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ABSTRACT

The formation and presence of water/oil emulsion is an important phenomena in the oil and gas
sector, drug delivery systems and food emulsion industry. In this work, mesoscale simulation is
employed to investigate the structural and interfacial behaviour of the system. Both aliphatic and
cyclic structures of the oil molecules were considered. A non-ionic surfactant was introduced to
the system and the interfacial tension at the interface was measured at varying surfactant
concentration. The effect of brine is also investigated on its ability to modify the electrostatic forces
between the particles in the system. Flory-Huggins chi parameter were measured using molecular
dynamics simulation and Monte Carlo method and implemented as an input in dissipative particle
dynamics simulation. This parameter acted as a bridge between microscale and mesoscale
simulation. The effect of temperature is studied on the solubility parameter and energy of mixing
which are the parameters used to calculate the chi parameter. Water/oil ratio turned out to be an
influencing factor in determining the type of emulsion formed in the system. According to the
results of the MD simulations, the presence of salt improves the interfacial efficiency of the
surfactant by decreasing the interfacial tension, which is in a good agreement with the literature
data. . Comparing the snapshots taken at different simulation time steps, concertation profiles and
radius of gyration values, it was observed that in the case of aliphatic hydrocarbons, surfactant
molecules will stretch more due to the linear structure of oil molecules, however, for cyclic
hydrocarbons, radius of gyration values reported to be smaller since less space is available for the
interaction of surfactant tail groups with oil molecules — however, interfacial tension obtained to
be a function of molecular weight of hydrocarbon, as it calculated to be the highest for
Dodecane(43.62mN/m) and smallest for Benzene(29.68mN/m), regardless of their structure and
polarity of the molecule. Based on the parameter considered to affect the properties of the system,
an ideal case was introduced to have the lowest interfacial tension.

Keywords: Emulsion; Interfacial behaviors; Surfactant; Salinity; Dissipative particle dynamics;
Molecular dynamic simulations
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INTRODUCTION

Emulsion refers to an immiscible mixture of oil and water in the presence of an emulsifying agent.
Emulsion is made of a disperse phase in the form of droplets in a continuous flow of the other
phase present in the system. Emulsion may form and employ during various chemical processes
such as water flooding of heavy oil reservoirs, food emulsions or drug delivery systems. Stability
of water/oil systems is a very important feature of emulsion to be considered in various situations.
One of the factors influencing the emulsion stability is the interfacial tension. Interfacial tension
IS an important characteristics of emulsion to be considered in liquid-liquid mixtures studies. In
thermodynamics perspective, interfacial tension represents the free energy for the formation of an
interface between oil and water phase. The addition of surfactant can significantly change the
interfacial tension of the system. Surfactant molecules are composed of hydrophilic polar segment
called surfactant head and a linear hydrophobic chain of hydrocarbons called the tail. Due to the
nature of the segments, the head is attracted to the water phase and the surfactant tail will penetrate
into the oil phase and reduce the interfacial tension between the two immiscible phases. Due to the
difficulty in predicting the forces and interactions at the interface, prediction of interfacial tension
is a challenging area in emulsion studies. A comprehensive description of fundamental forces such
as electrostatic, van-der-Waals and hydrogen bonding among the molecules are required to
accurately determine the interfacial tension values. Hence, in addition to experimental approaches,
the application of computational methods with the ability to model the particles and molecules
individually is essential. Experimental measurements can provide us with in-depth description
regarding the interfacial characteristic of the system, however, due to the complexity of the
multicomponent mixtures and the limitations of experimental approaches to model such
complexity, an accurate prediction of the particles behaviour in the system is still missing. Hence,
employing new molecular simulation methods are required. Configuration and dynamics of the
molecules at the oil/water interface is important toward a better description of the system and
dissipative particle dynamics (DPD) is a strong tool to model such complicated coarse-grained
systems. DPD is a mesoscopic numerical technique developed to model complex systems.

The main objectives of this work is to study the behaviour of brine/surfactant/oil molecule at
different conditions. This thesis is composed of three individual chapters with references at the
end of each chapter. The first paper summarizes the current and past discussions on different
aspects of emulsion stability. This document gathers useful and practical information regarding
emulsion formations and its stability. Basic emulsion definitions, stability mechanisms, governing
equations to model the flow of emulsion is discussed in this chapter. Different experimental and
measuring techniques to characterize emulsion droplet is also covered in this chapter. The effect
of operational condition, fluid and reservoir properties is discussed and advantages and
disadvantages of the proposed methods in literature is also reviewed. Next chapter, highlights the
importance of oil molecule structures on the characteristics of the system. Samples of aliphatic and
cyclic hydrocarbon molecules were considered and using molecular dynamics simulation and
Monte Carlo method, the input variable for dissipative particle dynamics is calculated. The effect



of temperature, surfactant concentration and water cut is monitored through plots of relative
concertation, radius of gyration and interfacial tension value.

The third chapter, considers a more complicated system of water/surfactant/oil. Two types of salt
are being introduced to the system and the effect of the dissociated ions on the electrostatic
interactions between the surfactant head and tail group with water and oil phase is studied. Through
snapshots taken at different simulation time steps, the evolution of the system is monitored.
Solubility parameter and energy of mixing calculation were performed to obtain the chi parameter
values requited to estimate the conservative force parameter in DPD simulation.

The last chapter summarized the main findings of this work and recommend future applications of
this work to further expand water/surfactant/oil simulation studies.



1 A Comprehensive Review on Emulsions and Emulsion Stability in

Chemical and Energy Industries
Fatemeh Goodarzi, Sohrab Zendehboudi

Faculty of Engineering and Applied Science, Memorial University, St. John’s, NL, Canada

ABSTRACT

Emulsion refers to a mixture that includes two or more liquid phases. The uses of emulsions are
found in several chemical, energy, and environmental industries such as food, health care,
chemical synthesis, and firefighting sectors. Water in oil emulsions is formed spontaneously
during oil production when oil and water are mixed together and in the presence of asphaltene as
a naturally occurring surfactant. For operational and economic reasons, oil emulsions need to be
treated to recover both oil and water phases. To develop more efficient emulsion treatments, it is
essential to have a better understanding of the factors that affect emulsion formation and stability.
The droplet size variation is an important parameter that influences the stability and rheological
characteristics of the emulsions. In addition, the available interfacial area for any possible
chemical reactions might affect the behaviour and properties of the emulsions in various transport
phenomena systems. The adequate knowledge of the factors and mechanisms affecting the droplet
size and emulsion stability still needs further engineering and research activities. This study is
aimed to provide a comprehensive literature review on the formation of water/oil emulsion and its
stability in various physical systems (e.g., pipeline and porous media). In this review, fundamental
aspects of emulsions, emulsion formation mechanisms, analytical models, and numerical solutions
for description and characterization of the behaviour of emulsions in porous media or/and
separators are discussed. The effects of different fluid properties, physical model characteristics,
and operational conditions on emulsion behaviours are also studied. This paper also summarizes
the experimental and modeling studies and methodologies with focus on reliable laboratory
equipment/tools and simulation and modeling packages/strategies for investigation of emulsion
stability and droplet size distribution where a systematic parametric sensitivity analysis to study
various effects of important thermodynamic, process, and medium properties on the targeted
variables is conducted. This review manuscript will provide useful guidelines to characterize and
model emulsions and their behaviours in different industrial sectors, which considerably help to
conduct better design and optimal operation of corresponding equipment.

Keywords: Emulsion; Emulsion Stability; Droplet Size; Characterization; Modeling and
Experimental; Energy and Environment



1.1 INTRODUCTION
Systems of at least two immiscible phases are called dispersion. A disperse system is made of a
dispersed phase in a continuous flow. There are three major types of dispersions based on the
physics of dispersed phase namely: foams of a gas in liquid mixture, suspensions of a solid in
liquid blend, and emulsion of a liquid in liquid system. M Emulsion is a mixture of two immiscible
liquids, which generally forms during various chemical processes such as water flooding of heavy
oil reservoirs, water treatment membranes, and packed bed separators. 2 For instance, emulsion
can be categorized as water-in-oil emulsion (with water droplets as a dispersed phase in the flow
of oil as the continuous phase), oil-in-water emulsion (with oil droplets in the flow of water) and
more complex configuration of emulsion such as water-in-oil-in-water emulsion. B Crude oil is a
blend of hydrocarbons with different sizes that can have various applications in chemical and
energy industries. The type and composition of crude oils (as vital factors) play important roles in
the development of emulsions. Water-in-crude oil emulsions are stable dispersions of water
droplets in a continuous flow of oil, stabilized by heavy particles/components (naturally occurring
emulsifiers) present in the oil. Emulsion formation is a recurring issue which is undesirable in the
oil industry as it might cause flow blockage, inefficient separation, operational problems,
corrosion, and consequently adding high costs to the transportation, processing, and separation
units. [ For instance, the dispersed water droplets occupy a considerable volume of the processing
facilities and pipelines, leading to appreciable variations in normal operating conditions and an
increase in the operational expenses. Furthermore, the physical properties of oil are significantly
altered owing to the presence of emulsions. [ The criteria/conditions for formation and stability
of the emulsions are practically the same in various processes and industries. There are a number
of studies on emulsion characteristics and factors contributing to its stability. However, there are
still several unsolved technical and practical issues such as finding a proper measurement
technique to monitor emulsion stability or deriving a correlation to account the effect of various
parameters influencing emulsion stability and droplet size variation (or/and distribution). These
challenges call for extensive research investigations on the flow of liquid-liquid suspensions in
complex physical systems such as porous media where the droplet size and pore sizes may be
comparable. A systematic theoretical and experimental research work was conducted on the
rheological properties of emulsions and their impacts on droplet size distribution. © 71 The
proposed correlations were planned to account all the factors, influencing viscosity based on the
experimental data and correlations in the literature. In offshore oil production, emulsions are
observed at various steps of the transportation and production operations. A variety of process
equipment (separators and coalesces) and measurement tools are required to design a platform for
destabilization of the produced emulsions. (1 Souza et al. P! suggested a variety of techniques to be
involved in treatment and transportation of crude oil. The emulsion droplet size distribution is an
important feature affecting the stability of emulsion. The size of droplets dispersed in the emulsion
is a vital characteristic as it can modify the rheological behaviour and stability of emulsions. This
property is used to calculate the surface area required for gas hydrate formation, since the
area/interface controls the mass and heat transfer rate. [*% There are numerous techniques in the



literature to determine emulsion stability and size distribution > 2 such as Nuclear Magnetic
Resonance (NMR), Near Infrared Spectroscopy (NIR), acoustics and electroacoustics or optical
microscopy method. However, each technique has its own pros and cons. For example, NIR
requires calibration and cannot report droplet size distribution directly. NMR has some biased
distributions functions and fit the data based on them. Electroacoustic and acoustic may result in
inaccurate measurements due to the effect of solid particles I, Since water-in-oil emulsions and
their stability have been challenges to the oil industry, it is crucial to have an adequate
understanding of the factors influencing the emulsion stability so that effective treatment
techniques are proposed to solve this matter.

In general, the heterogeneous dispersion of liquid/ liquid systems can be classified into two
categories [“; including, a) Emulsions with droplet size of microns which are thermodynamically
unstable, and b) Microemulsions with a droplet size in the nanometer scale, which are considered
as stable emulsions thermodynamically. A transition from emulsion to microemulsion occurs when
there is a considerable change in the droplet size. It is clear that microemulsions can be converted
into emulsions, and vice versa under particular thermodynamic and process conditions. For
instance, Lopez-Montilla et al. [ reported that a simple temperature shift causes emulsion—
microemulsion transition. Two approaches are mainly applied to understand the stability behaviour
of emulsions; namely, (a) zeta potential measurements for the surface of the particles to predict
the emulsion stability ! and (b) ageing tests which represent the study of the emulsion properties
changes with time. Two common destabilization processes that influence the uniformity of
dispersions are migration of the particles and droplet size variation or accumulation. It is crucial
to examine how the operational conditions such as water content of the water/ oil (W/O) emulsions
and temperature affect the stability to make logical recommendations for improvement of the
industrial processes while dealing with the emulsion issue.

There are some research studies with focus on application of new modeling and connectionist tools
to model emulsion behaviours and stability. For instance, Yetilmezsoy et al.” employed the fuzzy
logic to estimate water in oil emulsion stability where the input parameters were density, viscosity,
saturates, asphaltenes, aromatics, and resins. In another research investigation, Fingas® obtained a
class index to identify stable, meso-stable, entrained, and unstable emulsions through employing
a Gaussian-style regression expansion technique, where various variables such as asphaltene and
resin contents, viscosity, and density were considered as the inputs.

During production, transportation, and processing stages in petroleum industry, the crude oil
viscosity is one of the fundamental characteristics that influence the transport phenomena,
interactions between phases, and flow properties of the dispersions. Water is frequently produced
from oil reservoirs or is injected in the form of steam and liquid into the reserves to enhance oil
production [ 8 Water and crude oil mix while passing through the well and the valves. The
mixture flow will produce stable water-in-crude oil emulsions. Stable emulsions consist of 60% to
85 % water [°). The stable emulsions are normally found in crude oils with higher viscosity [). The



presence of natural surfactants (e.g., asphaltene and resin) in crude oil causes the formation and
stabilization of emulsions where the presence of these heavy particles/parts of crude oil strongly
affect the oil viscosity. For instance, crude oil viscosity increases when the amount of heavy
suspended particles increases [ 1%, Resins and Asphaltenes are two soluble groups of crude oils
which are identified as important factors affecting the emulsion stability. The formation of an
elastic layer at the oil/water interface is due to the interactions between the asphaltene and resin
[111 Emulsion formation in oil production is a challenge due to causing an unexpected behaviour
from production fluid. There are a very few research works in the literature which extensively
review important concepts regarding emulsion and emulsion stability. The main objective of this
review manuscript is to summarize the current and previous discussions on emulsion stability and
various methods to determine droplet size distribution. This document provides practising
engineers useful information and guidelines about emulsions, emulsion formation, and emulsion
characteristics. This review paper is made of different sections. Section 1 provides an introduction
on emulsion and its stability. Section 2 describes the water-in-oil emulsions phenomena. First, the
basic emulsion definitions, properties of emulsions, and stabilization mechanisms are discussed in
this section. Second, the importance of heavy oil particles and solids in emulsion stability is
highlighted. The role of asphaltene in emulsion formation is also emphasized. Section 3 outlines
the models and governing equations used to describe the flow of emulsions, limitations, and
assumptions. A brief on methodologies and correlations is also discussed. Section 4 summarizes
the previous experimental works, measurements technologies, and theoretical techniques
implemented to characterize the size, shape, and stability of emulsions. Effects of
process/operational conditions; namely, temperature, flow rate, and water/oil ratio on the
emulsions and emulsion stability are briefly described. The main findings are also discussed for
further understanding. Section 5 describes the influences of fluid properties on the emulsions and
emulsion stability. The compositional and structural properties of injected fluids and crude oil are
studied. This review highlights how important characteristics such as interfacial tension and
salinity of the water affect the droplet size variation. The modeling studies and previous
correlations are also covered in this section. Section 6 evaluates the effects of reservoir properties
(e.g., porosity and permeability) on emulsions and emulsion stability. The flow of emulsion
through porous media is elucidated. The previous studies based on deep bed filtration model are
covered in this section. The snap off phenomenon as an important factor in droplet size distribution
and emulsion stability is also discussed. Section 7 covers the simulation and optimization
tools/packages for modeling of emulsions and emulsion stability. The experimental techniques
used for analysis and accuracy examination of models developed for water-in-oil emulsions are
discussed where the advantages and drawbacks of the models are summarized. Section 8 explains
the strategies for control of emulsion stability. The theoretical and practical challenges in
emulsions and emulsion stability are also discussed in this section. Section 9 summarizes the main
conclusions and suggests recommendations for further research.



1.2 THEORETICAL ASPECTS OF EMULSIONS

1.2.1 Description of oil emulsions.

An emulsion is defined as the dispersion (droplets) of a liquid in an immiscible liquid. The phase,
which is suspended, is called the external or continuous phase. The phase, which appears in the
form of droplets, is the internal or dispersed phase. In the case of oil emulsions, one of the liquid
phases is crude oil and the other liquid is aqueous or water. The percentage of water, which
emulsifies the crude oil, broadly differs so that it can be greater than 70% and even less than 2%
in a few cases. In 1973, McAuliffe™? conducted experiments on crude oil-water emulsions
injection as a plugging agent to improve the recovery of a water-flood test. The researcher reported
that a key characteristic for emulsions in a flooding test is the presence of droplets with diameters
slightly bigger than the pore-throat in the porous system. Bragg!*®! also developed a method to
extract hydrocarbons through injecting a mixture, containing oil and water, into the formation to
improve the oil recovery. Austad and Strand 4 concluded that a reduced interfacial tension might
be attained through employing micro-emulsions. The micro-emulsions flow easily through the
porous media, resulting in an improvement in oil recovery. Khmbharatana et al. %! highlighted
the physical characteristics of a stable emulsion flow in Ottawa sand pack systems and Berea
sandstone where the pore size and droplet diameter are comparable. Based on Zeidani et al. (6], it
was found that oil-in-water emulsion is an effective mixture in sealing unconsolidated samples for
long periods of time. The success of their recommended method was directly related to a proper
experimental design which depends on the sand pack and emulsion preparation and an appropriate
injection scheme of a surface-active agent. Constructing a model which describes the favourable
conditions is time consuming and requires high accuracy. Furthermore, the experimental errors
while determining different properties are inevitable. A number of researchers have provided
adequate discussions on the flow mechanics of emulsions in porous media to develop analytical
models to better characterize water/oil emulsions and their behaviours 17 181

1.2.2 Formation of emulsions

The adequate mixing and presence of a surface-active agent are two vital factors that lead to
emulsion formation where oil and water phases are brought together. During production of crude
oils, there are a variety of mixing sources that result in creating the shear. Generally, the bigger
the amount of shear, the smaller the droplet size of dispersed phase and the tighter the emulsion(*°].
The second most important factor in emulsion formation is the presence of an emulsifying agent.
The composition and amount of the emulsifier considerably dictate the type and tightness of the
emulsion. The natural emulsifiers in a heavy oil are the resident particles in the crude. Less stable
emulsions are formed from heavy oil with a smaller extent of heavy fractions which tend to
separate more easily. Other samples with the adequate amount and different types of emulsifier
might produce stable and tight emulsions. Figure 1 shows a typical water-asphaltene-oil emulsion
where asphaltene molecules (with three different components) consist of aromatic rings. The
aliphatic and heteroatom parts are at equilibrium with the oil phase and water droplets and form
emulsions(?%



Figure 1-1: Interface system (oil-asphaltene-water): a) first configuration and b) last configuration. Green molecules (left) show heptane,
and blue molecules (right) show water[20].

1.2.3 Types of emulsions

Produced emulsions in the oil fields can be categorized into three classes: water-in-oil, oil-in-
water, and multiple or complex emulsions. Water-in-oil emulsions comprise of water droplets in
an oil-continuous phase, and oil-in-water emulsions are attributed to droplets of the oil phase in a
continuous flow of water[?!l. Multiple emulsions are more complicated and made of tiny droplets
in larger droplets which are suspended in a continuous phase. For example, an oil-in-water-oil
emulsion consists of oil droplets suspended in bigger water droplets that are suspended in a
continuous flow of oil phase. In the case of oilfield emulsions, the most common emulsions are in
the category of water/oil as they are produced the most. "Reverse" emulsions are sometimes
referred to the oil-in-water emulsions 271, The type of the formed emulsions depends on a variety
of factors such as water/oil ratio, temperature. As a rule of thumb, a phase is recognized as the
dispersed phase if the volume fraction of the phase is smaller, compared to the other phase, and
the other phase is tagged as the continuous phase. When there is an equal ratio of both present
phases, other controlling factors including temperature or interfacial properties of the phases would
specify the type of emulsion 71,

Emulsions can be categorized according to the size of droplets in the continuous phase flow 22,
Emulsion is known as a macro-emulsion if the dispersed droplets are bigger than 0.1 um. This
category of emulsions is generally thermodynamically unstable as the two phases tend to coalesce
and separate due to the reduction in interfacial energies over time. However, the stabilization
mechanisms are able to eliminate the rate of droplet coalescencel?®l. A majority of the produced
emulsions belong to this category. There is a second group of emulsions, in contrast to macro-
emulsions, labelled as micro-emulsions. This class of emulsions is formed when two immiscible
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fluids exist and emulsions are created due to their severe low-interfacial energy. The size of
droplets in micro-emulsions is less than 10 nm, which are considered thermodynamically stable
mixtures. Micro-emulsions are generally different from macro-emulsions in terms of stability and
formation(?4

Winsor!?4l presented a well-known categorisation for micro-emulsions in terms of phase equilibria
as described in Table 1.

Table 1-1: Various categories of micro-emulsions to illustrate thermodynamic equilibrium [30].

Micro- Phase equilibria Description

emulsions

Type

Type | Oil-in-water (o/w) In this type, the surfactant is usually soluble in water (Winsor I). A small

concentration of soluble surfactant exists in water in the form of monomers.

Type Il Water-in-oil (w/0) In this class, the surfactant is preferentially soluble in oil phase. The
aqueous phase is present along with an oil phase rich in surfactant (Winsor
).

Type Il Three-phase system Excess water and oil phase coexist with a middle phase of rich surfactant

in this category (Winsor 111 or middle-phase micro-emulsions).

Type IV Micellar solution In this class, an isotropic single-phase micellar solution forms by adding a
sufficient quantity of surfactant with alcohol.

1.2.4 Emulsion characteristics.

To prepare a stable emulsion, the interfacial behavior should be altered by surfactants or/and heavy
oil solid particles to preclude its driving force which is responsible for coalescence®). Another
criterion for stable emulsion formation is that the droplet size is small enough so that the thermal
collisions forces acting on the continuous phase molecules produce the Brownian motion which
prevents settling®. The characteristics of an emulsion constantly vary from the moment of
formation to the time of total phase inversion. Accordingly, fresh emulsions can demonstrate a
different characteristic, compared to aged samples. This is attributed to the variation in the oil type
due to the presence of absorbable components, differences in emulsifier adsorption rate, and its
ability in producing a film at the interface. When the mixture is subjected to a considerable change
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in the temperature or pressure, the emulsion characteristics such as viscosity or droplet size can
alter significantlyf?%

1.2.4.1 Emulsifying agents.

In oil fields, the produced water-in-oil emulsions contain oil, water, and an emulsifier. The
emulsifying agents are developed to stabilize emulsions. They are classified into two types;
namely, finely divided solids and surface-active agents!?’].

Fine solids generally stabilize an emulsion mechanically. These materials, which are wetted by
both water and oil, should be smaller than emulsion droplets and should accumulate at the water/oil
interface .The effectiveness of these particles in stabilizing emulsions are strongly dependent on
various factors such as inter-particle interactions, particle size, and wettability of the material 281,
Fine solid materials existing in the produced oil include clay particles, sand, asphaltene/ wax, silt,
and mineral scales deposited on the water/oil interface 2% 301,

Surface-active agents or surfactants are the particles which are soluble in both oil and water phases.
They have a hydrophilic branch, which has tendency to interact with oil and there is a hydrophobic
branch that has an affinity towards water. Due to their special chemical structure, surfactants tend
to create an interfacial film at the oil-water interface . This phenomenon generally leads to a
reduction in the interfacial tension (IFT) and consequently enhances droplets dispersion and
emulsification. Naturally acting surfactants such as asphaltenes and resins in the heavy oil have
high boiling-temperature fractions. These materials appear to be the main components of
intervening films that form between the water and oil droplets in the field emulsions. Other
emulsifying agents might come from the injected chemicals including asphaltene control agents,
wax, stimulation chemicals, corrosion inhibitors, scale inhibitors, and drilling fluids to the
wellbores or formation %21,

1.2.4.2 Stability of oil emulsions

From a thermodynamic perspective, an emulsion is an unstable system due to its natural tendency
for a liquid/liquid mixture to minimize its interfacial interactions (or/and interfacial
energies)*31. However, most emulsions demonstrate a kinetic stability after a period of time. Qil-
field emulsions are usually categorized based on their degree of kinetic stability. The interactions
between the surface-active agents and water/oil interfaces are primarily responsible for emulsion
stability. During emulsification, emulsifying agents are adsorbed to the freshly formed interfacial
film, which weakens the interfacial forces and allows the immiscible phases to be partially mixed.
Following the first drop formation, the former emulsion begins to be altered because of different
time-dependent processes, which are Ostwald ripening, coalescence, flocculation, sedimentation,
and creaming as the most controversial processes®. Providing more details on stabilizing
mechanisms, water/oil emulsions are assumed to be liquid/liquid colloidal dispersions. Their
Kinetic stability is a result of droplets with a small size and formation of an interfacial layer
between water and oil droplet. Table.2 provides a descprtion of different demuslsifcation
processes. Figure.2 also represents a cartoon of the emulsion breakup steps that illustrate a typical
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approach towards oil demulsification; including, (1) sedimentation or creaming which corresponds
to the density difference between the dispersed and continuous phases; (2) flocculation; (3)
coalescence; and (4) phase separation. Before any phase separation happens through coalescence,
emulsions should lose a considerable degree/level of the structural integrity.

Table 1-2: Demulsification mechanisms observed in water/oil and oil/water emulsions (from [33] [33] [33])

Demulsification
process

Definition

Details

Sedimentation

Water droplets falling from an emulsion, which normally
occurs due to the difference in water and oil density(s!

-It is a function of chemical structure and
surfactant adsorption

- Due to the difference in oil and water
density

Creaming Not an actual breaking, but the separation of emulsion -It is a function of chemical structure and
into the denser part (cream) and the other parts. surfactant adsorption
- Due to the difference in oil and water
density
Flocculation It exhibits grouping of individual suspended droplets -It depends on surfactant structure

together, while each droplet keeps its identity

- First step towards further emulsion ageing
and coalescence.

- More frequent mechanisms in oil/water
emulsions

Coalescence

It represents the mechanism by which two or more
separate groups of miscible particles are active as they
pull each other to reach the slightest contact

-It is affected by interfacial film viscosity,
surfactant film elasticity, and the dynamics
of thin liquid film drainage

Aggregation

It corresponds to formation of accumulated droplets in a
suspension

- It is the most common process, resulting in
destabilization of colloidal systems

Ostwald ripening

It represents the diffusion of droplets into the continuous
phase to describe the inhomogeneous structure
modification such as re-deposition of surfactant particles
into larger particles over time

- Generally experienced in water/oil
emulsions
- It is observed in liquid droplets or solid

solutions

Phase separation

It is defined as complete separation of oil and water into
two distinct phases.

-1t is a function of time and emulsifier type
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Sedimentation

Flocculation Coalescence Phase Separation

-cream”‘: 5 t ‘ H

Figure 1-3 Demulsification and phase separation in oil/water emulsions [35]

Controlling agents are generally against emulsion destabilization in most cases. Emulsion
stabilization is improved by surfactant injection as a consequence of electrostatic and steric
forces. Interfacial interactions play a significant role in enhanced oil recovery (EOR) processes.
One of the essential goals in EOR at the microscopic scale is to minimize the interfacial tension
at the water/oil interfaces to mobilize the trapped oil by means of surface active agents (or
surfactants). Considering the impact of surfactants in EOR design by affecting water/oil
interfacial energies, the final recovery can be improved significantly.

Stabilization of water/oil emulsions produced from the oil fields occurs by formation of a thin
film at the interface of the suspended droplets in the continuous phase. These layers are a
consequence of polar high-molecular-weight molecules that behave as a surfactant which are
interfacially active. These films increase the emulsion stability through increasing the viscosity
of the interfacial film. The viscous interfacial films reduce the drainage rate of the film during
water droplets coalescence by creating a repulsive barrier, which consequently lowers the
emulsion break-down rate . Figure.3 depicts the presence of a film in a water/oil emulsion.
The contribution of solids particles can also enhance the formation of the interfacial film,
resulting in further emulsion stabilization.
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Figure 1-4: Schematic of emulsions, a) Photomicrograph of the interfacial films, and b) Magnified photomicrograph of
emulsion interfacial films [37].

The properties of interfacial films depend on a number of factors such as polar molecules
concentration in the heavy oil, crude oil type (asphaltic and paraffinic), aging time, temperature,
and pH and composition of the water phase 7 %,

Emulsion stability is correlated to the mobility of the interfacial films 4. Since the interfacial
layers are mostly responsible for stability of emulsions, it is of great importance to understand
essential elements including presence of a surface-active agent or temperature which influence the
interfacial films (01, The effectiveness of important factors such as organic (e.g., asphaltene) and
inorganic (e.g., clays) solid materials, polar heavy fractions of crude oil, droplet size, size
distribution, brine composition and pH, and temperature in the emulsion stability in terms of
interfacial film and interfacial tension (IFT) behaviours will be discussed in next sections.

1.3 CHARACTERIZATION TOOLS/METHODS

Separation of two-phase flow, including continuous and dispersed phases, is a common challenge
for industrial and research sectors. Liquid and liquid suspensions demand the utilization of
multiple equipment when the droplet size is small, typically in the range of 1-50 pm B, Thus, it
is essential to recognize the effective methods and technologies to treat the produced oil and
demulsify the emulsions present in the flow systems. To attain the ultimate separation goal, one
should comprehensively understand the factors influencing the droplet size and therefore stability
of emulsion. Researchers and engineers used (are using) different experimental set-
ups/technologies to characterize the emulsions and to figure out important aspects (e.g., evolution
of droplets, shape change, equilibrium conditions, and emulsion stability),
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1.3.1 Droplet size distribution techniques

Droplet size distribution is one of the most important characteristics of the emulsions since it
determines the potential demulsification processes [“% .Thus, it can be used as a stability proxy.
Zhou and Kresta ™ conducted an extensive review on the correlations and measurement
techniques (light transmission, image analysis, and coulter counter) employed for determination
of droplet size in the oil/water emulsions #2441, In the case of oil/ water emulsions, the inertial
effects dominate the viscous energies as the continuous phase has a low viscosity than the
suspended phasel®!. If the water drops exist in the oil emulsion phase, the viscus forces override
the inertial forces in this type of emulsion. Although there are methods such as Nuclear magnetic
resonance (NMR), and video enhanced microscopy to measure the droplet size distribution in
water/oil emulsions[46, 47]; sampling is generally required before conducting measurements.
Among the measurement tools, particle video microscope(PVM) and focused beam reflectance
measurement (FBRM) particle size analysis probes offer an in-situ droplet size measurement 21,
In a research study, Sprow 4 concluded that there is a proportionality between the mean droplet
diameter and the maximum measured value for droplet size of the aqueous fluid as the continuous
phase. This finding has been confirmed by several researchers [0, Boxall et al. Y also obtained
a relationship between the mean and maximum droplet size for a water droplet in oil emulsions.
Droplet measurements are usually carried out in a mixing cell with a six-blade turbine impeller.
Two droplet size analysis probes are normally installed at 45° in the cell, oriented in front of each
other; namely, a focused beam reflectance measurement (FBRM) probe and a particle video
microscope (PVM) probe. They are placed at an equal level to the top of impeller to facilitate
measurements and make the most of the flow passing the window. The turbine blade mixes all the
materials to produce steady droplet size which can be achieved when there is a minor variation in
FBRM distribution [“°1. An optical rotating lens, which is placed at the top of the probe and is
responsible for deflecting the laser, will reflect a laser beam, when the probe is inserted into an
emulsion system. This occurs only when the beam scans the surface of a particle. The probe is
responsible to determine the reflection time and to measure the chord length which is time
multiplying by the speed of laser scan 3.

Particle video microscope (PVM) is a complementary droplet size analysis tool. The PVM contains
six lasers to illuminate the probe front face 2 as it is depicted in Figure 4. The probe takes images
of the lightened area and identifies droplets. Particles smaller than 20 pum cannot be identified by
the PVM probe as individual droplets®Y, Once a steady-state distribution is reached, the PVM
probe takes random images for different distributions and the droplets are counted to calculate the
droplet size distribution. Supplementary information on the PVM and FBRM can be found in the
literature 531052541 Nuclear magnetic resonance (NMR) is one of the reliable and popular methods
to measure the droplet size distribution (DSD) in both water/oil and oil/water emulsions so that a
simple sample preparation is needed and an acceptable accuracy is attained. Emulsion stability
analysis by the NMR method is based on the signal attenuation which is a result of random
movements of droplets when the sample is imposed to two magnetic fields, since the intensity of
NMR signal is related to the number of nuclei which are produced B3I, The technique is relatively
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fast and is not limited to concentrated emulsions. Hollingsworth et al. 5% proposed a new method
to calculate DSD by NMR which significantly reduced the experiment time. Van der Tuuk et al.
561 then combined the previous approaches and introduced a fast strategy. Amani et al. 571 used
the Van der Tuuk model to obtain the droplet variation. Depending on the size range of droplets,
two different methods were employed to determine DSD. A Fourier-Transform NMR
Spectroscopy ordered from Bruker Company was used for DSD measurements 8, The samples
are placed inside the machine right after preparation for conducting spectroscopy measurements.
The experimental design and interpreting the results can be made using Taguchi method. Droplet
size  variation plots are generated based on the measured data/values.

Figure 1-5: A simple schematic of DSD measurement tool made of (a) PVVM probe, (b) FBRM probe, (c) magnetic agitator, (d)
impeller, and (e) baffles (taken from [51]).

Another approach to calculate/ determine the droplet size distribution is through the combination
of a microscopic equipment, a digital image processing software, and a statistical tool 18 5.
ZEISS Particle Analysis systems provide extensive information on the particle droplet analysis.
Through employing a proper microscope, one can obtain important information including
particle length to detect the smallest particles from a targeted image. The various modules of the
software deliver image analysis in multiple dimensions for various time steps. Microscope
cameras, in contrast to the classical digital cameras, offer the maximum light sensitivity required
for research activities. AxioVision is one of the light microscopes used for analysis and
measurement of shape, size, and orientation of the materials in single or multiphase samples.
Souza et al.>®lused the combined tools to investigate the effect of process conditions on the settling
velocities of emulsions. Digital pictures were taken by a charged-coupled device (CCD) from an
optical microscope as shown in Figure.5. The droplet size distribution was determined by the
AxioVision software. Different modules of this software enable us to perform systematic analysis
on the phase distribution of the samples. The module can classify the particles by area or diameter.
The research outputs included the droplet diameters and number of particles for each sample. The
researchers took several pictures and scrutinized them to obtain ds.3 diameter. The d32 or Sauter
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diameter is the volumetric average diameter of a spherical droplet similar to the mean diameter of
particle system®! Laser diffraction is another widely used technique to obtain the particle size
distribution Y. Malvern diffractometer is one of the experimental apparatuses to determine the
particle diameter, based on the optical properties of light. When a laser beam passes through a
droplet, the sensors detect the angular variation in the scattered light intensity. Small particles
scatter the light at big angles, whereas small deviations were reported for large particles. The
angular deviation intensity of the scattered light is then studied to estimate the particle size where
the Mie theory to analyse the scattered light is utilized!®Y. The finding includes the droplet diameter
of an equivalent sphere. Laser diffraction techniques cover a wide range of materials in terms of
size from nanometers to millimetre droplet size. The assembly is able to continuously monitor and
control the droplet behavior and to provide instant feedbacks!®Y,

Figure 1-6: AxioCam Camera, PCI interface board, and data cable for transferring data from camera to motherboard (taken
from[60] ).

1.3.2 Stability determination methods.

One of the widely used methods for determining the emulsion stability is bottle test 2. This method
relies on the water resolution so that the procedure involves diluting emulsion with a solvent, adding
emulsifier, shaking, and monitoring phase separation by time. The test is normally conducted at a
specific temperature and may be performed using a centrifuge to accelerate the separation process.
Different approaches were introduced in the literature £ 61 ASTM (American Society for Testing and
Materials) method is a broadly accepted strategy to specify the sediment and emulsion stability. This
method is also applicable to examine the effect of different emulsifiers on emulsion stability.
Turbiscan™ LAB is an appropriate equipment to fully characterise different types of dispersions such
as emulsions or suspensions in terms of properties, type, and stability[®?l" It is used to perform the aging
tests to provide adequate information on destabilisation mechanisms (e.g., sedimentation, coalescence,
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flocculation, and creaming). Turbiscan Lab Expert offers more useful information, compared to the
typical experimental approaches. For instance, it is possible to determine the stability of both
concentrated and opaque colloidal dispersions with a single equipment!®. The instability phenomena
are also observed much quicker and simpler through using this tool, compared to the classical
techniques 3 ¢4 Xu et al. %1 performed electrical Microscope Analysis to investigate the stability of
water/oil emulsions. The emulsion behaviours were monitored by an electrical microscope to take the
amplified images of microscopic configuration and to determine the type of created emulsions. A
proper statistical software was employed to obtain the average droplet size. Measurements through
Turbiscan Lab Expert Stability Analysis were conducted by a pulsed near infrared LED. Two separate
optical sensors captured and detected the light transmitted and backscattered by the samples. For
water/oil emulsions, only the backscattering (BS) light was investigated since this type of dispersion
was opaque and the transmission light was weak or/and almost negligible 8], The stability analysis is
performed via interpreting the variation in backscattering (ABS) profiles, according to the following
formula [5;

= (1)

BS =

in which, A* stands for the photon transport mean free path. To conduct the dispersion analysis,
one needs to know the value of A*(®, d) which can be calculated by a relationship as follows [°I:

2d

r(@,d) = 2o700,

)

In Equation (2), @ represents the particle volume fraction, d is the droplet mean diameter, and g(d)
and Qs introduce the optical parameters. The backscattering data are used to generate ABS profiles
by means of Turbiscan EasySoft Converter. Turbiscan Stability Index (TSI) parameter is utilized
to assess the stability of emulsion as given below!®!:

n - 2
TSI = Li=; (Xi—xps)* (3)
n-—1
where x; denotes the average BS, xzs represents the average x; , and n indicates the number of
scans. Large values of TSI correspond to unstable emulsions.

Turbidity measurement is another effective method to determine the stability of emulsions.
Turbidity is a direct function of droplet size and concentration(®! This optical density
measurement method relies on magnitudes of the wavelengths in a dispersing medium. Turbidity
is due to the presence of particles with various sizes. Adsorbed or scattered light represents the
emulsion fluctuation. This causes the value of turbidity to change. In a turbidity versus time plot,
the small slop values demonstrate a stable emulsion. Turbidity meter devices work with both
infrared and white light sources. A simple schematic of this apparatus is depicted in Figure.6.
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Figure 1-7: Schematic of a turbidity measurement device (modified after [67]).

Dukhin and Goetz*! applied the electrostatic and conductivity measurements to monitor the
emulsion evolution and transition from the emulsion to micro emulsion. They compared their
results with the optical microscopic imaging information. It was found that their proposed
approach has some advantages over the optical method, since this method is based on the weight
of the particles and the samples are polydisperse systems. This method can also provide
information about properties of the electric surface; while other optical techniques are not able to
offer such information . To screen droplets at micro and nanoscales at the same time, this is the
only strategy that provides reliable results. The electrical conductivity methods are another fast
technique to analyze the Electrical field stability by determining the critical electric field (CEF).
This methodology is based on polarizing the water droplets and formation of aggregates.
According to Aske et al. %], a high amount of CEF shows high emulsion stability.

A summary of the stability proxy methods and their pros and cons are given in Table.3.
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Table 1-3: A list of characterization tools to determine emulsion properties

Method

Previous works

Device

Disadvantages

Advantages

NMR (nuclear
magnetic resonance)

Amani et al.[4

Fourier-Transform
NMR Spectroscopy

= biased DSD assumption
for all types of emulsions

= requires preparation
steps

= an outside force is

needed for stiff
emulsions

= provides various
information regarding size
and shape of molecules

= applicable for complex
mixtures

NIR (near infrared
spectroscopy)

Kallevik et al.[%%

NIR Spectrometer
and Analyser

= DSD cannot be
quantified directly

= needs calibration,

= time and energy
consuming technique

= simple to operate

= multiplicity of analysis

= provides both physical and
chemical characteristics of
sample

Optical microscopy

Boxall et al. 51

Moradi et al. [3%]

PVM, FBRM

Olympus BX51
transmitted-light
microscope

= sensitive to sampling
procedure

= requires calibration and
proper focusing

= direct measurement of the
shape and size of droplet

= |t is possible to estimate
phase concentration

TEM (transmission

Binks et al. [™®

Oxford instrument

= requires sample coating

= high resolution due to the

electron microscopy) of Jeol 5600 for taking image use of electron beam
and SEM (scanning Scanning Electron = can only work at high = can be used for the study
electron microscopy) Microscope pressure chambers. of small structures
= the electron can change
sample properties
Zeta potential Hannisdal et al. [l Malvern 3000HS = requires correlation and = multi-measurement
measurement Zetasizer cannot be measured capability

directly

= Small variation causes
significant changes in
results.

= short analysis time
= excludes the effect of
electrode polarization
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Acoustics and
electroacoustic

Dukhin and Goetz
4

-DT-1200
dispersion

technology for DST

-Scientifica
conductivity meter

-Zeta potential
probe DT-300 for
electroacoustic

= Effect of solid particle is
neglected

= needs calibration

= requires data for phase
concertation

= no sample preparation

= effective for concentrated
emulsion

= continuously characterizes
emulsion evolution

= is not restricted to aqueous
phase and provides data
for non-polar solutions

measurements
Bottle test Kokal 2 ASTM = not a direct stability = simple to perform based on
proxy defined standard methods
= needs large equipment
= Often inaccurate
Light scattering and Bink et al.(! Malvern = Not reliable results for = simple and fast method

diffraction diffractometer large droplets and w/o = small sample volume
emulsion.
= requires external forces
Electrical Almeida et al.["}] Gehaka = requires information to = small sample volume
conductivity conductivimeter compare the results = fast generation of reliable
CG2000 coupled information

with Sensoglass
conductivity cell
SCC04

Turbidity
measurements

Kundu et al.l’4d

Aqualytic turbidity
meter

= Sample has to be diluted

= fast and inexpensive

the fluid flow. This phenomenon is known as straining capture.

1.4 MODELING APPROACHES/STUDIES
Deep bed filtration theory was developed to describe the governing mechanisms in liquid-liquid
suspensionst™l. Like solid - particle dispersion’, the emulsion droplets can stick on the wall of
pore throats by straining capture, or they may be retained at the porous medium surface due to
several forces such as capillary or/and shear forces (interception capture) [”®l. When the emulsion
droplet size is larger than the pore size diameter, the droplets will be trapped in the pores and block

phenomena is illustrated in Figure.7.
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Figure 1-8: Pore blocking mechanism by interception and straining (modified after Rezaei & Firoozabadi, [75]).

Interception

In dilute suspensions, velocity controls the flow where drops enter the pores in a consecutive way
(81 Droplet re-entrainment occurs either when high-pressure force squeezes the drops through
pore constriction or captured drops break-up. Droplet squeezing happens when the drops clog
small pores. As the pressure increases, they are forced to enter a smaller pore until the velocity
reaches high enough to re-entrain the droplets [*). Based on Laplace equation, the capillary
pressure is proportional to the interfacial forces and difference between the mean drop curvatures
of downstream and upstream 81, Filtration theory is required to predict the effect of velocity on
squeezing phenomena. When the viscous forces exceed the interfacial forces, the captured drops
may break up. Snap off or viscous fingering may cause this break up. Snap off takes place in a
long neck pore constriction, when the wetting phase bypasses a nonwetting drop in a particular
geometrical configuration. At high capillary pressures, it was observed that the drop squeezes
through pore constriction without snapping off, when the drop size to pore throat size ratio is
approximately equal to one ", The second mechanism for strained drop break-up is the
hydrodynamical instabilities. When a less viscous phase penetrates through a trapped droplet with
a higher viscosity, a droplet break-up may occur by fingering. The interception capture process
occurs when the drops are trapped on the sand grain surface or in the recirculation eddies. When
there is a possibility of re-entrainment such as straining capture, velocity plays an important role
[76].

Clogging rate is affected by the fluid velocity in the interception regime. Captured drops may be
torn from the surface of the sand grains once the hydrodynamic force exceeds the colloidal
attraction forces between the droplet and sand grains. Flow interruption can also cause re-entering
of captured drops in recirculation eddies to the flow stream. Furthermore, high velocity and low
interfacial tension can contribute to the interception capture phenomenon®! .For example, in a
system with high ionic strength or low zeta potential, van der Waals attraction forces are greater
than the double layer repulsion. Hence, the retained particles strongly stick to the grain surface and
a large portion of hydrodynamic forces should be applied to dislodge the drop. This normally
happens under turbulent flow condition for solid particles. For liquid suspensions, even bigger
hydrodynamic forces are required to rip the droplet off in the laminar flow regime U7 It is found
that an increase in the velocity lessens the interaction time between the droplet and grain surface,

which leads to a lower capture rate. Droplet wedging is another interception capturing mechanism.
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In the droplet wedging capture, droplets can be wedged between the curved surface of sand grains,
and stay there by dynamic pressure forcest’”l. Most of wedging capture, occurs at the front part of
the sand grains. Increasing velocity pushes the drops tighter into the crevice. As a result, no
velocity effect is expected. Particles can also be captured in pockets formed by several sand grains,
where either recirculation occurs, or the fluid is nearly stagnant where no velocity impact is
anticipated. Droplet rupture might also be experienced in captured droplets. As mentioned earlier,
viscous forces cause the droplet to shear apart, and the interfacial tension forces are responsible
for holding the droplets together®! . When the viscous forces exceed the interfacial forces, the
droplet will break-up. Since, the droplet diameter is almost equal to the pore throats size in the
porous medium, flow in underground porous medium would not follow the classical deep-bed
filtration theory. The high droplet diameter to pore size ratio causes high droplet capture rate; a
considerable change in the local permeability of the porous media; and a significant velocity
increase. This velocity increase appreciably influences the rate of droplet capture. Again, if the
velocity increases, captured drops by straining, may enter the flow stream due to the domination
of local pressure gradient over capillary resistance of droplet '8 7 In the interception regime,
captured drops may be ripped from the porous walls when the hydrodynamic forces dominate the
attraction forces between the droplets and grainl™l. If the viscous forces exceed the interfacial
forces, the drops may break up. Based on the filtration model, one would be able to describe the
transient flow of emulsion through porous medium by three parameters; namely, a filter
coefficient, a flow-redistribution parameter, and a flow-restriction parameter (R). The filter
parameter is attributed to the emulsion front sharpness; the flow-redistribution coefficient controls
the flow redistribution phenomenon and steady state retention. The influence of the captured drops
in permeability reduction is explained by the flow-restriction parameter®. Development of
comprehensive models is time consuming and requires strong knowledge and understanding of
theoretical concept for attaining high accuracy. Furthermore, there are fairly high costs and errors
with the common experimental procedures to determine different fluid/emulsion and physical
model properties. A number of researchers focused on the transport phenomena of emulsions in
porous media to develop analytical models for better characterization of water/oil emulsionst*” 5%
. Characterising fluids by surface tension (o), density (p), viscosity (n), a characteristic linear
dimension (L), velocity (u), and influence of gravitational force (g) field, these six variables may
be expressed in the form of dimensionless numbers through employing Buckingham’s Theorem.
Reynolds number (Re) is an important dimensionless number in fluid dynamics which is the
relative magnitude of the inertial forces and viscous forces 4. Inertial forces are the forces due to
the momentum of the fluid as expressed by(pu)u. Thus, the denser a fluid is, and the higher its
velocity and consequently the more inertia (momentum) it has. Viscous forces are the frictional
shear forces due to the relative motion of the different layers in a flowing fluid, resulting in
different velocities for different layers, which are directly related to dynamic pressure and shearing
stresses®. When a fluid is subjected to an internal movement (difference in velocity) or subjected

22



to a higher velocity stream of a fluid, this generates the friction, which is the onset of turbulent
flow. The Reynolds number describes the ratio of these two forces as expressed below [4:

_inertia forces puL
e (4)

viscos forces u

in which, p stands for the density of the fluid, u signifies the fluid velocity, L represents a
characteristic linear dimension, and u refers to the fluid viscosity. Based on the value of this
dimensionless group, the flow regime can be identified. At low Reynolds number values, the
viscous forces are greater than the inertial forces and the flow regime is laminar. When the viscous
forces are dominated by the inertial forces, the turbulent flow occurs. Flow instabilities are
normally observed at high magnitudes of Reynolds number &4,

Another important dimensionless group is the Weber number (We), which represents the ratio of
inertial forces and curvature forces or surface tension within a fluid (2. This parameter is used to
describe the fluid flow with curved surfaces for multiphase flow systems. The Weber number is
defined as follows(®2l:

inertia forces __ pu?d )

interfacial forces o

where d is the droplet diameter and o denotes the surface tension.

In the continuum mechanics, Fraude number (Fr) is a dimensionless number to represent the ratio
of the inertial forces and external field, which is usually gravity. The general formula for this
dimensionless number is given as follows 83

inertia forces u
Fr=—m—m—mm = — (6)
gravity forces JgL

In Equation (6), g stands for the gravitational acceleration.
In fluid mechanics, the Bond number (Bo) is an indicator of the relative importance of forces
induced by the gravity, compared to surface tension as shown below 4

__ gravity forces __ ApglL? )
- interfacial forces T s

In Equation (7), Ap represents the density difference between the two phases, L refers to the
characteristic length, o denotes the surface tension, and g is the acceleration due to the gravity.
The Bond number is normally used to describe the shape of droplets in a continuous fluid while
dealing with emulsions.

23



The capillary number (Ca) in the context of transport phenomena is defined as the ratio of viscous
and interfacial (curvature) forces as given below [

viscous forces u
Ca = ! = (8)

curvature fOT'CGS g

As a rule of thumb, flow in porous media is controlled by the capillary forces at law capillary
numbers. Whereas the capillary forces can be neglected, in comparison to the viscous forces, when
the capillary number holds high values. It is worth to mention that the relative significance of
surface tension and gravity (compared to other forces) increases as the fluid particles in the system
become smaller. This is the main reason that the surface tension effect is dominant in the
microscale analysis and the interfacial tension is one of the vital factors, contributing to the droplet
size distribution B4,

Since emulsions are thermodynamically unstable dispersions, they tend to separate and settle to
reduce the interfacial energy between the oil and water phases [*). Due to the density difference in
the dispersed and continuous phases, the droplets experience a gravitational force and a buoyancy
force. The frictional drag force also opposes the gravitational force. The balance of the forces is
formulated as the Stokes's law to determine the settling rate [ as given by Equation (9).

(pa—pc)gd?
Vsrokes = dlS—uC (9)

In the Stokes's law, Vstokes signifies the sedimentation velocity (m/s); p4 and p. represent the
dispersed and continuous phase densities (kg/m®), respectively; d refers to the particle diameter
(m); g denotes the acceleration due to the gravity; and . is the dynamic viscosity of the continuous
phase (Pa.s). The Stokes's law has a number of limitations. For instance, the interactions between
the particles are neglected. It is also assumed that the particles are spherical, which is only
applicable to low-concentration emulsions with a simplified droplet size distribution 71,
Calculations and estimations related to concentrated dispersions are therefore complicated 7 81,
The Stokes's law is the analytical solution for the Navier-Stokes’s equation, where a simple flow
model for the solid particles is assumed. Internal circulation inside the particle will cause a
reduction in the drag force in the absence of surface active components. Hence, the viscosity term
should be modified. To incorporate this modification, the correction term was introduced by
Hadamard-Rybczynski equation [, This correction term is analytically calculated by solving the
momentum transfer equations for the velocity fields in the case of isolated drop settling. The
modified term for the viscosity is given by the following expression!® :

_ (pa—=p)gd? pc+pg
Vur = 3 (10)
18uc  Spc+ia
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In Equation (10), VHr represents the correction term for the viscosity and p, is the viscosity of
dispersed phase.

Based on the proposed equation/model, the settling rate will approach 3/2 of the value estimated
by the Stokes's law for a large difference between the viscosity of the dispersed and continuous
phases®. Assuming the viscous droplets flow in a gas phase (e.g., the circulation is negligible),
the Stokes's law is valid, while the predicted settling velocity will be 3/2 of the Stokes's velocity
in a system of viscous liquid with gas bubbles due to a high degree of circulation®®. Considering
the impact of phase concentration on the settling velocities of complex dispersions, Richardson and
Zaki, [ developed an empirical correlation as given below:

Vrz = VSTOKES(l - ‘p)n (11)

Equation (11) can be rewritten as follows:
Vrz = Vsrokps(1 — 0.01WC)" (12)

where ¢ refers to the volume fraction of dispersed phase (which is usually 0.01 of water content)
and n is an experimental constant between 2.3 and 512, Equations (9) through (12) build the
fundamental basis for the droplet settling studies; however, the theoretical model is not able to
adequately describe the complex interfacial characteristics such as surfactant adsorption and the
interaction between heavy particles such as asphaltenes and resins. Further studies were performed
by various researchers on the sedimentation and coalescence of liquid-liquid dispersions [87: 9391,

1.5 REVIEW ON PARAMETRIC SENSITIVITY ANALYSIS
Various parameters are reported to be responsible for emulsion stability as it was mentioned in the
previous parts of the manuscript. The aim of this section is to assess the effect of different
operational condition, fluid and reservoir properties on the droplet size distribution and emulsion
stability. The impact of each parameter is discussed though presenting some figures and tables,
based on the results reported in literature.

15.1 Effect of Process/Operational Conditions

15.1.1 Water oil ratio

When the size of droplets is small, it is difficult to separate the water and oil phases °1. Crude oil
is a complex mixture of heavy particles (e.g., asphaltene and resins), solid particles, gas, and water.
The first step in separation is to allow the fluid to settle in cylindrical vessels and then allow the
gravity to slowly separate the phases. When the mixture is heterogenous, measuring/identifying
the interface position between different phases is crucial from the economical point of view since
it can improve the equipment design and eventually prevents the ecological hazards and oil
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discharge over offshore processes [*°l. Residual particles including: asphaltene, emulsified water,
and oil cause formation of a rag layer. The formation of this layer is not desirable since it damages
the separation facilities. The development of this layer is a function of settling and coalescence
rate; which strongly depends on the droplet size, interfacial characteristics, viscosity, and density
(201 The fluid dynamic analysis of the immiscible liquids separation, can be performed through
the sedimentation tests. Souza et al. % studied the gravitational settling for a diluted Brazilian
crude oil. They investigated the effect of factors such as: water cut and temperature, which
influence the sedimentation and coalescence phenomena, on the droplet size variation of the
samples. The sedimentation velocity of a complex mixture, consisting of water in oil emulsions,
were examined in an experimental study, to obtain the droplet size distribution as a function of
interface position and time %%, The researchers noticed that as time goes on, the bigger droplets
move downward and water cut is reduced at the top. According to Grimes!*®!l, the depth of the
interface position can be considered zero at the separator top and can be extended positively
downward. However, they observed change in the behaviour of the system so that it did not follow
the pattern that they predicted. Souza et al. ®° did not find a direct relationship between the
selected variables. A modified version of Richardson-Zaki correlation was developed to calculate
the settling velocity where the effects of process variables (e.g., temperature, pressure, and
concentration) were considered. Since the researchers did not take into account the impacts of
surfactant adsorption and interactions between asphaltenes and resins, the proposed model was not
the same as the original equation in terms of their constant values. This correlation was based on
the dependency of droplet diameter to the water content, however, the proposed model exhibited
high deviation (error) when the water content was more than 30%0% . To access water content
changes with time and position using a sedimentation profile, 3D plots were constructed. They
explained about the effect of temperature on the settling velocity and how droplets behave at
different positions in the vessel™. They observed unpredicted patterns in their experiments. In
some cases, adequate explanation about the trend was not provided. For example, the researchers
expected to see large droplet size in the middle of the vessel due to the coalescence at low
temperatures 5%, However, the result showed a different trend so that the mean droplet size
remained constant in the middle. It is noteworthy that the approach introduced in this research
work was based on a simple experimental apparatus. This is the main reason that they did not
consider non-diluted or opaque emulsions for the comparison purposes and model development[®®,
As discussed before, water-oil ratio of water /crude oil emulsions has a great impact on the stability
of the dispersions and the subsequent stabilization processes applied for treatment of the produced
oil. Xu et al. % also performed experiments to investigate the effect of these parameters (water
content and temperature) on the stability of a synthetic water/oil emulsion. Electrical microscopes
and Turbiscan stability analyzer were employed as tools to create backscatter profiles to study the
emulsion behaviour at various temperatures and water contents [°1. Through using homogenizer,
the synthetic emulsion was prepared by adding a purified oil to the wastewater. As water has a
higher specific gravity than oil, the water droplets will migrate to the bottom. They observed that
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the sedimentation of water at the bottom leads to an increase in back scatter (BS) light as a result
of growth in the water volume fraction!®3l. They observed that a larger variation in ABS is
experienced when the water content is higher, implying a less stable emulsion is formed. Their
results confirmed that the stability of water oil emulsion decreases if the water content of emulsions
increases. It is suggested that the water content should be around 30% to have a stable emulsion
and consequently to prevent demulsification processes . Anisa and Nour 1% reported that
droplet size distribution is persuaded by the water cut. The magnitude of viscosity was determined
for two different water cuts. It was found that the droplets interactions increase as the water cut
increases, while the relationship between viscosity and shear rate is constant. Hence, they
concluded that the viscosity variation is caused by the droplet size variation [1°?, Based on Souza
etal. 5%, Figure.8 demonstrates a general representative on the relation between the water oil ratio
and mean droplet diameter.

50
45 o
40
35

30 T=25C
25 o

20
15
10
5
0

T=40C

O T=60C

Mean droplet diameter(um)

o

0 10 20 30 40 50 60
Water cut (%)

Figure 1-9: Effect of water content on mean droplet diameter at different temperatures (data from Souza et al., Anisa and Nour)
[59, 102].

1.5.1.2 Temperature

Physical properties are strongly affected by temperature. For instance, the interfacial
characteristics of oil and water and emulsifying agent solubility are dependent on thermodynamic
conditions, particularly temperature. One of the important factor which is influenced by
temperature is viscosity. Focusing on the backscattering profiles, Xu et al. [ studied the impact
of temperature on the emulsion stability. According to the Stokes’s equation, an increase in the
viscosity (due to the temperature reduction) leads to droplet variation, and consequently particle
migration. Furthermore, high temperature can accelerate the demulsification process to increase
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the water droplets collision. Based on the backscatter profiles, the Turbiscan stability index (TSI)
is defined in terms of BS data and number of scans as follows:

TS] = Yit,(xi—xBs)? (13)
n—1

where xi is the average of BS, xas is the average of xi, and n represents the number of scans %51, A
linear relationship between the TSI and temperature were found®!. The novelty of their work was
their lab equipment; which enabled them to determine the stability parameters easier and faster,
compared to common methods. Conducting corresponding measurements at different depths of
the emulsion sample, Souza et al. % related the coalescence and sedimentation rate to the
temperature. It was concluded that, since the sedimentation is low, the droplets accumulate and the
coalescence is likely to happen at low temperatures; however, droplets settle faster and coalescence
rate increases at higher temperatures %, Binks and Rocher [ investigated the effect of
temperature on the water oil emulsion stability in the presence of wax as an emulsifier. Two
different types of samples were prepared manually by hand shaking and homogenizer. It was
claimed that the temperature changes, initiate variation in wax properties such that the interfacial
layer behaviour of oil and water phases will progressively change; which cause subsequent
coalescence and sedimentation. Wax (as a hydrophobic insoluble particle in water) can be
adsorbed at the water/oil interface and creates the steric force. Due to this molecular structure,
Becker!*% believed that wax is responsible for the emulsion stability. Binks and Rocher [2°]
subjected two sets of samples to a gradual increase in temperature from 10°C to 95°C (see Figure
9). The overall trend for both hand-shaken and homogenized prepared emulsions shows an
increase in coalescence (fw) and sedimentation (fo) rate with increasing temperature. However, the
initial stability of hand-shaken sample was significantly higher than that of the homogenized
emulsion. It is attributed to the partial melting of wax particle in areas close to the impeller %1,
They explained that as temperature increases, the wax particles melt, leading to the interface
rupture and phase separation. It was suggested by Binks and Rocher 2% that the dominant effect
of temperature is on the wax particle properties, influencing the emulsion stability. The same pattern
is observed in other samples in the literature 5% 192.1051 ‘\where by increasing the temperature, the average

diameter of the droplets increases. The similar behaviour is experienced when the coalescence and
sedimentation rate increase.
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Figure 1-10: Effect of temperature on various emulsion samples in the presence of different emulsifiers: modified starch (MS),
Whey Protein Isolate (WPI), Gum Arabic (GA); and hand shaken and homogenized; at two different water cut. [The first 6 samples
are shown on primary y-axis and the last 2 samples are depicted on the secondary y-axis] (Data extracted from [59, 102, 103, 105])

1.5.1.3 Flow regime

Emulsion formation at turbulent flow conditions occurs in different industrial, environmental, and
biological fields such as membrane processes and enhanced oil recovery 8 pharmaceutical
emulsions [ suspended polymers'®’l and oil spill cleaning strategies!*%®-11%, The theoretical
framework for the droplet size determination in a turbulent flow was first introduced by
Kolmogorov 4. In the turbulent flow, the interfacial stresses are at equilibrium with the viscous
or/and inertial stresses (1141,

Turbulent flow at high Reynolds number is described by Kolmogorov length. The largest stable
droplet can be detected in either inertial subrange where the inertial energies/forces are dominant
or they balance the interfacial tension, or they are in the viscous subrange where the interfacial
forces are balanced by the viscous forces M. Shinnar 2] attempted to explain the relationship
between the droplet size and the viscosity of the continuous phase in the viscous subrange system.
This researcher theoretically described the impact of turbulence flow on the coalescence and
droplet size variation. However, it was not feasible to validate the statistical/modeling results on
the droplet size with the experimental values. Several experimental and theoretical studies were
conducted on the droplet size prediction for the fluid flow of oil/water emulsions under turbulent
regime conditions > 4], For a system where the interfacial stresses are balanced by the inertia

29



(e.g., they are independent of the viscosity of the continuous phase), the largest stable droplet is
bigger than the smallest eddies. The interfacial stress, which is the ratio of interfacial tension and
droplet diameter, is equal to the turbulent inertial stress. Hence, in the low-viscosity continuous
aqueous phase where the droplet breakup is controlled by the inertial forces, the following
expression represents a relationship between the droplet diameter and important variables such as
tank diameter and fluid density!:

dmax e p—3/5N—6/5D—4/51"3/5 (14)

in which, d,,,,, stands for the maximum droplet size, p is the fluid density, I denotes the interfacial
tension, N refers to the impreller speed, and D siginifies the diameter of the mixing tank.

In the viscous subrange, the droplets are smaller than the smallest eddies and the balance of forces
is different. The viscous forces are greater than the inertial forces and the viscosity considerably
influences the droplet size diameter. The researchers * 121 proposed the following equation to
incorporate the main parameters (e.g., density and interfacial tension) in the droplet size in the
viscous subrange regime:

dmax e p_l/zN_3/2D_177_1/2F (15)

Since a small variation in the viscosity was considered in the previous studies, a few research
investigations focused on the droplet size behavior in the viscous subrange processes 4 131, For
instance, Groeneweg et al.**¥l performed experimental analysis of droplet size distribution for
water/oil emulsions in a turbulent flow within limited ranges of shear rate. They did not discuss
about the type of flow (e.g., viscous and inertial subrange). The relationship between the droplet
size, viscosity, and interfacial tension or shear rate in the viscous subrange was studied by Boxall
et al. B, The researchers performed the experiments for a wide range of viscosity which enabled
them to identify the sub-regimes. They used dimensionless numbers to find a relationship between
droplet size and dependent variables in the viscous subrange of a turbulent flow. For example,
Weber number and Reynolds number are two key dimensionless numbers to reasonably estimate
the droplet size based on viscosity, interfacial tension, and shear rate. Employing PVM and FBRM
for droplet measurements, they obtained a graphical model for the droplet size in terms of Weber
and Reynolds numbers B4, The generated curve separates the inertial and viscous subrange. It
showed the functionality of droplet size to the viscosity in the inertial subrange. It was also found
that the droplet size is related to the inverse square root of viscosity of the continuous phase in the
viscous subrange . Though the droplet deformation in the turbulent flow was not studied in
their research, they derived an equation to predict the droplet break-up using the Weber and
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Reynolds numbers for both inertial and subrange flow conditions. Figure.10 clearly indicates the
droplet diameter versus viscosity as the flow regime changes. The model proposed by Boxall et al.
(541 was used and validated by Aman et al. [**4] to forecast the deep-water blowout. They claimed
that the formation of oil droplet in water dispersions is an important factor that influences the oil
migration during blowout. The oil droplet size distribution was monitored using a high-pressure
sapphire autoclave cell. The experimental results were in a good agreement with the data available
in the literature; however, the tuned inertial sub-regime is slightly different than the results
obtained by Boxall et al. [ (see Figure.11). The mean diameter versus Reynolds number is shown
in Figure.10 for two different regimes. They concluded that the new tuned model can fit the data
better as the previous model did not take into account the characteristics of the dispersed phase.
As it is clear from Figure.11, at low Reynolds numbers due to small dispersion of oil droplets into
water, an excess shear force is created, which is required to form the droplets. 122 This
phenomenon leads to the considerable deviation from the Boxall et al.’s model. Since the model
used by Boxall et al. 5 was obtained for the oil-in-water emulsion systems and Aman et al. (114
performed experiments using water-in-oil emulsion based on Boxall et al.’s model, a generalized
model for the inertial subrange flow condition is still missing. Furthermore, no research studies
have been conducted to investigate the effect of Reynolds number (over a wide range) for turbulent
or subrange flow in a cell. Thus, all calculations are based on the corresponding assumptions on
flow rates, Reynolds number ranges and geometries™,
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Figure 1-11: Mean droplet diameter versus the dimensionless group for different oil samples (modified after Boxall et al. [54]).
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1.5.2 Effect of Fluid Properties

1.5.2.1 Viscosity

Viscosity is one of the important rheological characteristics of emulsions in petroleum industry.
Emulsions are generally formed in heavy oil due to the presence of asphaltenes and resins which
act like natural surfactants, decrease the interfacial tension between oil and water phases, and
facilitates the formation of droplets. The viscosity of oil is strongly dependent on the number of
these heavy particles. Many researchers investigated the effects of different variables such as shear
rate and phase concentration on the rheological properties including viscosity 11518, For instance,
Schramm 8 concluded that the viscosity of emulsion is a function of different factors; namely:
continuous and dispersed phase viscosities, concentration of dispersed phase, presence of
emulsifier, droplet size distribution, temperature, and shear rate. According to the literature, water
content (WC) can drastically change the viscosity of emulsions 2. It has been reported that in
low-dispersed phase concentration (WC<30 %), the system shows the Newtonian behaviour. At
higher water oil ratios (30 % <WC), the emulsion behaves as a pseudo-plastic fluid and when the
water content reaches to 80 % , the type of emulsion will change from water-in-oil emulsion to
oil-in-water emulsion®2. Several crude oils (as sample emulsions) with emulsifiers were selected
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by Anisa and Nour 1% to monitor the droplet variation using the Axiovision software. They
observed that the viscosity decreases by increasing temperature; however, when the temperature
goes up as high as 90 °C, the viscosity will increase by increasing the temperature due to the phase
inversion. They also concluded that when the water cut decreases, the emulsion behaves as a
Newtonian fluid®l, In this case, the droplet size distribution effect is dominant. Thus, the
viscosity will increase as the temperature increases. The researchers specified the type of
emulsions under study in terms of the rheological behaviours; however, they did not figure out
how the fluid properties might modify the droplet size distribution for Newtonian and/or Non-
Newtonian fluids!*%?, Several researchers developed correlations for the oil and emulsion viscosity
where various variables such as water-cut were incorporated in the model development [19-1211
Table 4 summarizes the previous correlations for determination of viscosity in terms of phase ratio
and temperature. Anisa and Nour 292 also examined the impacts of temperature, water content,
and stirring speed on the viscosity so that they were successful to relate the viscosity variation to
the droplet size distribution. They conducted several experiments on viscosity variation and
observed that the phase ratio can alter the viscosity due to the hydrogen bond increase which leads
to an increase in the flow resistance. A decrease in the viscosity was noticed at high water cuts. At
high phase ratio conditions, the possibility of droplet collision increases and thus coalescence
occurs faster [292, Since no changes on the relationship between the viscosities to shear rate were
experienced, it was concluded that the viscosity reduction is resulted from increasing the droplet
size distribution. Their outcomes were in agreement with the previous published works. According
to the literature, it can be concluded that coarse emulsions have smaller apparent viscosity,
compared to the fine emulsions 1192 118 since,

- Higher flocculation rate for small droplets is observed.

- Smaller droplet size causes changes in (or lowers) the droplet size distribution and fine
emulsions have a smaller range of droplet diameters.

- When the size of droplets is small, the hydrodynamic interactions are less and hence the
viscosity is small.
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Table 1-4: A summary of proposed correlations for viscosity based on the literature.

Reference

Correlation

Variables definitions

Remark

Einstein

[120, 122]

L =1+25V &

_H
b

o -=Continuos phase viscosity
ep=Emulsion viscosity

o =Relative viscosity

oV/= Valume fraction of dispersed phase

o Colloids model dilute systems, for dispersed
phase fraction of more than 2%, the
prediction results are not reliable.

e |tisassumed that u, and V are propotional
linerly.

Brinkman 1%

po=uc(1—-9)72*

ei=Emulsion viscosity
o11.=Continuos phase viscosity
@ = VVolume fraction of dispered phase

e The equation represents the viscosity of
emulsion with spherical surface droplets.

Pal and Rhodes™*®!

#=(1 = KoKp (1)@)~2°

oK ,=hydration factor

eFunction of shear rate and volume fraction
o Depends on the nature of emulsifier
oK(y) represents the flocculation

eUsed for non-Newtonian emulsions

o [t can be used to determine the Newtonian
and non-Newtonian emulsions viscosity.

o It accounts for the hydration effect and
dispersed droplets flocculation.

Dan and Jing!**®!

w=(1- Ke®)_25

*Ke(y, 9)= K. (v)K. ()

eNon-Newtonian factor, Ke(y), represents the
hydration effect and floc. It is a function of
shear rate and determined by experiments at the
highest dispersed phase volume fraction (¢max)

oK.($) represents the effect of the volume
fraction of dispersed phase: Ke(¢) is a function
of volume fraction of dispersed phase (¢).

o Improved Pal and Phondes model is not
applicable for inverse point water cuts,
because of collision of dispersed phase
caused by high dispersed phase fraction.

k="t
He

Omax _Ke.D)lo=0may _
Ke(@max) Ke()lo=0max !
_ 1 (i
Ormin % K Dlomogy e
e (Dmin)= KeWlomgmay 1ot *¥.9max)
Pmax
Eilers 24 . 1.250 o It was obtained based on the bitumen
we=0+ Gz aEq))) emulsions.
a; emprical constant is between 1.28 and 1.30 o Itis also applicable for Newtonian behavior.
Taylor 21 o [2 = (k + 0.4)] . o Dispersed and continuous phase viscosities
# “\k+1 ok is defined as follows: were considered.

o Itis valid for emulsions with small
dispersed spherical drops concentration.
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For spherical solid particles, ‘;—D — oo and the
C
equation is equivalent to Einstein’s model

Choi and Schowater [12°1
&
Yaron and Gal-Or [126]

[ 1
b == 14 F3Y

C

1
of (VE) is calculated by two different equations
provided in the references!*? 124

The droplets interact with each other and
deform from the original spherical shape at
high concentrations of dispersed phase.

The researchers suggested a correction
factors as a function of dispersed phase
volume fraction to consider the deformation
of droplets:

Phan-Thien and Pham 1127 Z 2 45k, 1 e V= Valume fraction of dispersed phase This equation under-predicts the relative
#rs( 2+ 5k = 1-V « k=i viscosity of concentrated emulsions.
8 This model does not consider the surfactant
presence.
This model can be utilized for concentrated
emulsions using the approach of effective
medium averaging. It is valid for low
capillary numbers (Nc).
Pal (L] 2u, + 5K 3 s/ oK, is a factor that takes into account the This equation determines the relative
ty = ()7 = (1 - Ko) iscosd i
2 +5K presence of adsorbed surfactant on the surface viscosity of concentrated emulsions.

of the droplets.

Krieger and Dougherty
[128]

V._
.ur:[l - _] s

VM

o/}, is the maximum concentration of dispersed
phase.
e u is the intrinsic viscosity, as given below:

=2 -1

It is valid for high Vi, when the viscosity of
suspension becomes infinite.
Vm depends on drops size.

Pal 08

=il

1 -1
V2 (1 — ufv’") =cy+cy log(NRe,p) +c log(NRe_,,)2

® C, Cy, and cyare the constants. Nge,p is the
Reynolds particle number, as follows:
Ny, =P
Pon
opc and ¢ are the continuous phase density and
viscosity, respectively; r is the particle radius;
and v is the shear rate.

It is valid for mono-dispersed emulsions,
with low interfacial tension and comparable
phase densities.

Brownian movement of droplets is
neglected and the flow is assumed to be
steady-state.

Richardson 224

— ok
Hr = g

o u,.=Relative viscosity
o @ = volume fraction of dispered phase
o k= constant

An exponential increase is noticed in the
relative viscosity as a function of volume
fraction of dispersed phase.




Ronningsen

In(y,) = a; + a,T + azV + a,TV

4y, &, a3, and a, represent the shear rate-
dependent coefficients of the correlation.

o The coefficients were obtained based on
experimental data of viscosity at different
shear rates and temperatures.

o |t fails for fluids which are very different
from the experimental oil samples.

ASTM 1

z=v+ 0.7+ f(v)

In(In(z)) = A — BIn(T)

Of(v) — e(—1.47—1.84v—0.51vz)

oA and B represent the characteristics of each
product and T is the absolute temperature (K).

v stands for the kinematic viscosity

oZ refers to the viscosity function

o It includes the kinematic viscosity variation
with the temperature.

o Itisonly valid for petroleum fluids and their
fractions.

Farah et al.[*®!

T > WAT In(In(v + 0.7)) = ky + k,V + k3 In(T)
+ k,VIn(T)
T>WAT In(In(v + 0.7)) = k|, + kyV + ki In(T)

+ kyVIn(T)

*\WAT= the wax appearance temperature.
eExperimental coefficients were obtained from
temperature independent parameters (4,
A', B, B") versus volume fraction plot as
follows:

A B ‘ Al B’

ky+kV ‘k3+k4V ‘ ky +k,V ks + kg V

The correlation can estimate emulsion
viscosity of oil at various dispersed phase
volume fractions and temperatures (below
and above WAT).

Becher!**!l and Schramm
136]

po=pc(l+ 00+ ¢, 0% + c;0%)

oC = empirical coefficient
o #% and @3= interactions between droplets

o |t considers the droplets interactions within
wide range of dispersed phase
concentration.
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1.5.2.2 Salinity

Demulsification can occur as a result of density difference between the continuous and dispersed
phases. When the thin film between the drops approaches a critical value, the coalescence happens.
The equilibrium at the interface of a water, oil, and surfactant system is known to be a vital factor
to identify the emulsion type and its stability 3% 132 1331 Despite the solid particle dispersions,
which DLVO theory can fully explain their behaviours, droplets in liquid-liquid systems can
deform. Because of the liquid surfaces, emulsions are much more difficult to be accurately
characterized. Intermolecular interactions are appreciably influenced by these two factors (liquid
surface and droplet deformation). The stability for coalescence of emulsions, is generally governed
by the thinning rate of the film between the droplets and the stability against deformation 34,
Moradi et al. ¥ used the droplet size evolution versus time, as a proxy for the emulsion stability.
Measurements were made by employing an optical microscopy; and were confirmed with the
previous data, measured by the bottle test. Using a light-transmitted microscope, several pictures
were taken at different times; and salinity values. Pictures enhancement was made using an image
processing software to determine the droplet size distribution®l. The researchers mitigated the
effect of overlapping droplets by diluting the samples. Log-normal, Weibull, and log-hyperbolic
probability density functions generally employ the distribution models to fit DSD data. As
illustrated in the Figure.12, the log-hyperbolic function can result in a better fit to model the
experimental datal®. By increasing the salinity, the frequency of larger droplets increases, an
increase in coalescence rate is experienced, and phase separation occurs sooner, based on the
observations. Their finding concerning the effect of salinity on the emulsion stability, was the same
as the research outcome attained by Wang et al., **31 who performed the same experiments; using
the bottle tests and an electro rheology for droplet size evaluation[***. Maaref and Ayatollahi [*]
also discussed on the influence of water salinity on the emulsion stability. They made synthesized
brine according to North seawater, Red seawater, and Mediterranean and Persian Gulf seawater
brine characteristics. Emulsion instability can be defined as the change in droplet size distribution.
Tracking the changes in this proxy, a time log-normal pdf was found to fit the data best. The effect
of different salts on the emulsion stability, was also reported. First, they prepared different samples
containing different NaCl salt concentrations. They observed that by adding more salt, larger
droplets were formed which made the emulsion unstable!3l. Then, they added Na,SOs to the
previous samples and observed a significant decrease in the number of large droplets. They
concluded that the formation of a film around the droplets causes a reduction in the rate of
coalescence. To investigate the influence of magnesium ions, they prepared samples by adding
MgClI: to the emulsions containing NaCl and Na2SOas. They noticed that the frequency of larger
droplets for this type of emulsion is higher than that for the samples prepared with NaCl and
Na2SOs4 , but less than that for the samples prepared only with NaCI™®l It should be noted that the
effects of NaxSO4 and MgCl> were not separately discussed in their work where other ions were
present in the samplest™®®l. Their observations offer useful information on the effect of brine
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salinity on the emulsion stability. Figure.13 demonstrates the effect of salt concentration on the
droplet size distribution according to their results.
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Figure 1-13: Comparison of different probability functions for droplet size diameters [3].
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Figure 1-14: Effect of salt concentration on droplet size distribution [136].
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15.2.3 Interfacial tension

Binks et al. B! studied the stability of a Winsor 1 type emulsion as a function of salt concentration.
An anionic surfactant stabilized the water/oil emulsion. The droplet deformation was most likely
to happen since the interfacial tension between the oil and water phases reaches a very low value
close to the salt concentration of the phase inversion[*¥”l. In the literature, it was not discussed if
the deformation occurs in smaller droplets. It seems that high capillary pressure in small droplets
opposes the deformation. On the other hand, intensive Brownian motion provides the additional
force which boosts the deformation ¥4, These ideas have been confirmed by the theoretical works;
and no experiments have yet been performed to validate their findings. In a research study
conducted by Binks et al. 511, two different sets of samples were prepared to separately investigate
the effect of droplet size and salt concentration on the emulsion stability. They highlighted that a
very accurate control/procedure was implemented on the samples to achieve the desired
characteristics. Measurements of droplet size distribution were performed by a Malvern
diffractometer 1. Since the conductivity of water/oil and oil/water emulsions differs significantly,
it is easy to detect the type of created emulsion by a digital conductivity meter. The researchers
observed that the emulsion type converted from o/w to w/o by increasing salt concentration B,
Change in salt concentration leads to variation in the interfacial tension so that it lowers with
increasing IFT and it then increases. Figure.14 shows the relation between salt concentration, IFT
and average droplet diameter. Droplet diameter also follows the same pattern. It was concluded
that, the initial decrease in droplet diameter is a result of a decrease in the interfacial tension. The
size increase is resulted from the coalescence which occurs due to adding salt and thus
destabilizing emulsion[**®!. Below 0.035 mol/L of NaCl concentration, the coalescence is
negligible B, It has been reported in the literature!3® that an increase in the amount of ionic
surfactant, causes flocculation through changing the double layer repulsion between the droplets.
In other words, at high concentration of salt, the interfacial tension is significantly reduced; and
the deformation of droplets occurs, which leads to the attraction between the droplets and
instability. However, a decrease in the creaming rate was observed at low salt concentrations.
They explained their experimental observations through a proposed physical framework B,
Calculations of interaction energy between droplets were match with the experimental values.
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Figure 1-15: Relationship between average droplet size, IFT, and salt concentration (open circles show droplet size variation and
full circles indicate IFT variation) [31].

Saito and Shinoda 3 claimed that interfacial tension is affected by the temperature as depicted
in Figure.15. It was found that the surfactant distribution and solubility significantly change with
temperature. By performing experiments on the unpurified samples, they showed that the
interfacial tension of a system containing micelles (due to the presence of an emulsifier)
approaches zero at high temperatures close to phase inversion temperature (PIT)**.  They
concluded that the destabilization rate increases at PIT and high temperatures. The rapid
breakdown close to PIT is caused by the interactions and structure of the surfactant and emulsion,
while low viscosity (at high temperatures) and fast movements of droplets result in emulsion
instability (1391,
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Figure 1-16: Interfacial tension versus temperature (modified after Saito and Shinoda [139]).

1.5.3 Effect of Reservoir Properties on Emulsions and Emulsion Stability

Emulsions flow in underground porous media can be found in several oil recovery techniques.
Since the porous media have mainly low to moderate permeabilities, the emulsion droplet size can
partly or totally block/cover the pore throats. Consequently, considerable interactions exist
between the pore constrictions and emulsion droplets, leading to the redistribution of local flow.
A theoretical approach is required to forecast the transportation behaviour of emulsions in porous
systems that enables us to understand the emulsion droplets and porous media interactions. There
are a number of factors (e.g., permeability and heterogeneity) that affect the emulsion transport in
porous media.

1.5.3.1 Poresize

Formation of emulsions in porous systems has been one of the most challenging issues in oil
transportation and production. Emulsion formation, plays a crucial role in the secondary oil
recovery methods. Emulsion transport in pore throats is still not well understood, since the
presence of emulsions in porous media drastically changes the characteristics of oil. For instance,
Alkali surfactant flooding in a reservoir causes a reduction in the interfacial tension and therefore
emulsions are formed®® . The secondary recovery operation is first performed by implementation
of water injection processes; which might not be useful due to water fingering and breakthrough
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in some reservoirs. Then, a chemical flooding process such as alkali surfactant injection is
performed which causes emulsion formation[**?l. Due to the presence of emulsions, pore throats
will be blocked, pressure will build up, and recovery factor will increase. The presence of
emulsions in the flow, can be monitored by an increase in the pressure which is followed by a
decrease in water cutt™. The geometry and pore size of the porous medium govern the emulsion
flow. Not only the larger droplets can block the flow by straining, smaller droplet can also partially
block the flow by Interception I3l Interception and Straining is a direct function of pore size
distribution. As it was reported by Romero et al.[**! in a water flooding experiment, the emulsion
concentration was found to be lower with smaller droplet size at the outlet, compared to the initial
emulsion concertation. However, after some time, the outlet concertation reached the initial value.
It can be attributed to the straining of emulsion droplets at the small pore throats. At the beginning,
large droplets would clog the pore size. Thus, the concentration is lower than entrance and small
droplets are present; however, by the time both reach the initial valuest*?l. Pore size distribution
has a direct impact on this transition. As it was reported by Btaszczyk et al.,**? in the case of a
porous bed with small pore throat, the flow resistance is small and the steady state condition
reaches faster. It implies that a porous medium with higher pore throats has less number of pores
with a diameter smaller than droplet size. Therefore, fewer pore throats will be blocked by the
emulsions. As it is clear from Figure 16, for a porous medium with high pore size fraction, the
emulsion concertation reaches faster and the pressure drop is lower. The capillary number is also
a vital parameter to be considered; while studying the effect of pore size on the emulsion stability,
particularly when the pore throats are smaller than the emulsion dropletst*4!, According to Soo
and Radkel'*® | at high capillary numbers, the strained droplets may break up either by snapping
off or by fingering and return to the flow. If the pore size is very smaller than droplet size, snap
off is a possibility where the emulsion instability initiates. If the ratio of pore throat to droplet size
is the same, the droplets will pass without snapping offl*4%l |
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Figure 1-17: Effect of pore size distribution on; a) pressure drop and b) emulsion concentration in porous media [135].

1.53.2 Relative permeability

To be able to model emulsion flow in porous media, a multi-phase system incorporating the flow
of emulsions along other phases should be defined where various phenomena such as plugging,
emulsion formation, and breakage are considered. The effect of these variables can be expressed
in the form of different relative permeability correlations, which showa reduction in water relative
permeability caused by water channel plugging™*4l. Permeability is one of the most important
characteristics of porous media to be considered while studying the the emulsion stability. As
discussed earlier, the straining and interception are the two important phenomena that can happen
in porous medial®. If the pore sizes of the porous bed is small and pores are not well connected,
implying a low permeable rock. In this case, most emulsion droplets may plug the pores and cause
droplet rupture due to straining. If the permeability of the porous medium is high with connected
large pore throats, the emulsions (if they are comparable with the pore size) may block the flow
both by straining and interception phenomena. Under this condition, the emulsions will be more
stable, compared to the case of a low permeability rock. This mechanism was also approved by Fu
et al. 11 They performed several core flooding in different samples with various porosity,
permeability, and core length. They claimed that the emulsion breakdown is higher at high flow
rates where the rock samples have lower permeability. Emulsions passing through high
permeability rocks are found to be highly stablet**5], A number of researchers conducted modeling
and simulation investigations of emulsions during the secondary oil recovery operations and
validated their results, using the real data obtained from the core flooding tests [144 146. 1471~ They
concluded that the presence of emulsions in a porous medium causes a lower water relative
permeability; however, it does not change the residual oil saturation and only accelerates the oil
production. In the oil displacement processes, if the injected fluid is less viscous than the oil in
place, the instability occurs, known as viscous instability or viscous fingering!*4l. This will lead
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to a significant reduction in the oil sweep efficiency. One of the promising strategies to lower the
possibility of this undesired effect, is reduction of the effective permeability of the porous medium
through emulsion injection!***l . To guarantee the effectiveness of an emulsion, the oil droplets in
the emulsion should be larger than the pore throat constriction. This will lead to the flow restriction
by emulsions. When oil in water emulsions is injected, the emulsions start to flow to more
permeable zones, which results in the flow restriction. As a result, the injected water starts to flow
to zones with less permeability, leading to a greater sweep efficiency [, McAuliffe [l employed
stable emulsions as the mobility control agents in the enhanced oil recovery operation. Laboratory
investigations were conducted, to study the transient permeability behavior and emulsions flow
through porous media. Heterogenous core samples (as small-scale reservoirs) were considered as
porous systems. Emulsion viscosity was assumed to be the same as the water viscosity as the
emulsions tend to have the viscosity of the continuous (external) phase. He concluded that, oil in
water emulsions containing more than 60% oil exhibit the pseudo non-Newtonian flow
characteristics, due to the interactions between the oil droplets. He made efforts to comprehend
the non-Newtonian behaviours by flooding emulsions through several cores under various pressure
conditions. It means that, the viscosity of emulsion flow is dependent on the shear rate. At an oil
content of 50%, the emulsions behave as Newtonian fluids!**®l, Mandal and Beral**” observed the
same behaviour for the emulsion mixture. They related the rheological characteristics, to the shear
rate so that the fluid is a non-Newtonian at low shear rates; while high shear rates exhibit the
Newtonian behaviours. McAuliffe*? observed that the permeability reduces at small shear rates
and the fluid behaves as pseudo non-Newtonian by increasing the injection pressure; however, the
emulsion shows Newtonian rheological characteristics. A justification was provided, concerning
squeezing the oil droplets through constriction by overcoming the capillary forces which resulted
in a higher pressure drop. This justification does not seem acceptable, since McAulifte’s results
showed that the relative permeability reduction occurs even when the emulsion droplets are smaller
than the pore throats. Emulsions with smaller diameters were produced by increasing the
concentration of sodium hydroxide in the aqueous phase*8l. Sodium hydroxide neutralized a high
number of interracially active acids in the crude oil; and produced emulsions with a smaller
diameter. The variation of droplet size was also reported by changing concentration of the synthetic
surfactant added to the crude 0il™?l. A decrease in the core permeability by the emulsion injection
was also confirmed based on the experimental results. It was concluded that, emulsion with a
larger average droplet size is more effective in redirecting fluid flow into less permeable
zones*?l Also oil-in-water emulsions displaced the oil phase from sandstone core material more
effectively than did water alonel*?. Similar results for a permeability reduction were reported by
Soo and Radkel*8 76 77.80. 1431 Ag it js depicted in Figure.17, they observed a permeability
reduction in their samples. This reduction was attributed to the pore blockage by the emulsion
droplets. The corresponding emulsion concentration was also recorded. It was observed that at the
beginning, the outlet concentration is less than the initial emulsion concentration, implying the
clogging of emulsion droplets in the pore throats. '® After a while, the concentration increased
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again and reached the initial inlet concentration. At this time, the permeability reduction stopped.
[18]
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Figure 1-18: Permeability reduction and emulsion concentration in porous media during emulsion formation and flow for
different droplet size diameter (um) (modified after [76]).

1.5.3.3 Heterogeneity

Considering deep bed filtration model, Soo and Radke [18 76 77.80. 1431 conducted several research
studies regarding the flow of emulsions in porous media to investigate the effect of reservoir
heterogeneity or flow velocity on permeability reduction and droplet size distribution where
different water-flooding experiments using a variety of crude oils and porous media were
performed. To visualize oil-drop migration in the porous medium, permeability experiments were
implemented by utilizing micro-models. Emulsion flow in the porous medium is physically
analogous to a filtration process!’” 8. When emulsions are injected into a porous medium, drops
are retained in the pores and the permeability declines. Through analyzing the effluent emulsion
concentration and transient behaviour of mean droplet size, the flow mechanisms and stability of
emulsions in the porous medium can be comprehended 31, The emulsions were prepared by
mixing the Chevron oil with distilled water. The porous medium consisted of a fine Ottawa sand
with a known grain size distribution which was assessed by the screen sieves in a stainless-steel
cylinder. Drop size distribution and drop volume concentration of the emulsions were

45



photographically analyzed for the emulsion samples by the photomicrograph of ZIESS software.
In this work, not only the transient permeability was monitored, porous medium pore size
distribution and droplet concentration were also determined™*3.For better understanding of the
physical mechanisms of emulsion flow in porous media, a visual micromodel study was
performed. The study showed that the permeability reduction during emulsion flow primarily is
resulted from drops retaining in pores. This work outlined two main factors that determine the
overall reduction in permeability: the volume of retained drops and how effective the drops are in
restricting the flow /81, Droplets were not only captured in the pores where are smaller than them,
they are also trapped in crevices or pockets formed by the sand grains and sometimes on the surface
of the sand grainsl’l. The entrapment and interception will cause an intense pressure fluctuation
which will be described in the next section. Their experimental data is in a good agreement with
the experimental results obtained by Mandal and Bera®where sand packs with different sizes
were employed and pressure drop curves versus flow rate were drawn. As shown in Figure 18,
the flow path for emulsion decreases with an increase in the size of grains and higher pressure loss
is attained with the same flow rate. It was found that the dilute and stable oils (as viscous
continuous fluid) in water emulsions do not flow. Viscosity of the oil phase also has a minor
influence on both effluent concentration and transient permeability histories. Droplets did not
squeeze through pore restrictions but they captured the disperse phase which caused permeability
reduction with respect to the continuous phase*?. Using the capillary number as a bridge between
the macroscopic scale and microscopic flow characteristics, Romero[*>* described the transport of
emulsions in pore scale using a capillary network model. The researcher performed laboratory
tests to analyze the flow of emulsions through sandstones. It was observed that in a low-permeable
sample at low capillary numbers (due to the high values of surface tension), an extra pressure is
required for the droplets to pass through the pore throats, which causes a high apparent viscosity
(1511 When the interfacial forces are higher, the partial blocking is more dominant. It was found
that the partial blocking is a function of droplet diameter and pore throat diameter. For instance, if
the emulsion flows through a low permeable rock with relatively small pore throats, the partial
blocking is more possible, compared to a high permeable rock. The core flooding was conducted
twice in a sample and a bimodal distribution for the droplet size was obtained*>Yl. No justification
for this behaviour was provided.
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Figure 1-19: Effect of sand pack particle size on pressure drop for three different samples [mesh size sand pack A: 12-30; sand
pack B: 30-60; sand pack C: 60-70] [150].

1.5.3.4 Pressure/pressure drop

In petroleum reservoirs and other types of porous systems, it is of great importance for engineers
to realize how pressure drop and flow rate variations affect the emulsion flow. Rezaei and
Firoozabadil™ conducted a series of water flooding experiments to investigate the influence of
injection rate on the pressure drop. As mentioned earlier, two important phenomena (straining and
interception) happen in the porous medium due to the presence of emulsions. Both small and large
droplets can block the pore throats and deviate the flow. This droplet capturing causes pressure
fluctuations in the reservoir. They reported waterflooding results for two different samples (with
and without emulsions). Some features in terms of pressure behaviour are distinguishable as
demonstrated in Figure 19. An intense pressure fluctuation was observed in the sample containing
emulsions which was caused by continuous droplet capturing and re-entrainment(’l. A pore, which
is completely blocked by staining or is partially blocked due to the accumulation of small droplets,
causes the flow to be considerably disturbed. Another interesting phenomenon observed in the
samples containing emulsions was higher injection pressure for the lower injection rate. However,
the intensity of mixing is more at high injection rates. However, at low injection rates, due to the
prolonged contact time between oil and water phases, the possibility of emulsion formation
increases and produced droplets block the pore throats, which results in an additional pressure
dropl™!. The same findings were reported by other researchers*4® 152 Another important aspect
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which is seen in the pressure plots is an initial spike observed at the early injection stage. As it
was highlighted by the researchers!”™, an excess pressure is required to initiate the flow due to the
high mobility ratio as a result of viscosity contrast. While finding an optimum demulsifier
concentration, Sun et al. !5 also observed this pressure spike in cases where no demulsifier was
added to the samples and emulsions were present. They concluded that the pressure spike and the
following pressure fluctuations are minimized if an optimum concentration of demulsifier is added.
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Figure 1-20: Injection pressure variation and effect of flow rate for (a) sample without emulsions and (b) sample with a
significant amount of emulsions[75].

1535 Flow rate

Shear forces can break the residual oil into drops and generate in-situ emulsions. These emulsions
may flow as emulsions of two types, oil in water or water in oil emulsions. Velocity is a very
important parameter in emulsion flow through porous medium as it determines the flow behavior
of the droplets. McAuliffe®*® proposed a qualitative justification for his observation of
permeability reduction at high pressure drops. Quantitative analysis is also found in a research
study by Soo and Radke*®! to explain McAuliffe observations. This modeling and experimental
work outlined the transport of dilute and stable o/w emulsions flow through porous media. This
research investigation is based on the deep-bed filtration theory. Providing further information, the
emulsion was injected into an unconsolidated sand pack of known grain size distribution, pore-
throat-size distribution, and initial permeabilities to validate the analytical modeling results. They
also investigated the possibility of the retained droplets disruption if the velocity reached high
enough to overcome the hydrodynamic forces!**3l. According to their theoretical results, at low
velocities and particle size smaller than pore sizes, the drop capturing occurs in crevices where the
flow is almost stagnant. Physical forces on the surface of the sand grains can also influence the
droplet capturing. If the particle size is larger than pore throats, drops clog in the pores. When
velocity approaches a critical value (corresponded to a high capillary number), the drop squeezing
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and shear-thinning flow occur. This critical velocity is a strong function of surface properties such
as adhesion or zeta potential value of the system and the drop size to pore size ratio™*l. It was
also observed that the droplet break-up is not a function of the capture mechanisms. It only happens
when the capillary number is equal or exceeds unity. They found that permeability is independent
of flow rate and interfacial tension at high flow rates; however, a strong sensitivity of permeability
to the velocity was noticed at high flow rates [*43], The experimental results attained in this research
work follow the theory, implying that the emulsion flow is not sensitive to the velocity at low
capillary numbers 4, It does no matter that which capture mechanism is a controlling factor.

A similar research work was conducted by Yazhou et al.' so that the effect of emulsifier
injection flow rate was investigated on droplet size distribution in the porous medium. They found
out at small flow rates, the created emulsions have a smaller droplet size, compared to the pore
throats. As the flow rate increases, the droplet size distribution reaches higher values and bigger
than the pore throats as illustrated in Figure 20. They explained that at low flow rate the driving
force to move the large elements of oil is not enough. Thus., the emulsion formation is mainly due
to the shear forces, while at high injection rates the pressure gradient is high enough to push the
oil through high permeable zones and form droplets with bigger sizel*5.
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Figure 1-21: Influence of flow rate on droplet size distribution, compared to pore throat in the porous medium at different
injection flow rates [154] .
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1.6 SIMULATION/OPTIMIZATION PACKAGES

Emulsions are thermodynamically unstable systems with various characters at different molecular,
microscopic and macroscopic levels which dictate their physical and chemical properties**!. It is
clear that a multiscale method is a suitable approach to study emulsion at the internal dynamic
scale up to its characteristic as a fluid!*%¢]. Due to the emulsion behaviours and instability, a detailed
study on the rock and fluid properties, surface energies, and interactions/associations of emulsion
systems are required to explore several unknown aspects of emulsion flow and conditions!7,
Experimental measurements often fail to record particular thermodynamic and process conditions
of the entire system and usually provide an average value for vital factors. Hence, researchers seek
computer simulation techniques to analyze the fluid behaviour under various conditions
(temperature, pressure, and composition). Computer simulation methods can provide extensive
information on the behaviour of emulsions in pipeline and porous media. There have been various
analytical and numerical studies on liquid-liquid surface and interactions using Molecular
Dynamic Simulation®®  Computational Fluid Dynamic (CFD)%816% and Monte Carlo
methods™®3: however, a few technical reports/documents are available on CFD or MD
investigations of the properties of emulsions and pore structure systems and their interactions.
Fluid/pore surface properties such as adsorption rate can significantly influence the transport
properties in oil and gas industry!*®2l. CFD is a numerical simulation technique to study various
fluid flow and heat-transfer cases under several condition>® 6% By discretizing a geometric
domain and applying the finite element/volume method, the conservation equations are solved
numerically. CFD simulations can be performed using appropriate software packages such as
CFD-ACE+ and COMSOL%8 1591 The oil/water interface movement is tracked based on the
volume fraction (F) of fluid in each computational cell. This value can be obtained by solving the
continuum equation as follows:

T+ W.VF=0 (16)

in which, U and t represent the fluid velocity and time, respectively. The results can be obtained
by numerically solving the mass and momentum conservation equations if the fluid is assumed to
be incompressible as follows:

V.U=0 (17)
U —__1 n g2 1r
otV (UU) = —-Vp+ g+ VU +Fy (18)

where p stands for the fluid density, n refers to the viscosity, g symbolizes the gravitational
acceleration, and F;,, denotes the volumetric interfacial tension. After entering the fluid properties
such as density, viscosity, and interfacial tension of phases, a geometry system is defined to specify
the computational cells. Depending on the resultant equations, the initial and boundary conditions
need to be determined. The values of inlet and outlet pressures is set and for specific time steps
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and iterations. The continuity equations will be then solved and the droplet formation mechanisms
and drop characteristics can be analyzed and obtained by CFD-ACE+ post processing application.
A simple schematic of a general algorithm for emulsion studies using CFD is depicted in Figure
21. There are some research works in the literature, showing that there is a good match between
the experimental measurements and CFD results while working with the software for modeling of
liquid/emulsion systems [1°8-160],

Applying proper
Fluid properties Geometry finite
setup generation elemet/volume
method

Solving the mass Stating the initial

and momentum Set the time step
conservation and iterations ar::(grk])g#ir:)%ry
equations
Mesh generation Results Post processing

application

Figure 1-22: A simple algorithm using CFD to model emulsion stability

Another widely used simulation package to study the microscopic systems (including thousands
of molecules) is Molecular Dynamics (MD) Simulation. This method provides a bridge between
the experiment and conventional physical chemistry/thermodynamic models*®3l. MD provides
precise prediction of the system behaviour through accurate computation of the interactions
between the molecules. This modeling technique has been recently employed due to several
benefits. For instance, it appears to be an unique approach to obtain chemical, physical and
thermodynamic properties of a system through fundamental and statistical thermodynamic
approaches®. Using the statistical dynamics, all characteristics of the system such as viscosity
and interfacial tension can be obtained by computing the potential energy according to the position
of the atoms[*2l, Another advantage of the MD strategy is attributed to the difficulty of classical
modeling approaches systems such as equations of state or activity coefficient models, in the
absence of experimental results. For systems containing corrosive components such as H.S or/and
the systems under high temperature or pressure conditions, implementation of corresponding
experiments to obtain the real data is a difficult task. Molecular dynamic simulation is based on
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solving the classical Newtonian equation of motion, considering intramolecular and intermolecular
interactions as presented by the following equation!*®°:

F=ml (19)

L qe2

where ri stands for the atom position; and F; refers to the forces on the atom from the neighbour
atoms. The force vector can be calculated by deriving the potential energy function as follows(¢°l:

F = v(U(ri) (20)

In Equation (20), U represents the interaction energy. The energy term consists of all Non-bonded
interactions and bonding potentials. To solve the equation of motion, some properties such as
temperature or pressure are assumed to be constant. The statistical ensemble is a collection of all
possible phases of system with sets of constraint including the imposed volume or number of
molecules!*®], Based on the assumptions, thermodynamic properties such as enthalpy, fugacity,
and vapor pressure can be computed. According to Table 5, different ensembles can be used,
depending on the desired situation. Molecular dynamic simulation technique determines most of
the dynamic properties (e.g., enthalpy) at equilibrium condition. Currently, there are a variety of
MD simulators such as Material Studio and GROMACS [166-168] .A simple algorithm to present
the utilization procedure of the molecular dynamic simulation is demonstrated in Figure 22.
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Figure 1-23: A simple schematic for a molecular dynamic simulation algorithm.
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Table 1-5: Different statistical ensembles in molecular dynamics simulation and their application [165].

Statistical ensemble Imposed variables Definition of Variables Applications
Canonical ensemble N,V,T N: number of moles Phase properties (P, H, u;, ...)
V: volume

T: temperature

Grand canonical ensemble w, vV, T ;- initial concentration Adsorption isotherms,
V: volume selectivity
T: temperature
Isothermal-Isobaric N,P,T N: number of moles Phase properties
ensemble P: pressure (H,Cy, p, i, -
T: temperature
Micro canonical ensemble E,V,T E: Energy Transport properties from
V: volume molecular dynamics
T: temperature
Gibbs ensemble at imposed N =N; + Ny, N: number of moles Phase equilibrium of pure
global volume (m phase) V=V+-Vp, V: volume components and mixtures
T T: temperature
Gibbs ensemble at imposed N=N,+ N, N: number of moles Phase equilibrium of mixtures
pressure (m phase) PT P: pressure

T: temperature

1.7 THEORETICAL AND PRACTICAL CHALLENGES
Emulsions formed in porous media can either help or hinder the optimal production. It has been
reported that the presence of emulsions contributes to more efficient recovery in chemical flooding
processesi**?l The improved sweep efficiency due to the presence of emulsions in injected fluid
has been one of the fundamental application of emulsions in EOR processes. On the other hand,
there are numerous cases where emulsion formation is undesirable due to a large pressure drop
especially in Alkaline-Surfactant (AS) flooding. However, understanding of emulsion stability and
demulsification processes is crucial to identify the role of emulsions in production steps. Droplet
size distribution is one of the most important factors indicating the stability of emulsion, however
this property is a function of various factors such as salinity, presence of emulsifying agent.
However, determination and monitoring of these parameters instantaneous variations in various
physical systems such as pipeline and porous media are not feasible in most cases, since these
factors are functions of other properties/characteristics as well. There are a variety of research
studies with focus on the influences of fluid and reservoir characteristics individually[®> ¢
151 However, no adequate systematic studies are found in the open sources to investigate the
impacts of fluid and rock properties simultaneously when emulsions and porous media are in
contact. There are several cases where presence of emulsion was reported as a problem owing to
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the significant operational and production challenges such as pressure fluctuation or damage to
surface facilities that are caused owing to the fluid viscosity increase and permeability reduction.
In addition, the produced water, containing a considerable amount of oil (as droplets) needs to be
treated. In this case, a demulsifier should be added to break and destabilise the emulsion which is
costly.

Based on the experimental test conducted to describe emulsion stability, there are various
measurement technique for determining emulsion stability. As explained earlier in this manuscript,
there are some limitations (e.g., poor accuracy and complicated procedure). Thus, better
procedures, empirical correlations, and statistical tools need to be developed to attain acceptable
accuracy and reliability.

Modeling of emulsion flow through porous media is a difficult task because of the variation in
rheological properties of the fluids with respect to time and position. Viscosity of emulsion is one
of the important properties which can be strongly affected by the emulsion droplets. However, no
reliable correlation is available to accurately predict the magnitude and behaviour of viscosity in
porous media since the nature and structure of emulsions are not well understood, yet. The two
main modeling approaches to describe the emulsion flow in porous media are the continuum theory
and deep bed filtration method. The continuum theory assumes a single-phase flow with a higher
viscosity, which is not always valid due to the dependency of the viscosity to the shear rate,
pressure drop and several other factors such as temperature and phase concentration™ . The
filtration theory elusion transport is explained by straining and interception phenomena. A
majority of researchers prefer to utilize the filtration theory; however, this method is found to be
inaccurate to simulate the permeability alteration in porous systems. The simulation approaches
such as MD and CFD seem to be valuable tools to investigate the stability and interfacial tension
behavior of emulsions. However, there are a variety of computational restrictions in emulsion
simulation using MD and CFD. First, even for the dilute mixtures, the number of molecules is very
high at normal condition. Thus, it is not possible to model the movement of each molecule
individually and drops 4 Second, the simulation time steps have to be small enough to properly
account the interfacial interactions in droplets. These time steps are in the range of nanoseconds
which is difficult to be considered in practice. Incorporation of all the droplets
interactions/movements in the equation of motion makes it very complicated to be solved. The
potential of interactions alters with time because of adsorption of some components/molecules and
the rapid change in emulsion interfacial area as a results of drops coalescence or/and breakage.
This demands the repeated calculation of the interfacial characteristics that compute the forces
between the particles with high accuracy.
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1.8 CONCLUSIONS

A comprehensive review study is performed to further investigate the characteristics of emulsion
and the factors affecting its stability. Effects of operational conditions, fluid properties, and
reservoir characteristics on the emulsion behaviours and properties are studied in detail. Base on
the previous studies on emulsions, the main findings are as follows:

Emulsion is characterized in different classes according to the phase equilibria, droplet
size, and stability.

Stability of emulsion depends on several factors including temperature, water/oil ratio, and
salinity of the water. There might be interactive forces and reactions that affect dependent
and independent variables in the emulsion stability.

Emulsion is mostly characterized by its stability. There are several methods to determine
the stability. The most common technique is through measuring droplet size variation.
Adequate description of the emulsion transport through porous media is difficult mainly
due to the complex pore structure and rheological behaviours of emulsions.

The presence of emulsions in porous media has advantages and disadvantages while
conducting enhanced oil recovery technology such as water flooding. For instance, the
formation of emulsions causes pressure flocculation and the presence of emulsions in the
produced oil stream might damage surface facilities. On the other hand, emulsions
generally lead to an increase in the viscosity of displacing fluid so that this impact has been
noticed in EOR techniques by lowering the viscous fingering and improving the sweep
efficiency. However, a proper understanding of the characteristics of petroleum fluids and
operational conditions is required to attain an effective oil production strategy.

The properties of porous media and resident fluids strongly affect the flow conditions and
regime of emulsions in pores and different layers of the porous systems. The emulsion flow
may also considerably influence important properties such as the relative permeability,
viscosity, capillary pressure, and interfacial tension of the phases.

There are no reliable (and accurate) models/correlations in the literature to appropriately
relate emulsion formation mechanisms and emulsion stability to vital factors such as
salinity, permeability, pore size, temperature, and water cut.

Molecular Dynamic Simulation and Computational Fluid Dynamic are two important
software packages to be employed for determination/description of thermodynamic
properties and transport phenomena behaviours in porous media.

The advanced CFD and MD modeling strategies may take from few hours to several weeks.
Such a computational time is much longer, compared to the classical modeling approaches.
However, the use of these new modeling/simulation techniques in a variety of chemical
and energy industries is being increased to further figure out important molecular aspects
(e.g., molecular forces and association terms) in terms of transport phenomena and
thermodynamic concepts towards better design and optimization process.
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e Utilization of modeling strategies/ software packages, which consider all the forces and
interactions between oil and water phases in porous media to study the behaviour of
interfacial film around the droplets, and systematic experimental works at both macro and
micro scales are encouraged to further understand the governing mechanisms/behaviours.
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NOMENCLATURES

Acronyms

AS:  Alkaline-Surfactant

ASTM: American Society for Testing and Materials
BS: Backscattering

CCD: Charged-Coupled Device

CEF: Critical Electric Field

CFD: Computational Fluid Dynamic

DSD: Droplet Size Distribution

EOR: Enhanced Qil Recovery

FBRM: Focused Beam Reflectance Measurement
GA: Gum Arabic

IFT: Interfacial Tension

MD: Molecular Dynamics

MS: Modified Starch

NIR: Near Infrared Spectroscopy
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NMR: Nuclear Magnetic Resonance
O/W: Oil-in-water emulsion

PVM: Particle Video Microscope

TSI Turbiscan Stability Index

W/O: Water-in- oil emulsion

WAT: Wax Appearance Temperature

WPI: Whey Protein Isolate

English letters

A, A’',B,B’: Temperature independent parameters

a1, az, as, a4 : Shear rate-dependent coefficients of the correlation.
ag . Empirical constant

Bo: Bond number

c: Empirical coefficient

Ca : Capillary number

D: Diameter of the mixing tank or/and Droplet mean diameter
dimax - The maximum droplet size

Fiy : Volumetric interfacial tension

Fi: Forces on the atom from neighbour atoms

fo : Sedimentation rate

Fr: Fraude number

fw : Coalescence rate

g : Acceleration due to the gravity

g(d) : An optical parameter

K(y) : Flocculation function for non-Newtonian emulsions

Ke(y) :Hydration effect and floc
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Ke(9) : Effect of the volume fraction of dispersed phase

Ko : Hydration factor

L : A characteristic linear dimension

n : Number of scans

N : Impeller speed

Q : Flow rate

Qs : An optical parameters

Re : Reynolds number

ri - Atom positionVy; : The maximum concentration of dispersed phase
T: Temperature

u : Velocity

Vrz : Richardson and Zaki correction for Stokes velocity

V : Volume fraction of dispersed phase

Vur : Hadamard-Rybczynski correction for Stokes velocity
Vsrokes . Sedimentation velocity

We : Weber number

Xps . Average of x;

xj . Average BS

Z : Viscosity function

Greek letters

A* : Photon transport mean free path

Y. - Dynamic viscosity of the continuous phase
u; - Initial concentration

U, - Relative viscosity
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Pc

Pa

0)

: Continuous phase densities

: Represent the dispersed phase density

: Volume fraction of dispersed phase

AP : Pressure gradient

Ap : Density difference between the two phases

v : Kinematic viscosity

u : Viscosity

p : Density

o : Surface tension
' : Interfacial tension
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2 Dissipative Particle Dynamics and Molecular Dynamic Simulations Assess

the Influences of Oil structure and Temperature on Emulsion Stability
Fatemeh Goodarzi, Sohrab Zendehboudi

Faculty of Engineering and Applied Science, Memorial University, St. John’s, NL, Canada
ABSTRACT

Water/oil emulsions are one of the important constituents involved in a variety of industries such
as pharmaceutical, food, health/beauty care, and oil and gas. Emulsion stability is a crucial aspect
of emulsions in the context of transport phenomena and surface science. Interfacial tension (IFT)
is a vital property, which is related to the emulsion stability. In this paper, dissipative particle
dynamics (DPD) mesoscopic molecular simulations are employed to study the impacts of
temperature and oil type on the structural properties and IFT in order to obtain detailed insights on
emulsion stability. Flory-Huggins chi parameter () is determined through implementing
molecular dynamics (MD) simulations using the solubility parameter calculations as well as the
energy of mixing equations using Monte Carlo method as a function of temperature to evaluate
the DPD interaction parameter (aj). The predicted chi parameter is then compared to the
experimental data. IFT is evaluated in the presence and absence of an emulsifier for different types
of cyclic (Cyclohexane and Benzene) and aliphatic (Octane and Dodecane) oil molecules. The
influence of temperature on the IFT is also investigated through integration of DPD and MD
approaches. The surfactant effect on the aggregation behaviour of the system is discussed by
considering the structural characteristics of the surfactant molecules using the radius of gyration.
Comparing the simulation snapshots taken at different simulation time steps, concertation profiles
and radius of gyration values, it is observed that in the case of aliphatic hydrocarbons, surfactant
molecules will stretch more due to the linear structure of oil molecules. For cyclic hydrocarbons,
the radius of gyration is reported to be smaller since less space is available for the interaction of
surfactant tail groups with oil molecules. It is also found that the IFT is a function of molecular
weight of hydrocarbon. Thus, the highest IFT is for Dodecane( 43.62 mN/m) and the smallest IFT
is for Benzene (29.68 mN/m), regardless of the structure and polarity of the molecules. By
decreasing the interfacial tension, the emulsion coalescence occurs faster and phases start to
separate so that the mixture has no longer the characteristics of an emulsion. Constructing the
force-field in DPD simulation based on the micro-scale calculations of chi parameter improves the
accuracy of simulation where the computational time and cost are reduced. The current study
further highlights the importance of beading arrangement and the effect of oil molecule on the
interfacial characteristic of hydrocarbon/surfactant/water systems.

Keywords: Water/oil emulsion, Dissipative particle dynamics, Molecular dynamics simulation,
Interfacial tension, Cyclic and Aliphatic Hydrocarbon, Radius of Gyration, Emulsifier
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2.1 INTRODUCTION

Emulsions are an important element of a wide range of food production processes, oil and gas
mixtures, and drugs and beauty products [1]. In multi-component mixtures such as emulsions,
suspension or a polymer blend, the interfacial tension (IFT) plays a significant role to
describe/characterise the interactions of the particles in the system [2] such that IFT is considered
as one of the central thermophysical characteristics of a mixture to investigate the interface
behaviours of two immiscible fluids.

IFT is directly proportional to the morphology and rheological behaviours of the components in
the mixture. This property can be easily modified by the presence of an amphiphilic substance in
the aqueous solution. An amphiphilic compound is a molecule with both hydrophobic and
hydrophilic parts in its molecular structure. Amphiphilic compounds are known as surfactants. The
surfactant solution can form different phases, depending on the temperature, composition of the
mixture, and the presence of salt [3]. Surfactants enable the oil/water system to demonstrate
different morphologies as well as stability conditions. Particularly, the properties of surfactant
affect the interfacial behaviours of the targeted system, such as the IFT, and thickness and density
of the formed layer [4]. These molecules have exhibited various applications in numerous
industries ranging from cosmetics, biomedical to petroleum production [5,6]. Oily substances
particularly crude oils can be a complex mixture of different hydrocarbon from aliphatic to
aromatic hydrocarbons, and surface-active particles such as asphaltene or resin molecules. Due to
the amphiphilic structure of surfactant molecules, they showed high potential in various enhanced
oil recovery (EOR) methods since they can change the surface activity of molecules present in the
mixture [7]. Alkaline/surfactant/polymer (ASP) is one of the EOR techniques used in the
petroleum industry to improve the sweep efficiency of the crude oil by changing the IFT [8]. To
attain a better understanding regarding the phase and structure of surfactant in an aqueous mixture,
a number of researchers employed various experimental and computer simulation methods with
focus on the phase behaviours and transport phenomena aspects of the
hydrocarbon/surfactant/water systems. There are a variety of experimental approaches to
determine the IFT [9] and several researchers presents a large amount of results related to the
interfacial tension measurements for water/ hydrocarbon systems and water/ organic solvents in
the presence and absence of polymers [10-12]. There are advanced laboratory equipment such as
fluorescence, neutron reflection [13] or vibrational sum frequency spectroscopy [14] to analyse
the dynamical and structural behaviours of surfactants at the water/oil interface. However, few
modeling/simulation techniques are available to model the liquid-liquid interaction at the interface
in the mesoscale level. For instance, Meybodi et el. [15] performed a comprehensive study on IFT
calculation by developing a correlation in terms of temperature and pressure for 32 types of
aliphatic and aromatic hydrocarbon in both liquid and gas phases with water at various
process/thermodynamic conditions. The proposed correlation suggested a decrease in IFT with
increasing temperature. The estimation capability of the proposed model was acceptable for liquid
hydrocarbons; however, the model did not offer an accurate predictive trend for gaseous
hydrocarbons to investigate the effect of temperature and pressure. Ataev [11] also conducted an
experimental study on determination of the IFT for different hydrocarbons(n-hexane, n-nonane,
and n-docecane)/ water systems. Using the sessile drop technique, the IFT values were measured
at different temperature conditions. This researcher observed an increase in the IFT with increasing
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the temperature, which is in contradict with the trends in the literature. This contradiction was
justified by the difference in the behaviour of contacting liquids characteristics, compared to the
isolated surface of a liquid. By increasing temperature, the excess interfacial energy will be formed
at the interface due to the break of a hydrogen bond between the contacting water and oil molecules
or due to solvation of impurities at either phase. Another important aspect mentioned in the
research work is the ageing process that is required for the system to attain equilibrium, causing a
considerable increase in the decay time. Hence, it will lead to an increase in the IFT values upon
an increase in the system temperature.

Experimental methods are expensive and time-consuming. They may also need significant
attention to obtain reliable IFT values. Hence, they might not be favorable to predict the
magnitudes of IFT especially in cases where accurate results are required immediately [16].
Numerical simulations, on the other hand, provide a complementary approach to experimental
methods or even an alternative way to characterize the system [17, 18]. Further investigation of
the interfacial behaviours and self-assembly developments are essential. However, such attempts
are often restrained by the convenience of experimental practices [19]. Fortunately, various
numerical methods including molecular dynamics (MD) [20], Monte Carlo simulation (MC) [21],
smooth particle hydrodynamics, and dissipative particle dynamics (DPD) [4] are employed to
address the above concerns. Computer simulations have appeared as an influential tool in
modelling microstructures of water/surfactant/oil systems in the past few years [12,22, 23].
Atomistic simulations can be employed to study the molecular structures and dynamic behaviours
of the system [24-26]. However, there are limitations in time and length scales as well as difficulty
in monitoring phase transition processes in mesoscale with this approach [27-29]. DPD introduced
by Hoogerbrugge and Koelman [30] and later modified by Espanol and Warren [31] is a broadly
approved method in the mesostructure studies of emulsions and suspensions where the statistical
mechanics is the fundamental of this strategy [32-34]. The DPD was found to be an ideal technique
to model such a coarse-grained mixture [30, 31]. Each DPD particle is counted as a cluster of
molecules, experiencing a soft potential interaction with other particles in the system. Therefore,
DPD is more accurate compared to MD in terms of computational efficiency [2]. Newton’s second
law of motion governs the DPD particles motion. DPD system preserves mass and total linear
momentum of the system, during which flow kinematics and stress tensor is a part of the solution
steps [2]. In the past few years, DPD has been broadly utilized in characterizing suspensions with
rigid body particles [30, 35], long-chain molecules such as DNA molecule and polymers [36, 37],
and miscible, immiscible or partly miscible liquid-liquid solution interactions [38-40]. The DPD
interaction parameter, which is a key parameter to model the conservative forces in the DPD
method, is calculated with the Flory-Huggins chi parameter. This value can be obtained using MD
simulation [41] or Monte Carlo methods [42]. Rezaei and Modarress [43] applied a mesoscopic
DPD simulation method to investigate the IFT of linear alkanes, cycloalkanes, and aromatics with
water. Solubility parameter was used to determine a DPD interaction parameter to calculate the
IFT values, and the results were compared with the outcome of X-ray scattering analysis. Studies
on the IFT analysis for pure hydrocarbon and water systems are required since some cases require
this information as the initial input for later configuration and comparisons in their system,
however, in most systems, an additive such as a surfactant and/or a polymer is added to the mixture
to improve the characteristics of the solution [22]. In many research investigations, various non-
ionic and ionic surfactants have been added to the water/hydrocarbon mixtures to modify the
interfacial characteristics of the system. For instance, Wang et al. [23, 44, 45] performed a series
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of DPD simulations on the structural and interfacial characteristics of water/hydrocarbon systems
in the presence of different anionic, cationic, and non-ionic surfactants and also a mixture of these
surfactants. The effects of temperature, salinity, and water cut were considered on the vital
interfacial and structural characteristics such as IFT and radius of gyration. They analysed a variety
of cases with different initial process conditions; however, the type of hydrocarbon was just
Octane. Silva and Ruette [41] calculated the IFT values for different types of linear hydrocarbons,
glycerol and organic liquids systems and compared them to the data available in the literature.
DPD conservative force parameters were obtained using the solubility parameter. It was found that
the IFT increases as the number of carbon increases in the linear chain of a hydrocarbon. The data,
however, were not collected at the same temperature or pressure. Hence, an inaccuracy/ error was
noticed in the proposed trends and estimations. A systematic study on the mesostructure and
dynamic behaviours of the surfactant using numerical simulations is an important step toward a
comprehensive description of the system, which engages cooperative behaviour such as phase
transition or self-assembly [46]. Compared to other thermophysical properties such as viscosity or
density, less research has been dedicated to investigation on the dynamic and structural trends of
IFT since information on two separate phases is required to describe this key property while other
parameters can be described by just one fluid characteristic [15]. The motivation arises from
multiple studies on the fundamental behaviours of the immiscible liquid-liquid system such as
water/oil emulsion. Hence, it is significant to obtain a precise description of water/oil interface
behaviours. In this paper, the primary focus is on the mesostructured study of water/surfactant/oil
via DPD simulations. A non-ionic surfactant (hexaethylene glycol monododecyl ether) is chosen
to be added to the water/oil mixture. Moreover, we examine the IFT of oil/surfactant/water
systems for different hydrocarbon molecules within a broad range of temperatures.

After the introduction section, a brief mathematical description on the DPD approach is provided.
Using MD simulation and Monte Carlo method, the Flory Huggins chi parameter is obtained using
the cohesive energy density, solubility parameter, and energy of mixing, respectively. The detailed
steps toward these calculations using amorphous cell, Forcite and blends Module are described in
the next section. The simulation details such as cell configuration and time steps are also given.
In the results and discussion section, plots of the radius of gyration, concentration profiles, and
IFT behaviours are presented and discussed at different temperatures for the cases of both aliphatic
and cyclic hydrocarbons. A comparison was made between the modeling results and experimental
data from the literature. In the last section, we summarize the main conclusions of the work and
recommendations for future studies where the integrated MD, Monte Carlo, and DPD approach is
used.

2.2 THEORY OF COMPUTATIONAL APPROACH

2.2.1 DPD Fundamentals

Dissipative particle dynamics (DPD) is a stochastic and Lagrangian simulation method, which was

first developed by Hoogerbrugge and Koelman [2], to study the hydrodynamic performance of

complex fluids. DPD is a coarse-grained mesoscopic approach with the aim of describing the

components on an increased scale compared to the molecular simulation [47]. Unlike self-
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consistent field theory (SCFT), DPD provides information on not only the properties of
thermodynamics equilibrium but also dynamics properties and evolution of the molecular structure
as a function of time [48]. The advantage of DPD over other atomistic simulation methods such as
molecular dynamics (MD) is less simulation time and cost for modelling complex structures due
to coarse-graining procedure implemented in the DPD technique, which causes fewer interactions
to be considered. Moreover, the choice of larger time-steps is possible in DPD with the same
degree of accuracy, compared to MD, due to the soft potentials used in this simulation approach.
The lattice Boltzmann method (LBM) is another mesoscopic technique, which can be employed
to model the hydrodynamic behaviours of a system. This method, however, has some considerable
disadvantages over the DPD method. For example, the liquid description, which is in the form of
a lattice symmetry, represents an incorrect physical model of the liquid that causes artefacts for
LBM method. Moreover, the lattice method cannot accurately describe the systems under shear,
and the systems used to calculate the IFT do not take into account the shear stress on the simulation
cell. In the DPD method, soft spherical beads represent a cluster of several single atoms or
molecules or a volume of fluid, with underlying the chemistry of molecules. In the case of big
molecules like polymers, multiple beads are joined together by a harmonic spring with a constant
of kg [49]. Similar to the MD simulation, the time evolution of a many-body system controlled by
classical Newton’s equation of motion in DPD approach, is captured to estimate the trajectory of
the DPD spherical beads by the following equation [50]:
%:vi: %:Fi/mi @

where r;, v;, and m; refer to the position vector, velocity vector, and mass of the beads,
respectively. The different parts of the total force between i and j particles is expressed as follows:

F, = Z(Fg +FD + FR) + FS (2)
J#i
in which, Fﬁ denotes the conservative force; FiL} represents the dissipative force; Fi’}- refers to the

random forces; F;° shows the spring force applied on the i*" bead by the j™" bead; and the remaining
term is the spring forces, which is the force as a result of the bonded interactions [51]. The actual
physical description of each force type is given below:

Fl’i = aij(l)c(rij)ﬁ'j (3)
Fj = —=¢wP (ry) (wyj. 7)) “
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where a;; introduces the maximum repulsion force between beads i and j which is also called DPD
interaction parameter. This parameter illustrates the interaction strength of two interacting particles
in the simulation system [43]. r;; = r; — 1,135 = 13|, vij = v; — v; And Fy; =,1y5/|r;j| where r
and v refer to the position and velocity vectors of the particles [52], respectively. & resembles the
dissipation coefficient, which is a randomly fluctuating parameter with stochastic properties [31];
and ¢ wP,and w® are the conservative, dissipative and random forces weight function,
respectively. o refers to the amplitude of the random forces according to o2 = 2kzT¢ and At is
the time step as defined below:

(6)

2
mr.

At = 0.041 where T = (—=)1/?
KoT

In Equation (6), kj is the Boltzmann constant; T refers to the absolute temperature; r. describes
the common effective interaction length or the cut-off radius; and t is the conversion factor to
change time in seconds to time in DPD units. According to the fluctuation-dissipation theorem,
the simplified form of the weight functions is given by the following expression [51]:

1 1—r, T ST (7
w¢(r;) = (1)) = [0P(ry)]> = {0, ’ rZ > rz

All DPD beads of the same molecule are attached by a loosely bounded spring. The molecule
stiffness can be controlled through the spring force [53]. Based on Groot’s work, the spring force
on particle i is found as follows [51]:

Ffj = —ks(rij — 7o) (8)

in which, kg represents the spring constant and r, refers to the spring equilibrium distance. The
spring constant controls the molecule stiffness; however, the simulation output is a strong function
of this variable [12]. There are a variety of values for k, and r, in the literature [53, 54]. The most
suggested values in the DPD units are: kg = 4,1, = 0 [53, 55, 56]; k; = 10,1, = 0.86 [57] ; and
ks = 100,71, = 0.7 [58].
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2.2.2 Parameterisation of Conservative Force
In the DPD approach, the interaction parameter between like and unlike particles in the system
should be obtained to model complex fluids.

The accuracy of DPD calculation lies on the correct estimation of the DPD interaction parameter
(a;;). An important relationship between Flory-Huggins chi parameter () and a;; was obtained
by Groot and Warren in 1997 [51]. Other researchers presented the similar expressions for the
DPD interaction parameter as a function of chi parameter [59, 60]. The idea was to express the
thermodynamic properties of DPD model and its fluctuation using a soft sphere model as presented
below:

a;j = a; + by;j 9)

where a;; refers to the DPD interaction parameter for similar particles and b represents a constant
with two different values of 3.5 and 1.45 for DPD densities of p = 3 and 5 in the DPD units,
respectively [50].

The value of a;; is determined by the following formula:

a;; = [(k" (T)Ny — 1)/2aplksT (10)

in which, N, introduces the coarse-graining degree that corresponds to the number of water
molecules in one bead. This is in agreement with experimental values based on water
compressibility at a particular temperature [43]. In Equation (10), « is a constant with a value of
0.101 and p denotes the density in DPD units. k=1 is the inversed dimensionless compressibility
of the structure, which is expressed as follows:

1 1 ap (11)

-1 _ — ks
k ~ pkgTky kBT(ap)T

where k; = 1/p(dp/0p) is the common isothermal compressibility, p refers to the pressure, and
kg resembles the Boltzmann constant [43]. Using the Virial theorem, the pressure can be defined
based on the forces and the trajectory of the atoms as follows [51]:

N-1 N
1
p= pkBT‘l'W(Z 2 (i —7). 1)

i j=itl

(12)
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2
p = Pl + 57 f rf(g(r)dr

The first term in the above equations accounts for the kinetic contribution, and the second term
defines the potential influence. g(r) is the radial distribution function and V stands for the total
volume of the simulation box. The sum in Equation (12) runs over the minimum image pairs, since
the periodic boundary condition is applied on the system. Since all the force components, except
the conservative non-bonded term, are simplified to be zero, Equation(12) can be rewritten in the
following form [61]:

kgT

p =—5D, where p=p+aap®
rC

(14)

in which, p refers to the dimensionless pressure in DPD units.

2.2.3 Flory-Huggins chi parameter (y;;) calculation
In the polymer chemistry, the interaction between two segments of the polymer is expressed using
the Flory-Huggins (FH) chi parameter. This parameter shows the excess of mixing free energy
according to the Flory-Huggins model. To set up a relationship between the real phase behaviour
of the fluid and DPD model, the Flory-Huggins theory is used to model the DPD liquid free energy.
There are several methods to evaluate the chi parameter and DPD interaction parameter in the
literature. The FH chi parameter can be obtained using the mixing energy between the DPD beads
which, corresponds to segments of a molecule. The mixing energy of two i and j fragments of a
molecule can be calculated by the following formula:

EY

mix

= 1/2[Z;j{E;;(T)) + Z;{E;;(T)) — Z{E;;(T)) — Z;;{E;; (T))] (15)

In Equation (15), Z;;, Z;;, Z;;, and Z;; introduce the coordination numbers for i and j beads.
Employing the Monte Carlo method, (Ej;(T)), which is the mean pair interaction energy between
the beads in the system, can be obtained according to the following equation:
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J dE;;jP(E;))E;jexp(— 1)

(Eyy(T)) = ——————p L (16)
J dE;;P(E;j)exp(— kB_jT)

Here, P(E;;) represents the pair interaction energy Boltzmann distribution. This term can be
computed by the calculation of multiple molecular conformations and orientations among the
beads in the simulation cell. The relationship between the mixing energy term and Flory-Huggins
chi parameter ();;) can be described as follows [62]:

mix

RT

1 Gﬂj

" Pads

AEY (17)
@T>=

Xij

where ¢, and ¢y are the volume fraction of components A and B in the mixture; AE,i,{L.x refers to
the energy of mixing between the two particles; R is the universal gas constant; and T is the
absolute temperature. Energy of mixing is also a function of cohesive energy term, as expressed

by the following equation:

AE,,; Eqon Eqon Econ (18)
7 = $a()a+ b5(—)s — (s

The cohesive energy (Econ) of a system is computed as the difference between the energy of the
system and the sum of molecular energies of the particles in the system with the same coordinates,
which is determined by the following relationship:

19
Econ = Esystem - Z Egas (19)

In a physical perspective, the cohesive energy can be defined as the forces keeping the particles
together in the liquid phase. In other words, the cohesive energy density indicates the energy of
vaporization, which reflects the strength of van der Waals forces holding the particles in the liquid
phase. Using cohesive energy values, the solubility parameter can be obtained as the square-root
of the cohesive energy density as follows:
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(20)

where §; stands for the solubility parameter term of component I; E.,;, refers to the cohesive energy
term; and v correponds to the volume of the cell at equilibrium. Another approach to estimate the
chi parameter is by means of calculated or experimental solubility parameter values of the
components present in the system using the following formula:

%4 21
iy = 1 () = (D) e

In Equation (21), kg is the Boltzmann constant; &; refers to the solubility parameter of the i and j

components in the mixture; and Vy introduces the average volume of the beads in the DPD
simulation.

2.2.4 Determination of Interfacial Tension.

Surface or interfacial tension is commonly obtained by integrating the normal and tangential stress
difference across the two segregated phases interface. According to the Irving-Kirkwood equation
derived by Lyklema [63], the interfacial tension can be calculated by the following equation:

Yy = J (Pn — P)dx (22)
0

in which, p,, and p; refer to the normal and tangential pressure, respectively; and x represents the
interface thickness. In the DPD method, the interfacial tension is determined by the following
equation in the DPD units:

1 (b 1 23
Yorn =5 | [Per =5 oy () + P )| )
0

where p, (x), pyy (x), and p,, (x) refer to the ensemble average of the pressure tensor components
in x, y and z directions; and L, represents the box length in x direction (the axis normal to the
oil/water interface) [61]. The first ¥ factor is attributed to the two interfaces in the simulation
system [12]. In the DPD calulation, the reduced units are used and length unit is calculated in r¢;

78



energy unit is KT which is the tempreture of the thermostat; and mass of a DPD bead is the mass
unit.

To convert the value of interfacial tension in DPD units to actual physical units (y,eq), the
following formula can be utilized [64]:

kT (24)
Yreat = ?VDPD
c

2.2.5 Radius of Gyration

To gain more information over the structure of surfactant at the water/oil interface, the Radius of
Gyration (Rg) is introduced to monitor the degree of stretching. Instead of an end to end distance,
the radius of gyrations more meaningful as it provides information on the size of particles in
addition to just the end to end distance. A simple schematic of the definition of this two parameter
is shown Figure 1.

‘{Q?uf}\ 5Jq

U \Vé\ gd

Figure 2-1 Schematic view of (a) end to end distance and (b) radius of gyration

The radius of gyration can be obtained using the following equations:

N
1 - - 2
= NZ(Ri — Rem)
i=1

(25)

N
1 _
X
j=1
N N
RZ = R —R))?
g_ﬁ' : (i_ j)
i=1j=1
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The radius of gyration of a similar chain is given by(R7) = NTbZ = (RZ)/6. This is the root mean
square of end to end distance, which is bigger than the radius of gyration by a factor of V6. It is

worth mentioning that the radius of gyration is not the same as the physical radius of a sphere [65].

2.2.6 Coarse-Grained Model

Coase graining (CG) is one of the most important sections of the DPD simulation as it can be
employed to estimate the physical characteristics of a system at a considerably reduced
computational time. Beading arrangement is very important for an accurate CG simulation. The
molecular dynamics of the particles in the system are described by the built force-field in Mesocite
module. For different hydrocarbon molecules, a different number of water molecules are joined
together using a spring to form one water bead. The bead volume should be as small as possible to
attain precise results; however, contrary to aliphatic chains of hydrocarbons, the cyclic compounds
cannot be divided further into beads since the cyclic structure should be reserved. The non-bonded
interaction among different beads is described by the Lennard-jones potential or Columbus force
for the charged beads [66]. In Figure 2, the coarse-grained mapping of different aliphatic and
cyclic hydrocarbons, surfactant molecules, and water is presented. The surfactant is C12Es, a non-
ionic molecule having a hydrophilic group with the formula of (OC2H4)sOH attached to its
hydrophobic segment with the formula of Ci2Hzs. This molecule is composed of 4 beads
representing its polar head and four beads forming the nonpolar tail (see Figure 2). All the
simulation cases are set up using the Mesocite module in the Material studio package [67]. The
same mass, radius, and volume are assigned to all the beads in the system. These properties can be
obtained based on the number of water molecules bounded together as one bead. The bead size
corresponds to the number of water molecules (Nm), which also describes the degree of coarse-
graining. As previously explained, for different hydrocarbon molecules, a different number of
water particles will form a bead. In this case, we choose Octane as an oil sample. The molecular
volume of Octane is 269.824°% and molecular volume of water is 304°3. Hence, three water
molecules need to bound together to form one water bead to follow the equality of mass for each
bead. Thus, Nm=3 and the volume of one water bead can be obtained as follows:

Vp = Ny Uparer = 3 X 30 = 9043 (26)
In Equation (26), v,, refers to the bead volume. The mass of bead can also be determined as follows:

m = NpyMygter = 3 X 18 = 54 amu (27)

where m stands for the mass of one bead and m,, ., refers to the mass of one water molecule.
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To construct the beads representing the different particles in the system, the radius of the bead is

also required. Considering a cube with the volume of 73 where 7. refers to the diameter of the
bead, the volume of the bead can be obtained by the following equation:

rCB = pNmVwater (28)

e = (mevwater)1/3 = (me30)1/3 = (33 x 90)1/3 = 6.46A°

Here, the bead diameter is calculated considering the coarse-graining degree of Nm=3, and the
density of the bead is equal to p = 3 in DPD units. The DPD density number depends on the
compressibility of liquid, which is assumed to be similar to the compressibility of the water 5% 681,
According to Equation (28), the dimeter of the bead is . = 6.46 A°; and the radius of the bead
which is half of its dimeter equals 3.234°. As mentioned earlier, in the DPD simulation technique,
the same mass, volume, and radius are assigned to all the beads existing in the system. As an
example, for Octane, the mass of the beads is equal to 54 amu with a volume of 90 A% and the
corresponding diameter of r;=6.46 A°. Since the density and mass of the beads remain constant
through the simulation steps, the volume and radius of the simulation cell will be constant as well

[66].

Benzene

Cyclohexane

Octane

Dodecane

Surfactant

Water”

Figure 2-2 DPD particle structure model of oil molecules, water and surfactant. "O" denotes the Octane molecules, "B" refers to
the Benzene beads, cyclohexane beads are shown as "CH", Dodecane molecules are referred to as "D", surfactant head and tail
are shown with “H” and “T” respectively, and “W” is used to represent water beads in the simulation cell. ¥ Water molecules are
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bounded differently based on the molecular volumes of the particles present in the system. In the example shown in the figure,
three water molecules represent one bead.

2.2.7 Simulation Methodology

The simulation is intended to provide the interfacial and structural behaviors of oil/water/surfactant
systems at the ambient condition. In the DPD method, the calculations are performed in the
reduced DPD units. Hence, a reduced temperature of Tr =1, which corresponds to 298.15K, was
selected as the reference temperature. The energy scale in the reduced units is KeT=1, which is
equivalent to 0.59191 Kcal/mol in the actual physical unit. The simulation is performed in a cubic
box with the dimensions of 100x100x1004°. The simulation cell contains 11481 beads for the
octane/surfactant/water systems, 10584 beads for the dodecane/surfactant/water system, 5723
beads for the cyclohexane/surfactant/water systems, and 6913 beads for the
benzene/surfactant/water system. The periodic boundary condition controls the simulation cell.
MD simulations are carried out using the Material Studio 2018 Software (Discover/Accelrys, San
Diego, California, USA) [67]. The COMPASS force field is employed in the current study for the
MD simulation section. After the system is built, the energy minimization is performed to
energetically eliminate any undesired spatial arrangements. This, in turn, produces a starting point
for further calculations with the reasonably lowest energy level. The system then goes under an
NVT ensemble (in which the number of particles, volume, and temperature are fixed). The volume
is set at 10° A%3 and the temperature is fixed at 298.15 K (KzT = 1). In the current study, the
volume and temperature are controlled using Nose algorithm [69-71]. The random and dissipative
force parameters are set to the values of ¢ = 3,& = 4.5 respectively. At the beginning of the
simulation, a random velocity based on Maxwellian distribution is assigned to each atom as the
initial configuration of the beads in the cell. The total simulation time is 250 in DPD units (1600
ps) and a time step of 0.01 is applied to integrate the Newtonian equation of motion and to predict
the trajectory of all atoms in the system. The Atom-based method is applied to control the van der
Waals interactions. A cut-off radius of 3.23A4° for the short-term interaction calculations is chosen,
which is obtained based on the diameter of the beads in the cell. The force field used in the DPD
simulation is a created force field according to the DPD interaction force parameter calculated
based on chi parameter. It may be observed without staying too far from our main focus that most
simulations run for longer simulation times and smaller time steps. In this work, cases are
considered using longer simulation time and the results were found to be completely similar to the
cases with shorter total simulation time. The benefit of using shorter simulation time is obvious in
terms of computational costs and time. It is important to note that the values reported for the
surfactant concentration and water/oil ratio in this paper are based on the volumetric fractions of
the beads in the simulation cell. The pressure is the atmospheric pressure and the temperature is
298.15K, unless otherwise indicated. In order to be able to perform the interfacial tension analysis,
the simulation cell should be big enough [72]. We choose the cell dimeter to follow this criterion:
the x-direction is assumed to be perpendicular to the oil/water interface. Mesoscopic DPD
simulation acts as a bridge between the microscale molecular dynamics and continuum mechanics

82



approach. The chi parameter connects the molecular dynamics to the DPD simulation. An
algorithm to demonstrate the simulation/modeling procedure is provided in Figure 3.

Continuum
mechanics
approach

Mesoscopic simulation

Construct beads based
on the principle of equality in volume
and define the mass and length scale p—

Molecular

Implement calculated chi
Parameter to individual beads

Modeling

Construct a cell containing the
Desired volume of water and oil

Create the force field based on the beads chi
parameter and DPD interaction parameter

Perform geometry optimization

Perform dynamics on the optimized structure

Run DPD simulations,
on the system
Analyze the results of the simulation
such as concentration profiles, radius
I

gyration, and interfacial tension,

Figure 2-3 An algorithm representing the steps of mesoscopic simulation as a bridge between micro-scale and continuum mechanics approach.
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2.3 RESULTS AND DISCUSSION

2.3.1 DPD interaction force parameter Analysis

In this section, we endeavour to investigate the effects of different oil molecule structures and
temperatures on the IFT behaviours using the DPD simulation. First, the results of the DPD
conservative force parameter calculation using the chi parameter are provided. The solubility
parameter of the components present in the system is calculated using the amorphous cell and
Forcite module in the Material Studio from the cohesive energy parameter. The method involves
preparing the cell for each component with periodic boundary condition and using the
experimental densities. In the absence of geometry and equilibrium information, a geometry
optimization task and NPT ensemble can be carried out to equilibrate the system. The commercial
COMPASS force field is utilized to describe the interatomic interaction, which is well-known for
correctly reproducing the experimental densities and solubility parameter. For each structure, the
volume and solubility parameters are calculated, and the results are presented in Table 2 for
different hydrocarbon molecules and water. The experimental data from the literature are also
provided, implying a high accuracy of the simulation results. Liquids with similar solubility
parameter will be miscible, and a large difference in this parameter indicates the immiscibility
phenomenon. The effect of temperature on the solubility parameter of aliphatic and cyclic
hydrocarbons are demonstrated in Figure 4. Based on Figure 4, as the temperature increases, the
solubility parameter for all the oil molecule structures decreases; a reduction in the solubility
parameter corresponds to a decrease in the cohesive energy density or the internal forces in
molecules. Hence, dissolving the molecules into a solvent and overcoming the intermolecular
forces will be easier with increasing the temperature. As it is also reported in Table 2, the solubility
parameter has the highest value for water, while this parameter holds the smallest magnitude for
Octane. The main reason is that water is a polar molecule with the ability to create a hydrogen
bond with another water molecules. To dissolve one molecule into another, all the intermolecular
and intramolecular forces should be broken. To mix water with another solvent, one should then
overcome all the polar and hydrogen bonds. This justifies why the solubility parameter for water
amongst all molecules in the system has the maximum value. In oil molecules, since benzene is a
cyclic compound with three double bonds, the solubility parameter will be the highest among other
oil molecules and octane, which is a linear hydrocarbon with just single nonpolar and London
dispersion forces. Therefore, the energy to overcome these forces and interactions will be at the
lowest level, compared to other structures. Referring to the methodology section, the Monte Carlo
method is also employed to calculate the chi parameter using the energy of mixing. In the Material
Studio, the energy of mixing calculation for different base and screen molecules is performed by
employing the Blends module. Using the COMPASS force field for the mixing task in the Blends
module, values of Enmix are estimated, while the atom-based summation method is selected for both
electrostatic and van der Waals interaction forces. This module also enables us to figure out the
impact of temperature on chi parameter for different molecules. The results of the energy of mixing
and corresponding chi parameter are listed in Table 3. The value of DPD interaction force
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parameter is also determined according to the given chi parameter from the results of Cohesive
energy calculation and energy of mixing for the dodecane/surfactant/water system, as given in
Table 4. The results of the DPD interaction force parameter for other systems including octane,
benzene and cyclohexane are provided in Appendix. A. Based on Table 4, the ajj values for similar
beads are considered to be aji=25, since the chi parameter for similar particles equals zero. This
indicates the complete solubility and zero mixing energy. It should be mentioned that the
conservative force for different beads increases form 25 due to the difference in the interactions
between the beads. As an example, the DPD interaction between the water molecule and the
surfactant head is equal to aij=30.5, while this value is 57.96 for the water and oil molecules. This
difference in the values of the DPD conservative force parameter implies a difference between the
type of interactions between the molecules, since both water and surfactant head are polar particles
and the oil molecule is a nonpolar chain. Hence, the energy to mix these two molecules and
solubility parameter will be higher, leading to an increase in the chi parameter and consequently
ajj. Plots on the effect of temperature on both chi parameter and aij term are provided in Figure 5.
As mentioned earlier, the DPD conservative force parameter is dependent on chi parameter
through a linear function (see Equation (9)). Therefore, both of the terms show a similar trend upon
an increase in the temperature. As it is clear from Figure 5, as the temperature increases, the values
of chi parameter and conservative force parameter decrease that is in agreement with the literature
[45]. This trend reveals the oil molecules and the water molecules will experience less repulsive
forces and can dissolve into each other easier, compared to a lower temperature case.

Table 2-1: Calculated solubility parameter for the components in the simulation from the Amorphous cell and Forcite module

Component  Density Molecular Solubility Solubility
(gricm?®) volume(A%) Parameter(j.cm®)Y2  Parameter(j.cm®)2*
Water 1 30 47.9 47.9
Octane 0.703 269.82 154 154
Benzene 0.876 148 18.41 18.6
Cyclohexane 0.779 179.4 16.8 16.9
Dodecane 0.749 379.5 16.9 15.9

Table 2-2: Energy of mixing and chi parameter value for different oil molecules and water at T=298.15K

Base Screen Emix(J) Chi parameter
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Water Octane 3.99 6.769231

Water Dodecane 5.98 10.14154
Water Cyclohexane 5.26 8.923077
Water Benzene 473 8.012576

Table 2-3: DPD interaction parameters for different beads present in the Dodecane/surfactant/water system at 298.15K

T H @) W
T 25
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Figure 2-4: (a) Flory-Huggins chi parameter and (b) DPD interaction parameter as a function of temperature for different oil
molecules with water
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Figure 2-5 Effect of temperature on solubility parameter values of the different types of oil molecules in the DPD simulation
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2.3.2 Mesoscopic Studies Analysis

A convenient and reliable method to describe the structural behaviours of oil/surfactant/water
systems at the interface is to study the snapshots of the simulation cell. A rough estimation on the
orientation of the beads at the interface with a surfactant concentration of Sc=15% and water/oil
ratio of WC=1 (volumetric) is provided in Figure 6, according to the simulation snapshots taken
at the equilibrium state of a dodecane/surfactant/water system. According to the magnified image
of the interface, it can be observed that the surfactant molecules are accumulated at the interface
so that the hydrophilic group moves toward the water phase and the hydrophobic chain has
tendency toward the nonpolar oil phase. This orientation is in accordance with the DPD
conservative force calculated in the previous section as well as the nature of the forces between
the surfactant head and tail group with the water and oil phases.

Figure 2-6: Snapshot of side evaluation of water/oil system in the presence of surfactant at Sc=15% and Watercut WC=1 water
molecules are represented with blue beads; red beads show oil molecules and pink and green beads refer to the surfactant head
and tail respectively

One of the outputs of DPD simulation using the Mesocite module in the Material Studio is the
relative concentration profiles as an average of different time steps in the simulation. This
characteristic shows the density of the beads in the simulation box in the DPD units. The
concertation profiles for different mixtures of oil/surfactant/water at a constant temperature of
298.15 K are depicted in Figure 7. The relative concentration of water for all different cases follow
the same pattern and value. Thus, the type of hydrocarbon does not affect the concentration of
water in the simulation cell. The surfactant curves are however different for each type of
hydrocarbon in the system. As it is clear from Figure 7, in the case of cyclic hydrocarbons, the
relative concentration of the surfactant molecules is lower, compared to linear hydrocarbons. This
behaviour is attributed to the type of interactions between the surfactant tail and the oil molecules
in the simulation cell. For the linear hydrocarbons such as octane and dodecane, all the surfactant
molecules are centred at the interface, due to the similarity of the surfactant tail and oil molecules.
Hence, the surfactant relative concertation shows a higher peak at the interface. That is why the
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surfactant molecules will stretch more in aliphatic hydrocarbons systems; however, for cyclic
hydrocarbons, the affinity of the oil molecules with the tail groups is not as strong as the linear
hydrocarbons. It is concluded that the surfactant molecules will disperse into the oil and water
phases and the central concentration at the interface will not be as much as the linear hydrocarbons.

The width of the interface is, however, greater for cyclic hydrocarbons system, compared to linear
oil molecules.
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Figure 2-7: Relative concentration values of Hydrocarbon/Surfactant/Water systems at T=298.15K for different Hydrocarbon
types where W refers to Water molecules, O represent Hydrocarbon beads, H, and T shows surfactant Head and Tail groups
respectively

To obtain adequate knowledge on the structural behaviour of the oil/surfactant/water system, the
values of radius of gyration are plotted for different oil structures. This parameter is another output
of Mesocite module, which is provided for the beads through the simulation time. The systems are
studied at a temperature of 298.15 K under atmospheric condition. According to the simulation
results, the Rg value increases dramatically at the initiation of simulation and then reach an
equilibrium and fluctuates by the time (see Figure 8). This trend is the same for all the systems,
regardless of the type of beads. The reason for this behaviour is, at first, the surfactant head and
tail will stretch toward the water and oil phase, respectively, due to the nature of the molecules in

terms of polarity. After this transient increase, the interface is saturated with the surfactant
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molecules, and all the beads are oriented based on the similarity in intermolecular forces.
Therefore, no noticeable change in the length of surfactant molecules will be observed after this
time and the radius of gyration holds a constant value over time. The tail group and cyclic oil
molecules are not as compatible as tail and linear oil structures. Thus, the interactions between
the tail group and cyclic compounds will be lower and the surfactant molecules will not stretch in
a system of cyclic oil/water as much as in a linear oil/water system, leading to a smaller radius of
gyration. Comparing the two aliphatic oil compounds, it is observed that octane molecules will
cause the surfactant beads to stretch more. In the case of benzene and cyclohexane (as illustrated
in Figure 8), the surfactant molecules will stretch more in the presence of cyclohexane. The main
reason is that Benzene is a more polar compound, compared to cyclohexane. It means that its
interaction with the nonpolar tail of surfactant will be weaker, compared to the cyclohexane. Also,
Rg value will be smaller, compared to the cyclohexane system.

— Dodecane

Octane

Cyclohexane

Benzene

Radius of Gyration(A9)
~
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Figure 2-8: Radius of Gyration values for different cyclic and aliphatic hydrocarbon and water systems in the presence of
surfactant at T=298.15K

An important output of DPD simulation is the magnitude of interfacial tension (IFT) for various
mixtures of oil/surfactant/water at different temperatures. Values of IFT reflect the differences in
chemical and structural behaviours of the molecules in the system. A high interfacial tension
indicates a low tendency to interact. As described previously, a difference in the solubility
parameter reveals immiscibility. Dodecane is the most nonpolar oil molecule and has the highest
solubility parameter difference with water. Thus, a mixture of the two phases shows high
interfacial energies at the interface. At the same time, Benzene with its cyclic compound and
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double bonds exhibits more polarity, implying it is more similar to water with respect to the
solubility among other compounds. It is concluded that the IFT created at the interface will be
lower. Based on Figure 9, the temperature is a chief factor affecting the IFT of oil/water molecules,
regardless of the structure of the oil. In all cases, increasing temperature causes the interfacial
tension to decrease. It may be tempting to relate the IFT sensitivity to temperature to the
dependence of DPD force parameter ajj to temperature. However, it should be noted that if
temperature increases significantly and the long-range interactions are included in the calculation,
the IFT variation with temperature may not be related to the temperature-dependent ajj. Generally,
by increasing the temperature, the miscibility of compounds increases, resulting in a reduction in
the IFT at the interface of two contacting fluids

The DPD results obtained for systems of aliphatic and cyclic oil/ water are compared with the
corresponding outputs in the open sources [75] to validate the accuracy of the simulation. The sum
of squared error (SSE) is calculated and reported for different cases of oil molecules in the system
(see Table 5) according to the following equation:

SSE = Z(IFTSl-m — [FTg)? (29)
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Table 2-4: Comparison between IFT values from DPD simulation and experimental values at 298.15 K

Hydrocarbon/water Beading IFToposim IFT ™ SSE
arrangement (mN/m)  "1(mN/m)

Octane/Water O[1-3]W[3-1] 37.42 41.02 43.56

Benzene/Water O[1-1]WJ5-1] 29.68 23.68 35.99

Cyclohexane/Water O[1-1]w]6-1] 32.11 26.91 27.09

Dodecane/Water O[1-4]W[3-1] 43.62 52.54 49.67

Effect of water content on the interfacial and structural behaviour of the water/surfactant/oil
systems is also investigated. According to the previous works [77], the water cut does not affect
the relative concentration profiles of water, oil, and surfactant. Hence, we do not discuss it her. It
can however change the orientation of the surfactant molecules at the interface. To study the
configuration of the surfactant molecules at the interface, the profiles of radius of gyration are
illustrated versus time in Figure 10 for different types of hydrocarbon, while the water-cut varies.
As discussed earlier, linear hydrocarbons cause the surfactant molecules to stretch more.
Comparing the system of octane/surfactant/water at two different water cut ratios, it can be seen
that Rg shows higher values for greater water-cuts. At the interface, the surfactant molecules will

stretch, and the polar head will be attracted toward the water phase and the nonpolar tail will be
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stretched toward the oil beads. In the case of low water-cut, the surfactants will soon interact with
the close water molecules at the interface and the degree of stretching is low. However, in the case
of high water-cut, more water molecules are available and not only the water molecules at the
interface but other water beads far from the interface will attract the hydrophilic segment of
surfactant molecules and cause them to stretch more. Therefore, the Rg values for higher water cut
ratios will be greater. The same justification is valid for cyclohexane/surfactant/water systems as
well. As it is clear from Figure 10, more fluctuations are observed for higher water-cut cases for
both octane and cyclohexane cases. Fluctuations in the Rg values indicate that the surfactant
molecules are still stretching, and the interface has not yet been saturated with the surfactant
molecules. This effect is more pronounced when higher volumetric concentration of water is
available in the system. Thus, it will take more time for surfactant molecules to be aligned at the
interface and Rg fluctuates more.
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Figure 2-10: Radius of gyration versus simulation time for two systems of octane and cyclohexane as a
function of water cut with a surfactant concentration of Sc=15% (volumetric fraction).

To study the impact of water-cut on the interfacial characteristics of the oil/water/surfactant cases,
two aliphatic and cyclic hydrocarbons at a surfactant concentration of Sc=15% are considered and
three water cut ratios of WC=0.5, 1, and 3 are selected. Plots of IFT versus water-cut are presented
in Figure 11 for both aliphatic and cyclic oil systems. Based on Figure 11, by increasing the water-
cut, IFT increases and then decreases. The highest IFT is determined to be at WC=1, where a stable
system of oil/surfactant/water causes the interfacial tension to increase. When the WC is low,
water droplets are formed in the continuous phase of oil and the surface area available for the
surfactant molecules is high, causing the interfacial tension to decrease and the system can
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experience equilibrium. The same situation happens when WC reaches above one. In this case,
oil droplets are surrounded by the water molecules and available surface area for surfactant
molecules increases, leading to a decrease in the IFT.
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Figure 2-11: Interfacial tension as a function of water cut and/or water/oil ratio in a system of octane/surfactant/water and

cyclohexane/surfactant/water for a fixed surfactant concentration of Sc=15%
* Data are extracted from literature[44] for a system of W/O in the presence of a non-ionic surfactant (PEO-PPO-PEO).
An important parameter influencing the IFT of hydrocarbon/water systems is the concentration of
the surfactant in the system. The presence of surfactant in the system causes the water and oil
molecules to blend easier due to the amphiphilic structure of surfactant. Investigating the structural
characteristics of hydrocarbon/surfactant/water systems through analysis of Rg at different
surfactant concentration, it is obvious that for both types of hydrocarbons (as a representative of
linear and cyclic compounds), increasing the surfactant concentration will cause the surfactant
molecules to stretch more and align to more extent at the interface (see Figure 12). According to
Figure 12, when the number of surfactant molecules increases in the simulation cell, more
fluctuations are noticed in the Rg values, mainly because the interface has not been saturated with
surfactant molecules, and the degree of stretching is constantly changing for both octane and
cyclohexane systems.
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Figure 2-12: Effect of surfactant concentration on Radius of Gyration values for Octane/surfactant/water (solid lines) and

Cyclohexane/surfactant/water (dashed lines) systems at T=298.15K and water cut WC=1
The effect of surfactant concentration on the IFT is also demonstrated in Figure 13. Asitis evident
from Figure 13, by increasing the number of surfactant molecules at the interface, the IFT will
experience a significant reduction for both cases of octane and benzene
hydrocarbon/surfactant/water systems. Adding more surfactant to the simulation cell results in a
reduction in the surface energy between oil and water beads at the interface, due to the formation
of polar and hydrogen bonds between the water and surfactant and the induced dipole-dipole
bonding between the nonpolar oil molecules and the linear segment of surfactant. The reduction
continues until the interface is saturated with the surfactant molecules. After the saturation
condition, adding surfactant will not reduce the IFT anymore and in some cases an increase in the
IFT was reported [75]. The same trend is observed in the literature [4] in the presence of another
non-ionic surfactant (CPL) in a benzene/water system.
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Figure 2-13: IFT versus surfactant concentration for the aliphatic and cyclic hydrocarbon/surfactant/water systems at a Water-cut
ratio of WC=1. *Data are extracted from literature [4] for the system of benzene/water in the presence of CPL.
Interfacial and structural characteristics of the water/surfactant/oil systems appear to be important
in various science and engineering disciplines. For instance, the orientation of surfactant molecules
plays an important role in drug delivery and ducking systems. In food emulsion, the emulsion
stability and phase separation are vital factors that influence the quality of products. In the oil and
gas industry, the IFT between oil and water phases considerably affects the EOR performance and
separation costs and time in both downstream and upstream sections. Hence, comprehensive
research studies on the interactions between the molecules of oil, water, and surfactant phases at
the interface are essential to provide better design and operation strategies in the corresponding

industries.

Further research works on the hydrocarbon/surfactant/water systems are recommended using the
integrated strategy of MD and DPD to calculate the interfacial characteristics and conservative
force parameters for more complex mixtures of ionic surfactants and polar oil compounds.

2.4 Conclusions

Dissipative particle dynamics (DPD) is a computational algorithm designed to address complex

fluid problems in a mesoscale level. The fundamental theory of DPD is a coarse-grained portion
of a system can be analysed in a much larger time and length scale that cannot be achieved in
microscopic modelling. The structure of molecules in the system affect the beading arrangement
and eventually the accuracy of the results. In this research, dissipative particle dynamics and
molecular dynamics simulation were performed in systems of aliphatic and cyclic
oil/surfactant/water systems to investigate the structural and interfacial characteristics of the
system. The results of this work can be summarised as follows:
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- The advantages of using coarse-graining methods over other microscopic methods are reducing
the particles degree of freedom, ignoring the atomistic configuration in case of modelling complex
fluid which causes a substantial decrease in computational cost and time.

-The conservative force parameter values were calculated using chi parameter. This parameter was
estimated using molecular dynamics simulation and Monte Carlo method, which created a bridge
between microscopic and mesoscopic simulation.

-According to the snapshots taken at equilibrium from the simulation cell and also the relative
concentration profiles, it was observed that the surfactant molecules would accumulate at the
interface with its head moving toward the water phase and the aliphatic chain orienting to the oil
phase. The surfactant concentration found to be a function of the type of oil molecules.

-Investigations on the structural behaviour of surfactant at the interface using the radius of gyration
values revealed that the surfactant molecules would stretch more in systems of linear hydrocarbons
compared to cyclic compounds since aliphatic chains show high non-polarity compared to cyclic
compounds and will attract the surfactant tail groups more.

-Interfacial tension is a very important factor to be considered in various industries such as
Enhanced oil recovery or drug delivery systems. In this work, the IFT values were analysed for
different cases, and interfacial tension values were calculated to be the highest for dodecane/water
system and lowest for Benzene/water systems due to the polarity of the molecules. The results of
the simulation found to be in agreement with literature.

-Plots of interfacial tension versus surfactant concentrations show a opposite relation between
number of surfactant molecules and IFT value. According to the Rg values and IFT plots, the
surfactant will stretch at the interface and forms various types of bond to water and oil phase
separately and decrease the interfacial energies and cause equilibrium.

-Water-cut ratio is another inflecting factor on the IFT of the system, at WC=1 the IFT reported to
be the highest since the interface formed between oil and water is lowest, by changing the WC to
values below one or greater than one, more surface area will be provided for surfactant molecules
to aggregate and decrease the interfacial tension.

Further research on the hydrocarbon/surfactant/water systems is recommended using the

integrated method to calculate the conservative force parameter for more complex mixtures of
ionic surfactants and polar oil compounds.

98



Nomenclatures

Acronyms
DPD Dissipative particle dynamics
EOR Enhanced oil recovery
HSP Hansen solubility parameter
IFT Interfacial tension
IR Infrared spectroscopy
MD Molecular dynamic
NMR Nuclear magnetic resonance
SCFT Self-consistent field theory

WC water-cut

Variables/Letters

(E (T)) Inter and intramolecular force
AE.,, Cohesive energy;

AE,.;, Energy of the mixing for the mixture,
AHVAP Enthalpy of vaporization

F€ Conservative force

FP Dissipative force

F® Random forces

F* Spring forces

L, Length of the box across the x-axis
N,,, Coarse graining degree

Py, Pressure tensor across the x-axis

99



R4 Radius of Gyration

V' Partial molar volume,

Z;; Coordination number values
a;j DPD interaction parameter

kg Boltzmann constant

k¢ 1sothermal compressibility;

k Spring constant

r Position vector of particles

1o Spring equilibrium distance.

1. Cut-off radius or the unit length
v Bead volume

v Velocity vector of particles

v? Molar volume of the molecule
At Time step.

m Mass of the bead

R universal gas constant

Rem Mean position of monomers
T Temperature

P(E ) Pair interaction energy probability distribution

p Pressure

Greek Letters
& (T) Temperature dependent solubility parameters
& Random number from a zero-mean distribution

¢ Volume fraction of the phases present in the system,

y Interfacial tension
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x Flory-Huggins parameter

a Constant equals 0.101

A Numerical constant to include the effect of temperature
¢ Dissipation coefficient

p Density in DPD units

o Amplitude of the random forces

T Time-scale

w Weight function

Subscript

A, B Phases of the system

b Bead

i, j Beads present in the system
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Appendix. A

This appendix reports the magnitudes of conservative force parameter for various molecules in
various oil/water/surfactant cases (see Tables Al to A3).

Table Al: Conservative force parameter table for system of Octane/Surfactant/water

T H O W
T 25
H 36.5 25
O 25 34.5 25
w 57.95 30.5 47 25

Table A2: Conservative force parameter table for system of Cyclohexane/Surfactant/water

T H O w
T 25
H 36.5 25
O 30 32 25
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W 57.95 30.5 54 25

Table A3: Conservative force parameter table for system of Benzene/Surfactant/water

T H O W
T 25
H 36.5 25
O 28 31 25
W 57.95 30.5 51.0 25

106



3 Multiscale modelling on the effect of salinity and non-
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study
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ABSTRACT

Multiphase systems and their behaviours/characteristics appear to be crucial in a variety of
industries such as oil and gas sector, pharmaceutical products, and food industries. In this paper,
the mesoscale simulation method is used to predict the interfacial behaviours of the water/oil
systems at different temperatures and salt concentrations in the presence of a non-ionic surfactant
(hexaethylene glycol monododecyl ether). The dynamic performance of the system can be well
reproduced with respect to the results reported in the literature. Dissipative Particle Dynamics
(DPD) is employed to model the interfacial properties (e.g., interfacial density and interfacial
tension) and structural properties such as the radius of gyration as a function of water/oil ratio,
surfactant concentration, temperature, and salinity of oil/surfactant/water mixtures. Molecular
Dynamic (MD) simulations are carried out to estimate the Flory-Huggins chi parameter by means
of temperature-dependent solubility parameter and cohesive energy calculations using Monte
Carlo (MC) method, which is then utilized as an input for the DPD approach. The DPD repulsive
interaction parameter (ajj) is also obtained from the dependence of chi parameter to temperature
using MD simulations. Both the density profiles and simulation snapshots indicate a well-defined
interface between water and oil phases, where the thickness of the layer increases with increasing
the surfactant concentration and the peak of density becomes higher accordingly. It is found that
the radius of gyration is a weak function of salinity; however, it increases with an increase in the
surfactant concentration, revealing that the surfactant molecules become more stretched at the
interface. By increasing the water content or water/oil ratio (WC), the interfacial tension increases
to reach a maximum value. After the maximum interfacial tension, increasing the water/oil ratio
lowers this important parameter. According to the results of the MD simulations, the presence of
salt improves the interfacial efficiency of the surfactant by decreasing the interfacial tension, which
is in a good agreement with the literature data. Integrating the micro and mesoscale modeling
through chi parameter determination improves the accuracy of the calculation. This integration
also decreases the calculation time (and costs). This research work offers useful tips for surfactant
selection as well as important results and information on the interactions of molecules at water/oil
interface, which are central to analyze emulsion stability at different process and thermodynamic
conditions.
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3.1 INTRODUCTION

Determination of interfacial properties, especially Interfacial Tension (IFT), in liquid-liquid and
liquid-gas mixtures is of great importance among the scientific communities. In a thermodynamic
viewpoint, IFT measures the free energy required for an interface formation between the phases in
a specific surface area.! Accurate prediction of IFT is challenging due to the difficulty in the
identification of numerous unresolved forces at the liquid/liquid interface. A comprehensive
knowledge of the principal forces at the interface such as electrostatic, van der Waals interactions,
and hydrogen bonds between the molecules are required to successfully determine the interfacial
tension values. In spite of detailed calculation, most atomistic simulation tools are still
computationally expensive when they are used to simulate the movement and behaviour of atoms
individually.? The addition of surfactants can modify the interfacial properties of a mixture/system.
Surfactant behaviours play a crucial role at the oil/water interface in several applications such as
oil recovery, detergency, drug delivery systems, and chemical processes dealing with
nanoparticles.? A surfactant is a molecule with either an ionic or polar head that is soluble in polar
solvents (e.g., water) and with an aliphatic chain of a hydrocarbon as its tail, which is miscible in
non-polar mixtures. A surfactant can effectively reduce the interfacial tension of the system.

In this work, we monitor the behaviours of hexaethyleneglycol monododecyl ether (C12Es) at the
oil/water interface in the presence of salt. C12Es comes from alkyl polyethylene glycol ethers
family, known as CmEn.2 The chemical formula of these surfactants is CmHzm+1(OC2H2)nOH, while
the hydrophilic and non-ionic polar head, (OC2H4)nOH or E, is attached to a long nonpolar
hydrocarbon tail CmH2m+1 or Cm. CmEn is a widely used product for various purposes such as
pharmaceutical, cosmetic, and Enhanced Oil Recovery (EOR) techniques.*® Investigation of
interfacial tension variations is of great importance to gain insights into the behaviours of
multiphase systems and complex fluids such as colloids and/or emulsions. There are some
experimental thermodynamic studies on the water/surfactant/oil interface in the open sources
including molecular thermodynamic theories of Nagarajan et al. ®’ However, when the surfactant
is a flexible chain, these theories face some restrictions such as identifying the forces and bond
length, which limits their application to model the behaviours of various systems at different
surfactant concentrations and/or temperatures.® The theories are also valid only for mixtures with
a low surfactant concentration. Based on a typical measurement tool for IFT determination such
as pendant drop tensiometer, the equilibration time increases dramatically when the surfactant
concentration is extremely low (for example below 10 ppm in water). Thus, computational
techniques become essential to accurately estimate the IFT values for low surfactant concentration
systems in a reasonable timeframe where direct experimental measurements become
impossible/impractical. Various works have focused on the characterisation of oil/water systems
in the presence of surfactant and inorganics salts where the corresponding applications are found
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in chemistry, biology, and oil and gas industry.” In the past decades, a variety of experimental
techniques such as Nuclear Magnetic Resonance (NMR), Infrared Spectroscopy (IR), and
conductivity measures were employed to monitor the interfacial behaviours of water/surfactant/oil
mixtures. 8% For instance, Wiegand et al.® reported the IFT values of water and nonpolar fluids
using the pendant drop. Cai et al.!! attempted to determine the IFT of alkane/water systems using
two different brines. Experimental measurements can provide in-depth information regarding
some features of interfacial interactions such as interfacial tension. However, a proper
understanding of phase behaviours or microstructures of the particles in various systems is still
missing.'? The lack of adequate knowledge is attributed to the complexity of multicomponent
mixtures and limitations of experimental tools to capture detailed characteristics of such
complicated systems with various interfacial behaviours. Thus, it seems essential to seek new
methods that offer a detailed description of phenomena taking place in multicomponent mixtures.
Analysis of configuration and dynamics of surfacing molecules using numerical
models/simulations is central towards a better characterisation of phase transition or self-assembly
of the molecules. ** Dissipative Particle Dynamics (DPD) is an appropriate method to model a
coarse-grained system.!*  DPD is a mesoscopic modelling technique developed to simulate
complex fluids. This model is composed of three distinct types of forces acting among particles,
representing the conservative force, responsible for thermodynamic properties of the system,
coupled dissipative, and random forces for maintaining a constant temperature.** Local and global
conservations of momentum are resulted from applying Newton’s equation of motion that
considers all forces in the system. This is a vital aspect of the DPD technique when hydrodynamics
forces are the leading modes in the system.'® Compared to common dynamic simulations, for
example, molecular dynamic simulations, using soft interactions in DPD is taken into account as
a major advantage over other simulation methods.’® A cluster of particles is represented with
beads, and soft potential allows for relatively larger time and length scales than what is commonly
utilized in other dynamic simulation techniques. ¥’ DPD provides less detailed information than
molecular dynamic simulation. However, it still offers a systematic study of interfacial and
structural properties of the targeted systems. In the past decades, various theoretical research works
have been performed to characterize the emulsion systems using computer simulations. Rezaei and
Modarres'® employed a DPD mesoscopic simulation to estimate the IFT of different hydrocarbons
such as cycloalkanes, aromatics, and aliphatic chains with water. Ginzburg et al.® performed DPD
and Self-Consistent Field Theory (SCFT) simulation to model the interfacial tension in ternary
water/surfactant/oil systems. Three non-ionic surfactant molecules were considered in their
simulation (Ci2Es, Ci12Es, and Ci2E4). It was found that addition of surfactant decreases the
interfacial tension. However, the results from SCFT method underestimated the values of IFT in
the vicinity of Critical Micelle Concentration (CMC). Unlike SCFT, DPD can describe the IFT
variation and aggregation of surfactants into spherical micelles near the CMC. Wang et al.
investigated the behaviours of water/surfactant/oil systems through multiple DPD simulations
considering different ionic/non-ionic surfactant molecules and different combinations of these
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molecules.?®?! Effects of cationic (CTAB), anionic (SDBS), and non-ionic (PEO-PPO-PEQ)
surfactant molecules were considered at various temperatures, surfactant concentrations, and
water/oil ratios. They found that increasing temperature causes the interfacial tension to decrease
and the radius of gyration to increase in all cases. It was also observed that the ionic surfactants
are more sensitive to temperature than non-ionic ones. It was found that anionic surfactants exhibit
a higher resistance to temperature, compared to cationic surfactants due to their stronger hydrogen
bonding at the head group. In addition, it was concluded that a mixture of ionic and non-ionic
surfactants can reduce the IFT more effectively, compared to a single surfactant type. The variation
of the cases considered in their works provides a good comparison among different parameters
that influence the structural and interfacial properties of oil/water systems. Remesal et al.!
performed Molecular Dynamic (MD) simulations to study the impacts of salinity and temperature
on the hydrocarbon/brine interfacial tension. A mixture of aromatics and aliphatic hydrocarbons
was utilized as the oil phase, and different concentrations of NaCl and CaCl> were examined. It
was concluded that by increasing the salt concentration the values of interfacial tension increase,
which is in opposite to some research outputs in the literature.?? Based on their justification, this
trend is due to the electrostatic effect of salt in origin and the salt in the aqueous phase causes
difficulty for the water molecules to accumulate at the interface. Increasing the temperature also
leads to the reduction of IFT, which is in agreement with previous experimental findings.

It is important to investigate the behaviours of brine/surfactant/oil mixtures at various conditions
so that the factors influencing the interfacial and structural properties of the targeted systems are
determined. There are a variety of research previously performed on modeling of water/oil systems
in EOR processes.?*% Giving more information, several mechanistic modeling approaches for
chemical/oil/brine/rock systems have been proposed in the literature and the employed models can
adequately capture the vital impacts of salinity, temperature, co-solvent on the phase behaviors of
surfactant solution.?*-?® Geochemical reactions between crude oil and alkaline agents were also
well addressed in the past.2? However, an integrated model that systematically captures the
system configuration in a reasonable simulation time and cost is missing. The purpose of this
research work is to study the properties of water/surfactant/oil system in the presence of inorganic
salt at different water/oil ratio, surfactant and salt concentration, and temperature conditions. DPD
and MD simulation methods are implemented to estimate the required parameters such as
solubility parameter and Flory-Huggins chi parameter to describe the interficial behaviours of
various systems. To the best of our knowledge, there is no such a systematic study in the literature
that employs a combination of MD simulation and DPD strategy for investigating the interfacial
behaviours and structures of oil/water/surfactant through a detailed sensitivity analysis. The
current research investigation aims to comprehensively assess the dynamic behaviors of a water/oil
system in the presence of surfactant and salt (with different types) where molecular dynamic
simulation and dissipative particle dynamics strategies are employed in a reasonable/ cost effective
manner. An extensive knowledge on the interactions of molecules at the interface and the CMC

110



at various process conditions is attained, which can help to optimize corresponding
processes/operations such as EOR in terms of performance and cost.

This paper is organised as follows. After the introduction section, a brief theory of DPD
simulations scheme is given. Flory-Huggins chi parameter evaluation using cohesive energy
calculations by means of solubility parameter and Blends module, and estimation of mixing energy
using Amorphous cell and Forcite module in the Material Studio software are also discussed in
Section 2. The cell configuration, conditions of the dynamic simulations, and values of solubility
parameter and DPD interaction parameter are provided in the simulation details and methodology
section. In the results and discussion section, the calculated values of IFT and the radius of
gyration, relative concentration profiles as well as snapshots of cell evolution by time for different
cell situations such as water cut, surfactant concentration, salinity, and temperature are included.
Finally, the conclusions section lists the remarking results and sheds some lights on possible future
works using DPD and MD for various objectives in chemical/process and petroleum engineering.

3.2 THEORY OF COMPUTATIONAL APPROACH

3.2.1 Fundamental equations of DPD theory

Dissipative Particle Dynamics (DPD) is a particle-based computational simulation approach that
can be categorised as a branch of coarse-grained Molecular Dynamics (MD). It was first introduced
by Hoogerbrugge and Koelman®® and later revisited by Espanol. 1 Compared to MD, DPD allows
the user to choose larger systems and study the cases with longer time periods in a realistic
computational framework. * This approach relies on the molecular dynamic simulations of a
cluster of soft beads interacting with neighbour particles via soft potentials. 2

DPD has shown to be an effective approach to study the thermodynamic behaviours of polymer
blends®®, complex geometries containing fluids with complicated configurations*’, biological
molecules*, and petroleum fluids so that fluid properties under different external effects such as
pH*? or temperature*® can be estimated. To explore the behaviours of the water/oil systems, we
employ the DPD method. The structure of the DPD technique is similar to MD simulations so that
the Newton’s classical equation of motion is solved to obtain the particles position and momenta
using finite time steps.*® This suitable scheme offers a distinctive numerical algorithm to monitor
the dynamic behaviours of coarse-grained systems composed of beads which are defined as a
cluster of atoms or molecules.?? For simplicity, the masses of all beads are chosen to be equal,
which is one in reduced DPD units.

Table 1 lists the constitutive forces acting on each bead from the neighbourhood beads to describe
the DPD simulation scheme. This interparticle force is a pairwise additive acting between the
particle centres and preserving the linear and angular momentums, which satisfy the Newton’s
third law. * The DPD model includes the conservative forces acting between particles i and j
positioned with a distance of rij *° ; namely, (Fg) is a soft repulsive potential; dissipative forces
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(F77) represent the frictional forces, which are a function of both position and velocity; and random
forces (Ff3) are responsible for maintaining the system temperature. All the force components
disappear after this cut-off radius, which is equal to one in DPD reduced unit. The soft-core
conservative force allows the system to choose larger time steps in the DPD approach than the
common regular ones in MD, which typically involves hard-core potentials such as Lennard-Jones
potential. “® a;; or the DPD interaction parameter controls the intensity of repulsion between two
particles, which influences the soft linearly decaying repulsion representing the conservative
forces. The dependence of the forces to the distance, calculated by averaging the van der Waals
forces spatially, provides the ability to choose large time steps. 4’ The strengths of dissipative and
random forces are defined in a way to keep the temperature constant. The combined effect of
dissipative and random forces is thermostat, which maintains the momentum and properly
describes the hydrodynamic behaviours of the system at a large time and length scale. 8

Table 3-1 Fundamental equations used in the DPD simulations. 1. 14,15

Description Equation Parameters
Newton’s equation dry _ v dv; _ £./m r;, v; and m; refers to the position vector, velocity
of motion de ' ode YT vector and mass of the beads respectively

Force components  p. _ Z(Fg +FP + FR) +FS

Jj#i

Conservative force FS = al-ja)c(rij)ﬁ-j

Dissipative force F = =&wP (1)) (vyj. 7))

Random force -4,
Fff = ow®(r)&iAt @7,

Fg is the conservative force, Fi‘]’- represents the
dissipative force, Fi’} refers to the random forces

applied on the i th bead by the j th bead and the
remaining term is the spring forces

a;; is the DPD interaction parameter

rj =1 nry =gl v =vi -y By =15/
|75, r and v are the position and velocity vectors of
the particles

w is the weight function

& shows the dissipation coefficient

o refers to the amplitude of the random forces

&;j zera o-mean Gaussian random variable of unit
variance

At is the time step

112



Weight Functions

Spring force Fg. = —ks(r;j — 10)Tyj ks is the spring constant and r, refers to the spring

equilibrium distance

1
w¢ (i) = wR(ry) = [0° (1)) the cut-off radius

_ 1- Tij» Tij <rc

- {0, rij > Tc
The amplitude of 0% = 2kgTé kg is the Boltzmann constant, T refers to the absolute
random force temperature
Time step mrg

At =004t , 1= (k—T)l/2
B

The DPD multi-particle system is described by using the modified velocity Verlet algorithm to
integrate Newton’s equation of motion 3849 as follows:

r;(t + At) = r;(t) + AtVi(t) + %Atz fi(® (1)

V:(t + At) = Vi(t) + AAtf;(t)
fi(t + At) = f;(r(r + Ab), Vi(t + At))

In the above equations, V; refers to the particle velocity at t + At [*°l. The estimation of position
and velocity of the beads by employing this algorithm provides later system evaluations of one’s
interest!H. Throughout this paper, reduced units are used instead of actual physical units. Rc s the
unit length, Ky T is the unit of energy which is the temperature of the thermostat, and mass of the
DPD bead is chosen as the mass uniti*?. Applying this approach to solve the system, the entirely
visualised system through mesoscopic snapshots at various time steps during the coarse-grained
simulation can be monitored.

3.2.2 Conservative forces parametrization

In the DPD method, the particles represent groups of molecules or atoms, portraying the positions
and momentum of a section of fluid. A mesoscale simulation is possible through this coarse-
graining method31,

The conservative force parametera;;, is an important parameter, since it’s carrying all the chemical and
physical characteristics of the particles present in the system. The dissipative force, principally acts as a
friction force amongst the beads. The movements of the particles dissipates energy and opposes
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the other particles trajectory. The value of dissipation coefficient (¢) varies from 2 to 32 and
generally is chosen to be 4.5 in DPD units ( %)[“3} for accurate results in the literaturel*H,
Random motion of the molecules governs magnitude the of the random forces present in the model
and the corresponding amplitude of the random forces term is taken as =3B to control the

temperature of the thermostat.

When two immiscible liquids such as oil and water mix together they will form an interface. To
predict the interfacial properties of the mixture at the interface, a detail description of the forces
like van-der-Waals, electrostatic and hydrogen bonding is required®*. However, in the mesoscopic
level, the effect of these forces are lumped into repulsive interaction parameters of a;; and a;;
form. This approach is more concerned with the clustering method or averaging the fluid properties
compared to detailed atomistic properties. In 1997, Groot and Warren[*!l introduced a to determine
the inversed dimensionless isothermal compressibility as:

1 1 op (2)

-1 _ — et
k " pkgTky kBT(ap)T

In the above equation, k; = 1/p(dp/dp)r is the usual isothermal compressibility, p is the number
density of molecule, p indicate the pressure. Based on the expression for k1, to calculate
conservative force parameters for like parameters (a;;) the following equation can be sued:

a;; = [(k™'(T)Nyy — 1)/2aplksT ©)

Where N,, represents coarse graining degree which is defined as the number of water molecules
in a DPD bead. , a is a constant equals to 0.101, p is the density in DPD units, kg refers to the
Boltzmann constant. Based on the values of the constants, k=* = 16 for water and a; = 25. As
for the a;; coefficient, there are various methods to estimate the value in literature™™. According
to the relation between DPD interaction parameter and Flory-Huggins the interaction parameter
(x)I*4, a;; can be obtained using the following formulal*™:

a;j = a; + byij 4)

Where b is a constant and equals to 3.497 when the DPD density p = 3 and 1.451 when p = 5 8],

3.2.3 Flory-Huggins y parameters analysis
If the heat of mixing follows Hildebrand-Scatchard[*% 461 solution theory, for the pure components
or identified components of oil, chi parameter can be calculated using the solubility parameter
using experimental measurements or molecular dynamics simulation as below:
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Vij (5)
Xij = 7 (Bi(T) = (1))
Where R is the gas constant, V;; is the partial molar volume, which can be assumed to be same as
volume of the bead. §;(T) and §;(T) are the temperature dependent solubility parameter of the

components present in the system. The value of the solubility parameter can be obtained by
enthalpy of vaporization and molar volume by the following equation:

AE.,,  |AHVAP —RT (6)
6i = i) = 0

Vi Vi
Where AE,,y, is the cohesive energy, AHV4P is the enthalpy of vaporization and v} is the molar
volume of the molecule. Although eq.* is valid only for non-polar components it is reported to be
applicable for polar components as well", for systems including polar components and particles
with hydrogen bonding, it is recommended to use Hansen solubility parameter(HSP), but since the
outputs are compatible with literature we used®® the solubility parameter obtained from
Hildebrand-Scatchard solution theory.

Molecular mechanics method is usually more accurate since they’re solving the Newtonian
equation of motion to predict the trajectory of particles at a specific amount of time but at the same
time takes a noticeable amount of computational work*®l. Here, we determined the Flory-Huggins
chi parameter by calculating the mean pair contact interaction energy between the particles. The
mixing energy between i and j DPD particles can be estimated using the following formulal*?:

Eir;lix = 1/2[Z;j{E;j(T)) + Z;{E;;(T)) — Z{E;;(T)) — Z;;{E;; (T))] (7)

Where Z;;, Z;;, Z;; and Z;; are the coordination number values assigned to particle pairs. Monte

Carlo method was adopted to estimate the inter and intramolecular forces value for mean pain-
interaction energy of two particles ((Ej;(T))) calculation according to Eq.8:

Ei'
J dEi;P(E;j)Eijexp(— 1) (8)

J dE;;jP(E;j)exp(— kB_T)

(E;;(T)) =

In the above equation, P(E;;) stands for the pair interaction energy probability distribution. This

pair interaction Boltzmann distribution can be obtained by various molecular orientation and
conformation calculations of multiple pairs in the system.
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Xij can also be obtained from the energy of mixing values according to the following equation[d:

1 (AEJ.\ AE]. ©
X0 = Gabs\ kT )~ RT

3.2.4 Calculation of Interfacial Tension
The interfacial tension is the key criteria to show the interfacial characteristics of the system!?%l,

Yy = f (P — P)dx (10)

Interfacial tension is usually calculated by integrating the normal and tangential stress difference,
across the interface separating the phases present in the system. Hence, if the normal to the
interfaces are parallel to the x-axis, interfacial tension can be obtained by the following formula
using the Virial theorem!®"!:

1
Yorp = Lx[(Pex) — > ((Pzz) + (Pyy )] (11)

P refers to the pressure tensor, ( ) indicates the ensemble average of the pressure tensor
components and X is the axis normal to the interface. The surface tensor is averaged locally and
over the system. To compare the results of the simulation with the actual experimental data the
unit of IFT needs to change into the actual physical unit (mN/m) by the following equation:

kgT (12)

Yreal = /7 YbpPD
R¢

Considering the cut-off radius defined previously as Rc =6.64 and the temperature of the system at
293K, Hence the conversion factor will be calculated as:

kT 1381073529815 (13)
RZ ~ (646+10-10yz 0™ /m

3.2.5 Radius of Gyration

The orientation and structure of polymer molecules at the oil/water interface can be described by

evaluating the degree of curliness, which can be calculated by end-to-end distancel®Y. Instead of

end-to-end distance, the radius of Gyration (R,) of big molecules is more expressive instinctively

as it provides an estimation of polymer coil sizel®? as well as being able to experimentally
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obtained. In polymer physics, the radius of gyration is describing the polymer chain dimensions®3,
This property is defined at a given time for a specific molecule as:

N
1 & (14)
RE =5 > (R Rom)?
i=1

j=1
N N

Ri=5 2, 2 =R
i=1j=1

Where Rem is the mean position of monomers and R; denotes the vector for a whole polymer molecule.
It’s worthy to mention that rathe dius of gyration of a sphere shaped molecule is not sathe me as its actual
physical radiust®.

3.3 METHODOLOGY: MOLECULAR MODEL AND
SIMULATION

3.3.1 Molecular Dynamics simulation details

In this section detail procedure for calculating the chi parameter using the molecular dynamics
simulation is described using two different methods. These values will later be implemented as
the input for DPD simulation to calculate the conservative force DPD interaction parameter and
to define the force fields accordingly.

3.3.2 The energy of mixing, chi parameter calculations and Blends module

A blend methodology/approach is employed to estimate the chi parameter, based on the energy of
mixing. This method calculates the miscibility of binary mixtures. To predict the x;; parameter,
the input for this module is only the molecular structure of the components, which are i and j beads,
and the force-field. In our research, we use the blends module in the Material Studio, Accelrys, to
determine the Flory-Huggins chi parameter.

3.3.3 Cohesive energy density, solubility parameter, Amorphous cell and Forcite
module

The solubility parameter is a temperature dependent factor, which is utilized to obtain the solubility

behaviour of the mixture, based on cohesive energy density. Employing the Material Studio package,

important parameters such as the solubility parameters, cohesive energy density, and Flory-

Huggins chi parameter of any type of molecules are forecasted. In this method, the amorphous cell

and Forcite modules are used to construct a cell containing an amorphous blend of two
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components. Following this approach, we perform MD simulations to obtain the cohesive energy
density values and corresponding solubility parameters. To prepare the cell for the actual
calculation and make sure that the system is at the correct temperature, the particles should attain
the equilibrium condition. Hence, an NV T ensemble (representing a dynamic process to equilibrate
the system, while the number of moles, volume, and temperature are constant) using velocity scale
thermostat is conducted.

3.3.4 Dissipative Particle Dynamics details

The DPD simulation is a mesoscopic coarse-graining method, which relies on the coarseness of
the grains. It should be noted that the number of water molecules directly affects the computational
accuracy of the interfacial tension calculation. An inaccurate model can cause large deviations
from the experimental data. ®* In this simulation, three water molecules need to be grouped in one
bead. The oil molecule is divided into four beads to satisfy the principle of volume equality in the
beads. The surfactant tail is constructed by four beads, and four beads are attached by a harmonic
spring to form the surfactant head. The spring constant is set to k = 4 and the equilibrium distance
is assumed to be at ., = 1 . For simplicity, we adopt water bead, oil bead, and surfactant head and
tail with the shortened notations of W, O, H, and T, respectively. The coarse-graining format for
the beads present in the system is shown in Figure 1. As it is clear from Figure 1, three water
molecules are bounded to create one W bead. Dodecane oil molecules are broken into 4 O beads;
the surfactant molecules (C12Es) are in the format of 4 surfactant head group and 4 surfactant tail
group or H4T4; and two beads connected together by a spring represent the NaCl molecules.

(—ig“ ) W[3-1]

NaCl[-2]

A e
)
L4

Figure 3-1 Coarse-graining scheme for the beads present in the system
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All the calculation have been performed using the Mesocite module in the material Studio package
551, The same volume, radius and mass are assigned to all the beads in the system. The number of
water molecules (Nm) in each bead dictates the size of the beads where Nm shows the coarse-
graining degreel®®l. In our case, three water molecules were bound to form one bead, hence Nm=3.
The molar mass of water is 18 gr/mol®7; therefore:

1 . 1 (15)
Density Avogadro number
_18gr 1 1

[ 1gr " lecul
mot - 29T 6,022 « 1023 ROECUE
cm mole

Vwater = molar mass *

=30 A%

Hence the volume of one water bead when Nm=3 will be:
vy = NpUpgrer = 3 * 30 = 9043 (16)

Where v, depicts the bead volume. The mass unit can be calculated based on the coarse-graining
degree as follows8l:

m = N,,;Myqter = 3 * 18 = 54 amu a7

In Eq.17 m refers to the mass of the bead and m,, ., IS the water molecule mass. To specify the
bead structure in Material Studio we need to have the bead radius as well. To define the diameter
of a bead consists of Nm water molecules, if p shows the number of beads per 7,2 where 7, refers
to the diameter of the bead which is used as the length scale in DPD calculation, the following
equation can be used*!:

rc3 = PNmVyater (18)

e = (mevwater)1/3 = (me3O)1/3 = 3-107(me)1/3

T =141N>/3 (19)

m

In the above equation, the degree of coarse-graining equals to Nm=3 and p which is defined as the
bead density or the number of beads is p = 3 which is the properties of a liquid with the
compressibility similar to of waterl*: 61, According to Eq*, 7. = 6.64 A°, and radius of the bead
will be 3.32 A°. The conversion factor used to change the DPD units to actual physical units is
also given in Eq.13.As it mentioned before, in DPD simulation, the same mass, volume and radius
is assigned to all the beads in the system and these values remain constant throughout the
simulation steps®. The simulation cell contains around 10* beads. The calculation is performed
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in a cubic simulation box with dimensions of 100*100*100 A° and the temperature is set to 293
K (KgT = 1) while the periodic boundary condition is applied in all the directions and the cell is
big enough to perform the interfacial tension calculation[®® . The total time steps in the simulation
is 50000 while the time steps set to 0.01 and the initial configuration of the system is random.
What is worth taking a moment to flag is that the similar simulation was performed for longer total
a time and smaller time steps and the results were found to be similar to the same case with the
proposed shorter total time which substantially decreased the total calculation time. It is necessary
to mention that both the surfactant and salt concertation in the simulation is the volume fraction of
these beads in the cube. To calculate the interfacial tension values, the x-direction is set to be
perpendicular to the water/oil interface. A schematic flow chart is presented in Figure.2 which
indicate the multiple steps to calculate the interfacial tension and other properties such as radius
of gyration ation or concentration profiles from the DPD simulation.
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Figure 3-2 Schematic flowchart of DPD simulation
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3.4 LIMITATIONS OF MD AND DPD

This section further highlights the drawbacks of the simulation approaches employed in this
research work.
The limitations of Molecular Dynamic (MD) simulation are listed below:!>16

Molecular dynamics strategy is proper for modeling/simulation at micro-scale levels.
Classical mechanics is generally utilized in the MD simulation, while this approach
exhibits poor performance to describe dynamic behaviors of very light particles.

To attain numerical stability, the MD simulation runs need short time-steps.

Variation in molecular structure of some cases/components might take nanoseconds,
microseconds, milliseconds or longer, depending on the type and chemical structure of the
substance.

There is still a challenge with the timescale of MD simulations so that long time-scale is
not feasible in most real cases.

There are approximations with the force fields. Thus, selection of a suitable and precise
force field remains a challenge.

Some particular molecular bonds, which are important in chemical processes/phenomena,
might not break or form over MD runs for simulating typical functions.

There are the following drawbacks with the Dissipative Particle Dynamics (DPD):>18

The DPD technique is suitable to simulate dynamic behaviors at meso-scales. Thus, DPD
approach is not able to capture the molecular interactions at nanoscale and microscale
levels, which are a key aspect at or close to boundaries.

There are no clear physical definitions for some variables/parameters involved in the DPD
approach.

DPD units should be mapped to physical units according to the output characteristics.
The system properties and constitutive equation should be known while implementing
DPD.

Further proper parameters and algorithms in the DPD method should be formulated in order
to handle various complex problems including multiphase flow, complicated transport
phenomena, and biological membrane where a variety of morphologies, geometries, and
flow regimes might be involved.

High computational costs are needed for most real applications. This encourages
researchers to develop more effective and faster algorithms/procedures.

In addition to the above drawbacks, a comparison between the predictions and real data for some
parameters such as radius of gyration in both MD and DPD approaches is not possible as those
parameters cannot be measured or determined using laboratory tools.*>-1

3.5 RESULTS AND DISCUSSION

In this section, the results of molecular dynamics and Monte Carlo methods to calculate the chi
parameter are presented. The values of solubility parameter and energy of mixing are then
calculated and reported. The effect of temperature on both of these variables is investigated and
the results are presented through several plots. The DPD interaction parameter is the most
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important output which is needed to obtain the interfacial properties. The effects of different
variables such as surfactant and salt concentration, water cut, and temperature are also studied on
both structural and interfacial characteristics of the system, which are represented through various
figures in this section.

3.5.1 DPD conservative force parameter calculation

Our attempt is to investigate the effects of surfactant concentration, salinity, and temperature on
the concentration profiles, the radius of gyration, and the interfacial tension. The main intention is
to combine the physics at the atomistic level and to expand it to the mesoscopic scale using chi
parameter calculations. This integration will decrease the computational time and offer a larger
time and length scale. After performing a geometry optimization on the defined structure of the
molecules in the system, a mixing task is conducted. The results of this phase of research
investigation are presented in Table 3. Compatible molecules such as oil and surfactant tail appear
to have a chi parameter close to zero, which indicates miscibility. The influence of temperature
on chi parameter is another output of this module as depicted in Figure 3. As it is clear, by
increasing temperature, the magnitude of chi parameter lowers, implying an increase in the
miscibility of the molecules.

Table 3-2 Calculated values of energy of mixing and corresponding chi parameter for the molecules present in the system at
T=298.15 K and atmospheric pressure.

Base Screen Emix Chi parameter
Water Oil 5.983 10.14154
Water Surfactant Head 0.999 1.693

Water Surfactant Tail 5.981 10.138
Surfactant Tail Surfactant Head 2.0967 3.5538

Qil Surfactant Tail 0 0

Qil Surfactant Head 2.0967 3.5538

The results of the conservative force parameter calculations using the Blends module are reported
in Table 3. According to Table 3, the results of the simulation are close to the data in the literature,
implying a very good agreement between the literature data and predictions. This method provides
a procedure to estimate the chi parameter through capturing the miscibility behaviour of mixtures.
The thermodynamic behaviours of the system can be predicted directly from the beads chemical
characteristics. Hence, by defining the molecular structure and the force-field type, the energy of
mixing and corresponding chi parameter are calculated. Figure 4 presents the distribution of the
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solubility parameter of the molecules in the mixture as a function of temperature. According to
Figure 4, the solubility parameter is not a strong function of temperature. Only for the case of
water, the variation of solubility parameter is slightly noticeable. This is due to hydrogen-bond,
which causes the cohesive energy density to be larger, compared to other molecules. The same
trend is observed in the literature. 2

Table 3-3 Cohesive energy density and solubility parameter of the components in the simulation

Component Density(gr/cm®)  Molecular Echo Solubility
volume (A%%) Parameter
Water 1 30 3.144e+9 56
Qil 0.749 379.5 3.065e+8 16.9
Surfactant head  1.1132 82 1.008e+9 34.7
Surfactant Tail 0.85 93 2.859e+8 16.5
12 1
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Figure 3-4 Solubility parameter for molecules present in the system as a function of temperature

The results of DPD simulations are usually determined based on two criteria. The coarse-graining
method of molecules and the DPD beads interaction are a function of the coarse-graining mode.
There are multiple methods in the literature to calculate the conservative force parameter (ajj).

125



Groot and Warren®?, and Maiti and McGrother* proposed that i-i molecules experience the same
type of interaction as j-j molecules, meaning that a;; = a;;. It was mentioned before that a; = 25.
It was reported that this value gives reliable results for the oil/water systems IFT.”® Hence, the
same value is assigned to the interaction parameter of all the particles in the system in our model.
As discussed before, the DPD conservative force parameter, (ajj), is a function of Flory-Huggins
chi parameter (x;;). aii represents the interactions between two similar beads (aii=25), implying no
interactions between the beads. This parameter increases when the nature and structure of
molecules are different. For example, aij=25 for the oil bead with the surfactant tail, since both of
them are nonpolar aliphatic chains of hydrocarbons. However, aij=57.95 for the water beads with
surfactant tail, since water is a polar molecule. To include the effect of salt on the interfacial
behaviours of water/surfactant/oil, there are various methods to demonstrate the presence of salt
in the system. Some researchers include the effect of salt by changing the DPD interaction
parameter of water and no actual salt beads are considered in the system. 2 In this work, an
individual bead is assigned to the NaCl molecule and a separate DPD interaction parameter is
calculated for it such that it is possible to investigate and monitor the influence of salt on the
interfacial and structural properties of the system.

The values of DPD interaction parameter based on the conservative force approach for the bead
pairs in the simulations are obtained through calculating the energy of mixing and cohesive energy
density according to Equation (7) and Equation (11). The corresponding results are shown in Table
4,

Table 3-4 DPD interaction parameters for different beads present in the system

T H O w NacCl
T 25
H 36.5 25
O 25 36.66 25
W 57.95 30.5 57.96 25
NaCl 60 32 60.4 25.5 25
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3.5.2 Spatial structure of water/surfactant/oil system

One way to describe the surfactant structure at the oil/water interface is to study the snapshots
directly taken from the structure at different timesteps during the simulation. Snapshots of the
water/surfactant/oil cell for different surfactant and salt concentration and varying water/oil ratio
are shown in Figure.5. According to the DPD interaction parameter and the corresponding chi
parameter calculated in the previous section, beads with similar chi parameter or aij values are
more miscible. Based on Table.2 oil and surfactant heads group are almost miscible. Hence
surfactant head beads will stretch toward the oil phase. Same goes with surfactant head group and
water molecules. Water is a polar molecule and will attract the surfactant glad group via dipole-
dipole bonding. The NaCl molecules also disperse into the water phase through electrostatic forces.
The oil/surfactant/water system goes to the same structure in the presence and absence of salt. It
can be clearly observed than by the time; surfactant molecules adsorbed at the interface while their
tail group oriented toward the oil phase and head group attached to the water phase and NaCl beads
disperse in the water. By comparing the final structure of the system (1) and (3), the number of
surfactant molecules and the interface thickness has clearly increased by surfactant concentration.
According to the magnified images at the surface, in case of WC=0.25, the surface will curve
toward the oil phase which case the water molecules to be captured, and water-in-oil emulsion will
be formed, when WC=3, the interface will curve toward the water phase, causing the oil molecules
to be surrounded will water molecules and oil-in-water emulsion will be the result of this
configuration. This result is in accordance with previous work by Li et al.®¥ on the effect of water
cut on the type of emulsion formed. Another point worth to mention is that, by comparing the final
structures of case (a) and (C), when the surfactant concentration is low the head and tail groups
scatter at the interface randomly. When the surfactant concentration increases to 15% at case (A),
the rearrangement of surfactant molecules is now more compact and ordered at the interface.

By simulation initiation, the surfactant head and tail groups starts to orient based on their bonding
preference, as they are accumulating at the interface, the surface area is being saturated with
surfactant molecules and by the time, this interface will bend to expand and create more space and
area for surfactant molecules to be adsorbed at the interface, that’s why the interface at the final
configuration is more curved compare to the initial structure.
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Figure 3-5 Snapshots of the water/surfactant/oil system simulation at different WC, Sc and salinity of (a) WC=.25 Sc=10
NaCl=0, (b) WC=1 Sc=13 NaCl=5, (c) WC=3 Sc=13.5 NaCl=1.5 at three different time steps of (1) Initial configuration, (2) half
of simulation time and (3) final structure. Water beads are shown in blue, oil beads in red, surfactant head in pink, surfactant tail

in green and salt beads in yellow.
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3.5.3 Effect of surfactant concentration on interfacial and structural properties

A key aspect of surfactants is their ability to lower the interfacial tension in water/oil mixtures.
The interfacial characteristics of oil/water systems are crucial in various industrial applications
such as chemical EOR proceses®® and pharmaceutical industry.”> To examine the overall
efficiency of surfactants, their abilities to reduce the interfacial tension and the absorption tendency
of the head and tail groups are investigated. To study the characteristic of surfactant, the relative
concentration profiles for different beads existing in the system are obtained according to the
snapshots of the simulation, as demonstrated in Figure 6 for different surfactant concentrations.
This property indicates the distribution of different beads present in the system, which can be
calculated by averaging the number of beads per volume across the length of the simulation box.
In the relative concentration profiles, it is obsered that water and oil phases have their own distinct
relative concentration, indicating that the system is large enough to describe each phase
characteristics, separately. Based on the concentration profiles in Figure 6, a well-defined interface
can be detected between the oil and water phases. According to Figure 6, the concentration profiles
for surfactant molecules grow higher with increasing the surfactant concentration, implying that
the concentration of surfactant molecules increases at the interfaces and the beads are more packed
at the interface. Simultaneously, the width of the peak for surfactant beads increases as well. It
can be concluded that the interface thickness increases as more surfactant is being added to the
system.
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Figure 3-6 Relative concentration profiles at water content WC=1normal to the interface for different surfactant concentration (a)
Sc=5%, (b) Sc=15% and (c) Sc=25%
To gain more insights into the structural behaviour of the beads under the surfactant concentration
change, the values of the Radius of Gyration is investigated during the simulation time. As it
mentioned before, this parameter describes the degree of stretching. As it is evident from Figure
7, the values of Rg increase and then reach an equilibrium and fluctuates around a certain value by
the time. High values of Rg indicates that the surfactant molecules are oriented in the perpendicular
direction to the interface. Fluctuation can be noticed more when the surfactant concertation is low
mainly because the interface has not yet been saturated with surfactant molecules and the overall
increase demonstrate that the surfactant chains are become straighter, however, less fluctuation
can be noticed at high surfactant concentration, mainly because the interface is saturated with
surfactant molecules now and the hydrophobic segment of surfactant turn into oil and hydrophilic
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head attracted to water phase, that’s why the Rg values is almost invariable. The magnified image
on the orientation of molecules at the interface shows how the salt molecules dissolve and attracted
to the water phase and the stretching of head and tail groups of surfactants toward water and oil
phase respectively.
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Figure 3-7 Effect of surfactant concentration on Radius of Gy_ration at water content WC=1 and different surfactant

concentration
The surfactant concertation has a significant effect on the stability of water/oil mixtures. The effect
of surfactant concentration for different water/oil ratios is provided in Figure 8. As it is evident
from the figure, interfacial tension decreases strongly by addition of a surfactant and will
approximately become zero when the oil/water interface is fully saturated with the surfactant
molecules. When the number of surfactant molecules in the mixture increases, more molecules
will aggregate at the interface. The polar head of the surfactant molecule will be adsorbed by the
water molecules by dipole-dipole interaction, and the non-polar tail of the surfactant will be
attracted toward the oil phase by covalent bonding. This configuration causes the interfacial
tension of the interface to decrease, and when the density of the surfactant molecules increases at
the system, the interfacial tension value will drop more. This trend continues until the interface is
saturated with surfactant molecules and after his point increasing the concentration of surfactant
is not changing the IFT anymore, and the add surfactant molecules will disperse into oil or water
phase.
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3.5.4 Effect of salinity on surfactant adsorption behaviour

In this section, the influence of inorganic salt concentration on the absorption behaviours of the
surfactant at the oil/water interface is analysed. Figure 9 shows the relative concentration profiles
versus the salinity at a specific water content and surfactant concentration. As it is evident from
Figure 9, the NaCl molecules will disperse through the water phase by forming ion-dipole bonding.
It is also confirmed from the calculated conservative force parameter (aj;) for the water and NaCl
beads that shows the compatibility of the two molecules. By increasing the NaCl concentration in
the system, the salt profile exhibits higher peaks. It is observed that increasing NaCl bead
concentration results in an increase in the absorption capability of the surfactant molecules at the
interface. This is evident according to a higher peak of the surfactant concentration profile which,
illustrates more surfactant packing at the interface.
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Figure 3-9 Effect of salinity on concentration profiles at water cut=1, Surfactant concertation=10% and (a) NaCl=2%, (b)

NaCl=3%, and (c) NaCl=5 along the x-axis normal to the water/oil interface
To investigate the effect of salt in the system, the values of interfacial tension are determined at
different surfactant concentrations, water-cuts, and salt concentrations, as presented in Figure 10.
As it is clear, the interfacial tension decreases significantly by adding a small amount of the salt to
the system. The interfacial tension reduction is dependent on the number of surfactant molecules
absorbed at the water/oil interface. By increasing the salt concentration in the system, the
electrostatic repulsion between the surfactant head molecules will decrease. The electric double
layer around the surfactant head beads will be also compressed due to the presence of the
electrolyte in the system, which causes the surfactant molecules to pack closer at the interface.
Hence, the interfacial tension will be lowered further as more surfactant molecules are absorbed
at the interface. However, after adding more salt, the IFT remains unchanged. This behaviour can
be attributed to the interactions between NaCl molecules and polar surfactant head groups. The
mutual repulsion between the surfactant polar head beads is partially shielded because of the ions
released in the system. The absorption capability of the surfactant will be increased/ improved at
the interface; however, once the surfactant concentration reaches a maximum value at the interface
(e.g., CMC), adding more salt does not affect the density of surfactant molecules at the interface.
Hence, the IFT remains almost constant.
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Figure 3-10 Effect of Salinity on IFT at different surfactant concentration and water/oil ratio in the system

To describe the impact of salinity on the structure of surfactant molecules at the water/oil interface,
the variation of gyration radius of the surfactant molecules with time is shown in Figure 11 for
two cases [water cut (WC)=1 and a surfactant concentration (Sc) of 13.5% & WC=0.25 and
Sc=10%]. The Ry parameter for different salt concentrations experiences an initial spike and
fluctuates by the time. Based on Figure 11, the presence of salt (and increasing its concentration)
lowers the repulsion between surfactant head groups and causes the surfactant molecules to
accumulate easier at the interface. When there is a high salinity in the system, the water molecules
form a negative and positive partial charge on their oxygen and hydrogen head, respectively. Once
the salt is dissolved in water, the salt will be attached to the water molecules through an ion-dipole
bond. According to Figure 12, the water molecules are occupied with the ions in the system. The
higher the salinity of the system, the more water molecules are occupied with them. This
phenomenon causes a reduction in the degree of stretching for the surfactant molecules as fewer
water molecules are available to interact with the surfactant head groups. This is the main reason
that the Rg experiences a decrease trend when the salinity in the system increases.
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Figure 3-12 Schematic figure on the behaviour and configuration of dissolved salt ions in water (modified after(53I)

To investigate the effect of salt type, the interfacial tension values for different concentrations of
CaCl, are also calculated at a temperature of T=298.15K and a surfactant concentration of
Sc=15%. The results for both NaCl and CaCl> are shown in Figure 13. As it is clear from Figure
13, by increasing the CaCl, concentration, the magnitude of the interfacial tension of the system
will be lowered as expected. This behaviour/trend is the same for NaCl and CaCl, cases while
studying the effect of salt. In fact, the presence of ions in the system decreases the electrostatic
repulsion between the surfactant molecules and cause them to pack easier at the interface, leading
to a decrease in the interfacial tension. This effect is more pronounced for CaCl, molecules as the
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number of dissociated ions in the system is higher, compared to the NaCl case. Thus, a greater
reduction in the system interfacial tension due to the presence of CaCl; is noticed. It is worth noting
that if the concentration of the salt exceeds a certain value depending on the temperature and
surfactant concentration conditions, the interfacial tension will start to increases by adding more
salt molecules to the system, since the excess ions will create a barrier between the oil and water
phases, causing a reverse behaviour in terms of IFT versus salt content.”®
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Figure 3-5 Effect of NaCl and CaClz on IFT at different concentrations in the presence of surfactant (Sc=15%) at T=298.15K
and atmospheric pressure.

3.5.5 Effect of water content on the interfacial and structural behaviour of the
system
To analyse the effect of water content on concentration profiles of the beads present on the system,
three cases are considered at different water/oil ratio and a specific surfactant concentration of
Sc=13.5% and Salinity of NaCl=1.5%. As it is evident form the results shown in Figure 14,
concentration profiles do not seem to be a strong function of the water content of the simulation
cell. The packing of surfactant molecules at the interface remains unchanged with an increase in
water/oil ratio.

According to the phase volume theory, the type of emulsifier, oil and water phase characteristics,
preparation mechanism and phase volume fraction, control the type of emulsion formed in the
system!?®l. As it was observed before, when the water content is 0.25, water-in-oil emulsion was
formed in the system, while at WC=4, oil droplets were formed in the aqueous solution and oil-in-
water emulsion was detected. At low water/oil ratio, water droplets will form with the help of
surfactant while the oil is the continuous phase and the rest of surfactant molecules are dispersed
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into the oil phase freely as there is not enough interface for the surfactant molecules to be adsorbed.
When the water content increase in the system, an interface will be formed between the oil and
water phase. In this transition zone, no droplets were found in the system. Hence the interfacial
tension starts to increase. By the continuous increase in water concentration, this time oil droplet
will aggregate in the form of droplets, and interfacial tension drops again. Figure 15 shows the
effect of water content on interfacial tension values. As it is evident form the figure, the interfacial
tension increases and then decrease with water content increase in the system. Based on the
configuration of the surfactant molecules at the interface, one can conclude that interfacial tension
is dependent on the morphology of the system.
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Figure 3-7 Interfacial tension versus water content at different surfactant concentrations [*Literature data
are extracted from the reference 7°] at T=298.15 K and atmospheric pressure.

To investigate the effect of water content on the structural behaviour of surfactant at the interface
the value of the radius of gyration is plotted versus simulation time for three different water/oil

ratio at Surfactant concertation of Sc=13.5% and salinity of NaCl=1.4 %. An increase in the value
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of Rg indicates that the molecules are more stretched and aligned to more extent in the
perpendicular direction to the water/oil interface. As it is clear from Figure 16, Rg shows bigger
numbers when the water/oil ratio is higher. The fluctuation in the trend is obvious since the
surfactant molecules have not yet been saturated at the interface. The straight line, however, is
observed after simulation initiation for water cut=0.25. This trend can be justified by knowing the
fact that presence of salt causes the surfactant molecules to pack easier and since the salinity is
low in the system, and the volume of water is less than other cases the interface will be saturated
sooner with the surfactant molecules. Hence no big fluctuations would be observed in Rg values.
This reason behind this behaviour is that, in case of high water content in the cell, after all the
dissolved salt ions are surrounded by partially polar water molecules, there is still some space for
surfactant head groups to stretch toward water molecules, hence the Rg fluctuates as a sign that
surfactant molecules are still packing at the interface, while when the water content is less, after
they interact with ions present in the system through ion-dipole bonds, the number of water

molecules available at the interface is less and equilibrium reaches faster.
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Figure 3-8 Effect of WC on radius of Gyration at Sc=13.5% NaCl=1.5%

3.5.6 Effect of temperature on interfacial and structural properties of the system

In this section, we analyze the effect of temperature on the structural and interfacial behaviours of
the water/surfactant/oil systems in the presence of salt. The surfactant molecules are easy to absorb
at the water/oil interface, due to tendency of the head and tail groups to the water and oil phases
respectively, leading to the formation of an interfacial film. The characteristics of the interfacial
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film are influenced by the properties of the surfactant and oil. Temperature appears to be a
dominant factor affecting the surfactant characteristics at the water/oil interface. Figure 17
represents the relative concentration profiles of the beads in the system at three different
temperatures. According to Figure 17, by increasing temperature, the relative concentration of the
water, oil, and NaCl beads remains constant; however, the relative concentration of the surfactant
molecules is influenced by the temperature. It is obvious from Figure 17 that the concentration of
the surfactant molecules at the interface increases and the interfacial film thickness decreases with
increasing temperature. The main reason for the behaviour is that most of the surfactant molecules
are accumulated and oriented at the interface based on the peak height in the surfactant
concentrations.
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Figure 3-9 Concentration profiles of water/surfactant/oil system with presence of salt at WC=0.25, Sc=13.5, NaCl=1.5 at

different temperatures of (a) T=298K, (b) T=323K, and (c) T=343K
The instantaneous values of gyration radius at various temperatures are compared in Figure 19. It
is observed that the Ry values are increased with increasing temperature. In fact, when the
temperature increases, the interface does not need to bend for creating an excess area for the
surfactant molecules to be absorbed at. There are two reasons for this phenomenon. Firstly, by
increasing the temperature, the hydrogen bond strength and the electrostatic interactions between
the water and the polar head group increase. '’ Secondly, increasing temperature leads to
maintaining the van der Waals repulsive forces between the oil and surfactant tail to weaken. As a
result, the surfactant modules will extend at the interface, and the radius of gyration will increase
over time accordingly.
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Figure 3-10 Effect of Temperature on Interfacial tension varia:tion at different water-cut, surfactant concentration and salinity
values
Figure 18 shows the variations of the interfacial tension with temperature where different water-
cuts, surfactant concentrations, and salinities are tested. It is found that by increasing the
temperature, the interfacial tension is reduced. This behaviour can be attributed to the enhancement
of surfactant activity and an increased absorption at the interface due to an increase in the
temperature, leading to a decrease in the interfacial tension. As it is evident, the slop of the line for
a higher surfactant concentration is greater. Providing a justification, at a low surfactant
concentration, the number of surfactant beads at the interface is low. Thus, the temperature effect
cannot be monitored well, compared to the high surfactant concentration sample, where there is a
large number of surfactant molecules at the interface and the effect of temperature is more
pronounced. The same trend was observed experimentally by Alasiri® in the absence of surfactant.
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There are several petroleum reservoirs with the favourable condition for various EOR methods;
however high temperature and salinity are the main challenges.” The temperature and salinity
considerably influence the surfactant performance, absorption behaviours, and interfacial
characteristic of the system. 2 The presence of salt and the released ions enhances the absorption
of surfactant molecules at the interface through decreasing the repulsion between the polar heads
of surfactant molecules, resulting in a reduction in the interfacial tension. An increase in the
temperature causes a reduction in the DPD interaction parameter (aj;), which leads to the surfactant
molecules to pack easier at the interface. The reduction in the repulsion between the surfactant
molecules within the system causes it to reach equilibrium and stability faster.

The computer simulation tools have gained popularity to study the behaviours of various
systems/processes due to their ability to efficiently solve the complex interactions in different
chemical and physical structures, while most of the analytical mathematical approaches rely on
some assumptions to give an approximate solution. Moreover, using computational techniques, it
is feasible to control the process conditions and thermodynamic and physicochemical parameters
of the system, while it is almost impossible in the experimental works. Dissipative particle
Dynamics (DPD) method is one of the most popular/powerful techniques, which has been recently
utilized to model the thermodynamic and interfacial behaviours of complex fluids/mixtures at the
coarse-grained level. Employing the DPD method, we can investigate the complicated behaviours
of emulsions and their stability, which can have broad applications in various areas such as drug
delivery systems, polymer production and processing, and oil production and transportation.
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3.6 CONCLUSION
In this research investigation, we conduct a series of theoretical simulation runs through employing
the Dissipative Particle Dynamics (DPD) to study the interfacial and structural properties of the
brine/surfactant/oil mixtures. The DPD interaction parameter is calculated by two different
approaches namely, molecular dynamic simulation and Monte Carlo approaches. The dissipative
particle dynamics and molecular dynamic simulations offer effective strategies to forecast the
interfacial and structural behaviours of hydrocarbon/surfactant/brine systems. The main outputs of
the research work are summarized as follows:

e Based on the snapshots taken at different timesteps, the tail groups of the surfactant are
immersed in the oil phase, while the head groups are penetrated into the water region. The
gyration radius (Rg) is employed to characterize the structural properties of the beads in the
system. By increasing the surfactant concertation, the magnitude of Rq increases, which
indicates the stretching of the surfactant beads and their penetration into the oil and water
phases. Increasing the temperature also helps the orientation and configuration of the
surfactant molecules at the interface, leading to an increase in Ry.

e The head group of the surfactant is a polar molecule, which is in the form of hydrated ion
in water. By adding salt to the system, the interfacial tension initially experiences a
significant decrease as the released ions shield the repulsion between the surfactant head
groups at the interface. However, once the surfactant molecules are saturated at the
interface, further increase in the salt concentration does not vary the interfacial tension
anymore.

e |t was found that an increase in the temperature lowers the extent of interfacial tension.
Based on the radius of gyration, the surfactant molecules at the interface are more stretched
at higher temperatures, which is in agreement with the previous experimental and
simulation works.

e By increasing the water/oil ratio (WC), the interfacial area will increase and cause a
reduction in the surfactant concentration at the interface. Thus, the interfacial tension will
increase with increasing the water/oil ratio by around WC=1. At this condition, both oil
and water phases are present in the system as two separate phases. Therefore, IFT holds
the highest value. With a continuous increase in the water content, less interface will be
available for the surfactant molecules. Hence, their concentration will increase at the
interface, leading to a decrease in the value of interfacial tension.

e Aqueous solutions of non-ionic surfactants appear to produce stable mixtures. However,
they are not sensitive to the electrolytes so that their activity would be limited at the
interface. It is recommended to study the key interfacial and structural behaviours of ionic
surfactants in the future works. Incorporation of polymer in water/surfactant/oil systems is
also recommended to better characterise alkaline surfactant polymer flooding operations.

145



ACKNOWLEDGMENTS

The authors would like to thank InnovateNL, Memorial University, Natural Sciences and
Engineering Research Council of Canada (NSERC), and Equinor Canada for the financial support
of this work.

REFERENCES

(1) Remesal, E. R.; Sudrez, J. A.; Marquez, A. M.; Sanz, J. F.; Rincdn, C.; Guitian, J., Molecular
dynamics simulations of the role of salinity and temperature on the hydrocarbon/water interfacial
tension. Theor. Chem. Acc. 2017, 136 (6), 66.

(2) Paria, S.; Khilar, K. C., A review on experimental studies of surfactant adsorption at the
hydrophilic solid—water interface. Adv. Colloid Interface Sci. 2004, 110 (3), 75-95.

(3) Laughlin, R., Equilibrium vesicles: fact or fiction? Colloids Surf. Physicochem. Eng. Aspects 1997,
128 (1-3), 27-38.

(4) Shi, L.; Tummala, N. R.; Striolo, A., C12E6 and SDS surfactants simulated at the vacuum- water
interface. Langmuir 2010, 26 (8), 5462-5474.

(5) Wiegand, G.; Franck, E., Interfacial tension between water and non-polar fluids up to 473 K and
2800 bar. Berichte der Bunsengesellschaft fiir physikalische Chemie 1994, 98 (6), 809-817.

(6) Ginzburg, V. V.; Chang, K.; Jog, P. K.; Argenton, A. B.; Rakesh, L., Modeling the Interfacial Tension
in Oil- Water— Nonionic Surfactant Mixtures Using Dissipative Particle Dynamics and Self-Consistent
Field Theory. The journal of physical chemistry B 2011, 115 (16), 4654-4661.

(7) Aske, N., Characterisation of crude oil components, asphaltene aggregation and emulsion
stability by means of near infrared spectroscopy and multivariate analysis. Norwegian University of
Science and Technology 2002.

(8) Puig, L.; Sanchez-Diaz, J.; Villacampa, M.; Mendizabal, E.; Puig, J.; Aguiar, A.; Katime, .,
Microstructured polyacrylamide hydrogels prepared via inverse microemulsion polymerization. J. Colloid
Interface Sci. 2001, 235 (2), 278-282.

(9) Fanun, M.; Wachtel, E.; Antalek, B.; Aserin, A.; Garti, N., A study of the microstructure of four-
component sucrose ester microemulsions by SAXS and NMR. Colloids Surf. Physicochem. Eng. Aspects
2001, 180 (1-2), 173-186.

(10)  Sui, X.; Chu, Y.; Xing, S.; Liu, C., Synthesis of PANI/AgCl, PANI/BaSO4 and PANI/TiO2
nanocomposites in CTAB/hexanol/water reverse micelle. Mater. Lett. 2004, 58 (7-8), 1255-1259.

(12) Cai, B.-Y.; Yang, J.-T.; Guo, T.-M., Interfacial tension of hydrocarbon+ water/brine systems under
high pressure. J. Chem. Eng. Data 1996, 41 (3), 493-496.

(12) Chen, Z.; Cheng, X.; Cui, H.; Cheng, P.; Wang, H., Dissipative particle dynamics simulation of the
phase behavior and microstructure of CTAB/octane/1-butanol/water microemulsion. Colloids Surf.
Physicochem. Eng. Aspects 2007, 301 (1-3), 437-443.

(13) Kranenburg, M.; Venturoli, M.; Smit, B., Phase behavior and induced interdigitation in bilayers
studied with dissipative particle dynamics. The Journal of Physical Chemistry B 2003, 107 (41), 11491-
11501.

(14) Espanol, P.; Warren, P., Statistical mechanics of dissipative particle dynamics. EPL (Europhysics
Letters) 1995, 30 (4), 191.

146



(15) Hoogerbrugge, P.; Koelman, J., Simulating microscopic hydrodynamic phenomena with
dissipative particle dynamics. EPL (Europhysics Letters) 1992, 19 (3), 155.

(16) Frenkel, D.; Smit, B., Understanding Molecular Simulation: From Algorithms to Applications
(New York: Academic). 2002.

(17) Fermeglia, M.; Pricl, S., Multiscale modeling for polymer systems of industrial interest. Prog.
Org. Coat. 2007, 58 (2-3), 187-199.

(18) Rezaei, H.; Modarress, H., Dissipative particle dynamics (DPD) study of hydrocarbon—water
interfacial tension (IFT). Chemical Physics Letters 2015, 620, 114-122.

(19) Wang, S.; Zhao, J.; Li, X.; Yang, S.; Wang, X.; Liu, Y.; Yang, S.; Dong, Q., Numerical simulations on
effects of ionic/nonionic surfactant on oil-water interface using dissipative particle dynamics. Asia-
Pacific Journal of Chemical Engineering 2017, 12 (2), 268-282.

(20) Wang, S.; Yang, S.; Wang, X,; Liu, Y.; Yang, S.; Dong, Q., Numerical simulations of the effect of
ionic surfactant/polymer on oil-water interface using dissipative particle dynamics. Asia-Pacific Journal
of Chemical Engineering 2016, 11 (4), 581-593.

(212) Wang, S.; Yang, S.; Wang, R.; Tian, R.; Zhang, X.; Sun, Q.; Liu, L., Dissipative particle dynamics
study on the temperature dependent interfacial tension in surfactant-oil-water mixtures. Journal of
Petroleum Science and Engineering 2018, 169, 81-95.

(22) Soto-Angeles, A. G.; del Rosario Rodriguez-Hidalgo, M.; Soto-Figueroa, C.; Vicente, L.,
Complementary experimental-simulational study of surfactant micellar phase in the extraction process
of metallic ions: Effects of temperature and salt concentration. Chem. Phys. 2018, 501, 15-25.

(23) Dang, C.; Nghiem, L.; Nguyen, N.; Yang, C.; Chen, Z.; Bae, W., Modeling and optimization of
alkaline-surfactant-polymer flooding and hybrid enhanced oil recovery processes. Journal of Petroleum
Science and Engineering 2018, 169, 578-601.

(24)  Mohammadi, H.; Delshad, M.; Pope, G. A., Mechanistic modeling of alkaline/surfactant/polymer
floods. SPE Reservoir Evaluation & Engineering 2009, 12 (04), 518-527.

(25) Khorsandi, S.; Qiao, C.; Johns, R.T., Robust geochemical simulation of alkali/surfactant/ polymer
flooding with an equation of state. In: Paper SPE-182656 Presented at the SPE Reservoir Simulation
Conference, Montgomery, TX, USA, 20-22 February 2017.

(26) Korrani, A.K.N., Sepehrnoori, K., Delshad, M., A mechanistic integrated geochemical and chemical-
flooding tool for alkaline/surfactant/polymer floods. SPE J. 2016, 21 (01), 32-54.

(27) Chen, Z., Huan, G., Ma, Y., Computational methods for multiphase flows in porous media. Society
for Industrial and Applied Mathematics 2006, p.531.

(28) Goodarzi, F.; Zendehboudi, S., A comprehensive review on emulsions and emulsion stability in
chemical and energy industries. The Canadian Journal of Chemical Engineering 2019, 97 (1), 281-309.
(29) Zendehboudi, S.; Ahmadi, M.A.; Rajabzadeh, A.R.; Mahinpey, N.; Chatzis, |., Experimental study on
adsorption of a new surfactant onto carbonate reservoir samples—application to EOR. The Canadian
Journal of Chemical Engineering 2013, 91 (8), 1439-1449

(30) Olayiwola, S. O. ; Dejam, M., A comprehensive review on interaction of nanoparticles with low
salinity water and surfactant for enhanced oil recovery in sandstone and carbonate reservoirs. Fuel
2019, 241, 1045-1057.

(31) Olayiwola, S. O.; Dejam, M., Mathematical modelling of surface tension of nanoparticles in
electrolyte solutions. Chemical Engineering Science 2019, 197, 345-356.

(32) Olayiwola, S. O.; Dejam, M., Surface tension of nanoparticles in electrolyte solutions, 71st Annual
Meeting of the APS (American Physical Society) Division of Fluid Dynamics, Atlanta, Georgia, USA, 18-20
November 2018.

147



(33) Saboorian-Jooybari, H.; Dejam, M.; Chen, Z., Half-century of heavy oil polymer flooding from
laboratory core floods to pilot tests and field applications, Paper SPE 174402, 2015 SPE Canada Heavy
Oil Technical Conference, Calgary, Alberta, Canada, 9-11 June 2015.
(34) Mashayekhizadeh, V.; Kord, S.; Dejam, M., EOR potential within Iran. Special Topics & Reviews in
Porous Media - An International Journal 2014, 5(4), 325-354.
(35) Amirian, E.; Dejam, M.; Chen, Z., Performance forecasting for polymer flooding in heavy oil
reservoirs. Fuel 2018, 216, 83-100.
(36) Saboorian-Jooybari, H.; Dejam, M.; Chen, Z., Heavy oil polymer flooding from laboratory core floods
to pilot tests and field applications: Half-century studies. Journal of Petroleum Science and Engineering
2016, 142, 85-100.
(37)  Yeh, P.D.; Alexeev, A., Mesoscale modelling of environmentally responsive hydrogels: emerging
applications. Chem. Commun. 2015, 51 (50), 10083-10095.
(38) Liang, X.; Wu, J.; Yang, X.; Tu, Z.; Wang, Y., Investigation of oil-in-water emulsion stability with
relevant interfacial characteristics simulated by dissipative particle dynamics. Colloids Surf. Physicochem.
Eng. Aspects 2018, 546, 107-114.
(39) Groot, R. D., Electrostatic interactions in dissipative particle dynamics—simulation of
polyelectrolytes and anionic surfactants. The Journal of chemical physics 2003, 118 (24), 11265-11277.
(40) Goicochea, A. G., Adsorption and disjoining pressure isotherms of confined polymers using
dissipative particle dynamics. Langmuir 2007, 23 (23), 11656-11663.
(412) Murtola, T.; Bunker, A.; Vattulainen, |.; Deserno, M.; Karttunen, M., Multiscale modeling of
emergent materials: biological and soft matter. PCCP 2009, 11 (12), 1869-1892.
(42) Alarcén, F.; Pérez, E.; Goicochea, A. G., Dissipative particle dynamics simulations of weak
polyelectrolyte adsorption on charged and neutral surfaces as a function of the degree of ionization. Soft
Matter 2013, 9 (14), 3777-3788.
(43) Mayoral, E.; Goicochea, A. G., Modeling the temperature dependent interfacial tension between
organic solvents and water using dissipative particle dynamics. The Journal of chemical physics 2013, 138
(9), 094703.
(44) Silva, C. D. V.; Ruette, F., Estimation of Interfacial Tension in Mixtures of Linear Hydrocarbons
and Immiscible Organic Liquids with Water by Dissipative Particle Dynamics (DPD). International Journal
of Fluid Mechanics & Thermal Sciences 2018, 4 (1), 1.
(45) Goicochea, A. G.; Altamirano, M. B.; Hernandez, J.; Pérez, E., The role of the dissipative and
random forces in the calculation of the pressure of simple fluids with dissipative particle dynamics.
Comput. Phys. Commun. 2015, 188, 76-81.
(46)  Yong, X., Modeling the Assembly of Polymer-Grafted Nanoparticles at Oil-Water Interfaces.
Langmuir 2015, 31 (42), 11458-11469.
(47)  Forrest, B. M.; Suter, U. W., Accelerated equilibration of polymer melts by time-coarse-graining.
The Journal of chemical physics 1995, 102 (18), 7256-7266.
(48) Rekvig, L.; Kranenburg, M.; Vreede, J.; Hafskjold, B.; Smit, B., Investigation of surfactant
efficiency using dissipative particle dynamics. Langmuir 2003, 19 (20), 8195-8205.
(49)  Groot, R. D.; Madden, T. J., Dynamic simulation of diblock copolymer microphase separation.
The Journal of chemical physics 1998, 108 (20), 8713-8724.
(50) Groot, R. D.; Madden, T. J.; Tildesley, D. J., On the role of hydrodynamic interactions in block
copolymer microphase separation. The Journal of chemical physics 1999, 110 (19), 9739-9749.
(51)  Verlet, L., Computer" experiments" on classical fluids. |I. Thermodynamical properties of
Lennard-Jones molecules. Phys. Rev. 1967, 159 (1), 98.
(52) Groot, R. D.; Warren, P. B., Dissipative particle dynamics: Bridging the gap between atomistic
and mesoscopic simulation. The Journal of chemical physics 1997, 107 (11), 4423-4435.

148



(53) Xu, M.-y.; Yang, Z.-r., Dissipative particle dynamics study on the mesostructures of n-
octadecane/water emulsion with alternating styrene—maleic acid copolymers as emulsifier. Soft Matter
2012, 8(2), 375-384.

(54) Goel, H.; Chandran, P. R.; Mitra, K.; Majumdar, S.; Ray, P., Estimation of interfacial tension for
immiscible and partially miscible liquid systems by Dissipative Particle Dynamics. Chemical Physics
Letters 2014, 600, 62-67.

(55)  Scatchard, G., Equilibria in Non-electrolyte Solutions in Relation to the Vapor Pressures and
Densities of the Components. Chem. Rev. 1931, 8 (2), 321-333.

(56) Hildebrand, J.; Wood, S., The derivation of equations for regular solutions. The Journal of
Chemical Physics 1933, 1 (12), 817-822.

(57) Blanks, R. F.; Prausnitz, J., Thermodynamics of polymer solubility in polar and nonpolar systems.
Industrial & Engineering Chemistry Fundamentals 1964, 3 (1), 1-8.

(58) Ryjkina, E.; Kuhn, H.; Rehage, H.; Miiller, F.; Peggau, J., Molecular Dynamic Computer
Simulations of Phase Behavior of Non-lonic Surfactants. Angew. Chem. Int. Ed. 2002, 41 (6), 983-986.
(59) Field, M. J.; Bash, P. A.; Karplus, M., A combined quantum mechanical and molecular mechanical
potential for molecular dynamics simulations. J. Comput. Chem. 1990, 11 (6), 700-733.

(60) Dong, F.-L.; Li, Y.; Zhang, P., Mesoscopic simulation study on the orientation of surfactants
adsorbed at the liquid/liquid interface. Chem. Phys. Lett. 2004, 399 (1-3), 215-219.

(61)  Strobl, G. R.; Strobl, G. R., The physics of polymers. Springer: 1997; Vol. 2.

(62) Rudin, A.; Choi, P., The elements of polymer science and engineering. Academic Press: 2012.
(63) Fixman, M., Radius of gyration of polymer chains. The Journal of Chemical Physics 1962, 36 (2),
306-310.

(64) Maiti, A.; McGrother, S., Bead—bead interaction parameters in dissipative particle dynamics:
relation to bead-size, solubility parameter, and surface tension. The Journal of chemical physics 2004,
120 (3), 1594-1601.

(65)  Accelrys, M., Modeling 5.5. Accelrys. Inc.: San Diego 2010.

(66)  Groot, R. D.; Rabone, K., Mesoscopic simulation of cell membrane damage, morphology change
and rupture by nonionic surfactants. Biophysical journal 2001, 81 (2), 725-736.

(67) Hansen, C. M., Hansen solubility parameters: a user's handbook. CRC press: 2002.

(68) Ruiz-Morales, Y.; Mullins, O. C., Coarse-grained molecular simulations to investigate asphaltenes
at the oil-water interface. Energy & Fuels 2015, 29 (3), 1597-1609.

(69) Li, Y.; Guo, Y.; Xu, G.; Wang, Z.; Bao, M.; Sun, N., Dissipative particle dynamics simulation on the
properties of the oil/water/surfactant system in the absence and presence of polymer. Molecular
Simulation 2013, 39 (4), 299-308.

(70) Rezaei, H.; Amjad-Iranagh, S.; Modarress, H., Self-Accumulation of Uncharged Polyaromatic
Surfactants at Crude Oil-Water Interface: A Mesoscopic DPD Study. Energy Fuels 2016, 30 (8), 6626-
6639.

(72) Li, Y.; Guo, Y.; Bao, M.; Gao, X., Investigation of interfacial and structural properties of CTAB at
the oil/water interface using dissipative particle dynamics simulations. J. Colloid Interface Sci. 2011, 361
(2), 573-580.

(72) Shi, K.; Lian, C.; Bai, Z.; Zhao, S.; Liu, H., Dissipative particle dynamics study of the
water/benzene/caprolactam system in the absence or presence of non-ionic surfactants. Chemical
Engineering Science 2015, 122, 185-196.

(73) Rezaei, H.; Modarress, H., Dissipative Particle Dynamics Study of Interfacial Properties and the
Effects of Nonionic Surfactants on Hydrocarbon/Water Microemulsions. J. Dispersion Sci. Technol. 2016,
37(7), 969-979.

149



(74) Song, X.; Zhao, S.; Fang, S.; Ma, Y.; Duan, M., Mesoscopic simulations of adsorption and
association of PEO-PPO-PEO triblock copolymers on a hydrophobic surface: From mushroom
hemisphere to rectangle brush. Langmuir 2016, 32 (44), 11375-11385.

(75) Alasiri, H. The Behavior of Surfactants in Water/Oil System by Dissipative Particle Dynamics. Rice
University, 2016.

(76) Kumar, B. Effect of salinity on the interfacial tension of model and crude oil systems. University
of Calgary, 2012.

(77) Xu, J.; Zhang, Y.; Chen, H.; Wang, P.; Xie, Z.; Yao, Y.; Yan, Y.; Zhang, J., Effect of surfactant
headgroups on the oil/water interface: An interfacial tension measurement and simulation study. J. Mol.
Struct. 2013, 1052, 50-56.

(78) Sepehr, F.; Paddison, S. J., Dissipative Particle Dynamics interaction parameters from ab initio
calculations. Chem. Phys. Lett. 2016, 645, 20-26.

150



CONCLUSION

In this research, a series of micro and meso-scale simulation were performed to describe the
behaviour of oil/surfactant/water systems. Molecular dynamics simulation and Monte Carlo
method were employed to calculate the chi parameter which later implemented in dissipative
particle dynamics calculation to obtain the interfacial and structural characteristics of the system.
The following are the outcomes of the work:

-Using dissipative particles dynamics reduced the computational time and cost required to model
complex fluid structures through lumping a segment of matter into beads. The beading
arrangements influence the accuracy of the results.

-The solubility parameter and energy of mixing computed using cohesive energy formula and
Monte Carlo method. The effect of temperature on both these parameter showed a decrease as
temperature rises, indicating higher miscibility of particles at higher temperatures.

-Investigations on the type of oil molecules present in the system showed aliphatic hydrocarbons
tend to form a more stable emulsion compared to cyclic hydrocarbons, according to the IFT values
measured at the interface.

- Interfacial tension values were estimated at different surfactant concentration. As more surfactant
molecules were added to the system, the IFT values decreased, the radius of gyration showed
higher values and the interface saturated faster since there are more surfactant molecules in the
mixture and at the interface.

-the addition of salt to the system, improved the adsorption of surfactant molecules at the interface,
according to a surge in surfactant concentration profiles peak taken from relative concentration
plots. Hence the IFT values decrease as more ions dissociated in the mixture.

- Water-cut ratio determined to be a controlling factor over the type of emulsion formed, for water-
cut ratios higher than 1, oil droplets will form in water and in the case of water-cut ratios less than
one, oil in water emulsion will be formed in the system.

- Radius of gyration values shows the degree of surfactant stretching at the interface. This value
increased when surfactant molecules are more oriented normal to the interface. Increasing the
temperature cause the hydrophilic group of surfactant to stretch toward the water phase and the
non-polar hydrophobic chain of surfactant to penetrate through the oil phase more in comparison
to a lower temperature, hence the values of interfacial tension decrease by a rise in temperature
which is in consistent with the trend reported in literature.

The studies conducted here throws some light on the efficiency of dissipative particle dynamics
and employed an integrated method through connecting micro and mesoscale simulation by chi
parameter calculation to accurately investigate the interfacial and structural characteristics of the
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coarse-grain system. Further research on the application of dissipative particle dynamics on
simulation of complex structures of polymers or ionic surfactant for EOR purposes or drug
delivery systems is recommended.
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