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Abstract

This thesis employs three-dimensional simulations combined with a hybrid front-tracking/level-
set method to elucidate the complex interplay between flow dynamics and interfacial behaviours
in a practical operational unit. Specifically, it examines the mixing of immiscible oil and water
by a pitched blade turbine in a cylindrical vessel. The study focuses on the effects of impeller
rotation frequency, the presence of surface active agents (surfactants) and their physiochemi-
cal properties on the evolution of interface and mixing performance, including interfacial area,

dispersed drop number, and drop size distribution within the system.

Furthermore, due to the high computational cost of high-fidelity simulations, several data-
driven models based on recurrent neural network are constructed using the simulation data
and evaluated as an alternative approach for predicting dispersion performance metrics over

multiple future time-steps based on their initial observations.

The results from this thesis provide a detailed picture of the underlying physics and interfacial
dynamics within mixing systems as influenced by impeller speed, surfactant elasticity and
solubility. This work bridges the gap in understanding of liquid-liquid dispersion process.
Moreover, this thesis examines the applicability of several popular machine learning techniques
in the field of multiphase flow mixing, highlighting the challenges and critical considerations

involved in this process.
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Notation

All symbols used in this thesis are defined where they are first introduced. For the reader’s
convenience, the meanings of the commonly used notations are presented below. Though many
of the symbols are specific to the chapter where they are introduced, in some cases, symbols

introduced in previous chapters might be used with the same meaning in following chapters.
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Abbreviations

AL
CFD
CMC
DSD
DES
DNS
DT
FC
GRU
GSx
IA
KNN
LES
LCRM
LSTM
MAE
MLP
MRF
MSE
PBT
RANS
RF
RPS
RMSE
RNN
RT
ND
S2S
SM
SVM
XGBoost

Active Learning

Computational Fluid Dynamics
Critical Micelle Concentration
Drop Size Distribution

Detached Eddy Simulation
Direct Numerical Simulation
Decision Tree

Fully-connected layer

Gated Recurrent Unit

Greedy Sampling on input (z) space
Interfacial Area

K-Nearest Neighbours

Large Eddy Simulation
Level-Contour Reconstruction Method
Long Short-Term Memory

Mean Absolute Error
Multi-Layer Perceptron

Multiple Referecen Frame

Mean Squared Error

Pitched Blade Turbine

Reynolds Averaged Navier-Stokes
Random Forest

Revolution per Second

Root Mean Squared Error
Recurrent Neural Network
Rushton Turbine

Number of Drops
Sequence-to-Sequence

Sliding Mesh

Support Vector Machine

eXtreme Gradient Boosting



Roman letters

b offset term, trainable parameter of LSTM unit
Bi Biot number

(O cell state storing long-term memory up to time ¢
C bulk surfactant concentration

Co initial bulk surfactant concentration

Cs Smogorinsky-Lilly coeffiecient

Ca Capillary number

dsa Sauter mean diameter

Amax maximum drop diameter

D impeller diameter, [m]

D, surfactant diffusivity in the bulk

Dy surfactant diffusivity along the interface

Fr Froude number

G deformation rate

h desorption depth

h, hidden state storing short-term memory up to time ¢
H agitated tank height

I identity tensor

J fluxes

Jp diffusive flux along the interface

k adsorption parameter

number of bins representing DSD

n normal unit tensor

N impeller rotating speed (frequency), [Hz] or [RPS]
Oh Ohnesorge number

P pressure

P perpendicular unit tensor

Pe Peclét number

R? the coefficient of determination

Re Reynolds number

S rate-of-strain or rate-of-deformation tensors

t tangential unit tensor

T agitated tank diameter

u turbulent velocity fluctuation

u velocity tensor

u* velocity field where the effect of pressure is ignored
U, interface velocity tensor

Vy dispersed drop volume

Veap volume of a spherical drop whose diameter is the capillary length scale
\)\% weight vector, trainable parameter of LSTM unit
We Weber number

X Cartesian coordinate vectaxi [z, vy, 2|7

Xy input observations, [xg, z;...z4]7



Greek letters

Bs

™
S

3

Q

Q ™ T > O &> =H =

max
def
diff
a/d

sub

surfactant elasticity

turbulent dissipation rate
interfacial surfactant concentration
maximum packing of surfactant species on the interface
delta function

azimuthal displacement of impeller
Capillary length scale

fluid viscosity

fluid density

interfacial tension

surfactant-free interfacial tension
Marangoni stress

deformation stress

viscous stress

interfacial tension stress

phase volume fraction

vector distance function

aqueous phase

bulk phase

continuous phase

dispersed phase

maximum

oil phase

deformation

diffusion

adsorption and desorption process
interface

sub-phase
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1.1 Background and Motivation

Mixing operations are prevalent throughout various industries, particularly in processes that
involve physical and chemical transformations. Specially, mixing processes in mechanically agi-
tated vessels are encountered widely in industry applications for various purposes: for blending
of miscible liquids; to suspend solid particles in a low-viscosity liquid; to disperse gas bubbles
or liquid droplets into a continuous phase. Among these applications, liquid-liquid immiscible
mixing plays a crucial role in producing and increasing essential interfacial area for mass and
heat transfer between phases [Paul et al., 2003], and thus is applicable for special processes,
for instance, solvent extraction. Another widespread process involving immiscible liquids is
emulsification, which is frequently observed in productive industries (e.g., food, pharmaceuti-
cals, cosmetics, paint, detergent and etc.) when tiny drops are formed within a second liquid
phase. However, this type of mixing is the most challenging process [Nienow et al., 1997] as
it introduces several layers of complexities to the mixing systems [Ghotli et al.; 2013] such as
mean flow pattern and turbulence, drop breakup and coalescence, drop suspension, interfacial
area, drop size distribution, potential phase inversion and the influence of additives or undesired

impurities.

The extensive use and complexity of liquid dispersion in industry have motivated the multi-
phase research community to seek optimal mixing strategies tailored to specific applications for
achieving desired product specifications [Nienow et al.; 1997]. For example, in preparation of
emulsion products like cosmetics, ensuring consistent and stable product properties is crucial.
This guarantees that the product functions as expected, such as maintaining a specific shelf life
without undergoing physical changes. In the context of agitated mixers, the associated solutions
are often found by adopting empirical approaches [Gallo-Molina et al., 2017] since no widely-

accepted design code is available for mixing, unlike the case of shell and tube heat-exchangers.
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However, a naive implementation of empirical strategies without a ground understanding of
mixing processes could potentially results in poor mixing, and thereby financial losses to stake-
holders [Paul et al., 2003]. In addition, there is no simple way to detect over-design in mixing
systems [Nienow et al., 1997], leading to unnecessary capital and operational costs. Therefore,
optimising overall mixing performance requires a fundamental understanding of the underlying

physical processes within the operating system, i.e., the phenomena listed above.

However, the inherent complexity of liquid dispersion, characterised by the interaction of multi-
ple fluid phases and dynamic behaviours of dispersed entities within the system, poses significant
challenges to both experimental observation and theoretical analysis. Thus, the multiphase re-
search community has increasingly turned to leveraging growing computational resources. This
shift aims to employ numerical simulations as a tool to uncover and understand the intricate
physics underlying those complex phenomena, herein induced by agitators. In particular, by
solving fundamental equations of flow motion, Computational Fluid Dynamics (CFD) provides
detailed insights into flow patterns, turbulence characteristics and interfacial dynamics within
agitated mixers. Furthermore, numerical simulations grant the access to the exploration of
parameters that is not easily replicated or even practically impossible under experimental con-

ditions due to equipment and measurement limitations.

Nevertheless, high-fidelity simulations, such as Direct Numerical Simulations (DNS), often de-
mand substantial computational resources, making them less applicable for industrially relevant
mixing systems. Consequently, there are few studies that offer detailed insights into the physical
mechanisms governing the dispersion within practical mixing units. Meanwhile, advancements
in Machine Learning (ML) have opened new avenues for enhancing CFD simulations and inter-
preting complex datasets. ML techniques, such as deep learning, hold the potential to augment
CFD models by providing data-driven insights, accelerating simulation processes, and improv-
ing predictive accuracy. However, the high computational cost of CFD simulations leads to
data scarcity for ML-model training as simulating industrial systems could take days to weeks
on high-performance computing clusters, which hinders the application of ML in this area.
Consequently, the total number of simulations available for ML-model training in a given study
is limited. This necessitates developing a framework for constructing cost-effective alternative
based on limited training data. Fortunately, ML community has developed a spectrum of tech-
niques for this purpose (relevant review is provided in the next chapter), which, however, have

never been used in the context of multiphase mixing.

1.2 Thesis Overview

Accepting the significance and complexity of liquid dispersion presented herein, this thesis aims
to bridge the gap in the fundamental understanding of the liquid dispersion process within a
mixing system induced by a mechanical agitator. This research encompasses all the stages of

the process from the onset of drop breakup through to the attainment of a dynamic steady
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state, by applying high-fidelity CFD simulations. Additionally, this thesis explores the applica-
bility of ML-based techniques in the context of multiphase flow mixing. Specifically, it examines
whether a data-driven time-series prediction model can produce dispersion performance predic-
tions comparable to those from CFD simulations, especially under the condition where limited
simulation cases are available for training. This is to seek a cost-effective alternative to costly

high-fidelity simulations.
With these objectives, the rest of this thesis is structured as follows:

Chapter 2 provides a comprehensive review of existing research on multiphase mixing in agitated
vessels, focusing on those dedicated to the exploration surrounding fundamental dispersion dy-
namics, such as drop breakup within mixing systems. In particular, it covers mixing scenarios
in the absence and presence of surface active agents (surfactants for short), which are both
prevalent in industrial applications. Moreover, existing ML-based techniques relevant to time-
series predicting models are reviewed, providing a conceptual background for interdisciplinary

research that couples MLL with multiphase mixing.

Chapter 3 details the methodologies used in both studies relevant to CFD simulations and ML
applications. It includes an in-depth description of the numerical methods employed through-
out this thesis, as well as the overall frameworks for developing and deploying ML models
pertaining to the aforementioned aspect. Particularly, for the ML application, a brief theoret-
ical background regarding the ML-based techniques used in the ML project is provided prior
to the relevant methodology.

Chapters 4 and 5 aim to provide an in-depth analysis of the dispersion process in agitated
mixers. Chapter 4 focuses on the effects of impeller speed in a surfactant-free system, while
Chapter 5 examines the impact of surfactant physiochemical properties in a surfactant-laden

system.

On the other hand, Chapter 6 presents the results of an ML model trained to predict the
evolution of dispersion performance when given its initial observations obtained from CFD
simulations. The chapter evaluates the performance of different model architectures and quan-

tifies the uncertainty of model predictions, providing an overview of their reliability.
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2.1 Mechanical Mixing

2.1.1 Agitated mixers in process industry

Mixing is widely encountered in a high proportion of industrial processes during the prepara-
tion towards end products, which could be roughly classified into four types [Paul et al., 2003]:
gas-liquid dispersion, solid-liquid dispersion, liquid-liquid (miscible) blending, and liquid-liquid
(immiscible) dispersion. One of the examples could be the food processing where an enormous
variety of mixers have been designed to cover the broad ranges of mixing duties [Niranjan
et al., 1994] including (1) dispersion and dissolution into liquids (e.g., mayonnaise and salad
cream), and (2) solid and liquid mixing (e.g., dough and paste). More specifically, the focus of
this thesis, liquid-liquid dispersion (or emulsion) is ubiquitous [Schramm, 2006] in the fields of
environment (e.g., wastewater treatment), agriculture (e.g., insecticides), manufacturing (e.g.,
asphalt), medicine (e.g., hormone products) and so forth. Consequently, depending on the
scenarios where an agitated mixer is applied, practitioners are required to design the mixing

systems for minimizing investment and operating costs when the mass transfer is limiting, and
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Figure 2.1: An general overview of typical impeller designs in industry.

thus enhancing profitability. For this purpose, hundred types of impellers have been devel-
oped and used prominently in industry. Recent development and research progresses relevant

to the mechanical mixers can be referred to the review of [Jaszczur and Miynarczykowska, 2020].

Herein, Figure 2.1 provides a general overview of impellers widely used in industry. The selec-
tion of impellers can be affected by several factors, such as viscosity of fluids. In this figure,
impellers are firstly divided into turbines and close-clearance impellers based on the fluid types
they dominantly handle; turbines are employed in systems where low- and medium-viscosity
fluids are involved while close-clearance impellers mainly copes with high-viscosity fluids. Fur-
thermore, impellers are classified into different types depending on the flow pattern generated,
applications and their geometrical configurations. Particularly, impellers are characterised by
differing flow patterns and shear levels based on whether they are axial flows, radial flows,
hydrofoils or high-shear configurations. In Figure 2.2, the flow types generated by different
impellers are clearly sketched. As shown, in a radial flow motion, the mixing fluid is moved
radially in the tank and then either up or down before traveling back to the center, giving rise to
two circulating loops in the system, one below and one above the impeller. Alternatively, in the
case of axial flow, the liquid is flowing in a vertical direction, solely up and down, introducing

a single loop and stronger flow (i.e., higher pumping) compared to radial flow. This attribute
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Figure 2.2: Schematic diagrams of flow fields generated by different impeller types: (a) radial; (b) axial; (c)
mixed; (d) tangential.

also determines the shear level of a impeller and thereby its application ranges for which the
impeller is ideally used [Paul et al., 2003, Ghotli et al., 2013]. For example, impeller generating
axial flow is most suitable for solid suspension whereas the high shear level of a radial impeller
makes it not recommended for processes that are sensitive to shear stress, e.g., bio-processes

that involves fragile micro-organisms.

Though being categorised as axial flow impellers, pitched bladed turbines (PBTs) are con-
sidered as mixed-flow impellers as the flow discharged from which has both axial and radial
components (see Figure 2.2¢). Unlike radial flow impellers, the blades on PBTs are oriented,
typically at a 45°angle. Hence, one of the main features of PBTs is the flexibility of generat-
ing varied flow fields with slight change in their configurations, for example, blade inclination
and pumping direction. This makes PBTs become one of the most commonly-used impeller
types in industrial applications and has led to numerous relevant studies in the literature (see
Table 2.1)) [Zhou and Kresta, 1998, Chapple et al., 2002, EL-Hamouz et al., 2009, Furukawa
et al., 2012, Major-Godlewska and Karcz, 2018, Mahakal et al.; 2023]. This thesis is confined
to liquid-liquid dispersion generated through a PBT with four 45°-inclined blades.

Moreover, hydrofoils have been developed to produce more flow and less shear than PBT's while
high-shear impellers are designed to provide maximum shear possible. Consequently, hydrofoil
impellers are often utilized in processes where axial flow is important and low shear is desired,
for example, fermentation and enzyme production in bioreactors [McFarlane and Nienow, 1995].
On the other hand, applications of a high—shear impeller specifically lie in scenarios where high
shear rate is preferred [Zhang et al., 2012], for instance, making emulsions at high speeds where
a second phase could be added by intense mixing. As for a close-clearance impeller, it gen-
erates tangential flow (see Figure 2.2d) that moves the fluids horizontally around the vessel
and a low level of shear [Paul et al.; 2003]. In addition, as its name suggests, close-clearance
impeller nearly sweeps along the vessel wall with a comparable size to the tank. These features
make close-clearance impellers suitable for handling high-viscosity fluids and are widely used
in applications requiring laminar macroscale blending at low speed, such as production of inks

and pigment.
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As indicated from above, apart from the shear level and flow patterns, there are two more
important impeller characteristics for impeller selection, the pumping and the power. The
pumping capacity of an impeller can be represented by the volume of fluids discharged from
its rotation, while the power consumed by a mixer correlates with the drag and velocity of a
specific section of the impeller. Both features depend on the impeller type and the impeller
Reynolds number. The latter is defined as:

_pN D?

Re , 2.1
. (2.1)

where p and p represent the density and the viscosity of the mixing fluid, repectively; N
is the impeller rotation speed (in unit of Hz or s7') and D is the impeller diameter. In
stirred vessels, the flow regimes are identified as (a) laminar flow when Re < 10, (b) transition
in the range of 10 < Re < 10* and (c) turbulent above a value of Re = 10*. Paul et al.
[2003] showed that PBT exhibits the highest pumping number under turbulent conditions
compared to other type of impellers, which increases with Re when Re < 10* and becomes
constant at higher Re. Very few literature is available on the pumping numbers for various
types of impellers. In contrast, a spectrum of experimental techniques have been employed
to measure the power number of impellers [Ghotli et al.; 2013] and numerous studies have
provided the values. These studies [EL-Hamouz et al., 2009, Ghotli et al., 2013] revealed that,
PBT has a higher power number compared to propeller impellers but lower than radial flow
impellers. Similar to the pumping number, the power number remains independent of Re
in turbulent regimes. In recent studies wherein researchers aimed to propose novel impeller
geometries tailored for specific industrial scenarios, both power consumption and the generated
flow characteristics are considered simultaneously [Ameur et al., 2018, Eggl and Schmid, 2022],

emphasising the importance of power consumption in impeller selection process.

2.1.2 Parameters characterising liquid-liquid dispersion

Liquid-liquid mixing produces rich phenomena inside stirred vessels, such as mean flow pattern
and turbulence, drop suspension, drop breakup and coalescence, interfacial area and drop size
distribution (DSD). These phenomena render liquid-liquid dispersion one of the most compli-
cated processes in industries, which are essential for describing liquid-liquid dispersion, leading
to numerous studies dedicated to understanding each of them in depth. This part provides an
overview of relevant studies that delve into the parameters crucial for describing a liquid-liquid
mixing process induced by an agitated mixer. The studies highlighted herein encompass a
range of topics including flow characteristics, drop breakage and coalescence, interfacial area

and drop size distribution.

2.1.2.1 Flow characteristics: flow patterns, shear, and vortical structures

Flow patterns in stirred vessels are characterised by the relative distribution of mean and turbu-

lent kinetic energy, for instance, Nambiar et al. [1990] reported that 60% of turbulence energy
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dissipation occurs in the vicinity of impeller where the volume of this region is only 10% of the
vessel volume. This disparity underscores the complexity of the turbulence in agitated vessels,
which arises from the coexistence of regions with high turbulence intensities near the impeller
and areas of low turbulence intensities further away from the rotating region. Sanjuan-Galindo
et al. [2015] noticed that the rotating impeller produces an intermittent radial flow and periodic
turbulent eddies, which exerts an influence on drop breakup process. Moreover, flow patterns
depend mainly on the impeller design, which is associated with the fact that when the fluids are
discharged from the impeller and start to circulate within the vessel, the mean kinetic energy
is converted into turbulent kinetic energy, modifying their relative distribution, as described by
[Cumaresan and Joshi [2006]. Thus, numerous studies have been conducted to understand the
relationship between impeller configuration and the corresponding flow characteristics, part of
which are listed in Table 2.1. From these studies, flow patterns are characterised by velocity
profiles (e.g., average velocity and its components) and turbulence-related parameters (e.g.,
maximum and mean energy dissipation rate and turbulent normal stress). Details with regard
to the relationship between impeller configuration and these characteristics are not presented
herein since they extend beyond the scope of this thesis, and the main relevant findings have

been summarised in Figure 2.2.

Another flow characteristic that affects the mixing performance is the presence of trailing vor-
tex. This vortical structure is formed behind each impeller blade [Van't Riet and Smith, 1975]
and is regarded as the major mechanism governing the mixing and dispersion within a stirred
vessel [Schafer et al., 1998]. In addition, high level of turbulence presented in the vortices
plays a significant role on phenomena such as drop breakage in the mixer and cell damage in a
bioreactor, hence, the identification of trailing vortex (its location, size and strength) has been
investigated for different types of impellers, as exemplified in Table 2.1. Furthermore, through
relevant studies, researchers have unravelled the intricate nature of mixing in agitated mixers
by identifying a spectrum of hydrodynamical structures within the systems, vortex breakdown
[Hall, 1972, Spohn et al., 1993, 1998, Piva and Meiburg, 2005], large-scale ring vortex [Desouza
and Pike, 1972) Yianneskis et al., 1987] (which is described as flow circulation in Section 4.1.1),
tip vortices [Sharp and Adrian, 2001], Moffatt vortices [Biswas and Kalita, 2016] and so forth.
These vortical structures introduce a flow field of high complexity where different mechanisms
govern the dispersion process depending on the local flow types (details can be found in Section
2.1.3).

Additionally, the rotation of the impeller blade induces velocity differences between adjacent
portions of mixing liquids, introducing a high level of shearing forces in the impeller vicinity.
These forces, which are represented by shear stress, drive the mixing process and are respon-
sible for fluid circulation, as well as the dispersion and elongation of dispersed phases. The
shear stress is a complex function determined by shear rate, which can be influenced by several
aspects including the velocity gradients, turbulence level, and viscosity. Nonetheless, the shear

rate, along with the macroflow velocity gradient, can be derived by measuring time-averaged
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AV
Local shear rate = 2y

(2) (b)

Figure 2.4: (a) Flow at a rotating disk; (b) Rotating flow over an infinite ground. Both figures are from
Schlichting and Kestin [1961].

velocities in the impeller vicinity (see Figure 2.3) [Paul et al., 2003]. According to Paul et al.
[2003], this region yields high shear rates, although it occupies a relatively small volume in the
vessel. This leads to the fact that only a minimal proportion amount of the fluids to be mixed
experience these shear rates. Likewise, the vortices prevalent in agitated mixers exhibit high
shear rates but with a smaller volume. Consequently, the overall mixing process is featured by
the combination of shear rates and their corresponding volumes, a level of detail that can only

be demonstrated through computational fluid dynamics.

Lastly, it is worth to note that Schlichting and Kestin [1961] describes two general types of
boundary layers involving rotation, resembling the flows observed in stirred vessels. In the first
case, an infinite disk rotates in a surrounding fluid at rest with a constant angular velocity
about an axis perpendicular to its plane. Considering the no-slip condition and the viscosity,
the layer of fluid adjacent to the disk moves along with it and is discharged from the disk by
the centrifugal force. Subsequently, fresh fluid is dragged down to the disk and driven outwards

in a similar way, as displayed in Figure 2.4a. Another case considers a rotating flow over a
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Table 2.1: Studies surrounding flow patterns in stirred vessels.

Flow Impeller References
characteristics considered
Velocity profiles Rushton turbine Spencer and Wiley [1951], Aiba [1958],

Desouza and Pike [1972], Yianneskis et al.

[1987], Costes and Couderc [1988], Mishra

et al. [1998], Montante et al. [1999], Yoon
et al. [2001], Yoshida et al. [2009]

PBT Aubin et al. [2001], Jaworski et al. [2001],
Tsui et al. [2006]
Close-clearance Tsui and Hu [2011]
impeller
Turbulent-flow Rushton turbine Nishikawa et al. [1976], Lee and Yianneskis
parameters [1998], Derksen et al. [1999]
PBT Kresta’ and Wood [1993], Gabriele et al.
2009]

Velocity profiles & Rushton turbine Wu and Patterson [1989], Schifer et al.

Turbulence [1997], Sharp and Adrian [2001], Yapici

features et al. [2008], Basavarajappa et al. [2015]
PBT Hockey and Nouri [1996], Patwardhan and

Joshi [1999], Khan et al. [2004], Kumaresan
and Joshi [2006], Driss et al. [2010]

Trailing vortices Rushton turbine /an’t Riet and Smith [1975], Yianneskis
et al. [1987], Stoots and Calabrese [1995],
Escudié et al. [2004]

PBT Schafer et al. [1998], Suzukawa et al. [2006],
Zhao et al. [2011]

stationary plane, wherein the flows circulate with a constant angular velocity at a distance
from the ground. Under this scenario, the fluids near the ground experience a radial pressure
gradient directed inwards, in addition to the centrifugal force as in the previous case. However,
the centrifugal force in this case is dramatically decreased and thus a radial inward flow is
produced, accompanied by a rising axial flow due to continuity (see Figure 2.4b). In both
cases, a flow arises such that its direction deviates from that of the outer flow, which is also
known as a secondary flow. These fluid behaviours are commonly seen in a vessel equipped

with a rotating impeller (see Section 4.1.1).

2.1.2.2 Drop breakage and coalescence

Drop breakage and coalescence are fundamental phenomena inherent in the evolution of turbu-

lent liquid-liquid dispersion. Sathyagal et al. [1996] suggested that quantitative understanding
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of the rates of drop breakage and coalescence are crucial for controlling the evolution of drop
size distribution and, consequently, optimising the performance of liquid-liquid mixing sys-
tems. Studies surrounding the dynamics of breakup and coalescence can be very extensive. A
spectrum of experimental techniques are applied to observe these behaviours [Nachtigall et al.,
2016, Kamp et al., 2017] and various model equations have been developed for determination of
breakage and coalescence under different conditions [LLuo and Svendsen, 1996, Maal3 et al., 2007,
Liao and Lucas, 2009, 2010]. In general, coalescence can be affected by diverse physiochemical
properties of the fluids, such as double layer [Paul et al., 2003]. In addition, its visualisation
requires a high resolution and careful experimental setups [[Kamp et al.; 2017]. On the other
hand, the breakage process has been widely explored using the framework of population bal-
ances [Ramkrishna and Singh, 2014], wherein breakage events arising from each individual drop
are considered providing a mathematical formulation for the drop number evolution in a purely
breaking dispersion. The main findings relevant to drop breakage visualisation will be discussed
in Section 2.1.3.3, and for knowledge regarding breakage and coalescence dynamics this thesis

refers the reader to the literature cited above.

When a steady-state dispersion is achieved, breakage and coalescence reach a dynamic equi-
librium, where no further change is seen in the average size of drops or their size distribution
[Pacck et al., 1999]. In cases where an equilibrium state is not reached, the increase in the
amount of dispersed phases will cause the coalescence to become increasingly dominant over
the breakage. Several studies investigated the effect of volume fraction in the continuous phase
on the breakage-coalescence balance. Wichterle [1995] showed that when a minimal volume
fraction is dispersed into the continuous phase, the presence of drops have negligible impact
on the continuous phase, with interactions between drops occurring infrequently. Under this
condition, the drop size is mainly determined by breakup in the impeller region [Nienow et al.,
1997]. In contrast, higher amounts of dispersed phases facilitate the interaction between drops,

intensifying the coalescence processes.

2.1.2.3 Drop size distribution

Various methods have been applied to observe drop size distributions in mixing vessels, which
are mainly used to measure the final steady-state distribution [Paul et al., 2003, O'Rourke
and MacLoughlin, 2005, Bowler et al., 2020]. However, determining the drop size distribution
becomes challenging when the dispersed phase volume fraction is high or the drop size is small.
Therefore, early studies have introduced an alternative approach, using the mean or Sauter
mean diameter (dsp) instead of specifying the entire size distribution. Typically, the Sauter

mean diameter is defined as [Paul et al., 2003]:

= d3
d32 — M (22)

where m denotes the number of size classes, n; and d; represent the number of drops and the

nominal diameter of drops in size class 7. The subscripts indicates that ds, is derived from the

11
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ratio of the third to second moments of the DSD; d3s is widely used in experimental work since
it is directly related to the dispersed phase volume fraction, ¢ and interfacial area, a,, through
dss = 6¢/a,. In addition, in turbulent conditions, as a drop diameter decreases, it eventually
reaches a point where further deforming stress no longer reduces its size. This stable maximum

size of the drop within the impeller region is termed the maximum drop diameter, d,,q;.

As discussed earlier, Hinze [1955] attributed the drop breakage to the balance between disruptive
forces and restoring ones, suggesting the correlation with regard to d,,q., which is valid in those
cases where the dispersed phase viscous force can be negligible (for instance, dilute dispersion

and non-viscous dispersed phase):

dmax —
D = coWe 9. (2.3)

In addition, d,,.; is related to turbulent dissipation rate e through an energy analysis:

d’g” = crep”. (2.4)
In the above equation, ¢y and ¢; above are constants determined by experiments. However,
it is challenging to establish similar correlations for ds, through a force or energy analysis.
Nonetheless, Sprow [1967] first suggested that dsy is proportional to dye. (ds2 = cdpmes With ¢
as a constant), which was verified using his experimental data. It is accepted that the constant
value varies with operating conditions and fluid properties, and a list of literature surrounding
this topic is given by Zhou and Kresta [1998]. Though Pacck et al. [1998] doubted the relation-
ship between dss and d,,.., several studies adopted the assumption and modified Equation 2.3
by considering effects of dispersed phase viscosity and volume fraction [Calabrese et al.; 1986,
Kraume et al., 2004, Liu et al., 2013]. The review relevant to dss and d,,,, is deferred to Section
2.1.3.2.

Nevertheless, effort has been made to provide an insight into the shape of drop size distribution
in agitated mixers. For example, Wang and Calabrese [1986] found that the DSD were fitted well
with a Gaussian distribution. Holm et al. [1991] observed a bimodal form of the size distribution
that remained unchanged even with further mixing. Zhou and Kresta [1998] reported that
four types of DSDs evolve with increasing impeller rotational speed. Moreover, several studies
suggested that the log-normal distribution demonstrates the best fit with the experimental DSD
[Ruiz et al., 2002, Boxall et al., 2010, Mahakal et al.,; 2023]. In addition, the effect of physical
properties and operating conditions on the DSD were extensively explored. The first general
trend revealed by previous studies is that higher impeller speeds leads to a shift towards smaller
drops and narrower distributions, indicating a more homogeneous drop size profile [Holm et al.,
1991, Pacek et al., 1998, Ruiz et al., 2002, Naeeni and Pakzad, 2019]. Furthermore, Khalil
et al. [2010] proposed that power input has an significant impact on the width of DSD, in the
sense that impellers with a lower power number tend to produce wider DSD; thus, a propeller

generated a narrower DSD compared to that formed by a Rushton turbine. More examples with
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regard to this were given by Pacck et al. [1999] and Mahakal et al. [2023] (PBT vs. RT). Apart
from this, Shimizu et al. [1999] demonstrated that non-Newtonian properties in the continuous
phase resulted in a wide DSD. El-Hamouz [2009] found that at fixed dispersed phase volume
fraction, a higher dispersed viscosity gave rise to a wider DSD. They also investigated the effect
of drop initial position in the stirred vessel and found that drops injected near the impeller

region resulted in a narrower distribution of daughter drops.

2.1.2.4 Interfacial area

Though there are limited studies directly measuring interfacial area in a stirred mixing system
[Eckert et al., 1985], it remains a crucial parameter evaluating the dispersion performance. The
mixing of immiscible liquids inherently increases interfacial area, which significantly influences
the rates of mass and energy transfer in the liquid systems, and affects chemical reactions such
as nitration, alkylation and so forth [Ghotli et al., 2013]. From above, interfacial area can be
derived from d3s = 6¢/a,, and hence, the determination of the interfacial area is closely linked

to that of drop size.

2.1.3 Drop breakage in agitated vessels

Numerous works have been carried out to explore the drop breakage within a stirred mixer,
addressing problems such as breakage mechanisms (see Section 2.1.3.1). These studies revealed
that the drop breakage has been studied using two approaches [Hasan, 2017]. The first approach,
which is common in early studies, involves determining the maximum stable drop diameter
(dmaz) or Sauter mean diameter (ds2) for the evolution of drop population, while more recent
works attempt to unravel the breakage process by tracking a single drop breakup using high-
speed imaging. The literature surrounding these topics is reviewed in Sections 2.1.3.2 and
2.1.3.3, respectively. Topics with regard to surfactant-laden flows and computational fluid

mixing will be addressed in Sections 2.1.4 and 2.1.5, respectively.

2.1.3.1 Breakage mechanisms

As mentioned above, the turbulence in stirred vessels is not spatially homogeneous and, there-
fore, the dispersion process is affected by local flow patterns. Hence, various dispersion mecha-
nisms have been proposed in the literature, which can be mainly classified as follows [Liao and
Lucas, 2009, Hasan, 2017]:

Turbulent fluctuation or drop-eddy interaction Turbulence is characterised by the pre-
sentation of a highly rotating fluid element called as “eddy”, which can be of different sizes,
intensities and lifetimes [Kolmogorov, 1949]. The most widely accepted drop breakage mecha-
nism in turbulent conditions comes from Kolmogorov [1949] and Hinze [1955], which postulates
that the occurrence of breakup depends on a competition between the restoring forces and
the external deforming forces. This mechanism provides predictions of the largest surviving

drop size, i.e., dmqe, experiencing these stresses. Specifically, the cohesive forces encompasses
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viscous stress of the dispersed phase 7, and interfacial tension stress 7., while the disruptive
ones include viscous stress of the continuous phase and turbulent fluctuation at the interface

[Zhou and Kresta, 1998]. According to Hinze, the two stabilising stresses are expressed as:

- Ha Tdet 9
n ~ ’ o~ )
Ddrop Pd Ddrop

where Tq.r denotes the deforming stress due to turbulent velocity fluctuations. According to
this theory, the response of the dispersed drop to stress 74er varies depending on the length
scale of eddies [Andersson and Andersson, 2006, Paul et al.; 2003]. When the drop encounters
an eddy that is larger than its diameter, it will be simply transported along in the eddy
with little deformation (see Figure 2.5a). However, when the drop contacts eddies similar
in size, it undergoes deformation, which can lead to two outcomes: being torn apart by co-
rotating eddies (Figure 2.5b) or stretched by the compression of two counter-rotating eddies
(Figure 2.5¢). Furthermore, interactions with multiple small eddies could occur as shown in
Figure 2.5d. Hence, the stress 7q4o¢ can be derived by integrating the energy spectral density
function, E(k), for the continuous phase over all eddies of length scale less than Dg,p; here,
E(k) represents the energy per unit volume contained in eddies with wave number ranging from
k =1/Dgyop to k + dk. As a result, T4 can be written as:

Tdef = pc/ E(k)dk = peu(Dearop)-
1

/Ddrop

Here, u/?(Dayop) represents the turbulent mean-square velocity difference across the drop sur-
face, which is obtained from the energy spectral density function. Moreover, the resulting three

stresses determine turbulent drop breakup via two dimensionless numbers:

7—defl)drop Hd
We=——"—Oh=———, (2.5)
g vV Ddroppdo-
where We represents the Weber number describing the deforming stress due to velocity fluc-
tuation in comparison to the stabilising effect of the interface tension, while Oh denotes the
Ohnesorge number describing relative significance of the stabilising effects arising from the vis-

cosity and the interfacial tension.

The Weber concept requires the Weber number to exceed a critical value for drop breakage.
However, despite various proposed expressions for the 74¢f and E(k) based on the relative drop
size to Kolmogorov length (see the summarising table in Rueger and Calabrese [2013]), this the-
ory fails to explain results observed in different mixing applications. Consequently, extensions
and modifications of the concept have been suggested in the literature. For example, Risso
[2000] criticised this theory and argued that the breakup of drops under turbulent conditions
cannot be adequately described by a simple force balance between deforming and stabilising
effects. Instead, the author stated that the deformation and relaxation processes prior to the

breakage play significant roles. These processes are influenced by stabilising interfacial tension
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Figure 2.5: Schematic representation of interaction between turbulent structures and drops, adapted from
[Paul et al., 2003]. (a) Transport with large eddy; (b) shear by co-rotating eddies; (c) stretching by counter-
rotating eddies; (d) multiple combined interactions.

and dispersed phase viscosity, in addition to deforming forces from one or more successive in-
teractions with eddies. Furthermore, Kumar et al. [1992] described drop oscillations in stirred
vessels using a two-stage model: dispersed drops circulate between the impeller vicinity, where
deformations and breakage occur, and the region away from this region where relaxation pro-
cesses dominate. Consequently, the author demonstrated that drop breakup in stirred vessels
can be caused by more successive eddies through resonance effects. Later, Andersson and An-
dersson [2006] introduced two criteria necessary to describe maro-scale deformations prior to
drop breakup. In addition to a stress criterion essential for reaching critical drop deformation,
they formulated an energy criterion to elucidate the duration of the deformation process. More

criteria for breakup are summarised in [Liao and Lucas, 2009].

Laminar shear stresses Viscous shear forces in the surrounding fluid create a velocity gra-
dient around the interface, which could be another cause to drop deformation and breakage.
The drop breakage mechanism in laminar flow is determined by the structure of the flow field
and the trajectory that each drop follows [Bigio et al.; 1998]. This is practically challenging,
and therefore, many studies examined simple and idealised cases of laminar drop breakup (e.g.,
pure shear or pure extension) as limiting base cases for comparison when analysing sizes of
drops formed in complex, real-world flows (e.g., stirred mixing systems.) [Rueger and Cal-
abrese, 2013].

The most representative work with regard to this topic is given by Grace [1982], who studied
drop breakup in simple extensional shear flows. For each of their cases, the authors constructed
stability curves, relating the maximum drop size to the viscosity ratio, jq/p.. Similar to the

theory in turbulent conditions, the breakup process in this case can be described as a balance
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Figure 2.6: (a) Elongational flow in the vicinity of the blade [[Kumar et al., 1998];(b) Deformation and breakage
of a drop in the boundary layer of the blade [Shimizu et al., 1999].

between external viscous stresses and interfacial tension stress. Grace [1982] expressed this
force balance in the form of a dimensionless Capillary number:

_ ,UCGRdrop
o )

Ca (2.6)
where G is the deformation (i.e., shear or extension) rate acting on the drop and Ry, is the
drop radius. It is reported that the d,q, occurs when the p./puq is close to unity for both
studied cases. Another most-cited work is done by Bentley and Leal [1986], where the stability
curves was presented correlating the C'a and viscosity ratio for simple shear and extensional
flows. More studies have expanded knowledge in this field, for example, Ruecger and Calabrese
[2013] reported that the drop breakup resulting from simple shear is increased with increasing
viscosity of continuous phase, but details are not discussed herein due to the extension of this

topic.

Shear of the impeller blade This mechanism expresses that breakage occurs due the shear
layer close to the blade surface. Kumar et al. [1991, 1998] suggested that the rotating impeller
can produce an elongational flow in its vicinity (see Figure 2.6a). Considering the no-slip con-
dition on the blade, the large gradient between the mother drop and shear layer can break the
drop into numbers of daughter drops. Additionally, Shimizu et al. [1999] proposed a mecha-
nism where the drop breakage could occur in the boundary layer of the impeller blade. As
demonstrated in Figure 2.6b, the authors suggested that there exists a strong shearing effect

in the boundary layer of the blades which leads to a breakage event.

Collision of drops with the blades Finally, the sharp impeller blades can break the drop
without previous deformation or within a short deformation time. More information surround-
ing the roles of impeller mechanics, baffles and vessel wall on the drop breakage can be referred
to Sanjuan-Galindo et al. [2015].
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2.1.3.2 Studies through d,,,, and ds,

Many researchers have tried to construct models to describe the breakage phenomena observed
in turbulent dispersion. Generally, there are two types of modelling [Sathyagal et al.; 1996]:
models for d,,q, and d3s, and other models for breakage frequency and daughter drop size dis-
tribution. In this section, we focus on the first case as the latter extends outside the main
context of this thesis. A comprehensive review of the second type of modelling can refer to
Liao and Lucas [2009].

Early studies commonly characterised breakage phenomena by determining dss or d,,.. under
different setups. These studies demonstrated that the drop breakage in stirred vessels is influ-
enced by various factors such as physical properties of both continuous and dispersed phases,
hydrodynamics in the vessels, geometry of vessel and impeller. The rest of this section reviews
the main findings of previous work by the effect of these parameters. A comprehensive table

presenting details of relevant works such as experimental setups is provided in Hasan [2017].

Physical properties From the force analysis above, the effects arising from physical prop-
erties can be represented by two factors: the interfacial tension of the dispersed phase and the
viscosity of two phases. Stamatoudlsr [1985] investigated the effect of continuous phase viscosity
on the d3o, wherein kerosene and mineral oil were used as dispersed phases. In the former case,
the d3, increased initially with increasing viscosity of the continuous phase and then reduced
after reaching its peak. For mineral oil, the d3s grew slightly and then decreased dramatically
when the continuous phase viscosity was increased. The authors reasoned this difference to the
viscosity ratio between dispersed and continuous phase. On the other hand, Nishikawa et al.
[1987] reported that the dsy increases linearly with decreasing viscosity of continuous phase.
Wang and Calabrese [1986] observed that increasing the viscosity of the dispersed phase (in
the range of p1g = 0.001 — 0.1kg-m™" - s7!) resulted in an increase in ds», indicating a reduction
in breakup events. The authors noted that when the dispersed phase viscosity was low, the
drop sizes increased by more than a factor of six, while the drop sizes only varied by a factor
of two with high dispersed phase viscosity values due to the diminishing effect of interfacial
tension as viscosity rises. Additionally, they also demonstrated that the increase in interfacial
tension led to an increase in d3s due to the decrease in breakage rate. A similar conclusion was
made through the work by Sathyagal et al. [1996] where experiments were performed investi-
gating systems of different dispersed phase viscosity and interfacial tension. They found that
the breakage rate decreased considerably as viscosity and interfacial tension were increased,
though its dependence on viscosity is weaker compared to that on interfacial tension. However,
Kraume et al. [2004] suggested that the viscosity has a larger influence on drop breakup, which
is contradictory to the previous finding. Such discrepancy is prevalent in the literature as fluid
systems and operating conditions vary across different studies. For other physical properties,
Shimizu et al. [1999] studied the effect of non-newtonian properties of continuous phase; Ruiz

et al. [2002] provided an insight into the influence of temperature.
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Generally, from the findings presented above, increasing the viscosity of the continuous phase
enhances the disruptive forces acting on it, which overcome the cohesive forces holding the
dispersed drop. Consequently, the breakage rate increases, producing smaller daughter drops.
In contrast, higher dispersed phase viscosity and interfacial tension increase the restoring forces
that resist deformation, leading to larger daughter drops. However, it is worth noting that the
relationship between drop size and these properties is nonlinear and depends on their specific
ranges. Meanwhile, as indicated earlier, there is some confusion in the literature regarding the
effects of viscosity and interfacial tension on the daughter drop sizes. Some studies suggest that
the interfacial has a more pronounced effect, while others state viscosity is more impactful. The
general understanding is that both properties affect drop size by influencing the cohesive forces.

Typically, higher interfacial tension or viscosity result in larger drops.

Another crucial affecting factor is the phase volume fraction, denoted using ¢, between the
two mixing fluids. Numerous studies have been working on the modification of drop size with
varying dispersed phase volume fraction [Weinstein and Treybal, 1973, Zhou and Kr(‘,sm, 1998,
Nishikawa et al., 1987, Boye et al., 1996, Lovick et al., 2005, Galinat et al., 2007, Liu et al.,

3, Ghotli et al., 2019]. Specifically, Boye et al. [1996] demonstrated a change in the breakage
mechanism with increasing ¢, i.e., eddy-drop breakage when ¢ < 0.5 and boundary layer
breakage when ¢ > 0.5. In addition, Galinat et al. [2007] provided an insight into the effect of
¢ on the flow structures in the stirred vessels. These works consistently showed that increasing
¢ resulted in drop size increment, for example, Ghotli et al. [2019] reported that an increase
in ¢ (0.01 to 0.1) led to an increase in dsp by approximately 20% — 40%, though Lovick et al.
[2005] reported that phase fraction had no obvious effect on the drop size. This discrepancy was
attributed to the different fluid properties and experimental setups, as stated by Lovick et al.
[2005]. Nonetheless, it seems that the dispersed phase volume fraction has an important role
in drop size and coalescence. It is widely accepted that high values of ¢ increase the possibility
of dispersed drop collision, and thus the drop coalescence. Hence, studies dedicated to drop
breakage process tend to investigate a very diluted system to avoid the effect of coalescence (e.g.,
¢ = 0.005) [Zhou and Kresta, 1998, Shimizu et al., 1999], while those regarding coalescence use
highly-concentrated systems with ¢ up to 0.5 [Chatzi and Kiparssides, 1995, Desnoyer et al.,
2003, Kraume et al., 2004, EL-Hamouz et al., 2009).

Hydrodynamics As demonstrated previously, turbulence in a stirred vessel is inhomoge-
neous which makes it challenging to systematically study the relative influence of mean flow,
trailing vortices, and turbulence fluctuations on drop breakage [Escudie et al.; 2003, Lemenand
et al., 2013]. Additionally, the interaction of a drop with the surrounding fluids heavily depends
on its trajectory, which is difficult to track with current techniques. As a result, the roles of
hydrodynamic behaviours between continuous and dispersed phases remain unclear. Neverthe-
less, previous studies consistently show that an increase in agitation speed or power input leads
to a decrease in drop size [Nishikawa et al., 1987, Ruiz et al., 2002, Shimizu et al., 1999, Naeeni

and Pakzad, 2019]. EL-Hamouz et al. [2009] recorded the deformation and consequent daughter
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drop size of drops injected from different positions (one near the impeller and another near free
liquid surface). Their findings highlighted the importance of drop trajectory, specifically the

initial position of drops, a factor often overlooked by many experimentalists.

Geometry Geometry of impeller and vessel affects the drop breakup by influencing the local
energy dissipation in the vessel. The parameters considered in previous work include dimen-
sion of baffles and impellers, impeller types and its relative position in the vessel. Leng and
Quarderer [1982] noticed that the presence of baffles leads to a reduction in drop size. Nishikawa
et al. [1987] found that at a fixed energy dissipation rate, dz; can be increased by increasing
the impeller diameter. Conversely, Patil and Kumar [2010, 2011] reported that larger impeller
diameters result in smaller d,,q;. The d,,q, obtained with a 60mm impeller is 2/3 of that at-
tained with a 40mm impeller. This disagreement could be attributed to the sample position
in Nishikawa et al. [1987] where coalescence is likely to occur [Laakkonen et al.; 2005, Hasan,
2017]. Moreover, Giapos et al. [2005] presented that the increase in number of impeller blades
results in an increase in the dss. It is noticed that most of previous works were dedicated to
the Rushton turbine, and hence, Table 2.2 provides a list of those studies investigating other
impeller types than the Rushton turbine. Specifically, Zhou and Kresta [1998] provided a
comprehensive insight into the effect of impeller design on the dss by exploring four types of
impellers. They found that the design of the impeller, including its dimension (e.g., diameter)

and position, is effective on the breakage rate and thus affects the drop size.

From a practical standpoint, industry incorporates various mixing vessel geometries tailored
for different liquid-liquid systems and operating conditions. An optimal design for stirred tanks
and selecting the appropriate impeller type and dimensions are crucial for successful mixing
processes. From the results stated above, geometrical parameters including vessel size, baffle
dimensions and impeller geometry influence significantly the drop size by affecting the breakage
processes. However, Hasan [2017] remarked that the extent of influence depends on the physical
properties of both mixing fluids and operational conditions (e.g. impeller speed). Generally,
increasing the impeller diameter leads to a reduction in daughter drop size by increasing the
energy dissipation rate. The geometry of the vessel and impeller affects the trajectory of the
mother drop, when it approaches the region of high dissipation rate, the breakage probability

increases and smaller daughter drops are produced.

2.1.3.3 Studies through single drop

Determination of ds3» and d,,.; helps to have an overview of the drop size distribution and
its evolution, however, it does not provide knowledge about the interfacial phenomena of the
breaking drop. Advancements in high-speed imaging techniques have facilitated the study of
these phenomena introduced by liquid-liquid dispersion. By recording the mother drop motion,
this type of study provides an unprecedented level of detail regarding the deformation, the
breakage locations in the vessel, and the birth of daughter drops. In addition, these studies

enable the estimation of sizes and number of daughter drops under highly non-uniform turbu-
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Table 2.2: Studies regarding drop size of other impeller types apart from Rushton turbine.

Impeller types Main objectives References

A310, HE3, PBT, RT Correlation between d3s and ~ Zhou and Kresta [1998]
turbulent flow

A310, HE3, PBT, RT Evolution of DSD when Zhou and Kresta [1998]

different impeller are used
RT, 6-blades turbine, HE3S, Influence of impeller types Pacek et al. [1999]
HE3L, CS2, CS4 on DSD

RT, hydrofoil, PBT Influence of impeller types Musgrove and Ruszkowski
and agitation condition on [2000]
DSD

Continuous stirred reactor Qualifying the effective Quadros and Baptista [2003]

interfacial area
High shear Sawtooth, PBT  Effect of impeller selection EL-Hamouz et al. [2009]

Hydrofoil impellers(A310, - Podgorska [2009)
HE3)
RT, flat blade propeller Test the coupling use of Khalil et al. [2010]

in-situ video probe and
automated image analysis

Flat blade impeller Influence of dispersed phase  Maal3 et al. [2012]
fraction on DSD

Rotor-stator mixer Drop breakage in diluted Rueger and Calabrese
system and effect of phase [2013],Rueger and Calabrese
fraction [2013]

Rotor-stator homogenizer Measurement and analysis of Liu et al. [2013]

bimodal DSD
RT,CB,EB,PB,DCB,PBTU, Drop size evaluation with Ghotli et al. [2019]
PBTD,HE3 various impeller design

lence. In this way, relevant studies facilitate a deep understanding of the deformation process
prior breakup, the shapes of daughter drop, the trajectory they follow, as well as the defor-
mation and breakage time. These insights are essential for accurately estimating the breakage
rate. This part reviews previous single drop experiments and relevant numerical simulations,

which contribute to a comprehensive insight with regard to drop breakage in stirred vessels.

[Konno et al. [1983] carried out the first single drop experiment across three stirred vessels of
varying diameters, wherein the authors tracked the drop breakup trajectory and reported the
path length along with the distribution of breakup position. Subsequently, Hancil and Rod
[1988] analysed the mother drop lifetime and the average number of daughter drops using a
small vessel (7" = 5cm) with high ratio of impeller to vessel diameter. Later, Maall et al.
[2007] introduced a novel experimental setup, the breakage cell (see Figure 2.7), facilitating
the single drop breakup recording. This setup features continuous fluid flow through a fixed
single blade in a rectangular channel, simulating a stirred liquid-liquid system’s flow field, with
single drop injection to replicate breakup phenomena. A number of following works adopted

this experimental setup and have reported informative details surrounding drop breakage in
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Figure 2.7: The drop breakage cell for simulating breakage phenomena in stirred vessels Maal et al. [2007]

stirred vessels, for instance, breakage event location [Maaf et al., 2009], breakage rate [Maal
and Kraume, 2012], breakage mechanism [Nachtigall et al.; 2012] and deformation mechanism
[Nachtigall et al., 2016]. The main findings of Nachtigall et al. [2012] are highlighted here as the
authors correlated the drop behaviours with the flow properties of the continuous phase, which
illustrated that the extent of deformation is dependent on the stabilising interfacial tension,
viscosity, and the disruptive forces exerted by successive turbulent eddies. From these studies,
if the mother drop approaches the impeller vicinity, it will experience greater deformation com-
pared to when its trajectory is further away from the impeller. For example, Maall and Kraume
[2012] showed the elongation of a viscous drop in the blade region, where the drop stretches to a
long thread prior to its breakup into several daughter drops. Moreover, significant deformation
may occur when there is a considerable difference between the speed of flow discharged from
the impeller and the mother drop. In this case, the deformation may lead to either breakage
or no breakage, which is determined by the interfacial tension of the dispersed phase and the
viscosity of both phases. The mother drop either breaks up or becomes highly deformed and
subsequently relaxes without breaking. Sanjuan-Galindo et al. [2015] presented that viscous
drops elongate, stretch, and break in turbulent flows, which are observed to simply remain
stable under non-turbulent conditions. In the case of stirred vessels, both cases are expected
due to the non-uniform flow patterns described earlier that exhibit turbulent and non-turbulent

conditions simultaneously.

Furthermore, Sanjuan-Galindo et al. [2015] proposed a four-step mechanism for drop breakage
in a stirred tank: (1) the approach of the mother drop to the turbulent region; (2) deformation of
mother drop; (3) fragmentation and (4) dispersion of daughter drops away from the impeller.
From previous work, such processes may lead to various type of breakage events, which are
typically characterised by the number of daughter drops produced from the mother drop of a
given size. Konno et al. [1983] highlighted that ternary breakup occurs predominantly for the
studied range of drop diameter and impeller speed. Hancil and Rod [1988] found that larger
volume of the mother drop results in the increase in the average number of produced drops from
2 to 6. Likewise, Sathyagal et al. [1996] reported that increasing the mother drop size leads to
an increase in the breakage rate. Furthermore, Kuriyama et al. [1995] found that the number of

daughter drop is increased from 5 to 26 by increasing the Reynolds number from 15000 to 42000.
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(2) (b)

Figure 2.8: Image sequence of drop breakage events from Solsvik and Jakobsen [2015]. (a) Equally-sized
binary breakup; (b) multiple fragmentation.

A similar conclusion, stating that the number of produced drops increases with the mother drop
size and flow velocity, has been made in several studies [Galinat et al.; 2005, Maal et al., 2007,
MaaB and Kraume, 2012, Solsvik and Jakobsen, 2015]. Specifically, Solsvik and Jakobsen [2015]
provided visualisations of interface behaviours during various breakup events, such as equally
sized binary breakage (see Figure 2.8a), ternary drop breakage and multiple fragmentation (see
Figure 2.8b). More experimental works are listed in Table 2.3. From the studies above, the
number of daughter drops depends heavily on the mother drop size and agitation speed (or,
equivalently, the energy dissipation rate). The frequency of multiple breakage increases with

increasing mother drop size and energy dissipation rate.

Table 2.3: Experimental studies on single drop breakup. In this table, D is the impeller diameter, T" the vessel
diameter, d,, the mother drop diameter, P the Power number, V,,, the volume of mother drop, N the impeller
rotation speed, pu the drop viscosity, € the average energy dissipation rate and ugqy stands for the flow velocity
of continuous fluid in channel.

Authors Experimental setup Dispersed phase Operating conditions
Konno et al.  Tank: o-xylene P =538
[1983] T = 128,18.6,30cm; d,, =0.26 — lmm

RT: D/T =1/2,2/3

Hancil and  Tank: T = bHcm; toluene N =192 rpm
Rod [1988]  paddle impeller: V;,=0.5-39 mm?
D/T =0.8
Kuriyama Loop reactor; propeller silicone oil Re =
et al. [1995] p=0.1,1.0,12.6 Pa-s 1.5 x 10* — 4.2 x 10*

Continued on next page
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Table 2.3 — continued from previous page

Authors

Experimental setup

Dispersed phase

Operating conditions

Maafl et al.
[2007]

Zaccone
et al. [2007]

Maafl et al.
[2009]

Hermann
et al. [2011]

Maaf3
Kraume
[2() 1 2]

and

Nachtigall
et al. [2012]

Solsvik and
Jakobsen
[2015]

Sanjuan-
Galindo
et al. [2015]

(1) Tank: T =
RT: D/T = 1/3;
(2) Single blade fixed in

channel

15¢cm;

Single blade fixed in
channel: 30 x 30mm,

T = 250mm,

D/T =0.32

Single blade fixed in
channel:30 x 30mm; RT

Single blade fixed in
channel:30 x 30mm; RT

fixed in

Single blade
channel:30 x 30mm; RT

Single blade fixed in
channel:30 x 30mm; RT

Tank: T" = 14.3cm;
RT: D/T =0.35

Tank: 7' = 13.5cm;
Scaba impeller:

D/T =1/2

petroleum

dp, = 300pum-2mm

petroleum

d,, = 1lmm

toluene

dy, = 0.644, ITmm
toluene,  petroleum,
paraffin oil

dy = 0.7 —3.1lmm

petroleum,toluene
d,, = 0.5 — 3.5mm

toluene,  petroleum,
paraffin oil

dy = 0.7 —3.1mm
toluene, petroleum, n-
dodecane, 1-octanol

d,, = 0.6 — 4mm

castor oil

(1) Tank:

N = 400 — 700 rpm,
€=0.3—1.8m?/s%
(2) Channel:

Uflow = 0.5 — 1.5bm/s

N =550 rpm

Ugow = 1.0,1.5,2.0m/s

Uflow = 1.0,2.0 m/s

Uow = 1.0,1.5,2.0m/s

Uflow = 1.5m/8

N = 650rpm

Re = 24000

Continued on next page
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Table 2.3 — continued from previous page

Authors Experimental setup Dispersed phase Operating conditions

Nachtigall Single blade fixed in petroleum, paraffin  Re = 29000
et al. [2016]  channel:30 x 30mm; RT  oil; addition of surfac-
tants; d,,, = lmm;
pw=17—127TmPa-s

Zhou et al. Square tank: 100 x 100 x n-dodecane, silicone N = 300,390, 480rpm
[2021] 100mm?; oil up to 2mm
RT: D = 44mm

2.1.4 Effect of surfactants

In practice, surface active agents, or surfactants, for short, which are molecules (or particles)
inclined to attach to fluids interfaces, are commonly present within liquid-liquid mixing sys-
tems. They could be either added by design or as contaminants, affecting both the mixing
performance and the final quality of the mixed product. This section attempts to provide con-
textual understanding of surfactants relevant to this thesis. It starts with a concise overview
of surface and interfacial tension concepts, followed by an introduction to the different types
of surfactants and their behaviour at equilibrium. Then, it delves into the dynamic behaviour
of surfactants within fluids, covering their transport in the bulk and at interfaces. Following
this, the dynamics of single surfactant-covered drops is discussed by reviewing studies investi-
gating the effects of surfactant properties on the drop behaviours, such as those arising from
the Marangoni stress. Finally, this section closes with a review of relevant studies contributing

to the effect of surfactants on drop deformation and breakage in liquid-liquid systems.

2.1.4.1 Interfacial tension

A surface or interface is a region where the properties change across two different phases.
Strictly speaking, “surface” refers to an interface between a condensed phase (solid or liquid)
[Walstra, 2002] and a gas phase, while “interface” is the generic word. The property transition
takes place over finite distances at the molecular scale, implying that all the interfaces have
a finite thickness. Nonetheless, at larger scales, for example, within practical mixing systems,
this thickness is considered to be negligibly small, and thus the interface is assumed to have

area, as opposed to volume [Hiemenz and Rajagopalan, 2016].

The presence of interfacial tension introduces a multitude of interfacial behaviours, such as
the rise of liquids through capillaries. From a molecular point of view, interfacial tension
originates from the disparity between the energies of molecules located in the bulk and near the

interface. According to Manikantan and Squires [2020], a molecule in the bulk is surrounded
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Figure 2.9: (a) A schematic structure of generic surfactant molecules. The remaining three diagrams show the
surfactant distribution at equilibrium with increasing concentration in the bulk, wherein (b) interface is partly
covered; (c) interface is completely occupied; (d) micelles formed in the bulk.

Hydrophilic head

by a symmetric distribution of its neighbours, resulting in no net force acting on it, whereas
molecules near the interface experience higher intermolecular attraction toward the bulk and
thus are at a higher energy level. Therefore, molecules tend to remain in the bulk phase to
minimise their energy, requiring effort (i.e., the work) to move molecules from the bulk to the
interface, i.e., generate a new interface. From this perspective, the interfacial tension ¢ can be
defined as the work per unit area required to create a new interface or the force per unit length

it acts along:
~ Work  Force Ax  Force

AA  2LAx 2L

In this equation, AA and Az are the change in area and length by expanding the interface

o

respectively. The factor of 2 considers that the interface has two sides and L refers to the
length of the interface side that the force is acting on. At constant temperature T' and pressure
p, this work contributes to the Gibbs free energy, GG, of the system, which gives alternative

thermodynamic expression of ¢ in the form of:

() o

More generally, the interfacial tension of a curved interface can be expressed using the pressure

difference across the two phases Ap, given by the Young-Laplace equation [Leal, 2007]:
Ap =0Vg-n,

where n is the unit vector normal to the interface, Vg = (I — nn) - V is the surface gradient

operator, and Vg - n represents the mean curvature of the surface.

2.1.4.2 Surfactants at equilibrium

Generally, surfactants are compounds characterised by their “amphiphilic” nature. This means
they possess both hydrophilic (aqueous phase-attracting) and hydrophobic (organic phase-
attracting) components within their molecular structure (see Figure 2.9a). According to Manikan-

tan and Squires [2020], the unique dual chemical nature drives surfactant to adsorb at the
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interface between different phases to mitigate unfavourable interactions in fluids. For exam-
ple, amphiphilic molecules tend to adsorb at the interface, between water and oil, with their
hydrophobic part directed away from the water phase (see Figure 2.9b). This behaviour of
surfactant reduces the energy required to transport molecules to the interface, decreasing the
system’s interfacial tension according to Equation 2.7. Meanwhile, the adsorption induces an
entropy loss within the system, as surfactant molecules, constrained to the interface, exhibit
a narrower range of transitional and rotational micro-states, compared to those moving freely
in the bulk fluid, resulting in higher entropy in the continuous phase. At equilibrium, the ad-
sorbed surfactants at the interface, with interfacial concentration I', establish a state of balance
with the dissolved surfactants in the bulk, which are characterised by the bulk concentration
C'. This equilibrium reflects a balance between the favourable enthalpy change associated with

adsorption and the unfavourable entropy loss.

As the bulk concentration increases, the equilibrium shifts in favour of adsorption due to the
balance between the energetic cost of keeping hydrophobic groups within the aqueous phase and
the entropic decrease incurred by moving to the interface. This shift leads to the formation of a
monolayer with an increasing interfacial concentration at the interface (see Figure 2.9¢). When
the bulk concentration increases further, and the interface is fully occupied by surfactants, the
surfactant molecules in the bulk start to self-assemble, forming aggregates called “micelles”
(see Figure 2.9d). Micelles consist of surfactant molecules typically arranged in spherical clus-
ters, where their hydrophobic parts face inward towards the center of the cluster, while their
hydrophilic portions face outward towards the surrounding water. The concentration at which
this structure occurs is referred to as the Critical Micelle Concentration (CMC). This thesis is
focused on systems with dilute surfactant concentrations, and therefore no micellar effects are

discussed herein.

There are several mathematical formulations in the literature correlating the interfacial concen-
tration with the bulk concentration, which are known as adsorption isotherms. A comprehensive
table listing common isotherms is provided by Manikantan and Squires [2020] and relevant dis-
cussion can be found in Pawar and Stebe [1996]. From an adsorption isotherm, the equation
of state describing the change in interfacial tension with the surfactant interfacial concentra-
tion can be derived. One of the simplest and most popular equations of state associated with
the Langmuir adsorption isotherm (often called Langmuir equation of state), is used in this
thesis (see Equation 3.25). Alternative equations of state involve the use of more parameters,
for example, the Frumkin isotherm [Pawar and Stebe, 1996]. The major drawback of these
two equations of state is their tendency to predict unrealistic negative values for the interfa-
cial tension when the interfacial concentration approaches its maximum limit, where surfactant
molecules completely cover the entire interface [Bazhlekov et al., 2006]. In contrast, experimen-
tal works (for example, Chang and Franses [1995]) showed that the interfacial tension remains
constant above a specific value of the interfacial concentration. Herein, modification has been

made to avoid the occurrance of negative interfacial tension (see Equation 3.26).
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Depending on the nature of the hydrophilic and hydrophobic components of the molecules,
surfactants can be classified into various types using different methods. This thesis classifies
surfactants into “insoluble” and “soluble” based on their solubility. “Insoluble” surfactant refers
to the substances with extremely low solubility in the continuous phase, in other words, the
concentration of this type of surfactants in the bulk is negligible, and all the surfactant molecules
stay at the interface. On the other hand, “soluble” surfactant exhibits the equilibrium between
the interfacial and bulk concentrations, as described above. With higher solubility, surfactants

molecules are more likely to depart from the interface and dissolve into the bulk.

2.1.4.3 Dynamics properties

The interfacial tension mentioned above refers to the tension value at the end of the adsorption
process, which requires a finite amount of time. Understanding the dynamics of this adsorption
process holds paramount importance in applications involving surfactants. For instance, in
emulsification processes where a drop undergoes deformation and fragmentation, the resulting
size of the daughter drops is significantly affected by the dynamic interfacial tension during
deformation. If the surfactant adsorption is not rapid enough to cover the newly created in-
terface during deformation, the dynamic interfacial tension at the moment of breakup will be
higher than the equilibrium interfacial tension, leading to the generation of larger drops. This
section aims to delve deeper into the dynamic surfactant processes arising from non-equilibrium

conditions.

Firstly, departures from a constant equilibrium concentration drives the surfactant transport

in the bulk, which is governed by a convection-diffusion equation:

%—f = D,V2C —u-VC, (2.8)

where D, denotes the surfactant diffusivity in the continuous phase. In addition, the surfactant
transport at the interface is determined by a conservation equation in terms of its concentration
at the interface, I' [Manikantan and Squires, 2020]:

or

E = —Vg- (JD + ur) + Jn, (2'9)

where Jp denotes the diffusive flux along the interface, ul’ represents the interface convective
flux. The term J, refers to the net flux resulting from the adsorption and desorption pro-
cesses occurring between the bulk phase and the interface. These processes are schematically

demonstrated in Figure 2.10, and relevant discussions are provided in the following sections.

Interface convection According to Manikantan and Squires [2020], this flux can be decom-

posed into components along the interface and components normal to the interface, which gives
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Figure 2.10: Schematic diagrams illustrating the surfactant transport in oil-water system. (a) — (b) display
the convection and diffusion of surfactants along the interface, respectively. The red dotted arrows in (a)
represent the induced Marangoni stresses; the light blue arrows refer to the fluid motion in the water phase. (c)
presents surfactant adsorption and desorption between the interface and sub-phase, along with the surfactant
diffusion from the bulk towards the sub-phase. (d) — (e) show the two limiting cases with regard to the
surfactant adsorption: kinetics-controlled and diffusion-controlled. Particularly, in figure (¢) — (e), the intensity
of the background colour corresponds to the concentration of surfactants, where darker blue indicating a higher
surfactant concentration.

its interface divergence written as:
Vg-(ul') =I'(Vs-n)(u-n)+ Vg - (u,l'), (2.10)

where uy is the interface velocity. In this equation, the first term considers the compression
or dilation of surfactant occurring when the curved interface deform (which is not taken into
account in this thesis), and the second term captures the compression or dilation of surfactant

driven by the fluid motion in the bulk phase (see Figure 2.10a).

Interface diffusion As mentioned above, the fluid motions in the bulk phase leads to non-
uniform distribution of surfactant at the interface. The diffusion of surfactant molecules along
the interface occurs to mitigate the induced concentration gradient (see Figure 2.10b). Herein,
the diffusivity of surfactant is assumed to be a constant Dy, giving the expression of diffusive

flux, Jp, as follows:
Jp=—-D,Vgl. (2.11)

Various expressions with regard to this diffusive flux have been developed by considering differ-
ent forms of diffusivity [Saffman and Delbriick, 1975, Krishna, 1990, Furst and Squires, 2017].
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Adsorption/desorption The final term J, in Equation 2.9 accounts for the exchange of
surfactant molecules between the bulk and the interface. Under non-equilibrium conditions,
this represents a flux of surfactant entering or exiting, J,/4, given by the difference between the

adsorption flux J, and the desorption flux J;:
Jn = Ja/d = Ja(F7 Csub) - Jd(ra Csub)- (212)

This expression indicates that the two fluxes are related to the surfactant concentration gradient
between the interface and a region of bulk phase adjacent to the interface, called the sub-phase.
Csup represents the surfactant concentration in this sub-phase. Meanwhile, the concentration

gradient in the bulk could lead to a diffusive flux of surfactant determining the Cy, via:
Jdiﬂ‘ = —Dbn . VCsub. (2.13)

In addition, this diffusive flux has to balance the kinetic sorptive flux (Equation 2.12) to satisfy

the conservation of surfactant, and both mechanisms govern the source term .J,, giving:
Jn = Jaja = Jaig- (2.14)

To illustrate the interplay among these processes, consider a newly created interface. Initially,
the entire interface is available for adsorption, the surfactant molecules are adsorbed onto the
interface from the sub-phase immediately, decreasing the concentration at the sub-phase. This
results in a concentration gradient that drives the diffusion of surfactant from the bulk. As
the interface becomes more occupied, there is a greater chance that a surfactant molecule en-
counters an interfacial site already taken, which leads to its longer residence in the sub-phase,
effectively increasing the adsorption time. Subsequently, with an adsorption-desorption equilib-
rium established between the interface and the sub-phase, the concentration in the sub-phase
no loner decreases, and thereby diffusion from the sub-phase back to the bulk phase could be-
come significant. Eventually, diffusion ceases when the concentration in the sub-phase equates

with that in the bulk, wherein balance is reached between the interface and the bulk.

From above, the surfactant adsorption process consists of two time-dependent processes: the
diffusion of surfactant from the bulk and the actual adsorption onto the interface. Consequently,
if either diffusion or adsorption/desorption becomes the rate-controlling (slower) step, the J,
could be approximated by that process alone. For example, in the case of diffusion-limited
adsorption, the time scale 7,/q associated with adsorption kinetics is negligible short in relative
to the time 743 required for the diffusion from the bulk, i.e., 7,/4 < 7qig. Under this scenario,
the equilibrium between I" and Cg,, is assumed to be established instantly (see Figure 2.10¢),
so that .J,/q can be ignored and the adsorption process is solely governed by Equation 2.8 and
2.13. On the other hand, in the case of kinetics-controlled adsorption, T,/a > Taig, Wherein
the diffusion from the bulk is considered very fast. In this limit, the sub-phase concentration

is constant and consistently equal to the bulk concentration, which is assumed equal to the
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Figure 2.11: (Top panel) Schematic diagram of drop deformation and corresponding surfactant distribution
for a surfactant-covered drop subject to (a) non-axisymmetric shear flow and (b) axisymmetric extensional flow.
(Bottom panel) Schematic of tip streaming, adapted from Bruijn [1993].

initial bulk concentration (infinite bulk phase assumption), Cy, giving rise to Cyy, ~ Cp. In
this case, the adsorption process is determined by Equation 2.12 alone. Furthermore, in other

cases where neither step is negligible, the adsorption process is described as mixed-controlled.

2.1.4.4 Surfactant-laden drop behaviours in liquid-liquid systems

Single drop studies Interfacial dynamics on a surfactant-laden interface have been well
studied by investigating drop deformation subjected to a simple flow field, including non-
axisymmetric shear flow and axisymmetric extensional flow, which leads to several reviews in
this field [Briscoe et al., 1999, Fischer and Erni, 2007]. A list of relevant studies is provided
in Table 2.4. In both cases, it is generally found that the effect of surfactant on the drop
deformation is related to the two competing physical processes [Leal and Stone, 1990]: (a)
convection of surfactant, which lowers the interfacial tension and facilitates the deformation at
the drop tips; and (b) dilution of the surfactant which tends to increase the interfacial tension
and suppress drop deformation. The former one is caused by the transport of surfactants along
the interface by flow (see Figure 2.11), while the latter one is due to the increase in interfa-
cial area as the drop deforms. Milliken et al. [1993] reported that the influence of surfactant
is diminished as the viscosity ratio between dispersed phase and continuous phase increases.
Furthermore, whether the surfactant effect is dominated by its dilution or convection depends

on several factors. For example, Leal and Stone [1990] investigated the effect of surfactant
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elasticity (s, which measures the sensitivity of interfacial tension to the interfacial surfactant
concentration. The authors illustrated that at a fixed surfactant concentration along the in-
terface, larger interfacial tension gradient occurs with increasing (s, enhancing the surfactant
diffusion and thus counteracting the convection of surfactant. In addition, Eggleton et al. [1999]
related the surfactant effect to the surfactant saturation I'y, at the interface, which refers to an
upper bound to the interfacial concentration that can be adsorbed in a monolayer. In the case
of I' « I',, when the surfactant diffusion is negligible, a region near the deformed drop equator
is observed where I' can be regarded as zero (see the deformed drops from the top panel in
Figure 2.11), while the surfactants are highly accumulated at the drop tips where higher defor-
mation compared to a clean drop interface case takes place. When I'/T',, increases, I' is never
zero as the stresses resisting the local accumulation become large, leading to a slight departure
of I' from the uniform distribution and higher mean interfacial tensions. Another work done
by Pawar and Stebe [1996] investigated the effect of interface Peclét number Pe,, which mea-

sures the relative significance of surfactant convection to surfactant diffusion along the interface.

It is reported that these parameters alter the surfactant impact through Marangoni stresses
[Pawar and Stebe, 1996]. As shown in Figure 2.10a, the non-uniform surfactant distribution,
leading to a gradient of interfacial tension, generates an additional stress tangential to the in-
terface pointing in the opposite direction to the gradient. This stress is known as Marangoni
stress, which, according to Bazhlekov et al. [2006], acts in opposition to the interface velocity,
leading to the immobilisation of the interface. This immobilisation can occur either locally
or globally, depending on the surfactant concentration at the interface. It is presented by the
same author that the Marangoni stress modifies the bulk flows as well by introducing a fluid

circulation within the drop.

Another general trend is that the drop deformation in the presence of surfactant at the drop pole
is greater than that of a drop with a constant interfacial tension equal to the initial equilibrium
value [Leal and Stone, 1990, Li and Pozrikidis, 1997, Feigl et al., 2007]. This surfactant-related
drop deformation is termed as “tip stretching” [Pawar and Stebe, 1996, Hu and Lips, 2003].
In addition to drop fragmentation as seen in surfactant-free cases, a new mode of breakup
mechanism resulted from this was described by Bruijn [1993] and Eggleton et al. [2001], known
as tip streaming (see the bottom panel in Figure 2.11), wherein the ejection of a fluid thread
much smaller than the mother drop size is observed at the drop pole. Bruijn [1993] also stated
that this observation would disappear when surfactants are moved away from the tip. A more
recent work by Kamat et al. [2018] demonstrated that the Marangoni stress acting near the
drop pole (as opposed to at the drop pole) contributes to the reduced rate of thread thinning

and therefore hinders the formation of multiple daughter drops.

When soluble surfactant is considered, the surfactant convection and diffusion along the inter-
face, as well as the Marangoni effect, can be mitigated by the surfactant transport between the

interface and bulk phase [Milliken and Leal, 1994]. For example, the zero-I'" region described
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Table 2.4: Relevant studies that explore the deformation of single drop in the presence of surfactants, cate-
gorised by the flow types the drops subjected to and the solubility of surfactant under investigation.

Flow types Solubility References

Insoluble  Leal and Stone [1990], Milliken et al. [1993],
‘ ‘ ' Pawar and Stebe [1996], Eggleton et al.
Axisymmetric extensional [1999, 2001], Kruijt-Stegeman et al. [2004],
Herrada et al. [2022]
Soluble  Milliken and Leal [1994], Eggleton and Stebe
[1998], Wang et al. [2014]
Insoluble  Bruijn [1993], Janssen et al. [1994,], Li and

Pozrikidis [1997], Hansen et al. [1999], Feigl
Non-axisymmetric shear et al. [2007]

Soluble [Eggleton et al., 1999, Mandal et al., 2017]

above could be occupied by the surfactant molecules through adsorption process, smoothing out
the constructed concentration gradient. Under this condition, the surfactant effect is normally
investigated under two limiting cases as demonstrated earlier: adsorption-desorption controlled
[Eggleton et al., 1999, Jin et al., 2006] and diffusion-controlled [Jin and Stebe, 2007, Mandal
et al., 2017]. These two scenarios bound the surfactant behaviours as the diffusive flux from
the bulk increases in relative to the convective rate at the interface [Chen and Stebe, 1996].
Fggleton and Stebe [1998] showed that in the case of slow sorption kinetics, the surfactant
behaviours approach the insoluble limit; as the mass transfer rate between the bulk and the
interface increases, the strength of Marangoni stresses is significantly lowered and interface dy-
namics becomes identical to the clean interface limit. Moreover, the study by Wang et al. [2014]
provided a comprehensive examination of soluble surfactant. It delved into the surfactant effect
under different assumptions regarding the relative significance of surfactant transport processes.
These included considerations of the bulk Peclét number Pe, considering surfactant convection
and diffusion in the bulk, and the Biot number Bi accounting for the relative time scale of bulk

flow and surfactant desorption.

More recently, Soligo et al. [2019] carried out direct numerical simulations of surfactant-laden
drops dispersed in turbulent flow in which a clear interplay among local flow field (considering
shear stress, Maranogoni stress, and the effect of Weber number), surfactant concentration and
dispersed phase morphology is displayed. In their subsequent work, Soligo et al. [2020] studied
the flow modification introduced by the surfactant-laden drop under the same flow conditions,
in terms of velocity profiles, vorticity profiles, and a specifically-defined flow topology parameter
[Perry and Chong, 1987].

Emulsification process studies Unlike the studies on single drop, only a few studies have
aimed at understanding liquid dispersion in the presence of surfactant inside a stirred vessel.
Most of these studies have addressed the problem regarding the surfactant influence on the final

drop sizes and their distribution, leaving a gap in the understanding of the underlying physical
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mechanisms governing the interfacial behaviours with such system. The earliest system to
study the effect of surfactant on drop size was by Lee and Soong [1985] where five liquid-liquid
systems and nine types of surfactants were examined. The authors found that the size of
drops produced is smaller (compared to the one predicted using correlations based on clean
liquid-liquid system) and more uniform (narrower DSD). Later Koshy et al. [1988] developed
a drop breakup model to predict the maximum drop size at various surfactant concentrations
arguing that the effect of surfactant on stirred-vessel emulsification is not only by the decrease in
interfacial tension, but also through the generation of an interfacial tension gradient across the
interface (and thus Marangoni stress, which, albeit, was not dealt with sufficient detail in that
study). Several subsequent studies expanded knowledge in this field by considering surfactant
concentration [Chatzi et al.; 1991, El-Hamouz, 2007], rheological properties of surfactant-laden
interface [Ll1(‘-a,ssen—Reynders and Kuijpers, 1992], and types of surfactant head group [Goloub
and Pugh, 2003]. Groeneweg et al. [1994] have shown the appearance of a large number of mini-
drops (a bi-modal DSD) for the surfactant-laden system, and rationalised that the phenomenon
is associated with surfactant-induced tip-streaming [Eggleton et al., 2001]. More related work
has been on the surfactant effect on the flow field modification in a stirred vessel [Mishra et al.,
1998, Arora et al., 2002, Mavros et al., 2011, Montante et al., 2011].

2.1.5 Computational fluid mixing

The previous sections have provided context of liquid-liquid dispersion in stirred vessels, focus-
ing on the physical phenomena observed within the systems. In contrast, this section aims to
review the effort to develop numerical methods to capture detailed information about hydro-
dynamics and interfacial behaviours in agitated vessels. Key aspects of numerical simulations
relevant to this thesis involve a numerical method for turbulence modelling, rotating impeller
modelling, and interface localisation. Subsequent sections will outline prevalent approaches to

addressing these challenges in the literature.

2.1.5.1 Turbulence modelling

A proper turbulence model could significantly decrease computational requirement and, mean-
while, increase the accuracy of the numerical results [Jaszczur and Miynarczykowska, 2020]. At
present, there are three primary approaches that have been employed for modelling turbulent
flow motions within an agitated vessel: RANS (Reynolds Averaged Navier-Stokes), the LES
(Large Eddy Simulation) and the DNS (Direct Numerical Simulation).

In general, the RANS model is much cheaper computationally compared to LES and much
faster than DNS as this method solves the averaged fluid flow equations and the turbulent
components are modelled via various turbulence models (see Figure 2.12a). There are numer-
ous studies comparing the outcomes of this spectrum of turbulence models used in RANS with
the experimental results [Zhu et al., 2021]. Each turbulence model has advantages and disad-
vantages, and the model selection depends on particular cases and configurations [Singh et al.,

2011, Hartmann et al., 2004]. This will not be extended herein since it is beyond the scope of

33



2.1. Mechanical Mixing

this thesis. Nonetheless, DNS could provide much more accurate results as it directly attains
the instantaneous flow variables by solving unsteady three-dimensional Navier-Stokes, requiring
no additional models. Similar to DNS, LES fully resolves the large scales, but the sub-grid fluid
flow or small eddies have to be modelled using one of the widely available turbulence models.
The standard Smagorinsky model [Smagorinsky, 1963] with the constant model parameter Cj
is commonly used in the literature, with varied values of Cj in specific applications [Hartmann
et al., 2004, Derksen et al.; 1999]. More details of implementing LES can be found in Section
3.1.2.3. Another remark to be made here is that LES relies on sub-grid models to account
for the effects arising from unsolved turbulence. This becomes significant when dealing with
substantial interface deformation. In such cases, the behaviour of interface is heavily influenced
by turbulent structures, which can lead to phenomena like turbulent viscosity that LES is un-
able to resolve. To address this issue, one approach is to enhance computational resolution to
better capture the dynamics at the interface and boundary layers. Alternatively, coupling LES
with advanced interface-tracking methods can improve the accuracy of simulations involving
complex interfacial behaviours. As a consequence, both DNS and LES demand tremendous
computational resources, rendering them impractical for engineering applications. Currently,
they are primarily limited to simple geometries and low Re, especially DNS. However, in recent
years, due to the advancement of computational capacity, the DNS and LES have been in-
creasingly applied in numerical investigation for stirred vessels (DNS: [Gillissen and den Akker,
2012, Tamburini et al., 2018], LES: [Hartmann et al., 2004, Alcamo et al., 2005, Zhang et al.,
2008, Shu and Yang, 2018]), producing results that align excellently well with the experimental
outcomes. Alternatively, Detached Eddy Simulation (DES) offers a solution to the computa-
tional demands encountered by DNS and LES [Gimbun et al.; 2012, Devi et al.; 2015]. This
method integrates the strengths of both RANS and LES methodologies, effectively handling
challenges associated with the use of LES in near-wall region. However, it is still rarely used in

simulations of stirred vessel, despite requiring less computational resources compared to DNS.

2.1.5.2 Impeller rotation modelling

Another crucial element when considering numerical simulations of the stirred vessel is the
implementation of modelling rotating impeller. In the past, the impeller rotation was not ex-
plicitly simulated, instead, its effect was either modelled by imposing a boundary condition
[Harvey et al., 1995, Brucato et al., 1998] to the external flow or was expressed as a source
term in the governing equations [Ranade and Dommeti, 1996]. Alternatively, Ranade and den
Akker [1994] proposed an approach called snapshot, which essentially involves capturing the
flow characteristics of a stirred vessel at a single time instant by solving steady-state equations
with boundary conditions specific to that moment in time. These techniques require the specifi-
cation of boundary conditions regarding velocity and turbulence on the volume or surface swept
by the rotating blades, which can only achieved via experimental measurement [Ranade and
Dommeti, 1996]. To tackle this issue, more advanced schemes which do not rely on experiments

have been developed.
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Level of Assumptions

<€

Computational Resource Requirement

>
Reynolds Averaged Large Eddy Simulation Detached Eddy Direct Numerical
Navier-Stokes (RANS) (LES) Simulation (DES) Simulation (DNS)

Standard k — €

Renormalisation Group (RNG) k — €
Standard k — w

Shear Stress Transport (SST) k — w
Reynolds Stress Model (RSM)

Eddy Viscosity Model (EVM)

(a) Turbulence modelling

Eulerian-Lagrangian
Methods

Experimental data
requirement

Lagrangian Methods

Eulerian Methods

Impeller boundary conditions  Sliding Mesh (SM) Interface-tracking Interface-capturing
Imposed source term Multiple Reference Frames (MRF)
Snapshot
Generic front tracking Level-set method
Volume tracking Particle level-set method
Immersed Boundary Method (IBM) Volume of Fluid (VOF)
Coupled level-set/VOF method
Phase Field Method (PFM)
(b) Impeller rotation modelling (¢) Interface localisation methods

Figure 2.12: Classification of modelling methods in the literature.

One of the most popular methods is the Sliding Mesh (SM) technique [Murphy, 1994, Barker
et al.,, 1997]. This method divides the simulated tank into two regions that are treated sep-
arately: the impeller region and the tank region consisting of the bulk fluids, tank wall and
baffles if applicable. In particular, the impeller region rotates with the same rotating speed as
impeller, while the tank region is regarded as stationary. In addition, no-slip boundary condi-
tions are applied at the impeller blades, the impeller shaft, the tank walls and the baffles. This
scheme does not require experimental data, however, it is expensive for start-up computation
[Jaszezur and Mlynarczykowska, 2020]. This comes from the time-dependent nature of SM
technique, which allows relative displacement of impeller region to the outer region in discrete
time-steps, performing time-dependent calculations with data at successive time-steps. As a
result, alternative method called Multiple Reference Frame (MRF) technique was investigated
to handle this issue [Naude et al.; 1998]. Similarly, the tank simulated through the MRF' tech-
nique is divided into two or more frames, stationary frames and moving frames. The moving
section includes the impeller and the fluid surrounding it, while the stationary frame encom-

passes the tank, the baffles and the fluids outside the moving frame. In contrast to SM models,
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steady-state calculations are conducted with a rotating reference frame in the impeller region
and a stationary reference frame in the outer region [Deglon and Meyer, 2006]. In this way, the
MRF outperforms previous methods, such as computational snapshot approach, considering
interactions between the rotating impeller and the stationary elements such as baffles and tank
walls. Furthermore, it is found that MRF provides better computational performance [Deglon
and Meyer, 2006] at a fraction of computational time required for the SM scheme [Wechsler
et al., 1999].

2.1.5.3 Methods for interface localisation

As presented in Figure 2.12(¢), various methods have been applied to implement the simulation
of multiphase flows involving an interface. According to Smolianski [2005], three levels of

modelling could be distinguished when handling this problem:
e flow modelling: Eulerian, Lagrangian and mixed Eulerian-Lagrangian methods;
e interface motion modelling: interface-tracking and interface-capturing;
e flow-interface coupling: integrated and segregated

Herein, we will briefly outline the characteristics of these methods and provide typical examples

of techniques for interface localisation.

Firstly, the three classes of numerical algorithms for flow modelling are Eulerian, Lagrangian
and mixed Eulerian-Lagrangian methods. The Lagrangian schemes consider particles as discrete
entities, tracking the trajectory of each individual particle [Xu et al., 2020]. In these methods,
the object carrying discretised quantities is moving with the continuous fluid. From a com-
putational point of view, each computational cell in Lagrangian methods always contains the
same fluid element, and the entire grid moves with the fluid flow. The early works done by Hirt
et al. [1970] and Okamoto and Kawahara [1990] strictly applied Lagrangian algorithm together
with finite-volume and finite-element method, respectively. In contrast, Eulerian methods are
characterised by a fixed computational mesh, wherein the fluid and other objects flow across
different computational cells. Alternatively, the mixed Eulerian-Lagrangian methods are based
on both Eulerian and Lagrangian concepts. One of the most cited work using the Eulerian-
Lagrangian framework was done by Hirt et al. [1974], where the widely-used algorithm called
arbitrary-Lagrangian-Eulerian (ALE) was proposed [Hughes et al., 1981, Maury and Pironneau,
1996]. This classification distinguishes different ways of describing flow systems involving two
or more fluid, and the selection among these methods highly depends on specific problems and

their objective.

However, this level of modelling does not provide any information regarding the approaches to
modelling the motion of the interface [Smolianski, 2005]. In this regard, another commonly-used
classification categorise all methods into either interface-tracking or interface-capturing. For

the interface-tracking approaches, the interface is determined by a series of Lagrangian markers,
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whose location is explicitly tracked along the paths of fluid particles. This often leads to the
integration of interface-tracking with either Lagrangian methods or mixed Eulerian-Lagrangian
methods. Generic front tracking [Tryggvason et al.; 2001, 2011], volume tracking [Harlow et al.,
1965, Nakayama and Mori, 1996] and immersed boundary method [Peskin, 1977, 2002, Li et al.,
2013] are typical examples of this type of methods. On the other hand, the interface in the
interface-capturing methods is reconstructed from an Eulerian scalar field characterising the
flow properties, such as fluid fraction or density. These techniques can be exemplified by the
level-set method [Tryggvason et al., 2011, Balcdzar et al., 2014], volume of fluid [Hirt and
Nichols, 1981, Tryggvason et al., 2011], phase field method [Jacqmin, 1999, Tryggvason et al.,
2011, Kim, 2012] and so forth.

Finally, the coupling of the flow and the freely moving interface can be achieved through either
a “segregated” or “integrated” approach. In the segregated scheme, the flow is initially com-
puted with a “frozen” interface, and subsequently, a new position for the interface is determined
using the previously-computed flow variables. On the contrary, in the integrated approach, the
flow variables and interface location are solved simultaneously. Herein, how each method is im-
plemented would not discussed given its comprehensive extension in the literature, nonetheless,

details of methods used in this thesis is presented in the Methodology (chapter 3).

2.2 Machine learning in fluid dynamics

As mentioned in the Introduction (chapter 1), this thesis concerns the feasibility of ML models
to duplicate the prediction of dispersion performance comparable to those from CFD simula-
tions. Therefore, this part aims to provide context relevant to these two areas: main effort that
has been done to combine ML and multiphase mixing as seen in Section 2.2.1 and sequential

prediction using ML models presented in Section 2.2.2.

2.2.1 Machine learning in CFD

As indicated by the CPU time of high-fidelity CFD simulations given earlier, combining CFD
and ML is an emerging and rapidly developed research area. A large amount of studies have
explored various ways to integrate these fields to improve simulation reliability, speed and
predictive capabilities. One of rapidly-developing direction in this domain is to construct data-
drive turbulence modelling, which leads to a review done by Durbin [2018] covering notable
related studies. Recent work such as Jiang et al. [2021] and Novati et al. [2021] respectively
demonstrate how deep neural networks and reinforcement learning can aid construct turbulence
modelling in LES. Another popular area is applying surrogate model to accelerate CFD simu-
lations. One of the most cited work in this field is done by Kochkov et al. [2021] wherein the
authors used deep learning to produce comparable modelling of two-dimensional turbulent flow
to those simulated via DNS and LES in fraction of computational time, most importantly, with-
out comprise of accuracy. In addition, ML-based techniques have been applied to multiphase

systems, a comprehensive review is given by Zhu et al. [2022] and a series of latest researches
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in this domain are showcased in Basha et al. [2024]. Furthermore, ML has also been integrated
with data assimilation to improve CFD predictions [Cheng et al., 2023] and optimise CFD

simulation for control purpose [Li et al., 2022].

2.2.2 Sequential predictions with RNNNs

As demonstrated previously, CFD simulations offers time-dependent insights into hydrodynam-
ics and interfacial behaviours in agitated mixers. Consequently, the ML-based models aiming
to produce comparable outcomes must be capable of predicting time-series (or sequential) data.
This task is distinct from the other types of learning problems, as it requires preserving tempo-
ral order of observations during both model training and deployment. ML-based models that
are capable for such a task are often referred to time-series forecasting or sequence modelling.
The key types of models used for this purposes include but not limited to Recurrent Neural
Networks (RNNs), Temporal Convolutional Networks (TCNs), transformers, and autoregres-
sive models. Recall that the purpose is to test the applicability of ML-based technique in the
context of multiphase mixing. An RNN is used herein as it has been well developed since its

initial conceptual introduction by Jordan [1990].

The defining characteristic of the RNN architecture is its cyclic connections, which allow the
RNN to update its current state based on both previous states and the current input data.
However, when the sequence length grows, it becomes unable to learn the summary that con-
nects the current state with the state further back in time [Hochreiter, 1998]. To tackle this
problem, long short-term memory (LSTM) networks and gated recurrent unit (GRU) are intro-
duced. Other variants of RNN have been tailored for specific applications, thus making them
less applicable for chemical engineering processes, such as Hopfield networks and NARX-type
RNNs for identification and control of nonlinear dynamic systems. In contrast, LSTM and
GRU have been commonly used in a wide range of applications. For instance, LSTM net-
works have been trained using simulation data for prediction tasks including material leakage
position [Kim et al., 2019, Selvaggio et al., 2022] and bio-oil yield of a fluidized bed [Zhong
et al., 2023]. Furthermore, the LSTM unit has been integrated with reduced order modelling
to effectively capture the fundamental characteristics underlying turbulent flows [Mohan and
Gaitonde, 2018]. Likewise, a coupling of these two frameworks has been applied to perform
transonic aeroelastic analysis [Li et al., 2021]. More recently, novel models based on LSTM
have been developed to forecast the hydrodynamics of submarine prototypes [Hou et al., 2022]
and the behaviour of ocean waves [Zhao et al., 2023]. Similarly, GRU has gained attention for
its comparable performance at a seemingly lower model complexity, as discussed in detail in
the Methodology chapter 3.

2.3 Concluding remarks

From the literature review above, immiscible liquid mixing is heavily involved in our daily

life (e.g., food and cosmetics) and in high-end industrial applications (e.g., drug delivery),
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which drives the development of diverse mechanical agitators for specific applications in the
real world. The essential aspect of controlling these mixing systems is the understanding of
the interfacial flows under highly dynamic conditions. In addition, the presence of surfactant,
which is a prevalent scenario in industry, provides an additional level of complexity of under-
standing liquid-liquid mixing mechanisms underlying practical operational units. Although the
fundamentals of single drop dynamics in the absence and the presence of surfactant have been
well established through numerous experimental investigation, information regarding interfacial
behaviours, especially those subjected to complex flow conditions is rarely accessible. In this
respect, numerical analysis using CFD methods were conducted, wherein the mixing efficiency
within practical agitated vessels under real conditions can be evaluated. Particularly, the num-
ber of parameters that CFD simulations can deliver is significantly large and detailed, typically
including power consumption and flow field pattern. However, the simulations of fluid flows
involving a freely moving interface is still challenging due to limited computational capacity,
despite the fact that there exists a spectrum of numerical schemes proposed for handling this
type of systems. This results in the relative scarcity of information available on interfacial dy-
namics and its coupling with corresponding flow structure in practical mixing units, and more

specifically, in the presence of surfactant.

In the context of applying ML-based techniques to multiphase mixing, the ML, community pro-
vides a range of tools to address time-series prediction. These tools provide potential solutions
for chemical engineers to mitigate the high computational cost of high-fidelity CFD simulations
by training time-series prediction models. On the other hand, numerous studies combining
ML and CFD simulations highlight the transformative power brought by ML communities and

challenges encounter in fluid dynamics simulations.
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3.1 CFD Simulations

3.1.1 Simulation Configuration

Two mixing systems have been studied in this thesis:

e surfactant-free oil-water emulsion formation,

where the rotating speed of impeller was altered to investigate the effect of changing

operational conditions to the mixing system:;

e surfactant-laden oil-water emulsion formation,

Specifically, as shown in Figure 3.1, the simulated cylindrical vessel is in a size of diameter
T = 8.5 cm and height H = 12.75 cm, equipped with a 4-pitched-blade-turbine (PBT). The
vessel is filled with water in the lower half (coloured in blue) and an overlaying oil phase above
(coloured in gold), giving a high volume fraction ¢ = 0.5. Such vessel is simulated using a Carte-
sian domain x = (z,y, 2) € [0,8.6]° x [0,12.5] cm®, which consists of 4 x 4 x 6 sub-domains;

these sub-domains contain 64% Cartesian structured grids each, giving a total grid number of

wherein the effects arising from surfactant types have been examined.
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Impeller geometry [cm]

diameter, D 4.25
width, h 1
thickness, w 0.2
length, [ 2.5
clearance, C' 1
inclined angle, « [°] 45
Physical properties

surfactant-free 0.035
interfacial tension,
os [Pa-m)]
oil viscosity, u, [Pa -s] 5.4 x 1073
water viscosity, [, 1.0 x 1073 7
oil density, p, [kg/m?] 824
water density, p, 998

(d)

Figure 3.1: (a) Details of impeller geometry and physical properties of the two liquid phases. (b) Schematic
illustration of the computational domain for the oil-water mixing system: a stirred vessel, filled with oil in the
upper-half (coloured in gold) and water below (coloured in blue) is equipped with a 4-pitched-blade-turbine;
the impeller blades have length [, width A, and thickness w, and are inclined at an angle o to the horizontal.
The computational domain is divided into 4 x 4 x 6 subdomains. The number of the Cartesian structured grids
per subdomain is 643, which gives a total grid number of 256 x 256 x 384; (c) — (d) display side- and top-views
of the turbine, respectively. Figures are reproduced from Liang et al. [2022].

256 x 256 x 384. The associated mesh stability test can be referred to Section 3.1.5.1. For the
PBT, it has a diameter of D = 4.25 ¢m which corresponds to an impeller-to-vessel diameter
ratio of D/T = 0.5, and rotate with frequency N [rps]. More details of the PBT geometry and
the physical properties of liquids are listed in Figure 3.1a.

The employed PBT is built using a combination of primitive geometric objects (planes, cylin-
ders and rectangular blocks) where each objct is defined by a static distance function ¥ (z,y, 2),
positive in the fluid and negative in the solid. The resulting shape of the impeller shown in
Figure 3.1¢, d corresponds to the iso-value ¢ (x,y, z = 0). Details on how to construct similar
complex objects are described in Kahouadji et al. [2018]. The implementation of the complex
geometry of the impeller and its rotation in the simulations is achieved via the so-called Direct-
Forcing Method, which will be presented in Section 3.1.4.7.

To give an insight into the computational requirement, simulations presented in this thesis are
implemented based on the High Performance Computing service of Imperial College London,
using 2 nodes of 48 CPUs for each case. All of the studied cases were computed in parallel, and
each case took roughly 6-8 weeks (depending on the impeller rotational speed) to finish given

the computational wall time as either 48 or 72 hours.
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3.1.2 Governing Equations

This section presents the governing equations used to describe the complex flow systems in the
simulated vessel. It starts with outlining several principles or assumptions for the modelling,
followed by the derivation of equations responsible for conservation (mass and momentum), as

well as surfactant transport.

3.1.2.1 Assumptions for derivation

Five assumptions are made in this thesis serving as the basis of the derivation of governing

equations presented in the pursuing section:

e Incompressible, Newtonian, and isotropic flow: Liquid phases are considered as
incompressible and to display Newtonian rheological characteristics. This assumption
implies a density field that remains constant over time and a shear-invariant viscosity

field. Moreover, it is assumed that the fluid properties exhibit uniformity in all directions.

e Continuum hypothesis The fluids are regarded as a continuum whose macroscopic
behaviour is the same as if they were perfectly continuous in structure [Batchelor, 1999].
This assumption originates from the fact that the analysis of fluid flows is based on
large scale length where the molecular structure of matter and molecular motion could
be ignored [Versteeg and Malalasekera, 2007]. This allows for physical quantities such as

mass and density to be smoothed out to a single value.

e Sharp interface The boundary or interface between immiscible liquid phases is regarded
to be extremely thin with a vanishing thickness, aligning with the previous continuum
hypothesis. As a result, the transition of physical properties of fluid occurs abruptly

across the interface.

e Neglect of intermolecular forces The forces acting on the fluid particles are reduced
to body and interfacial forces, neglecting intermolecular forces such as electromagnetic
forces in charged fluids. Intermolecular forces that are significant in interface physics,
for example, van der Waals forces, are expressed in models by focusing on their primary

impact: capillarity [Tryggvason et al.; 2011].

e Isothermal system: All the flow systems presented in this thesis are regarded as isother-
mal, wherein no energy transfer takes place. Hence, only principles of mass and momen-

tum conservation are considered.

3.1.2.2 Mass and momentum conservation

There are two main approaches to formulating equations that governs the conservation of mass
and momentum in a flow system: one can either derive their integral form, which considers the
overall fluxes and accumulations within a control volume V' [Tryggvason et al.; 2011], or derive
their differential form, which characterises the behaviour of mass and momentum at each point

within a fluid element dv [Versteeg and Malalasekera, 2007]. In general, the principle of mass
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Surface S

/

/ Volume V

g

Figure 3.2: Schematic representation of a stationary control volume V' subjected to a velocity field u(x,t),
which is enclosed by a surface S. dv and ds denote the infinitesimal volume and surface, respectively; n
represents the normal vector to the interface. This figure is reproduced based on [Tryggvason et al., 2011].

conservation states that mass cannot be created or destroyed. When consider a fixed volume V'
enclosed by boundary S (see Figure 3.2), this can be interpreted as that the change of the mass
within this volume over any time interval equates the mass that crosses the interface during

that period. Hence, the mass balance can be written in a mathematical formulation as:

d

T Vpdv:—]ipu-nds, (3.1)

where n and u represent the outward normal vector and velocity vector, respectively; p is the
density and t refers to the time. Aligning with the above interpretation, the left-hand side
accounts for the rate of change of mass in the volume V' and the right-hand side corresponds
to the net flux through the interface S. By applying the divergence theorem to the latter term,
and moving the former term inside the integral, Equation 3.1 can be transformed into one single

volume integral. Therefore, the differential form of mass conservation can be obtained:

ap

5 + V- (pu) =0. (3.2)

The validity of this equation is supported by two assertions [Tryggvason et al., 2011]: (a) the
volume is fixed in space and (b) the single volume integral evaluates to zero for any arbitrary
volume only when the integrand (i.e. Equation 3.2) is zero. Furthermore, since incompressible

fluid is considered in this thesis, this differential form can be reduced to:
V-u=0. (3.3)

A similar procedure is followed for the derivation for equations of momentum conservation,

using the momentum-conservation principle.

The equation of motion states that the overall rate of change of fluid momentum in the volume

V must balance out the difference in momentum flux across the interface S plus the net forces
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acting on the volume. Following the assumption of neglecting intermolecular forces, the forces
considered herein are reduced to body and interface forces [Batchelor, 1967, Tryggvason et al.,

2011], giving the formulation as follows:

d

— pudv:—j{pu(u-n)ds+/fdv+]{n-Tds. (3.4)
dt Jy s v S

By applying the same argument as in the mass conservation, this equation can be rewritten in
its differential form:

opu

Wz—v-(puu)jtf—i—v-T, (3.5)
Here, f is the force per unit volume, which is solely associated to the gravitational force pg
(though in our single-fluid formulation below, Equation 3.21, an ineterfacial force will be ap-
pended to this equation). The last term on the right-hand side accounts for the total interface
force, where the tensor T denotes a symmetric tensor which is used to describe the stress acting
on an interface element. Again, considering incompressible fluids (V-u = 0), T can be written
as:

T = (—p)I+2uS, (3.6)

where p, I, i respectively represent the pressure, the unit tensor, and the viscosity; & is the

rate-of-strain, or rate-of-deformation tensor, which can be expressed as:

S

T . .
_ Vu+tvVu' ! (8“1 + a“ﬂ) . (3.7)

, with its components as S;; = —
2 b K 2 (9xj 5@1

From the above, the equations of mass (Equation 3.3) and momentum (Equation 3.5) conser-

vation constitute the Navier-Stokes equations.

3.1.2.3 Large eddy simulation (LES)

In this work, large eddy simulation (LES) is employed to compute the turbulent flow. As briefly
described in Section 2.1.5, LES applies a spatial filtering operation on the Navier-Stokes equa-
tions prior to the computations. Through this filtering, any eddy larger than a cutoff scale A
is resolved, while the information related to the smaller eddies is captured through appropriate

modelling. Consequently, the filtered equations of mass and momentum conservation become:

V-u=0, (3.8)
dpu _
aL::—v-(pm)+f+v-T (3.9)

where T = (—p)I + 2uS and 8 = (Vi + V') /2. Here, the bar in these equations and those
following designates filtered flow variables. According to Versteeg and Malalasekera [2007],
in order to resolve the first term on the right-hand side of Equation 3.9, this term can be

decomposed into:
V. (puu) =V - (puu)+ V-1
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s

(a) (b)

Figure 3.3: Schematic representations of (a) a thin control volume dv enclosed by interface ds consisting of a
portion of both phases and their interface S, wherein the label u,, u; denote the normal velocity of the interface
and velocities for phase ; (b) a small element of the interface, s., with its boundary annotated as a contour C,
and n,t and p represent the vector at the interface to the direction of normal, tangential and perpendicular,
respective;y. Both figures are reproduced based on [Tryggvason et al., 2011].

where V - 7 incorporates the lost information of the smaller eddies, together with their inter-
action with the larger, resolved eddies. The components of T are 7;; = pw;u; — pu;4;, which
constitute what are known as sub-grid-scale (SGS) stresses. In LES, SGS stresses are included
by means of a sub-grid scale model. In this thesis, the most widely-used model in the liter-
ature, Smagorinsky-Lilly SGS model, is employed, where the 7;; are approximated as being
proportional to the local rate of strain of the resolved flow [Versteeg and Malalasekera, 2007,
Andersson et al., 2011]:

T = —21154, (3.10)
Here, us is the SGS viscosity, which is evaluated based on Prandtl’s mixing length model
[Bradshaw, 1974]:

s = p(CsA)? ‘S’| = p(CSA)Q\/QEJFU, (3.11)
where Cj is the Smagorinsky-Lilly coefficient, which is fixed to 0.2 herein (as its values varies
between 0.1-0.3 in the literature [Lilly, 1966, 1967, Deardorff, 1970, McMillan and Ferziger,
1979, Pope, 2004]); A is set to V13, with V representing the volume of a grid cell, written as
V = AxAyAz. By substituting the above equations into Equation 3.9, the filtered momentum

conservation equation can be rewritten as:

P (?3_1;1 +u- Vﬁ) = —Vp+ V- [(u+pC2A%|S|) (Va+ va")] + pg, (3.12)

which is solved in this thesis (as opposed to Equation 3.9).
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3.1.2.4 Interfacial boundary conditions

Considering an interface separating two immiscible fluids, a set of jump conditions at the inter-
face are required for the velocity field to satisfy the Navier-Stokes equations. These conditions
can be derived by applying mass and momentum conservation at a thin control volume (see
Figure 3.3a), and the corresponding normal, tangential, and perpendicular vectors at the in-
terface that would be used during the derivation are explicitly sketched in Figure 3.3b. Firstly,
following the sharp interface assumption, no accumulation is expected inside the interface with
vanishing thickness, which gives rise to the fact that inward mass flux is equal to the outward

mass flux. This statement can be expressed mathematically as:

pr(ug -n —u,) = pa(uz -0 —uy),

where the terms in brackets represent the flow in phase ¢ with u; as the velocity vectors in the
corresponding phase, as shown in Figure 3.3a; u, = u - n stands for the normal velocity at
the interface. In the case of incompressible fluids without the presence of phase change, this
equation holds for any arbitrary density ratios, giving rise to the so-called “no-penetration”
condition [Deen, 1998]:

u; -n=uy-n. (3.13)

In addition, no restriction on the tangential velocity components are imposed by the mass
conservation, which is supported by the experimental observation that there is no relative
motion between viscous liquids at the interface [Tryggvason et al., 2011]. This leads to the

known “no-slip” condition which can be described by:
u1~t:u2~t. (3].4)

Hence, both Equation 3.13 and Equation 3.14 serve as interfacial boundary conditions for the

velocity field, imposing continuity of the velocity across the interface.

Similarly, the application of momentum conservation at the interface element gives rise to
additional jump conditions. However, in this case, extra forces present at the interface must
be considered, i.e., the interfacial tension. As stated in Section 2.1.4, the interfacial tension
can be regarded as a force per unit length acting perpendicularly to the interface. Accordingly,
consider an interfacial tension tensor T¢ = olg, where Ig is the interface identity tensor and
o refers to the interfacial tension, the force applied on the edge of a small interface element to
expand the interface can be written as TE - p, where p denotes a vector normal to the edge of
the element and in the tangent plane to the interface. Therefore, the overall force 0F, acting
on an interface element bounded by a curve C' can be obtained by integrating this term over

its edges:
0F, = % TS -pdl= /VS'T‘fgdse, (3.15)
c s

where dl is the edge length, and ds. refers to interface area of the infinitesimal interface el-
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ement s.. The subscript e of the latter term is dropped henceforth for consistency denoting
infinitesimal interface in general. The integrand of the rightmost term can be interpreted as

the interfacial force per unit area f, and therefore it can be written as:
fo:VS'Tg:Vs-O’ISZO'vS'IS'f‘IS'chT, (316)

which can be be represented as:
f, = okn + Vgo, (3.17)

with Vg - Ig = kn, the detailed derivation of which is shown in Tryggvason et al. [2011]. Here,
k, the interface curvature, can be obtained via k = —Vg - n. This equation describes that the
local interfacial force can be decomposed into its normal component, oxn, associated with the
mean interfacial tension, and its tangential component, Vg0, the Marangoni stress induced by

the interfacial tension gradient.

With the velocity continuity at the interface, and the formulation of interfacial tension derived

above, the momentum balance on the control volume is in the form of:

0:—7{ pu(u-n—un)ds—i—% n-Tds—l—/fUds. (3.18)
ds s S

)

It is worth highlighting that the integration for the first two terms on the right-hand side
is around the bounding curve of the control volume, ds, while the last term is integrated
directly along the interface S. Recalling the definition of w, from above and considering the
incompressible fluids in the absence of phase change, the first term is cancelled out. Meanwhile,
with the sharp interface assumption, the boundary of the volume and the interface is forced to

coincide, which yields an additional jump condition at the interface:

n-(T; —Ty) =ockn+ Vgo. (3.19)

3.1.2.5 One-fluid formulation for multiphase flows in complex configurations

To describe a whole fluid flow domain involving a sharp interface, one could construct the
flow equations for each phase and apply the above-derived jump conditions to couple the solu-
tions across the interface [Tryggvason et al.; 2011]. Alternatively, a single set of conservation
equations can be formulated for the entire system, circumventing the specification of jump con-
ditions. This approach is known as the “one-fluid” formulation where both phases are regarded
as one fluid with their physical properties, such as density and viscosity, changing abruptly
at the interface. To incorporate the jump conditions at the interface, one must add singular
terms to the governing equations [Tryggvason et al.; 2011]. Specifically, the interfacial tension
is added as a body force to the equation of momentum conservation, Equation 3.12. In ad-
dition, in the context of agitated vessels, fluid-solid interaction force, Fy;, which accounts for
the interaction effect between rotating impeller blades and mixing fluids, is considered as an

additional body force.
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Similar to the previous derivations, the interfacial tension force f, integrated over the interface
area ., the part of the entire interface S which encloses the control volume, can be transformed
into integration over the volume using the Divergence Theorem. Here, a function dg is defined,
which has the property of changing volume (or surface) integrals into interface (or line) integrals

[Tryggvason et al., 2011]. For an arbitrary function f:

[ ssearean = [ fexas

where 0 is the ordinary Dirac delta distribution and dg is concentrated on the interface as a ¢

function is concentrated on one point. Therefore, the interfacial tension force can be rewritten

/fads = / f,05(x — xg)dw. (3.20)
S \%

Here, d5(x — xg) indicates that the delta distribution is non-zero only when x = xg, i.e., at the

as:

interface. By adding this term, along with the Fg;, to Equation 3.12, this equation becomes:

(%?Jru Vu) =—Vp+ V- [(u+pCIA%[S|) (Va+Vva')] +pg

+Ffsi + f055~

A definition of Fy; will be provided in Section 3.1.4.7. With the definition of the § function
provided above, and by substituting f, using Equation 3.17, the last term in the above equation

can be equivalently expressed as an area integral over an interface element:

(a—u "y vu) = —Vp+ V- [(u+pC2A°[S]) (Va+ Va")] + pg
ot (3.21)

+Fg + / [okn + Vgo]d(x — xg) ds,
s

where §(x — xg) = d(z — 25)d(y — ys)0(z — zg). This equation, together with Equation 3.3,

serve as the governing equations for mass and momentum conservation in this work.

For completeness, the density p and viscosity p are given in terms of a numerical indicator

Heaviside function, H (x,t):

M(Xa t) = o + (Ua - ﬂo) H <X7 t) ) (3'22)

“ 7

where the function is defined as zero in phase and unity in phase “a”. The Heaviside
function could be generated in different Ways using the geometrical information on the tracked
interface [Shin and Juric, 2002, Shin et al., 2009, 2017]. Further details are presented in Section

3.1.3.3.
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3.1.2.6 Surfactant transport

In the case of a surfactant-laden system, additional equations are solved considering surfactant
transport. In this thesis, surfactant is soluble in the continuous phase (i.e., bulk), hence, sur-
factant transport is resolved both in the bulk and on the interface. These surfactant behaviours
have been comprehensively demonstrated in Section 2.1.4, wherein sets of describing equations

are presented. By substituting with Equation 2.11 and 2.10, Equation 2.9 becomes:

or
55+vsxrm):1%vyt+%, (3.23)

where u, is the tangential velocity vector on the interface, which is computed from the inter-
face velocity, ug, via u; = (ug-t)t, with t being the unit vector tangential to the interface.

Furthermore, the sorption flux can be rewritten as:
Ja/d = kaosub<roo - F) - kdra (324)

where k, and ky are the kinetic coefficients for adsorption and desorption, respectively, and
I's is the saturation concentration on the interface. As mentioned in Section 2.1.4, the Lang-

muir equation of state is used to describe the change in interfacial tension with surfactant

r
g 1= ] (3.25)

In this equation, R denotes the ideal gas constant, T" the temperature, and [, is a dimensionless

concentration at the interface:

[e.9]

r
c=0,+ RITIn (1_F_> =0,

parameter defined as surfactant elasticity, which measures the sensitivity of the interfacial
tension to change in the surfactant concentration. The Langmuir equation expresses that the
interfacial tension drops steeply as the surfactant concentration approaches unity from below
[Chang and Franses, 1995]. However, this relation could predict unrealistic behaviours, i.e., the
interfacial tension becomes negative for finite values of I'. To avoid this, the relation is modified
as follows [Shin et al., 2018]:

0/0s = max {0.05, 1+ fBsln (1 - FL)] : (3.26)

The equations governing the surfatcant concentration and diffusion in the bulk remain un-
changed from Equation 2.8 and 2.13, respectively, and are not presented in this section for the

sake of brevity.
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3.1.2.7 Dimensionless parameters

Following the derivation presented above, the governing equations are rewritten in dimensionless

form according to the scaling below:

- (3.27)

where the tildes indicate the dimensionless quantities. As presented, space x and time ¢ are
scaled by the impeller diameter, D and the duration for one impeller revolution, 1/N, respec-
tively. Accordingly, the velocity is made non-dimensional based on the impeller velocity, N D,

and the pressure by the term, p,(ND)?. Hence, the governing equations become:

V=0, (3.28)

SD (Vi + Vid?) + %pg

_(0u ~ ~ ~ 1 ~ ~ ~T ~ 2 A2
p(ﬁ—f-u-Vu)—l—Vp—EV-,u(Vu—FVu)—V-(pC’SA

. 1 -
Fri + — .65, (3.29
+ P + We s, ( )

where the dimensionless parameters are defined as followed:

ND2 213 2
Re= PN gy P NTD7 p NTD
Ha Os g

(3.30)

Here, Re,We and F'r stand for the Reynolds, Weber, and Froude numbers respectively, pro-
viding a measure of the relative significance of inertial to viscous, interfacial tension, and

gravitational forces, respectively.

Similarly, the governing equations describing surfactant transport (Equation 2.8, 3.23, 3.24,

2.13, 3.26) can be written in their dimensionless form:

oC a4 1,
¢  Hveo b 31
5 u-Vc Pebv C, (3.31)
or - 1 Coe -
ST Vs (Fa,) = Pesvsr ) (3.32)
Joja = Bi [kcsub 1-T)— f} , (3.33)
Jdlﬂ‘ hn VC|Sub, (334)
€p
& = max [0.05, 1+ B.In (1 . r)} , (3.35)
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given the scaling:

. r - C ~ Csub
g = — F:— C:— Csu:—7 336
T To’ Co’ "7 Gy (3:36)
where Cjy denotes the initial surfactant concentration in the bulk. Additional dimensionless

parameters are defined:

ND? N D? kq
Pe, — Pe, — Bi—
&) Db 9 €s . ) ? N )
[ k,Cy RIT
h _ k — s = . .
DCy’ kg ’ p O (3.37)

Pe, and Peg are the bulk and interfacial Peclét numbers, separately providing the relative
significance of convection and diffusion in the bulk and on the interface. The Biot number,
Bi, expresses the ratio of the characteristic desorptive to convective speed on the interface;
h stands for the adsorption depth that characterises the diluted region beneath the interface

caused by adsorption; k is the adsorption parameter, representing the ratio k,/kq.

As demonstrated previously, an important effect induced by the presence of surfactant arises
from the Marangoni stress, due to surfactant concentration gradients and hence can be com-

puted via T:
~ ~ _ Bs I
F=Veo-t= 1_f<t-VSI‘>. (3.38)

For simplicity, the tildes that designate dimensionless quantities are dropped henceforth. Fi-
nally, the dimensionless timescale used in chapter 4 and 5, in the form of t = n x Rev., refers

to the instant when n impeller revolutions are completed.

3.1.3 Numerical technique for interface localisation

In Section 2.1.5, various methods for interface localisation have been presented and summarised.
In this work, a hybrid front-tracking/level-set framework, known as the Level Contour Recon-
struct Method (LCRM), is adopted to track interface in simulations. The first version of this
scheme was introduced and detailed by Shin and Juric [2002], which has been refined in sub-
sequent works to include an enhanced interface reconstruction strategy for more robust local
mass conservation [Shin and Juric, 2007] and more accurate interface edge computation [Shin
et al., 2009], the introduction of a solver for interfacial tension forces [Shin et al., 2005], and
the adaptation of the surfactant transport formulation within the framework [Shin et al., 2018].
More recent advancements and detailed implementations with regard to this method can be
found in Shin et al. [2011, 2017]. This section aims to provide a conceptual understanding of
LCRM, starting with a brief introduction to the two conventional methods from which LCRM

originates: the generic front tracking method and level-set interface capturing method.
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Figure 3.4: Schematic representations of interface in (a) front tracking method, wherein Lagrangian markers
are advected with velocity from fixed grids; (b) level-set method, wherein the interface is computed as contour
level of a distance function. say ¢.

3.1.3.1 Front tracking

In the original front tracking method [Unverdi and Tryggvason, 1992, Tryggvason et al., 2001],
two types of grids are used. One is a stationary Eulerian grid on which the governing equations
for flow variables are solved; the other is a moving Lagrangian grid used to explicitly track the
motion of the interface. In this method, the Lagrangian marker particles, which localise either
on the exact position of the interface or in the volume around the interface (see Figure 3.4a),
offer a triangulation (3D) or a piecewise linear (2D) description of the interface. The primary
advantage of the front tracking method is that it yields accurate prediction of interface physics at
a subgrid level [Tryggvason et al., 2011]. This provides a highly reliable depiction of interface’s
location and geometry, allowing for precise computation of interfacial tension forces directly on
the interface. However, the main drawback of the front tracking method also comes from its
explicit tracking strategy, which brings algorithmic complexity when it comes to 3D simulations.
Furthermore, the explicit tracking requires the procedure for bookkeeping the connectivity
among the marker points, which makes the calculation of interface geometry, especially during

topology change processes, more challenging in 3D systems.

3.1.3.2 Level-set

In contrast to the front-tracking method, the level-set method falls into the category of interface
capturing methods, in which the interface is defined on the fixed grid (see comprehensive review
by Sethian [2001], Osher and Fedkiw [2002]). Specifically, a smooth marker function, ¢(x, 1),
which denotes the minimum distance to the interface front, is used to identify the different
phases in the level-set method. By definition, this function is positive in one fluid and takes
negative values in the other; the interface or boundary separating the fluids is therefore defined
by the level contour where ¢ = 0 (see Figure 3.4b). The propagation of the interface front in

the system relies on the evolution of the function ¢ moving with the Eulerian fluid, which is
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Figure 3.5: Schematic diagram of the interface reconstruction process in LCRM, (a) for two-dimensional
simulation; (b), (¢) for three-dimensional simulations.

described as:

dp
E—FU'V(,O—O.

Since the level-set marker function is smooth, its advection along with the fluid can be obtained
via any numerical solution that follows hyperbolic conservation laws [Sethian, 2001, Tryggvason
et al., 2011]. Additionally, the equation presented above is the sole additional component in the
level-set method, avoiding the need for further complex steps like adding new computational
objects in the front tracking scheme. However, this method’s simplicity is offset by its significant
issues with mass conservation, which results in mass losses due to the artificial shift of the
interface front [Tryggvason et al., 2011, Ferziger et al.; 2019]. Although various modifications
have been implemented to handle these problems [Sussman et al.; 1994, 1998, Sussman and
Puckett, 2000], they introduce additional layers of complexity to the refined versions, making

their implementation difficulty comparable to other techniques.

3.1.3.3 Level contour reconstruct method (LCRM)

The main contribution of LCRM stems from the fact that it provides an alternative interface

tracking framework, which eliminates the procedure for bookkeeping interface connectivity in
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the original front-tracking method [Unverdi and Tryggvason, 1992], and simultaneously retains
the advantage of explicit Lagrangian interface tracking providing accurate interface geometry

and information regarding topology change.

Recall that the Heaviside function H(x,t) is used to describe the material properties (Equa-
tion 3.22) in the one-fluid formulation. Hence, this provides additional representation of inter-
face in LCRM, namely a certain contour level of the Heaviside function. This indicator serves as
a smoothed characteristic function for the interface [Shin et al., 2009]. In LCRM, the interface
elements are periodically discarded and updated with new ones which are reconstructed on H.
According to the collection of papers surrounding the LCRM, this indicator function can be

calculated by either (1) solving the Poisson equation [Shin and Juric, 2002, Shin et al., 2005]:
V*H=V" / nd(x — xg) ds, (3.39)
S

or (2) using Eulerian field variables such as a vector-valued distance function, say denoted as
@, as in the level-set method [Shin et al.; 2009].

Likewise, the construction of interface element can be achieved by interpolating the given in-
dicator function either (1) in a linear manner [Shin and Juric, 2002, Shin et al., 2005] or (2) by
using a high-order spline kernel [Shin and Juric, 2007, Shin et al.; 2009]. Schematic diagrams
in Figure 3.5 exemplify the interface reconstruction using linear interpolation of the distance
function ¢ in 2D and 3D simulations. As demonstrated, in the case of 2D simulations, a local
field of ¢ can be computed directly at the vertices of one Eulerian grid based on the given
locations of the Lagrangian interface [Shin et al., 2009]. Once the ¢ field is constructed, by
using linear interpolation, a contour line at ¢ = 0 can be drawn which intersects the boundary
edges of the Eulerian grid cell, giving rise to the new interface element (the dark blue line seg-
ment shown in Figure 3.5a). In this way, the reconstructed interface elements share common
end points at the edge of grid cell, which are therefore implicitly connected in this framework.
Furthermore, the orientation of the elements are determined (detailed procedure refers to Shin
and Juric [2002]) such that the normal vectors of all elements point toward the inside of the
volume enclosed by the interface (see Figure 3.5a). Consequently, LCRM affords to handle
interface deformation, merging and breakup automatically and robustly [Shin and Juric, 2002]
as in the level-set method. Similarly, in 3D simulations, the line segments obtained from each
faces of the grid cell connect and form an interface element (refers to the triangular component
coloured in blue in Figure 3.5b). In the case where more than three line segments are attained
in one grid cell, the formed polygon is divided into triangular elements from its centroid (see
Figure 3.5¢) and the element orientations can be found following the same procedure as in 2D
cases. The selection of element shape as triangular effectively solves the problem of directional
ambiguity encountered in both 2D and 3D system, more details can be found in Shin et al.
[2011].
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From above, LCRM retains the Lagrangian interface tracking of arbitrarily moving interface
from the conventional front tracking method, ensuring precise treatment of interface tension
forces, and meanwhile, takes the advantages of level-set distance function approach for periodic
interface construction, obviating the algorithmic complexity encountered in the former scheme.
In addition, according to Shin et al. [2017], LCRM inherently addresses the mass conservation
problem when the level-set method is used, since the distance function field, ¢, herein is not
involved in the advection of the interface. Alternatively, the interface elements are advected in

a Lagrangian manner by integrating:
dXS

dt
where V is the interface velocity which is interpolated from the Eulerian velocity with a second-
order Runge-Kutta method [Shin et al., 2017].

~V, (3.40)

3.1.4 Solutions procedures

From previous sections, the governing equations for all the simulations presented in this thesis
are the Navier-Stokes equations for incompressible, Newtonian flows, along with sets of those
considering surfactant transport in the continuous phase and at the interface. Furthermore,
one-fluid formulation of the Navier-Stokes equation (Section 3.1.2) is used herein where a single
set of equations are solved to depict the motion of all the fluids present. In addition, hybrid
Lagrangian-Eulerian grids are employed for interface propagation. This section provides an

overview of the techniques for numerical implementation under these settings.

The CFD code consists of two main components [Shin et al., 2017]:

1. a module for solving variables on the Eulerian grids such as those involved in the
Navier-Stoke equations (3.3, 3.21) and surfactant concentration in the continuous fluids
(2.8);

2. a module for solving variables at the Lagrangian interface grids covering La-
grangian interface advection (3.40), surfactant concentration at the interface (3.23), as

well as interface tracking and reconstruction procedure in LCRM.

This code is written in computing language Fortran 2008 and adopts an algebraic domain
decomposition scheme for parallelisation, where the information transfer between subdomains

are managed via the Message Passing Interface (MPI) protocol [Shin et al., 2017].

3.1.4.1 Time integration

Firstly, the primary variables of velocity u and pressure p on the fixed Eulerian grids are
computed via Chorin’s projection method [Chorin, 1968]. The code herein provides a choice of
explicit or implicit time integration to either first or second order. In this work, the temporal
scheme is based on a second-order Gear method [Tucker, 2013] with implicit solution of the

viscous terms of the velocity components. In this method, adaptive time steps At are applied,
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which the value is carefully chosen at each temporal iteration in order to satisfy a robust

numerical stability via a criterion based on:
At < min {Atcapa Atvisa AtCFLa Atint; Atsurf}a (341)

where Atcap, Atyis, Atcrr, Atine, and Atgy,s represent the capillary, viscous, Courant-Friedrichs-

Lewy (CFL), interfacial CFL, and surfactant time-steps, respectively, defined by:

1 A 3 1/2
At — ((po + pa) xmln) ,

cap:§

iyea
a o A 2 1
Aty = min (p_) p_) “Fmin
Pa o 6

Az,
Atcpr, = min [ min i ,
7 domain HuJ H

Ax;
Aty = min [ min —J>),
T (Sew(HVH

Az?

min

Atsurf = 6D )
b

where Az, = min;(Ax;) refers to the minimum size x at a given cell j; u;, and V are the
maximum fluid and interface velocities, respectively; s.(t) denotes the interface element whose
location is time-variant. The term of surfactant time-steps, Atqut, is unique for the surfactant-
laden systems while the others are considered in both simulation cases regardless of the presence

of surfactant.

To demonstrate the time integration scheme used in this work, a first-order method is de-
scribed and the second-order approach can then be easily extended. With a first-order, explicit,
forward-in-time discretization of the time derivative, the discrete form of momentum equation
(3.21) can be written as:

n+l _ u” 1

A = e (AL F) -

u

1

In this equation, A} is introduced to denote numerical approximations of the convective (pu -
Vu), diffusion (second term on the right in Equation 3.21) and gravitational (pg) terms; F}
incorporates the interfacial tension forces and solid-fluid interaction force. V), is a spatially
discrete operator and n,n + 1 are used to denote the time-steps. In incompressible flows, the
role of pressure is to ensure that the divergence of the velocity field remains zero [Tryggvason
et al., 2011, Shin et al.,; 2005], giving rise to the property of the velocity at the later time-step
as Vj, - u™t! = 0. Hence, to solve Equation 3.42, a new velocity field u* is introduced where
the effect of pressure is ignored, by splitting the equation into:
u* —u” 1

= P (A} + F}) (3.43)
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and

u"tt — u* 1
—_— = Vip. 3.44
Y e VP (3.44)
This velocity can be found using Equation 3.43:
* n At n n

As for the pressure, it can be found by taking the divergence of Equation 3.44. Applying the

divergence-free property of the u"*!, 3.44 becomes the elliptic Poissson equation:

1 V.-u'
Vi, - \Y = 3.46
which is non-separable in parallel computing due to the density discontinuity present in two-
phase flows (p, # pa). A parallel 3D V-cycle multigrid solver is used herein for this equation,
which is a modified scheme based on the work by Kwak and Lee [2004]. More description of
this framework can be found in Shin et al. [2017]. Since the pressure is found, the updated

velocity can be obtained using Equation 3.44:

At

ntl pn+1 Vhp. (347)

u =u* -

For a second-order method for the integration in time, from a programming point of view, two
first-order steps could be implemented and then average u™ and u"*? [Tryggvason et al., 2011].

This process is therefore equivalent to what is shown above.

3.1.4.2 Spatial discretization

Spatial discretization of the governing equations in this work is implemented using the well-
known staggered mesh, Marker-and-Cell (MAC) method [Harlow et al., 1965]. In this method,
the material properties are stored on a separate grid, as opposed to the so-called collocated grids
where the variables are located on the same grid node. Specifically, the pressure, surfactant
concentration, and vector valued distance function are located at the cell centers while the
components of velocity are stored in the cell faces. These quantities are transferred between
grids via linear interpolation if required, for example, velocity components needed at the cell
centers are linearly interpolated from cell faces. Furthermore, the convective term on the
left-hand side of 3.21 is approximated using a discretization scheme coupled with a second-
order Essentially Non-Oscillatory (ENO) method [Shu and Oshers, 1989, Sussman et al., 1998],
while the rest of spatial derivatives are approximated using standard second-order centered
differences. The corresponding discrete expressions can be found in Shin and Juric [2002], Shin
et al. [2005].
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3.1.4.3 Communication between Lagrangian and Eulerian grids

As described previously, both Lagrangian and Eulerian grids are used in LCRM framework,
indicating that the information transfer is required when solving variables (or material proper-
ties) stored on these separate grids. Herein, the immersed boundary method (IBM) developed
by Peskin [1977, 2002] is applied to connect Eulerian and Lagrangian variables via a smoothed
approximation of the Dirac delta function [Shin and Juric, 2002]. This function is used to
distribute Lagrangian variables over several FEulerian grids near the interface, and similarly

interpolate Eulerian variables from the fixed grid to the Lagrangian interface.

To briefly illustrate this, consider the integral of an interface source term, m, (similar to the

last term in Equation 3.21) can be generally written as:

M = /Smé(x — Xg)ds. (3.48)

Take a 2D domain as an example, consider an interface discrete source term m, stored at a
Lagrangian grid point positioned at x, = (z,,y,), while a discrete field variable R;; is located
at x;; = (x5, v;;) on the Eulerian grid, where each cell has dimensions (Az, Ay). Accordingly,

m,, can be distributed on the Eulerian grid, denoted as m,;, by using:
mg;; = Z mpDij (Xp)AS, (349)

where D;;(x,) is the IBM distribution function at the point p, and As represents the interface
element length (or element area in 3D domains). Similarly, R;; can be interpolated to the

Lagrangian front as R, via discrete summation written as:

R, = RyDy(x,)AxAy. (3.50)

i7j

The distribution function D;;(x,) employed herein is adapted from the work done by Peskin
and McQueen [1995], which is defined as:

h(d.)h(d,)

where d,, d, represent the scaled distances between the interface and the grid line. These terms

Tp

are explicitly defined as d, = 32 — x;; and similarly for d,. Furthermore, the function £ is

formulated as follows with d representing either d, or d,:

ha(d) jdl <1,
h(d)=491/2—hm(2—d) 1<|d <2
0 |d| > 2
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@ clement center

Interface element e

@ vertices
@ probe points on edges
]— normal directions
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Figure 3.6: Schematic diagrams for an individual interface element with element area of A.. The element is
composed of three edge line ab, be, and ca. (a) Geometrical information on the element: surfactant interface
concentration I'y is stored at the element center x., and T'yp, e, and I'., are the interpolated values at the
mid point of the three edges, respectively; relevant vectors for this element are annotated, including the normal
vector at the center of element, and vectors at the element edges including normal (yellow), tangent (blue),
binormal (green). (b) Exemplified implementation of probing technique in the directions of p (edge ab) and t
(edge bc).

where

3 —2|d| + /1 +4|d| — 4d?
)= 37204

3.1.4.4 Surfactant interface concentration

For the solution with regard to the surfactant concentration at the interface (3.23), the CFD
code follows the derivation of Muradoglu and Tryggvason [2014] except for the diffusion term
(DyVZT) to retain the LCRM’s ease of parallelization. Accordingly, the integral of the transient

and convective terms (left-hand side’s terms) can be discretized using Leibniz formula:

/A e {a_r + Vg - (Fut)} dA, ~ (LA™ — (PAe)n, (3.52)

ot At

where A, represents the area of the triangular interface element as shown in Figure 3.6 and
n,n + 1 refer to the time-levels. In a similar manner, the right-hand side of Equation 3.23 can

be rewritten into its discrete form:
/ (DsVEl + J,) dA. = D, / / Vil dA + (J,A)" (3.53)
Ae Ae

Here, the first term on the right represents the surfactant diffusion along the interface, which
is the sole obstacle when implementing time integration for surfactant conservation equation
at the interface. From the formulation of Muradoglu and Tryggvason [2014], this term can

be evaluated as a line integral along the edges of the element C', which has been depicted in
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Figure 3.3:
Ds// vgrdAe:Ds/ Vsl - pds. (3.54)
Ae C

In this equation, p refers to the binormal vector presented in Figure 3.6, which is orthogonal to
both normal and tangential vectors at the element edges. This line integral can be computed

as a discrete summation of the interface gradients (VgI') along the element edges, leading to:

3
DS/ VSF . pdS = DS Z(V5r>k . pkASk (355)
¢ k=1
= Do [(VsT)py Asap + (VD) Aspe + (VsT)pu Aseal (3.56)

where Asy, refers to the length of edge k£ as exemplified in Figure 3.6a. In addition, it is shown
that the interfacial surfactant concentration I'y is stored at the element center x.. With this
information, the interpolated I'y at each edge can be obtained, which refer to I'y, 'y, and T',,
presented in the figure. Using these values, (VsI'); - px, which denotes the interface gradient in
the p direction, can be computed via a probing technique which was originally introduced by
Udaykumar et al. [1999]. As showcased in Figure 3.6b, following the construction of the probe
point X, at the interface element edge (using the contour level of distance function ¢ = 0),
surfactant concentrations I';, and I',,; are interpolated at the either side of the interface from

Xq- The interface gradient can then be gained as:

Fout - Fm

Vepal = =50

(3.57)

where dl is taken as the grid size herein. The corresponding gradients at edges bc and ca can
be obtained using the same procedure and the resulting direction is exemplified at edge ca as
shown in Figure 3.6b. From above, the updated surfactant concentration at the interface can

be obtained via:

A" 0T
n+l _ 1n e D. n
[+ (AQH) + At {AQH + Jn} , (3.58)

where 0I'}, is equivalent to the right hand side of Equation 3.55. Details of procedure for
updating I' is demostrated in Shin et al. [2018].

The derivation above shows the computation for interface gradient in the p direction. Moreover,
for further computation regarding the interfaceial forces, interface gradient in the t direction
is required, which can be obtained via the same procedure except for I'jes; and I'yjgp are
interpolated in this case on either side of the probe point along the element edge (refer to

Figure 3.6b). Hence, the gradient can be formulated as:

Fright - Fleft

Vsanl' = 2d1

(3.59)

From above, each Lagrangian element stores the values of e, I'yighe, I'in, owr and I', which
could be transferred to the Eulerian grid for the implementation of LCRM. This can be simply
achieved through the IBM methodology described in the previous section, replacing the interface
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Figure 3.7: Schematic representation of the ghost points near the interface. The two red dots are the defined
ghost nodes in the dispersed phase, storing the extrapolated values of bulk concentrations. Diagram is adapted
from Shin and Choi [2016], Shin et al. [2018].

term m with I'. The implementation of changing interface tension is referred to Section 3.1.4.6.

3.1.4.5 Sharp boundary condition for surfactant bulk concentration

The governing equation for surfactant bulk concentration is a straightforward convection-
diffusion equation (2.8). The main challenge in solving this equation lies in addressing the
source term at the interface, n - VCy,,, which appears in Equation 2.13. Recall that Cyy, rep-
resents the surfactant concentration in a region of bulk phase adjacent to the interface, this
source term connects the surfactant concentrations in the bulk and at the interface via [Shin

et al., 2018]:

LC] Jua
n- Vcsub = 8_1’1 b = —Fb (360)

In conventional front tracking method, this interfacial source term is embedded in the gov-
erning equation using a Dirac distribution, which requires an iterative fitting to the prescribed
boundary values at the interface. In contrast, current methodology applies a ghost-type method
[Fedkiw et al., 1999, Sussman et al., 2007] modified by Shin and Choi [2016] to enforce the above
condition for the surfactant bulk concentration. Key features of this method is briefly described
here and more details can be found in the listed studies. As mentioned earlier, the surfactant
in this study is exclusively soluble in the continuous (or aqueous) phase, and consequently,
bulk concentration is only allowed in that phase. Accordingly, the ghost method defines “ghost
nodes” in the dispersed phase which store the extrapolated concentration values (Cghost) from
the continuous phase (refer to Figure 3.7). The concentration gradients at the interface can

then be approximated using first-order gradient formulation written as:

oC o CVghost - st

e = s (3.61)

where Cx, represents the surfactant concentration on the interface element, and dsp;, is the

minimum distance between the interface and the given ghost node, as shown in Figure 3.7.
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The ghost nodes are found using the distance function [Shin et al., 2018] (see Section 3.1.3).
With Equation 3.60 and 3.61, the concentration at the interface boundary Cypnest can then be
computed using the updated surfactant concentration field obtained through the procedure

described in the previous section.

3.1.4.6 Implementation of interface tension varying with I'

From the derivation of the momentum equation (3.21), the interface tension force is divided

into its normal and tangential components, denoted as F,, and Fy, respectively:
F, = /(Jkan—i- Vgo)ds = / oxknds + / Veods =F, +F..
S g g

According to Shin et al. [2005], F,, can be expressed by a hybrid of the Langrangian represen-
tation Fy and the Eulerian representation Fg. In the classic front tracking approach, Fp is
computed directly on the Lagrangian interface grid and then distributed onto the Eulerian grid

using the IBM:
F; = / oknd(x —xg)ds = ok G, (3.62)
s

where ky, is twice the mean interface curvature obtained directed from the tracked interface,
while kg refers to the Eulerian expression for the curvature [Shin et al., 2005]. Here, the term
G is then defined and calculated using the IBM distribution function, which takes the form of
Equation 3.48 and 3.49:

G = /n5(x —xg)ds, and Gy; = Z n,D;;(x,)As. (3.63)
S S

It can be easily observed that G can be computed by solving the Poisson equation (3.39) as
G = VH. Furthermore, by applying the scalar product on both sides of Equation 3.62 with G,
the term orpy can be expressed on the Eulerian grid using the quantities that solely computed

on the tracked interface:

F, G
= . 3.64
ORKg G. .G ( )
which gives the final expression of F,, as:
F, -G
F, = VH. 3.65
c.aVH (3.65)
Similarly, the tangential component F, can be expressed in the form of d—function:
F, = / Vsod(x —xg)ds (3.66)
S

Regarding the approximation of this component, it involves the interface gradient of the inter-
facial tension Vgo, which is intrinsically related to the surfactant concentration VgI' through
the Langmuir equation of state (3.25). Hence, the evaluation of Vgo is implemented following

the same probing approach as illustrated in Figure 3.6, along with the equations 3.57 and 3.59.
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Vo can be further decomposed into components in the p and t directions:
Vgo = (Vga)pp + (VsO')tt (367)
Thus, in the similar fashion of Equation 3.55, F, can be obtained through this equation:

Fo= ) [(V)ab)e + (V)ut)] 6(x —x1) Ay, (3.68)

k=ab,bc,ca

where A; denotes the one-third of the element area, which is bounded by two vertices and the

element center, as depicted in Figure 3.6b exemplified by A,.

3.1.4.7 Implementation of fluid-solid interaction force

The last crucial element in solving the governing equations is to incorporate the complex ge-
ometry of the impeller and its rotation. This is achieved herein via the implementation of the
so-called direct forcing method [Fadlun et al.; 2000], embedding additional body force source
term, the fluid-solid interaction force Fg;, in the momentum equation (3.21). This force is
numerically defined using the latest step of the time integration of 3.21:

un+1 —u”

P Ar local” + F{,, (3.69)

where the term “local” stands for the right-hand side of Equation 3.21 consisting of the pres-
sure gradient, viscous, gravitational and interface tension force terms. In the solid domain

corresponding to the impeller, the rotational motion is enforced via V"1

Y—Y
u' =V = 27N [ — (2 — ) (3.70)
0
where (xo,y0) = (4.25,4.25) represents the position of the impeller axis. Hence, Ff; can be
calculated as:
n+1 _ u”
B = TV local™ (3.71)

Finally, the no-slip condition is imposed on the velocity and the interface at the edge of the

impeller parts.

3.1.5 Validation

The CFD framework detailed above has been extensively validated against series of numerical
simulations involving complex interfacial phenomena, including capillary breakup in a turbu-
lent jet [Constante-Amores et al.; 2021}, the bursting of bubbles interfaces [Constante-Amores
et al., 2021], and the coalescence of drops with interfaces [Constante-Amores et al.; 2021]. Spe-
cially, exceptional agreement with diverse scaling arguments has been shown in these works.

In addition, this code has been examined with experimental data and empirical correlation for
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studies involving falling film [Batchvarov et al.; 2020] and drop impacts [Constante-Amores
et al., 2023]. Furthermore, the feasibility of the model has been proved through industrially
relevant scenarios such as capillary tubes for microfluidic applications [Batchvarov et al.; 2020]
and industrial mixing processes [[Kahouadji et al., 2020]. In the case where surfactant is present,
a systematic validation against several analytical solutions regarding the surfactant module is

provided in [Shin et al., 2018].

Although the aforementioned studies have demonstrated the capability of the CFD code reli-
ably predicting fundamental interfacial phenomena, such as ligament stretching and retraction
[Constante-Amores et al., 2020], and fragmentation through capillary instability [Constante-
Amores et al., 2021], which are the core physical mechanisms investigated in Chapter 4 and 5,
this section provides additional test to cover interfacial dynamics observed in more specific and
applied configuration relevant to this thesis, namely agitated mixers. Section 3.1.5.1 provides
a validation against drop breakup in the absence of surfatcant, along with a mesh sensitivity

test, whereas Section 3.1.5.2 focuses on a system with surfactant present.

3.1.5.1 Clean single drop breakage in stirred vessel

All the predictions via the described simulation configuration have been validated against the
experimental work of Hancil and Rod [1988], who carried out a single drop breakup experiment
in a stirred vessel. To verify the reliability of the predictions via above-described simulation
setup, we duplicated the experimental setup of the work (see Figure 3.8a,b) as my simulation
configuration and predicted the breakup of a single drop of volume 39 mm? inside such a mixer
(Re = 5110). The goal was to confirm that the simulation can correctly predict the number
of daughter drops which was reported as 6 in the experiment. Since the authors provided no
information for the initial position of the drop, its clearance from vessel bottom and its radial
position relative to the vessel center were fixed as 10mm and 20mm, respectively. Meanwhile,
different initial positions were tested by changing the azimuthal displacement (6) of the impeller
before it touches the drop (via clockwise rotation). Herein, the initial position of § = 120°and
the corresponding predicted daughter drops ng4q are presented in Figure 3.8¢,d. As shown
the prediction of ngg is 5; this is reasonably close to the value reported by Hancil and Rod

particularly considering the uncertainty related to the initial condition highlighted above.

Subsequently, a mesh stability test was implemented by repeating the prediction with low,
medium, and high computational resolutions, which give the values of smallest mesh size (in
unit of volume [cm?]) from coarse to fine as 6.71 x 107°,1.99 x 107>,2.48 x 1075, respectively.
As shown in the Figure 3.9, the prediction of ngg for three tested resolutions stay unchanged.
Additionally, the drop sizes for the produced drops from the three resolutions are recorded
in Table 3.1. It can be noted that the drop sizes converge well, particularly the fact that
the deviation from reference case (of highest computational resolution) decreases with higher
resolutions. Through the validation and the mesh stability test, it is verified that the mesh

size used in Chapter 4 for the emulsion process (3.75 x 10~°cm?®, comparable to 1.99 x 1075)
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Vessel Geometry [cm]

vessel diameter, T’ 5
vessel height, H )
Impeller Geometry [cm]
clearance, C 0.8
impeller diameter, D 4
shaft radius, r, 0.2
blade length, [ 2
blade height, h 1.2
blade thickness, w 0.2
Computational Domain
domain size 5.2% [em?] .
total grid number 1923 (®)

(d)

(a)

Figure 3.8: (a) Details of mixer geometry and (b) schematic configuration for the single-drop breakup
validation against experimental data [[ancil and Rod, 1988]; (¢) initial drop position and (d) the predicted
emergent number of daughter drops ngyg following breakup.

is sufficient to provide reliable prediction of real liquid-liquid mixing, especially in this case
where the main concern is the macroscopic interfacial dynamic in such system. Nevertheless,
the mechanisms regarding drop coalescence will not be discussed in this thesis given that finer
resolution is required to uncover the coalescence process which involves more sophisticated
mechanisms such as film rupture and drainage. In this respect, simulations presented herein
are focused on illustrating drop breakup mechanisms, and the statistic analysis related to drop
size distribution along the mixing are mainly affected by breakup process. In other words,
the simulations are terminated at a statistical steady-state which occurs instantly after the
dynamics developing in the vessel stagnates, reducing to sporadic breakup and subsequent

coalescence chains. More details will be seen in the following result chapters.

Coarse resolution Current resolution  Fine resolution
Volume Abs. Deuv. Volume Abs. Dev.  Volume (Ref.)
Drop 1 2.386 x 10710 4.33% 7.686 x 1071 1.17% 5.771 x 10719

Drop 2 1.949 x 107° 1.13% 1.162 x 107 3.74% 2.438 x 107
Drop 3 5.430 x 107 2.16% 1.999 x 107 2.98% 3.570 x 107°
Drop 4 1.022 x 1078 2.24% 1.191 x 1078 1.39% 1.529 x 1078
Drop 5 1.344 x 1078 1.02% 1.982 x 1078 1.15% 1.613 x 1078
Average Dev. 2.17% 2.09% -

Table 3.1: Size (in volume [m?]) of daughter drops in the tested computational resolutions from smallest (Drop
1) to largest (Drop 5). Abs. Dev. is the absolute deviation of drop size calculated using the log-scale volumes
based on the fine resolution as reference (Ref.).
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Coarse resolution Current resolution Fine resolution
subdomains: 43 subdomains: 6° subdomains: 6°
grids per subdomain: 323 grids per subdomain: 323 grids per subdomain: 643
total grid number: 1283 total grid number: 1923 total grid number: 3843

(a) (b) ()

Figure 3.9: Mesh stability test with three resolutions and the corresponding predicted nqq.

3.1.5.2 Drop size in surfactant-laden stirred beaker

Simulations for surfactant-laden system have been validated against a recent experimental in-
vestigation on drop size in oil-water dispersion done by Liu et al. [2017]. In their work, the
temporal evolution of the drop size in terms of Sauter mean diameter (dsq) is reported for a
mixing time ranging from 60s to 7000s. However, from the perspective of high-fidelity simula-
tions, it is extremely time-consuming to simulate identical mixing system for such long period
of time. Fortunately, the intermediate d3s change from the initial instance to 60s is fitted to
a prediction model using the experimental data. Hence, the goal of this validation is to verify
that the simulation presented in Chapter 5 can capture dss as described by the prediction model

and the experimental data.

Similar to what have been done for the clean case, we replicated the experimental setup as my
simulation configuration (Figure 3.10a). To achieve the above-mentioned goal, we simulated
the mixing process up to t = 0.6s and tracked the dss evolution. The corresponding state of the
system is shown in the inset of Figure 3.10b. Subsequently, we performed a curve fitting using
the simulation data and the experimental data, which is presented in Figure 3.10b. As seen in
the zoom panel, the prediction data point coloured in green (reproduced from the prediction
model of Liu et al. [2017]) lie close to the fitted curve, which can be interpreted as the latter
being capable of correctly predicting the rapid variation in ds, at early to intermediate times

expressed by the prediction model. Taken together, these facts serve to illustrate that the
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Figure 3.10: (a) The simulation configuration reproduced from the experimental work of [Liu et al., 2017];
(b) the curve-fitting (black dotted line) using our simulation data (coloured in blue) and the experimental data
(coloured in red) from [Liu et al., 2017]. The green triangles in the zoom panel represents the sample data

reproduced from the prediction model, which is represented in Fig.10 in [Liu et al., 2017], and the inset image
shows the state of simulated system at ¢ = 0.6s.

numerical model used in this thesis can provide an accurate representation of the experimental
data, albeit for the computationally-accessible early times. This, therefore, indicates that the

results of the numerical simulations presented herein are physically reliable.

3.2 ML applications

One additional project has been performed in this thesis to explore the applicability of Al-
related techniques in the context of multiphase mixing with CFD simulation data, which is

presented in:

e Chapter 6, wherein an inexpensive time-series model has been developed using RNNs

for liquid dispersion performance forecast based on its initial observation

Here, a brief theoretical background regarding the machine learning (ML)-based techniques
utilised in the above-listed chapter is provided in Section 3.2.1. Following this, workflow devel-
oped is detailed in 3.2.2.

3.2.1 RNNs: LSTM and GRU

RNNs exhibit structure of loops which allow the information from one time-step to be passed
to the next. As displayed in Figure 3.11a, when an RNN is trained to predict a dynamical
quantity in the future from the past, the network incorporates the information from the input
observations x into the hidden state h, which is passed forward through time. The diagram
illustrates a dynamic loop where the current state is fed back into the network influencing its

future state. The presence of black square indicates that such an interaction occurs with a
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delay of one time-step. Once the entire historical sequence, x;, is scanned, the RNN learns
a summary, h;, of the relevant features in the past up to time ¢. Following this, an architec-

ture layer, known as output layer, is added to read information out of the h; to make predictions.

hy hy hsg
C, Cy  Cgr.g
LSTM > LSTM . —>( LSTM
unit > unit —> unit
hy hy  hgr,
X1 X9
(a) (b)

Figure 3.11: (a) Circuit diagram of a RNN with no output layers; (b) circuit diagram (left) and its unrolled
version (right) until a final time-step labelled as sequence length (SL) of a LSTM network. This figure is
reproduced from Liang et al. [2024].

A traditional RNN has only one hidden state, h;, which is sensitive to short-term inputs. In
contrast, LSTM networks harness a cell state C; to store the long-term information, as pre-
sented in Figure 3.11b. As with RNNs, the information flows through time in LSTM networks,
but both short-term and long-term memory are carefully carried via hidden state and cell state,
respectively. Several variants of the LSTM unit have been developed [Gers et al., 2000, Yu et al.,
2019] since the LSTM unit was first proposed [Hochreiter and Schmidhuber, 1997]. The stan-
dard LSTM [Gers et al., 2000] is used in Chapter 6 as it has been verified to outperform other
variants [Greff et al., 2017] and has been used extensively over a broad range of applications

[Cheng et al., 2022, 2023].

The core advantage of LSTM is its capability to control information deletion from or addition
to the cell state. As depicted in Figure 3.12a, the cell state runs through the LSTM unit at
the top of the diagram with some minor interactions, which implies that the information stored
in the cell state could propagate with slight or no changes. These interactions are carefully
regulated by different gates [Hochreiter and Schmidhuber, 1997]. The role of the first one, the
Forget Gate, is to decide how much information from C;_; should be discarded. This decision
is made by a Sigmoidal activation function o(z) = 1/(1 + e~*) looking at the previous hidden

state, h;_1, and the current input, x;:

ft = U(tht—l + Wth + bf) (372)
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Figure 3.12: Diagram of different gates in (a) standard LSTM unit and (b) GRU unit. This figure is reproduced
from Liang et al. [2024].

The subsequent Input Gate determines the new information to be memorised in C;:

iv = 0 (Wihy_y + Wix, + b;),
C; = tanh(Wehy_y + Wex, + be). (3.73)

Herein, the candidate cell state, C}, is introduced to describe the current input. Later, the cell
state is updated by:
Ct — ft @ Ct—l + it @ ét7 (374)

where ® denotes the Hadamard product, i.e., element-wise multiplication (A® B gives a matrix
of the same dimension with A and B, where elements are given by (A ® B);; = (A);;(B);;) of
vectors and matrices. Lastly, the Output Gate is applied to settle the final output of the LSTM

cell:

or = 0c(Woh—1 + Wox; + b,),
ht = O¢ ® tanh(Ct), (375)

which contains the hy, a cache of the recent information from h;_;, and long-term aspects from
C;. In the equations above, W and b are trainable parameters of LSTM unit, which represent
the weight vectors and the offset term for different gates, respectively. These equations are
computed for each time-step and hence with a subscript ¢t denoting the time-step. As described
above, LSTM is capable of learning aspects in long-time sequences and thus has been used
in modelling dynamical systems [[<im et al., 2019, Selvaggio et al., 2022, Zhong et al., 2023].
A detailed architecture of the model employed in this work will be presented in the pursuing
Section 3.2.2.

GRU is proposed more recently by Cho et al. [2014], which reduces the number of manipulating
gates to two. This type of recurrent unit exhibits comparable performance to the LSTM. As
presented in Figure 3.12b, the two gates consist of a Reset Gate, ry, and an Update Gate, z,
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which could be written in the form similar to those in the LSTM unit:

re =o(W,hy—1 + W, x; + b,.),
Zt = U(tht—l + WZXt + bz) (376)

In addition, GRU-RNN has only one hidden state as the traditional RNN presented as:

Et = tanh(Wh(rt ® ht_1> + WhXt + bh>,
ht = (]_ — Zt) ® ht—l + Zt ® ilt. (377)

With these equations, GRU saves the one gate and one internal memory state and thus the
associated parameters to be computed. As a result, its training time is expected to be shorter
than that for LSTM. In Chapter 6 the performance of both architectures are compared briefly,

in addition to the computation time and memory occupation during the training.

3.2.2 Procedure for time-series prediction

The computational framework employed in Chapter 6 follows a three-stage workflow consist-
ing data acquisition (Section 3.2.2.1), data reconditioning (Section 3.2.2.2), and model train-
ing, deployment and explainability (Section 3.2.2.3), as illustrated in Figure 3.13 and detailed
throughout this section. Essentially, a multivariate RNN is developed capable of predicting
the temporal evolution of various dispersion performance metrics across multiple time-steps,

without requiring detailed knowledge of the mixing process itself.

3.2.2.1 Data acquisition

Problem statement: CFD simulation of mixing systems This work utilises high-fidelity
CFD data from the previous chapters, obtained through the simulations of the widely employed
stirred mixer in the industry handling two-phase liquid-liquid flows. The extracted data sets
comprise multidimensional time-series data containing three crucial metrics for evaluating dis-
persion performance: interfacial area growth (IA), drop count (ND), and DSD. The selection of
these parameters leverages the explicit and robust interface-tracking scheme, LCRM, integrated
into the CFD code used (see Section 3.1.3.3).

A comprehensive set of 14 simulations was considered, exploring various rotational speeds (V)
and surfactant profiles. These 14 cases are divided between clean (varying N) and surfactant-
laden systems. The specific parameters, combinations and value ranges explored for each set of
cases are detailed in Table 3.2. The split between training, validation, and test cases was set as
(9, 2, 3) achieving a rough 75-25% split between training and testing sets. The case selection
for each set was done manually to guarantee a sufficiently diverse split to capture all features
considered (i.e., surfactant activity and operational conditions). For instance, all three data
sets contain cases with either surfactant activity or different impeller rotating speed (as seen

in the legends for Figure 6.1 and 6.2 presented in Chapter 6). In addition, validation and test
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Figure 3.13: Flowchart that illustrates the architecture of the overall framework designed for training and
deploying a multivariate multi-step RNN model with two-phase mixing performance data from high-fidelity
CFD simulations. Colour-coded blocks denote general data pre-processing (teal) and model operations and
exploration (violet).

cases attempt to cover a broad spectrum of features by including both high- and low-solubility
surfactants, as well as clean cases with different impeller speeds. Specifics on the problem
formulation, numerical consideration and validation of each system have been detailed in the

previous Section 3.1.

Data pre-processing: Scaling, smoothing and DSD binning The initial set of fea-
tures considered in this study consists of two scalar quantities, namely, IA and ND, and a
variable-sized list of scalars (i.e., drop volumes) representing the DSD. To ensure dimensional
consistency in the first two features across all cases, a post-sequence truncation is applied up
to a final time-step 7y (see table illustration in Figure 3.14), which corresponds to the length of
the shortest sequence within the pool of cases. However, the length of the DSD feature remains
dependent on the number of drops at each time-step ¢ (ND;), which is inherently linked to the
governing physics of each case. This disparity results in a three-feature input sequence with a

case-specific, uneven feature size of (1, 1, ND;) for each time-step t.
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Table 3.2: Simulation cases considered in this study, categorised into two groups according to the focus of
each study: varying surfactant properties and modification of impeller speeds.

Case Parameters and value ranges # Cases
Surfactant profiles Bi =[0.001, 1]
Bs = [0.5,0.9] 3
Operational configuration N(Hz) = [5,10]

Managing input sequences with varying feature lengths poses a difficulty for the network archi-
tectures implemented here, as RNN, especially standard LSTM networks are designed to have a
predetermined fixed structure (i.e., consistent parameter size) [Staudemeyer and Morris, 2019],
hence necessicating fixed-sized input sequences with identical feature lengths [Gers et al., 2002,
Dwarampudi and Reddy, 2019]. This requirement of uniform size aims to prevent potential
concerns such as information loss and limitations on model’s capability to capture meaningful
long-term dependencies. Previous works have employed methods to address this issue, such as
padding, truncation, or “attention” mechanisms. The former two are frequently used in text
recognition [[Khotijah et al., 2020] and image processing [Dwarampudi and Reddy, 2019]. In
these methods, the length of the longest (padding) or shortest (truncation) sequence is consid-
ered as the reference, and each sequence is either padded with zeros or shortened accordingly by
removing data. Despite the advantages offered by longer padded sequences (as demonstrated
by Khotijah et al. who consistently achieved higher model accuracy with longer sequences)
and the easiness of truncating data sets, alternative methods have been proposed, for example,
nearest neighbour interpolation, arguing that padding could be computationally demanding
and naive truncation methods can lead to critical information loss [Wang ct al., 2020]. More
sophisticated methods such as attention layers [Chen and Ge, 2019] have presented remarkable
potential in adequately filtering relevant input subsets. Nonetheless, they have been seen to

fail when handling long-time-step predictions [Xiao et al., 2021].

From above, we tailored an approach specific to the current context to handle the fluctuating
DSD feature size without compromising the integrity of the data sets or substantially increasing
the model’s complexity and resource demands. The proposed method, depicted in Figure 3.14,
consists of transforming drop volume data into discrete drop counts for different size ranges.
These counts can be then partitioned into a fixed number of M bins ([By, Ba—1]), each repre-
senting individual features which track the quantity of drops entering or leaving a particular
size range over time. These features are subsequently scaled to a range of [0,1] through a
normalised probability density estimation procedure, using the count of each bin as density

estimate. This process is showcased in Equation 3.78 and 3.79 for a bin B; € [By, By/—1] at a

time ¢,
5., = p(C Che 3.78
i, —P( ln) = m; ( . )
D1 (C
ﬁl,t - ﬁ(cl,t) = ]\%—}ﬂ)a (379)
Zj:o n(Cy,)
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size range 1 size range 3 size range (M — 3)
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Figure 3.14: Schematic detailing DSD binning transformation. Top diagram showcases the drop size sorting
and counting process in each size range, while the bottom tables show the transition from variable-sized volume
lists (s = ND;) to discrete drop counts in a fixed number of bins (s = M). This figure is reproduced from Liang
et al. [2024]

where p;, and 7, denote the probability and normalised density estimators, respectively, for a
drop count value Cj, corresponding to B; at time t. ND, refers to total drop count at time ¢,
and w; stands for the width of B;. This approach introduces M additional features to the RNN,
thus increasing the computational resources required for training. However, the resolution of
the DSD (M) can be modified based on the systems under investigation, serving as a parameter
for fine-tuning that balances accuracy and computational cost. In this work, M was initially
set to 20, aiming to provide sufficient resolution for the DSD data based on statistical analyses
conducted in Chapter 5. To eliminate outliers and uninformative features (i.e., bins predomi-
nately remaining as 0 across the time frame), M was ultimately cut to 10 bins (By — Byg). This
involved proportionally removing the boundary bins at each end of the size range, yielding a
total of 12 features for the RNN to handle.

Finally, the ND and IA features were scaled and smoothed individually to mitigate potential
biases arising from their significantly different scales (~ O(10%) vs. ~ O(1)) and the sharply
fluctuating trend observed for the ND data. The scaling procedure was applied separately to
each feature on a per-case basis, using a linear sklearn MinMaxScaler method, which confines
values to a range of [0,1]. Subsequently, three smoothing schemes were tested, namely, mov-
ing average, Savitzky-Golay filter and Locally Weighted Scatterplot Smoothing, or “Lowess”.
Following an initial visual examination, the Lowess method with a fraction of § = 0.06 yielded
the best behaviour for the data. This selection was based on the filter’s ability to effectively

reduce noise in the ND feature while preserving other critical characteristics of ND and IA, for
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example, inflection points. This method conducts a weighted linear regression at each point
using a cubic weight function W (z) = (1 — |z|)3, based on the nearest N x § data points. The
normalised density estimation from the binned DSD data were not subjected to smoothing due
to their extremely noisy behaviour (see Figure 6.3 in Chapter 6). The methods explored herein
were found to be inadequate in retaining the most relevant temporal trends, particularly for

the boundary bins (i.e., the largest and smallest sizes).

3.2.2.2 Data reconditioning: Augmentation through windowing

Data augmentation involves generating synthetic data by incorporating existing knowledge of
invariant properties from the original data against specific transformations. This process lowers
the risk of model over-fitting and enhances its accuracy and generalisation capabilities by pro-
viding a diverse yet realistic dataset [Rashid and Louis, 2019]. While data augmentation has
been extensively explored for classification models in the domain of computer vision (e.g., flip-
ping, rotating, scaling images, adding Gaussian noise/distortion), it has been less explored in
time-series scenarios due to their vulnerability to transformation procedures [Rashid and Louis,
2019, Oh et al., 2020]. The augmentation methods used for image data are not well generalised
with time-series data, as some of their intrinsic properties, such as temporal dependency, are
not fully utilised by such methods. Hence, there is no guarantee that the meaning of the raw
data will remain unchanged [Oh et al., 2020, Wen et al.; 2020].

Though applying a frequency domain transformation to time-series data may enable the use of
certain methods, additional complications arise when dealing with complex or inherently inter-
twined multivariate time-series data [Wen et al., 2020], which is the case for the features studied
in this part. In such situations, it is suggested to develop a customised augmentation method-
ology that conserves the original data semantics [Oh et al., 2020]. Considering the above, and
given the limited number of simulation runs available for model training, we devised a basic
time domain sequence-to-sequence (S2S) rolling window augmentation scheme. This scheme
aims to expand the available training data while preserving their original characteristics. In
the following, the features of the data and the training procedure without augmentation is

examined.

Let X be the original time-series array of a case with dimensions D = (75 + 1, M + 2), where
7¢+1 and M + 2 correspond to the total number of time-steps and features, respectively. This

time-series array can be represented as:

Zo NDO IAO 7¢L0’0 cee ﬁM—LO
o e (3.0
fo NDTf IATf fLQ’Tf tee ﬁM_LTf

where z, € RM+2. The RNN training requires the original time series, X, to be divided into
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input (denoted as x) and target (denoted as y) arrays. The latter serve as the ground truth
for the model to evaluate its predictions. Accordingly, n; is defined as the number of input
steps to be fed into the RNN and n; as the target steps to predict into the future. Assuming
7p = n; +np — 1, we then define subsets x(), y{™) € X which refer to the input and target
sequences from the original time-series, with dimensions Dy = (n;, M +2) and Dy = (ny, M +2),

respectively, as given by Equation 3.81.

Zo L,
x T,

xm) — | g S (3.81)
Tn;—1 Lnitng—1

This method would lead to an insufficient training data sets (1 set per case). Therefore, the
case-wise windowing is implemented here to augment the number of input-target sequence pairs
{x(”i), y(”k)} from a single data set. This process is explained below and presented schematically

in Figure 3.15:

1. Window creation: This step is to split the original data set, X, into a set of n, + 1
w
J
Dxw and Dyw. These denotations follow the same definitions introduced earlier for n;

input and target sequences, denoted as {X ,y}"}?;”o, with arbitrarily reduced dimensions
and ny, but considering n; +ny << 7. The input/target pair is referred to as “window”,
and its size along the temporal axis is defined as s,, = n; + ng. The procedure starts by
building the first window, Window 0, from ¢, to ts,_1, as seen in Figure 3.15. This can
be expressed as:

Xy =X[0:n; —1,:], y§ =X[n;: s, —1,:].

2. Window rolling: Window 0 is then rolled forward to generate Window 1:
XY =X[1:n::], y9=X[n;+1:5s4,:].

This rolling operation follows a stride s defined by the user, which in this study was set
to s = 1 (see Figure 3.15). In general, the window for the next iteration j + 1 with s =1
is:

XPg =X +1:5+n,:], yi =X +ni+1:j+ 54,

3. Data stacking: The rolling procedure in step 2 is repeated n, times, where n,, is

determined by the expression n,, = 75 + 1 — s, taking s = 1. After each roll, the

generated input/target sequences {X

,y}p} in each window are stacked separately into
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new tensors Wx , Wy, respectively, as shown in Equation 3.82:

Zo T o Tyl
WX:{Xz)Uv"'7Xg)7"'>ng}T: x:l :L;2 xnl )
Trptl=sw Lrp+2-sw " Lrp—my (3.82)
L, Tpi+1 e xm«#nkfl
Wy _ {yg’, o ,y}”, o ,yx’w }T _ .'L’nt-—‘rl :Enj-+2 xnﬁ-nk ’
fo—nk—i—l :I"Tf—nk—i—Q e fo

where z; = (NDy, TA;, {fy,}125") € RM*2 Wy € Rrwxnx(M+2) and W, € Rrwxmex(M+2) - The
augmentation process outlined above avoids data leakage issues given the specific data loading

and training procedure used in this study, which will be discussed in the upcoming section.

In this work, n; and n; are user-defined parameters in the RNN architecture. These parameters
serve a dual purpose: specifying the number of input and output steps for the network and
limiting the number of windows generated. On the other hand, 74 is an inherent characteristic
of the original time-series dataset. It is worth noting that n;, n,, and thus n,,, can influence
the outcome of RNN training and rollout procedure. They determine how many times the
model iterates over its output and, consequently, the extent of error propagation the results
undergo (as discussed later). However, this aspect of the model was not treated as a tunable
hyperparameter as it would require reprocessing the entire raw dataset for each variation tested
during model training. This would lead to a significant increase in computational costs. The
values for (n;,ny) were set to (50,50), yielding n,, = 286 windows per case considering the mixer’s
7. Consequently, 2574 windows were allocated for the training set, whereas 572 windows were

generated for the validation set (more discussion can be found Section 3.2.2.3).

3.2.2.3 Model training, deployment and explainability

RNN model architectures & training procedure Recall that this work aims to construct
a multivariate RNN network to perform multi-step time-series predictions. The framework was
built using Python package PyTorch, which inherently supports multi-step input/target se-
quences with a consistent number of features. The first architecture examined is a simple
network composed of a single RNN layer (with either LSTM or GRU units) and one fully con-
nected layer (RNN-FC). The latter reads and reshapes the hidden state, h,, from the former
to generate a predicted sequence. As shown in Figure 3.16, the RNN layer processes a com-
plete input sequence of n; elements sequentially. Each element, z, € RM*+2 contains all M + 2
features per time-step, as explained earlier. Then, the hidden state from the last time-step,
h,,, 1, is fed into the FC layer to produce the predicted output sequence. This output sequence
consists of n; elements, each holding the same dimensions as those assigned to the elements

in the input sequence. Continuing from the previous discussion, Figure 3.16 showcases the
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Figure 3.15: Schematic representation of the time-domain S2S windowing procedure implemented in Chapter
6. Top part provides a tabular representation of the windowed datasets, while bottom figures illustrate the
rolling window procedure on top of a generic feature. Here, the window size is set to s,, = 6, where the number

of input and target steps is n; = 4 and ny = 2, respectively. The window is shown to be rolled with a stride of
s = 1. This figure is reproduced from Liang et al. [2024].

RNN-FC network handling Window 0, wherein it reads the first element W% = {X¥} as an

input sequence and predicts ¥, corresponding to the target sequence Wg’, ={yy}.

Despite the simplicity of the previous neural network, architecture tailored for multi-step fore-
casting have been developed with more specialised features. A common example is the RNN
encoder-decoder architecture (RNN-ED) as coined by Cho et al.. This is also referred to as a
multi-step RNN, which comprises two RNN sub-layers. The input layer, known as the Encoder,
derives a compressed representation of the input sequence, which is termed the encoded state.
The second sub-layer, referred as the Decoder, interprets this encoded representation and use
it to generate the predicted target sequence. Unlike the previous model, predictions in this
method are computed sequentially from the hidden states of the RNN units themselves, rather
than being derived from a single reshaping layer at the end of the network. As illustrated in
Figure 3.17, the last element of the input sequence, x,,_1, along with the encoded state of the
last RNN unit in the encoder layer (comprising its hidden and cell state h,,,_;, C,,_1, respec-
tively) are sent to the decoder layer, which is the one responsible for generating a time-step

prediction for each RNN unit.
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Figure 3.16: Diagram of an RNN-FC neural network architecture, where each unit can be either an LSTM or
GRU. This figure is reproduced from Liang et al. [2024].

An important advantage of this more complex architecture over the RNN-FC lies in its adapt-
ability to various training methodologies. Firstly, the predicted output of each RNN unit in the
decoder layer can be recursively fed back into the subsequent unit until an output of the desired
length is generated. This process is commonly known as recursive prediction. Alternatively,
true or target data can be exclusively provided to the decoder units for computation, a method
termed teacher forcing. Lastly, both predicted outputs and target data can be alternatively
fed throughout the decoder layer; in this case, the model is said to use mized teacher forcing.
For both teacher forcing and mized methods, a teacher forcing ratio parameter or t.f. ratio
is defined. Its role is closely related to the batch-wise nature of the training approach imple-
mented in this study, as discussed in more detail shortly. The ¢.f. ratio in mixed predictions
determines the proportion of true data versus predicted outputs used in the decoder layer of
the model per batch. On the other hand, the t.f. ratio for teacher forcing predictions dictates
whether batches exclusively receive ground truth or predicted outputs. In a nutshell, in the
mized method, batches are fed with a combination of ground truth and predicted outputs, while
in the teacher forcing approach, batches are exclusively provided with either true or predicted
data. In addition, a Boolean dynamic teacher forcing (d.t.f.) parameter is introduced. When
set to “True”, this parameter gradually reduces the teacher forcing ratio at each epoch (i.e., one

complete pass of the training dataset during model training). In this way, the model initially
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Figure 3.17: Diagram of an RNN Encoder-decoder (ED) architecture, implementing mixed teacher forcing
training. As with Figure 3.16, the RNN units can either be LSTM or GRU. This figure is reproduced from
Liang et al. [2024].
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learns patterns from the target data but gradually relies more on its own output to generate

future predictions.

In this work, a shuffled batch-wise training methodology was adopted for both RNN archi-
tectures. This method involves dividing the windowed tensors, Wx y, into smaller subsets or
“batches”, which limits the number of samples presented to the network during training before

each weight updates, thereby enhancing computational efficiency. In this scheme, a collection of
}batch size
Vi Y

w

input/target sequence pairs or windows, grouped into a batch Wyasen, = {X7, y¥ are
indexed and randomly shuffled before being fed into the network. By batching and randomising
sequences, the model’s capacity to generalise effectively across different datasets is enhanced, in
addition, its ability to identify common patterns is improved and it is prevented from learning
biases associated with the data order. Furthermore, in this context, window shuffling effec-
tively mitigates the risk of data leakage by preventing the model from unintentionally learning
dependencies between consecutive windows. This ensures that the model treats each window

as a unique and independent instance.

In addition, a custom loss function was incorporated during the training procedure, consisting
of a standard Mean Square Error (MSE) loss function with an added penalty term written as
Wy * Zfil(ReLU(—y}”)), where w, is a user-defined penalty weight; ReLU(z) denotes the
Rectified Linear Unit activation function, defined as max(0,z), and y; refers to a predicted
sequence. This penalty term aims to prevent negative predictions, which in this context, could
lead to non-physical results, such as negative drop count. This is achieved by identifying and
averaging all initially predicted negative values by the network, and then adding a fraction
of this average as penalty. In this way, loss decreases as negative predictions are minimised.
Moreover, two regularisation terms Lasso and Ridge regression, denoted as L; and Lo, were
added to the loss function to help manage over-fitting. L; introduces a penalty term based on
the absolute value of the coefficient magnitudes, expressed as l; Y ||, while Ly adds a penalty
based on the square magnitude of the coefficients, given by I, > 4% Both penalty terms are

regulated by coefficients [y, [, respectively.

In the final phase of model training, we implemented two key strategies: an early-stopping pro-
cedure and a “ReduceLROnPlateau” scheduler. The early-stopping mechanism continuously
monitors improvements in the validation loss score and saves the best-performing model be-
fore any degradation occurs, which effectively prevent over-fitting. Meanwhile, the scheduler
enhances model convergence by dynamically reducing the learning rate once the model per-
formance stagnates (i.e., when the validation loss stops improving). It is worth noting that
the scheduler applied here uses the well-known adaptive moment estimation (Adam) optimiser
[Kingma and Ba, 2014], which is also employed for the backpropagation process throughout

the training.
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Hyperparameter tuning Prior to initiating the training procedure to estimate the net-
work’s learnable parameters (i.e., weight and biases), we conducted a comprehensive parametric
sweep to optimise the framework’s user-defined parameters, also known as “hyperparameters”.
As explained earlier, the input and target sequence size (n;, ny) were not considered in this
tuning step due to computational constraints. The remaining hyperparameters adjusted in
this study include the hidden size (hidden state dimension), learning rate (step size for adjust-
ing model weights during training), batch size (number of windows fed during training before
weights update), and the custom penalty weight w,. These hyperparameters are tuned for both
network architectures and cell types. The coefficients [; and Il controlling the corresponding
regression penalty terms described prior were only varied for RNN-FC models, while the values
were fixed to zero for RNN-ED to prioritise other more influential hyperparameters. Addi-
tionally, the latter model consider three extra hyperparamters related to the training method
adopted in the decoder layer, as described previously, the “prediction type”, the “t.f. ratio”

and Boolean feature “d.t.f.”.

The exploration surrounding the above-listed hyperparameters were carried out using Al scaler
package Ray Tune. The hyperparamter sample space investigated is detailed in Table 3.3, along
with each network best-performing model configuration. It is worth mentioning that 85% of the
sample space were investigated in search for optimal configuration, representing a total of 2478
and 3060 parameter combinations for the FC and ED architectures. The parameter candidate
values were selected based on early sensitivity trials and their relevance in the context of this
work. For instance, a finer batch sample space was explored given the relatively limited dataset
available for training and validation. This decision was made because noise effects resulting
from varying batch size could have more significant impact on the generalisation performance of
the model. This is reflected in the widely different sizes obtained across the studied scenarios.
Other settings yielded expected results, such as nearly constant penalty weights, w,, given the
similar nature of all features. Similarly, from the search for FC architecture, the L; and Lo
penalty terms were essentially deemed unnecessary for the models, as over-fitting has already
been mitigated in various other ways, as previously described (e.g., batch randomisation). This
also supports the decision made prior that to fix these terms as zero for RNN-ED. On the
other hand, the LSTM-ED architecture preferred a recursive training method, implying that
the model does not rely on the ground truth to perform predictions throughout the decoder
layer but runs exclusively on its output from the onset. This is not the case when dealing with
GRU unit for ED network, which relies heavily on the ground truth given the preference for
a mized approach with a high ¢.f. ratio (0.4). In addition, this model tends to activate the
dynamic teaching forcing mode (i.e., d.t.f set as “True”), indicating its need for access to the

ground truth at the early stage to improve its performance.

Prediction via sequence generation (rollout) When trained, the model is expected to
predict the evolution of dispersion features, e.g., dispersed drop count, up to a desired future

time-step. Specifically, instead of performing time-consuming high-fidelity simulations for the

80



3.2. ML applications

Table 3.3: Hyperparameter search space and best-performing network configuration for each correpsonding
architecture and RNN unit type.

* batch size range lies between 8 and 40, with a step of 4 for RNN-FC and 8 for RNN-ED, rendering 9 and 5
parameter values for each case, respectively.

Network architecture

Hyperparameters FC (LSTM/GRU) ED (LSTM/GRU)
Value ranges Best Value ranges Best
Hidden size 64, 128, 256 (256/64) 64, 128, 256 (64/128)
Learning rate 0.002, 0.005, 0.01  (0.005/0.01) 0.002, 0.005, 0.008, 0.01 0.002
Batch size (8~40, 4)* (8/32) (8~40, 8)* 16
w, 0.01,01,1,10 0.1 0.01, 0.1 (0.01/0.1)
ly 0, 0.00001, 0.0001 0O N/A 0
ly 0, 0.00001, 0.0001 0.00001 N/A 0
Prediction type N/A - recursive, t.f., mixed (recursive /mixed)
t.f. ratio N/A ; 0.02, 0.05, 0.1, 0.2, 0.4 (-/0.4)
d.t.f. N/A - True, False (-/True)

entire mixing process, users of the model carry out the CFD simulation solely for early mixing
stage. The early observations of mixing performance metrics are subsequently fed into the
trained model which extracts information from the input and iteratively predicts the corre-
sponding evolution profile.

As explained earlier with the introduction of the windowing process and the model architec-
tures, the RNN network is designed to map an input sequence of length n; to an output sequence
of fixed length ny, where n; 4+ n; << 7. Recall that the objective of this work is to predict
the entire temporal evolution of the dispersion features up to the final time-step, 7, where
simulations are terminated. To achieve this, a “rollout” procedure is implemented, wherein the
trained model is iteratively reused until the desired time-step is reached. During each itera-
tion, the previous output sequence is fed back into the trained model to predict the next ny
sequence. The number of iterations or “rollouts” is therefore determined by the length of the

output sequence, following the expression r = (75 — n;)/ny.

The selection of n; and n; is not a trivial task since these two values determine the size and
number of data samples available for the model to be trained with (refer to Section 3.2.2.2),
which naturally has a direct effect on model performance and uncertainty. Considering the
differing lengths of the time-series data sets for each simulation case, acknowledging that they
were truncated to 7 = 385 and the values for n; and n; were fixed to (50, 50). Accordingly,

the number of rollouts, r, is computed as 7.

Uncertainty quantification from a ensemble of perturbed inputs After adequately
training the model, the next logical step is to estimate its prediction uncertainty. Regarding

this, many researchers have contributed to understanding and quantifying the uncertainty in
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Figure 3.18: Diagram showcasing the procedure of ensemble-based uncertainty quantification. Take ND as
an example, perturbations are introduced to the input sequence by adding noises, €, drawn from a Gaussian
distribution, A/(0,0.042), at each time-step, giving rise to the ensemble of perturbed inputs. All of the ensemble
members are fed into the trained model which progressively produces the ensemble of predicted sequences (with
a sequence length of 74 +1 —n;). r is the number of iterations determined by the target sequence length,
r = (7 —n;)/ng. This figure is reproduced from Liang et al. [2024].

a neural network’s prediction (see the comprehensive review by Gawlikowski et al.). Yet, an
approach to uncertainty quantification in current work is required to cope with the fact that
the trained model iterates over its output numerous times, as described above through the
rollout procedure. In other words, a method required herein is capable of tracking the evolving
model uncertainty and granting access to the model performance through the propagation. To
achieve this, an ensemble-based procedure, adapted from the ensemble forecasting technique
that has been extensively used in numerical weather prediction [Zhu, 2005, Leutbecher and
Palmer, 2008, Parker, 2013], is proposed.

As showcased in Figure 3.18, we started by introducing perturbations represented by € to the
input sequence. This involves adding noise, drawn from a distribution, to the feature values
at each time-step (Figure 3.18 takes ND as an example). Herein, a Gaussian distribution with
mean i = 0 and standard deviation (referred to as std. dev. henceforth) o, = 0.04 is used,
namely ¢ ~ N(0,0.04%), such that the feature values in the perturbed input sequence represent a
probable uncertainty arising from observed feature values at early dispersion. For instance, the
measured dispersed drop count at early times could be a few drops off if measurement errors
are considered. It is worth noting here that the added noise could lead to negative feature
values in the perturbed input sequence, which would be physically unrealistic; nonetheless,
the purpose of their inclusion is to examine the capability of the trained model to handle any
type of disturbance in the input data. In this way, an arbitrary perturbed input ensemble
containing 200 members is generated, which subsequently enters the trained model to produce
an ensemble of corresponding predicted sequences. With these sequences, the std. dev. was
computed across the 200 ensemble members at each time-step using the empirical std. dewv.
expression per sample:

> (bi —b)?
N.—1

Os.d. =

where b;, b, and N, denote the i*» member in the ensemble, the ensemble average, and the

ensemble size (N, = 200), respectively. Then, a prediction interval was calculated to give an
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overview of the range wherein the model prediction is likely to occur (with a 95% confidence)

given the unperturbed input sequence, which could be written as:
[:u — 20s.4., |t + zo_s.d.]a z = 1.96.

Finally, the prediction interval is used to suggest a fair indicator of the model performance,
namely the absolute residual between the targeted perturbed evolution and its predicted coun-
terpart from the trained model using the unperturbed input sequence. Corresponding results

and relevant discussion are presented in Chapter 6.
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Overview

This chapter bridges the gap in the understanding of all the stages of the oil-water emulsification
process, from the onset of drop breakup through to the attainment of a statistical steady-state
(which refers to a state that occurs instantaneously after the dynamics developing in the vessel
stagnates, reducing to sporadic breakup and subsequent coalescence chains as described later).
In particular, it constructs a transparent connection between the interfacial deformation, the
prevailing flow conditions (parameterised by the impeller rotational speed) and their associated
vortical structures. The validation associated with the simulation results presented in this
chapter has been presented in Section 3.1.5.1. This chapter provides a comprehensive discussion
of the vortical structures and interfacial dynamics inside the stirred vessel as a function of the
impeller speed (N = 1 —10 RPS with corresponding Re = 1802 — 18026 and We = 2.19 —219),

followed by an analysis of the drop size distribution.

4.1 Results and Discussion

In this section, the spatio-temporal evolution of oil-water emulsion formation in a stirred vessel
equipped with a PBT is demonstrated. More specifically, the effect of impeller speed on the
mixing process is comprehensively studied by exploring a wide range of frequencies, N = 1—10
RPS (i.e., Revolution per Second) with corresponding Re = 1802 — 18026 and We = 2.19—219.



4.1. Results and Discussion

First, a discussion surrounding the generated vortical flow structures and associated interfacial
dynamics is provided as a function of the impeller speed. Then, the results correspond to
an examination of the drop size distribution evolution and its dependence on Re and We are

presented.

4.1.1 Flow evolution

At the onset of impeller rotation, the impeller pumps the flow radially towards the vessel
wall, analogous to the von Karmén flow over a infinite rotating disc [Schlichting and Kestin,
1961]. The no-slip fixed vessel wall modifies this flow, along which the flow develops upward

to the interface, and then is dragged to the vessel center by a centrifugal force at the interface.

After this, a strong elongational flow pre-
sented at the vessel center drives the fluid to
travel down back to the impeller, giving rise
to the flow circulation shown in Figure 4.1.
The close-up view in this figure, where gold
and cyan are respectively used to designate
the oil and aqueous phases, the red solid line
for their interface, depicts the flow field prior
to the interface deformation for N = 5 RPS,
(Re,We) = (9013,55). The flow field is rep-

resented by streamlines drawn on a z—z plane

at y = 4.25 cm; such a format is followed by ) )
Figure 4.1: Flow field prior to the interface defor-

the flow field diagrams henceforth. As can mation (t = 8 x Rev.) for N = 5 RPS, (Re, We) =

be seen from Figure 4.1, there exists a rich (9013, 55), represented by streamlines drawn on a x — z

plane at y = 4.25 cm. The inset of the three-dimensional
dynamics and a flow field of high complex- vessel is coloured by the velocity magnitude; the blue
arrows displayed in the close-up view are scaled by the

) velocity magnitude, indicating the velocity orientation.
flow by the example for the lowest impeller This figure is reproduced from Liang et al. [2022].

rotational speed studied, N = 1 RPS corre-
sponding to (Re, We) = (1802, 2.19).

ity. Figure 4.2 demonstrates the evolution of

In addition to the above-described primary vortex (i.e., the flow circulation) generated at early
times (¢ = 0.5 X Rev.), a secondary vortex is created near the bottom of impeller (see Fig-
ure 4.2b). This vortex rotates radially in the opposite direction compared with the primary
vortex. Furthermore, a suite of vortical structures accompany the development of the primary
vortex, corresponding to Moffatt, blade-tip, and wall-end vortices (see Figure 4.2¢ — e). Since
the velocity is continuous across the interface, a large vortex is also created in the oil phase
but with the opposite circulation to that in the aqueous phase as the overlying flow is dragged
radially inward. At t = 6 X Rev., a swirling flow is observed near the interface in the aqueous
phase, which centrifuges the upper oil adjacent to it radially outward producing a small vortex
of opposite circulation to the large one (Figure 4.2f). Later, a vortex breakdown appears at

the interface in the oil (Figure 4.2¢g), which grows, squeezing the large meridional flow to the
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Swirling flows

Moffatt vortices

\ML % Blade-tip vortices

4 x Rewv. 6 X Rewv. 9.5 x Rev. 10 X Rew.

o Vortex breakdown
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&=ty Wall-end vortices

Flow separation

12 x Rev. 14 x Rev. 17 X Rev. 20 X Rew. 9.5 X Rev.
(4) (7) (k) (1) (n)

Figure 4.2: Spatio-temporal evolution of the vortical structures for N = 1 RPS, (Re, We) = (1802, 2.19) from
an initial static state (a) until ¢ = 20 X Rew. (I). In this and subsequent figures, the results are displayed in the
x — z plane at y = 4.25 cm, and cyan and gold are used to designate the aqueous and oil phases, respectively,
while the red solid line represents the interface location. Enlarged snapshots of the vortical structures with
corresponding annotations are shown for ¢ = 6 x Rev. and t = 9.5 X Rev. in (m) and (n), respectively. This
figure is reproduced from Liang et al. [2022].

sidewall until it gives way to two large circulation cells with a radially outward direction (Fig-
ure 4.2h — k). More discussion surrounding vortex breakdown at higher impeller speed will be
given later. The oil flow then remains in a configuration where the original meridional flow is
confined to a thin layer in the vicinity of the interface while the counter one dominates in the
oil phase (Figure 4.2]). On the other hand, in the aqueous phase, the counterpart of vortex
breakdown, the so-called flow separation, occurs close to the edge of the rotating impeller (Fig-
ure 4.2g). Moreover, the aqueous flow is characterised by a high level of turbulence involving

the development of a multitude of vortices of varying scales.

Recall the occurrence of vortex breakdown in the oil phase, this phenomenon is also observed
when impeller speed increases up to N = 5 RPS, which corresponds to a range of Re =
1802 — 9013 and We = 2.19 — 55. As seen, Figure 4.3 pictures the vortical structures when the
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flow has reached a statistical steady-state where the vortex breakdown has developed into the
dominant circulation cells along with the counter-rotating ones confined to a thin layer near the
interface. Though not presented herein, with higher Re and We, the vortex breakdown appears
earlier, for example, at t =~ 7 x Rev. for N = 5 RPS, (Re, We) = (9013, 55) in comparison to
t ~ 9.5 x Rev. for N =1 RPS, (Re, We) = (1802,2.19).

(a) (b) (c) (d) (e)
Re = 1802 Re = 3605 Re = 5408 Re = 7210 Re = 9013
We =2.19 We = 8.76 We =19 We =35 We =55

Figure 4.3: Vortical flow structures for N = 1—5 RPS corresponding to (Re, We) combinations of (1802,2.19),
(3605,8.76), (5408,19), (7210,35), and (9013,55) are shown in (a) — (e), respectively, at t = 25 x Rev. when the
flow has reached a statistical steady-state. This figure is reproduced from Liang et al. [2022].

When higher impeller speed is considered, i.e., N > 5 RPS, the generated flow field is mod-
ified accordingly. In Figure 4.4, the spatio-temporal evolution of the vortical structures for
higher impeller cases is presented, exemplified by N = 7 RPS and 10 RPS, corresponding to
(Re,We) = (12618,107) and (Re, We) = (18026, 219), from an early-time state (at t = 2x Rev.,
see Figure 4.4a) to a stage of the flow at which the deforming interface has reached the im-
peller (at ¢ = 9 X Rewv., see Figure 4.4f). During the early stages of the flow, the vortical
structures observed are similar to those seen for lower impeller speed in that the primary and
secondary vortices are generated accompanying the occurrence of rich vortical structures in-
cluding Kelvin-Helmholtz vortices (Figure 4.4b). However, instead of the subsequent vortex
breakdown, the streamline configuration for higher Re and We indicates a strong tendency of
the interface to be dragged towards the impeller (Figure 4.4¢). Although the aqueous phase is
dominated by the primary vortex, there are a number of secondary vortices close to the vessel
sidewall adjacent to the interface, pumping the fluid upward along the wall (Figure 4.4c — f).
This could be the cause of the slight fluctuation of interface height (represented as red solid
line). When impeller speed increase further (N = 10 RPS), the vortical structures in the oil
and aqueous phases during the early and intermediate stages of the dynamics resemble those
discussed above, as presented in the bottom panels of Figure 4.4. Nonetheless, the strength of
these vortices is higher as indicated by the earlier interface deformation (stretching) shown in
Figure 4.4k.
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2 X Rev. 4 x Rev. 5 X Rev. 7 x Rev. 8 x Rew. 9 x Rev.

(@ . © @ (@ ()

Figure 4.4: Spatio-temporal evolution of the vortical structures for N = 7 and 10 RPS, corresponding to
(Re,We) = (12618,107) and (Re, We) = 18026,219 at t = 2 — 9 x Rev. shown in (a) — (f), respectively. This
figure is reproduced from Liang et al. [2022].

4.1.2 Interfacial behaviours

Following the flow field pictured above, the spatio-temporal evolution of interface shape is
now presented. Firstly, in the case of low and moderate impeller speeds, it is observed that the
deforming interface remains in a statistical steady-state assuming a shape of so-called Newton’s
Bucket [Laymon, 1978, Jansson et al., 2006, Kahouadji and Witkowski, 2014] (see Figure 4.5).
In addition, the depth of Newton’s Bucket increases, getting closer to the impeller, with higher
Re and We. More specifically, for N = 1 — 3 RPS, the impeller speed is not sufficient to
generate single dispersed drop in the system, whereas liquid dispersion begins to occur in the
case of N > 4 RPS.

For a system of low Re and We, the liquid dispersion in the studied configuration is achieved,
generally by following several steps: (1) interface deformation, (2) ligament formation, and
finally (3) drop breakup. This process is presented by exemplifying the mixing system with
N = 4 RPS, (Re,We) = (7210,35), as displayed in Figure 4.6. As the impeller rotates,
the azimuthal velocity generated by the impeller exerts a torque on the interface, deforming
it and then dragging it toward the impeller (Figure 4.6a — b). For this particular impeller
speed, the impeller rotation is not sufficiently rapid so as to cause the interface to reach the
impeller; instead, the interface deforms into a helical shape as seen in Figure 4.6¢. Later, a
long ligament detaches from the deforming interface, which subsequently breaks into a group of

daughter drops (Figure 4.6d,e). After that, a large dispersed drop spirally stretches to become
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(d)
Re = 7210
We =235

(b)
Re = 3605
We = 8.76

Figure 4.5: Interface shape at a statistical steady-state for N = 1 — 5 RPS corresponding to (Re, We)
combinations of (1802,2.19), (3605,8.76), (5408,19), (7210,35), and (9013,55) shown in (a) — (e), respectively, at
t = 25 x Rev. This figure is reproduced from Liang et al. [2022].

longer and thinner before it reaches the impeller and meanwhile reattaches the deforming
interface (Figure 4.6f — i). This cycle of ligament detachment, breakup and re-attachment is
repeated until the system reaches a statistical steady-state where small drops remain dispersed
in the aqueous phase together with the deforming interface in the shape of a Newton’s Bucket
(Figure 4.6j —1). The existence of both ligament re-attachment, due to the action of interfacial
tension, and elongation, due to the interaction with the turbulent flow, highlights the presence
of the delicate interplay amongst the various competing forces which results in the complexity
associated with the mixing process. Furthermore, particularly for N = 5 RPS, the deforming
interface initially attaches to the impeller (instead of what is described for N = 4 RPS),
producing dispersed drops, and subsequently retracts due to the interfacial tension competing
against the elongational flow. This leads to the cessation of interface-impeller contact and no
further ligaments being produced; meanwhile, the dispersed drops are likely to travel up to the

overlying oil phase given the underlying flow field, and in addition, due to buoyancy.

A close-up view of the drop breakup process is provided in Figure 4.7, which presents the
concurrence of multiple drops pinch-offs along one single ligament. This figure presents the
possibility of the employed CFD simulation to serve as data source for constructing population
balance models, especially drop breakage models, which requires the knowledge of daughter
drops produced via breakup. Close inspection reveals that the ligament initially takes time to
elongate, giving rise to thread-like regions between nodules, which continue to thin until they
break up into individual droplets via a capillary instability (described in details in [Janssen
and Meijer, 1993] as “transient dispersion” and “capillary breakup”). This mechanism is also
analogous to the “end-pinching” phenomenon depicted in [Janssen et al.; 1994], which refers
to the breakup of an elongated drop after a sudden halt of the flow rate, where the flow rate

interruption corresponds to the inherently periodic velocity field [Wu and Patterson, 1989,
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Li et al, 2017, Fan et al., 2021] introduced by the impeller rotation herein. To explain the
phenomenon observed within the mixing system, we examined closely the vorticity profiles
around the ligament. Figure 4.8 presents four horizontal planes that depict the flow, coloured
by the vorticity magnitude. As shown, these diagrams illustrate the relative position of the
ligament to the vorticity distribution in the flow plane, that the ligament (represented as
white solid lines) lies in the high vorticity region (coloured in red) generated by the impeller
rotation. This interaction of the strong vorticity with the interface leads to the instability of
the ligament; such an effect is particularly pronounced in the near-impeller regions where the

vorticity magnitude is dramatically larger than those close to the vessel walls.

When the impeller speed is increased (N > 5 RPS), no retraction of the deforming interface
from the impeller is observed. In Figure 4.9a — f, the evolution of interface shape for N =7
RPS, (Re,We) = (12618,107) is shown for ¢ = 9 — 25 x Rev. After the interface reaches the
impeller (Figure 4.9a), it is further stretched radially and long oil ligaments are created when
the impeller blades cut through the rotating curtains (Figure 4.9b). The long ligaments sub-
sequently stretch to become thinner until pinch-off occurs, giving rise to multitudes of smaller
drops (Figure 4.9¢). After that, the formation of new ligaments remains in place as seen in

Figure 4.9d. The small drops created from ligament breakup either travel upwards under the

8 x Rewv. 10 x Rew. 12 x Rew. 13 x Rew. 13.5 x Rev. 14.5 x Rev.
(a) (b) (c) (d) (e) (f)

15 x Reuv. 15.5 x Rew. 16 x Rev. 16.5 x Rev. 18.5 x Rev. 20 x Rev.
(9) (h) (4) (7) (k) ()

Figure 4.6: Spatio-temporal evolution of interface for N = 4 RPS, (Re, We) = (7210, 35) from a state where
the interface starts to deform (a) until ¢ = 20 x Rewv. (I). This figure is reproduced from Liang et al. [2022].
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Figure 4.7: Close-up view of single ligament breakup into drops for N =5 RPS, (Re, We) = (9013, 55) during
time frame ¢t = 16.375 — 16.625 x Rev. This figure is reproduced from Liang et al. [2022].

w magnitude

Figure 4.8: Vorticity in the ligament surroundings for N = 5 RPS, (Re, We) = (9013,55). Four horizontal
planes generated at z[cm] = 0.82,0.70,0.65,0.58, corresponding to the red-, blue-, green-, and yellow-labelled
planes, are coloured according to the vorticity magnitude. The side- and top-view of the ligament are presented

in the middle, and parts of the ligament are highlighted by white solid lines in the vorticity panels. This figure
is reproduced from Liang et al. [2022].
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action of buoyancy, eventually merging with the oil phase (Figure 4.9¢), or remain dispersed in

the aqueous phase until they coalesce with other drops.

At larger impeller speeds, drop coalescence starts to dominate over breakup, as revealed by the
inspection of Figure 4.9g—1[. In contrast to the lower Re and We cases discussed above, a larger
torque is generated in the present case which results in a deforming interface of a helical shape
with four rotating curtains (Figure 4.9¢g). Later, long ligaments are rapidly and continually
created from the impeller tips; consequently, they merge to form a relatively large mass of oil
that collects around the vessel bottom before breaking up into smaller drops (Figure 4.9h).
Likewise, as can be seen in Figure 4.97, the dispersed phase in this high Re case is composed
mainly of stretched oil ligaments rather than the individual drops observed to accompany
the process at lower Re. An additional remark to be made is that, with increasing time, an
increasing amount of oil is entrained into the aqueous phase; as a result, the latter is displaced
upwards along the vessel sidewall lifting the interface as seen in Figure 4.97, k. Finally at t =
25 X Rewv., the dynamics is characterised by complex interfacial topology; it is notable that the
number of small droplets has decreased due to coalescence giving way to large dispersed-phase
structures resulting from the merging of ligaments and drops (Figure 4.91). More discussion
surrounding the number of dispersed drops and their size distribution as a function of the

impeller speed is provided in the following section.

From the above discussion, we recall again the occurrence of vortex breakdown in the oil phase;
we noticed that this phenomenon aligns with the statistical steady-state where the interface
remains in the shape of a Newton’s Bucket. With this, it may be possible to use the onset
of vortex breakdown as an indicator of, and a surrogate for, the fact that the interface will
eventually remain sufficiently far from the impeller and therefore unattached to it, at steady
state. A methodology that focuses on the detection of vortex breakdown (whether it occurs or
not) for a given set of parameters, and then tracks the dependence of the breakdown over a
range of such parameters, can lead to a map in (Re, We) space in which the region of limited
mixing is demarcated. Such an approach would obviate the need for lengthy computations to

resolve the intricate and rapidly evolving interfacial dynamics.

4.1.3 Drop count and their size distribution

From an industrial point of view, it is often important to track the evolution of the dispersed-
phase statistics and metrics in terms of number of drops, their size distribution, the interfacial
area, and hold up. Based on previous discussion, this section are focused on those cases with
liquid dispersion observed. Figure 4.10 presents the temporal evolution of the number of dis-
persed drops (t = 5—25 X Rev.) for N =5—10 RPS (Re = 9013 — 18026 and We = 55 —219),
along with the corrsponding interface shapes at t = 25 x Rewv. For all presented frequencies, no
dispersed drops appear until there is a steep increase from a zero drop count at ¢t =~ 8 x Rev.,
caused by the above-mentioned capillary breakup from long ligaments (i.e., multiple drops be-

ing produced simultaneously). Furthermore, Figure 4.9b, h provide clear evidence that, when
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9 x Rewv. 11 x Rew. 13 x Rew. 15 x Rew. 20 x Rewv. 25 x Rew.
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=7 1ps,

N
Re = 12618 and We = 107

N =10 rps,
Re = 18026 and We = 219

Figure 4.9: Spatio-temporal evolution of the interface toward the development of an oil-in-water emulsion for
(Re,We) = (12618,107) and (18026, 219) shown in the top and bottom panels, respectively, for ¢ = 8 —25 X Rewv.
in (a) — (f), respectively. This figure is reproduced from Liang et al. [2022].

the rotation frequency is increased, a larger part of the deforming interface attaches to the im-
peller and therefore more ligaments are produced, which corresponds to the steeper increase in
drop counts. After that, the number of dispersed oil drops for N = 5 RPS falls off gently since
the deforming interface no longer makes contact with the impeller while dispersed drops tend
to coalesce with the oil overlaying the aqueous phase. This is not the case at higher impeller
speeds as the drops “lost” due to coalescence are replenished via continual ligament formation
and subsequent breakup; hence, the dispersed oil drop count continues to increase for N > 5
RPS. In addition, for cases with N > 8 RPS, an overshooting peak is observed prior to the
number decreasing towards a statistical steady-state. This phenomenon could be attributed to
the fact that the large amount of ligaments and drops produced simultaneously increases the
coalescence probability in the system, which thereby leads to a stage where the coalescence
rate is larger than the breakup rate, giving rise to the reduction in drop counts. For all cases,
the drop count eventually reaches a steady number which corresponds to the balance between

coalescence and breakup rates.

Though the over-shooting peak of drop count increases with higher rotation frequencies, it is
evident from Figure 4.10 that the number of dispersed drops (at the last simulated time-step)
has a non-monotonic dependence on the impeller speed, for example, N = 7 RPS has higher
drop count (=~ 550) than that for N = 10 RPS (&~ 350). On the other hand, the interfacial
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Figure 4.10: Temporal evolution of the number of dispersed drops for frequencies N = 5,6,7,8,9,10 RPS,
which correspond to Re = 9013 — 18026 and We = 55 —219. Snapshots of the interface shapes at ¢t = 25 x Rewv.
are also presented for each frequency. The black arrow indicates the earlier drop occurrence and the steeper
increase from a zero drop count when the impeller speed is increased. This figure is reproduced from Liang
et al. [2022].
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Figure 4.11: (a) Number of drops (blue line, inverted triangle markers) and interfacial area (red line, cross-
shaped markers) of dispersed oil phase. (b) Box plot distribution of the drop size (outliers are not shown
here), at t = 25 x Rev. for frequencies N = 5,6,7,8,9,10 RPS, which correspond to Re = 9013 — 18026 and
We = 55 — 219. Here, the median value of V;/V,q, is indicated by the horiztonal red lines. This figure is
reproduced from Liang et al. [2022].

area of dispersed phase at steady state (t = 25 x Rev.) shows no such trend as presented in
Figure 4.11a. This interfacial area is calculated as Ag/Acqp, where A, refers to the interfacial
area of all dispersed drops and A, is the surface area of a sphere whose diameter corresponds
to the capillary length scale, A\, = \/O'S/Tp ; here, Ap is the difference in density between
the oil and aqueous phases. The interfacial area appears to be proportional to the increased
impeller speed (up to N = 10 RPS) even though the number of dispersed drops reaches its peak
at an intermediate frequency (N = 7 RPS). The reason for this could be that at larger impeller
speeds, long ligaments, with larger interfacial areas, dominate the dispersed-phase morphology
(see Figure 4.9). From Figure 4.11a, the optimal impeller speed can be selected depending
on the relative importance of the interfacial area and dispersed drop number to the particular

application in question.

Moreover, We examined the drop size distribution for all frequencies (N > 5 RPS) at ¢t =
25 x Rev. Herein, a dimensionless “drop” size is defined as V,/V,,p, where Vj represents the
volume of a dispersed phase entity (which can be a deformed drop or a ligament) and V,,,
is the sphere volume with the capillary length (provided above) as its diameter. A box plot
distribution of V;/V,,, at t = 25 X Rew. is presented in Figure 4.11b, indicating that the overall
trend is that an increase in impeller speed leads to a narrower distribution and smaller median
drop size; this is consistent with the conclusion reported in previous studies [Pacek et al., 1998,
Zhou and Kresta, 1998]. This trend is also demonstrated in Figure 4.12 where the fitted drop size
distribution is plotted against logarithmic V;/V,,,. For N =5 RPS, the drop size is best fitted
to a normal distribution, while for higher impeller speeds, the drop size follows a generalised
logistic distribution. The narrow distribution for N = 5 RPS indicates that relatively large
(median value to the left Figure 4.12) drops of well-distributed size are produced; on the other
hand, with increasing impeller speed, the median drop size moves to smaller sizes, while a

skewed shape towards the more frequently produced small drops is observed. Additionally, a
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Figure 4.12: Drop size distribution of the dispersed oil phase at ¢t = 25 x Rev. for N = 5,6,7,8,9,10 RPS
(Re = 9013 — 18026 and We = 55 — 219). The attached image shows a drop size map for N = 7 RPS at
t = 25 x Rev. where all the dispersed phases are coloured by red, yellow and blue according to their size as
small, moderate and large, respectively. This figure is reproduced from Liang et al. [2022].

drop size map for N = 7 RPS is also shown in Figure 4.12, wherein all the dispersed-phase
entities are classified into three size categories and coloured accordingly. This gives a clear
indication that “large-sized” drops contain the long ligaments that have not broken up entirely,
whereas the “small-” and “moderate-sized” drops are composed of individual droplets of various

sizes.

4.2 Concluding Remarks

In this chapter, the effect of impeller rotational speed on the complex interfacial dynamics
during oil-water mixing in a stirred vessel with a 4-pitch-blade turbine has been studied, using
high-fidelity three-dimensional simulations. The rotational speeds in the range of N = 1 —
10 RPS were explored, which correspond to Reynolds and Weber number ranges of Re =
1802 — 18026 and We = 2.19 — 219, respectively. We have shown that the interface shape
and vortical structures within such a system are strongly dependent on the impeller speed.
In particular, we have demonstrated the possibility of using vortex breakdown as an indicator

that the interface undergoes little breakup due to very little interaction with the impeller.
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In addition, we have also conducted a comprehensive analysis of drop size across the entire
frequency range investigated, examining the temporal evolution of dispersed drop number and
its size distribution at steady state. The results show that it is effective to select impeller speed

given the specific requirements of the application at hand.
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Overview

This chapter presents a discussion of the simulation results surrounding surfactant-laden mix-
ing systems, starting with a comparison of the current predictions against the previous chapter
where we studied the flow profiles and interfacial dynamics inside a surfactant-free agitated
vessel. Relevant validation has been presented in Section 3.1.5.2. Using qualitative visualisa-
tion and quantitative statistics (i.e., time evolution of dispersed entity number and drop size
distribution at the instant where the simulation is terminated), the comparison provides an
insight into how the presence of surfactant modifies the liquid dispersion process in the studied
system. We then demonstrate the effect of surfactant elasticity (55) and Biot number (Bi) via

two sets of parametric studies.

5.1 Adopted Values of Dimensionless Parameters

In the previous chapter, the interface evolution is investigated under a range of impeller speeds,
N =1 —10 RPS. In this chapter, the impeller speed is fixed to N = 5 RPS, since the current
focus is on the effect of surfactant. This gives values of Re = 9013, We = 55, and Fr = 0.1.



5.1. Adopted Values of Dimensionless Parameters

The large Weber number indicates the heavy dominance of inertial forces in the system; in addi-
tion, as presented in the section 4.1.1, complex interacting structures (or vortices) are generated.
Hence, the studied system, especially the region near the impeller, is treated as turbulent, where

the physics we extract is therefore generic to turbulent oil-water emulsification in stirred vessels.

To investigate the surfactant effect, we first set up a “base” surfactant-laden case with surfactant-
related parameters fixed to Cy = 4 x 10~*mol m—3, k, = 6.68 x 10* m® mol s~ !, k; = 3.14s7 1,

and I'n, = 1 x 10~°mol m—2.

In particular, Cy is calculated via Cy = I'no/R, where R is the
radius of the impeller, as a reference bulk concentration, which is also chosen as its initial value.
Typical values for the surfactant adsorption and desorption coefficients, k, and k,, are quoted
from relevant reviews provided in [Pan et al.; 1998, Dong et al.,; 2000, He et al., 2015], where kq is
claimed to be within the range of O(10™*) < k4 [s™!] < O(10?) depending on the chemical struc-
ture of the surfactant molecules, while k, is in the range O(107!) < k, [ m® mol's~!] < O(10°).
In the base case, k, and k; are selected as the listed values exploring the scenario where the
surfactant is inclined to adsorb onto the interface, with a ratio of adsorption to desorption
k = k,Co/ky =~ 10. In this limit, combined with the value of Bi via ks/N (= O(107!) indi-
cating a fast convection driven by ambient flow in comparison to surfactant desorption), the
adsorbed surfactant can approximately perform as an insoluble layer. In addition, the max-
imum packing concentration at the interface is set to I's, & O(107°) mol m~2, as the same
order of magnitude reported in experimental results for the surfactant such as Sodium Dodecyl
Sulphate (SDS) [Chang and Franses, 1995]. This gives the values of s ~ 0.7 computed using
the room temperature, T' = 298.15K, and h =~ 0.5.

In this chapter, the values of 5, and Bi are varied to in-

Table 5.1: Parameter values used in  yegtigate the effects of surfactant arising from its sensitivity
the two parametric studies surrounding

3, and Bi. and solubility. Specifically, an upper and lower limit of S,
in addition to the base case, are explored in the former case

Case [ Bi (i.e., Bs = 0.5,0.7,0.9), whereas five additional cases with
1 0.5 regard to the Bt are considered by changing the k;. The

9 0.7  O(107Y) 0.1 latter parametric study covers a range of Bi, from O(1073)

3 0.9 to O(10%). From Equation 3.37, with a smaller Bi, the ky

A 0.001 decreases, resulting in slower surfactant desorption from the

. 0(10-%) 0‘002 interface. Consequently, the surfactant solubility is lowered,

6 07 0'004 indicating that more surfactant species tend to remain on

- ' 0(10-2 601 the interface. Meanwhile, the upper limit for Bi in this
. 0((10 0)) '1 context is set to unity. This is determined by the numeri-

cal solver used herein, where the source term, J, in Equa-

tion 3.32 governing the surfactant transport at the interface,
is expressed as J = Bi [késub(l -1 - f‘} [Shin et al., 2018]. This equation corresponds to a
kinetic-controlled system [Jin et al.; 2006], as opposed to a diffusion-controlled system [Jin and

Stebe, 2007]. Hence, the relative significance of surfactant transport in the system requires that
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5.2. Results and Discussion

the adsorption-desorption process to be inherently slow compared to the interface convective
flux [Eggleton and Stebe, 1998], i.e., Bi < 1. The values of relevant parameters in the two sets
of studies are detailed in Table 5.1.

We also fix both Peclét numbers in the bulk and on the interface as Pe, = Pey, = 4.6 x 10?. This
comes from the recent remarks from [[amat et al., 2018, Constante-Amores et al., 2021,] stating
that negligible effect arises from Pe, when it is increased further above 10%; on the other hand,
a Pey is kept equal to Pey as suggested in [Constante-Amores et al., 2021], which also follows
the guideline given by Ratulowski and Chang [1990] to achieve a balance between adsorption
and interfacial convection, assuring both convective and diffusive transport are resolved in the
simulated system. It is also worth noting that the values of both Peclet numbers are not

comparable in the order of magnitude to those reported in experimental works.

5.2 Results and Discussion

Recall that the liquid dispersion in the studied configuration, with an impeller speed N = 5
RPS, consists of steps: (1) interface deformation, (2) ligament formation, (3) drop breakup, and
(4) cessation of interface-impeller contact. This part compares three cases regarding these inter-
face evolution steps including (1) surfactant-free system from previous chapter, (2) surfactant-
laden I(|7| > 0), and (3) surfactant-laden II with Marangoni stress turned off (|7| = 0). The
last case is set up by eliminating the term Vgo from Equation 3.21, which allows us to un-
equivocally elucidate the mechanisms by which the interfacial tension reduction and surfactant

concentration gradient act in tandem to modify the surfactant-free interface dynamics.

5.2.1 Surfactant effect on interface evolution
5.2.1.1 Step 1: Interface deformation

Figure 5.1 presents the interfacial shapes at early times (¢ = 8.5 — 12 x Rew.) for the three
cases, where the interface begins to deviate from its flat position, and a few dispersed entities
are formed. The first observation from the figure is that the deformation of the surfactant-laden
interface (I) is accelerated compared to its surfactant-free counterpart (see Figure 5.1a,b and
f,g). This is expected since the presence of surfactant reduces the average interfacial tension,

and therefore, promotes the interface deformation under the same flow condition.

However, Figure 5.1¢, and h show that the deforming interface for the two cases subsequently
reach similar positions (relative height in the vessel). To better delineate this observation,
Figure 5.2a depicts the deformation by plotting the temporal evolution, in terms of minimum
position of the interface and the corresponding axial component of interfacial velocity at that
position (as schematically shown in Figure 5.1a). The position refers to the relative height in
the cylindrical vessel which is scaled using the vessel height, Z = (22 — H)/H, and only the
magnitude of velocity is plotted as |u,|, since it always points downward during this step. As

presented, while the interface approaches the impeller (reflected as decreasing 2), |u,| increases

100



t

..
(a)
-

5.2. Results and Discussion

= 8.5 X Rev. t =9 x Rev t =9.25 x Rev. t=11.5 x Rev. t =12 x Rew.

(b) () (d) (e)

N

Y

(k) (1) (m) (n) (0)

Figure 5.1: Comparative evolution of interfacial shapes for the surfactant-free (top), surfactant-laden I (|7| > 0,
middle) and surfactant-laden II (|7| = 0, bottom) systems for ¢ = 8.5 — 12 x Rewv. The interface is coloured by
the magnitude of I'. The values of surfactant-related parameters correspond to the “base” case (see Section
5.1). This figure is reproduced from Liang et al. [2023].

to a peak value and then a reduction occurs. A similar conclusion as above, that the accelerated
deformation is associated with the surfactant-laden interface (I), can be made prior to the
velocity peak. Tt is also evident that the subsequent decrease in |u,| is more significant for the
surfactant case I. This can be explained by the fact that surfactant on the deforming interface
is accumulated at its minimum position, namely the descending leading edge of the interface,
which introduces an opposing Marangoni stress pointing upward. Figure 5.2 exemplifies the
surfactant distribution on the interface at ¢ = 9 x Rev. As shown, the induced Marangoni
stress, which opposes the downward flow at the vessel center, acts to decelerate the interface
deformation. A possible explanation to the overall acceleration prior to the velocity peak can be
the dominance of the inertia, namely the strong downward flow where the retraction driven by
the Marangoni stress is negligible. After that, the interface reaches the vicinity of the impeller,
at which the flow field begins to develop radially, and therefore the vertical deformation of
interface slows down. Thus the retarding effect of the Marangoni stress [Fggleton et al., 2001,
Kamat et al.,; 2018] commences to function, causing the further decrease in |u,| seen for the
surfactant-laden case 1. This process of deformation is clearly depicted via z in Figure 5.2a
that, at t = 10 x Rewv., the surfactant-laden interface (I) reaches the same height in the vessel

as the surfactant-free interface after the acceleration and the subsequent deceleration.

Furthermore, the effect of Marangoni stress demonstrated above can be better appreciated via
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5.2. Results and Discussion

the surfactant-laden system II. The visualisation of the Marangoni-free interface indicates that
Marangoni stress plays a role in retaining the plump and thick shape of the deforming inter-
face as well as the relatively uniform surfactant concentration over the interface. The evidence
can be seen in Figure 5.1k, which indicates that the Marangoni-free interface is in a slender
shape with varying interfacial surfactant concentration, as opposed to what is shown for the
surfactant-laden system in the presence of Marangoni stress. Additionally, from Figure 5.2a,
decelerating deformation occurs for the Maranogi-free system while the interface is near the
impeller. However, the “braking” (i.e., |u,| — 0 and negligible change in Z) observed for the
other two cases no longer takes place, which provides additional support to the previous state-
ment that Marangoni stress leads to further deceleration of interface deformation in addition

to that which arises due to the radially-developing flow field.

Another interesting phenomenon is the formation of the “branches” at the surfactant-laden
interface (I) (see Figure 5.17). Such an observation can be related to the fact that given the
underlying flow described previously, which develops towards the vessel wall, ligaments are
prone to be formed elongating radially behind the impeller hub. Furthermore, this can be
better demonstrated using the flow topology parameter, Q, which was first used in [Perry
and Chong, 1987] and recently became popular in the field of multiphase flows [Soligo et al.,
2020]. This parameter helps distinguish among the three types of flow topology locally, and is

computed using the rate-of-deformation, &, and rate-of-rotation tensors, €2:

= —1, for rotational flow

S* - Q?
=0, for shear flow (5.1)

Q:&'2+Q2

= +1, for elongational flow,

where 82 = 8 : S and Q2 = Q : Q; S and Q can be calculated from the velocity gradient

tensor Vu:

S Vu—l—VuT7
2

Figure 5.3 compares the probability density function (P.D.F.) of parameter Q at the surfactant-
free and surfactant-laden interfaces (I) at ¢ = 11.5 x Rew., corresponding to Figure 5.1d and
1, respectively. In this case, the statistics are only computed at the interface, which exclude
the effect of internal and external flow enabling us to isolate the flow modification induced
by the interfacial tension reduction. Nevertheless, albeit not presented herein, negligible dif-
ference is observed in terms of the internal and external flow types for both systems (dom-
inated by the pure shear flows), which indicates that the different flow type experienced by
the interface comes from the different interface location between the two cases. As seen from
Figure 5.3, from a surfactant-covered interface (I), there is a decreasing possibility of seeing

elongation-dominated flow, while a large probability to experience shear-like flow is observed.
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Figure 5.2: (a) Temporal evolution of the interfacial deformation for the three studied cases for t = 7—10x Rev.
regarding the minimum position of the deforming interface (£ shown by symbols) and the magnitude of the
velocity of the vertical interface deformation (|u.| shown by lines); (b) the interplay between the flow field
(streamlines in blue along with black arrows representing their directions) at the vessel center and the induced
Marangoni stresses (red arrows) at the deforming interface for ¢ = 9 x Rev. The interface is coloured by the
magnitude of I'. The surfactant-related parameter values remain unchanged from Figure 5.1. This figure is
reproduced from Liang et al. [2023].

This could be a possible explanation for “branch” formation as the deforming interface is
more likely to be torn apart, rather than being stretched, under the modified flow topology.
Consequently, these “branches” give way to

ligament development accompanied by dis-

persed drop production via a surfactant-
induced tip-streaming mechanism (more dis-
cussion in the following section 5.2.1.2).
In contrast, as shown in Figure b5.1e,
the surfactant-free interface keeps elongat-
ing and thinning, following a helical tra-
jectory due to the impeller rotation, until
the first ligament is formed (= 12.375 X
Rev., which is not presented in the fig-

ure).

Figure 5.3: Probability density function of parameter
Q for surfactant-free and surfactant-laden I interfaces
at t = 11.5 x Rev. The interfaces are coloured by Q.

o o The surfactant-related parameters are the same as in
thin ligaments are produced at the minimum Figure 5.1. This figure is reproduced from Liang et al.

[2023].

For the Marangoni-free system, a sequence of

position of the interface (Figure 5.1n,0), all
of which is a consequence of the plummeting
interfacial tension that takes place in regions with surfactant surplus. These observations, once

again, reflect the fact that Marangoni stress is activated to avoid surfactant from accumulating
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Figure 5.4: Close-up visualisations of drop breakup mechanisms observed in surfactant-free system (left) at
t = 16.375 x Rev., and surfactant-laden I system, at ¢ = 11.625,12.375,15.4 x Rev. (from second left to right,
respectively). The presented breakup events are via the capillary instability (left two columns), and surfactant-
enhanced tip-streaming (right two columns). Two scenarios for tip-streaming are given, one initiated from
the deforming interface and another from an elongated ligament. The surfactant-related parameters remain
unchanged from Figure 5.1. This figure is reproduced from Liang et al. [2023].

in excess at the minimum position of the interface. The absence of this phenomenon is directly
responsible for the “free” escape and detachment of ligaments from the deforming interface, as

seen in Figure 5.1m,n.

5.2.1.2 Step 2 & 3: Ligament and drop formation

As indicated earlier, during steps 2 and 3, a large amount of dispersed entities is produced via
distinct mechanisms. In the previous chapter, it was demonstrated that following the ligament
generation, dispersed drops in the surfactant-free system are formed via a capillary instability
(see Figure 5.4), where one elongated ligament gives birth to multiple individual drops. For
the surfactant-laden system I, an additional drop breakup mechanism is promoted, namely
tip-streaming/dropping [Groeneweg et al.; 1994, Eggleton et al.; 2001]. Figure 5.4 displays
the close-up visualisations of various drop breakup events observed in the surfactant-free and

surfactant-laden I systems (during ¢ = 12 — 18 x Rev.), exemplifying those via capillary in-
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stability and tip-streaming. For the former mechanism, two examples from different systems
are presented, whereas two scenarios for surfactant-induced tip-streaming are extracted from
the surfactant-laden system 1. The first tip streaming is initiated from the deforming interface,
which leads to an individual drop formation prior to long ligament formation, in contrast to
what is observed from the surfactant-free system. This can be an influencing factor on the tran-
sient dispersed entities number profile (more details are deferred to section 5.2.2.1). Likewise,
in the second case, where the breakup is from an elongated ligament, tip-streaming generates
drop intermittently, leaving a large and relatively clean (i.e., covered by less surfactant) drop

after emission of several drops.

An interesting feature for the Marangoni-free case is that drop breakup via capillary instability
is suppressed, and dispersed drops are formed via either binary breakup from larger drops or
tip-streaming from stretching ligaments. Figure 5.5a illustrates the effect of Marangoni stresses
on the stretching ligament prior to its breakup via capillary instability (using the example
shown in Figure 5.4). As presented, Marangoni stresses play different roles on each end of the
ligament depending on the local surfactant distribution. First, for the ligament pole labelled as
A, surfactant is accumulated at the bulbous end, which introduces a Marangoni stress towards
the ligament body, impeding the formation of an individual drop. On the other hand, surfactant
concentration at the pole B is lower relative to the nodule region, giving rise to a Marangoni
stress pointing outward and thus enhancing the ligament elongation. From this perspective,
Marangoni stress encourages the commencement of breakup events driven by capillary insta-
bility by facilitating the ligament’s stretching motion and inhibiting drops from bursting at the
poles. This effect, combined with the promotion of tip-streaming, leads to the observation that

both breakup mechanisms exist in the surfactant-laden system I.

Nevertheless, in the case of drop deformation, it is common to see the same surfactant dis-
tribution profile as in the pole A, since the surfactant tends to be swept towards the poles.
As stated in the discussion related to Step 1, Marangoni stress acts as a stabilising factor
against drop formation, either delaying or even avoiding the new drop production in this step.
Figure 5.5b provides evidence of this by comparing the behaviour of one drop located in the
vicinity of the impeller at t = 15.5 x Rewv. for both surfactant-laden systems (case of |7| = 0 and
|7] > 0 shown at the top and bottom of the figure, respectively). The critical Weber number
for drop breakup has been reported for various types of flows, which consistently lies in the
range of O(10'); for instance, Weyy; = 1 for turbulent emulsification [Hinze, 1955, Hakansson
et al., 2022], Wegi &~ 3 — 7 in the cases of uni-axial shear and elongation flow [Grace, 1982]
and nonuniform shear [Chin and Han, 2000]. Based on this, both drops are likely to breakup
given their sizes (Dg -0 = 0.53 cm and Dg ;=9 = 0.40 cm, obtained as the corresponding
sphere diameter of its interfacial area) and their local Weber numbers (Wej;~o = 103.6 and
We;—o = 93.2, calculated with the impeller tip velocity and average interfacial tension at the
interface). However, it is evident that the drop with Marangoni stress turned on retracts to

its spherical shape rather than the predicted drop fragmentation according to Weg. This is
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Figure 5.5: Visualisations of Marangoni stresses under different scenarios: (a) ligament elongation prior to its
fragmentation towards multiple drops; (b) drop deformation where the evolving drops are coloured using o; and
(c) evolution of the deforming interface shape. The insets consist of two identical interfacial states coloured in
T" and 7, respectively; the negative sign of 7 represents its direction, and the grey arrows refers to the direction
of Marangoni stresses. The surfactant-related parameters remain unchanged from Figure 5.1. This figure is
reproduced from Liang et al. [2023].

attributed to, as shown in the figure inset, the existence of Marangoni stress pointing from the
drop poles to its equator. This comparison strengthens what has been demonstrated previ-
ously that Marangoni stress hinders elongation and induces the retraction of the drop back to
its spherical shape. Furthermore, the presence of Marangoni stress reduces the deformability
of the deforming interface making it more rigid as shown in Figure 5.5¢. From the figure, sur-
factant is accumulated at the stretching tip of the deforming interface and is less concentrated
at the belly, which establishes a surfactant concentration gradient. Consequently, the induced
Marangoni stress immobilises the interface preventing it from deforming into multiple branches

(as shown for the Marnagoni-free case), which is inclined to generate dispersed drops freely.
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Figure 5.6: (a) Interfacial shapes for the three studied systems at ¢ = 25 x Rev., along with a similar inset
showing the direction and magnitude of Marangoni stress as in Figure 5.5; (b) exemplified interfacial evolution
in the surfactant-laden I system presenting the different outcomes depending on dispersed drop behaviours:
(i) coalescence: ligament formation from consequent larger drop (circled in blue) elongation; (ii) merging back
with the deforming interface: recurring ligament formation (circled in red) from the deforming interface. The
surfactant-related parameters remain unchanged from Figure 5.1. This figure is reproduced from Liang et al.
[2023].

5.2.1.3 Step 4: Cessation of interface-impeller contact

As mentioned previously, the deforming interface retracts upward at ¢ = 20 x Rev., leading
to the cessation of interface-impeller contact thereafter. Figure 5.6a exemplifies the interfacial
behaviours for the three cases at t = 25 x Rev. As shown, the interface remains in a generally
concave shape, which shows some resemblance to the Newton’s Bucket flow generated in a
rotating cylinder, or the air-water surface deflection in the shape of an inverted bell observed
in rotating flows [Vatistas, 1990]. Herein, given the current impeller speed, the surfactant-free
interface rotates following the impeller motion and no further ligaments are generated. In con-
trast, intermittent ligament formation is seen for the two surfactant-laden systems despite the
cessation of interface-impeller contact. This is presumably caused by the surfactant accumu-
lation at the minimum position of the interface which decreases the interfacial tension that
would otherwise have counteracted ligament formation. In addition, the visualisation of inter-
face in the presence of Marangoni stress highlights its increased rigidity (circled in orange in
Figure 5.6a) relative to its Marangoni-free counterpart, which indicates again the immobilisin

effect of the Marangoni stress aginst interfacial deformation.
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It is also worth noting that the dispersed drop tends to either coalesce with one another or
merge back with the “inverted bell”. Each case leads to different outcomes, as exemplified by
the interfacial evolution in the case of surfactant-laden system I, as displayed in Figure 5.60. In
the first scenario, an emergent interfacial structure (circled in blue) formed from a coalescence
event is elongated by the local flow and broken up again into several smaller drops. For the
latter case, ligament production from the deforming interface (circled in red) eventually recurs

given that adequate dispersed drops are merged back with the deforming interface.

5.2.2 Comparative statistics
5.2.2.1 Temporal evolution of dispersed entity number

In order to quantify the qualitative interfacial behaviours described above, the transient count
of dispersed entities, which could be either stretching ligament or an individual drop, is tracked.
The four steps of liquid dispersion can be related to three stages of the transient number profile
of dispersed entities. Figure 5.7a presents the number profile along with the interfacial shape
at the corresponding instants. Initially, no dispersed drop (Stage A, shown by dashed lines)
formation is observed during the interface deformation (Step 1) since the interface is approach-
ing the impeller. Then, the onset of ligament formation and subsequent breakup events (Step
2 and 3) lead to a dramatic increase (Stage B, shown by solid lines) in the dispersed entity
count. Finally, the cessation of interface-impeller contact (Step 4) gives rise to a gentle fall-off
(Stage C, shown by dotted lines) as the dispersed drops tend to coalesce, or merge back with
the overlying oil-phase (exemplified by close-up views in Figure 5.7a), while less or no new

dispersed drops are formed.

The first distinction among the three cases is the compression of Stage A associated with a
shortened duration of interface deformation. This can be explained with the accelerated inter-
face deformation as demonstrated previously. Furthermore, it is noticeable that there exists
distinguished increasing patterns at early Stage B for the three cases, as highlighted in the
orange rectangle in Figure 5.7a. The abrupt jump seen for the surfactant-free system comes
naturally from the breakup events via capillary instability. In contrast, a mild increase ap-
pears prior to the steep rise for the surfactant-laden system I, which is associated with the
early drop breakup events via tip-streaming from the deforming interface. Again, the early and
pronounced increase for the Marangoni-free system reflects the inhibiting effect of Marangoni

stress on the drop deformation and therefore the breakup events.

During Stage B in Figure 5.7a, an abrupt jump in the number of dispersed entities with a larger
amplitude compared to the surfactant-free system is observed in the case of the surfactant-laden
system I. This is due to the onset of drop breakup events via both mechanisms (capillary insta-
bility, and concurrently, tip-streaming). However, there exits a plateau following the dramatic
increase (t ~ 15 x Rev.), which indicates a deceleration of the dispersed phase formation. This
can be related to the fact that tip-streaming, which generates drop intermittently, is promoted in

surfactant-laden system I, and consequently, some ligaments generating drops via tip-streaming
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Figure 5.7: (a) Temporal evolution of dispersed entities number for surfactant-free, surfactant-laden I, and
surfactant-laden II systems for a time frame of ¢ = 7— 30 x Rev., along with the representative interfacial shapes
corresponding to the four steps of liquid dispersion (at ¢ = 9,13,15,23.5 x Rev., exemplified by the surfactant-
free case). This profile is divided into three stages: (A) no dispersed drop, (B) dramatic increase and (C)
gentle fall-off, which are respectively shown by dashed, solid, and dotted lines; (b) fitted drop size distribution
(Probability Density Function with respect to log-scale of normalised drop volume) at ¢t = 26 x Rev. for the
three cases. The surfactant-related parameters remain unchanged from Figure 5.1. This figure is reproduced
from Liang et al. [2023].

in that system break up into drops through capillary instability in surfactant-free system. An-
other interesting trend is the overlap between the two surfactant-laden cases, as highlighted
in orange oval in Figure 5.7a. As demonstrated earlier, this reflects the fact that Marangoni
stress aids the commencement of breakup events via capillary instability in the system with
Marangoni stress turned on. Consequently, dispersed drops are generated rapidly enough to
reach comparable amount to that in the Marangoni-free system, though a delayed appearance
of the first dispersed drop is observed for the former system. Following the overlap, the drop
count for the Marangoni-free system rises sharply until its peak. This is due to the fact that a

large amount of thin ligaments are formed simultaneously from the deforming interface, along
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with the drop production, which give rise to similarly increasing rate as in the case of a single
breakup event via capillary instability. This provides additional evidence for the effect of the
Marangoni stress on the interfacial dynamics and associated phenomena as reported in section
5.2.1.2 and Figure 5.5.

Another key aspect to highlight from Figure 5.7a is the appearance of humps in Stage C' for all
three cases (circled in orange), which can be indicative of the occurrence of dispersed interfacial
structure formation, either from recurring ligament production or large coalesced drop fragmen-
tation, as discussed in section 5.2.1.3. Eventually, the rate of drop formation and coalescence
seems to stabilise somewhat, with a steady decline in the number of drops and smaller rates
for the clean and Marangoni-free cases after ¢ = 28 x Rev. compared to the onset of Stage C'.
From this point onward, the dynamics developing in the vessel stagnate, reducing to sporadic
coalescence and subsequent breakup chains as described in section 5.2.1.3. For this reaseon,

the simulations were terminated after this point.

Finally, the dispersed entities number at the instant where the simulations were terminated
takes the following order: surfactant-free (17) < surfactant-laden I (43) < surfactant-laden II
(82) systems. This provides further indication of the surfactant effect on the liquid dispersion

in the studied configuration as summarised below:

e The reduced interfacial tension promotes tip-streaming (or tip-dropping), which con-

tributes to the formation of more dispersed drops in the surfactant-laden system I;

e The Marangoni stress, in general, acts to counteract and retard interfacial deformation

and drop deformation, which explains the larger dispersed phases number in its absence;

e The Marangoni stress encourages the breakup events via capillary instability, which com-
monly occurs under general emulsion scenarios [Janssen and Meijer; 1993], and, to some

extent, suppresses tip-streaming.

5.2.2.2 Drop size distribution

The dispersed entities number alone is not a representative metric of the effect of surfactant
in the stirred mixer. Additionally, a drop size distribution analysis at ¢ = 26 x Rewv. is carried
out for the three studied cases herein, as presented in Figure 5.70. The drop size definition in
this part remains consistent with that in the previous chapter, i.e., the volume of a dispersed

entity, Vy, normalised by the volume of a spherical drop, V,,,, whose diameter corresponds to

the capillary length scale, A\, = y/0s/Apg.

The data structure has been evaluated using quantile-quantile (Q-Q) test and box plots, and
the outliers, namely non-physical tiny drops and elongating large ligaments are removed from
the analysis. In the field of statistics, one commonly applies the Kolmogorov-Smirnov (K-S)
test [Massey Jr, 1951] and the Anderson-Darling (A-D) test [Anderson and Darling, 1954] to

examine the goodness of one population of data to fit one specific distribution; a non-parametric
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analysis of variance, for example, Kruskal-Wallis (K-W) test [[Kruskal and Wallis, 1952] is then
used to contrast the distributions and the following Dunn’s test [Dunn, 1961, 1964] specifies
the distinct sets of data. Following such procedure, the filtered data sets are fitted to a logistic
distributions, satisfying both the K-S test and the A-D test with a significance level of 0.05.
Furthermore, K-W test is conducted to contrast the distributions, where statistical significance
is implied among the three data sets. More specifically, subsequent Dunn’s test determines that
the Marangoni-free system is distinct from (lower than) the other two systems, as far as their
medians are concerned. This finding is consistent with the prior work [Aldana and Calabrese,
2005] pointing out the manifold effect of surfactant on the average drop size, especially in mix-
ing scenarios, as opposed to the assertion that the addition of surfactant simply reduces the
interfacial tension, and therefore, the dispersed drop size. The deviation for the Marangoni-free
data strengthens this statement indicating that the effect of surfactant on the drop size is not
limited to lowering interfacial tension but also arises from the Marangoni stress, which plays a

role in drop breakup mechanisms as demonstrated in previous sections.

Moreover, skewness and kurtosis are computed to examine the asymmetry (i.e., tail) of the
distributions. First, negative skewness for all three cases signifies the left-tailed shape, which
can be translated as all three cases exhibit an inclination to produce small drops. In regard
to the magnitude (absolute value) of skewness, incremental skewness is obtained for the three
cases following the order: surfactant-free (-0.23) < surfactant-laden I (-0.76) < surfactant-laden
IT (-1.01). In addition, the kurtosis indicates “heavier” tails for the same ordering, in other
words, the surfacatnt-laden system II produces the largest amount of small drops, followed by
the surfactant-laden I, and finally surfactant-free system. This comparison leads to a similar
conclusion as above: interfacial tension reduction promotes the production of smaller drops

while the Marangoni stress acts to mitigate this effect.

5.2.3 Effect of surfactant elasticity, [,

Figure 5.8a and b provide a quantitative insight into the mixing process in systems of vary-
ing elasticity numbers by the evolution of the interfacial area (made dimensionless via the
initial interface area, Ag) and dispersed phases count; a corresponds to the three cases with
Marangoni stress turned on and b presents the Marangoni-free systems. It can be seen that
prior to dispersed entity formation (i.e., Stage A defined in Section 5.2.2.1), a slight change in
interfacial area is seen for both Marangoni-free system and its counterpart in the presence of
Marangoni stress. This is consistent with what we demonstrated in Section 5.2.1.1 that the
elongational flow experienced by the deforming interface is so strong that the effect of increas-
ing [ (and therefore the modified interfacial tension and Marangoni stress) is negligible during
this step. After that, increasing [5,, which augments the sensitivity of interfacial tension to the
surfactant concentration, generally promotes interface deformation and formation of dispersed
entities (presented as incremental A/Ay and entities count, respectively, in Figure 5.8b). How-
ever, these effects are only prominent prior to the fall-off (Stage C' defined in Section 5.2.2.1).

Following the onset of the fall-off, no distinguishable trend regarding either the interfacial area
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Figure 5.8: A general quantitative insight into the mixing process for the systems with Marangoni stress
turned on (a) and off (b), with regard to the evolution of interfacial area (lines) and dispersed entities count
(symbols). Profiles of both metrics are displayed for varying surfactant elasticity numbers 5, = 0.5,0.7,0.9
during t = 7 — 30 x Rev. Except for the variations in s, the rest of the surfactant-related parameters remain
unchanged from Figure 5.1. This figure is reproduced from Liang et al. [2023].

or dispersed entities count is observed for increasing ;. Furthermore, in comparison with
Figure 5.8a, the presence of Marangoni stress mitigates the effects described above. In other
words, under realistic scenarios, increasing [, from 0.5 to 0.7 leads to insignificant change in
interfacial area and dispersed phases count. Instead, an obvious increase is seen in both metrics
at t = 15 — 25 X Rew. for B, = 0.9, the largest S, studied herein.

To elucidate the observations highlighted above, Figure 5.9 provides a comparison at ¢ =
9 x Rev. among the three cases with Marangoni stress turned on, in terms of surfactant-related
properties on the interface. First, to gain a comprehensive insight into the surfactant property
profile on the deforming interface, a quantity (for instance, the surfactant concentration, I'), is
averaged over a horizontal slice of the interface. The averaged I', I', on a sequence of horizontal
slices located at different heights of the interface, is then tracked. This leads to Figure 5.9a
where the markers refer to the I' over the horizontal slice at the corresponding height, as demon-
strated in the schematic inset. Likewise, Figure 5.9b plots the averaged interfacial tension and
the strength of Marangoni stresses along the interface (vertically). From these figures, larger
Bs results in lower interfacial tension, as expected, more uniform surfactant concentration (nar-
rower range of I'), and larger Marangoni stress induced along the interface. As shown in the
figure, the Marangoni stress on the “waist” of the interface (labelled as a, Z =~ 0.6) is larger
in magnitude augmenting deformation (negative, pointing downward); likewise, that induced
in the lower part of the interface (labelled as b, Z ~ 0.1) is stronger retarding deformation
(positive, pointing upward). Meanwhile, the retarding force exceeds the augmenting one (take
fs = 0.9 as an example, |7|, ~ 32 > |7], = 9). Hence, the sum of these effects is reflected as a

trivial change in interfacial area, shown as overlapping lines in Figure 5.8.

The ensuing Figure 5.9¢ provides a comparison of the interfacial shapes for the three cases in

the presence of Marangoni stress, illustrating the cause of the significant increase in interfacial
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Figure 5.9: The averaged surfactant properties along the interface at ¢ = 9 X Rewv., (a) the averaged surfactant
concentration, T'; (b) the averaged interfacial tension (&, lines) and the averaged magnitude of Marangoni stresses
(7, symbols). Here, Z refers to the dimensionless height on the interface, scaled using the minimum position
of the deforming interface as in Figure 5.2; here, negative T represents its direction pointing downward; (¢) a
comparison of the interfacial shapes for the three systems in the presence of Marangoni stress at ¢t = 17 X Rewv.
Except for the 8, variations, the rest of the surfactant-related parameters remain unchanged from Figure 5.1.
This figure is reproduced from Liang et al. [2023].

area and dispersed entities count for 5, = 0.9. As presented, while the deforming interfaces in
the other two cases start to retract and detach the impeller hub (t = 17 x Rewv.), the 8, = 0.9
case exhibits an interface in the shape of a tail extending to the vessel bottom. Several long
stretching ligaments are also generated, which subsequently produce multiple dispersed drops
leading to a sharp increase in dispersed drop count. Such a phenomenon lasts until ¢t = 18 x Rewv.
On the other hand, this feature is missing for the Marangoni-free system. This provides further
indication that one of the effects exerted by Marangoni stress is to encourage drop breakup via

long ligament fragmentation driven by the capillary instability (see Section 5.2.1.2).

From above, the effect of 3, is best appreciated during the intermediate period of the mixing
process, which corresponds to Steps 2 and 3 of the interfacial behaviours defined in Section
5.2.1. After the cessation of the impeller-interface contact, the effect of changing surfactant
elasticity diminishes as displayed in the plots at the instant where simulations were terminated;
the cases associated with the three studied [, produce similar interfacial area and dispersed

entity count, for both the scenarios with Marangoni stress turned on and off. This implies
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Figure 5.10: Temporal evolution of interfacial area (a) and dispersed drop number (b) for the cases with
varying Bi and s during ¢t = 7 — 22 X Rev.

that the effect of changing (3, is more pronounced on drop dispersion compared to coalescence.
It should be noted, however, that due to the complex nature of the flow considered in this
part, larger computational resolution is required to recover the potential (and subtle) effect of

surfactant on drop coalescence, which is beyond the discussion presented herein.

5.2.4 Effect of surfactant solubility, B:

Similar to what have been done on fs, Figure 5.10a and b present the evolution of interfacial
area and dispersed phases count for the cases of varying Bz, respecively. In this part, the cases
with changing S, and the surfactact-free case are incorporated to provide a more comprehensive
insight into the modified mixing process influenced by the two surfactant parameters. As shown
in Figure 5.10a, prior to Stage A, no clear distinction among all the cases studied is observed.
This is attributed to the same fact as demonstrated previously that the strong elongational
flow prevailing at this stage mitigates or even offset the effects arising from modified surfactant
profiles. However, a notable increase in interfacial area occurs subsequently for the cases where
Bi <0.01, in relative to the other cases. This trend persists for the remainder of the displayed
time frame. It is worth noting that the case of Bi = 0.1, 5; = 0.9 exhibits comparable interfacial
area with the low B cases from ¢ = 17.5 x Rev. This is due to the presence of “stretching tail”
in this specific case, as illustrated earlier, which is caused by the enhanced Marangoni stress
encouraging the formation of long ligaments. Moreover, with further increase in Bi (Bi = 1),
the associated change in interfacial area aligns closely with the case where the surfactant is
absent. This outcome is expected since a high Bi value gives rise to a system where surfactants
are prone to rapidly leave the interface, resulting in an interface with minimal or no surfactant
presence. Similar patterns to the change in interfacial area are seen for the evolution of drop
counts, as displayed in Figure 5.100. However, when focusing on the number of dispersed drops
generated at Stage C, which is regarded as stagnant phase of the mixing process, it becomes
evident that this number is divided into three levels depending on the values of Bi. The largest
number of drops are produced when Bi: < 0.01, followed by Bi = 0.1 and the fewest drops

observed for Bi = 1 and the case without surfactant. Likewise, the drop count corresponding
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to the case Bi = 0.1, B, = 0.9 is comparable to those produced in the cases with Bi < 0.01.

Figure 5.11 provides visualisations depicting the interfacial shapes evolution in a time frame of
t = 8.5—25 X Rev. for Bi = 0.001, complementing the temporal profiles of the two mixing met-
rics described above. Compared to the observations in Figure 5.1f — 7, the first remark made
from Figure 5.11 is that larger amount of surfactant species remains at the interface, reflected
as higher interfacial concentration in Figure 5.11a—c. This outcome aligns with the expectation
given the small Bi for this system, which corresponds to the lower end of the studied range,
resulting in a significantly slower desorption rate of surfactant from the interface. Consequently,
the associated interfacial tension reduces further relative to the case shown in Figure 5.1. This
leads to similar interfacial behaviours for both Bi = 0.001 and Bz = 0.1, for example, the early
appearance of dispersed phase compared to that observed in the surfactant-free case, along
with the formation of “branches” at the deforming interface (see Section 5.2.1.1). However, the
former case exhibits a larger amount of dispersed entities (Figure 5.11d) and more elongated
filaments or branches (Figure 5.11¢). This phenomenon can be explained by the accumulation
of surfactant at the trailing edge of the deforming interface, which is driven by the ambient
flow field, promoting drop formation via tip-streaming; subsequently, as certain amount of sur-
factant departs from the deforming interface with dispersed drops, the consequent surfactant
concentration gradient on the deforming interface starts to suppress the drop production and
instead encourage elongation of ligaments. When ¢ > 13 x Rev., as shown in Figure 5.11f — g,
the presence of long ligaments persists, accompanied by the production of numerous dispersed
drops. The interfaical shapes in the surfactant-free case at these time steps can be seen in

Figure 5.7a.

It can be seen from Figure 5.11h that the contact between impeller and interface ceases (Step
4) from ¢ = 17 x Rev. An evident feature in this case is the presence of branches extending
from the deforming interface, which is absent in the case Bi = 0.1 as presented in Figure 5.9¢.
Similarly, this arises from the accumulation of surfactant at the stretching tip of the deforming
interface, as demonstrated earlier, which thereby decreases the interfacial tension rendering it
prone to deformation. This phenomenon continues for the entire Step 4 of the interface evolu-
tion, until £ = 25 X Rewv., and the counterpart interfacial shapes for the case Bi = 0.1 can be

seen in Figure 5.60.

Furthermore, Figure 5.12 provides an insight into the effect of changing B7 on the interfacial
surfactant concentration. In this figure, the ratio of the concentration to its initial value is
tracked during early dispersion (¢t = 0 — 10 X Rev.) when Bi is increased from O(1073) to
O(10%). In addition, the profiles of interfacial surfactant concentration are exemplified by the
case of Bi = 0.001 and Bi = 0.1, as displayed in the insets. As seen, when Bi equals to
0.001 and 0.01, there is minimal departure of surfactant species from the interface initially
until ¢ = 7 x Rev., when the interface starts to deform from its flat position. The subsequent

increasing rate of reduction in surfactant concentration can thus be attributed to the expanding
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Figure 5.11: Evolution of interfacial shapes for the case Bi = 0.001 for ¢ = 8.5 — 25 x Rewv. The interface is
coloured using the same colour map as in Figure 5.1. Except for the Bi variation (and therefore ky), the rest
of the surfactant-related parameters remain unchanged from Figure 5.1.

interfacial area due to the interface deformation. Nonetheless, the interfacial surfactant con-
centration remains notably high, accounting for up to 75% of its initial value for these systems.
The similar behaviours observed in these two cases explain the overlapping trends seen in the
temporal profiles of interfacial area and dispersed drop count, indicating that the increase in
Bi values from O(1072%) to O(107%) exerts a negligible effect on the concerned mixing system.
On the other hand, with an increase in Bi to 0.1, approximately 20% of the species departs
from the interface at the onset of the impeller rotation. Later, the interfacial surfactant con-
centration gradually decreases to a comparable level to that of the low Bi cases. The described
difference in initial departure of surfactant species among these cases can be observed in the
surfactant concentration profiles on the interface (see insets for ¢ = 1 x Rev.). Meanwhile, an
interesting observation is that the remaining surfactant on the interface is displaced radially
inward, leading to an accumulation of surfactant at the vessel center and a less concentrated
region near the wall. This is induced by the centrifugal flow generated by the impeller rota-
tion at early times, as illustrated in the previous chapter (see Section 4.1.1). Subsequently,
this flow gives rise to a periodic surfactant concentraion profile, as depicted in the insets for
t = 3 X Rewv., characterised by the alternating high and low concentration radially near the
wall and a highest concentration at the center. As Bi is increased to 1, representing a scenario
where the surfactant is highly soluble, almost all surfactant species leave the interface before
t = 4 X Rev. After that, the interface behaves similarly to its surfactant-free counterpart, which

is consistent with the observation drawn from Figure 5.10.
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Figure 5.12: Evolution of surfatcant concentration on the interface, in terms of the ratio between the con-
centration and its initial value, for ¢ = 0 — 10 x Rewv. Several insets are displayed to exemplify the interfacial
surfactant concentration profiles by the cases of Bi = 0.001 and Bi = 0.1 at t = 1,2 and 3 x Rev. These insets
present the top view of interface and are coloured by T.

5.3 Concluding Remarks

This chapter has extended my previous work on numerical analysis surrounding oil-water emul-
sification inside an un-baffled stirred vessel by accounting for the presence of soluble surfactant.
We have compared systems with surfatcant presence and absence, analysing interfacial dynam-
ics during mixing, transient number of dispersed phases, and drop size distributions at the
instant where the simulations are terminated. Additionally, the numerical methods used herein
enables the deactivation of the Marangoni stress, an impractical feat in experimental setups.
In this way, we have isolated the effects that arise from interfacial tension reduction and the
Marangoni stress induced by surfactant concentration gradient. In general, the decrease in
interfacial tension facilitates interface deformation and drop formation in the studied system,
particularly promoting a second drop breakup mechanism, the tip-streaming/dropping, which
is absent in surfactant-free system. On the other hand, the role of Marangoni stress varies
depending on local surfactant concentration distributions. It could either encourage breakup
events via capillary instability or retard interfacial elongation and thereby drop production,
especially via tip streaming. Regarding drop size, the presence of surfactant manifests distinct
effects: reduced interfacial tension aids the production of smaller drops, while the Marangoni

stress mitigates this influence.
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Furthermore, we have performed two parametric studies to address the effect of surfactant
elasticity B and the Biot number Bi. In the first case, we have demonstrated that increasing
B, eases interface deformation and thus drop formation by reducing the average interfacial ten-
sion. However, the presence of Marangoni stress counteracts these effects, leading to a notable
increase in both interfacial area and dispersed phases count for the largest 85 (55 = 0.9) during
t = 15—20 x Rewv. This phenomenon arises from the promotion of long ligament formation (and
subsequent drop production) by the Marangoni stress. However, as the simulations terminate,
this deviation vanishes, with similar drop numbers and interfacial areas observed. For the ef-
fect of the Biot number, temporal profiles with regard to interfacial area and drop counts have
consistently shown that low values of Bi (Bi < 0.01) encourage the drop production during
mixing. In addition, exclusive interfacial phenomena have been highlighted for low Bi cases,
for example, the extending tails from the deforming interface presented throughout the entire
interface evolution. In contrast, high B7 systems exhibit similar trends, in terms of generated
area, dispersed drop count, as well as interfacial behaviours, as those observed for surfactant-
free system. These observations are attributed to the modified desorption rate of surfactant
species, which have clearly illustrated by the temporal profile of surfactant concentration at

the interface.
Throughout this work, we have provided a detailed insight into surfactant-laden interfacial

dynamics within a practical operation unit, i.e., the stirred vessel. Though all the results are

from a specific configuration, the physics that have been discussed is generic to stirred mixers.
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Overview

This chapter presents the results of time-series prediction based on the CFD simulation data
from Chapter 4 and 5, using the multivariate RNN-models constructed through the framework
that has been detailed in Methodology chapter (Section 3.2). In particular, two model archi-
tectures (namely RNN layer with one fully connected layer, RNN-FC, and encoder-decoder
architecture, RNN-ED) with two types of RNN units (namely LSTM and GRU) are examined.
These models are capable of predicting temporal evolution of distinct dispersion performance
metrics across multiple time-steps into the future, without requiring detailed knowledge of the
mixing process itself. Hence, this model potentially serves as a cheap alternative to the high-

fidelity CFD simulation which demands tremendous computational resources.

This chapter is organised as follows: first, a brief comparative evaluation of model performance
is provided, examining accuracy and resource consumption metrics between both network archi-
tecture when using either LSTM or GRU cells (Section 6.1.1). From this, the best-performing
RNN unit is selected as the primary focus for the remainder of this chapter. Subsequently, a
discussion is presented surrounding the chosen model’s generalisation (Section 6.1.2) based on
its performance on both training and validation datasets. Following this, we continue with an

in-depth exploration of the chosen framework’s performance on the testing datasets (Section



6.1. Results and discussion

Table 6.1: Volumes of the dispersed entities corresponding to the size ranges presented in Figure 6.3.

Bin Stirred mixer
Ae = 0.0045[m)]
Bin edge Actual size
logyo(Va/Veap) [m? x 107°]
Bz [-3.50,-3.00]  [1.54 x 1073, 4.86 x 1073]
Bs  [-2.50, -2.00] [0.02, 0.05]
Bg [-2.00 -1.50] [0.05, 0.15]
Bs  [-1.00, -0.50] [0.49, 1.54]

6.1.3). This involves a thorough analysis of the predicted temporal evolution for all features,
namely, ND, TA, and DSD, across the network architectures. In particular, the DSD predic-
tions are interpreted through selected bins, i.e., Bs3, B, Bg, and Bg, containing the normalised

density estimators, 7, introduced for the binning procedure in the Section 3.2.2.

The drop size is defined in the same manner as in the previous chapters. In this part, the
drop size is recovered from the density estimators as a log-scale normalised drop volume,
log1o(Via/Veap), where Vj is the volume of the dispersed drop and Vi,, denotes the volume
of a spherical drop whose diameter corresponds to the capillary length scale, A\, = \/m.
Accordingly, the drop sizes covered in this work lie in a range of log,y(Vi/Veap) = [—4.5,0.0].
Following the binning procedure described in Section 3.2.2.1, the actual volumes corresponding
to each of the bins treated in this chapter are listed in Table 6.1. Lastly, the ensemble-based
approach implemented to quantify the model’s uncertainty (Section 6.1.4) is showcased using

features ND and TA from one testing case.

6.1 Results and discussion

6.1.1 Comparative RNN unit performances: LSTM vs. GRU

As mentioned at the onset of this chapter, two highly relevant and frequently employed RNN
units, LSTM and GRU, were deployed to comparatively assess their performance and accu-
racy in an industrially relevant case study. The primary distinction between these units is
the absence of a cell state or long-term memory in the GRU structure, as opposed to LSTM.
This aims to reduce computational requirements, such as training time, while still maintaining

performance and model’s capability to capture long-term dependencies to a significant extent.

Table 6.2 provides a comprehensive evaluation of all possible combinations between RNN archi-
tectures and units, wherein R? and RMSE associated with training, validation and testing sets
are presented. The following discussion is focused on the testing sets. First, when concerning
the overall RMSE, LSTMs exhibit slightly lower values for the two network architectures com-
pared to their GRU counterparts, suggesting a generally better predictive capability. Likewise,
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for the overall R? coefficient, the LSTM models consistently achieve higher values, albeit with
the difference being marginal in certain instances (e.g., <1% for the testing sets). As expected,
these observations imply that LSTMs have a generally better grasp of the intricate underlying
patterns in the data, allowing them to capture data variability and long-term dependencies

with slightly greater accuracy than GRUs.

Similar conclusions can be drawn when examining specific features individually, such as ND
and [A, where the improvement achieved with LSTM units as opposed to GRU units is notably
more pronounced. For example, 2-5% higher R? coefficients when deploying LSTMs for an FC
architecture. When looking at more complex data generated for the DSD bins, even though
both models seems to struggle to predict some of these dependencies, LSTMs still demonstrate

superiority in capturing the variability within specific bins, notably for bins Bg and Bs.

In terms of computational requirements during tuning, surprisingly the LSTM and GRU models
have similar peak memory usage but GRUs consume more time than LSTMs, particularly in
FC models, taking almost twice as long to tune. Training times show, however, a different
conclusion, with shorter training times for both GRU-based networks. Based on the favourable
aspect raised for LSTMs in this part, relevant analysis is carried out in further detail exploring

their performance and robustness.
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Table 6.2: Model accuracy and computational performance metrics of all combinations between RNN architectures and units. R? and RMSE values presented in brackets
correspond to the training, validation and testing sets, respectively.

values marked with * and © correspond to the highest and lowest time taken for model tuning/training, repsectively.

Metrics LSTM-FC LSTM-ED GRU-FC GRU-ED

Model accuracy (training, validation, testing)

Overall RMSE (0.057, 0.071, 0.063)  (0.058, 0.048, 0.067)  (0.054, 0.070, 0.065)  (0.061, 0.049, 0.067)
Overall R? (0.952, 0.926, 0.942)  (0.950, 0.969, 0.935)  (0.956, 0.927, 0.938)  (0.944, 0.964, 0.934)
R? (ND) (0.893, 0.627, 0.938)  (0.808, 0.873, 0.907)  (0.883, 0.723, 0.921)  (0.829, 0.825, 0.897)
R? (IA) (0.684, 0.075, 0.841)  (0.728, 0.872, 0.808)  (0.740, 0.095, 0.836)  (0.554, 0.880, 0.760)
R? (Bs) (-0.027, -0.176, 0.571)  (0.346, 0.158, 0.543)  (-0.386, 0.050, 0.557)  (0.361, -0.113, 0.629)
R? (Bs) (-0.646, -4.663, -0.073)  (0.123, -0.155, 0.496) (-0.515, -3.325, -0.010)  (-0.280, -1.516, -0.086)
R? (Bg) (-1.188, -6.147, 0.422)  (0.247, -2.600, 0.677) (-1.262, -2.552, 0.451)  (0.081, -2.130, 0.642)
R? (Bs) (-0.022, 0.559, 0.708)  (0.530, 0.140, 0.698)  (-1.868, -0.098, 0.460)  (0.585, 0.225, 0.745)

Computational performance

Tuning
time (mins) 3281.855™ 22367.724* 2708.065 20574.498
peak memory (MB) 254.931 305.009 252.107 305.013
Training
time (mins) 143.749 1271.801* 110.922* 934.931
peak memory (MB) 13.441 13.441 13.441 13.441
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Figure 6.1: LSTM-FC (top panel) and LSTM-ED (bottom panel) predicted vs. true data error dispersion
plots for all 12 features considered in this work. A + 20 % deviation area is included. Sub-figures to the left
((a), (¢)) showcase training data, while those to the right ((b), (d)) illustrate validation data for the mixer

respectively.

6.1.2 Model generalisation: performance on training and validation data

Before analysing model performance using LSTM cells on the testing sets, we first compare
the performance of both trained networks on the training and validation data sets, depicted
in Figure 6.1. In these plots, the scattered points represent the predicted values for all the
features studied. The first observation drawn from these plots is that most of the points are
located at the left bottom corner. This region corresponds to a range of [0, 0.2], wherein most
of the feature values associated with drop density estimation are likely to occur. Meanwhile,
10 bins have been considered as individual features which account for more than 80% of the
overall 12 features, which naturally leads to the aggregation seen in this area. In addition,
an evident deviation is shown in this corner, not only for training and validation but also
for testing predictions (refers to Figure 6.2). Relevant discussion on this observation will be
included in the next section to avoid redundancy. On the other hand, the predicted values

related to both the training and validation data sets align reasonably well with the true data,
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Figure 6.2: LSTM-FC (a) and -ED (b) predicted vs true data error dispersion plots for testing datasets, with
a +20% deviation region included.

though there exhibits a slightly developing deviation between predictions and ground truth,
especially when looking at the corresponding the validation set. This conclusion is supported
by the RMSE and R? values for the training and validation sets. The consistently low RMSE
values (0.057 for training and 0.071 for validation), coupled with the marginal increase in the
validation RMSE relative to the one for the training set, suggest that the trained LSTM-FC
model adeptly captures the underlying patterns in the dispersion dynamics and can generalise
this knowledge to new data. This indicates the model’s robustness against overfitting and its
capability to make reliable predictions on unseen data. A similar performance can be seen from
the RMSE values for the LSTM-ED, which also finds its support in the corresponding values
of R?. From the dispersion clouds displayed in Figure 6.1, the LSTM-ED appears to provide
a better-trained state, as most of the sequences above 20% deviation are eliminated, especially
for the clean and low Bi (<0.1) cases. This observation holds for the validation set, where the
encoder-decoder structure only exhibits slight over-prediction, with a small section deviating
beyond 20%; in contrast, the LSTM-FC model seems to encounter difficulties in accurately
predicting behaviours in the surfactant-laden scenario, particularly towards the later stages of

studied time frame.

6.1.3 Model performance: prediction via rollout

This section presents the model rollout predictions on the testing data sets for both LSTM ar-
chitectures. Similar to what we have shown for the training and validation data sets, Figure 6.2
presents error dispersion plots for the testing cases, which contain all 12 target scaled features
(ND, IA and 10 bins). This figure offers a broad overview of each model’s performance for all
testing cases. However, it falls short when pinpointing the specific features associated with a
particular error cloud or region. This association can only be achieved by correlating it with

the subsequent Figure 6.3 demonstrating the rollout predictions for each feature.
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Starting with the LSTM-FC model in Figure 6.2a, the dots corresponding to the high Bi case
(coloured by dark purple) are mostly found above the black solid parity line (y = x). This im-
plies that the model is inclined to overestimate the dispersion metrics for this particular setup,
predicting a larger interfacial area, and more dispersed drops overall. A possible explanation for
the overestimation could be that the trained LSTM fails to learn the relationship between the
highly soluble surfactant and the distribution of ND and TA. This type of surfactant typically
leads to notably smaller ND and TA values due to higher interfacial tension when compared to
other surfactant cases. This effect is linked to the rapid departure of surfatcant species from
the interface, resulting in a dispersion performance similar to that seen in the surfactant-free
case. In contrast, the predicted values via LSTM-FC for the other two testing cases and those
via LSTM-ED (see Figure 6.2) are distributed over both sides of the parity line, implying that
there is no defined biases in the model predictions. Recall that both Figure 6.1 and 6.2 present
noticeable variations beyond +20% at low true data values (data point <0.3). These discrep-
ancies predominantly align with early time-step predictions for any feature. Figure 6.3 offers
a detailed perspective on the rollout predictions concerning each feature. From this figure,
the described deviation is most likely due to the sensitivity of DSD to perturbations in the
total drop count during the early stages of dispersion formation, especially at the edges of the
distribution (i.e., small or large drops). More discussion relevant to this will be presented along

with subsequent figures.

As mentioned earlier, Figure 6.3 compares the target and predicted values for each feature via
LSTM models. It can be seen that the predicted values for features ND and TA, especially at
early times, exhibit a much better agreement with the targets compared to that seen for the
selected bins exemplified herein. This corroborates our earlier assertion regarding the origin
of the large deviations associated with low-value true data. Moreover, the trained LSTM-FC
correctly captures the hierarchy of the testing cases for all features (see Figure 6.3a, ¢), partic-
ularly at the early time-steps of the predicted sequence. Taking ND as an example, the order,
Cl: 8Hz > Bi = 0.002 > Bi = 1, is reproduced for time steps ~ 50 — 200. However, the
trained LSTM-FC is unable to predict this ranking further down the time range, as displayed
in Figure 6.3a: the predicted ND for Bi = 1 is overlapping with that for B: = 0.002. This
can be attributed to the model’s inability to extract the correct physical knowledge from the
surfactant cases, failing to correlate the surfactant effect with the dispersion performance at
later stages. A similar scenario can be seen for the predictions of feature IA, wherein the trained
LSTM-FC is capable of recovering the hierarchy at early times, but since the gap between the
prior input information and the point where it is needed becomes larger, the model starts to
perform poorly. Regarding the performance of LSTM-ED (see Figure 6.3b,d), it demonstrates
comparable accuracy to LSTM-FC during the early times. However, unlike LSTM-FC, LSTM-
ED successfully reproduces ND and IA behaviours in later dispersion stages. For instance, it
correctly captures the descending trend in ND for Bi = 1 and predicts similar ND levels for
Bi = 0.002 and Cl: 8 Hz. Likewise, it accurately predicts the decrease in IA for Bi = 1 and
the increase for Cl: 8 Hz.
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The superiority of LSTM-ED over LSTM-FC comes from their distinct training methods, as
described in Section 3.2.2.3: LSTM-FC is trained to map an entire output sequence with its
input, while LSTM-ED learns to progressively generate the output sequence. This guarantees
a better performance for LSTM-ED when dealing with sequence generation, i.e., prediction
via rollout herein, as it is trained to utilise previous predictions for generating subsequent
sequences, a capability not explicitly developed in LSTM-FC. Nonetheless, additional observa-
tion from Figure 6.3b,d reveals that LSTM-ED struggles in certain cases, such as replicating
the decrease in TA for Bi = 0.002. This suggest that there is room for improvement in the
trained LSTM-ED to enhance its understanding of the features and the underlying mechanisms
presented in this study. This improvement could be achieved by training on larger data sets
and further tuning the hyperparameters. In summary, while training an LSTM-FC may be
relatively straightforward due to its simply mapping between input and output sequences, its
performance would be globally inferior to that of a well-trained and finely-tuned LSTM-ED;
this is due to the feature evolution embedded in the sequence in the latter, which is absent in
LSTM-FC.

Figure 6.4a,c present examples of the predictions of the DSD in the form of histograms for
time-step t = 280, containing all the bins involved in the predictions. This figure, along with
the rollout predictions relevant to bins presented in Figure 6.3e, f, forms an integrated visu-
alisation of model performance concerning DSD prediction. Take Cl: 8 Hz as an example,
LSTM-FC consistently overestimates the values of Bg throughout most of the time steps (see
Figure 6.3¢), aligning with the observation in Figure 6.4a wherein the predicted Bg lies above its
target. Likewise, for LSTM-ED, a good agreement between target and predicted distribution
for Cl: 8 Hz is presented in Figure 6.4c, compared to the other two cases; this is also evidently

indicated by the close alignment of target and predicted values shown in Figure 6.3 f.

Additionally, to give an overview of the difference between the targeted and predicted distribu-
tions, we computed the Wasserstein distance using the built-in functions from SciPy library in
Python, which is a measure originating from studying optimal transport problem. Intuitively,
if each distribution is treated as piles of soils, this metric quantifies the masses and correspond-
ing distance that must be moved around to turn one distribution into the other; hence this
metric is also known as earth mover’s distance (EMD). Consequently, lower values of this score
indicate higher similarity between the two concerned distributions. Temporal plots with regard
to EMD is given in Figure 6.4b, d for LSTM-FC and LSTM-ED, respectively. From this figure,
the predicted DSDs via both network architectures tend to significantly deviate from the target
at the early times. This is consistent with the observations in the rollout predictions displayed
in Figure 6.3e, f, where evident deviation is seen for all bins during ¢ ~ 50 — 100. Moreover,
the statistical instability could be inherently linked to the grid resolution of the simulations,
which indicates that nonphysical drops are appearing or disappearing from the domain, caus-

ing stochastic irregularity in the data. As a result, with an increase in drop count, the trained
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Figure 6.3: Plots comparing the model target sequences (lines) and predicted sequences via rollout procedure
(dots) of LSTM-FC ((a), (¢)) and LSTM-ED ((b), (d)), with features ND and IA in the top and bottom,
respectively. The results of predicted drop size distribution are exemplified using Bs, By, Bg and Bg for both
network architectures ((e), (f)).

models capture the DSD more faithfully with a low level of dissimilarity as reflected by the
EMD scores (< 0.2).
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Figure 6.4: (a),(c):

Exemplified histograms presenting the predicted drop size distribution via LSTM-FC

and LSTM-ED; three test cases are shown for time-step t = 280: Bi = 1, Bi = 0.002 and Cl: 8 Hz, with the

numeric labels in the figure denoting the corresponding bins (Bs, By, Bg, and Bg). (b), (d):

Temporal plots

presenting the divergence between targeted and predicted drop size distribution via LSTM-FC and LSTM-ED,

using metrics, Wasserstein distance.
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Figure 6.5: Uncertainty quantification plots, comparing the model target (represented by solid lines), model
predictions from unperturbed input (dotted line) and the ensemble prediction interval region (coloured bands),
for LSTM-FC (a) and LSTM-ED (b). The dots cloud displayed at the early times represents the ensemble of

perturbed input sequences.

128

10.0

IA



6.1. Results and discussion

6.1.4 TUncertainty quantification

In this section, the uncertainty quantification of LSTM-FC and LSTM-ED is demonstrated
using two features ND and IA of the test case Bi = 0.002. To remind the reader, an ensemble-
based scheme is proposed in this study to address the iterative nature of the trained model,
which repeatedly processes its output to generate a sequence of predetermined length. As illus-
trated in Figure 6.5, this method involves generating an ensemble of perturbed input sequence
(denoted by dots cloud), which the trained model uses to produce an ensemble of corresponding
predicted sequences. Based on these predictions, a prediction interval is calculated to give an
overview of the range wherein the model prediction is likely to occur, which is represented by

a coloured band indicating the prediction interval region.

The first observation from the figure is the difference in the spread sizes of the interval region
associated with the two models. As demonstrated previously, perturbation noise is drawn from
the distribution N(0,0.04%), resulting in a spread of the input ensemble with corresponding
standard deviation of 0,4 = 0.04. However, the spread, or the band width, of the prediction
ensemble via LSTM-FC is noticeably narrower than that of the input ensemble. This suggests
a low level of sensitivity of the LSTM-FC to the input noise, which is expected given that
LSTM-FC learns to map the entire output sequence based on its input. Moreover, a close
alignment between the interval region and target sequence is presented for ¢ = 50 — 150, partic-
ularly for the prediction of ND where the model target is covered within the ensemble region.
This indicates that the trained model exhibits high precision for predictions within this time
frame. It is worth noting that the band width vanishes when ¢ > 150, implying that consistent
predictions are generated regardless of previous observations. On the one hand, this suggests
a stable convergence of LSTM-FC within the specific range of input noise. On the other hand,
it indicates that the LSTM-FC struggles to account for the impact of modified initial observa-
tions on the evolution of dispersion performance, especially as the gap between the predicting

time-step and the input observation increases.

In contrast, the trained LSTM-ED presents a wider prediction interval region, which reflects a
higher sensitivity to the added noise. This can be attributed to the sequential procedure of the
LSTM-ED when generating an output sequence. The model is trained to learn the evolution
step-by-step, making it particularly susceptible to fluctuations in feature values, which have a
profound effect on the model’s prediction for the next time step. Furthermore, we investigate
the correlation between the spread size and model performance along the time axis for LSTM-
ED. Model performance is expressed by the divergence of the prediction from its corresponding
target at each time-step, i.e., |yy — y|. Pearson’s correlation coefficient (PCC) [Pearson, 1901]
is computed to offer an overview of the direction and strength of the relationship between the
predictions and their associated targets. The corresponding result is presented in Figure 6.6.
As shown, the spread size generated by the trained LSTM-ED model for both features exhibits
a fairly strong positive correlation with the model performance indicated by a PCC larger than

0.5. However, related studies have suggested that researchers should not rely solely on the
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Figure 6.6: Plots comparing the evolution of spread size and model performance (i.e., absolute residual between
model prediction and target at each time-step, |y — y¢|) for LSTM-ED.

correlation coefficients for identifying the relation between data sets [Armstrong, 2019, Derrick
et al., 1994]; instead, it is essential to plot the data for visual inspection [Asuero et al., 2000,
Anscombe, 1973]. From this perspective, plots presented in Figure 6.6 offers insight into the
temporal similarity between the spread size and model performance. Although the spread size
does not precisely mirror the exact trend and amplitude of the model performance, it effectively
captures the local extrema that signify large deviations of the model predictions from their tar-
gets. This is beneficial when performing sequential prediction since the spread size could help

identify the point where the accuracy of the model prediction begins to deteriorate.

From the above analysis, the spread size of the prediction interval generated by the LSTM-ED
serves as a reliable indicator of model performance and reliability along the sequence generation.
This is particularly valid in the case where the trained model is deployed to predict mixing
systems that were not included in the training data set and for which the actual target, or

“truth”, is inaccessible.

6.2 Concluding remarks

This chapter has demonstrated the application of the RNN to predict the temporal behaviour
of key dispersion performance metrics for complex multiphase mixing systems. Specifically,
two network architectures, FC and ED, with two types of RNN units, LSTM and GRU, have
been finely trained and deployed to predict interfacial area growth, dispersed entity count, and
their size distribution for future time-steps. The RNN models have been trained with data
obtained from high-fidelity, three-dimensional, CFD simulations carried out for stirred mixers,
as presented in previous chapters. In particular, the RNN model has been assigned the task of
learning and capturing the influence of varying physiochemical properties and operational con-

ditions on dispersion performance. Concerning the network architecture, the RNN-FC has been
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taught to map a single long output sequence from the input sequence alone, while RNN-ED has
learned to progressively generate feature output sequences based on its previous predictions.
The comparison between GRU and LSTM has shown their similar performances in prediction

accuracy and computational resource consumption, although a slight edge was observed for
LSTMs.

Hence, this chapter is focused on LSTM-based networks, presenting model performance in
terms of the prediction of each dispersion metric. Both model architectures exhibits high pre-
diction accuracy at early time-steps. However, for longer time frames, the trained LSTM-ED
outperforms the LSTM-FC, demonstrating superior capability in accurately recovering disper-
sion dynamics that the LSTM-FC fails to predict correctly. This distinction is attributed to
the fact that the feature evolution embedded in the sequence is absent in the LSTM-FC. In
particular, we have presented different methods to visualise the model performance in the drop
size distribution. These methods include the temporal drop counts in each bin representing a
specific drop size range and the histogram of all bins at one time-step. Additionally, Wasser-
stain distances have been computed to track the similarity between the predicted and target
distributions. Based on this score, we have shown that the evident discrepancies occur at early
times, where the corresponding DSD is sensitive to the perturbation in the total drop count
due to its small value initially; hence, the deviation gradually diminishes with the increase in
drop numbers. Lastly, we have proposed an ensemble-based procedure to quantify the model
uncertainty and have illustrated the high sensitivity of the LSTM-ED when concerning the
added noise drawn from the same Gaussian distribution as LSTM-FC. Furthermore, the corre-
lation between the spread size of the prediction interval generated by LSTM-ED and the model
performance has investigated. We have demonstrated that the spread size serves as a reliable

indicator of the evolution of model reliability through the rollout.

Throughout this work, we have delineated a baseline procedure for data preprocessing, recondi-
tioning, and RNN deployment (detailed in the Methodology, Chapter 3) in the field of complex
multiphase mixing. More importantly, we have implemented a system-agnostic framework capa-
ble of seamlessly handling any time-series data with similar structures from other applications,
regardless of their origin (i.e., numerical data or experimental measurements), and performing
analogous temporal evolution predictions of key metrics. Thus, this study could significantly
benefit the chemical engineering academic community and industrial practitioners by introduc-
ing a cost-effective yet robust alternative to computationally demanding or high-fidelity CFD
modelling frameworks, such as those presented in previous chapters, intended to provide an

accurate representation of complex interfacial metrics as the ones studied herein.
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Chapter 7

Conclusions and future work

7.1 Conclusions

Understanding the physical mechanisms underlying liquid-liquid dispersion is crucial in mod-
ern industries due to its extensive application across various fields. However, the inherent
complexity of this process has hindered comprehensive understanding. With advancements
in computational power, the multiphase mixing research community has increasingly applied
high-fidelity numerical simulations to uncover the mechanisms governing liquid-liquid mixing
process. The literature review provided here has shown that information regarding interfa-
cial behaviours subjected to complex flow conditions is rarely accessible, though fundamentals
of single drop dynamics in the absence and presence of surfactant have been well established

through numerous experimental investigation.

In this respect, this thesis has carried out high-fidelity CFD simulations to bridge the gap in
the understanding of all the stages of the emulsification process, especially within a practical
operational unit, namely a stirred vessel equipped with a pitched blade turbine. Firstly, the
effect of impeller speed on the dispersion performance is investigated. The coupling between
interfacial evolution and vortical structures generated by the rotating mixer has been detailed
from the onset of the impeller rotation throughout to a dynamic steady state. Additionally,
comprehensive analysis regarding the drop size distribution has been performed across a range
of impeller speeds, examining the temporal evolution of dispersed drop number and their size
distribution. Corresponding results demonstrate the possibility of selecting an optimal impeller

rotation frequency depending on the specific requirements of the application at hand.

This work has been extended to surfactant-laden systems in agitated vessels, elucidating the
impact of surfactants on interfacial evolution and dispersion performance. The study has
investigated the effects of varying surfactant properties such as surfactant elasticity and des-
orption rate from the interface toward the bulk. It is found that the decrease in interfacial
tension facilitates interface deformation and fragmentation in the studied system, particularly
promoting a drop breakup mechanism called tip-streaming, which is absent in surfactant-free
systems. Additionally, the surfactant concentration gradient at the interface has been shown

to retard interfacial elongation and thereby drop formation, especially via tip streaming, while
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simultaneously encouraging drop breakup events through capillary instability. These combined
effects result in a negligible change in drop size in surfactant-laden systems compared to their

surfactant-free counterparts.

Meanwhile, recent advancements in ML techniques have opened new possibilities for further
elucidating the physics embedded in liquid dispersion processes. This thesis has examined the
applicability of ML-based time-series forecasting models to reproduce the temporal dispersion
performance when trained with its initial observation from CFD simulations. Two network
architectures, RNN with one fully connected layer, RNN-FC, and encoder-decoder architec-
ture, RNN-ED, with two types of RNN units, LSTM and GRU, have been finely trained and
deployed to predict interfacial area growth, dispersed entity count and their size distribution
for future time-steps. Concerning the network architecture, the RNN-FC has been taught to
map a single long output sequence from the input sequence alone, while RNN-ED has learned
to progressively generate feature output sequences based on its previous predictions. The com-
parison between GRU and LSTM has shown their similar performances in prediction accuracy
and computational resource consumption, although a slight edge was observed for LSTMs.
Based on this finding, model performance for LSTM networks has been discussed in depth.
Furthermore, the uncertainty with regard to model predictions has been quantified using an
ensemble-based scheme, demonstrating the high sensitivity of LSTM-ED when concerning the
added noise drawn from the same Gaussian distribution as LSTM-FC. This work has imple-
mented a system-agnostic framework capable of seamlessly handling any time-series data with
similar structures from other applications, regardless of their origin (i.e., numerical data or
experimental measurements), and performing analogous temporal evolution predictions of key
metrics. Hence, it could significantly benefit the chemical engineering academic community and
industrial practitioners by introducing a cost-effective yet robust alternative to computationally
demanding modelling frameworks which are intended to provide an accurate representation of

complex interfacial metrics.

In summary, this thesis has provided detailed insights into interfacial dynamics of liquid dis-
persion within stirred vessels; moreover, it has examined the applicability of several popular
machine learning techniques in the field of multiphase flow mixing, serving as a benchmark for

future ML applications in this area.

7.2 Future Work

As demonstrated, high-fidelity simulations allow for other studies of various surfactant proper-
ties and mixer configurations in the future due to the flexibility of the CFD code used in this
thesis. For example, the high-fidelity simulations can be employed to construct correlations of
the drop size distribution with the dimensionless parameters that characterise the surfactant
systems. In addition, based on the findings relevant to the surfactant-free system (Chapter 4), a

map in (Re, We) space can be constructed, in which the region of limited mixing is demarcated,
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7.2. Future Work

through a framework that focuses on the detection of vortex breakdown (whether it occurs or
not). Another crucial aspect in the study of mixing system lies in the energy consumption of
agitators, which can be represented using the Power number and approximated by correlating
it with variables from simulated mixing vessels, e.g., shear rate. From an industrial point of
view, energy consumption is another key performance factor for the mixer in addition to the
dispersion performance. This area holds significant research potential, particularly when cou-

pling sophisticated physical mechanisms uncovered with the Power number calculation.

However, a more promising direction for future work lies in the application of ML techniques in
the field of multiphase flow mixing. In the work of RNN, exploring additional hyperparameters,
such as the number of LSTM layers, could be significantly enhance model performance. There is
ample room for improvements in RNN performance. In addition, the uncertainty quantification
can be expanded to include various types of uncertainties, thus testing the model’s capability

of filtering noises from different sources.

Furthermore, ML presents potential for addressing several challenges in CFD, particularly at
the interface where various dynamics of phases intersect. One main challenge currently, as
indicated from this thesis, is the modelling of complex surfactant behaviours and their effects
on fluid interfaces. Traditional CFD methods often struggle with accurately resolving these
dynamic interfaces due to their intricate, multi-scale nature. ML algorithms, however, with
their ability to learn from large datasets and identify patterns, can enhance the resolution
and prediction of surfactant dynamics by improving interface tracking behaviour modelling.
This integration can lead to more precise simulations of phenomena such as those illustrated
already. Furthermore, ML can accelerate convergence in large-scale industrial CFD simulations
by optimising computational resources and providing adaptive mesh refinement. By bridging
the gap between detailed, small-scale models and industrial-scale applications, ML facilitates
more efficient and accurate simulations, ultimately enabling more robust and scalable solutions

in industrial scenarios.
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