection rolls. However, the snapshots of Figure
5.9 (a-c) show if the Mat and Ma. numbers are sufficiently large, the total thermal-solutal
Marangoni convection becomes stronger, and circulation extends with a high-velocity to the
liquid bridge's central region at all three volume ratios compared with the snapshots of Figure

5.7 (a-c).

The time dependency of concentration at the sampling point (8.8 mm, 0 rad, 2.5 mm) for all
volume ratios is shown in Figure 5.10. As seen in Figure 5.10 for S = 0.9 and S = 1, the
concentration pattern exhibits periodic fluctuations, and the time period of concentration
fluctuation decreases with time. This means that it oscillates with higher frequencies. On the
other hand, the concentration fluctuation in the case of a high-volume ratio (S = 1.1) exhibits
almost a quasi-periodic pattern over time. We can state that the concentration fluctuations
will become more complex and will exhibit violent fluctuations at the high-volume ratio (S
= 1.1) compared to those of the low-volume ratio. This illustrates that the increase in the
volume ratio can destabilize flow structures and lead to more complex transport structures in

the melt.

3D random-periodic flows with time-dependent irregular azimuthal wave develops at high

Mar only for § = 1.1 (Figure 5.5 (c)). These random-periodic flows tend to rotate when
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Mar > 2800 at all Ma¢ values. The computed random-periodic concentration pattern and the
fluid flow velocity magnitude for S = 1.1 are shown in Figure 5.11 (a-c). The strong
nonuniformity in concentration distribution is obvious at this high-volume ratio. The random-
periodic flow behavior represents a qualitative enlargement in the free surface area (convex

shape).
(a) I (b) I (c)

Figure 5.6 Snapshots of computed Si concentration distribution at (Mac, Mart, Rat) = (714, 1400,
191) in the -6 plane at z = 2.5 mm and the vertical r-z plane at: (a) S=0.9, (b) S=1 and (c) S=1.1.
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Figure 5.7 Snapshots of flow velocity magnitude at (Mac, Mar, Rat) = (714, 1400, 191) in the
vertical -z plane at: (a) $=0.9, (b) S=1 and (¢) S=1.1.
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Figure 5.8 Snapshots of computed Si concentration distribution at (Mac, Mar, Rat) = (1428, 2450,
334.5) in the -6 plane at z = 2.5 mm and the vertical -z plane at: (a) S=0.9, (b) S=1and (c) S=
1.1.
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Figure 5.9 Snapshots of flow velocity magnitude at (Mac, Mat, Rat) = (1428, 2450, 334.5) in the
vertical r-z plane at: (a) $=0.9, (b) S=1and (c) S=1.1.
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Figure 5.10 Si concentration distribution at (Mac, Mar, Rat) = (1428, 2450, 334.5) for three volume
ratios (S) at the sampling point (8.8 mm, 0 rad, 2.5 mm).
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Figure 5.11 (a) Snapshots of computed Si concentration distribution for § = 1.1 in the -0 plane at z
= 2.5 mm and the vertical r-z plane (b) Flow velocity magnitude in the vertical r-z plane (c) Si
concentration distribution at sampling point (8.8 mm, 0 rad, 2.5 mm) for (Mac, Mar, Rat) = (1428,
3500, 477.9).

5.6  Effect of volume ratio under zero (0-g) gravity condition

Under the zero-gravity condition, the free surface deformation is symmetric with
respect to the middle axis. The top and bottom contact angles are equal, and the volume ratio
becomes higher as the contact angle increases. The computed snapshots of concentration

distribution are shown in Figure 5.12 and Figure 5.13.

When we compare the concentration patterns under steady conditions for S = 1.1 at Ma¢ =
714, Mat = 1750 under normal gravity (Rat = 239) and zero gravity conditions (Ra = 0), we
observe the same patterns (2D steady axisymmetric) as seen in Figure 5.12 (a-b). The
snapshots of Figure 5.12 (c-d) show concentration distribution for the case of S = 1.1 under

the unsteady condition at the Mac = 1428, Mat = 1750 under normal (Rat = 239) and zero
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gravity (Ra = 0). The concentration patterns exhibit oscillatory behavior with the same

azimuthal wave number (m = 6).

The snapshots of Figure 5.13 (a-b) for S =1 at Mac = 357, Mat = 1050 under normal (Rar
= 143.37) and zero gravity (Rar = 0) conditions show a steady case. We observe the
concentration patterns of 2D steady axisymmetric behavior and unsteady at Mac = 1428,
Mat = 1050 under normal (Rat = 143.37) and zero gravity (Rar = 0) conditions with

oscillatory behavior with the same azimuthal wave number (m = 5) as shown in the snapshots

of Figure 5.13 (c-d).

The gravity is in the opposite direction of the Marangoni forces. Hence, for small thermal
Rayleigh numbers, the thermal-solutal Marangoni forces under 1g are dominant for both
volume ratios S = 1.1 and § = 1. Under this condition, the associated concentration

distribution structure remains the same under 1-g and 0-g conditions.

Figure 2 in [40], which shows the stability curve of the axisymmetric base flow on thermal-
solutal Marangoni convection driven by the forces in the same direction for S = 1 under 0-g.
Comparing Figure 2 of [40] and Figure 5.5 (b) of the present work shows that the onset of
thermal-solutal Marangoni convection is approximately the same under 0-g and 1-g
conditions for the case of § = 1. Since the curves in these two figures do not differ much, we
conclude that the major factor determining the change in stability is the volume ratio under

both 1-g and 0-g conditions.
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Figure 5.12 Snapshots of computed Si concentration distribution for S = 1.1 in the -6 plane at z =
2.5 mm and the vertical -z plane: (a) (Mac, Mart, Rart) = (714, 1750, 239), (b) (Mac, Mar, Rat) =
(714, 1750, 0), (c) (Mac, Mar, Rat )= (1428, 1750, 239), (d) (Mac, Mar, Rat)= (1428, 1750, 0).
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Figure 5.13 Snapshots of computed Si concentration distribution for S =1 in the -6 plane at z = 2.5
mm and the vertical r-z plane: (a) (Mac, Mar, Rat) = (357, 1050, 143.37), (b) (Mac, Mart, Rat) =
(357, 1050, 0), (¢) (Mac, Mar, Rat) = (1428, 1050, 143.37), (d) (Mac, Mar, Rat) = (1428, 1050,
0).
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5.7  Effect of solutal Marangoni convection at S =1.1

The solutal Marangoni convection is considered for § = 1.1 at Mat = 1750 and Rary
=239 as shown in the snapshots of Figure 5.14. The snapshots of Figure 5.14 (a-b) show that
the concentration patterns are 2D steady axisymmetric when Mac is small (Mac = 0 and
Mac = 714). The concentration patterns become oscillatory with an azimuthal wave number

(m = 6) at the higher values of Macas shown in the snapshot of Figure 5.14 (c). At small
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Mar values, the temperature field is almost steady with an axisymmetric structure due to the
very low Pr number of the melt [78]. At higher Mar value, both thermal and solutal
Marangoni flows become notable, and the regime becomes more complex, which is highly
dependent on the Marangoni ratio (Mac/Mar) and the quantitative relationship between Mac

and Mar.

(a)

Si ooncentratlon [ Si concentration [-]

Si concentration [ ]
Figure 5.14 Snapshots of computed Si concentration distribution for S = 1.1 at (Mar, Rat) = (1750,

239) in the -6 plane at z = 2.5 mm and the vertical r-z plane: (a) Mac =0, (b) Mac = 714 and (c)
Mac = 1428.
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CHAPTER 6

CONCLUISIONS AND FUTURE PERSPECTIVES

6.1 Study of the effect of liquid depth on the stability of thermal Marangoni convection

in a shallow cavity

A series of three-dimensional numerical simulations were conducted to investigate
the effect of liquid depth on the thermal Marangoni convection instability of silicone oil in

shallow rectangular cavities subject to perpendicular temperature gradients.

(1) When the thermal Marangoni number is small, the basic flow is steady. Uniform
flow patterns develop at relatively large range of thermal Marangoni numbers for
the thinner film (0.041), while the critical thermal Marangoni numbers are large
compared with those of the thicker film (0.082). Therefore, thinner films are

suitable for enhancing the appearance of polishing applications.

(2) When the thermal Marangoni number exceeds a critical value for the thicker film
(0.082), an oscillatory flow appears first, and then it becomes chaotic. The critical
thermal Marangoni numbers are relatively low, and the flow quickly destabilizes

for thicker films compared with for thinner films.

(3) The chaotic flow behavior has a significant impact on spreading and mixing
properties; therefore, thicker films are suitable for lubrication and mixing

applications.
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6.2 Study of the effect of deformed free surface on the thermo-solutal Marangoni

convection in a shallow cavity

The present numerical study carried out for a shallow cavity has the following key

findings.

(1) In the relatively low Pr number fluids, the effect of volume ratio on temperature
distribution is insignificant under steady conditions. Once Marangoni convection
becomes unsteady, the effect of volume ratio becomes significant for the
temperature field. The volume ratio affects the flow velocity distribution under
both steady and unsteady conditions. Furthermore, under steady Marangoni
conditions, particularly compared with unsteady Marangoni conditions,
maintaining an appropriate volume ratio is highly favorable for achieving uniform

temperature and flow velocity distributions.

(2) For a high Sc - low Pr number fluid, the effect of volume ratio on concentration
distribution is more significant than temperature distribution in a low Pr number
fluid under the steady Marangoni condition. This shows that the volume ratio
plays a key role in both concentration and velocity distributions in the steady
Marangoni condition. At the high-volume ratios (S=1, § = 1.2) we observe more
regular and periodic concentration and flow velocity patterns than those at the low

volume ratio (S = 0.8) under unsteady Marangoni conditions.

(3) For a high Pr number fluid, the effect of volume ratio on the temperature field is
higher than that of a low Pr fluid under the steady thermal Marangoni condition.

It is seen that the temperature and flow velocity distributions in the high Pr fluid
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are highly depended on the volume ratio under the steady and unsteady

Marangoni convections.

(4) For a high Sc and Pr number fluid, the effect of volume ratio on temperature,
concentration, and flow velocity distributions under the steady Marangoni
condition is significant. Under steady conditions, we observe uniform
concentration and flow velocity distributions in fluids with low Pr and high Sc
numbers and high Pr and high Sc¢ numbers on the flat free surface. Under the
unsteady Marangoni condition for a high Pr and high Sc¢ number fluid, regular
concentration and flow velocity fluctuations were observed at high volume ratios
(S=1 and S = 1.2) compared with those in the case of S = 0.8. When comparing
the flow structures of a high Sc and high Pr number fluid with those of a high Sc
and low Pr number fluid under the unsteady Marangoni condition, we see that the
Prnumber is a significant factor affecting the flow structures. Higher Pr number

gives rise to uniform concentration and flow velocity fluctuations in the fluid.

One can conclude that the volume ratio of a shallow cavity is a critical parameter
influencing temperature, concentration, and flow velocity distributions. The present study
also highlights the role of fluid properties and Marangoni conditions influencing flow
characteristics, which are essential for optimizing various industrial processes such as
material welding, glass production, painting, and crystal growth. The study has focused on
fluids of low and high Prandtl and specific Schmidt numbers, exploring their significance on
process outcomes. Furthermore, it is hoped that the present study would provide valuable
insights into the design and production of higher-quality industrial products. Such a focused
approach would also allow for targeted improvements in production processes, ensuring both

efficiency and quality enhancement in industrial settings.
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6.3 The effects of zone volume and gravity on thermo-solutal Marangoni convection

instability in a half-zone model of float-zone growth of SiGe

The present study examines numerically the effects of volume ratio and gravity on
the onset and characteristics of thermo-solutal Marangoni convection in the molten zone of
FZ of SiGe (Pr=6.37x107 and Sc = 14) by using a half-zone model. The critical conditions

of the thermal-solutal Marangoni convection under 1-g and 0-g are determined.

(1) The stability curve of the thermal-solutal Marangoni convection is calculated at
I-g. Its relative magnitude explains the dependence of the critical solutal
Marangoni numbers on the shape of the liquid bridge. Compared to the threshold
of the primary bifurcation, the volume ratio is a sensitive parameter for the
thermal-solutal Marangoni instability since it influences the critical solutal
Marangoni numbers and the critical wave number. The critical solutal Marangoni
region takes a minimum at S = 1.1. The numerical results have shown that for a
constant aspect ratio, the critical azimuthal wave number can be shifted to a higher
value at S = 1.1 (convex shape) or to lower values at S = 0.9 (concave shape). The
behavior has been explained considering the basic vortex, and hence, its stability
is mainly determined by the hydrostatic free surface deformation and the
hydrostatic pressure. Due to qualitative enlargement in the free surface area, the

random-periodic pattern has been studied only for the §=1.1.

(2) The effect of gravity on the critical condition is mainly driven by hydrostatic
deformation and thermal-solutal Marangoni convection. The results show that the
S =1 stability region and m are approximately the same under normal and zero
gravity conditions. Therefore, gravity has a lesser impact on the threshold of the
Marangoni convection. However, in zero gravity, the free surface shape remains

symmetric with respect to the mid-plane.
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(3) The effect of pure natural convection on flow structure is less important. The
results show that buoyancy has a marginal influence (at S = 1.1) on flow patterns
compared to that of the Marangoni convection. For the small dynamic Bond
number, Marangoni forces are dominant. As a result, the flow pattern shifts to a

random-periodic mode at the high Ma; and Mar values.

(4) The predicted flow transition mechanism depends on hydrostatic deformation and
thermal-solutal Marangoni values. The effect of Marangoni flows is highly
dependent on the Marangoni ratio and the quantitative relationship between Mac
and Mar in each volume ratio. The flow develops into various regimes depending
on the values of Mac and Mar. The predicted flow transition mechanism depends
on Mac. When Ma( increases, the transition occurs, and 2D steady axisymmetric
flow becomes oscillatory, then quasi-periodic in the lower and middle range of
Mar values for all three volume ratios. For § = 0.9 and S = 1 when increasing
Mac at high Mary values, flow patterns show oscillatory behavior. We observe

only random-periodic structure at S = 1.1.

6.4 Future perspectives

This thesis numerically demonstrated the instabilities of Marangoni convection in a
shallow rectangular cavity and half-zone model with various geometrical conditions under
microgravity and normal gravity. However, several aspects warrant further study due to

limited time and the significant computational workload.

(1) The present work considers the cavity and half-zone model with a deformed
surface. In thin film process, top and bottom surface deformation in a shallow

cavity is also important. For two deformed surfaces applied together with
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Marangoni convection, the flow behavior becomes more complex than that of one
deformed surface in zero-gravity conditions. It is important to study flow
instabilities under zero-gravity conditions by considering the shallow cavity's top

and bottom surface deformation.

(2) In the future, it is also essential to investigate the onset of the Marangoni
convection in the deformed free surface of the full-zone liquid bridge under zero-

gravity and normal-gravity conditions.

(3) Numerical results in a half-floating zone with a deformed free surface indicate
the presence of unsteady flow patterns, manifesting in either quasi-periodic or
random-periodic modes. These patterns can adversely affect the uniformity of the
growing crystal. Therefore, applying external conditions, such as rotating the top
or bottom plane in a deformed free surface with the full-zone model, is anticipated

to control or suppress these unsteady flow patterns.
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