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Abstract in English

Osmotic and electrostatic potential are the two major potentials for in u-
encing the total in thin Ims. Due to the e ect of ionic strength gradient,
the dynamics of pressure evolution in the thin Ims play an important role
on the Im hydrodynamics and the change of contact angle. The pres-
ence of charged solid surfaces and ions transport in the aqueous liquid can
cause the hydrodynamics and electrochemical interactions between liquid
and solid surface. These interactions are complicated in reality and provide
mathematical and computational challenges in simulation. To describe the
interaction of ionic di usion and thin Im hydrodynamics, numerical models
are normally introduced in research.

This work proposes a numerical simulation to reproduce the model pre-
sented by Joekar-Niasar et al. by COMSOL software which makes the sim-
ulation of ow and transport in microscopic charged systems more feasible.
The resulting electric potential, averaged concentration pro le and evolution
of pressure eld of this numerical simulation are then compared to those of
the intended article. We conclude that the assumed boundary conditions
for ion concentration and electric potential on the right hand side boundary
of the domain gives a massive discontinuity in the eld especially when we
solve for the non-equilibrium condition. So, we modify this boundary condi-
tions both for concentration and electric potential to obtain more reasonable
results and make the simulation more comparable to the experimental result.

In compare with other numerical models, our model based on the mod-
i ed boundary condition can simply show how reducing the ionic strength
of the system, will increase the pressure inside the thin layer of electrolite
which leads to the detachment of the oil from the surface, instead of dealing
with di erential pressure computation relative to steady state or transient
osmotic pressure. Furthermore, our numerical model simulated by COM-
SOL can be coupled with other numerical models to investigate the further
important microscopic mechanisms resulting the Low-Salinity Water(LSW)
e ect in improved oil recovery.

Key Words: Thin Im hydrodynamics, Electrochemical potential, Charged
surface, Coupled process, COMSOL






Sommario

Il potenziale osmotico ed elettrostatico sono i due potenziali principali per
in uenzare il totale nei Im sottili. A causa dell’e etto del gradiente di forza
ionica, la dinamica dell’evoluzione della pressione nei Im sottili gioca un
ruolo importante sull’idrodinamica del Im e sul cambiamento dell’angolo di
contatto. La presenza di super ci solide cariche e il trasporto di ioni nel lig-
uido acquoso possono causare I'idrodinamica e le interazioni elettrochimiche
tra la super cie liquida e solida. Queste interazioni sono complicate nella re-
alta e forniscono s de matematiche e computazionali nella simulazione. Per
descrivere l'interazione tra di usione ionica e idrodinamica a Im sottile,
nella ricerca vengono normalmente introdotti modelli numerici.

Questo lavoro propone una simulazione numerica per riprodurre il mod-
ello presentato da Joekar-Niasar et al. dal software COMSOL che rende
piu fattibile la simulazione del usso e del trasporto in sistemi microscopici
carichi. Il potenziale elettrico risultante, il pro lo di concentrazione medio
e I’evoluzione del campo di pressione di questa simulazione numerica ven-
gono quindi confrontati con quelli dell’articolo previsto. Concludiamo che
le ipotesi condizioni al contorno per la concentrazione di ioni e potenziale
elettrico sul limite destro del dominio danno una discontinuita massiccia nel
campo soprattutto quando risolviamo per la condizione di non equilibrio.
Quindi, modi chiamo queste condizioni al contorno sia per la concentrazione
che per il potenziale elettrico per ottenere risultati piu ragionevoli e rendere
la simulazione piu paragonabile al risultato sperimentale.

In confronto con altri modelli numerici, il nostro modello basato sulla
condizione al contorno modi cata puo semplicemente mostrare come ridurre
la forza ionica del sistema, aumentera la pressione all’interno del sottile
strato di elettrolite che porta al distacco dell’olio dalla super cie, invece
di trattare con il calcolo della pressione di erenziale rispetto allo stato
stazionario o alla pressione osmotica transitoria. Inoltre, il nostro modello
numerico simulato da COMSOL puo essere accoppiato con altri modelli nu-
merici per studiare ulteriori importanti meccanismi microscopici risultanti
nell’e etto acqua a bassa salinita (LSW) nel miglioramento del recupero
dell’olio.

Parole chiave: Idrodinamica a Im sottile, Potenziale elettrochimico, Su-
per cie caricata, Processo accoppiato, COMSOL






Acknowledgement

This Master of Science thesis has been carried out at the Department of
Energy Engineering at Politecnico di Milano University in collaboration
with Geosciences Department of Utrecht University. The work has been
performed within the Hydrogeology group under supervision of Alberto
Gaudagnini and Majid Hassanizadeh, and co-advisory of Amir Raoof and
Lifei Yan.

Being part of this group was a great and an invaluable experience. | take
many memorable and enjoyable moments | spent with my colleagues while
investigating the state-of-the-art problems. | thrived from all the moments
and would like to appreciate all my teammates there.

First and foremost, | would very much like to thank my supervisors at Po-
litecnico di Milano and Utrecht University, Alberto Gaudagnini and Majid
Hassanizadeh who always had the answer to my questions and guided me
towards the right way. Their constant encouragement and support through-
out the project made it possible for me to complete the work.

I also would like to thank Amir Raoof and Lifei Yan. It was a pleasure
having their advice and excellent experiences in the eld of Geosciences
technologies especially, porous media.

Moreover, | would like to appreciate lifetime support of my perfect fam-
ily whom always been there for me during the hard-times and good-times.
Thank you so much for stop-less giving me the positive energy to carry-on
and thanks for urging me to choose this path for my life.

Finally, 1 would like to thank everyone in Politecnico di Milano and Utrecht
Universities circle, from my colleagues, secretaries to the professors, who got
involved in such a way to let this checkpoint of my life happens.

Thank you all,






Contents

Abstract in English I
Abstract in Italian 111
Acknowledgement \%
List of Figures VIII
List of Tables X
1 Introduction 3
1.1 Motivation . . ... . ... ... 3
1.2 Approaches . . . . . . . . . .. .. 4
1.3 ThesisOutline . ... ... ... ... ... .. ... ..., 5
2 A Review of LSF in Enhanced Oil Recovery and Underlying
Microscopic Mechanisms 7
2.1 Background . .. .. .. ... ..o 7
2.2 Stateofthe Art. . .. ... ... .. ... 9
3 Numerical Model 27
3.1 ElectricField . . . ... ... ... ... ... ... 27
3.2 Transportoflons . . . ... ... ... ... .. ....... 28
3.3 Total Force acting on Charged Surface in Electrolyte Solution
in Electrostatic Condition . . . . ... ... ... ....... 29
3.4 Pressure Evolution Inside the Channel . . . . .. .. ... .. 29
4 COMSOL Simulation 31
4.1 Geometry . . . ... e e 31
4.2 Model parameters . . . . . .. ... .. e 33
4.3 Domain Equations . . . . . ... ... 35
4.3.1 Poisson-Boltzmann and Poisson Equation . . . . . .. 35
4.3.2 Nernst-Plank Equation . . . . ... .......... 36
4.3.3 Stokes Equation . . .. .. ... ... ... .. ..., 37



4.4 Boundary Conditions . . . . ... ... ... .......... 38

4.4.1 Boundary Conditions w.r.t Article . . ... ... ... 38

4.4.2 Boundary and Initial Conditions w.r.t Modi ed Con-
sideration . . . . . ... ... ... 38
45 Meshing . . . . . . . 39
5 Simulation Results 41
5.1 Results for Initial Equilibrium State . . . . . ... ... ... 41
5.2 Results for Dynamic Condition . . . . ... ... ....... 43
5.3 Results for Pressure Evolution Inside the Channel . . . . .. 46
5.4 Results of Simulation w.r.t Modi ed Boundary Conditions . . 50
5.4.1 Results for Equilibrium Condition . .. .. ... ... 50
5.4.2 Results for Dynamic Condition . . . . ... ... ... 53
6 Conclusion and Future Works 57
6.1 Conclusion . ... ... ... ... 57
6.2 Future Works and Limitations. . . . .. ... ......... 58
Bibliography 59
A Electrostatic Forces Between Surfaces in Liquids 63

B Derivation of Disjoining Pressure w.r.t Navier-Stokes Equa-
tion Augmented by Maxwell Stress Tensor 75



List of Figures

2.1

2.2

2.3

24

2.5

2.6
2.7

2.8

2.9

2.10

211

2.12

Illustrations of (a) nanochannel assembly and (b) cross-sectioned
side view with the electrical measurement apparatus [1]. . . . 11
Boundary conditions of the Nernst-Planck model (NP model).

(b) Boundary conditions of the Poisson-Boltzmann model

(PB model). (c) Zeta potential pro les along the microchan-

nelwall [2]. . . . . . . . . 14
Boundary conditions for the irregular microchannel. (a) NP
model. (b) PBmodel [2]. . ... ... ... ... ....... 15
Schematic of the wettability change in a porous sandstone
rock caused by LSF[3]. . ... ... ... ... ........ 16

Side-view sketch of the experimental setup. Oil droplets ad-

here to clay patches on a glass substrate. When the adhesion
forces are weakened, caused by the LS brine, buoyancy forces
eventually cause the oil droplet to detach [3]. . . .. ... .. 17
Oil droplet under HS brine and under LS brine [3]. . . . . .. 18
Contact-angle measurement: The measurement is in the macro-
scopic region out of the reach of solid-substrate interaction [3]. 18
Typical oil-detachment process from clay: (1) (transient) equi-
libration of adhesion and buoyancy forces in HS; (2) equilib-

rium state when the contact angle and area no longer change

in HS; (3) LS e ect resulting in signi cant change of contact
angle and contact area; and (4) oil recovery following necking

and increase of contact angle [3]. . . . .. ... ... ... .. 19
Conceptual di usion model for replacement of HS brine with

LS surrounding brine [3].. . . . . . ... ... oL 20
High-resolution data on contact-angle and contact- area changes

during exposure rst to HS and then to LS. The data indi-
cate clearly that the contact line recedes in steps rather than
smoothly [3]. . . .. .. . . . . . . 21

Oil-detachment Kinetics correlates with volume of oil droplet,
and oil adhesion correlates with contact area with clay and
contactangle [3]. . . . . . . . ... .. ... 22
Extended di usion model involving electrostatic forces and
electric-potential eld[3]. . .. .. .. ... ... ....... 23



2.13 Potential process of oil detachment[3] . . ... ... ... ..

4.1

4.2

4.3

4.4

4.5

4.6

4.7
4.8

Al

A2

Squeezed Im between oil droplet and the clay surface which
is idealized as a disk with a height of 2h and diameter of 2r,
surfaces are assumed tobe at[4]. .. ... ... .......
The cross-section of the simulated cylindrical domain with a
diameter 2r and height of 2h. The cylinder is initially eld
with an electrolite with higher ionic strength. The top and
bottom boundaries are the charged interfaces, and the right
and left boundaries are open to the electrolite at constant
lower ionic strength [4]. . . . . ... ... ... ........
A schematic drawing of the geometry, the red dashed line
AC represents the axis of symmetry. The lines AB and CD
represent the top and bottom boundaries which are related
to oil and clay surfaces, respectively. BD line is the right
boundary exposed to the bulk wuid. . ... ..........
The electrostatic interface with relevant boundary conditions
for Poisson equation. . . . . . . .. .. ... .. L.
the transport of diluted species with relevant boundary con-
ditions. . . . . ..
The creeping ow interface and the relevant boundary condi-

Boundary Conditions . . . . . .. ... ... ... .......
A screenshot of the entire meshed geometry generated by
COMSOL Multiphysics. . . . .. ... ... ... .......

lons bound to a surface are not rigidly bound but can ex-
change ions in solution. . . . . ... ... ...........
Two negatively charged surfaces of surface charge density
separated at distance D inwater. . . . ... ... ... ....

39



List of Tables

4.1 Model Parameters . . . . . . . . . . . .






Chapter 1

Introduction

One of the less well-known oil recovery techniques is commonly described
as Low Salinity Water ooding (LSWF). The world-wide application of low
salinity water for improving recovery is rst published by Reiter [5] and
Bernard [6]. During the past few decades, a large number of laboratory and

eld studies [7{13] on LSWF have shown that reducing the brine salinity
and its divalent-cation leads to improved recovery from clay rich sandstones
or from carbonates. Based on the phenomena of oil release from the rock
surface, it appears to be an understanding that there is an adequately shift
in rock wettability from a more oil wetting toward a less oil wetting state.
But the wettability change is rather more a result than a cause because it can
be caused by various factors, e.g. pH, multi-ion exchange, and interfacial
tension decrease. Moreover, the process of wettability alteration is compli-
cated and our knowledge about it is limited, especially in ion transport in
nano-scale thin Im, although numerous mechanisms have been proposed
for explaining the phenomena.

1.1 Motivation

Most of the current approaches assessing the LS e ect mainly involves core-
ooding experiments, meaning that the results can only provide the expla-
nation in core-scale rather than in the smaller scales. To explore the ionic
transport and thin Im hydrodynamics, the microscopic investigations are
necessary to conduct. Additionally, the insight on the microscopic mecha-
nism supports the deeper understanding of LSWF for enhanced oil recovery.
There are plenty of applications of in charged micro/nano channels or
thin Ims including membrane technology, particle physics [14, 15], and
lamella stability in foams [16]. The interaction between the charged inter-
faces in these examples is mainly caused by Van der Waals and electrostatic
forces. The classical understanding of forces due to charged surfaces is dis-
played with DLVO theory, named after Boris Derjaguin and Lev Landau,



Evert Verwey, and Theodor Overbeek [17{19]. This theory enables the cal-
culation of the net interaction forces (and alternatively pressures) combining
the e ect of the van der Waals and double layer force at a thermodynami-
cally equilibrium state in a liquid medium.

The other simpler alternative to simulate the pressure eld for thin Ims
is the use of Reynolds lubrication theory augmented by an ad-hoc approx-
imation of surface forces. For example, dimple formation was studied by
Webber et al. employing Reynolds lubrication theory [20]. They explained
that dimple arises from the combined e ects of decrease of hydrodynamic
pressure and monotonic repulsive double layer interactions. Joye et al. [21]
measured and simulated the rate of Im thinning in a symmetrical foam Im.
They considered the disjoining pressure only as a function of Im thickness
using lubrication approximation.

In non-of these studies using the lubrication theory, neither the impact of
transport of ions on disjoining pressure nor the time evolution of disjoining
pressure has been simulated [4]. So laboratory experiments and numerical
models are needed to particularly investigate the dynamic of pressure eld
evolution inside thin Ims under the changes in ionic strength coupled with
DLVO theory.

To conduct the simulation, we can adopt the nite element analysis using
COMSOL multiphysics simulation platform, which allow users to describe
electromagnetic, structural mechanics, uid ow, chemical engineering, etc..
The platform also provide bene t from the the numerous advantages for
users such as, ability to modify the governing equations, exibility in solver
selection in the form of direct, iterative, or mixed solvers, and segregated,
or fully coupled solutions. Based on the results of simulation, we ultimately
aim to gure out the distribution of ion concentration and pressure in a
nano-scale aqueous Im.

1.2 Approaches

In this thesis we use COMSOL software to reproduce the model that was pre-
sented by Joekar-Niasar and Mahani [4] to investigate that how dynamic of
pressure eld in thin Ims controls the Im hydrodynamics and also change
of contact angel due to the change of ionic strength.

As stated in the article, osmotic and electrostatic potentials are the two
main potentials building the total pressure and working against each other
in thin Ims. It means that, osmotic pressure will decrease by reduction
of ionic strength while the electric double layer thickness will increase. To
investigate the coupled phenomena in interaction of ionic di usion and thin

Im hydrodynamic, the following speci c steps are addressed in our compu-
tational model:

To solve for the equilibrium initial condition for High-Salinity (HS)
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brine, the Poisson-Boltzmann equation is solved.

To simulate the ionic transport as the Im is exposed to LS brine, the
Nernst-Plank equation from the Transport of Diluted Species Interface
and Poisson equation from the Electrostatic Interface are coupled and
solved.

To simulate the pressure eld, the Stokes equation from the Creeping
Flow Interface, is augmented by the Maxwell Stress Tensor (MST) and
solved.

The modi cation on boundary condition for right boundary of the
domain is done to reduce the discontinuity in the electric eld and ion
concentration.

1.3 Thesis Outline

The thesis is structured as follows:

In Chapter 2, the literature review and overview of the state of the
art in pressure evolution inside the charged or neutral thin Ims and
numerical studies for coupled electric and transport phenomena in
porous media is given.

In Chapter 3, there is the detailed description of mathematical model
to investigate the dynamic of pressure eld due to osmotic and elec-
trostatic potentials.

In Chapter 4, we describe step by step how we simulate our model
in COMSOL software.

Chapter 5 contains all the simulation results and the comparison
with the article’s results to validate our simulation.

Chapter 6 gives the conclusions of this work, with the description
of both bene ts and limitations, and the list of possible future works
that can be done in order to improve and expand this thesis.

Finally, there is the bibliography.






Chapter 2

A Review of LSF in
Enhanced Oil Recovery and
Underlying Microscopic
Mechanisms

2.1 Background

A common way to Increase Oil Recovery (IOR) from a reservoir is to inject
water to push the oil toward a production well. Usually sea water, or aquifer
water that is produced from a di erent rock stratum, is used for water

ooding. Such water has salinity that ranges from 36; 500 for sea water to
200; 000ppm or even higher for dense brines. Recently, however, there have
been reports of enhancing oil recovery further by water injection with lower
salinity, for example, ranging from 200 to 8000 ppm. This low salinity e ect
has been con rmed in core plug testing by several research groups [9,22{25].

Although considerable e ort has been made to understand the phe-
nomenon, the molecular level processes that control it have not been rig-
orously demonstrated. Some researchers have proposed that a change in
surface charge on the reservoir minerals causes a decrease in the adhesion
forces between the oil and the surfaces [26], changing wettability. One key
parameter for the wettability generation of rock surfaces is the proportion
of amphiphilic components in the crude oil [27{30].

Based on the result of the laboratory experiments, rock core can be
altered into more water wet when injecting the salinity with lower salin-
ity. However, elucidating precisely how this happens at the molecular scale
would contribute fundamental understanding to e orts to re-mediate soil
and aquifers that have been contaminated by hydrocarbons.

From core plug data, Tang and Morrow [22] observed that the presence
of clay plays a central role in the low salinity e ect. They suggested that



oil wet ne particles would be mobilized, causing a wettability conversion of
pore surfaces. They also observed that the low salinity e ect was marginal
for sandstone where clay content was low. Oil recovery from their core plug
tests increased by about 30% when salinity was decreased to about 1% of
formation water salinity. They did not observe the low salinity e ect when
core plugs were completely saturated with crude oil, thus some formation
water had to be present. There was also no low salinity e ect when the core
plugs had been red, or acidized, which they proposed would deactivate the
clays.

Lager et al. [9,23] also tested core plugs to gain further understanding
of the low salinity e ect. They monitored the production of ne particles
at the exit of the cores and recorded pH and solution composition. They
concluded that it was not mobile ne particles, but rather a conversion of
the wettability on clay surfaces in pores that caused the low salinity e ect.
They demonstrated a 12% increase in oil recovery when cores were ooded
with low salinity solutions. For the core samples aged in formation water,
where the divalent ions, Mg?* and Ca?*, were absent, they saw no low
salinity e ect, so they concluded that divalent ions must play a role on the
increased oil recovery. According to their hypothesis, wettability conversion
was instigated by the release of organic polar components from clay surfaces
in response to a change in the concentration of divalent cations.

From core plug experiments made at a range of temperatures and so-
lution compositions, Austad et al. [24] demonstrated that divalent cations
indeed play a role in the low salinity e ect, but suggested that the mech-
anism might be di erent than that proposed by Lager et al. Austad and
colleagues suggested that a local pH change, rather than ion bridging, would
cause the release of polar oil components bounding clays. Overall, Austad et
al. observed a 20% increase in oil recovery from their core plug experiments.
They did not thoroughly investigate the importance of which type of clay
was present but from the relationships between cation exchange capacity
and low salinity e ect, they proposed that the capacity would decrease in
the order of the types of clay: montmorillonite > illite=mica > kaolinite.

The importance of clay minerals was investigated further by Berg et
al. [31]. Using a video camera to observe the release of crude oil droplets
from a montmorillonite surface while water owed, they recorded a 66%
release of oil in a low-salinity stream compared with no release from a high-
salinity stream, but it was interesting that they did not observe any e ect
from surfaces of illite or smectite. One problem with this experimental set
up, was that it was not possible to determine if the oil droplets detached
from the clay surface or if the droplet carried some clay along with it as it
detached, which returns us to the possibility of the mobile nes theory. The
authors concluded that low-salinity water makes a di erence to oil release,
but their results are hard to be used for interpreting the microscopic level
processes.



2.2 State of the Art

So far, the researches have been conducted in the macroscopic experiments
are not likely to be able to provide molecular level explanations of the low
salinity phenomenon so, a better understanding of the phenomenon in nano-
scale is necessary. Central question that can lead us to gure out the mech-
anism is: What are the changes in adhesion forces between oil and the sand
grain surface as we change the solution composition?

In order to answer to this question, we should know about the com-
ponents which, are the origin of forces acting on the charged surfaces in
electrolyte solution. In such systems rst it is necessary to investigate the
electric double layers e ects on ionic distribution and transport through thin
layer of electrolyte and these e ects could be explained by using Nernst-
Plank equation that is based on electrochemical-potential gradient instead
of a concentration gradient alone. Then to calculate the pressure eld in-
side the Im or channel, the Navier-Stokes equation augmented with the
body force due to the electrochemical potential of system is used. One com-
mon approach to calculate this body force acting on the surface is to use
Maxwell Stress Tensor (MST) including osmotic pressure, that can clearly
shows the two major components, electric potential gradient (O ) and ionic-
concentration gradient (OC;) as the origin of forces acting on the surface.
This way of Navier-Stokes formulation to compute the pressure evolution
inside the Im is preferred as it can be coupled with the transport of ions
by using Nernst-Plank equation properly. (Notice that the electric potential
() is the solution of a nonlinear partial di erential equation, the Poisson-
Boltzmann equation, which can be solved by coupling to the Nernst-Plank
equation.)

This coupling system of nonlinear equations has broad range of appli-
cation in the study of ion transport in micro- uidic and nano-scale uid
channels [14{16]. For example, Yang et al. [32] analysed the entry ow in-
duced by an applied electrical potential through micro channels between two
parallel plates. They used a nite di erence method to numerically solve
a non-linear, two-dimensional Poisson equation governing the applied elec-
trical potential and the zeta potential of the solid liquid boundary and the
Nernst-Plank equation governing the ionic concentration distribution. They
modi ed a full Navier-Stokes equations to include the e ect of electrokinetic
force (body force) caused by the interaction between the charge density and
the applied electrical potential eld.

Their dimensionless form of governing equation after dropping the de-
ned symbols [32] can be written as:

@2 @2 _ K2

W+@T/2_ 5> e 2.1)
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where K is the Debye-Huckel parameter, 1=K is the characteristic thick-
ness of the Electerical Double Layer (EDL); W is the channel height, jnjet
is the activated potential at the inlet, and Re is the Reynolds number. For
the coordinate system of the microchannel, the x coordinate is the uid ow
direction, the y coordinate is perpendicular to the x-coordinate, and L is the
length of the microchannel; other variables and their de nitions are listed
in the Appendix of the article [32]. In their model, they considered that
the agueous electrolyte is lled the channel and then the electrical potential
was activated to separate the sample. Consequently, the initial conditions
were assumed to be that the velocity was static everywhere and the zeta
potential of the wall was = . The ionic concentration and potential
were assumed to be in the Boltzmann equilibrium distribution initially.
The boundary conditions were given as

— — Op — 1 @% @
(Walls) u=20 v=0 & = Regy? Gx Gy
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where C is a constant and for their problem they adopted C = (0
inlet)=L, where the outlet electric potential is grounded. The governing
Egs., (2.1{2.5) were solved simultaneously. They applied the arti cial com-
pressibility method by adding a time derivative pressure term to the conti-
nuity equation. To solve these equations, the nite di erence method and
Alternative Direction Implicit (ADI) scheme were used.

In their work they discussed about the e ects of the entrance region
on the uid velocity distribution, charge density boundary layer, entrance
length, and shear stress. They concluded that The entrance length of the
electroosmotic ow is longer than that of classical pressure-driven ow. The
thickness of the Electrical Double Layer (EDL) in the entry region is thinner
than that in the fully developed region. The change of velocity pro le is
apparent in the entrance region, and the axial velocity pro le is no longer

at across the channel height when the Reynolds number is large. Moreover,
they concluded with the same mass ow rate condition electroosmotic ow has
higher skin friction than pressure driven ow.

Stein et al. [1] studied on surface-charged-governed ion transport in aque-
ous eld silica channels as thin as 70nm which was patterned between
1:5mm  1:5mm reservoirs (Figure 2.1(a)). The channels were lled by
distilled, deionized (18 M c¢m) water into the large uidic reservoirs, from
which point capillary forces were su cient to draw the water across the
channels. The electrical voltage source and IV converter were connected to
the uidic channel with negligible resistive loss via silver wires inserted into
the reservoirs (Figure 2.1(b)).

Figure 2.1: lllustrations of (a) nanochannel assembly and (b) cross-sectioned side view
with the electrical measurement apparatus [1].

They observed that there is a remarkable degree of conduction at low salt
concentrations that departs strongly from bulk behaviour. They concluded
in the dilute limit, the electrical conductance of channels saturated at a value
that was independent of both the salt concentration and the channel height.
Moreover, they described the consequences of charged channel surfaces by
using an electrokinetic model parameterized only by surface charge density
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as a boundary condition.

d o(y)

They considered a 1D Poisson-Boltzmann equation for a monovalent salt as

(2.6)

2 2
d® o _ keTK® . € oy)
dy? e kT

And then analytical solution for equilibrium electrostatic potential at height

y from the channel mid-plane, ((y), for a symmetrical channel was ex-
pressed as

2.7)

o) = o0 +2In CD e O ¢ 00 28)

where CD(u k) is the Jacobian elliptical function with argument u and
parameter k. The density of positive and negative ions, n, and n , are
related to the potential by the Boltzmann equation. A voltage, V, applied
across the channel of length, L, generates a parallel electric eld, E = V=L,
that modi es the potential as = ¢+ EX, and drives the ow of ions.

They also, described the uid ow induced by and contributing to the
transport of ions by the Navier-Stokes equation in the absence of a hydro-
static pressure gradient:

d?u(y) d?
E o—
dy? dy?
Then they found the solution of channel conductance from Levine et al.
is [33]

=0 (2.9)

é =ne h(1+H) (2.10)
Where the correction to the bulk conductivity H, is

e 0(0) . L4 okseT
kgT 4nkgTh (S

Where E is the electrostatic eld energy in the channel per unit area.

They numerically solved these system of equations and in conclusion,
they have shown that the transport of ions in nano uidic channels under
low salt conditions is dominated by the transport of counterions that must
accumulate near charged channel walls to maintain charge-neutrality. They
also showed that this e ect is well described by the considered electrokinetic
model.

Park et al. [2] accomplished a comparison of the Nernst-Plank model and
the Poisson-Boltzmann model for electroosmotic ows through a straight

H = cosh

(2.11)
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and an irregular micro-channel. In their investigation they compared the
velocity pro les obtained from the Nernst-Planck equation with those from
the Poisson-Boltzmann equation for these cases and examined how the dif-
ference in the predicted velocity elds from these two equations a ects the
predicted solute transport and residence time in the microchannels.

They considered simple electrolyte that dissociated into two equally
charged ions of valence z, z and after de ning the proper dimensionless
groups and variables [2] the considered the following dimensionless equations
as the governing equations of their system:

@n™ + _ 1 2+ + +
gt V9" Tere® " tare® (MO )Fgre? MO )
(2.12)

@n 1 2

ot Y N =5Re® " smeC ™ O ) gre® (M O )
(2.13)
0?2 = 5(n n*) (2.14)
%\t/+v ov= 0P +%o 2y + (n  nt)o (2.15)
0O v =0 (2.16)

Therefore the electroosmotic ows in microchannels are modelled by Egs.
(2.12{2.16).

And for the Poisson-Boltzmann model by considering the following as-
sumptions the reach to the Boltzmann equation which describe the distri-
bution of ions in the electric double layer:

1. lonic distribution is stationary, thus the time derivative term is deleted.

2. Convective transport of ions is negligible. This assumption is exact
for ow through straight channels.

3. Electric double layer does not overlap at the center of the channel.

4. Internal electric eld O is much larger than the externally imposed
electric eld O within the electric double layer.

5. Signi cant variations of n and  occur only in the normal direction
to the channel walls.
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n" =exp( ) n =exp( ) (2.17)
Then they de ned the Poisson-Boltzmann equation for the electric potential
as:
0?2 = sinh( )

And by using equation 2.17, equation 2.15 becomes

%‘t’ +v Ov= OP + %02v+2 sinh( )0 +2 sinh( )0 (2.18)
Figure (2.2) demonstrate the boundary conditions of the NP model and the

PB model for electroosmotic ows through a straight micro channel.

ov/ox=10 n=e®” n=& y=(, v=0 ov/dx=10
on/9x=10 = On' /ox =0
oy/ox =10 | dW/ox=0
P=0 P=0
=0 D=0
(@
ov/ox=0 (0D y=(,v=20 16.1) 3v /3x=10

X
(©)

Figure 2.2: Boundary conditions of the Nernst-Planck model (NP model). (b) Boundary
conditions of the Poisson-Boltzmann model (PB model). (c) Zeta potential pro les
along the microchannel wall [2].

In the next Figure (2.3), you can nd the boundary conditions that
they considered for the irregular microchannel. They concluded for elec-
troosmotic ows through a straight micro-channel the predictions of the PB
model and those of the NP model are almost the same if the electric dou-
ble layer is very thin even for unsteady ows with a large external electric
potential. On the other hand, if the electric double layer becomes thicker a
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Figure 2.3: Boundary conditions for the irregular microchannel. (a) NP model. (b) PB
model [2].

signi cant discrepancy appears between the predictions of these two models
near the region of inhomogeneous zeta potential. For the irregular micro-
channel, the two models predict similar ow elds when the electric double
layer is thin.

However, for a thick electric double layer the prediction of the NP model
deviates from that of the PB model; i.e., the latter predicts a recirculating
ow while the former does not. If we impose a stronger external electric
eld, the predictions from these two models di er even for a thin electric
double layer, resulting in a signi cant deviation in the predicted residence
time distributions of solute particles in the micro-channels.

Model systems covering adhesion of oil to clay-coated substrate were
investigated by Lebedeva et al. 2010 [34], Lebedeva and Fogden 2011 [35]
and Fogden 2012 [36], who observed that kaolinite becomes more water-
wet when decreasing the brine salinity and pH. Oil adhesion to kaolinite
increases at brine ionic strength greater than 0.1 M. This agrees with the
results of Robin et al. 1995 [37] which showed that kaolinite is oil-wet in HS.
The adsorption of polar oil components, asphaltenes, and resins to kaolinite
surfaces diminishes the responsiveness to LSF, particularly after long aging
times. In that particular study, however, clay substrates are fabricated in a
way in which only the top at-lying face was exposed to brine and oil, and
the edges of clays, which tend to behave di erently with respect to electric
charge and oil adhesion, were not exposed.

According to Tombacz and Szekeres 2006 [38] clay minerals, although
often with a dominant negative charge, develop surface-charge heterogeneity
that can in uence the adhesion of oil to clay. On the planar faces, clay
minerals have a structural negative charge, whereas on the edges, the charge
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is variable depending on the pH and brine salinity. Secor and Radke 1985 [39]
showed that at LS the positively charged edge of montmorillonite exhibits
a negative electrostatic eld that implies that the edge of montmorillonite
is not positive at LS.

Then in 2015, Mahani et al. [3] reported a model system that consists of
the essential elements of sandstone rocks Figure (2.4) (i.e., a quartz substrate
coated by clay minerals and bearing oil)

@® quartz
@ clay
@ brine
@ oil

Figure 2.4: Schematic of the wettability change in a porous sandstone rock caused by
LSF [3].

In its fabrication, they impose no preference for clay orientation on silica
(i.e., both edges and planar top faces of clays are exposed, as encountered
in real rocks). their objective was to study systematically the kinetics of
contact-angle change from oil-wetness to oil detachment when exposed to
low salinity (LS) brine.

Figure (2.5) shows a simpli ed sketch of their experimental setup.

In their experiment they used a standard microscope glass slides and to
clean the slides as a crucial step to make sure that any surface contamination
is removed, they used an aqueous solution of the Hellmanex detergent in an
ultrasonic bath for 60 minutes and after cleaning, the slides were rinsed with
an abundant amount of deionized miliQ-water and then were blown dry with
nitrogen.

In the next step, they made 8 to 10 circular-shaped clay patches on the
dried glass side by pipetting from clay suspension. The signi cant improve-
ment in their experiment compared with the previous experiments (pre-
sented in Berg et al. 2010 [40] and Cense et al. 2011 [41]) was that any
synthetic adhesive or glue was not used to immobilize clay particles on the
substrate and the clay adhered naturally to the glass, even when exposed to
brine.

Then, to ensure a direct contact between oil and clay (oil-wetting) they
attached oil droplets to each clay patches separately from a pipette. This
procedure was meant to approximate the initial condition in the reservoir
in which the initially intermediate or mixed-wet condition develops as a
consequence of water Im breakage (e.g., Morrow et al. 1986 [42]; Morrow
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Figure 2.5: Side-view sketch of the experimental setup. Oil droplets adhere to clay
patches on a glass substrate. When the adhesion forces are weakened, caused by the
LS brine, buoyancy forces eventually cause the oil droplet to detach [3].

1990 [29]; Hirasaki 1991 [43]; Kovscek et al. 1993 [44]) that brings oil directly
into contact with rock/clay surfaces. It also showed well-reproducible results
and only very little sensitivity on the actual state of the clay which initially
was not dry because clay always contains the clay-bound water, adsorbed
water, and capillary condensation in small pores between clay aggregates
from the air humidity.

To expose the system to LS and HS brine the considered experimental
procedure was like that, in each experiment the system was rst exposed to
HS brine until the droplet shape reaches a steady state, and then was ex-
posed to LS brines of varying salinity. The switch from HS to LS was made
by owing LS brine from a reservoir at very low rates to avoid hydrodynam-
ically disturbing the system and in each step, the shape of the oil droplets
(each individually) were continuously monitored from the side (horizontally)
by a Charge-Coupled-Device (CCD) camera. Because there was no viscous

ow or ow-driven lift force in the cell, oil shape and release were driven
by the balance of buoyancy and adhesion forces (originating from capillary
and DLVO forces). Because the buoyancy force was constant during each
of the HS and LS phases caused by constant oil volume and approximately
constant density, oil detachment was merely indicative of a reduction in oil
adhesion to the clay and brine ionic strength and composition e ect (also
demonstrated in Berg et al. 2010 [40] and Cense et al. 2011 [41]).
As presented in Figure (2.6) they could track the movement of the droplet
in detail through high resolution images of each droplet.

These images were analyzed and they measured contact angel according
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Figure 2.6: Qil droplet under HS brine and under LS brine [3].

to standard protocols through the denser phase (brine) and contact area
both in the macroscopic region, as shown in Figure (2.7) in which the contact
angle is not in uenced by strong interactions with the solid interface.

Water

/ Macroscopicregion
]

Qil
A <—— Transition region

]
7n
Rock surface 1 1\

h € ——— Microporous clay/filimregion

Figure 2.7: Contact-angle measurement: The measurement is in the macroscopic region
out of the reach of solid-substrate interaction [3].

They observed the signi cant reduction in wetting-contact-angle and -
contact-area during exposure to LS brine and ultimately detachment from
the clay substrate. This behavior is characterized by the motion of the
three-phase (oil/water/solid) contact line that is initially pinned by clay
particles at HS conditions, and pinning decreases upon exposure to LS brine.
When the contact angle reaches a critical value at approximately 40 to 50°,
oil starts to detach from the clay. During detachment, most of the oil is
released, but in some cases a small amount of oil residue is left behind on
the clay substrate.

They illustrated in Figure (2.8) four steps of a typical detachment process
which were consistent with all experimental observation:

1. (Transient) equilibration of adhesion and buoyancy forces in HS.
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2. (Stable) HS equilibrium state with constant contact angle and contact
area.

3. Signi cant change of contact angle and contact area when exposed to
LS brine. In this step of the process, adhesion force between oil and
solid surface is weakened; from the perspective of the oil, the contact
line is a receding contact line, whereas from the perspective of the
water, this is an advancing precursor Im and advancing contact line.

4. Release of oil after necking and increase of contact angle. In this last
step, oil detachment is caused by a snap-o mechanism as a result of
capillary to buoyancy-force imbalance.

Adhesion and buoyancy doéltachment

forces are equilibrating in HS

LS oll

Equilibrium
recovery

Contact angle

Time

Figure 2.8: Typical oil-detachment process from clay: (1) (transient) equilibration of
adhesion and buoyancy forces in HS; (2) equilibrium state when the contact angle and
area no longer change in HS; (3) LS e ect resulting in signi cant change of contact
angle and contact area; and (4) oil recovery following necking and increase of contact
angle [3].

Moreover, their results showed that the oil detachment kinetics dur-
ing exposure to LS is slower than expected. In order to understand this
time scale, they established a radial di usion model that you can see the
schematic of this model in Figure (2.9).

They considered that the di usion process is between the surrounding
LS brine and the thin water- Im layer beneath the oil droplet, and that
initially contains HS brine. By solving the following equation for the given
boundary and initial conditions, they obtained the solute concentration pro-

le within the Im (which was of error-function type) and the di usion time
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Figure 2.9: Conceptual di usion model for replacement of HS brine with LS surrounding
brine [3].

was calculated as the time at which the solute concentration in the center
of the thin Im was lowered to Cps.

0Cs _ Ds @ 0Cs

innerboundarycondition : 0C, =0

Ore=0
outerboundarycondition : Cs(R;t) = Cs

initialcondition : Cs(r;t =0) = Cys

where Cg is the solute species concentration, R is the radius of water

Im = 0:05cm (5 10 4m), and threshold (minimum) dilution factor for

LS e ect to occur in the thin water Im is given as Cg (r;t) = %CHS, which

is consistent with previous observation in Berg et al. 2010 [40] and Cense
et al. 2011 [41].

For the range of di usivity within 10 7% Ds 10 5%, the cal-
culated di usion time was 1:02 10%seconds <t < 2:06 10* seconds (1.7
minutes to 5.72 hours) which was conservative estimate in the sense of esti-
mating upper limits. For instance, the model assumed that the oil droplet
did not detach until the di usion has taken place over the whole Im radius;
in other words, the model assumed that the contact line between oil and the
solid surface did not recede (constant Im radius). However, as observed in
the experiments, the contact line receded (gradually) during exposure to LS
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and that can ease the contact between HS and LS brines, thereby enhancing
molecular di usion. This means that, in reality, for a pure-di usion model,
the di usion times would be even shorter, and the approximated time scale
for a xed domain geometry is an upper limit. So, they explained this un-
expectedly long time constant, longer than expected by di usion alone, by
considering more speci c interactions between oil and clay that are discussed
in more detail in the following.

By imaging the contact area at high resolution they also observed that
the changes in contact angle and contact area when exposed to LS were not
smooth but occur in discrete steps, as depicted in Figure (2.10).
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Figure 2.10: High-resolution data on contact-angle and contact- area changes during
exposure rst to HS and then to LS. The data indicate clearly that the contact line
recedes in steps rather than smoothly [3].

This suggested a process for the detachment of oil [which was driven
by the (constant) buoyancy forces] in which the receding contact line was
locally pinned at clay aggregates, and these pinning sites were successively
weakened by the LS brine through lowering the adhesion between oil and
clay. This view was supported, for instance, by the observation that larger
volume/contact-area ratios lead to shorter detachment times. As depicted
in Fig. 3, an asymmetry might be introduced by the pinning of the contact
line. Therefore, water can only advance if pinning points of the oil break
would give a slight preference for seeing it as a receding line. they de ned
pinning points as the bonds between oil and clay that are the result of speci ¢
interactions (non-DLVO) between polar functional groups of oil (acid and
bases groups) and the charged sites of the clays. The oil/clay interactions
are of di erent types such as divalent-cation bridging, direct chemical bonds,
or acid/base e ects, as generally described in Buckley et al. (1998) [45].

They presented this subject in a more quantitative view as shown in
Figure (2.11) by accounting for variations in droplet volumes and plotting a
quantity that represented the balance of buoyancy forces driving detachment
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over adhesion forces keeping the droplet attached. For convenience, they
used only the key parameters for the detachment/adhesion scaling group,
which they parameterized simply as:

\Y =] detachmentforce
~ adhesionforce

2.20
A [1 CosziniLS] ( )

Where for approximately constant density di erences, the buoyancy forces
scaled with the droplet volume.

Wi (A x (1=Cos (D )2),

0 20 40 60 80 100
Detachment time, hours

Figure 2.11: Oil-detachment kinetics correlates with volume of oil droplet, and oil
adhesion correlates with contact area with clay and contact angle [3].

The buoyancy vs. adhesion ratio displayed in Figure (2.11) showed clear
trend that for smaller detachment-/adhesion-force ratios, the detachment
times are longer.

They also calculated the Bond and capillary numbers to obtain more
insight into dominant forces during oil detachment from the clay substrate.
From the result of their calculation they concluded that in their experiments,
among the capillary, buoyancy, and viscous forces acting on the droplet (be-
sides the adhesion force between the oil droplet and the clay), the capillary
force had the dominant in uence on the shape of the droplet during the
LS process and on the critical detachment angle. After the adhesion force
at the solid/oil interface was weakened by the LS e ect, the capillary force
caused the contact line to move (or recede), and the system reached a new
equilibrium contact angle governed by the relation with surface free energies.

Alternatively, they explained that a possible cause that the kinetics of
wettability change takes longer than commonly assumed could be the ionic
bu ering of clays and the electrokinetic e ects caused by the electric elds
created between the oil and clays in interaction with charged surfaces of oil
and clay (double-layer e ects) that signi cantly in uence the kinetics.

They explained these e ects by using the Nernst-Planck equation that
is based on an electrochemical-potential gradient instead of a concentration
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gradient alone. As we can see in the following this equation has two com-
ponents: electric-potential gradient (O ) and ionic-concentration gradient
(OCs).

@CS Zsecs
ot kT

Because of the physics of the electrochemical potential, these gradients
can be counter-current because of di erent signs of cations and anions. They
mentioned that, in the context of LSF, because of the surface charges of oil
and clay and the con guration of oil and clay, which are separated by a thin

Im, a tunnel of electric eld, through which the ion di usion needs to take
place, is created. In thin- Im dynamics, the transport of ions is signi cantly
in uenced by electric potential, and the second term in the Nernst-Planck
equation can be so dominant as to slow down the transport of counter-ions
signi cantly. Therefore, if this system is negatively charged, there would
be the retention of cations in the thin Im. This means that the outward
transport of cations to the surrendering LS brine would be much slower than
a pure-di usion process.

Figure (2.12) illustrated the concept of this model that was addressed
by the authors [3].

=DsO (OCs+ 0) (2.21)

Cus@t=0 -
. ~ Electric potential field

Figure 2.12: Extended di usion model involving electrostatic forces and electric-
potential eld [3].

They believed that this conceptual model has the potential to explain the
very slow wettability alteration process observed experimentally. To solve
the governing equation (Eqg. 2.21) they required de ning (1) Im geometry
and dimensions; (2) boundary conditions for solute concentration and po-
tential eld at the boundaries of water Im with the surrounding oil, clay,
and brine; and (3) initial concentration of solute and potential eld in the
Im.
So, they clearly presented their mental picture for a potential detachment
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process Figure (2.13), which should be understood as a working hypothesis
for the study of their conceptual model in their next article [4] as follow:

Step 0: At the initial condition, before exposure of clay to HS brine,
oil is forced to contact the clay directly. But although di cult to
measure on rough surfaces (see Lee et al. 2011 [11]; the water- Im
thickness on model surfaces of silica and hydrocarbon phase was mea-
sured with the ellipsometry technique, which is not suitable for rough
surfaces of clays, and no suitable alternative exists yet)-a thin wa-
ter Im is present on the clay, and that originates from the residual
humidity of clays even after drying at ambient humidity (exceeding
20% relative humidity), capillary condensation at corners, and the
structurally-clay-bound water. This water Im limits the direct con-
tact of oil to a reduced contact area with the clay.

Step 1: Exposure to HS brine: Oil and clay come into contact with
HS brine. The (pore) space between oil and clay is lled gradually with
brine, and the DLVO forces between clay and oil in brine solution start
to equilibrate. In the HS brine, the electric double layers of oil and clay
are thin, and the negative surface charge of oil and clay is screened
0 , counteracting the repulsion between oil and clay. At the same
time, the capillary force and the upward buoyancy force exerted on
the droplet start to equilibrate with the adhesion of oil to clay. During
the equilibration, the contact line recedes, and when the adhesion and
buoyancy forces are balanced, the oil/water/clay contact angle reaches
an equilibrium value.

Step 2: Exposure to LS brine: Compositional equilibration of sur-
rounding LS water to the pore space of clays occurs, and the HS water
is gradually refreshed. The transport of ions is limited by di usion
and the ion-exchange capacity by the clay substrate and the thermo-
dynamics of double layers. The reduction in ionic strength caused
by this transport process increases the repulsion between oil and clay,
resulting in electric-double-layer expansion. This expansion destabi-
lizes the oil/clay pinning points; as these bonds break (reduction in
adhesion force), the contact line recedes (in steps, as observed in the
experiment; refer to Fig. 2.12) and the contact angle decreases toward
a more-water-wetting state as a result of the upward motion of the
drop by buoyancy. Ultimately, when the adhesion is low enough, the
oil droplet is released.

This is the conceptual model that they considered in their next study to
investigate the non-monotonic pressure eld induced by ionic di usion in
charged thin Ims [4] but, to reduce the computational complexity, they
assumed a rigid domain. In this thesis rst, we reproduce their results and
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Figure 2.13: Potential process of oil detachment [3]
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then we modify the boundary condition on the right hand side boundary
of the domain to reduce the massive discontinuity which is given by the
current boundary condition for electric potential and ion concentration. The
detailed mathematical model of this study is presented in the next chapter.
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Chapter 3

Numerical Model

In this section we describe a numerical model to demonstrate how disjoining
pressure is changed due to the change of electrostatic forces with time inside
a thin electrolyte Im squeezed between the oil droplet and a clay-covered
glass surface.

It is needed to simulate electric eld and ionic transport by coupling
the Poisson and Nernst-Planck equations. Moreover, stokes equation is aug-
mented by Maxwell stress tensor(MST) to simulate the pressure eld.

3.1 Electric Field

Here we brie y explain the coupled Poisson-Nernst Plank (PNP) model.
The reason that we choose this model is that we have electro-osmotic ow
through a narrow micro channel where the electric double-layer overlaps
around the center of channel. In this case, the Boltzmann equation is not
valid for the ionic distribution and Nernst Plank equation must be employed
to nd a more exact distribution of ions in the electric double-layer. We
know that under non equilibrium condition, the Poisson equation relates
the electric potential ( ) to the net charge density:

o2 = -2 (3.1)

Where is the permittivity of the medium, ¢ is the net charge density as
the di erence between cations and anions and it can be de ned as follow:

>
e = €ZiNaCi (3.2)

Where z; and ny denote the valence of the ion i and Avogadro number,
respectively. Also, e denotes the charge of a proton and c; represents the
mole concentration of the ion "i".

The spatial distribution of ions is given by the Boltzmann distribution
as follows:



zZie
kgT
Where kg is the Boltzmann constant, T is the temperature, and ¢, is the
bulk concentration where is zero (electro-neutral conditions).

We can de ne the Poisson-Boltzmann equation which is applied for equi-
librium initial condition as below:

Ci = Cpexp

(3.3)
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But then under dynamic conditions the Poisson equation is applied, as fol-
lows:

@2 10 @ _ e_ Pezinaci
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3.2 Transport of Ions

In order to demonstrate the ions migration due to the electric eld, we
need to consider Nernst-Plank equation. On the basis of the Nernst-Plank
equation, the mass balance of the nonreactive ion I is given:

5t tO §i=0 (3.8)

i D;
ji =civ kB'TciO i (3.9)
i = na(ezi +kgTIngj) (3.10)

This equation includes advection, dispersion, and electro migration of ions,
in which, D;j denotes the binary di usion coe cient forion I, and ; denotes
the electro-chemical potential of ions. In our study, we do not consider
advection (v = 0).

So for the transport, the Nernst-Plank would be:
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3.3 Total Force acting on Charged Surface in Elec-
trolyte Solution in Electrostatic Condition

For the electrostatic condition we can write the Maxwell Stress Tensor as:

ij = o EiEj % ijEz (3.12)
ij accounts for the stress generated by electrical elds.
as we know (Appendix A), there are two contributions to total force
acting on charged surface. One is related to the electrostatic eld which is
always negative (attractive) and the second term which is positive and hens
repulsive is the osmotic contribution ( ) to total force.
So including osmotic pressure ( ), the Maxwell Stress Tensor can be
written as follows:

1
Tij= 4+ 50 ijE2 oEiEj (3.13)
Where is the osmotic pressure, representing the change in the chemical
potential of the uid due to the presence of ions in the liquid. Because,
e.g., the a nity of water as a polarized liquid for being in one location over

another is highly in uenced by the presence of ions and this is captured by
the electro-chemical osmotic pressure.

3.4 Pressure Evolution Inside the Channel

To calculate the pressure eld inside the Im or channel, the Navier-Stokes
equation augmented with the body force due to electro-chemical potential
of the system is used:

Du
Dt
Where is uid dynamic viscosity, P is pressure, and is uid density.
Based on this relation, the electrostatics and hydrodynamics are coupled
together through Maxwell stress tensor.
Since our study system is under the di usion condition, the advective
velocity eld can be ignored from the Navier-Stokes equation, so we have:

= OP+ OQ%u+0 Tj (3.14)

OP =0 Tjj (3.15)
Where,
O Ty=0 i O jj (3.16)

Please note that O: j; can be also replaced by ¢E, which is the body force
applied to the ions (Appendix B) so,
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O Tij=0 jj eE (3.17)

The osmotic pressure at equilibrium due to the ions in the uid phase only
is given by

= 2NAKkgTcy (318)

Given this de nition, the di erential osmotic pressure, 4, representing the
di erence between the osmotic pressure in the pore and that in the uid’s
reservoir connected to the porous medium, can be de ned as:

d=NAKgT(c"+c 2c) (3.19)

The di erential osmotic pressure is a measure of the a nity of the liquid to
be in the porous medium as opposed to the bulk phase, and this di erential
osmotic pressure shows the amount of the pressure required to stop the
movement of water molecules from the low concentration zone to the high
concentration zone.

Equation (3.19) does not hold under non-equilibrium conditions as the
distribution of ions under non-equilibrium conditions does not follow the
Boltzmann distribution; ¢ &c, exp( )

However, under non-equilibrium conditions the (electro-kinetic) osmotic
pressure can be de ned by substitutingc, =c¢ exp( )inEqg. (3.19). This
leads to the generalized form of the di erential osmotic pressure which is
valid under non-equilibrium and equilibrium conditions:

>
d = NakgT c (1 exp( ) (3.20)

Note that since Eq. (3.19) deals with the di erential pressure compared to
the bulk uid pressure, Eq. (3.20) would also indicate the electro-kinetic
osmotic pressure compared to the bulk uid osmotic pressure.

By solving Egs. (3.15), (3.17), and (3.20), coupled with the mass con-
servation law for an in-compressible uid O v = 0, the pressure inside the
thin Im which is referred to as the dis-joining pressure can be calculated.
By de nition, the dis-joining pressure is the pressure di erence between the
pressure inside the thin Im and the pressure in the bulk solution. The
dis-joining pressure is made of two major components as delineated by the
Maxwell stress tensor: electro-osmotic pressure (due to local concentration)
and electro-kinetic-induced pressure (due to the electric eld).

Since Eqg. (3.20) already includes the di erential electro-osmotic pressure
(which converges to chemical osmotic pressure at equilibrium) the resulting
pressure p, in Eq. (3.15), would only show the di erential pressure induced
purely by the electric eld.
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Chapter 4

COMSOL Simulation

The Finite Element Method (FEM) is a powerful tool in the computation of
highly complex solutions to coupled Partial Di erential Equations (PDEs)
describing physical systems. By subdividing a continuous domain into a set
of discrete sub-domains, called elements, and with enough computing power,
approximate solutions to coupled PDEs can be found. In this thesis, we use
the nite element method provided by COMSOL Multi-physics software.

4.1 Geometry

Since the thin electrolyte Im squeezed between the oil droplet (the top
boundary) and the clay surface (the bottom boundary), it can be idealized
as a disc with axisymmetric properties. The 2D system was modeled as a
fully axisymmetrical geometry with axial coordinate z and radial coordinate
r.

—

i

Figure 4.1: Squeezed Im between oil droplet and the clay surface which is idealized as
a disk with a height of 2h and diameter of 2r, surfaces are assumed to be at [4].
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Figure 4.2: The cross-section of the simulated cylindrical domain with a diameter 2r
and height of 2h. The cylinder is initially eld with an electrolite with higher ionic
strength. The top and bottom boundaries are the charged interfaces, and the right and
left boundaries are open to the electrolite at constant lower ionic strength [4].

Because of the symmetry of the disk, a 2D cross-section of the half-disk is
simulated as shown in Figure (4.3). The channel consists of a rectangular
with height H and length L according to Table (4.1).

16: nm ‘ o
14

|
Ar’._._ >
[

16K T 1 I
-20 -10 0 10

Figure 4.3: A schematic drawing of the geometry, the red dashed line AC represents
the axis of symmetry. The lines AB and CD represent the top and bottom boundaries
which are related to oil and clay surfaces, respectively. BD line is the right boundary
exposed to the bulk uid.
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The Electrostatic, Transport of Diluted Species and Laminar Flow inter-
faces of COMSOL were employed to couple the Poisson (Eq. 3.1), Nernst-
Plank equation (Eg. 3.8) and Stokes equation augmented by Maxwell stress
tensor (Eq. 3.15), respectively.

4.2 Model parameters

In this section, we de ne some parameters used for de ning our geometry
and simulation in COMSOL as shown in Table (4.1). In the next section,
the parameters for each of the governing equations are described.
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Table 4.1: Model Parameters

Name Expression Value Description
L 2 2 dimensionless length
L | lambdaDH 1:9e 8m | cell length
W 0:2 0:2 half dimensionless thickness
H w lambdaDH 1:9e °m | Half cell thickness
Dp le oM le 9™ | di usion coe cient, positive ion
T 298:15K 298:15K | Temperature
Dm Dp le 9%2 di usion coe cient, negative ion
Dref Dp le 9%2 reference di usive coe cient
cbH 1mal 1mol initial electrolyte high concentration
cb 0:1 0:1 dimensionless bulk concentration
ci cb chH 0:1”%—%' bulk concentration
gz 1 1 ion charge
NA 6:22e23 L 6:22e2 L | Avogadro’s number
epsilon0 8:85e 12[(%% 8:85e 12F
epsilon 80 epsilon0 7:1e °[E] | permittivity of medium
e 1:6e P°[s A] 1:6e °C | elementary charge
kB 1:4e 23[%2%] L:4e 2[X] | Boltzmann constant
lambdaDH S‘Lrt((ff)sum kl\?A;) 9:6e °m | Debye length
tD #Zf 3:7e ’s | reference time
delta 0:1 0:1 dimensionless stern layer thickness
lambdas delta lambdaDH 9:6e °m | stern layer thickness
zeta 0:1[V] 0:1Vv zeta potential
sigma0 gpstion KB T 0:0019.5
sigmabar 8 8 dimensionless charge density
gama | (fhmaeresn(cinan’ 8 3 | o7sL
phis (kB §) (2 log((1+(gama exp( w))) 0:0779V

(1 _(gama exp(_w)))))
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4.3 Domain Equations

4.3.1 Poisson-Boltzmann and Poisson Equation

The electrostatic interface in COMSOL Multi-physics is used to calculate
the electrostatic potential in the system.

we speci ed the solvent relative permittivity epsilon according to Table
%.1) and a space charge density of , = 2eNact!sinh k‘;—T (%) and =
ezinaCi on the entire domain to solve for Poisson-Boltzmann and Poisson
equation, respectively. The boundaries AB and CD carry a surface charge
density ¢ = sigmabar according to Table (4.1) and on the boundary
BD the grounding (V = 0) boundary condition was speci ed. A schematic

overview of the relevant boundary condition is presented in Figure (4.4).

Model Builder Settings  Properties
— ld &~ =tEl =~ Elartractatie
4 @ Test{with sinhype definition)steady state osmotic pressure2 ti +
4 (7)) Global Definitions Selection: | All domains
Pi Parameters 1
4 Common Model Inputs
i= Materials -
4 ol Componentl (compl) Active
= Definitions ]
7 Geometry 1 r
== Materials
4 3% Electrostatics (es)
& Charge Conservation 1 ¥ Equation
n )
n@ Axial Symmetry 1 Equation form:
= Zerc Chargel
& Initial Values 1 Study controlled
= Ground1 Show equation assuming:
5 Surface Charge Density 1 Study 1, Stationary
@ Space Charge Density 1
25 Equation View V-D=p,
oy Transport of Diluted Species (ids) E=-VVv
Global ODEs and DAEs (ge)
Global ODEs and DAEs 2 (ge2) ¥ Manual Terminal Sweep Settings
* - 1,
Creep.mg Flow (spf) Reference impedance:
Coefficient Form PDE (¢)
«ry Multiphysics Zref  S0[ohm]
£ Mesh1 ] Activate manual terminal SWEEP
~cn Stuedv 1

Figure 4.4: The electrostatic interface with relevant boundary conditions for Poisson
equation.
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4.3.2 Nernst-Plank Equation

The movement of ions in the solution are handled by the Transport of Di-
luted Species interface. In the Nernst-Plank equation, migration in electric
eld term was included and the existence of two ions (c, and cm), with
valency 1 and 1 respectively, was speci ed. Since our study is under the
di usion condition, we did not consider the convection term and the electric
potential, determined by the electrostatic interface was given as an input.
The temperature T, the di usion coe cients Dy, Dy (%2) and charge
coe cient zi =gz, zi = gz were set to the values given by Table (4.1).
On the boundary AB and CD (Figure 4.3) ano ux ( ¢j = 0) boundary
condition was applied. The concentration of the ion species ¢, and cm(%"
at the BD boundary was set to the constant value 0:1 cf!. A schematic of
the relevant boundary conditions is presented in Figure (4.5).

Model Builder Settings  Properties

t J =~ =StE =~ Transport 0

4 & Test{with sinhype definition)steady state osmotic pressure2 ti 4
4 (@ Global Definitions Label:  Transport of Diluted Species

Fi Parameters 1
£ Common Model Inputs

== Materials + Domain Selection
‘= Componentl (compl)

Name: tds

= Definitions Selection: = All domains
A Geometry 1 B 1
=z Materials
¥ Electrostatics (es)
Active

4 ¥ Transport of Diluted Species (tds)
@ Transport Properties 1
&5 Axial Symmetry 1
23 no flux
D Initial Values 1
£ Concentration 1 ¥ Equation
5 Equation View

Equation form:
Global ODEs and DAEs (ge) 9

Global ODEs and DAEs 2 (ge2) Time dependent
“* Creeping Flow (spf)
S F £+V-|;=RJ
Coefficient Form PDE (c) at L
wry Multiphysics

A Mesh 1 J; =-DN¢; - zju ;F NV

Figure 4.5: the transport of diluted species with relevant boundary conditions.
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4.3.3 Stokes Equation

The creeping ow interface uses the same equation as laminar ow interface
with additional assumption that the contribution of the inertia term is neg-
ligible and this is often referred to as Stokes Flow. This interface provides
the options to calculate the velocity eld and the local pressure p (Pa).
The ow was set to be in-compressible and non-turbulent and the density

= 1000(%) and dynamic viscosity = 0:001(Pa s). On the top and bot-
tom boundaries AB and CD (Figure 4.3), the no-slip boundary condition
was speci ed.

A pressure pp (Pa) on the boundary BD which is equal to the osmotic
pressure of the bulk uid and zero when we solved for the steady state
and transient osmotic pressure, respectively. A schematic overview of the
relevant boundary conditions is presented in Figure (4.6).

Viodel Builder v & Settings Properties

“ I =~ =18 =~ Volume Force
4 & Test{with sinhype definition)steady state osmotic pressur #
4 () Global Definitions Label:  Volume Forcel =

Pi Parameters 1

(¢ Common Model Inputs ¥ Domain Selection

== Materials

, Selection: | Manual -
4 ci= Componentl (compl)
= Definitions - 1 =
7, Geometry 1 E B -
2a Materials Active DI] &
¥ Electrostatics fes) <
<& Transport of Diluted Species [tds) ‘
Global ODEs and DAEs (ge)
Global ODEs and DAEs 2 (ge2)
4 =% Creeping Flow (spf) Qverride and Contribution
2B Fluid Properties 1 .
2B Initial Values 1 Equation
&5 Axial Symmetry 1 ~ volume Force
& walll
4 @ Volume Forcel Volume force:
5 Equation View NA*KB*T*(d(cp,r)+d(cm,i))-F_censt*(c... |r o,
£ Open Boundary 1 NA*KB*T*(d(cp,z)+d(cm 2))-F_const*(c... |z L
§ Equation View
Coefficient Form PDE (¢) | NA*kB*T*(d(cp,z)+d(cm,z))-F_const*(cp-cm)*es.Ez

woy Multiphysics
A Mesh1

Figure 4.6: The creeping ow interface and the relevant boundary conditions.
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4.4 Boundary Conditions

4.4.1 Boundary Conditions w.r.t Article

Here we demonstrate the boundary conditions of electric potential and ionic
concentration. As it can be seen in the Figure (4.7), top and bottom bound-
aries are at constant charge density for the electric potential and no ux
condition for the concentration. The right boundary, exposed to the bulk
uid, is at zero electric potential and a dimensionless bulk concentration of
0:1. the left boundary, being the axis of the cylindrical domain, is at no ux
boundary condition for both electric potential and concentration.

(W) -n. = —Fand (d=¢;) -n- =10
(defr) - ne=0 numerical domain y=0
2| () ne=0 &i=0.1
o (deW)-n, = —& and (ds6i) -n, =0

Figure 4.7: Boundary Conditions

4.4.2 Boundary and Initial Conditions w.r.t Modified Con-
sideration

In this section we need to de ne a proper boundary conditions for both
electric potential and concentration, instead of considering a constant value
of bulk that causes a massive discontinuity in the results. So, we solved our
model for the equilibrium condition using Poisson-Boltzmann equation (Eq.
3.6) with same boundary conditions as explained in Section (4.3.1) except
for boundary BD (according to Figure(4.3)) that we consider zero charge
(n:D =0, %—r = 0) and considering the initial condition of ¢’ = 1[mol=m?3]
and cf! = 0:1[mol=m3], we reach to the electrical potential for the high and
low salinity electrolyte, respectively. Then we use Boltzmann equation (Eq.
3.3) to solve for ion distribution along the channel and along the z direction
at boundary BD for high and low salinity electrolyte respectively.

Finally, to solve for pressure at equilibrium condition the creeping ow
equation (Eq. 3.15) is used by the proper boundary conditions as explained
in Section (4.3.3).

For dynamic condition, all the boundary conditions for concentration
and electric potential remain the same as shown in Section (4.4.1), except
the conditions related to right hand side boundary of the domain (boundary
BD), that for the electric potential, concentration of ions and the pres-
sure, we consider the solution of Poisson-Boltzmann equation at low salinity
equilibrium condition along the z direction by using the interpolation func-
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tion in COMSOL. Also, we consider the 2D solution of Poisson-Boltzmann
and Creeping Flow equation at high salinity equilibrium condition along the
channel to consider as an initial condition for solving the dynamic state.
The results of this section are demonstrated and discussed in Chapter 5.

4.5 Meshing

To employ the nite element method, an appropriate mesh needs to be
created for the system. If the mesh is too coarse, the FEM fails to nd a
suitable approximate solution. When the mesh is too ne, the program uses
a signi cant amount of computing power and a long time to nd a solution.
Ideally, our mesh is just ne enough to arrive at a solution.
We divide our system into two domains. One sub-domain consists of the
rst two debye length near the top and bottom boundaries of the channel,
which is implemented as a Mesh Control Domain. Here, the minimum el-
ement size was set to (lambdaDH=6) and the maximum element size was
set to (lambdaDH=4). For the rest of the geometry, the mesh was set to
extra ne, resulting in element sizes ranging from 0:24nm to 30nm. The
mesh was then created using the built in options of COMSOL Multiphysics,
covering the entire domain in triangular elements. Figure (4.8) shows the
entire meshed geometry.
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Figure 4.8: A screenshot of the entire meshed geometry generated by COMSOL Mul-

tiphysics.
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Chapter 5

Simulation Results

In the following we rst present all the results with respect to the initial and
boundary conditions that are considered in the intended article and you can
nd these results are in good agreement with those of the article.

5.1 Results for Initial Equilibrium State
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0
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0 5 10 15 nm Distance [-]
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Figure 5.1

These gures illustrate the electric potential eld (Figure 5.1(a)) and its
evolution along the channel (Figure 5.1(b)) when system is at equilibrium
at high ionic strength with H = 2nm and L = 20nm. As you can see, by
getting closer to the bulk uid boundary the electric eld gets weaker and
it will be equal to the electric potential of the bulk uid at the boundary

( =0).
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In the following gures you can observe the concentration pro le and
the averaged value of the concentration over the cross section along the
channel of cations (Figure 5.2(a), 5.2(b)) and anions (Figure 5.2(c), 5.2(d))
at the start of simulation with an equilibrium condition at high salinity brine
] when the channel is initially lled with an electrolyte with higher ionic

strength | (cf! = 1m9).
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Figure 5.2
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5.2 Results for Dynamic Condition

Here we demonstrate how the results will change once we expose the domain
to lower ionic strength, (c;* = 0:1%%'). These gures (Figure 5.3(a), Figure
5.3(b)) show the concentration map for cation and anion at the end of the
simulation, respectively. The right boundary of the domain is exposed to
the bulk concentration (0.1) and the concentration elds develop by getting
further into the channel from right to left.

o )
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Figure 5.3

Figures (5.4(a), 5.4(b)) show the dynamics of ionic di usion (the colorful
lines). For this, the value of concentration of ions averaged over the cross
section along the channel for H = 2nm and L = 20nm. As you can see by
getting closer to the bulk uid boundary the di erence between ion concen-
trations becomes smaller as the electric eld gets weaker. Eventually at the
boundary the concentration of ions match the boundary value.

Moreover, it is obviously seen that, although the absolute valence of ions
and their di usion coe cients are the same, cations have much slower out-
ward di usion rate compared to anions as for cations, in all the timesteps
the concentration along the channel is constant and only when we get close
to the bulk boundary it eventually start decreasing while for anions, the con-
centration decreases from the beginning until the end of simulation (Figures
5.4(a), 5.4(b)). So, as a result of ionic di usion, the electric eld enhances
the co-ions di usion.
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In the following, Figures (5.5(a), 5.5(b)) indicate the electric potential eld
and the dynamics of its evolution (colorful lines) along the channel for H =
2nm and L = 20nm, respectively. The blue curve shows the initial condition
(higher ionic strength) at equilibrium condition.
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In this part we investigate how the increasing of channel height or reducing
the overlapping double layers a ects the results.

Electrical Potential [-]

Distance [-]

Figure 5.6

This gure (Figure 5.6) illustrates that in the negatively charged system
by increase of channel height, the electric eld is reduced, and the electric
potential becomes less negative.

The following Figures (5.7(a), 5.7(b)) demonstrate the evolution of aver-
aged value of concentrations for cation and anion along the channel respec-
tively for the condition of H = 10nm and L = 100nm. We can observe that
by increasing the channel height or reducing the overlapping double layers
the cations di usion rate becomes faster and the opposite occurs for anions.
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Figure 5.7

5.3 Results for Pressure Evolution Inside the Chan-
nel

In this section we represent the results of pressure evolution through the
channel for two di erent overlapping conditions. as mentioned in Chapter
3, we considered two formalism to compute the di erential osmotic pressure.
This pressure can be shown by transient osmotic pressure Eqg. (3.20) which
we considered as formalism a, and steady-state osmotic pressure Eq. (3.19)
as formalism b.

Figures (5.8(a), 5.9(a)) show the results for initial equilibrium state that
the pressure is calculated based on the de nition of steady-state osmotic
pressure using Eq. (3.19) forw =0:2, | =2 and w = 1, | = 10, respectively.
In the following, the results for pressure at initial equilibrium state based on
the de nition of the transient osmotic pressure using Eq. (3.20) for w = 0:2,
I=2and w=1,1=10 are plotted in gures (5.8(b), 5.9(b)), respectively.
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