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In a world with ever-increasing energy demands, it is important that the oil industry

continually adapts and innovates in order to ensure maximum possible yield of oil re-

covery. Enhanced Oil Recovery, (EOR), is being increasingly applied to optimise oil

recovery. One method of EOR is through the use of water injection.

Water injection involves flooding an oil reservoir with water. This helps maintain the

pressure during the extraction of oil and can also be used to move the oil to a more

favourable position in the reservoir. The competitive interaction between oil and water

at the reservoir wall is better understood through analysis of several interfacial prop-

erties, such as partial density distribution, interfacial tension, adsorption energy and

contact angle.

Researching these interfacial properties will allow prediction of the optimum character-

istics of water injected into a reservoir based on its interaction with the hydrocarbon

fluid and the sedimentary rock surface. At the same time it will be determined whether

or not Molecular Dynamics is a useful tool to assist and improve EOR.

Molecular Dynamics simulations were employed to explore several interfacial properties

of water and dodecane at the {1014} surface of calcite. A series of different initial water

configurations were investigated at two different temperatures.
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Partial density analysis demonstrated a significant increase in the density distribution

of water at the surface of calcite. It was found that the partial density distribution of

water is lower for the simulations carried out at the higher temperature at the calcite

surface.

An investigation into the interfacial tension between water and dodecane resulted in a

value of 50.05 mN/m. This result was comparable to those found in both experimental

and other computational studies.

Use of the Radial Distribution Function yielded adsorption free energy results of -33.4

kJ mol−1 and -39.4 kJ mol−1 for at 298K and 353K respectively. Potential of Mean

Force analysis yielded an adsorption energy result of -44.0 kJ mol−1 for water at the

{1014} calcite surface. Several studies carried out in recent years have produced results

comparable to this, though a portion of the scientific community believe this result to

be too low. It has been shown that the value for adsorption energy is dependent on the

Ca − Owater distances for computational studies. However the results in this study do

not follow this trend.

Contact angle analysis showed that the addition of dodecane inhibited the spreading

of water on the {1014} calcite surface, but not entirely. A new computational method

was also developed for measuring the contact angle for GROMACS coordinate files

which, whilst producing efficient results for uniform spreading, is generally than the

more traditional method. However for non-uniform spreading it could be argued that

the traditional method is less reliable.

Analysis of a water droplet system proved unequivocally that the {1014} surface of cal-

cite is water-wet.
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Chapter 1

Introduction and

Literature Review

Patience is bitter, but its fruit is sweet.

Aristotle

This chapter describes the background to the research, examining in detail each of the

components studied. It pays particular attention to any substantive findings, alongside

any experimental and theoretical contributions to the subject.

1



Chapter 1. Introduction and Literature Review 2

1.1 Oil Recovery from Carbonate Reservoirs

Petroleum is a naturally occurring liquid found trapped beneath the Earth’s surface. It is

refined into various types of fuels through a process known as fractional distillation [2].

The word petroleum has become synonymous with both the crude oil itself and its

products. Crude oil is a mixture of liquid organic compounds, mainly hydrocarbons [2].

It is a finite resource and is formed when vast quantities of deceased organisms, generally

algae and zooplankton, are trapped beneath sedimentary rock and undergo extremes of

heat and pressure. The production of petroleum is vital to many industries, and is of

paramount importance to help maintain modern civilisation. It is, therefore, a critical

concern for many governments and commercial entities alike. Oil accounts for a large

percentage of the world’s energy consumption. It ranges from a low of almost 30% for

Europe and Asia, to a high of greater than 50% for the Middle East [3]. However,

with petroleum being a depleting resource it is important that the engineering processes

involved in recovering it are as efficient and effective as possible. Therefore, companies

will invest time and effort to explore new innovative methods of enhancing oil recovery.

It is estimated that more than 60% of the world’s oil reserves are held in carbonate

reservoirs. For example, the Middle East has extensive oil-containing carbonate fields,

with around 70% of oil reserves held within these reservoirs [4]. Carbonate reservoirs

are often fractured and typically have low porosity. In addition to this, oil-to-mixed

wet rock properties usually means that recovery from carbonate reservoirs is not very

efficient. Enhanced Oil Recovery (EOR) strategies are typically employed. The focus

of Enhanced Oil Recovery is to extract the trapped and discontinued collections of oil

distributed along the apertures in the network of the rock. More often than not, these

are liquid injection methods. This involves drilling injection wells into a reservoir and

encouraging oil production by the introduction of water, chemicals or brine solutions.

The injected water typically helps to increase depleted pressure within the reservoir.

Morevover it also moves the oil into place where recovery will be more fruitful. However,

in most cases 40 to 50% of the Original Oil In Place (OOIP) is not produced [5, 6]. It is

therefore important that any possible improvement that can be made to the process, no

matter how minor, should be investigated. Measurement and control of the interfacial

properties will help optimise hydrocarbon recovery.
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1.2 Calcium Carbonate

Calcium carbonate (CaCO3) is one of the most abundant substances found in sedimen-

tary rocks in all parts of the Earth. It is estimated that more than 4% of the Earth’s

crust is made up of the compound CaCO3 [7, 8], often in the forms of limestone and

chalk. These sedimentary rocks are mainly composed of the minerals aragonite and

calcite. These are two of the most common crystal forms of calcium carbonate.

Calcuim carbonate has been the focal point of diverse and extensive research because

of its useful applications in industrial, medical and environmental fields. It is used

extensively in the ornamental tile industry [9] and as a pigment mixture in the paper

industry [10]. It is also thought it could have a significant impact in the evolution and

biogeography of coral [11]. It has been used in medicine in the process of dialysis [12].

CaCO3 can also be used as a cheap dietary supplement or gastric supplement [13, 14].

There are three different polymorphs of CaCO3 which are found in sediments and organ-

isms. These are vaterite, aragonite and calcite. Due to the fact they are polymorphs,

meaning they have different crystal structures and symmetry. Vaterite is hexagonal,

aragonite is orthorhombic and calcite is trigonal-rhombohedral. Calcite is the most

commonly occurring and ubiquitous form of the calcium carbonate polymorphs. It is

the most stable polymorph at what can be considered normal conditions. With nor-

mal being temperatures and pressures encountered in the environment. Vaterite and

aragonite will, given enough time, transform to calcite. Aragonite is also an abundant

mineral, though not as common as calcite, whereas vaterite is rarely found in natural

systems. It is always found under conditions where it is metastable with respect to

calcite and aragonite [15].
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1.2.1 Calcite

Calcite is the polymorph on which this study is focused. The lowest energy surface of

calcite is the (1,0,4) plane of the calcite crystal that also characterises the rhombohedral

morphology. This surface is the most stable and rhombohedral crystals are therefore

also the most dominant morphology of calcite observed in the natural environment.

Figure 1.1: The various cleavages of calcite with the (1,0,4) cleavage shown in green.

Calcite is transparent to opaque and may occasionally show fluorescence. Calcite, like

most carbonates, will dissolve in most forms of acidic solvent. Calcite can be either

precipitated by or dissolved by water, depending on several factors including the tem-

perature, dissolved ion concentrations and pH. Calcite exhibits an unusual characteristic

called retrograde solubility [16]. This means that as the water temperature increases cal-

cite becomes less soluble (See Figures 1.2 and 1.3 taken from [1]). When conditions are

appropriate for precipitation, mineral coatings of calcite form that bind the existing rock

grains together, alternatively it can fill fractures between rocks. When conditions are ap-

propriate for dissolution, porosity and permeability of the rock can increase significantly

by the removal of calcite. If this continues over a long period of time the result can

be the formation of caves. On a larger scale, continued dissolution of calcite-rich rocks

can lead to the eventual collapse of cave systems [17]. Calcite is a central component in

the sedimentary rock limestone. Many oil reserves are located in so-called hydrocarbon

traps in limestone rock formations.
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Figure 1.2: Influence of the temperature on the CaCO3 solubility (P = 1 bar) [1].

Figure 1.3: Effect of the pH on the CaCO3 solubility at 25◦C and 1 bar air pressure [1].
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1.3 Molecular Dynamics

As described in my previous work [18] :

Molecular Dynamics (MD) is a computer simulation of the kinetics of atoms and

molecules. These atoms and molecules are permitted to interact for a set period of

time. Their movement is deciphered through solving Newton’s equations of motion.

The forces between the particles and their respective potential energy are defined by

molecular mechanics force fields. This computational method is one of the principle

tools in the theoretical study of biological molecules. These methods are now routinely

used to investigate the structure, dynamics and thermodynamics of molecules and their

complexes. Molecular Dynamics simulations require the definition of a potential func-

tion. These describe how particles in a simulation can interact. These are commonly

referred to as force fields. They are usually based on molecular mechanics and modelled

on classical particle-particle interactions [19]. In this research the force fields consist of

the summation of bonded pairs (see Figure 1.4) associated with chemical bonds, angles,

dihedrals and the non bonded forces associated (see Figure 1.5) with van der Waals and

electrostatic interactions.

E = Ebonded + Enon bonded (1.1)

Ebonded = Ebond + Eangle + Edihedral (1.2)

Bonded

Ebond =
∑

k(b− b0)2 (1.3)

Eangle =
∑

k(θ − θ0)2 (1.4)

Edihedral =
∑

k(1− cos(nφ− φ0)) (1.5)

where k is a spring constant, b is the bond length, b0 is the equilibrium bond length, θ

is the bond angle, θ0 is the equilibrium bond angle, n is the integer constant, φ is angle

between the planes for a quartet of atoms with φ0 being the corresponding equilibrium

angle.
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Figure 1.4: A schematic showing the bonds, angles and dihedrals.

Non bonded

Enonbonded = Eelectrostatic + Evan der Waals (1.6)

The van der Waals interactions are frequently calculated based on the Lennard-Jones

Figure 1.5: A schematic showing the distance of separation and the charge magni-
tudes.

potential:

V = 4ε[(σ/r)12 − (σ/r)6)] (1.7)

V is the intermolecular potential between the two atoms or molecules, ε is a measure

of how strongly the two particles attract each other, σ is the distance at which the

intermolecular potential between the two particles is zero and thus gives a measurement

of how close two non bonding particles can get. It is referred to as the van der Waals

radius. It is equal to one-half of the internuclear distance between non bonding particles.

Finally, r is the distance of separation between both particles measured from the centre

of one particle to the centre of the other particle. The electrostatic interactions between

two molecules, or parts of the same molecule, are often calculated as a sum of interactions

between pairs of point charges using Coulomb’s law [19]:

Ψ =

NA∑
i=1

NB∑
j=1

qiqj
4πε0rij

(1.8)
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NA and NB are the numbers of point charges in the two molecules with qi and qj

referring to the relevant magnitudes of each charge. As above r represents the distance

of separation. Also ε0 refers to the permittivity of the media.

Classical molecular dynamics simulations based on force fields are an attractive means

to assess our understanding of interfaces and their properties because they can simulate

systems with a large number of atoms for significant simulation times. The results can

also be compared directly with experimental data [20, 21]. However, a general hurdle

to overcome with regards to MD simulations is evaluating the associated uncertainties

and determining the overall accuracy of the results. The parametrisation of the force

field and the accuracy can be particularly difficult to determine. It is also a challenge

to compare experimental and computational results directly. This is partly because

experimentally derived structures are, more often than not, obtained with some explicit

or implicit assumptions that may bias the overall interpretation of the results.
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1.4 Previous Work

1.4.1 Calcite-Water Interface

Over the past decade the structures of fluids at solid interfaces has been more intensely

researched and scrutinised. One reason for this has been the need to better understand

the properties of various fluids, both simple and complex. In confined spaces, such as

carbonate reservoirs, where the interfacial fluid properties might dominate, research has

indicated that the properties of a fluid may differ near an interface, when compared

with that of a fluid in the bulk [22–24]. One hypothesis is that this behaviour is due to

changes in the structure of the fluid near interfaces [25–27]. Liang et al [28] used Atomic

Force Microscopy (AFM) to conclude that there is a degree of relaxation on the calcite

surface. Various experimental and computational methods have proven that calcite is a

hydrophilic, water-loving, surface [29, 30]. Fenter et al [31, 32] have performed extensive

analysis on the calcite-water interface. This analysis has been undertaken using results

obtained from Molecular Dynamics simulations and high resolution X-ray reflectivity

(XR) experiments. They have concluded that, whilst these techniques have provided

further understanding of the calcite-water interface, further research must be undertaken

as the interface is not fully understood. Research has shown that the structure of water

at a calcite surface differs to that in the bulk. Specifically the water molecules tend

to pack closer together nearer the surface. However, opinion is divided over whether a

single monolayer is formed or several densely packed layers.
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1.4.2 Oil-Water Interface

Interactions between oil and water have long interested humankind. The modern inves-

tigations focus on both environmental and industrial applications. The environmental

applications primarily focus on the outcomes of major oil spills. The reason being that

a better understanding of the oil-water interface could help in the prevention and more

efficient cleaning up of environmental disasters as a result of oil spills [33]. The industrial

applications focus on the use of water as a driving fluid to enhance oil recovery [5].

It is a well known fact that oil and water are immiscible fluids. A mixture of oil and

water is naturally unstable. There are ways of stabilising the mixture. Some research

has involved the use of surfactants. These molecules contain a polar group, which is of

course soluble in water, and an aliphatic tail, meaning that it is soluble in oil. They

will be positioned at the oil-water interface and can significantly decrease the interfacial

energy [34].
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1.5 Interfacial Properties

1.5.1 Interfacial Tension

Interfacial tension, (IFT), is a property at the interface between two, usually immis-

cible, fluids. A technical definition would be that interfacial tension is the Gibbs free

energy per unit area of interface at a fixed temperature and pressure. This is a so-called

energy definition but it can also be defined in terms of force. This property occurs be-

cause a molecule near the interface of a fluid experiences different molecular interactions

than an equivalent molecule within the bulk of the fluid. It is important for EOR as

it defines how immiscible fluid will interact with each other. The interfacial tension is

key when discussing the mechanisms of certain types of EOR. The mechanisms behind

the behaviour of oil in a pore can be elegantly described by the capillary number. This

dimensionless number is defined as:

Ncap =
vµ

σ cos(θc)
(1.9)

where v and µ are the velocity and viscosity of the oil respectively, σ is the surface

tension and θc is the contact angle. It is the ratio of viscous and capillary forces. The

higher this capillary number is the faster the flow-rate. Therefore lowering the interfacial

tension, through use of surfactants, can increase oil production [35–38]. It is important

to investigate how accurate IFT prediction is from MD simulations.

1.5.2 Wettability and Contact Angle

W.G. Anderson defined wettability as “the tendency of one fluid to spread on or adhere

to a solid surface in the presence of other immiscible fluids” [39]. The calcite may be

oil-wet, water-wet or neutral-wet if both of the fluids have similar affinities for the calcite

surface. For smooth surfaces, wettability can be described by contact angles, which is

dependent on the interfacial tensions. The contact angle θc depends on the oil-solid

IFT, σos, water-solid IFT, σws, and oil-water IFT, σow. These are described by Young’s

equation,

σos = σws + σow cos θc (1.10)
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Rearranging gives you the equation for the contact angle,

θc = cos−1σos − σws

σow
(1.11)

With water as the reference fluid, the surface is water-wet when θc < 90◦, oil-wet when

θc > 90◦, and neutral-wet when θc = 90◦.

Figure 1.6: A water droplet on a flat calcite surface immersed in oil. The surface is
water-wet

Understanding wettability is of paramount importance in the field of Enhanced Oil

Recovery. If a reservoir is wrongly categorised as oil-wet or water-wet it can lead to

irreversible damage to the reservoir [40].
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1.5.3 Adsorption

Adsorption, a term first used by Heinrich Kayser [41] is described as the adhesion of

atoms at a surface. It is characterised by an increase in the density of a fluid, gas or

dissolved solid near a surface. It is an interfacial property in the sense that it occurs at

the boundary between the surfaces of different materials. Like surface tension, it is the

surface energy that leads to the phenomenon of adsorption. For the calcite surface the

following equations were used to calculate the adsorption energy:

Ewater−adsorption = Ecalcite−water − (Ecalcite + Ewater) (1.12)

where Ecalcite−water, Ecalcite and Ewater signify the single-point energies of the interfaces

and components of the system. The binding energy is typically defined as the negative

of the adsorption energy, such that Ebinding = −Eadsorption. A more stable adsorption

structure will have a larger binding energy. The binding energy of course describes the

extent to which a molecule wants to be at a surface. It will help engineers to understand

what it will take to displace a fluid from a surface and how varying conditions will

affect this ease of displacement. It is therefore of great importance for understanding

oil reservoirs and EOR.
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1.6 Statistical Mechanics and Free Energy

Before going into details about statistical mechanics and free energy it is important

to briefly summarise statistical physics. The primary goal of equilibrium statistical

mechanics is to provide a connection between macroscopic properties of materials in

thermodynamic equilibrium, and the microscopic description of a physical system. A

macrostate is the description of a physical system that is enough to determine external

parameters. These can include temperature, volume and mass. A microstate is the

precise microscopic description of a physical system. Microstates can be understood as

instantaneous snapshots of all particle positions and their corresponding momenta in

the system. The microstate is typically unknowable and therefore must be dealt with in

terms of probabilities.

In thermodynamics the free energy is the amount of work that a particular thermo-

dynamic system can perform. The free energy is defined as the internal energy of the

system minus the amount of energy that is unavailable to perform work. This unusable

energy is equivalent to the entropy of the system multiplied by the temperature. In prac-

tice the absolute free energy of a single system is not of interest, rather the free energy

differences between various states. There are two thermodynamic potentials which are

regularly distinguished from each other: Gibbs free energy and Helmholtz free energy.

The equation for the change in Gibbs free energy is:

∆G = ∆H − T∆S (1.13)

where ∆H is the change in enthalpy of the system, T is the temperature in Kelvin and

∆S is the change in entropy. The change in enthalpy is defined as:

∆H = ∆U + P∆V (1.14)

where ∆U is the change in internal energy of the system, P is the pressure, and ∆V

is the change in volume of the system. To calculate the Gibbs free energy a simulation

in the isothermal-isobaric ensemble, (NPT), must be performed. In this ensemble the

volume fluctuates. For the canonical ensemble, (NVT), the thermodynamic potential
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that is minimised is Helmholtz free energy:

∆A = ∆U − T∆S (1.15)

However if the pressure imposed in the NPT ensemble results in its average volume being

identical to the volume in the NVT ensemble, then the Gibbs free energy difference and

the Helmholtz free energy difference will be the same [42].

For the canonical ensemble the Helmholtz free energy can be related to the partition

function by the following equation:

F (N,V, T ) = −kBT ln(Z) (1.16)

where kB is the Boltzmann constant and Z is the partition function:

Z =

states∑
i

e
−etoti
kBT (1.17)

with −etoti being the states energy difference.

1.6.1 Potential of Mean Force

How the free energy changes as a function of reaction coordinates is useful to know when

seeking to understand molecular interactions. The Potential of Mean Force, (PMF),

is the free energy as a function of separation between the solid surface and the centre

of mass of, in the case of this study, water molecules. It is a free energy profile. It

can be said that the PMF of a system is the potential that gives the average force

over all the configurations of the system. It is, in effect, a convenient way to describe

complex systems in a simple way. Potentials of Mean Force can be determined from

both molecular simulations and experiments performed under equilibrium conditions by

producing a histogram of values from the selected reaction coordinate, resulting in a

probability distribution. They are commonly used to represent the energetics of various

systems, such as: interactions between molecules (like the adsorption in this study),

conformational changes within a molecule, organic reactions in fluids and permeation

through membrane channels.

This study involves force pulling. This essentially means that a molecule is physically
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manipulated away from a surface to determine the contribution of the intermolecular

forces of attraction. This will result in a quantitative description of the adsoprtion free

energy between a surface and a molecule.

1.6.2 Radial Distribution Function

The Radial Distribution Function (RDF), g(r), is a useful tool to describe a system’s

structure, particularly a liquid system. It describes how the atomic density varies as a

function of the distance from a reference atom. A typical radial distribution function

calculated from a molecular dynamics simulation is shown in Fifure 1.7. At lesser dis-

tances g(r) is zero. This is caused by the strong repulsive forces at this distance. Peaks

in a g(r) graph show the likelihood that one defined atom or molecule will be found

at this distance from another. Therefore, greater peaks mean there is a greater prob-

ability of finding two atoms/molecules at this separation. Thermodynamic properties

can be studied by calculating the radial distribution function. It is defined for spherical

particles in a homogeneous liquid in the following way [43]:

g(r) =
〈
∑

i,j δ(r− rij)〉
ρ2

(1.18)

where δ stands for the Kronecker delta, rij = ri − rj, 〈...〉 stands for ensemble averaging

(ri and rj are the cartesian position vectors of atoms i and j), ρ is the number density

and the summation is performed over all the pairs of particles. A schematic for a basic

radial distribution function is given in Figure 1.7. Essentially g(r) describes the ratio of

density between point r and in the bulk. Due to the fact that density is another way to

describe probability, it is related to the PMF. In fact, we can generate the PMF from

RDF using the equation:

UPMF (r) = −RT ln g(r) (1.19)

However, it is possible that a bias may be necessary to get an appropriate PMF value

due to the occurence of low sampling. A slight change in the g(r) can correspond with

an order of magnitude change of PMF. It is widely agreed that the use of umbrella

sampling and the WHAM algorithm [44] is one of the most accurate ways to measure

the PMF from molecular dynamics simulations.
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Figure 1.7: A simple radial distribution function graph.

1.6.3 WHAM Algorithm

The WHAM algorithm uses information obtained under different simulation conditions,

such as all the intermediate positions in a ‘pulling’ simulation, to determine properties

(e.g. averages or PMFs) of the system under a single condition. By analysing all the

information at once the WHAM algorithm can greatly reduce the number of loops that

need to be performed. The example in this work is the determination of a PMF to obtain

accurate measurements of a free energy difference, in order to quantify adsorption free

energy.



Chapter 2

Methodology

All the effects of Nature are only the mathematical

consequences of a small number of immutable laws.

Pierre-Simon Laplace

This chapter describes the water and liquid alkane models and the Molecular Dynamics

(MD) techniques used to simulate the behaviour of complex liquid interfaces. The

choice of software and method used will be examined in detail and the advantages and

disadvantages of each choice will be discussed accordingly. Explicit details are given

referring to the implementation of the software and techniques used in this research.

18
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2.1 System Preparation and Software Used

2.1.1 GROMACS

All molecular dynamics simulations were performed using the GROMACS program

package, version 4.6.3 double-precision [45, 46]. Each system contained ≈ 23900 wa-

ter molecules placed in a spherical droplet. In each system there were eight layers of

calcite with the bottom two layers coupled to the V-rescaling thermostat [47]. For each

production simulation the other components of each system remained uncoupled. The

systems were simulated in an NVT environment. The van der Waals and Coulombic

interactions were cut off at 1.0 nm, and the long-range Coulombic interactions were

accounted for using the slab particle mesh Ewald (PME) method in 2d [48–50]. The

simulations had periodic boundary conditions in 3-dimensions with a correction applied

to force and potential in the z dimension which produced an artficial 2-dimensional

summation [51]. For all simulations the OPLS-AA force field [52, 53] was used. This

force field was modified by researchers at the Schlumberger Dharan Carbonate Research

Center (SDCR) to replicate realistic interactions between water and calcite. This force

field was then modified further to include parameters for dodecane.

The first step in building our system was generation of a stable flat surface. The (1,0,4)

cleavage of calcite was chosen due to its stability and the fact that several successful

molecular dynamics studies had been carried out on it. Our colleagues at the Schlum-

berger Dhahran Carbonate Research Center provided a stable model for calcite.

Figure 2.1: The (1,0,4) cleavage of calcite generated by our colleagues at SCDR.
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The Transferable Intermolecular Potential 3-Point (TIP3P) water model was chosen

for our simulations [54]. The team at the University of Strathclyde then designed a

dodecane topology for use in conjunction with the calcite-water system. The topology

had to reflect the physical behaviour between dodecane and water. Test simulations

were performed on the dodecane system examining its physical properties to check they

were consistent with experimental values.

Figure 2.2: A dodecane molecule used in the topology created by the author at the
University of Strathclyde.

System

Number
of
Water
Molecules

Number
of
Dodecane
Molecules

x (nm) y (nm) z (nm)

CW
(flat water)

23891 - 29.72483 30.51994 20

CW
(domed water)

23891 - 29.72483 30.51994 20

CWD
(flat water)

23891 31080 29.72483 30.51994 22

CWD
(domed water)

23891 30677 29.72483 30.51994 22

CWD
(water droplet)

23891 28190 29.72483 30.51994 22

Table 2.1: Parameters for each system configuration with CW and CWD standing
for Calcite-Water and Calcite-Water-Dodecane respectively.
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2.1.2 VMD

Visual analysis is a useful tool in modern scientific research, especially in the field of

computational simulations. According to Friendly [2008] it is “primarily concerned with

the visualization of three-dimensional phenomena (architectural, meteorological, medi-

cal, biological, etc.), where the emphasis is on realistic renderings of volumes, surfaces,

illumination sources, and so forth, perhaps with a dynamic (time) component” [55]. It

allows creation of a broader spectrum of what is actually happening during the course

of a simulation. Visual analysis was performed using the Visual Molecular Dynam-

ics (VMD) [56] program developed by the Theoretical and Computational Biophysics

group at the University of Illinois and the Beckman Institute. It is a program that

allows users to display, animate, and perform qualitative analysis on large molecular

systems using rendered 3-dimensional images of molecules. These images were rendered

using this program and examples are present throughout this thesis. These are useful

because they allow simple visualisation of the behaviour of the system during simulation.

However, as useful a tool as VMD may be it cannot be the only analysis technique and

should always be used in conjunction with more traditional quantitative analysis.

2.1.3 NaRIBaS

NaRIBaS [57] is a tool which provides a framework that allows the user to generate

many simulation set-ups by defining set parameters. It eliminates the laborious process

of opening new terminals and creating new input files for simulations which change 1

or more parameters but are relatively similar. NaRIBaS is not a substitute for a MD

package like Gromacs, but instead allows iterative repetition of tasks whilst changing

selected input parameters.

2.1.4 MATLAB

MATLAB [58] (matrix laboratory) numerical analysis software was used to analyse and

plot graphs from the raw data generated by GROMACS.
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2.2 Simulation

2.2.1 Calcite-Water System Set-Up

Before starting production simulations of calcite, water and dodecane preliminary sim-

ulations were performed on systems with only calcite and water. An issue arose early

in the tests. This was believed, and later confirmed, to be the ‘flying ice-cube’ artifact

[59]. This is an artifact that occurs visibly in molecular dynamics simulations, like those

described in this work. All of the system’s kinetic energy accrues as translational and

rotational motion. This results in the system having essentially no energy associated

with internal motion and behaving like an ice-cube flying through space. This problem

was solved by allowing the droplet to be heated for 100ps of simulation time. This

enabled it to form a domed shape on the surface of the calcite. A ‘ceiling’ of purely

repulsive Lennard-Jones spheres was also designed and introduced. This prevented any

water evaporating at any point in the simulation, travelling through the xy plane at

zmax and spreading on the bottom layer of the calcite.

Figure 2.3: The mesh form of the repulsive Lennard-Jones spheres.
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Figure 2.4: The ‘flying ice-cube’ artifact and the effect of the Lennard-Jones ‘ceiling’.

There were two systems simulated with calcite and water. Several simulations were

carried out on water after it formed a domed shape on the calcite surface, with a total

simulation time of ≈ 20ns. This enabled analysis of the spreading of the calcite droplet

on the surface. Simulations were also carried out for 10ns after the water had fully

spread on the calcite surface. All of the simulations performed with the thermal calcite

layers coupled at 298K in one instance and 353K in the other. These temperatures were

chosen by our colleagues at Schlumberger to replicate both ambient temperature and a

temperature approaching the boiling point of water.
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Figure 2.5: The two starting configurations in the calcite/water simulations
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2.2.2 Calcite-Water-Dodecane System Set-Up

After the simulations of calcite and water, production simulations were performed with

calcite, water and dodecane. This consisted of adding dodecane to the earlier initial

configurations, and an additional configuration with a water droplet above the calcite

surface. Energy minimisation was then performed. This is a process used in com-

putaional chemistry to arrange a system in such a way that the net inter-atomic force

on each atom is within a defined margin close to zero. The simulations were then carried

out for 15ns each. This allowed comparison of the surface wetting with the simulations

without dodecane.

The set-up was performed by moving every coordinate in the system down a set amount,

such that the bottom layer of calcite was at z = 0. The z axis of the box was then re-

duced in size such that the Lennard-Jones surface was at zmax. This ensured that no

dodecane was below the calcite surface or above the Lennard-Jones surface. Dodecane

was then added to the system using the genbox command. This is a gromacs command

which adds a defined solvent to a coordinate file. After this the system was moved back

to its original position with the box dimensions changed accordingly. The Lennard-Jones

surface was also raised to leave a layer of empty space between the dodecane and this

surface.



Chapter 2. Methodology 26

2.2.3 ARCHIE-WeSt

The simulations were performed using GROMACS package on the ARCHIE-WeSt High

Performance Computer (www.archie-west.ac.uk). EPSRC grant no. EP/K000586/1.

The facility consists of almost 3500 cores that allow parallel computing providing almost

38 Teraflops peak performance, eight 512GB RAM large memory nodes, 8 GPU servers,

two visualisation servers and 150TB of high performance LUSTRE storage.

Figure 2.6: The logo of the ARCHIE-WeSt High-Performance Computing (HPC)
facility.

Figure 2.7: The performance of the ARCHIE-WeSt facility, relative to the amount of
nodes used for the standard calcite-water simulation, containing 23891 water molecules.
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2.3 Analysis Methodology

2.3.1 Density Analysis

Local density analysis was performed using the g density program that is built into the

GROMACS package. It computes the partial densities of a chosen component of the

system as a function of box dimension. For the analysis in this thesis the partial densities

were computed perpendicular to the calcite surface (xy plane).

Figure 2.8: A diagram of the dimension along which the partial densities are com-
puted. The partial density is measured along the z-dimension with a measurement

being taken every 0.005nm.
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2.3.2 Interfacial Tension

Interfacial tension analysis was performed by using the rerun option within GROMACS,

which recalculates the forces and energies between defined molecule types for an input

trajectory, and selecting dodecane and water as the reference energy groups.

2.3.3 Potential of Mean Force Analysis

The potential of mean force, (PMF) analysis was performed using a GROMACS pull

simulation. A water molecule in contact with the surface of the calcite slabe was chosen.

It was renamed and had the SETTLE [61] algorithm for rigid water molecules replaced

by constraints. The settle algorithm is used to fix the length of bonds and angles after

the integration of forces, such that they replicate water. These constraints replicated the

behaviour of the SETTLE algorithm exactly. However, this change had to be made as

GROMACS only allows one type of molecule to utilise the SETTLE algorithm and it was

necessary for analysis purposes to change the name of the molecule. A dummy particle

was placed with x and y coordinates corresponding to this molecule but placed 2nm

below on the z axis. This particle’s position was frozen in all three directions during the

simulation. Using the particle as a reference point the water was ‘pulled’ away from it,

back into the bulk and then eventually to the surface of the water layer. This trajectory

was then used to create configurations. These initial configurations were taken along the

z-direction from the calcite surface at increments of 0.1nm. Each of these configurations

is then simulated further but no longer pulled. This is done because a free-energy

landscape has several local minima. If these minima have free energy differences of the

order of several kBT they may all be of relevance. However, if they are separated by a

high stationary point, that is not a local minima, in the free-energy landscape then the

transition between minima could require a time scale which is out of reach for molecular

dynamics. So performing a simulation using a biased free-energy landcsape will be free of

a barrier. This potential acts as an ‘umbrella’ allowing easy transition from one minima

to another. This is known as Umbrella Sampling and is used for the extraction of the

potential of mean force. The WHAM algorithm [44] as described in Section 1.6.3 is then

used to reconstruct a PMF curve. This process is well described in GROMACS tutorials

found easily online (http://www.bevanlab.biochem.vt.edu/Pages/Personal/justin/gmx-

tutorials/umbrella/index.html).
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Figure 2.9: An oblique and sectional representation of the process of performing a
pulling simulation to compute the Potential of Mean Force (PMF).
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2.3.4 Contact Angle Analysis

Manual Method

The contact angle was measured manually by first rendering images from the GROMACS

trajectory using VMD. Snapshots were taken from four different projections and angles

were measured accordingly. This meant that for each timestep eight different angles

could be measured. The measuring was performed using a protractor and an average

contact angle was produced. This may seem to be a rather unscientific method but it is

the author’s belief that this is the most effective method alternate for the measurement

of droplet contact angles.

Computational Method

The script found in the appendices works as follows (See Figure 2.10):

1. Only the water molecules are extracted from a GROMACS coordinate file.

2. A mesh is placed onto the xy-plane of the new coordinate file.

3. Each water molecule is moved to the nearest of 60 grid points. The number of grid

points could possibly be increased, which would in turn increase accuracy.

4. The molecule on each xy grid point with the second highest z coordinate is selected.

The second highest is chosen as occasionally the highest molecule would be away

from the bulk. This avoids the preservation of outliers.

5. A new origin is placed at the centre of the droplet and the selected coordinates

are projected onto one dimension.

6. A simple linear regression is then plotted, and this is used to calculate the contact

angle.
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Water molecules extracted Mesh placed over droplet

New axis moved to droplet
centre

All coordinates projected
onto one dimension

Figure 2.10: The evolution of the flat system in the simulation carried out with the
thermal calcite layers coupled at 298K.
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Results and Analysis

Insanity: doing the same thing over and over again

and expecting different results.

Albert Einstein

This chapter describes the various initial configurations used in the Molecular Dynamics

(MD) simulations and the results yielded by each analysis technique for each respective

initial configuration.

32



Chapter 3. Results and Analysis 33

Summary

Systems Simulated and Analysis Performed

System
Partial
Density Distribution

Interfacial
Tension

Adsorption
Free
Energy

Contact
Angle
Analysis

CW
(flat water) X X
CW
(domed water) X X
CWD
(flat water) X X
CWD
(domed water) X
CWD
(water droplet)

Table 3.1: A summary of the systems simulated and the analysis performed on each
system.

Table 3.1 contains a list of the different systems simulated in this study and the type

of analysis performed on each. It is important to note that visual analysis was also

performed on every system.
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3.1 Calcite-Water Flat

There were two systems simulated with calcite and water. Simulations were also car-

ried out for 10ns after the water had fully spread on the calcite surface. Several sim-

ulations were also carried out on water after it formed a domed shape on the cal-

cite surface, with a total simulation time of ≈ 20ns. This enabled analysis of the

spreading of the water droplet on the calcite surface. All of the simulations per-

formed with the thermal calcite layers coupled at 298K in one instance and 353K in

the other. The densities of water quoted are from the USGS Water Science school

(http://water.usgs.gov/edu/density.html).

Figure 3.1: The starting configurations in the calcite/water flat simulations
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After 2.5ns After 5ns

After 7.5ns After 10ns

Figure 3.2: The evolution of the flat system in the simulation carried out with the
thermal calcite layers coupled at 298K.

After 2.5ns After 5ns

After 7.5ns After 10ns

Figure 3.3: The evolution of the flat system in the simulation carried out with the
thermal calcite layers coupled at 353K.
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Figures 3.2 and 3.3 display the evolution of the calcite-water system with a flat initial

configuration. Following energy minimisation the system relaxed, wetting the calcite

until the surface of the water was relatively uniform. Note that Figure 3.3 shows a

greater number of water molecules remain above the surface of the calcite.
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Figure 3.5: The radial distribution function for calcium ions and oxygen atoms for
the simulation carried out at 298K.

Figure 3.6: The radial distribution function for carbonate ions and hydrogen atoms
for the simulation carried out at 298K.
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Figure 3.7: The radial distribution function for calcium ions and oxygen atoms for
the simulation carried out at 353K.

Figure 3.8: The radial distribution function for carbonate ions and hydrogen atoms
for the simulation carried out at 353K.
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Calcite-Water Flat Partial Density Distribution

298K 353K

1st Peak 1st Peak

Z Dimension (nm)
Local Density

(kg/m3)
Z Dimension (nm)

Local Density
(kg/m3)

3.95 3304 3.955 3027.71

2nd Peak 2nd Peak

Z Dimension (nm)
Local Density

(kg/m3)
Z Dimension (nm)

Local Density
(kg/m3)

4.065 2195.2 4.07 1929.71

3rd Peak 3rd Peak

Z Dimension (nm)
Local Density

(kg/m3)
Z Dimension (nm)

Local Density
(kg/m3)

4.19 1254.21 4.215 1363.2

Table 3.2: The results for the partial density distribution calculations of the calcite-
water flat configuration.

Figure 3.4 and Table 3.2 show a marked increase in density of water at the calcite

surface between the start of the simulation and the end. In Figure 3.4 there is a distinct

peak, followed by two smaller peaks, which are examined in Figure 3.2. It should be

noted that the difference in the first and third peaks for 298K and 353K are 0.24nm and

0.26nm respectively. Examination of a TIP3P water molecule using equation 3.1 it was

found that the distance between the centre of one hydrogen atom to the oxygen atom

is 0.115nm. This corresponds approximately to the distance between each individual

peak on the graph. Examination of the RDF graphs show that it is most probable for

oxygen atoms to be found 0.238nm from the calcium ion, with a sharp peak of significant

magnitude. Therefore, it can be reasonably assumed that, despite the three peaks, a

densely packed monolayer of water molecules forms between the water and the calcite,

driven by the electrostatic attraction between oxygen and calcium.

distance =
√

(x2 − x1)2 + (y2 − y1)2 + (z2 − z1)2 (3.1)
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3.2 Calcite-Water Domed

As discussed previously there were two systems simulated with calcite and water. Sim-

ulations were carried out for 10ns after the water had formed a domed structure on the

calcite surface.

Figure 3.9: The starting configurations in the calcite/water domed simulations
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After 2ns After 4ns

After 6ns After 8ns

Figure 3.10: The evolution of the domed system in the simulation carried out with
the thermal calcite layers coupled at 298K.

After 2ns After 4ns

After 6ns After 8ns

Figure 3.11: The evolution of the domed system in the simulation carried out with
the thermal calcite layers coupled at 353K.
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Figures 3.10 and 3.11 display the evolution of the Calcite-Water system with a domed

initial configuration. Following energy minimisation the system relaxed, wetting the

calcite surface. Note that Figure 3.11 shows a more efficient spreading and a greater

number of water molecules remain above the surface of the calcite.
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Calcite-Water Domed Partial Density Distribution

298K 353K

1st Peak 1st Peak

Z Dimension (nm)
Local Density

(kg/m3)
Z Dimension (nm)

Local Density
(kg/m3)

3.945 3222.56 3.945 3026

2nd Peak 2nd Peak

Z Dimension (nm)
Local Density

(kg/m3)
Z Dimension (nm)

Local Density
(kg/m3)

4.06 2009.49 4.06 1981.13

3rd Peak 3rd Peak

Z Dimension (nm)
Local Density

(kg/m3)
Z Dimension (nm)

Local Density
(kg/m3)

4.215 972.704 4.215 1167.24

Table 3.3: The results for the partial density distribution calculations of the calcite-
water domed configuration.

Figure 3.12 and Table 3.3 show a marked increase in density of water at the calcite

surface between the start of the simulation and the end. In Figure 3.12 there are three

distinct peaks which are then examined in Figure 3.3. It should be noted that the

difference in these peaks for 298K and 353K is 0.27nm. As discussed in the previous

section the distance between the centre of one hydrogen atom to the oxygen atom is

0.115nm in the TIP3P water model. This corresponds approximately to the distance

between the peaks on the graph. Therefore, it can be resonably assumed that a densely

packed monolayer of water molecules forms between the water and the calcite.
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3.3 Calcite-Water-Dodecane Flat

There were three systems simulated with calcite, water and dodecane. Dodecane was

then inserted into the domed system, a system with a water droplet and a system

in which the water had fully spread out on the calcite. Simulations were performed

for 15ns with the thermal calcite layers coupled at both 298K and 353K respectively.

This enabled analysis of the spreading of the droplet on the calcite surface as well as

interactions between the water and dodecane.

Figure 3.13: The starting configurations in the calcite/water/dodecane flat simula-
tions
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After 3.75ns After 7.5ns

After 11.25ns After 15ns

Figure 3.14: The evolution of the flat system with dodecane in the simulation carried
out with the thermal calcite layers coupled at 298K.

After 3.75ns After 7.5ns

After 11.25ns After 15ns

Figure 3.15: The evolution of the flat system with dodecane in the simulation carried
out with the thermal calcite layers coupled at 353K.
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3.4 Calcite-Water-Dodecane Domed

Figure 3.19: The starting configurations in the calcite/water/dodecane domed simu-
lations
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After 3.75ns After 7.5ns

After 11.25ns After 15ns

Figure 3.20: The evolution of the domed system with dodecane in the simulation
carried out with the thermal calcite layers coupled at 298K.

After 3.75ns After 7.5ns

After 11.25ns After 15ns

Figure 3.21: The evolution of the domed system with dodecane in the simulation
carried out with the thermal calcite layers coupled at 353K.
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After 15ns of simulation at 298K (Figure 3.20) the water has differed only slightly

from the initial domed structure, with the layers in contact with the calcite surface

wetting. The spreading does appear relatively uniform as the spreading is equivalent

both sides. Very few water molecules move away from the bulk water and are found in

the dodecane layer above. This differs greatly from the simulations with no dodecane as

almost complete wetting occurred in less than 10ns. Figure 3.21 demonstrates that after

15ns of simulation at this higher temperature, the water differs from the initial domed

structure, with the layers in contact with the calcite surface wetting and a reduction

in height of the dome. The spreading does not appear relatively uniform as the dome

appears asymmetrical. This may be because of capillary waves. A capillary wave being

a travelling wave across a phase boundary, whose dynamics are dominated by the effects

of surface tension. Very few water molecules move away from the bulk water and are

found in the dodecane layer above. This differs greatly from the simulations with no

dodecane as almost complete wetting occurred in less than 10ns.
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3.5 Calcite-Water-Dodecane Droplet

Figure 3.25: The starting configurations in the calcite/water/dodecane droplet sim-
ulations

Figure 3.25 demonstrates the initial conformation of the droplet configuration with do-

decane. The dodecane and water were equilibrated separately by freezing everything

else except the target for equilibration, be it water or dodecane. This is the reason that

the water has started to partially spread on the calcite surface. The simulations were

then performed for 10ns.
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After 2.5ns After 5ns

After 7.5ns After 10ns

Figure 3.26: The evolution of the droplet system with dodecane in the simulation
carried out with the thermal calcite layers coupled at 298K.

After 2.5ns After 5ns

After 7.5ns After 10ns

Figure 3.27: The evolution of the droplet system with dodecane in the simulation
carried out with the thermal calcite layers coupled at 353K.
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3.6 Interfacial Tension

Using the #Surf*SurfTen option within the g energy functionin gromacs, the average

interfacial tension between dodecane and water was found to be 44.1 mN/m (g energy

is a program within GROMACS that extracts information from trajectories specifically

related to energy). However, the standard deviation and variance, as with all pressure-

related properties, was found to be very large. A basic understanding of statistical

analysis states that, for a data set such as this, a median would be a much more appro-

priate measure for the average interfacial tension. Using the median the result obtained

was 50.1 mN/m.

3.7 Adsorption and Free Energy

Figure 3.28: The PMF curve showing a value of ≈44 kJ mol−1 for ∆G of adsorption.
This is calculated as the difference between the plateau region of the PMF curve and

the energy minimum of the curve.

Figure 3.29 shows the radial distribution function, (RDF), of Owater with respect to the

calcium atoms of calcite. In layman’s terms the RDF is a measure of the probability of

finding an oxygen atom at a given distance r away from the reference calcium particle,

relative to that for an ideal gas. Figure 3.29 shows that the most probable distance is
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Figure 3.29: Radial distribution function for Owater with respect to Ca.

2.38 Å, which is therefore the Ca−Owater length.

Another pair of simulations were then performed with a single water molecule on the

surface at 298K and 353K. The molecule was not pulled. The RDF was calculated

between the oxygen atom of this water molecule and the corresponding calcium ion.

Using the RDF values shown in Figures 3.30 and 3.31 alongside Equation 1.19 produced

adsorption free energy results of -33.4 kJ mol−1 and -39.4 kJ mol−1 for the simulations at

298K and 353K respectively. These results are comparable to both previous experimental

and computational works and the results produced in this study from the PMF analysis.



Chapter 3. Results and Analysis 61

Figure 3.30: Radial distribution function for the Owater with respect to its corre-
sponding Ca ion for the simulation at 298K.
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Figure 3.31: Radial distribution function for the Owater with respect to its corre-
sponding Ca ion for the simulation at 353K.
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3.8 Contact Angles

3.8.1 Computational Results

Figure 3.32: The coordinates of water molecules at 0ps projected onto one dimension.

Figure 3.32 shows the 1-dimensional projection of water at 0ps. The green line shows

the linear regression. This demonstrates the case in which the contact angle script (see

Section 2.3.4) fails. An artifact occurs showing that a linear regression of this droplet

is not appropriate for this example, the script returns an angle of 42.10◦, which vastly

underestimates the actual contact angle of the droplet shown in Figures 3.9 and 3.32.

This only seems to occur when the droplet spreading is non-uniform and approaches 90◦

(see Figure 3.33).
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Figure 3.33: The droplet at 0ps from 4 different perspectives, demonstrating non-
uniform spreading.
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298K Results

Figure 3.34: The coordinates of water molecules at 250ps projected onto one dimen-
sion with the linear regression line shown in green.

Figure 3.35: The coordinates of water molecules at 500ps projected onto one dimen-
sion with the linear regression line shown in green.
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Figure 3.36: The coordinates of water molecules at 750ps projected onto one dimen-
sion with the linear regression line shown in green.

Figure 3.37: The coordinates of water molecules at 1000ps projected onto one dimen-
sion with the linear regression line shown in green.
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353K Results

Figure 3.38: The coordinates of water molecules at 250ps projected onto one dimen-
sion with the linear regression line shown in green.

Figure 3.39: The coordinates of water molecules at 500ps projected onto one dimen-
sion with the linear regression line shown in green.
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Figure 3.40: The coordinates of water molecules at 750ps projected onto one dimen-
sion with the linear regression line shown in green.

Figure 3.41: The coordinates of water molecules at 1000ps projected onto one dimen-
sion with the linear regression line shown in green.
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Contact Angle of the Calcite/Water System (298K)

Time (ps) Manual Measurement Script Measurement

0 90 ± 0.5◦ 42.10◦

250 43.25 ± 0.5◦ 35.48◦

500 30.75 ± 0.5◦ 26.05◦

750 26 ± 0.5◦ 20.36◦

1000 18.375 ± 0.5◦ 17.06◦

Table 3.4: The results for the contact angle of water on the calcite surface at 298K
measured manually and using the designed computational script.

Contact Angle of the Calcite/Water System (353K)

Time (ps) Manual Measurement Script Measurement

0 90 ± 0.5◦ 42.10◦

250 36.875 ± 0.5◦ 28.96◦

500 23.125 ± 0.5◦ 19.52◦

750 16.125 ± 0.5◦ 15.05◦

1000 0 ± 0.5◦1 11.60◦

Table 3.5: The results for the contact angle of water on the calcite surface at 353K
measured manually and using the designed computational script.

As shown in Tables 3.4 and 3.5 the contact angle script produces a result that is pere-

nially lower than the contact angle recorded from manual measurement. This is because

the script uses a linear regression method. This means that a line of best fit is plotted

through n points in the graph. Simple visual assessment of Figure 3.32 and Figures 3.34

- 3.40 demonstrate why the script gives a value less than that of manual measurement.

A person will measure the angle from the point of contact with the surface along the

extremes (See Figure 3.42) For droplet simulations in MD the spreading is almost in-

variably non-uniform. This means that instantly a line of best fit will not reflect the

visual contact angle. However, one could also argue that the visual contact angle is less

realistic as the human eye will be unable to see the indentations in a droplet using visual

analysis of a sectional view (see Figure 3.43).

1The water has reached the edge of the simulation box and, while there may still be a slight dome,
the contact angle is 0◦ due to the occurence of complete wetting.
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Figure 3.42: A schematic of the difference between the linear regression and what a
person would measure contact angle from visually.

There is also typically a plateau region at the highest points in any droplet. The linear

regression will therefore have a lesser gradient (see Figure 3.41) and therefore result in

a lower contact angle than a person manually measuring it with a protractor.

A combination of both the aforementioned reasons is why the manual measurement of

contact angle is typically higher than the result produced by the script.
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Figure 3.43: A schematic of why a visual measurement of contact angle from a
sectional view may be unreliable for non-uniform spreading.



Chapter 4

Discussion

I think that in the discussion of natural problems we

ought to begin not with the Scriptures, but with exper-

iments, and demonstrations.

Galileo Galilei

This chapter compares the various results generated in this work, both with each other

and experimental results. This will allow conclusions to be reached about the results,

and therefore the accuracy of the methods undertaken.

72
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4.1 Partial Density Distribution

On examining of Figure 3.4 and Table 3.2 it is apparent that upon simulation there is

a marked increase in density distribution of water at the interface with calcite. For the

simulations carried out with the temperature heated by the thermostat at 353K, the

density distribution value is lower for each of the first two distinct peaks but higher for

the third. As mentioned previously the distance between each of these three distinct

peaks is rougly equivalent to the distance between the centre of one hydrogen atom

to the oxygen atom in the TIP3P water model. Examination of the RDF graphs in

Figures 3.5 - 3.8 show that it is most probable for oxygen atoms to be found 0.238nm

from the calcium ion, with a sharp peak of significant magnitude. Therefore, it can be

reasonably assumed that, despite the three peaks in the partial density distributions, a

densely packed monolayer of water molecules forms between the water and the calcite,

driven by the electrostatic attraction between oxygen and calcium. This is also the case

with the simulations of domed water (See Figure 3.12 and Table 3.3). Again the density

distribution value is lower for the first two peaks at the higher temperature, but higher

for the third.

Examination of the systems composed of calcite, water and dodecane (See Figures 3.16,

3.17, 3.18, 3.22, 3.23 and 3.24) show that the addition of dodecane decreases the mag-

nitudes of each density distribution of water at the calcite/water interface. The water

spreading occurs less quickly in the systems with added dodecane when compared with

those without.

4.2 Interfacial Tension

The analysis performed in this study resulted in a value of 50.05 mN/m for the interfacial

tension between dodecane and water. This corresponds well to other studies of this

property. Zeppieri et al. [62] found this value to be 52.55 mN/m using the oil-drop

method. Goebel et al. [63] used the ring method an yielded a result of 53.7 mN/m.

Finally Xiao et al. [64] used the same methods as those discussed in this work to

produce a result of 57.23 mN/m. In conclusion, the methods used in this study produce

results comparable to experiments, provided that the simuations are long enough to
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alleviate statistical anomalies produced by the substantial fluctuations associated with

pressure-related properties.
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4.3 Adsorption and Free Energy

The PMF analysis carried out in this study yielded a result of -44 kJ mol−1 for water

at the (1,0,4) calcite interface. The analysis from the RDF produced a results of -33.4

kJ mol−1 and -39.406 kJ mol−1 for 298K and 353K simulations respectively.

Several studies carried out in recent years have been in agreement with this result.

Calirometer analysis carried out by Forbes et al. [65] produced an adsorption energy

per molecule of -42.29 kJ mol−1 for water at the (1,0,4) interface. Van Cuong et al.

[66] carried out MD studies and found an adsorption energy per molecule of -30 kJ

mol−1. Bridgeman and Skipper [26] performed Monte Carlo simulations that resulted

in a calculation of -37.8 kJ mol−1. Okhrimenko et al. [67] performed both DFT andMD

studies yielding results of -58 kJ mol−1 and -65 kJ mol−1 respectively. Cooper and de

Leeuw [68] performed MD yielding a result of -54 kJ mol−1. Wright et al. [69] performed

classical calculations and found a water adsorption energy of -53.9 kJ mol−1. Rahaman

et al. [70] performed Molecular Dynamics situations and found, using the exact method

in this thesis, the water adsorption at the perfect {1014} calcite surface to be -44.3504

kJ mol−1. The study by Rahaman et al. differed from that discussed in this thesis

because they used a polarisable water model, but produced comparable results. All of

these afformentioned results are relatively consistent with the results found in this study.

However, there is another school of thought within the scientific community. The results

found by other groups differ from those above by a factor of 2. Molecular Dynamics

simulations performed by Lardge, Kerisit, de Leeuw and Parker [60, 71–73] yielded

results of -92.3 kJ mol−1, -88 kJ mol−1 and -79.1 kJ mol−1. These differed greatly from

those found in the afformentioned studies.

On further reading of the literature it was suggested that the result for adsorption energy

depended greatly on the result for Ca−Owater distances for computational studies.
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Dependancy of result on Ca−Owater Distance

First Author Type of Study Result (kJ mol−1) Ca−Owater (Å)

Van Cuong MD -30 2.75
Bridgeman &

Skipper
Monte Carlo -37.8 2.85

Wright Classical -53.9 2.55
de Leeuw and

Parker
MD -79.1 2.4

Kerisit MD -88 2.26 - 2.51
Lardge MD -92.3 2.37

Rahaman MD -44.3504 2.2 ± 0.1

O’Connor MD -44 2.38

Table 4.1: The results for the partial density distribution calculations of the calcite-
water flat configuration.

As shown in Table 4.1 there is, to a certain extent, a pattern between the Ca−Owater

distance and the adsorption energy. However the results presented in this thesis and

those of Rahaman et al. seem to break free of this trend. The main differences between

the two groups of molecular dynamics studies are twofold, one: various forcefields are

used, all of which produce differing results and two: the analysis methods used to pro-

duce the results differ greatly.

For example, the work of Rahaman alongside the results presented in this thesis were

obtained using the potential of mean force method whilst Lardge, de Leeuw, Parker and

Kerisit use theoretical methods, most of which are a variation of Equation 1.12.

Rahaman investigated this further and used a theoretical method to produce an ad-

sorption energy using his results. He found that using his trajectory and energies and

inserting them into Equation 1.12 resulted in an adsorption energy of -89.1 kJ mol−1.

This coincides with the results of the aforementioned studies. He concluded that the

differences in the results were due to the potential and the forcefield.

This may be true as the partial charges for Ca and Owater in the work in this thesis were

1.668 and -0.834 respectively. These are lower in magnitude than those used in the work

of Kerisit [71]. The partial charges for Ca and Owater in that work were 2 and -1.250

respectively.

It is easy to conclude that the work in this study is more accurate and therefore a better
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methodology because the results are in agreement with with experimental results. How-

ever it may just be a happy accident, as many Gromacs experts and developers, including

Mark Abraham, expressed scepticism as to whether or not the OPLS-AA forcefield was

parameterised to produce accurate values for adsorption energy. Therefore further work

is certainly needed.
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4.4 Droplet System

As demonstrated in Section 3.5 water will displace dodecane at the calcite interface and

eventually fully wet the surface. This proves unequivocally that the {1014} surface of

calcite is strongly water-wet. This has been demonstrated in other studies [40, 74] and

the Molecular Dynamics work in this study reflects this behaviour, and these results.

However in reality no calcite reservoir will be a perfectly flat crystal with no fissures.

Additionally crude oil is a very complex liquid made up of many components. Therefore

most reservoirs will have areas which exhibit some mixed-wet characteristics.

4.5 Contact Angles

A new method was developed to measure the contact angle of water on the calcite

surface directly from Molecular Dynamics coordinate files. It proved to be accurate for

uniformly spreading droplets and a good alternative to the traditional, more simple, use

of a protractor. However it is by no means flawless and does require further work. This

is because the method does reshape the droplet to an extent, resulting in an unrealistic

contact angle, even for a uniformly spreading droplet. It is the opinion of the author,

which is in agreement the majority of researchers in the field, that use of snapshots and

an angle measure is the most effective way of measuring contact angle.

4.6 Optimum Configuration for EOR

The most efficient configuration for oil recovery varies depending on the situation. Ex-

amination of sections 3.3 and 3.4 indicate that at the higher temperature spreading

occurs more quickly, however it appears less uniform. This means that in practice fin-

gering may occur. It is apparent from section 3.5 that as long as the water is in close

proximity to the calcite surface it will eventually fully wet it, displacing the dodecane.

However for optimum spreading it’s probably best that the water is injected directly

onto the calcite surface.

The future work aimed at optimising Enhanced Oil Recovery should investigate the ad-

dition of surfactants to the system. It would be useful to investigate whether or not

Molecular Dynamics simulations accurately replicate the lowering of interfacial tension.
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Figure 4.1: An example of stable and unstable water displacement, showing fingering.

This will allow us to investigate mixed liquid washing alongside the water driven dis-

placement investigated in this thesis.



Chapter 5

Conclusions

And the end of all our exploring

Will be to arrive where we started

And know the place for the first time.

T.S. Eliot

This chapter concludes the work undertaken in this study and underlines the main ideas

the reader should take from it.
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The work in this thesis has investigated the interfacial properties and interactions be-

tween water, dodecane and the {1014} calcite surface through the use of Molecular

Dynamics simulations. The motive was to investigate the effectiveness of employing

Molecular Dynamics for these properties and decipher whether or not it could be used

as a useful tool for improving Enhanced Oil Recovery.

The density distribution of water increased significantly at the surface of calcite indi-

cating adhesion at the interface between water and calcite. This meant that water can

displace dodecane at a calcite wall and is a potential injection fluid for successful EOR.

The result for the interfacial tension between water and dodecane was comparable to

other experimental and computational studies. This showed that Molecular Dynamics

simulations are appropriate for an efficient and effective prediction of alkane/water inter-

facial tension. However the simulations should be long enough to alleviate the significant

fluctuations associated with pressure-related properties. Accurate prediction of IFT by

Molecular Dynamics means that it can be a useful tool for future EOR investigations,

particularly those that may use surfactants.

The adsorption energy between water and calcite was found to be comparable to several

studies, however there is a degree of disagreement among different portions of the sci-

entific community as to how accurate this result is. Therefore, further research should

be carried out in this area.

Contact angle analysis showed that the addition of dodecane does affect the efficiency

of water spreading on the calcite surface. It was also shown that the perfect {1014}

calcite surface is strongly water-wet. A new technique was also developed for quick

measurement of the contact angle of a fluid on a surface in a GROMACS coordinate file.

This means that in future EOR research, particularly those using surfactants, there is a

quick method for measuring contact angles from simulations.

The ideal configuration for Enhanced Oil Recovery will vary depending on exactly how

the hydrocarbons should be displaced. This study has provided a good discussion of the

advantages and disadvantages of several configurations in the previous chapter.

In conclusion, the work in this thesis has provided a good first step into Molecular

Dynamics studies of water/alkane systems in carbonate reservoirs. Future work should

include the studying of mixed-alkane fluid interactions with water at an imperfect calcite
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surface. The following work would replicate the systems found in nature more accurately.

In the future consideration should also be made as to which forcefield should be used.

This could include the use of the OPLS-AA forcefield modified by Siu et al. [75] to

produce what they describe as more refined behaviour with systems containing long

chain hydrocarbons. Overall Molecular Dynamics is a useful tool in the investigation of

Enhanced Oil Recovery.



Appendix A

Water Testing

A.1 Objective

To investigate the properties of three water models and determine whether or not they

differ depending on which version of the Gromacs Molecular Dynamics (MD) package is

used to perform the simulation.

A.1.1 Methodology

All simulations were performed using the GROMACS[45, 46, 76–78] Molecular Dynamics

(MD) package.

The simulations were performed on the following GROMACS versions:

3.3.4

3.3.4 (double-precision)

4.5.5

4.5.5 (double-precision)

4.6.0

4.6.3

4.6.3 (double-precision)

5.0-beta1

5.0-beta1 (double-precision)

The water models tested were TIP3P[54], TIP4P[54], TIP5P[79] and the polarizeable

SW10e[80].
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A.1.2 Simulation Overview

All simulations were assembled using the Gromacs version which was being tested at

the time. A cubic box was generated with axis dimensions of 5nm. The box was

then filled with 4142 mols of the respective water model. The system was then energy

minimised and equilibrated before being simulated for 8ns in an NPT environment. The

simulations were performed at 298K using the v-rescale[47] thermostat where possible

and the Berendsen[81] thermostat for the earlier versions, where the former was not

featured in the package. The Berendsen barostat was used for pressure coupling.

Figure A.1: 3-point Figure A.2: 4-point

Figure A.3: 5-point Figure A.4: SW10e

Figure A.5: Different water models
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A.2 Results

GROMACS

Version

TIP3P

Average

Density (kg/m3)

TIP4P

Average

Density (kg/m3)

TIP5P

Average

Density (kg/m3)

3.3.4 975.37 984.013 973.195

3.3.4

double-precision
975.43 984.085 973.124

4.5.5 967.8222379 984.174 972.974

4.5.5

double-precision
967.8424245 983.986 973.093

4.6.0 975.4314389 984.115 973.842

4.6.3 975.4054165 984.047 973.883

4.6.3

double-precision
975.4199663 984.082 973.951

5.0-beta1 975.372 983.975 973.791

5.0-beta1

double-precision
975.383 984.047 973.824

The SW10e was only tested using versions 5.0-beta1 and 5.0-beta1 double-precision.

The resultant average densities were 984.998 kg/m3 and 984.222 kg/m3 respectively.

A.3 Discussion

The density of water found by all Gromacs versions is consistent, with the excep-

tion of simulations performed in a box with the TIP3P[54] water model using version

4.5.5 and its double-precision counterpart. However these results were obtained with

ewald geometry = 3dc. After this was changed to ewald geometry = 3d the results for

4.5.5 and 4.5.5 double-precision were 975.70256 and 975.34622 kg/m3 respectively.
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A.4 Conclusion

ewald geometry = 3dc should only be used for simulations without periodicity in the z

direction. Otherwise you might get serious artifacts which will affect the overall results

of the simulation.
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GROMACS Files

This chapter contains the necessary files to replicate the simulations described previously

using the GROMACS simulation package.
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B.1 Essential Files

Dodecane Molecule

Figure B.1: The coordinate file of a single dodecane molecule.
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Topology File

Figure B.2: The topology file for the calcite/water/dodecane system.
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Files within the Topology

arapro.itp
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Figure B.3: The arapro.itp file
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LJ.itp

Figure B.4: The file defining the Lennard-Jones spheres.

CA CAP.itp

Figure B.5: The file defining Calcium.
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CO3 COP.itp

Figure B.6: The file defining Carbonate.
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tip3p.itp

Figure B.7: The file defining the water model.
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DODEC.itp
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Figure B.8: The file defining the dodecane model.
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MDP Files

minim.mdp

Figure B.9: The mdp file for the energy minimisation process.
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calcite water.mdp

Figure B.10: The mdp file for the simulation process.
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Files for the pulling simulation

pull water.mdp

Figure B.11: The mdp file for the pulling simulations used in the potential of mean
force calculations.



Appendix C

MATLAB Scripts

This chapter contains the necessary files to replicate the graphs found

in Chapter 3 using MATLAB.
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C.1 Scripts

Partial Density

Figure C.1: The script to plot the partial density of water relative to the z dimension.
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Interfacial Density

Figure C.2: The script to plot the densities of water and dodecane relative to the z
dimension.
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Radial Distribution Function

Figure C.3: The script to plot the radial distribution function.



Appendix D

PYTHON Scripts

This chapter contains the necessary files to replicate the contact

angles found in Chapter 3 using Python.
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D.1 Scripts

Contact Angle

Whilst the following pages contain only images of the script, it is

available at the request of the author.
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