
MESOSCOPIC MODELING OF

CAPILLARITY-WETTABILITY INTERACTION

A thesis submitted in partial fulfillment of the requirements for the

degree of

DOCTOR OF PHILOSOPHY

By

PITAMBAR RANDIVE

DEPARTMENT OF MECHANICAL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI

GUWAHATI 781039, INDIA

SEPTEMBER 2014



TH-1289_10610305



MESOSCOPIC MODELING OF

CAPILLARITY-WETTABILITY INTERACTION

A thesis submitted in partial fulfillment of the requirements for the

degree of

DOCTOR OF PHILOSOPHY

By

PITAMBAR RANDIVE

(Roll No. 10610305)

DEPARTMENT OF MECHANICAL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI

GUWAHATI 781039, INDIA

SEPTEMBER 2014

TH-1289_10610305



TH-1289_10610305



CERTIFICATE

It is certified that the work contained in the thesis entitled “Mesoscopic Modeling

of capillarity-wettability interaction” byPitambar Randive, has been carried

out under my supervision and that this work has not been submitted elsewhere for

a degree.

(Amaresh Dalal)

September, 2014 Assistant Professor

Department of Mechanical Engineering

Indian Institute of Technology Guwahati

TH-1289_10610305



TH-1289_10610305



ABSTRACT

Multiphase flows play an important role, not only in many natural processes, but

also in several industrial applications, such as petroleum processing, fuel cells, power

plants and boiling water reactors. Researchers have invested significant effort over

the last few decades in the development of multidimensional, mathematical models

in order to provide detailed insight into complex interacting multiphase flow situ-

ations. Multiphase flows, in particular two-phase flows have been simulated using

three methods: the volume of fluid, the level set method, and the front tracking

method. These methods consider both phases with one set of equations and use a

separate equation to simulate the behavior of the interface. However, the short inter-

actions between two fluids are difficult to model with these techniques; for example,

on a micro-scale level with the Knudsen number order of unity, the above men-

tioned continuum mechanics approaches are not suitable. On the other hand, the

microscale estimations for such systems based on the molecular dynamics approach

are computationally expensive. The lattice Boltzmann method (LBM), which fo-

cuses on the mesoscale, may be the best choice in such complex flow problems, being

able to capture both macro and micro-flows. Besides being a particle method, the

LBM can easily include interfacial phenomena. Color-fluid model, interparticle po-

tential model, free energy model and mean field theory model are four main lattice

Boltzmann based approaches for investigating two-phase flows. This method also

has the added advantages of being easily coded and parallelized.

TH-1289_10610305



vi ABSTRACT

The present thesis employs Shan and Chen LBM model to simulate the motion

of a droplet and a blob in a microchannel as they are encountered in a wide range of

physical phenomena. Understanding of how two fluids interact with each other and

their surroundings is important in order to control the droplet and blob behavior.

This is particularly important in applications such as fuel cell, enhanced recovery

of oil. For example, in fuel cell, it is necessary to gain insight into the motion of

a droplet in cathode channel etc.. Similarly, it is reported that about 377 million

barrels of oil are left trapped in reservoirs after primary and secondary recovery

processes. Huge research efforts are being directed to enhance the recovery of this

oil. Although, it is difficult to recover all the trapped oil, the enhance oil recovery

process can be made more efficient by the use of excitation by elastic waves. In

this context, the effect of acoustic excitation on oil extraction can be explained with

insight as it has been done by mobilization experiments. Hence, investigation on

mobilization of trapped blob and its dependence on various physico-chemical factors

which include wettability, capillarity induced resonance and geometry needs to be

accomplished in greater rigor.

Keeping these motivations in mind, this doctoral thesis focuses on mesoscopic

modelling of multiphase dynamics. The overall objective of this work is to develop

a comprehensive, predictive framework encompassing pore-scale modeling and the-

oretical analysis which will garner fundamental understanding of the underlying

transport mechanisms involved in liquid displacement. The primary focus is to gain

a detailed understanding of the underlying multiphase dynamics of liquid displace-

ment due to gravitation and acoustic excitation. The detailed research objectives

are given below.

Firstly, numerical investigation has been carried out to study the effect of surface

wettabilities on droplet dynamics. It may be noted that most of the work in this

context explores droplet dynamics on hydrophobic and hydrophilic surfaces. Hence,
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ABSTRACT vii

the present study deals with the droplet motion on superhydrophobic and mixed-

wetted surface in particular. Shan and Chen model of lattice Boltzmann method has

been employed to study the droplet motion. The code is validated with the static

droplet test and bubble test. The motion of droplet is governed by the competition

of capillary force, viscous force and gravity. When the surface wettability is consid-

ered, it also has an influence on the interface profiles. Effect of capillary number and

droplet size on the droplet displacement behavior has been discussed. Next, the de-

pendency of the non dimensional wetted length and wetted area on capillary number

in superhydrophobic region is studied. It was observed that as capillary number in-

creases, the deformation of droplet becomes more due to increase in viscous stresses

along the interface resulting in an increase in both wetted length and wetted area.

However, the increase in the value of wetted length is greater in magnitude than

wetted area. For the non-wetting droplet, both wetted length and area decrease

with time. It was observed that the larger droplet takes little more time to detach

partially or completely as compared to the smaller one. This is attributed to the

fact that the increase in the area of the droplet increases the capillary number along

with velocity. The effect of the walls also becomes increasingly more important due

to the fact that more fluid is pushed through an increasingly smaller gap. Together,

these result in more viscous force and deformation. This may lead to detachment of

all or part of the droplet from the wall or a pinch off from the rest of it at smaller

body force strength.

The surfaces in most of the practical situations do not possess the uniform wet-

tability. It may be noted that suitable alteration to surface chemistry or structure

can improve surface wetting properties. In this context, it would be interesting to

observe the droplet spreading behavior on a surface with mixed wettability. The

droplet detaches from the hydrophobic surface whereas it elongates and spreads on

the hydrophilic surface after some time. As far as the surface with mixed wettability

is concerned, the hydrophilic and hydrophobic nature of the surface keep affecting
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viii ABSTRACT

the changes in wetted length and area of the droplet with time. This leads to the

elongation of the droplet while in motion especially when the droplet lies partially

in both the regions. In general, it is found that the droplet motion is slower in the

case of mixed-wetted surface. In order to understand the spreading and elongation

of the droplet, the time evolution of wetted length and wetted area are plotted for a

surface with mixed wettability. The changes in the wetted length follow the changes

in wetted area but with some delay in time. This happens primarily due to the

tendency of the droplet to spread as soon as it comes out of hydrophobic region

and wetted length again starts increasing following the trend of wetted area. It can

be observed that fluctuations or the magnitude of the change in the wetted area

and the length are more for a surface with more width of mixed-wetted pattern as

compared to one with smaller width. This can be justified on the basis of the fact

that for larger width of the mixed-wetted pattern, the droplet stays in any region

(hydrophobic or hydrophilic) for a longer duration during its motion. This allows it

either to shrink or spread depending on the wettability of the surface. However, for

smaller widths, though fluctuation of wetted length and wetted area are observed

more frequently, effect of wettability alteration is not felt so intensely resulting in

fluctuations of a smaller magnitude.

Since the viscosity ratio also affects the droplet displacement, a separate inves-

tigation has been carried out on droplet dynamics for a range of viscosity ratios

between the displaced and displacing fluid in different wettability scenarios. It was

observed that the nature of deformation of droplet looks similar on hydrophobic sur-

faces irrespective of viscosity ratio as seen from the bending of interfaces. However,

the wetted area reduces with increase in viscosity ratio which indicates a strong

cohesive force which results in lesser contact area with the wall. In case of the hy-

drophilic surface, the capillary force and external forces, such as gravity deform the

shape of the droplet which lies on a wall. Also, the tendency of liquid to wet the

hydrophilic surface leads to more deformation and bending of meniscus as compared
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ABSTRACT ix

to the hydrophobic surface. The spreading of the droplet looks similar irrespective

of viscosity ratio. It was found that the wetted length and area grow monotoni-

cally for the wetting droplet for lower values of viscosity ratio. However, for higher

values of viscosity ratio, the wetted length and area decrease till the droplet gets

detached. This is due to the fact that the area of the droplet adhering to wall for

higher viscosity ratios gets reduced because of the effect of strong cohesive force. On

the contrary, for lower viscosity ratios, the hydrophilicity dominates and hence the

droplet continues to spread and adhere to the wall increasing both wetted area and

length. This shows that for hydrophilic surfaces, the wettability is influential only

at low viscosity ratios. It can be adjudged that displacement of droplet is faster on

hydrophobic surfaces with high viscosity ratio regime. This is justifiable since high

viscosity and hydrophobicity both result in less contact area which assists in moving

the droplet faster along wall. Thus, it can be concluded that high viscosity ratio

and hydrophobicity together form key element for droplet displacement.

The confinement of a droplet also has an impact on its motion. Hence, the effect

of confinement on droplet dynamics has been studied. The simulation has demon-

strated that confinement ratio influences the dynamic behavior of droplet. It is

observed that confinement effect combined with wall wettability plays a significant

role on droplet dynamics. Temporal evolution of wetted length and wetted area

shows that change in droplet morphology is greater at low confinement ratios. How-

ever, the change in the droplet shape depends on wettability also. Droplet shape is

highly affected by wettability and degree of confinement, especially at low capillary

number. More pronounced change in the morphology of the droplet is observed on a

hydrophobic surface as compared to a hydrophilic surface for low confinement ratios.

Earlier efforts in enhanced oil recovery proved that capillarity induced resonance

can be useful in mobilization of trapped blobs. Since the surface wettability tends to

change in the pores, it is imperative to investigate how the mechanism of capillarity
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induced resonance affects the mobilization of blob in different wettability scenarios.

The detailed analysis on mobilization of blob in case of sinusoidal channel and tube

with variyng radius is presented. The overall influence of capillarity-wettability

interaction on blob dynamics has been discussed. The effect of the width of the

channel, amplitude of the force, wettability, viscosity and frequency on blob dynam-

ics have been investigated. Since the blob response is influenced by the structural

resistance owing to the difference in geometries of the domain, the effect of cur-

vature on pore geometry has also been studied. The domains of different shapes

with uniform and varying cross sections studied were namely, rectangular, tubular,

convergent-divergent, sinusoidal and tube with varying radius.

In general, the results of numerical experiments confirm the hypothesis that

trapped blobs can be mobilized by using capillarity induced resonance. It is found

that the mean displacement of the blob and the frequency response changes with

the thickness of the blob and width of channel. The channel with more width shows

more mean displacement for the same volume of the blob. Surfaces with mixed wet-

tability show lesser displacement of the blob as compared to surfaces with uniform

wettability. The displacement of the blob has been observed to be less in the case of

sliding contact line case as compared to pinned contact line. It has been observed

that the mobilization of the blob is governed by the nature of geometry i.e., curva-

ture of surface. The blob trapped in the domain with varying cross sections shows

less mobilization as compared to the one with uniform cross section for the same

input conditions. The study on combined effect of wettability and geometry reveals

that mobilization is more for hydrophobic surfaces on geometries with uniform cross

section. However, effect of geometry and wettability are not so significant at a high

capillary number. In a nutshell, the optimal use of resonance frequency can be very

decisive for obtaining maximum displacement. This could be of great practical im-

portance while dealing with mobilization of trapped blobs.
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The investigation is further extended to understand the behavior of two-phase

flow through porous media. The advancement of the front of the fluid moving

through porous microstructure has been analyzed. It may be noted that the fluid

advancement through porous media mainly depends on the relative magnitude of

capillary force, pressure gradient and acoustic force. Although the role of capillary

force is of special importance in a porous medium and governs the displacement; the

study reveals that the displacement of the fluid through porous media also depends

on parameters like wettability of the surface and frequency along with the porosity.

It is observed that vibration in the form of acoustic excitation can be significant

in the mobilization of fluid through the porous media. The mean displacement of

the fluid is more in the case of wetting invading phase. Flow through the porous

media over a range of porosity have been discussed. The study further emphasizes

the importance of an optimal excitation of the fluid flow based on the frequency of

excitation, amplitude of force applied and surface wettability for the mobilization

of fluid flow which may be useful in porous networks. The thesis is concluded with

a summary of the main findings and recommendations for future work.
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Chapter 1

Introduction

1.1 Background and Motivation

Multiphase flows are common in several engineering applications. The relevant ex-

amples are petroleum processing, fuel cells, power plants and boiling water reactors.

The significant amount of research effort has been focused to understand the phys-

ical mechanisms underlying multiphase flows owing to its complexity. This has led

to the development of multidimensional, mathematical models to gain insight into

the complex interacting flow situations. The modeling of such flows have been done

with three methods: the volume of fluid, the level set method, and the front tracking

methods. These methods consider both phases with one set of equations and use

a separate equation to simulate the behavior of the interface. However, the short

interactions between the two fluids are difficult to model with these techniques;

for example, in a micro-scale regime with the Knudsen number around unity, the

continuum mechanics framework is not suitable. On the contrary, the microscale

estimations for these systems dependent on the molecular dynamics approach are

computationally expensive.

The lattice Boltzmann method (LBM), which focuses on the mesoscale, may be the

prime choice in such complicated flow problem, being capable to reveal macro and

micro-flows. Besides being a particle method, the LBM can easily include inter-

facial phenomena. Color-fluid model [2], interparticle potential model [3, 4], free

energy model [5] and mean field theory model [6] are the four main lattice Boltz-
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mann (LB) based approaches for exploring two-phase flows. This method also has

the added advantages of being easily coded and parallelized. The present thesis em-

ploys LBM Shan and Chen model [3] to simulate the motion of a droplet and a blob

in a microchannel as they are encountered in a wide range of physical phenomena.

Understanding of how two fluids interact with each other and their surroundings is

important in order to control the droplet and blob behavior. This is particularly

important in applications such as fuel cell, enhanced recovery of oil. For example,

in fuel cell, it is necessary to gain insight into the motion of a droplet in cathode

channel etc.. Similarly, it is reported that about 377 million barrels of oil is left

trapped in reservoirs after primary and secondary recovery processes [7]. Huge re-

search efforts are being directed to enhance the recovery of this oil. Although, it

is difficult to recover all the trapped oil, the enhance oil recovery process can be

made more efficient by the use of excitation by elastic waves. In this context, the

effect of acoustic excitation on oil extraction can be explained with insight as it

has been done by mobilization experiments. Hence, investigation on mobilization of

trapped blob and its dependence on various physico-chemical factors which include

wettability, capillarity induced resonance and geometry needs to be accomplished in

greater rigor.

With these motivations in the mind, this doctoral thesis focuses on mesoscopic mod-

elling of two-phase dynamics. In this regard, comprehensive literature review has

been presented in the following section followed by research objectives.

1.2 Review of Literature

The main aim of this research work is to study the effect of physico-chemical proper-

ties which includes wettability, geometry, capillarity induced resonance on transport

phenomena in multiphase flows. In this regard, displacement behavior of droplet,

blob in a channel and fluid flow through porous media has been undertaken for the

present research work. A detailed review of the literature on the droplet and blob

dynamics along with fluid flow through porous media is given below.
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1.2.1 Literature review on droplet motion

Droplet dynamics in confined geometries is of paramount importance in the field

of multiphase flows in porous media, network of channels, for understanding phys-

iological flows from microfluidic technology to fuel cell design and spray painting.

The droplet dynamics is influenced by heterogeneities on the surface. However,

with the arrival of microfabrication techniques, manipulation of the chemical or

topographical patterning of a substrate is attainable on micrometer length scales.

This leads to the possibility of revealing the new physics for novel applications.

Superhydrophobic substrates on the leaves of the lotus plant is one such example.

These surfaces strongly repel the water droplets which show the contact angles up

to 160o [6, 8] as a result of the topological patterning. This can be compared to

conventional ways of increasing the contact angle. It is possible to achieve an angle

of more than 120o with surface coatings and chemical modifications of the substrate.

Continued developments of multiphase flows require understanding of droplet traf-

fic, drop break up, drop resistance etc. [9]. Kang et al. [10, 11] have studied the

displacement of the two and 3-D immiscible droplet in a channel. They investigated

the effect of the wettability and capillary number on droplet dynamics. It is well

known that superhydrophobic surfaces lower drag owing to combined effect of hy-

drophobicity and roughness. Superhydrophobic surfaces reduces the viscous drag

of thin micro channels when compared to simple smooth channels. It also prevent

the clogging or adhesion of suspended analytes [12]. Further, a very large contact

angle can be obtained in case of a hydrophobic texture with a modified surface pro-

file [13]. Thus the enhanced mobility of liquids on superhydrophobic surfaces make

them self cleaning. This leads to rolling of droplets instead of sliding under gravity

and rebound instead of spreading upon impact [14].

1.2.1.1 Experimental investigations

Many researchers have conducted experimental investigations on superhydrophobic

surfaces to investigate the drag reduction abilities. Wang and Hashimot [15], Choi

and Yang [16] and Ou et al. [17] have fabricated the surfaces which lower pressure

loss by 19%, 14 %, and 40 %, respectively. Tsai et al. [18] have experimentally in-

vestigated impact dynamics of droplets on superhydrophobic surfaces consisting of

regular polymeric micropatterns and rough carbon nanofibers. They have observed
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that the influence of atmospheric air pressure is negligible in the parameter regime

of Weber number (We) between We ≥ 120 to We ≤ 150. Francois et al. [14] have

established the experimentally relevant limit of thin channels and obtained rigor-

ous bounds on the effective slip length for any two-component (e.g., low slip and

high slip) texture with given area fractions. Among all anisotropic textures, par-

allel stripes attain the largest (or smallest) possible slip in a straight, thin channel

for parallel (or perpendicular) orientation with respect to the mean flow. Tighter

bounds for isotropic textures further constrain the effective slip. They argued that

their results provide a framework for the rational design of superhydrophobic sur-

faces.

Reyssat et al. [19] have described a few characteristics of rebounds of droplet impact

and present new experiments where impact is accompanied by remarkable patterns

directly related to the existence of a texture on the solid surface. Kwak et al.

[20] have used measurements of water droplet impact dynamics to characterize the

influence of surface energy on the wetting transition. They also discussed the sta-

bility of the fabricated superhydrophobic surface and also provided the guidelines

for the design of stable nano structured surfaces that are non wetting with respect

to water. Feuillebois et al. [12] have presented theoretical results to optimize trans-

verse hydrodynamic phenomenon in superhydrophobic channels. They worked on

the micro and nanofluidic geometry of a parallel plate channel with an arbitrary

two-component low-slip and high-slip coarse texture. They have optimized the pa-

rameters like area fractions, geometry, orientation of the surface texture and slip

lengths to increase transverse flow based on rigorous bounds on permeability and

over all possible patterns.

1.2.1.2 Numerical investigations

In recent past, several researchers have investigated droplet dynamics numerically.

Mukherjee et al. [21, 22] have discussed the mesoscopic model to study the effect of

the wettability and pore structure on liquid transport and interfacial dynamics in

fuel cell. They studied capillary dominated transport in the catalyst layer and the

effect of the mixed wettability on the flooding dynamics in the gas diffusion layer

(GDL). Mukherjee et al. [23] and Wang et al. [24] has given an excellent critical

review on progress and prospects of pore-scale modeling for two-phase transport in
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the fuel cell. Adroher and Wang [25] investigated the air-water two-phase flow in a

single flow channel of polymer electrolyte membrane (PEM) fuel cells. Cho et al.

[26, 27] studied the droplet dynamics in a microchannel through theoretical, exper-

imental and numerical analysis. They examined forces on water droplet, droplet

deformation and detachment. Hao and Cheng [28] simulated liquid transport in

gas diffusion layer of a fuel cell using LBM to study the influence of wettability on

transport dynamics in GDL.

Salah et al. [29] simulated the two-phase flow in a of a polymer electrolyte membrane

fuel cell using the lattice Boltzmann method to analyse the drainage performance

of the fuel cell gas channel. Chang and Alexander [30] investigated the behavior of

a microscale fluid droplet on a heterogeneous surface. They studied the effect of the

width of hydrophobic strip, wettability, gravity and initial location of the droplet

relative to the strips on spreading behavior of droplet. Zu and Yan [31] analysed

the droplet dynamics on partial wetting surfaces using lattice Boltzmann method.

They analysed the dynamic behavior of droplet on partial wetting surfaces to study

the droplet breaking up, migration and spreading, etc. Huang et al. [32] studied

the droplet behaviors on substrates with controlled wettability by using the lattice

Boltzmann method. Sinha and Wang [33] studied liquid transport in a mixed-wet

gas diffusion layer of a fuel cell. They commented that there is a need for controlled

polytetraflouroethyene (PTFE) treatment and proposed wettability-tailored GDL.

Meanwhile, numerical studies on superhydrophobic surfaces includes the work by

Lauga and Stone [34] who discussed the slip velocity in channels using computational

fluid dynamics (CFD). Davies et al. [35] investigated the influence of roughness on

pressure drop using commericial software Ansys Fluent. However, these investiga-

tors have not included the influence of surface wettability. Zhang and Kwok [36]

employed the by the mean field free energy lattice Boltzmann method to study the

dynamic behavior of liquid columns in microchannels. Osborn et al. [37] used the

free energy approach to propose a LB multiphase and multicomponent model. He

et al. [38] developed LB multiphase model with the kinetic equation for multiphase

flow.

An insight into the droplet dynamics explaining the rheological behavior is essen-

tial to understand the nature of droplet dispersions which is of utmost interest for
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several industrial applications, e.g., cosmetics and food emulsions. In this context,

the droplet dynamics have been studied by several researchers [39, 40] both, ex-

perimentally and theoretically. A comprehensive review is given in several recent

reviews [41]. Borhan and Mao [42] have investigated the deformation of axisym-

metric droplets in straight capillaries for a range of droplet to fluid viscosity ratios,

droplet sizes and capillary numbers (Ca). They have observed that the deformation

of the droplet increases with viscosity ratio. However, for large Peclet number (Pe),

the shape of the droplet becomes independent of the viscosity ratio. For the lower

viscosity ratios, the internal flow is eliminated due to Marangoni stresses which im-

mobilize the surface of the droplet. In case of higher viscosity ratios, the surface

velocity and internal flow remain very small irrespective of the effects of surfactants.

Manga [43] numerically studied the deformable drops for high viscosity ratios. He

reported the tendency of the droplets to aggregate and form clusters. Dimitrakopou-

los and Higdon [44] found the yield conditions for a two dimensional droplet sticking

to a plane solid surface in a shear flow for a wide range of Bond number (Bo), Ca

and viscosity ratios. The dynamic behavior of viscous and inviscid droplets is found

to be qualitatively different. Schleizer and Bonnecaze [45] discussed the dynamics

of two-dimensional liquid droplet between parallel plates in a pressure-driven flow.

They reported that the deformation of the droplet increases with the viscosity ratio.

Boonen et al. [46] have investigated the effect of varying the balance of shearing

and elongational flow components and changing viscosity ratio on the deformation

and orientation of the droplets.

Several researchers used lattice Boltzmann Shan and Chen (S-C) model [10,

11, 21] to study contact line problems due to its interaction potential based ap-

proach. Also, it is simple to implement boundary conditions in complicated porous

structures. Moreover, it is easy to handle fluid phases with different densities, wet-

tabilities and viscosities and is capable to incorporate different equations of state

using this model. However, the primary focus in these studies has been to simu-

late the contact line motion and to study the corresponding displacement behavior.

Mukherjee [21] investigated 3-D droplet motion using D3Q19 two-phase Shan and

Chen LB model on a patterned channel wall with varying wettability. Immiscible

displacement on solid wall is a moving contact-line problem and the two-phase. The

mixed wettability refers to the varying wetting characteristics of the solid wall com-

prised of hydrophilic (HI) and hydrophobic (HO) regions. Fakhari and Rahiman [47]
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have studied falling droplet using LBM for a range of Eotvos and Ohnesorge (Oh)

numbers. Zhang and Kwok [48] discussed the wetting phenomenon and contact line

dynamics of droplet confined between two superhydrophobic surfaces using mean

field free energy lattice Boltzmann model. They reported two regimes for the flow

velocity as a function of surface roughness which is a function of flow resistance and

driving force.

Gunstensen et al. [2] have proposed a LB model based on a two component lattice

gas model. Hazlett and Vaidya [49] have carried out simulation of a propagating

captive droplet in a virtual capillary tube of defined equilibrium contact angle using

Gunstensen LBM model to examine different Hysteresis effects and demonstrated

that the LBM model can be calibrated to yield local contact angle assignments.

Aminfar and Mohammad [50] used free energy based lattice Boltzmann (LB) model

for modelling and simulation of microsized droplet. They studied transport and

spreading behavior of a microsized fluid droplet on a flat substrate owing to electro-

wetting. They further developed new relations for surface tensions on the basis of

free energy functional minimization. Cui et al. [51] used SC LBM model to sim-

ulate channel flow with different surfaces. Mukherjee and Abraham [52] used the

two-phase axisymmetric lattice Boltzmann model to study the drop impingement on

dry walls for range of Weber number, Ohnesorge number and drop wall equilibrium

contact angle. They have investigated the effect of contact angle during drop spread

and recoil on impact outcomes. Kawasaki et al. [53] used Gunstensen LBM model

for 2D simulations of contact-line motions to reproduce the hysteresis phenomena

without the implementing the slip model, similar to the one in the continuum me-

chanics based simulations.

In summary of the above review regarding the studies on droplet motion, it can be

inferred that the effect of wettability on the dynamics of immiscible displacement

of droplet has been studied extensively [10, 11, 22, 45, 54, 55]. Most of these stud-

ies have focused on droplet dynamics on hydrophobic and hydrophilic surface only.

The droplet motion on superhydrophobic surface is also explored by few investiga-

tors [36, 56, 57]. However, the effect of important parameters like contact angle,

capillary number and droplet size on droplet dynamics over the superhydrophobic

and mixed-wet surface remain largely overlooked. Also, the viscosity ratio is the key

factors which govern the dynamics of the displacement of the fluid. The interfacial
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instability is observed when fluid filling the voids of a porous medium is displaced

by a less viscous one [58, 59]. In the present work, a mesoscopic model, based on the

two-phase lattice Boltzmann formulation is presented to elucidate the role of surface

wettability and viscosity ratio on the droplet dynamics in microfluidic confinements.

1.2.2 Literature review on displacement of fluid using acous-

tic effect

Enhanced oil recovery (EOR) uses the methods like steam, water, and gas flood-

ing; hydraulic and explosive fracturing; injection of surfactants etc.. However, these

methods has many limitations with some undesirable side effects. For instance, some

methods are costly, need shutting in production, or may create harmful ecological

consequences. These impediments have forced engineers and geophysicists to find

for new methods of stimulation. In particular, the use of elastic wave stimulation

has been proposed, not as a replacement for conventional EOR techniques, but as

an alternative or complimentary tool which, in certain situations, may make con-

ventional methods more efficient. Numerous observations during the last 50 years

show that seismic wave excitation may enhance oil production due to appreciable in-

crease in the mobility of fluids. Many case studies and laboratory experiments/tests

[60, 61, 62] have confirmed the effect of elastic waves on the permeability of satu-

rated rock. In the next section, review of the methods and results of enhanced oil

recovery achieved by the use of elastic waves is discussed.

1.2.2.1 Experimental investigations

Mobilization of blobs entrapped by capillary forces has been actively studied by

petroleum engineers due to its relevance to oil recovery. Gardescu [63] performed

experiments to ascertain the pressure required to mobilize an isolated bubble of gas

entrapped in a pore constriction. He used Laplace‘s law of capillary pressure for

an explicit determination of the pressure needed to overcome the capillary entrap-

ment. Taber [64] conducted several experiments to correlate the volume of mobilized

oil phase with a parameter ratio ∆p
Lσ

, where σ is the interfacial tension and ∆P is

the pressure drop across the length of the porous core sample (L). Several field

observations and laboratory experiments [65] has illustrated that capillary induced

resonance can significantly enhance the recovery of non wetting fluids from porous
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media.

Continuous research/industrial efforts were made around 1980s to understand earth-

quake effects owing to the use of vibrators above a targeted zone. However, these

attempts did not succeed due to lack of commercial viability. Roberts et al. [66]

experimented on cylindrical sand packs saturated with water and offered laboratory

evidence of seismic stimulation. Further, Li et al. [67] conducted experiments on

flooding of water across a glass plate applied with and without vibrations in the

direction of flood. Thereafter, Occidental of Elk Hills (Oxy) has employed in-situ

seismic stimulation to enhance the recovery of oil in declining reservoirs [68]. Oxys

seismic-stimulation project at the declining Elk Hills Field near Bakersfield, Cali-

fornia (USA) have reported an improved oil recovery and increased flow. Since the

1970s, this turned out to be the first departure from variants on traditional stim-

ulation methods like polymer, thermal, microbial and chemical to be introduced

commercially.

Hilpert [69] modelled the dynamics of the trapping forces and blob mobilization

to understand the behavior of the three-phase contact lines. These contact lines

might slide if sound waves are applied or remain pinned to the heterogeneities of

the solid surface. Hilpert et al. [70] proposed the hypothesis that oil blobs trapped

in porous media also exhibits meniscus resonances like the liquid column trapped

in a capillary tube. They further argued that the pinned contact lines is observed

not only for oscillatory flows but also for oscillatory vibrations of the solid surface.

It is seen that pinned contact lines occur in natural porous media due to their sur-

face roughness and chemical heterogeneities and hence it is more likely to result

in nonexistence of sliding contact lines. They suggested that sliding contact lines

can be seen only in case if the solid phase is covered completely by a film of liq-

uid primarily due to no contact between the contact lines and the defects of the

solid surface. For such systems the three-phase contact line is not seen. Hilpert

[1] suggested that blobs (binary large object) shows resonance due to inter facial

tension in porous media and these blobs can be excited by capillary induced reso-

nant frequency. Lattice gas automata incorporates with sound wave propagation in

the small perturbation. Numerical and theoretical method for sound wave technique

was simulated by Margolus et al. [71]. Chen et al. [72] proposed a model to simulate

linear sound wave without considering the sound wave as a small perturbation limit.
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It may be noted that all the work done by Hilpert et al. [1, 70] is for two dimensional

domain. In this work the author intend to explore it further for 3-D domain. The

objective of the present work is to apply another LB multiphase multicomponent

Shan and Chen model to understand the capillarity-induced resonance of blobs in

porous media to obtain new perspectives on solutions reported in the literature. In

this study, authors intend to investigate the dynamic behavior of a 3-D immiscible

blob in a channel using Lattice Boltzmann S-C model.

1.2.2.2 Numerical investigations

Many investigators work in the area of sound propagation in porous media saturated

with multiple immiscible fluids and tried to explore contact line dynamics explicitly

[73, 74, 75, 76, 77] but could not provide expressions for the resonances. Hilpert

et al. [70] have presented quantitative assessment of whether resonances occur for

the frequencies used in a given multiphase porous media system. The use of elastic

waves to the subsurface [78, 79] enhances the efficiency of water flooding of oil reser-

voirs. Beresnev and Johnson [80] reviewed use of elastic waves. It is well known

that the recovery of non wetting phase blobs is difficult just by imposing a flow on

the surrounding wetting phase. This is particularly due to the large wetting phase

velocities required and also is restricted to longer blobs along which the pressure

gradient in the wetting phase can impose a greater force [81, 82, 83]. This is the

major barrier in the process of oil extraction from its natural reservoir or non aque-

ous phase liquid (NAPL) contamination from water-wet aquifers. Vapor extraction,

in situ biodegradation, surfactant flushing, cosolvent flushing, steam injection etc.

are the methods used for mobilization of trapped non wetting phase blobs.

Notable works in this area include Dimon et al. [84] and Charliax and Gayvallet [85]

who have studied the resonance of a meniscus in a capillary tube resulting from an

imposed oscillatory flow. They concluded that the response of the meniscus depends

on the chemical and geometrical properties of the solid, the flow amplitudes, and

the frequency. Iassonov and Beresnev [86] theoretically explored the effect of low

frequency sonic vibrations on the flow of non aqueous phase liquids through a porous

medium. They mainly focussed on the yield stress rheology of the pore filling fluid

and capillary trapping and found that both produce the similar behavior at the
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macroscopic level which are important to understand the mobilization of fluids in

the reservoir with acoustic stimulation technologies. They further established the

fact that vibrations can considerably reduce the value of minimum pressure gradient

needed to mobilize entrapped fluid and increase the average flow rate. They claimed

that the vibrations are most effective in the zones of relatively low pressure gradients.

They further reiterated that application of sound can increase the efficiency of oil

recovery methods [65].

Palan et al. [87] have used vibro-acoustics method to remove the water for the

better fuel cell performance. The motion of water droplets was achieved by applying

acoustics excitation. They compared different approaches to obtain the minimum

energy required for the formation of droplet for the input excitation frequency and

amplitude. Buick et al. [88] generated the sound wave by implementing the sinu-

soidal source. The wave generated by sinusoidal source is compared with inviscid

shock wave concept with the solution of Bergers equation. Flow through porous

media assuming the single pore as periodically constricted tube [89, 90, 91] and

the total pore space represented by a network of tubes [92], is studied extensively.

In most of the studies, the randomly varying geometry is modelled as a tube with

sinusoidally varying cross-section for studying the single-phase flow [93]. It is well

known that the recovery of non wetting phase blobs in porous media by imposing a

flow on the surrounding wetting phase is cumbersome. This is solely due to the large

wetting phase velocities required and also is limited to longer blobs along which the

pressure gradient in the wetting phase can impose a greater force [81, 82, 83]. This

is the major hindrance in the process of oil extraction from its natural reservoir or

non aqueous phase liquid contamination from water-wet aquifers.

1.2.3 Literature review on simulation of two-phase trans-

port in porous media with acoustic excitation

Understanding the multiphase flow and the transport problems in a multifluid porous

medium is useful in many applications, e.g. fuel cell, oil extraction etc. In such cases,

the functional relationship between capillary pressure, saturation and interfacial area

are the key determinants for modeling the interfacial mass transfer, including the

problems such as non aqueous phase liquid dissolution. The information about the

fluid phase distribution is a must along with the fluid saturation to characterize the
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NAPL dissolution adequately [94, 95]. This is so because the distribution of fluids

at the pore scale controls both the interfacial area between the fluid phases and the

relative permeability of the medium to each fluid. Reeves and Celia [96] developed

the network model for establishing these relationships. Zhao et al. [97] investigated

the collision between a liquid droplet and a porous surface. They employed a novel

multiphase LBM using new interaction potential functions. The simulation is also

carried out for the droplet collision with a porous surface. The unique feature of

this simulation is that both the droplet scale flow and pore scale flow are directly

simulated at the same time. Hilpert and Ben-David [98] proposed a model for infil-

tration of droplets into porous media that considers not only dynamic contact angle

of the droplet but also hysteresis of the equilibrium contact angle.

Earlier investigation in this context is done by Saffman and Taylor [99] in which the

displacement of one fluid by another one in a Hele-Shaw cell is discussed. Larson

et al. [100] explained the correlation between the residual saturation of non wet-

ting phase in porous media after displacement by a wetting phase and the capillary

number. Dullien [101] has described the experiments and modeling on drainage type

displacement in porous media. Jamaloei et al. [102] characterized pore-scale flow

of low-interfacial tension flow through mixed-wet porous media with various pore

geometries. Flow through porous media considering the single pore as periodically

constricted tube [89, 90, 91] and the complete pore space represented by a network

of tubes [92] is studied widely.

The displacement of immiscible fluids had been studied by many researchers [10,

11, 103, 104]. Dawson et al. [105] have studied the trapping and release of bubbles

from a linear pore. They observed that the release of bubble is possible only if the

work of the pressure forces over the length of the trap is greater than the surface

energy needed for the trapped bubble to come back in the constricted square tube.

Mondal et al. [106] have simulated motion of water droplet in fuel cell flow channels

with hydrophilic surfaces to analyse the effect of surface wettability properties.

Recently Kang et al. [107] have presented thorough review on recent develop-

ments in lattice Boltzmann method for reacting flows in porous media. Kang et

al. [108] reported application of lattice Boltzmann method for mesoscopic mod-

elling of physico-chemical transport phenomena in porous media. They simulated

TH-1289_10610305



1.3 Research Objectives 13

the two-phase behavior and flooding phenomena in fuel cells and electro osmosis

in homogeneously charged porous media and stated that lattice Boltzmann method

can be used for capturing physics at the fundamental scale for multiple, coupled

physico-chemical processes in these systems. In this context, it is proposed to study

dynamics of multiphase flow in 3D porous structures under acoustic excitation.

To this extent, although substantial research, both theoretical and experimental,

has been conducted as far as the the dynamics of the droplet as well as blob and

fluid flow through porous microstructure is concerned; there is serious paucity of

fundamental understanding about the overall capillarity-wettability interaction in-

fluencing the transport of two-phase flow. This in turn leads to the outstanding

questions pertaining to the dynamics of fluid flow which can be resolved using LBM

modeling of these fluid flow. LBM modeling is promising in unveiling the intricate

capillarity-wettability transport interactions because of its mesoscopic nature. This

will allow excellent versatility to explore transport phenomena due to the detailed

information available at the microscopic level.

1.3 Research Objectives

The primary focus of the present work is to gain a detailed understanding of the

underlying multiphase dynamics of liquid displacement due to gravitation and acous-

tic excitation. The work is focused on exploring the role of surface wettability on

droplet dynamics. An attempt is made to understand the effect of physico-chemical

parameters like droplet size and capillary number on droplet displacement behavior.

It is well known that surfaces in most of the practical situations do not possess

the uniform wettability. Hence, the study is also conducted on mixed-wet surfaces.

Since the viscosity ratio also affects the droplet displacement, a separate investiga-

tion is carried out on droplet dynamics for a range of viscosity ratio between the

displaced and displacing fluid in different wettability scenarios. Furthermore, the

effect of confinement on the droplet dynamics has also been studied.

As earlier discussed, the enhance oil recovery process can be made more efficient

by using the acoustic excitation which could induce oscillations of the trapped oil

blobs, thus increasing the mobility of the trapped blobs [1, 69, 70]. Earlier efforts
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in this area proved that capillarity induced resonance can be useful in mobilization

of trapped blobs. Since the wettability scenarios tend to change in the pores, it

is imperative to investigate as to how the mechanism of capillarity induced reso-

nance behaves in different wettability scenarios. In present work, mobilization of

trapped blobs due to capillarity induced resonance in varied wettability scenario

has been explored. The overall influence of capillarity-wettability interaction on

blob dynamics is discussed. The effect of the width of the channel, amplitude of

the force, wettability, viscosity and frequency on blob dynamics are investigated.

Since the blob response is influenced with the structural resistance owing to the

difference in geometries of the domain, the effect of curvature of pore geometry is

also studied. The domains of different shapes with uniform and varying cross sec-

tion studied were namely, rectangular, tubular, convergent-divergent and sinusoidal.

The investigation is further extended to understand the behavior of the two-phase

flow through porous media. An advance front of the fluid moving through the

porous microstructure is analyzed. It may be noted that the fluid advancement

through porous media mainly depends on the relative magnitude of capillary forces,

pressure gradient and acoustic force. Although the role of capillary forces is of special

importance in a porous medium and governs the displacement; the present study

attempts to explore the effect of capillarity induced resonance on displacement of

the fluid through porous media for different wettability and porosity configurations.

The study further emphasizes the importance of an optimal excitation of the fluid

flow based on the frequency of excitation, amplitude of force applied and surface

wettability for the mobilization of fluid flow which may be useful in porous networks.

1.4 Thesis Overview

The work is presented in self contained chapters. The overall structure of this report

is as follows:

A thorough literature review on droplet motion, blob dynamics and fluid flow

through porous media including both experimental and numerical investigation is

given in chapter 1. The LBM formulation with S-C model is discussed in chapter

2 in detail along with a analytical model implemented for studying the capillarity

induced resonance. Also, the validation of the code and methodology is described
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in this chapter. The static droplet test and bubble test are carried out to calibrate

the model. The validation results show good agreement with that of the reported

literature.

Chapter 3 discusses the importance of fundamental understanding of droplet dy-

namics and the concomitant implications of wall wettability. The mesoscopic illus-

tration, based on the two-phase lattice Boltzmann model, of droplet dynamics in

a microchannel is presented in order to unveil the role of superhydrophobicity and

mixed wettability. The impact of critical physico-chemical determinants, including

capillary number and droplet size is explored in the context of droplet-wettability

interactions. Temporal evolution of wetted length and wetted area for a combination

of wettability scenarios is furnished in detail in order to elucidate the droplet dis-

placement dynamics. In chapter 4, the influence of wall wettability and viscosity on

droplet dynamics are discussed to understand the viscosity-wettability interaction.

Temporal evolution of wetted length and wetted area for a combination of viscos-

ity ratios and wettability scenarios is furnished in detail in order to elucidate the

droplet displacement dynamics. It is observed that capillary number and viscosity

ratio play an important role with disparate droplet behavioral patterns stemming

from uniform and mixed-wet wall scenarios. Chapter 5 describes the effect of con-

finement on the droplet displacement behavior.

Chapters 6 and 7 discuss the analysis of mobilization of trapped non wetting phase

blob owing to capillarity induced resonance in a sinusoidal channel and tube with

varying constriction respectively. The study deals with the displacement of a three

dimensional immiscible blob subject to oscillatory acoustic excitation using the lat-

tice Boltzmann method. Both pinned and unpinned (sliding) configurations are

studied. The effect of the width of the channel, amplitude of the force, wettability,

viscosity and frequency on blob dynamics are investigated. Comparative analysis of

effect of geometry on the mobilization of trapped blob is also presented.

Chapter 8 explains the dependence of mobilization of blob on geometrical config-

uration in conjunction with capillarity induced resonance. In this context, lattice

Boltzmann Shan and Chen model is employed to investigate the mobilization of

a three-dimensional immiscible blob subject to acoustic excitation trapped in the

channels of different geometrical configurations. The influence of physicochemical
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parameters which include geometry, wettability and frequency on blob dynamics is

discussed. The role of geometry on mobilization of the trapped blob is studied to

understand the structure-wettability relationship.

Chapter 9 describes the influence of the microstructure and wetting characteristics

on the underlying two-phase behavior subjected to acoustic excitation. The dynamic

behavior of the fluid flow has been explored based on displacement of the fluid for

different set of conditions namely, wettability, porosity and forcing strength i.e., the

acoustic excitation applied. In this regard, numerical experiments have been devised

in order to evaluate the time evolution of saturation and displacement of the fluid

flow as a direct manifestation of the underlying pore morphology. Finally, the main

findings and suggestions for future work are summarized in Chapter 10.
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Chapter 2

LBM Formulation and Its

Validation

2.1 Introduction to Lattice Boltzmann Method

Macroscopic physical property of matter depends on the physics of its microscopic

constituents. It is very useful to understand and simulate the underlying micro-

scopic physics for determining macroscopic physical properties, as we can see from

the advances in material science and biology those have resulted from quantum and

molecular simulations. In the past few decades, the relation between the Boltzmann

equation and Navier-Stokes equation for the study of multiphase dynamics has been

topic of extensive research [109, 110]. LBM originated from lattice gas Automata

uses different kind of non conventional techniques for application in computational

fluid dynamics. Since lattice gas automatic (LGA) suffered from some drawbacks

such as lack of Galilean invariance, statistical noise and unphysical solution, LBM

was developed to overcome these difficulties of LGA.

LBM can be perceived as a simplified fictitious molecular dynamics model in which

time, space and particle velocities are discrete inspired from kinetic theory of gases.

It describes the state of fluid at the computational node using set of real numbers

which are defined as ‘population’. The populations are analogous to microscopic

density function of Boltzmann equation. These populations are convected in dis-

crete time steps from one lattice to the other. The populations are relaxed towards
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18 LBM Formulation and Its Validation

local equilibrium value between every convection. The mass and momentum is con-

served in relaxation step. This is done in much similar way as in respect of particle

collision in kinetic theory. In LBM, collision operator is linearized by Bhatnagar-

Mesoscopic

Microscopic

Macrocopic

Averaging

Averaging

Ensemble

Simplification

T

ρ −→u

Figure 2.1: Concept of scale bridging in the lattice Boltzmann model

Gross-Krook (BGK) collision model [111]. In this approach it is believed that the

macroscopic dynamics of a fluid is basically the result of collective behavior of sev-

eral microscopic particles which does not specifically depends on the details of the

microscopic phenomena shown by the individual molecules. LBM describes the

macroscopic behavior of fluids, although describing the fluid in a microscopic way

through its use of stable and efficient numerical calculations (see Fig. 2.1). The

kinetic nature of the LBM presents three important aspects. The first one is linear

convection operator in phase space (or velocity space). Hence, the computational

efforts are greatly decreased as compared to conventional methods. Secondly, using

an equation of state the pressure calculation can be done. In conventional methods
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2.1 Introduction to Lattice Boltzmann Method 19

solving the Poisson equation for the pressure is subjected to numerical difficulties

which need special treatment. Finally, the LBM uses a minimal set of velocities

in phase space. In the phase space of the traditional Boltzmann equation with the

Maxwell equilibrium distribution complete functional space is considered and the

averaging process involves information from the whole velocity phase space. How-

ever, one or two speeds along with a few directions are used in LBM . This makes

the transformation relating the microscopic distribution function and macroscopic

quantities extremely simple (see Fig. 2.1). As a result it can be seen that an in-

creasing number of researchers simply use LBM as an optional method compared to

conventional numerical methods.

2.1.1 Evolution of LBM: From lattice gas cellular automata

to lattice Boltzmann models

Historically the evolution of LGA up to the development of LBM can be described

briefly in following stages.

1. Hardy et al. [112] in 1973 proposed the LGA using square lattice with discrete

particles residing on a corner. In 1986, Frisch et al. [113] removed the problem

of non isotropy by introducing the use of hexagonal lattice to establish the

isotropy.

2. In 1987 Frisch et al. [114] used lattice Boltzmann equations at the cradle of

lattice-gas cellular automata to calculate the viscosity of LGCA.

3. Lattice Boltzmann models as an independent numerical method for hydrody-

namic simulations were introduced by McNamara and Zanetti [115] in 1988.

The main motivation for the transition from LGCA to LBM was the attempt

to get rid of noise. The Boolean fields were replaced by continuous distribu-

tions over the face centered hyper cubic (FCHC) and Frisch, Hasslacher and

Pomeau (FHP) lattices. Fermi-Dirac distributions were used as equilibrium

functions.

4. In 1989, linearization of collision operator by Higuera et al. [116] made LBM

simple.
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5. In 1991, introduction of a single relaxation parameter by Chen et al. [117]

made LBM simpler which is widely accepted as LBGK (Lattice Bhatnagar

Gross-Krook) method. Boltzmann distribution instead of Fermi-Dirac distri-

butions was employed.

The LBM utilizes the probability distribution function to determine a particle at

a certain time and at a certain location. Therefore, the method does not track a

separate molecule, as in molecular dynamic simulations. However, a whole ensemble

of molecules (particle) gives the probability distribution function. The macroscopic

variables such as, density, velocity or shear stress are calculated by taking the inte-

gration of the probability distribution function in velocity space. The LBM can be

First−Principle−Based model

approach

(Navier−Stokes Equations)

PDE’s 

Molecular dynamics (MD), 
Lattice Gas (LG), 

Lattice Boltzmann (LB), 

Bottom−up

Fluid dynamics (CFD)

Fine−scale computational

(Navier−Stokes Equations)

PDE’s 

Top−down
approach

Discretization Multi−scale analysis

Figure 2.2: Top-down and Bottom-up approach in numerical simulations

considered as a particle method in comparison with the traditional method, though

being able to recover continuity macroscopic variables. The method is the bridge

between continuity approaches as in all conventional CFD methods, and compu-

tationally demanding molecular dynamic (MD) simulations. In MD Simulation,
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the microscopic scale of simulations is visible only for very small systems owing

to computer resources requirements. It is impractical to apply MD for macroscale

problems. On the other hand, it is very inconvenient to use conventional CFD for

complicated flow problems owing to the difficulties of tracing moving boundaries,

modeling interaction between phases, handling surface tension at the macroscale

level, etc. In fact, the method does not compete with the two well established meth-

ods (CFD and MD) but bridges the gap between them and thus becomes an ideal

scale bridging numerical scheme, depicted schematically in Fig. 2.2.

The LBM covers the region between the macro (the so called mesoscopic world) and

micro worlds, utilizes the benefits of both earlier mentioned methods. This offers

the combination of the best of both methods: the large scale resolution of contin-

uum methods with the geometrical flexibility of particle methods. Also, the kinetic

nature of the LBM makes it easy to incorporate many physical phenomena into the

LBM because they can be always explained on the molecular level. LBM can be

applied easily to solve complex phenomena such as moving boundaries (multiphase,

solidification, and melting problems).

The first-principle-based approaches solves the governing partial differential equa-

tions (PDE), namely the Navier-Stokes (N-S) equations to solve the underlying

transport processes. The PDEs can be computed by using either the coarse-grain

approach i.e., the bottom-up approach or by fine scale conventional CFD methods,

the so called top-down approach (see Fig. 2.2). The MD, LG and LB methods

comes under the bottom-up approach category. With a given set of suitable bound-

ary conditions, the governing differential equations can be properly discretized on

a computational grid using standard CFD techniques, namely finite volume, finite

difference, or finite element methods. LBM is based on fundamental equation given

by Ludwig Boltzmann whose great achievement was in the development of statistical

mechanics, which describes how the properties of atoms and molecules (microscopic

properties) determine the phenomenological (macroscopic) properties of matter such

as thermal conductivity, viscosity and diffusion coefficient. The distribution function

i.e the probability of finding the particle at certain location in finite range in certain

time replaces the tagging of each particles as in molecular dynamic simulations. The

idea of distribution function results in a huge saving of computer resources.
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2.1.2 LBM vs N-S equation solver

As a numerical tool, the lattice Boltzmann method is different from incompressible

Navier-Stokes equation based methods as follows [118].

1. N-S equations are second order PDEs whereas LBM consists of a set of first-

order PDEs (kinetic equations).

2. Navier-Stokes equations contain nonlinear convection terms whereas the con-

vection terms in LBM are linear.

3. Lattice Boltzmann equation is basically the discretized kinetic equation and

Navier-Stokes equation however, can take integral or differential forms.

4. LBM depends on lattice structure; Navier-Stokes equations are in vector form

which does not depend on the coordinate and grids.

5. The Navier-Stokes solver normally uses iterative procedure to obtain a con-

verged solution; the LBM is explicit in form and do not require iterative pro-

cedures.

6. In LBM, the boundary conditions are expressed in the form of particle distri-

bution functions.

Also it is known that there is no continuum assumption involved in the LBM. Since

LBM is based on Boltzmann equation which is valid for the whole range of Knudsen

number, it is very convenient to use in microflow simulation.

2.1.3 Lattice model structure

Lattice Boltzmann method and its predecessor lattice gas method takes into account

the behavior of a collection of particles, consisting of large number of molecules,

moving on a regular lattice, thereby decreasing the degrees of freedom of the sys-

tem instead of tracking all the individual molecules. These particles residing on

the nodes of lattice structure interact according to a velocity distribution function.

These particles stream along given directions (lattice links) and collide at the lattice

sites.
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Lattice Boltzmann models can be worked with a number of different lattices, both

triangular and cubic, and with or without rest particles in the discrete distribution

function. The usual way of categorizing the various methods by lattice is the DnQm

scheme. Here ‘Dn’ indicates for ‘n’ dimensions while ‘Qm’ stands for ‘m’ speeds. For

example, D3Q19 model as shown in Fig. 2.3 is a three-dimensional lattice Boltzmann

model on a cubic grid, with rest particles present. Lattice model incorporates a rest

1 13

2

4

5

6

78

9
10

11

12

13

14

15

18

0

17

16

Figure 2.3: D3Q19 lattice structure schematic

particle in discrete velocity set because the LBM models with rest particle have

more computational stability and reliability. Each node with crystal shape can

stream particles to each of the six neighboring nodes which share a surface. The

eight neighboring nodes shares a corner and itself. Mostly the simulations using

lattice Boltzmann method, δx is taken as a basic unit for lattice spacing. If the

length of the domain is L and has N lattice units along its entire length, the space

unit is defined as δx= L/N . Speeds in lattice Boltzmann simulations are describes in

terms of the lattice speed. The discrete time unit can therefore be given as δt =
δx
c
,

where the denominator c is the lattice speed.

2.1.4 Boltzmann transport equation

Boltzmann equation gives the probability of the particles positions in the phase

space. A statistical description of a system can be given by distribution function
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f(r, c, t) where f(r, c, t) is number of particles at a time t located between r and

r + dr which have velocities between c and c + dc. An external force F acting

on a gas molecule of unit mass changes the velocity of the molecule from c to

c+ F dt and its position from r to r + cdt. The number of molecules, f(r, c, t),

before the application of external force is equal to the molecules after disturbances,

f(r + cdt, c+ Fdt, t+ dt), if no collisions take place between the molecules. Hence,

f (r + cdt, c+ Fdt, t+ dt) drdc− f (r, c, t) drdc = 0. (2.1)

If collision takes place between the molecules, the number of molecules will be dif-

ferent at a location in the interval drdc. The collision operator (Ω) gives the rate

of change between final and initial status of the distribution function. Hence, the

equation for evolution of the number of the molecules can be given as,

f (r + cdt, c+ Fdt, t+ dt) drdc− f (r, c, t) drdc = Ω(f)drdcdt. (2.2)

Dividing the above equation by dtdrdc and as the limit dt −→ 0 gives,

df

dt
= Ω(f) (2.3)

The above equation gives the total rate of change of the distribution function is

equal to the rate of collision. Since f is a function of r, c and t, the total rate of

change can be expressed as,

df =
∂f

∂r
dr +

∂f

∂c
dc+

∂f

∂t
dt (2.4)

For the system without external force the Boltzmann equation can be stated as,

∂f

∂t
+ c · ∇f = Ω(f1, f2) (2.5)

where collision operator Ω is given by

Ω (f1, f2) =

∫ ∫

σ (α) |u− v| [f1 (u
′) f2 (v

′)− f1 (u) f2 (v)] dvdα (2.6)

Here σ (α) is differential collision cross section for the two-particle collision which

transforms the velocities from u, v (incoming) into u′, v′ (outgoing). The position

in physical space is denoted by x and the velocity in the momentum (or velocity)

space is denoted by u, v. α is the solid angle in which the particles are scattered.
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2.1.5 BGKW approximation

Boltzmann equation is difficult to solve since the collision term in the equation is

complex. Bhatnagar et al. [111] introduced a simplistic model for collision opera-

tor. They approximated the collision operator with simple linear operator without

introducing considerable error to the outcome of the solution in 1954. Welander

[119] independently, introduced similar operator at the same time. The BGK col-

lision model substitutes a huge amount of the two-body collision details with some

qualitative and average properties of the original Boltzmann collision operator. This

collision integral is based on several assumptions [120]. The particles are considered

to interact by way of two-particle collisions only. This presumes that the interac-

tions involving more then two particles can be assumed to be insignificant since

large amount of details of two-body interactions is not likely to affect significantly

the values of experimentally measured quantities. For all two-particle collisions, it

is assumed that they appear locally in a sense that they take place at a single point

x (i.e. not in between). A similar condition holds true for time t, it is considered

that the time duration of a collision is negligible. Particles involved in a collision

are supposed to be uncorrelated and the collision itself is modeled assuming that

the collisions are elastic. Thus, the kinetic energy and especially momentum are

conserved. The velocities before collision are denoted by u and v, and the velocities

after collision by u′ and v′. Since the collision is elastic the following two equations

have to be fulfilled (note that particles have same mass).

u+ v = v′ + w′ (2.7)

u2 + v2 = |u′|2 + |v′|2 (2.8)

Complicated collision integral is replaced by a single time relaxation term. This

term is chosen in such a manner that it imitates specific properties of the original

collision integral.

Ω = ω(f eq − f) =
1

τ
(f eq − f) (2.9)

where ω= 1
τ
, ω is called as collision frequency and τ is called as relaxation time

factor. Inserting BGKW approximation the Boltzmann equation can be written as,

∂f

∂t
+ c · ∇f =

1

τ
(f eq − f) (2.10)
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The discretized equation can be written as given below

∂fi
∂t

+ ci · ∇fi =
1

τ
(f eq

i − fi) (2.11)

The explicit lattice Boltzmann equation should be solved in two steps: a streaming

step and a collision step. The update order may be changed without changing the

simulation itself, i.e., first the streaming and then the collision (stream-collide) or

first the collision and then the streaming (collide-stream). Each step can be viewed

as solving a part-equation. LB method makes use of first order discretizations of

the dimensionless discrete velocity Boltzmann equation in both time and space.

The dimensionless time step and lattice spacing are set equal. With these effects

included, the LB method is a second order method in both space and time for the

simulation of the N-S equations.

2.1.6 Equilibrium distribution function

The most important element in applying the lattice Boltzmann method is equi-

librium distribution function f eq. Equations for solving the energy, momentum,

diffusion and advection are same and only difference is in equilibrium distribution

function. Maxwell has given an equation for particles moving with macroscopic

velocity u is called as Maxwell distribution function written as,

f =
ρ
2π
3

e−
3

2
(c−u)2 (2.12)

Above equation can also be written as

f =
ρ
2π
3

e−
3

2
(c2)e3(c·u−u

2)/2 (2.13)

where c = lattice speed and u = macroscopic velocity of particle. Hence, Maxwell

equation can be expanded around stationary state as,

f =
ρ
2π
3

e−
3

2(c2)
[

1 + 3 (c · u)− 3

2
u2 + ...

]

(2.14)

The general form of equilibrium distribution function can also be written as,

f eq
i = Φωi

[

A+Bci · u+ C (ci · u)2 +Du2
]

(2.15)

In above equation A,B,C,D are the constants which can be calculated by conser-

vation of mass, conservation of momentum and conservation of energy. Φ is scalar
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parameter such as density (ρ), temperature (thermal energy density), or species

concentration. Summation of all of these parameter is equal to one.

Φ =

i=n
∑

i=0

f eq
i (2.16)

fk
i (x + ciδt, t + δt)− fk

i (x, t) = −f
k
i (x, t)− f

k(eq)
i (x, t)

τk
(2.17)

For D3Q19 model f
k(eq)
i has the following form.

f
k(eq)
i = dknk −

1

2
nku

eq
k · ueq

k for i = 0 (2.18)

f
k(eq)
i =

1− dk
12

nk +
1

6
nk (ci · ueq

k ) +
1

4nk
(ci · ueq

k )
2 − 1

12
nku

eq
k · ueq

k (2.19)

for i=1,2,3,...6

f
k(eq)
i =

1− dk
24

nk +
1

12
nk (ci · ueq

k ) +
1

8
nk (ci · ueq

k )2 − 1

24
nku

eq
k · ueq

k (2.20)

for i=7,8,......18

ci =



























(0, 0, 0) i = 0

(±1, 0, 0) , (0,±1, 0) , (0, 0,±1) i = 1− 6

(±1,±1, 0) , (±1, 0,±1) , (0,±1,±1) i = 7− 18

(

cks
)2

=
(1− dk)

2
(2.21)

Where dk is a free parameter, which relates to speed of sound cks of pure kth com-

ponent. It should be noted that the macroscopic quantities like density and mean

velocity are calculated by taking the moments of the distribution function as given

below.

nk =
∑

i

fk
i (2.22)

where nk is the number density of kth component. The macroscopic density and

momentum density of each component are calculated as below.

ρk = mknk = mk

∑

i

fk
i (2.23)
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ρkuk = mk

∑

i

cif
k
i (2.24)

The kinematic viscosity in lattice unit is

νk =
(2τk − 1) (cks)

2

6
(2.25)

where cs is the speed of sound of a region of pure kth component, mk is mass of

kth component and τk is relaxation parameter. The total density and momentum

density of multicomponent flow are given by

ρ =
∑

k

mk

∑

i

fk
i (2.26)

ρu =
∑

mkρkuk (2.27)

When the local equilibrium distribution is properly chosen through the Chapman-

Enskog expansion, one can recover governing continuity and Navier-Stokes equations

from Eq. 2.17 [121].

2.1.7 Streaming step

During this step, the particles of a lattice moves to the neighboring sites along the

D3Q19 discrete velocity directions as shown in Fig. 2.4. It can be observed that,

Before streaming After streaming

Figure 2.4: Pre-streaming and post-streaming conditions in LBM
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the particles of the middle cell moved to the neighboring cells whereas the particles

of the neighboring cells moved to the middle cell. The velocity direction is conserved

by the streaming, i.e., particles that move along the north direction from the source

cell have reached at the north direction in the destination cell and so on. The

corresponding equation part is

f (x, t+ δt) = f (x) (2.28)

2.1.8 Collision step

After arriving at the new cell, the fluid particles are subjected to collisions that

modify the distribution function, relaxing it toward the equilibrium state. It is

assumed that the collision take place between two particles approaching each other

(exclusion principle) at node node only (not in between the nodes) (see Fig. 2.5).

A particles change their velocity i.e., momentum during collision before they finally

reach equilibrium (see Fig. 2.6).

f (x, t + δt) = f (x)− 1

τ
(fi − f eq

i ) . (2.29)

2.1.9 Boundary conditions in LBM

2.1.9.1 Bounce back (no slip) boundary condition

Since solid boundary cells cannot have fluid neighbor cells on one side, the streamed

particles are reversed (no-slip boundary condition). In this boundary condition, as

a particle distribution streams to a wall node, it scatters back to the fluid node in

the direction of its incoming link. In halfway bounce back, the wall is considered to

located at halfway between a fluid node and a bounce-back node. In one time step

a fluid particle goes to the boundary site, reverses its velocity and comes back.

2.1.9.2 Free-slip condition

Since boundary cells can not have fluid neighbor cells on one side, the streamed

particles are reflected in their component normal to the wall (free slip boundary

condition) as shown in Fig. 2.8. In this case, the tangential motion of the fluid
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Before collision After collision

Figure 2.5: Two particles collision in LBM

on the wall is free and no momentum exchange with the wall takes place along the

tangential component.

2.1.9.3 Periodic boundary condition

In periodic boundary condition, the system becomes closed by the edges being

treated as if they are attached to opposite edges. By using periodic boundary

condition, boundary effects of the simulation domain can be ignored. The cubical

(rectangular in 2D) simulation box is replicated throughout space to form an infi-

nite domain. When a particle moves in the simulation box, its periodic image in

every one of the other boxes moves in exactly the same way. Thus, as a particle

leaves the simulation box, one of its images will enter through the opposite face.

Figure 2.9 shows the mechanism of applying a periodic boundary condition in the

horizontal direction in a 2D simulation domain. Special attention should be given

to the corner sites. For example, for the site at the right-bottom corner of a D2Q9

domain, f1 will go to the left-bottom corner site, f4 to the right-top corner and f8

to the left top corner. Such boundary treatment will become more complicated for

3D and/or geometrically more complex systems. The example given below shows
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After Collision

Before Collision Equilibruim Distribution 

Figure 2.6: Collision process in LBM
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Figure 2.7: Bounce back and post-streaming conditions in LBM
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Figure 2.8: Free slip condition in LBM schematic
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Figure 2.9: Periodic boundary condition in LBM

(see Fig. 2.10) typical application of periodic boundary condition in 2D. The figure

shows that in the domain near line m

f4a=f4b, f7a=f7b, f8a=f8b

whereas for the distribution near line n

f2b=f2a, f5b=f5a, f6b=f6a

2.1.9.4 Mirror/symmetry boundary condition

In some situations, the advantage of symmetry can be taken to significantly reduce

the computation requirement. In LBM, one can just imagine that the fluid properties

(actually, the distribution function f ’s) on one side of symmetric plane are mirror

reflection of those on the other side (see Fig. 2.11). The distribution functions from

the image sites are set to be equal to their images on boundary sites

f3 = f1 , f4 = f2 , and f6 = f5.

2.1.10 Lattice Boltzmann algorithm

In LBM, domain (space) is divided into a regular lattice (for instance, a D3Q19

cubic lattice). The real numbers at each site indicates the particle distribution

function at that location. It is equal to the probable number of identical particles in
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Figure 2.10: Periodic boundary condition in LBM
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Figure 2.11: Mirror boundary condition in LBM
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each of the available particle states i. In this method, each particle state i is given

by a particle velocity, which is limited to a discrete set of velocities. During each

time step, particles move, or hop, to the nearby lattice site along their directions of

motion.

Particles ‘collide’ with other particles those arrive at the same site. The result of

the collision is found out by solving the kinetic (Boltzmann) equation for the new

particle distribution function at that site and the particle distribution function (fi)

is modified and updated. First operation in each time step ∆t of the calculation is to

stream the particles to the next lattice along their directions of motion. In general,

the units are taken such that the distance to nearest neighbors δx and ∆t are unity.

This gives c = 1 and the lattice vector ci numerically becomes equal to the velocity

of the particles moving in direction i. If the mass of each particle is set equal to

unity, the momentum in direction i at site x and time t is just fi(x, t)ci. The second

  calculation of local equilibrium distribution 

towards equilibrium state (collision step)

Propagation of density distributions depending  

on their movement direction (streaming step)

Bounce back boundary condition at obstacles 

Relaxation (local shifting of the density distribution)

Calculation of macroscopic density and velocity

Figure 2.12: Algorithm in LBM

operation is basically the simulation of particle collision, which leads to scattering of

the particles at each lattice site in various directions. The collision rules are chosen

to keep the sum of the fi’s remain unchanged (i.e., no particles are lost). The total

energy and momentum at each lattice site are conserved. Generally “bounce back”

boundary condition is imposed to ensure that the particles have zero average velocity

at the walls (both perpendicular and parallel to the walls). Any flux of particle

that collides with a boundary/wall simply reverses its velocity making the average
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velocity at the boundary zero. The result of collisions is simply approximated by

assuming the redistribution of the momenta of the interacting particles at some

constant rate toward an equilibrium distribution. This simplification is known as the

single time relaxation approximation. The momentum distribution at each lattice

site is pushed toward the equilibrium distribution at each time step in single time

relaxation approximation. The equilibrium distribution of a state with zero net

momentum equals the amounts of momentum in each direction in the absence of

external forces. A fluid simulation with the lattice Boltzmann method is therefore a

repetition of the streaming and collision steps until equilibrium is reached or until a

given end-time. The entire solution procedure is schematically shown in Fig. 2.12.

2.1.11 Multiphase model

The mixing or the separation of the phases is basically the result of interactions at

the microscopic level between the fluid molecules. This underlines the existence of

a long range interparticle force between the fluid molecules which can be defined

in terms of interaction potential. Shan and Chen (S-C) model proposed by Shan

et al. [3] introduces a non-local interaction between particles at neighboring lattice

sites. An arbitrary number of components depending on the amount of computer

memory available, with different molecular masses can be simulated in this model.

Interaction potentials for each of the components control the form of the equation

of state of the fluid. The interaction between the particles of different components

are incorporated in the kinetics through a set of potentials. It may be noted that

the collision operator does not conserve total particle momentum at each site owing

to the inclusion of interparticle interactions,. However, the total momentum of the

whole system remains conserved. The interaction results in an extra momentum

transfer flux among the lattice sites. The separation of fluid or fluid mixture into

different phases depends upon the interaction potentials.

The multicomponent multiphase LBE model by Shan et al. [3] also considers the

BGK collision term. Main distinction lies in determination of equilibrium veloc-

ity to include the interaction between different fluid component. The separation of

fluid phases or components in the S-C model is automatic. This is significant im-

provement in numerical efficiency as compared to original LBM multiphase models.

This model improves the isotropy of the surface tension and is preferred because of

its convenience in handling fluid/solid interaction. The interaction force between
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the particles of kth component at location x and k′ th component at location x′ is

assumed to be proportional to the product of their effective mass ψ (ρk).

F1k(x) = −ψk (x)
∑

x′

s
∑

k=1

Gkk̄ (x,x
′)ψk̄ (x

′) (x′ − x) (2.30)

where Gkk̄ (x,x
′) is called as the Green’s function such that

Gkk̄ (x,x
′) = Gkk̄ (x

′,x) (2.31)

In a multi-phase system, the coexistence of both phases is possible only at critical

temperature whereas for the multicomponent case, the components are immiscible

i.e., do not mix up in the absence of diffusion in the system, i.e., for null or negative

diffusion coefficient. In the interaction force these aspects are modelled with the

help of the Green function. The Green function is defined as follows in D3Q19.

Gkk̄ (x,x
′) = gkk̄ for |x− x̄| = 1 (2.32)

Gkk̄ (x,x
′) =

gkk̄
2

for |x− x̄| =
√
2 (2.33)

Gkk̄ (x,x
′) = 0 otherwise (2.34)

Gkk̄ (x,x
′) > 0 leads to repulsion and Gkk̄ (x,x

′) < 0 leads to attraction between

the particles. While a large value of Gkk̄ (x,x
′) makes the interface sharper, it

can lead to numerical instabilities since it increases the interaction force and thus

the spurious velocities. Interaction potential V (x,x′) can be expressed in terms of

Greens’ Function as

V (x,x′) = Gkk̄ (x,x
′)ψk̄ (x

′) (x′ − x) (2.35)

2.1.12 Effective masses

Other vital parameter of the S-C model is the effective mass of the phase or com-

ponent. It is basically a function of the density and so far no direct derivation

from physical laws has been found like fluid-fluid interaction parameter Gc has been

related to the temperature or the diffusion coefficient. There is currently no deter-

ministic way to map the fluid properties to a given effective mass. Although each

fluid should theoretically have a different effective mass, Shan et al. [3] proposed

ψ (ρ) = ρ0

[

1− e
−

ρ

ρ0

]

(2.36)
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which simplifies by assuming ρ0 = 1 to ψk = f (ρk(x)) which is a function of x

through its dependency on nk. For S-C model, a two components system can basi-

cally be modeled in following ways.

1. The molecules of the same substance attract each other then gkk not equal to

0. If molecules have no interaction with the molecules of the other substances

then gkk′ = 0. As stated above an attraction is modeled by a negative value

of Gc = gkk′

2. The molecules of the same substance have no interaction with each other, then

gkk = 0 and repel the molecules of the other substances when gkk′ 6= 0. So a

repulsion is modelled by a positive value of Gc = gkk′.

3. The molecules of the same substance interact with each other then gkk 6= 0

and as well as with the ones of other substances gkk′ 6= 0.

2.1.13 Inclusion of interaction into the lattice Boltzmann

method

With the interaction force known, it needs to be incorporated in the normal lattice

Boltzmann scheme. This is included by using an altered velocity in the equilibrium

distribution function. The new momentum taking the interaction force into account

is given by the parameter ueq
k which is determined by the following relation.

ρku
eq
k = ρku

′ + τkFk (2.37)

where u′ is a an extra component on the top due to inter particle interaction which

is added for each component. Total force acting on the kth component is give by the

following equation.

u′ =

(

s
∑

k=1

ρkuk

τk

)

/

(

s
∑

k=1

ρk
τk

)

(2.38)

The Interactive force between the fluid and wall is given as

F2k (x) = −nk (x)
∑

x′

gkwnw (x′) (x′ − x) (2.39)

where

nw= number density of the wall, which is a constant at the wall and zero otherwise.
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gkw= interactive strength between the component k and the wall.

F2k is the force that is perpendicular to the wall. Hence, it does not effect the no slip

boundary condition. gkw is negative for wetting fluid and positive for non wetting

fluid. Body force is given by,

F3k = ρkg = mknkg if the driving force is gravity

F3k = ρkW(t) if the driving force is acoustic excitation

where

W(t) = W(0) + δW(t)

where W(0) and δW(t) is a constant body force and perturbation respectively.

It may be noted that equation of state is used to calculate pressure as given below:

P =
∑

k

(1− dk)mknk

2
+ 3

∑

k,k̄

gk,k̄ψkψk̄ (2.40)

Total force can be calculated as

Fk = F1k + F2k + F3k (2.41)

where,

F1k = Fluid fluid interaction

F2k = Fluid solid interaction

F3k = External force

2.2 Static and Dynamic Contact Angle

Wettability studies usually comprise of the contact angle measurement as one of the

primary data, which reflects the degree of wetting when a solid and liquid interact.

The liquid moves to expose its fresh surface and to wet the fresh surface of the solid

in turn. This implies that the phenomenon of wetting is not merely a static phe-

nomenon.Although, the present work assumes the static contact angle throughout

the study of capillarity-wettability interaction, the brief discussion on static and

contact angle is given below for the sake of completeness.
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2.2.1 Static Contact Angle

When an immiscible droplet comes into contact with a solid phase, there is a contact

line between the wetting and non wetting fluids and the solid surface. The contact

angle between the fluids and the surface can be calculated through Youngs equation

provided the interfacial tension between the fluid components and between each

component and the solid surface are known via Youngs law [122].

liquid slθ

σ lg

σ σ gs

Figure 2.13: Contact angle of a droplet

cos θ =
σsg − σsl
σlg

(2.42)

where

σlg - liquid-gas surface tension

σsg - solid-gas surface tension

σsl - solid-liquid surface tension

θ - contact angle

A surface is hydrophilic if the value of the contact angle is less than 90o and is

hydrophobic is greater than 90o. Surfaces with the contact angle between 150o and

180o are called superhydrophobic.

2.2.2 Dynamic Contact Angle

If the three-phase contact line is in actual motion, the contact angle produced is

called a dynamic contact angle. The contact angle depends on surface energy, rough-

ness, the manner of surface preparation, surface cleanliness. Since solid surfaces are

often rough or chemically heterogeneous, even equilibrium contact angles may not

be single-valued, but will depend on whether the interface has been advanced or
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 θHydrophilic     <90  θNetural wetting       =90

SuperHydrophobic      >150θHydrophobic      >90θ

 θ  θ

 θ  θ

Figure 2.14: Contact angle for hydrophilic, hydrophobic and superhydrophobic

recessed, a phenomenon known as contact angle hysteresis. It is further classified as

advancing contact angle and receding contact angle.

2.2.2.1 Advancing Contact Angle, θa

Consider the process of partially immersing a thin slab of the solid into liquid moving

it vertically downward very slowly and stopping when contact line reaches point z1 as

shown in Fig. 2.15. The partially wetting liquid forms an equilibrium contact angle

at point z1 which is designated as θa. Because the contact angle was established

after advancing the contact line over dry solid it is referred as the advancing contact

angle.

2.2.2.2 Receding Contact Angle, θr

Consider the process of partially moving a thin slab of the solid out of liquid ver-

tically upward very slowly and stopping when contact line reaches point z2 (Fig.

2.15). The partially wetting liquid forms an equilibrium contact angle at point z2

(Fig. 2.15) which is designated as receding contact angle θr. Because the contact

angle was established after receding moves over the portions of surface initially cov-

ered with liquid .For a droplet moving along the solid surface, the contact angle at

the front of the droplet (advancing contact angle) is greater than that at the back of

the droplet (receding contact angle), due to the roughness and surface heterogeneity,

resulting in the contact angle hysteresis. Hydrophobic surfaces can be constructed
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Figure 2.15: Advancing and receding contact angles

by using low surface energy materials, coatings such as polytetrafluoroethylene or

wax. The hydrophobicity of a surface can also be increased by increasing the sur-

face area by increasing surface roughness and/or creation of air pockets. Air may

be trapped in the cavities of a rough surface, resulting in a composite solidairliquid

interface, as opposed to the homogeneous solidliquid interface. Superhydrophobic

surfaces have very low water contact angle hysteresis, and also the low difference

between the advancing and receding contact angles. In addition to high contact

angle, another wetting property of interest for liquid flow applications is a very low

water roll-off angle, which denotes the angle to which a surface may be tilted for

roll off of water drops (i.e., very low water contact angle hysteresis) [123, 124]. Su-

perhydrophobic surfaces are extreme water-repellent properties. This property can

be utilized to facilitate the droplet motion in fuel cell channels.

2.3 Validation of the Code

The present multiphase multicomponent lattice Boltzmann code is validated solving

for static droplet test and the results are compared with Mukherjee et al. [21].
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2.3.1 Static droplet test

A static droplet test is performed in the presence of solid wall in order to evaluate the

fluid/solid interaction parameter for the D3Q19 two-phase S-C lattice Boltzmann

model, which controls the wall wettability effect through the resulting contact angle

at the solid/fluid interface. In the present contact angle simulation, a half liquid

droplet of radius 10, in lattice units, is placed initially at the geometric center

of the bottom solid wall of the computational domain with 50 × 50 × 50 lattices.

The periodic boundary conditions is applied in the x direction and no-slip boundary

condition in the y and z directions. In this simulation, no body force is applied. The

input parameters are fluid/solid interaction parameter, g1w = −g2w. The bounce-

back scheme [125, 126, 127] is used at the walls to obtain no-slip boundary condition.

2.3.2 Determination of contact angle

When a static droplet is formed, the contact angle is evaluated from the final steady

state values of the droplet radius R, droplet height a0, and wetted length of the

droplet b0, as shown in Fig. 2.16 using the following relation [101].

tan (θ2) =
b0

2 (R− a0)
(2.43)

The final radius R, is evaluated from a0 and b0, using the following expression

R =
a0
2

+
b0

2

8
(2.44)

Hereafter, θ2 is referred to as the contact angle, θ for simplicity.

a◦

b◦

θ1 θ2

Figure 2.16: Static droplet after steady state

TH-1289_10610305



44 LBM Formulation and Its Validation

2.3.3 Comparison of results

The simulation parameters for carrying out the static droplet test are given below.

Relaxation time, τ1 = 1 τ2 = 1.42

Fluid-solid interaction parameter, g1w = −g2w
Fluid-fluid interaction parameter, g11 = g22 = 0, g12 = g21 = Gc = 0.001

Gravitational factor, gvt = 0

Initial density of fluid1, ρ1 = 150

Initial density of fluid2, ρ2 = 0

The values of fluid-solid interaction parameter g2w are varied from -0.02 to 0.16 to

obtain various values of contact angle θ as shown in Fig. 2.17. Simulations were

carried out for 40000 time step to get the steady state results. The droplet gets

detached at g2w =0.16. The variation of contact angle for various values of g2w is

shown in Fig. 2.18. The result is comparable with good agreement with Mukherjee et

al. [21]. A negative value of g2w gives rise to a contact angle less than 90◦ indicating

that the phase 2 tends to wet the surface leading to hydrophilic wettability. A

contact angle greater than 90◦ is formed when g2w is positive; indicating that the

phase 2 is non-wetting and the wettability condition is termed as hydrophobic. For

g2w = 0, neither of the phases exhibits preferential wetting to the surface, which is

defined as neutrally wet situation.

g2w = -0.02 g2w = 0.0 g2w = 0.05

(a) (b) (c)

Figure 2.17: Three static contact angles obtained by adjusting fluid-solid interaction

parameter (a) g2w = 0.02, θ = 78◦ ,(b) g2w = 0, θ = 90◦ , (c) g2w = 0.05, θ = 118◦
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Figure 2.18: Variation of contact angle with g2w
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Chapter 3

Probing the Influence of

Superhydrophobicity and Mixed

Wettability on Droplet

Displacement Behavior

3.1 Introduction

The displacement of immiscible fluids is a vital phenomenon for a wide range of

engineering applications including microfluidic and nanofluidic, oil recovery. In the

recent past the effect of wettability on the dynamics of immiscible displacement of

droplet has been studied extensively [10, 11, 22, 45, 54, 55]. Most of these studies

focussed on droplet dynamics on hydrophobic and hydrophilic surface only. The

droplet motion on superhydrophobic surface is also explored by few investigators

[36, 56, 57]. However, the effect of important parameters like contact angle, capillary

number and droplet size on droplet dynamics over the superhydrophobic and mixed-

wet surface remain largely overlooked. In the present work, a mesoscopic model,

based on the two-phase lattice Boltzmann formulation is presented to elucidate the

role of surface wettability on the droplet dynamics in microfluidic confinements.

The main aim of the current work is to capture the physics of droplet dynamics

on the superhydrophobic surface with uniform and wettability graded solid wall. The
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Displacement Behavior

far reaching implication of this investigation is to understand the role of wettability

in liquid water transport. The simulation of droplet motion on superhydrophobic

surfaces can surely answer many queries and will give better insight. In view of

this, the droplet motion using S-C model is explored for superhydrophobic range

for uniform and mixed wettability. The displacement of a 3-D immiscible droplet

subject to gravitational forces in a microchannel is studied.

3.2 Problem Definition

In the present work, displacement of droplet on superhydrophobic surface has been

studied. Length, breadth and width of the computational domain (see Fig. 5.1)

used are taken as 300, 81 and 41 (in lattice units). The droplet is initially placed

at z = 251. The motion of the droplet is induced by a constant gravitational force

along the z-direction. The dynamics of droplet was explored over superhydrophobic

range for different contact angles (θ = 150◦, 160◦, 170◦) and also for Ca = 0.35, 0.66,

0.81 using Shan and Chen lattice Boltzmann Model. No slip boundary condition is

applied at the walls in x- and y-direction whereas the periodic boundary conditions

are applied in z-direction. Since the interface is diffused, it is taken at the location

where both the fluid have equal density. Results are presented in the form of time

evolution of wetted length (b) and wetted area (A) for different capillary numbers

(Ca = ρ2V g
σh

), variable wettability surfaces and droplet sizes. It may be noted that

capillary number basically indicates the ratio of viscous force and surface tension

force. Other relevant non-dimensional numbers generally used for study of droplet

motion is Bond number (Bo) which is nothing but the ratio of gravity force to

surface tension force given by Bo = g(ρ2−ρ1)D2

σ
.

3.3 Grid Independence Study

Grid refinement study was carried out to choose appropriate domain size for simulat-

ing the droplet motion. In this study, only two-fluid system with different densities

and kinematic viscosities in lattice units is considered. The droplet displacement

is simulated for grid size of 91×51×300, 81×41×300 and 71×31×300 for the same

capillary number. Time evolution of wetted length b/b0 and wetted area A/A0 for

grid 81×41×300 and 71×31×300 are qualitatively the same (around 3% deviation)
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Figure 3.1: Computational domain
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(see Fig. 3.2). Thus, the 81×41×300 was chosen in order to conduct the rest of the

numerical simulations in this chapter.The simulations were performed on a Linux

PC cluster with Intel Xeon 2.4 GHz processor. Simulations for droplet dynamics

were conducted with 300×81×41 lattice nodes. A typical simulation using sixteen

processors takes approximately 17 hours to run up to 40000 time steps.

Time

A
/A
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Time
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(a) (b)

Figure 3.2: Grid refinement study at Ca = 0.35 and g2w = 0.05 : (a) time evolution

of wetted area, (b) time evolution of wetted length

3.4 Results and Discussion

3.4.1 Droplet dynamics on the surface with uniform wetta-

bility

The primary objective of this investigation was to systematically evaluate the two-

phase constitutive closure relations via appropriate numerical experiments on droplet

motion for the parameters like wettability (g2w), wetted length, wetted area un-

der the applied gravitational force. These relations could be incorporated into the

macroscopic two-phase fuel cell models for reliable performance predictions.
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Table 3.1: Parameter values used to study the droplet dynamics

Parameter Value

Length of the microchannel (l) 300

Width(h) 40 in the x-direction

Breadth(w) 81 in the y-direction

Relaxation time of the wetting phase τ1 1.0

Relaxation time of the non wetting phase τ2 1.0

Fluid-fluid interaction parameter g11 = g22 0

g12 = g21 0.1

V
h3 0.2

3.4.1.1 Droplet movement in a microchannel under gravity

A series of numerical simulations is carried out to understand the physics behind

droplet motion in hydrophilic and hydrophobic range and then extended for super-

hydrophobic range. In this study, only two-fluid system with different densities and

Figure 3.3: Droplet at mid-plane at x = 40 at time = 3.5 and Ca = 0.35

equal kinematic viscosities in lattice units is considered. The droplet configuration

is shown in Figs. 3.3 and 3.4 after time 3.5 for Ca = 0.35 in different plane views.

The fluid properties used in the simulations are listed in Table 3.1.

The droplet falling under gravity has been simulated for 40000 time steps (in
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(a) (b) (c)

Figure 3.4: Droplet in different planes (a) x− z plane, (b) y− z plane, x mid plane,

(c) x− y plane at time = 3.5 and Ca = 0.35
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lattice units) until steady state is achieved. The steady state here is taken as the

state at which the droplet moves along the wall with a constant velocity and its

shape does not vary with time [10]. It may be noted that each driving force term,

responsible for initiating the droplet motion, can be perceived as representative of

a particular capillary number. An immiscible droplet (fluid 2) with volume V is

placed into a three-dimensional microchannel filled with (fluid 1). The interfacial

strength between droplet (fluid 2) and wall g2w is varied. The droplet motion under

Time = 0.35 Time = 1.9 Time = 4.7 Time = 6.25

(a) (b) (c) (d)
Time = 6.88 Time = 7.5 Time = 7.85 Time = 11.3

(e) (f) (g) (h)

Figure 3.5: Dynamic behavior of the droplet falling under gravity at time (a) 0.35,

(b) 1.9, (c) 4.7, (d) 6.25, (e) 6.88, (f) 7.5, (g) 7.85, (h) 11.30

wettability parameter g2w = 0.05 and Ca = 0.35 is shown in Fig. 3.5. It is observed

that there is a displacement of droplet in negative z-direction under the influence
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of gravity with time which is quiet evident from the change in the location and ge-

ometry of droplet (see Fig. 3.6).Also, the motion of the droplet in terms of location

versus time shows the change in shape on a graph to indicate how it changes with

location or time. Contact line dynamics of droplet motion is best described by the

Time

Lo
ca

tio
n

0 2 4 6
180

200

220

240

260

280

Lower contact point
Upper contact point

Figure 3.6: Motion of the droplet with location on hydrophobic surface for Ca =

0.35

movement of lower and upper contact points (Zl and Zu ) with the surface (see Fig.

3.6) which corresponds to the contact point of the droplet with the surface.

It must be noted that the term time refers to non dimensional time. At time 0.35

the droplet is almost in spherical shape and sticking on the wall surface. There is

gradual reduction in the contact surface area between droplet and wall with time. At

time 7.5, the contact surface area between droplet and wall is very less. The droplet

gets detached from the surface after time 7.85. There after it moves periodically in

z-direction. It can be seen that the larger fraction of droplet is entrained in the bulk

since contact angle θ is large i.e., 118◦ [45]. The process of detachment depends on

velocity inside the upper and lower portion of the droplet. For the case of θ = 118◦,

there is uniform velocity inside the droplet. This velocity being larger than that of

fluid 1 near the wall results into large shear forces between the droplet and the wall

making the entire droplet to detach from the wall.
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3.4.1.2 Effect of wall wettability

The wettability suggests the existence of three interfaces between two fluids and

a solid surface. The whole system tries to minimize its energy by adopting the

optimal configuration. The transient motion and deformation of the interface of

a droplet attached to a solid surface depends on wettability of the surface. For

highly hydrophobic range i.e., for g2w = 0.08, 0.10, 0.15 which corresponds to static

contact angle of θ = 132◦, 139◦ and 150◦ respectively, the droplet contact with the

wall decreases resulting in lesser wetted length as shown in Fig. 3.7. At g2w = 0.15,

droplet gets detached before time 3.125. This underscores the basic fact that the

motion of droplet will be with higher velocity on superhydrophobic surface. The

high contact angle obtained with higher g2w values gives smaller contact length and

contact area. The droplet motion is faster and detaches prematurely at around time

3.5. The change in wetted length ratio b/b0 and wetted area ratio A/A0 with time is

studied for hydrophilic (g2w = -0.02), neutral (g2w = 0.00) and hydrophobic surfaces

(g2w = 0.05). Figures 3.8 (a) and (b) show the time evolution of the dimensionless

wetted length ratio b/b0 and wetted area ratio A/A0 between the wall and the sliding

droplet at three contact angles. Figures show a good agreement with the results of

Kang et al. [11]. At Ca = 0.81 for θ = 78◦ the wetted length grows monotonically

for the wetting droplet, while the wetted area increases initially and then decreases.

However, for θ = 90◦, the wetted length is seen to increase continuously whereas

the wetted area shows steady decrease till it becomes stable. In case of θ = 118◦,

both b/b0 and A/A0 show steady decrease with time. A larger portion pinches off

first followed by the detachment of the remaining droplet from the wall. It can be

observed that the droplet motion exhibits different time evolution characteristic of

wetted length and area depending on the wettability of the surface.

3.4.2 Droplet dynamics on superhydrophobic surfaces

As already discussed earlier, superhydrophobic surfaces facilitates droplet motion

due to higher contact angle. The effect of various parameters like capillary num-

ber and droplet size on superhydrophobic surfaces is explored in following sections.

The displacement of droplet on superhydrophobic surface exhibits dynamic behavior

similar to the one on hydrophobic surface. However, the wetted area and length are

obviously less and reduce as the droplet moves further. Figures 3.9 (a)-(d) show
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(a) (b) (c)

Figure 3.7: Effect of wall wettability g2w at time = 3.5 (a) θ = 132◦ (g2w = 0.08),

(b) θ = 139◦ (g2w = 0.10), (c) θ = 150◦ (g2w = 0.15)
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Figure 3.8: Effect of wall wettability on hydrophilic, neutral and hydrophobic sur-

face: (a) time evolution of the dimensionless wetted length b/b0, (b) time evolution

of the dimensionless wetted area A/A0 at three contact angles θ = 78◦ (g2w = -

0.02), θ = 90◦ (g2w = 0.0), θ = 118◦ (g2w = 0.05) for Ca = 0.81.

Time =0.18 Time = 0.75 Time = 1 Time = 1.5

(a) (b) (c) (d)

Figure 3.9: The shape of the droplet ((x, z)-plane view at wall) at Ca = 0.35 on

superhydrophobic surface θ = 150◦ at time (a) 0.18, (b) 0.75 (c) 1, (d) 1.5
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the (x,z) plane view of the droplet at θ = 150◦ for Ca = 0.35. Both wetted length

and wetted area decrease with time and so does the wetted width in the x-direction.

The round shape of the interface remains almost unchanged when the wetted area

diminishes.

3.4.2.1 Effect of contact angle

For the case of θ = 118◦ (non wetting case), both b/b0 and A/A0 dramatically

decrease with time and reach zero at time 7.8, when the droplet totally detaches

from the wall. The high contact angle obtained with higher g2w values gives smaller

contact length and contact area. The droplet motion is faster and detaches too early

even around 1000 time step. In the superhydrophobic region i.e., for g2w = 0.14,

0.15, 0.16 wetted length and area reduce with time (see Fig. 3.10) exhibiting similar

variation as that of hydrophobic region. However, the droplet motion is faster in

superhydrophobic region.
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Figure 3.10: Effect of contact angle on superhydrophobic surfaces at Ca = 0.35: (a)

time evolution of dimensionless wetted length b/b0, (b) time evolution of dimension-

less wetted area A/A0
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Figure 3.11: Effect of capillary number for g2w = 0.16: (a) time evolution of dimen-

sionless wetted length b/b0, (b) time evolution of dimensionless wetted area A/A0

3.4.2.2 Effect of capillary number

Figure 3.11 shows the dependency of non dimensional wetted length b/b0 and wetted

area A/A0 on capillary number in superhydrophobic region (g2w = 0.16). Note that

different capillary numbers were obtained by changing the gravitational factor, g.

As Ca increases, the deformation of droplet becomes more due to the increase in

viscous stresses along the interface resulting an increase in both b/b0 and A/A0.

However, the increase in the value of b/b0 is greater in magnitude than A/A0. For

the non wetting droplet, both b/b0 and A/A0 decrease with time. For low capillary

numbers in the range of Ca = 10−3 to 10−4 the droplet detaches in a very short time

i.e almost instantaneously. Figure 3.12 shows the effect of capillary number on time

evolution of wetted length and area of the droplet on superhydrophobic surface. It

can be observed that wetted area of droplet increases with the increase in capillary

number. This reiterates the fact that viscous force increases with increasing capillary

number resulting in greater contact area adhering to the wall.
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Ca =0.35 Ca =0.50 Ca =0.66 Ca =0.81

(a) (b) (c) (d)
Ca =0.35 Ca =0.50 Ca =0.66 Ca =0.81

(e) (f) (g) (h)

Figure 3.12: Effect of capillary number on superhydrophobic surface: the shape of

the droplet in x-z plane view at wall at time = 0.75, (a)-(d) θ = 150◦, (e)-(h) θ =

160◦
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3.4.2.3 Effect of droplet size

Deformation of interface depends on the size of the droplet. Hence, it is vital to study

the effect of droplet size (area) on non dimensional wetted length b/b0 and wetted

area A/A0 for superhydrophobic surfaces (θ ≥150 ◦). Figure 3.13 shows the effect of

droplet size on the evolution of dimensionless wetted length and wetted area for g2w

= 0.16 and Ca = 0.35. As the area of the droplet increases, the capillary number

increases along with velocity. Also, the effect of the wall becomes increasingly more

important due to more fluid being pushed through an increasingly smaller gap [45].

These two factors together result in more viscous forces and deformation. This may

lead to detachment of all or part of the droplet from the wall or pinch off from the

rest of it at a smaller body force strength. Hence, the larger droplet takes little

more time to detach partially or completely as compared to the smaller one. This

is also evident from the time evolution of wetted length and area as shown in the

Fig. 3.13.
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Figure 3.13: Effect of droplet size on superhydrophobic surface at Ca = 0.35 and

g2w = 0.16: (a) time evolution of the dimensionless wetted length b/b0 (b) time

evolution of the dimensionless wetted area A/A0
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3.4.3 Effect of inclination on droplet displacement behavior

α = 10 α = 30 α = 45 α = 60 α = 75 α = 90

(a) (b) (c) (d) (e) (f)

Figure 3.14: Shape of the droplet for different inclination at Ca = 0.35 for g2w =

0.05 at time = 6.4

In order to investigate the effect of inclination angle in conjunction with wet-

tability, simulations were performed on hydrophilic, hydrophobic and mixed-wetted

surface. The fluid/solid interaction coefficient is taken as g2w= -g1w = 0.05 corre-

sponding to a static contact angle of 118◦ whereas for the hydrophilic region g2w =

-g1w= - 0.02 resulting in contact angle of 78◦ [10, 11]. Figure 3.14 shows the shape

of the droplet at time = 6.4 on hydrophobic surface at different angles of inclina-

tion. At higher inclination angles, this finally yields in complete detachment of the

droplet from the wall. However, at low angle of inclination, for example for α = 10◦

and 30◦, the droplet adheres to the substrate and deformation of interface is also

less. Time evolution of wetted length and area (see Fig. 3.15) also reiterates the

same fact. The wetted length and wetted area decrease as the time progresses and

reach zero when it detaches. It may be noted that the detachment time decreases

with increasing angle of inclination.
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Figure 3.15: Effect of inclination at Ca = 0.35 and g2w = 0.05 : (a) time evolution

of wetted area, (b) time evolution of wetted length

3.4.4 Droplet dynamics on the mixed-wet surfaces

It is well known that surfaces in most of the practical situations do not possess uni-

form wettability. It may be noted that suitable alteration on surface chemistry or

structure can improve surface wetting properties. Chemical modifications of surfaces

alone can typically increase the water contact angles from 120◦ up to the extreme

values of contact angles of 180◦ [128]. Micro-roughness can make the surfaces either

more hydrophilic or more hydrophobic depending on the original chemical proper-

ties of surfaces. In this context, it would be interesting to understand the droplet

spreading behavior on the surface with mixed wettability. LBM is employed here

to study numerically the effects of mixed wettability on the displacement of the

droplet. Figure 3.16 shows the schematic of domain with mixed wettability. As

specified earlier the surface comprised of the hydrophilic and hydrophobic regions

alternately. The displacement behavior of the droplet for Ca = 0.35 on the surface

with wettability g2w = -0.02 (i.e., hydrophilic), 0.05 (i.e., hydrophobic) and ±0.05

(mixed wettability) is compared as shown in Fig. 3.17. For θ = 78◦ (i.e., wetting

case), both wetted length (b/b0) and wetted area (A/A0) increase with time at first,

then decrease slowly and reach a steady-state value. However, in case of the sur-

face with mixed wettability, the elongation of the droplet during the motion can be
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Figure 3.16: Schematic of the domain for the mixed wettability configuration

observed. This leads to increase in wetted length and reduction in wetted area at

the time 7.5 when it is in between hydrophilic and hydrophobic regions as shown in

Fig. 3.17. It may be noted that this behavior is repeated whenever the droplet is in

the same situation thereafter. In order to understand the process of spreading and

elongation of the droplet the time evolution of wetted length and wetted area are

plotted for the Ca = 0.35 for surface with mixed wettability g2w = 0.05 as shown in

Fig. 3.18. The changes in the wetted length follows the changes in wetted area but

with some delay in time. This happens primarily due to tendency of the droplet to

spread as soon as it comes out of hydrophobic region and wetted length again starts

increasing following the trend of wetted area. The comparison of time evolution of

the wetted length and area is very clearly demonstrated in Fig. 3.18. This under-

scores the fact that droplet detaches on the hydrophobic surface whereas elongates

and spreads in hydrophilic surface. As far as the surface with mixed wettability is

concerned, the hydrophilic and hydrophobic nature of the surface keeps affecting

the changes in wetted length and area of the droplet with time.

3.4.4.1 Deformation of the droplet

It can be inferred from Fig. 3.19 that the droplet spreads in hydrophilic region as

expected in the early stages of flow evolution due to adhesive force of the surface.
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Figure 3.17: Effect of uniform and mixed wettability: (a) time evolution of the

dimensionless wetted length b/b0, (b) time evolution of the dimensionless wetted

area A/A0
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Figure 3.18: Comparison of time evolution of the wetted length and area for the

surface with mixed wettability g2w = ±0.05 at Ca = 0.35
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However, it rapidly contracts inward along the hydrophobic surface thereby reducing

its contact area in hydrophobic region. As time progresses, the droplet continues to

spread on the hydrophilic area leading to the deformation of the initial shape. The

(a) (b)

Figure 3.19: The shape of the droplet at Ca = 0.35 and time = 0.75 for surface with

mixed wettability (a) g2w = ± 0.02, (b) g2w = ± = 0.05

increase in contact area for mixed wettability increases with ±g2w. The spreading

of droplet is more prominent for the surface with g2w = ±0.05 as compared to with

g2w = ±0.02 for the same time. It is interesting to note that mixed wettability

of the surface results in elongation of the droplet i.e., wetted length increases as

seen in Figs. 3.20 (c) and (f) when the droplet is partially in both hydrophilic and

hydrophobic region. The stretching of droplet can be seen at time 7.5 and time 14.

Since the surface here is alternately wettable i.e., hydrophobic region followed by

hydrophilic region the deformation of the droplet is also seen to be following pattern

for Ca = 0.35.

3.4.4.2 Effect of strength of mixed wettability

Figure 3.21 shows the time evolution of wetted length and area for wettability alter-

ation of different strengths i.e., g2w = ±0.02, ±0.05, ±0.16. It can be observed that
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Figure 3.20: Dynamic behavior of the droplet at Ca = 0.35 for the surface with

mixed wettability g2w = ±0.05

TH-1289_10610305



68
Probing the Influence of Superhydrophobicity and Mixed Wettability on Droplet

Displacement Behavior

for the surface with g2w = ± 0.02 the magnitude of the change in wetted length and

area is more as compare to other surfaces. For the surface with g2w = ± 0.16 the

magnitude of change of A/A0 and b/b0 is very less although the variation in wettabil-

ity is high for the same capillary number. This can be explained with the fact that

when the droplet is in the region where g2w = 0.16, it will act like superhydrophobic

surface causing very fast motion of droplet. On the contrary when the droplet is in

the region with g2w = -0.16 which represents highly hydrophilic wettability it will

have the tendency to spread. This will reduce the speed of travel of droplet from

this region making it to stay in the region for longer time.
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Figure 3.21: Effect of strength of mixed wettability at Ca = 0.35: (a) time evolution

of the wetted length, (b) time evolution of the wetted area

3.4.4.3 Effect of width of mixed-wet pattern

Figure 3.22 shows the time evolution of wetted length and area for different widths

of the mixed-wet pattern with wettability ±0.02 for Ca = 0.35. It can be observed

that fluctuation or the magnitude of the change in the wetted area and the length

is more for the surface with more width of mixed-wet pattern as compared to the

surfaces with smaller width. This can be justified since for higher width of mixed-

wet pattern, the droplet stays in a particular region (hydrophobic or hydrophilic)
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for a longer duration during its motion. This allows it either to shrink or spread

depending on the wettability of the surface. However, for smaller width although

fluctuation of wetted length and wetted area are observed more frequently, effect

of wettability alteration will not be felt so intensely resulting into fluctuations of

smaller magnitude. Also, the smaller width of mixed wet pattern will reduce the

speed of travel of droplet since droplet has to respond to the change in wettability

more often.
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Figure 3.22: Effect of the width of mixed-wet pattern at Ca = 0.35: (a) time

evolution of the wetted length, (b) time evolution of the wetted area

3.4.4.4 Effect of capillary number on the surface with mixed wettability

Effect of capillary number on time evolution of wetted length and wetted area is

analysed for the surface with wettability g2w = ± 0.02, ± 0.05 and ± 0.14. Figures

3.23 and 3.24 show the (x,z)- and (y,z)-plane views of the steady-state shape of

the droplet at Ca = 0.35, 0.50, 0.66, 0.81. From Fig. 3.23 it can be seen that the

interface between the non wetting droplet and the wall deviates from its original

round shape. This deviation becomes larger at higher capillary numbers. It can be

inferred from Fig. 3.25 that with the increase in capillary number the motion of

droplet becomes faster resulting in lesser wetted length and wetted area gradually.
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For low capillary number i.e., Ca = 0.35 the changes in wetted length and area

are periodic in nature. This is because as soon as the droplet enters hydrophilic

region its wetted length and area increase. On the contrary, it will reduce its wetted

length and area in hydrophobic region. At sufficiently higher Ca = 0.81, the droplet

detaches completely after some time. It can be concluded that effect of mixed

wettability will not be prominent for higher capillary numbers. From the above

preliminary study, it is clear that mixed wettability has a significant role to play in

droplet motion and subsequent transport. This study establishes the fact that the

current two-phase S-C LB model correctly captures the droplet physics.
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Ca = 0.35 Ca = 0.50 Ca = 0.66 Ca = 0.81

(a) (b) (c) (d)

Ca = 0.35 Ca = 0.50 Ca = 0.66 Ca = 0.81

(e) (f) (g) (h)

Ca = 0.35 Ca = 0.50 Ca = 0.66 Ca = 0.81

(i) (j) (k) (l)

Figure 3.23: The shape of the droplet x-z plane view at wall at different capillary

numbers time = 0.75, (a)-(d) g2w = ±0.02, (e)-(h) g2w = ±0.05, (i)-(l) g2w = ±0.14
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Ca =0.35 Ca =0.50 Ca =0.66 Ca =0.81

(a) (b) (c) (d)

Ca = 0.35 Ca = 0.50 Ca = 0.66 Ca = 0.81

(e) (f) (g) (h)

Ca = 0.35 Ca = 0.50 Ca = 0.66 Ca = 0.81

(i) (j) (k) (l)

Figure 3.24: The shape of the droplet y-z plane view at wall at different capillary

numbers time= 0.75, (a)-(d) g2w = ±0.02, (e)-(h) g2w = ±0.05, (i)-(l) g2w = ±0.14
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Figure 3.25: Effect of capillary number for the surface with mixed wettability g2w =

±0.05, (a) time evolution of the wetted length, (b) time evolution of the wetted area
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3.5 Closure

Simulation of the displacement of a three-dimensional immiscible droplet on various

wettabilities in a microchannel was carried out by the lattice Boltzmann method

using gravitational force as the driving force. The two phase LB model calibration

was done by bubble test and static droplet test. The wetted length and wetted area

evolution for θ = 78◦, 90◦, 118◦ over hydrophilic to hydrophobic range was analysed

and found that it shows similar trend as that of Kang et al. [11]. The study of

displacement of droplet was then carried out for superhydrophobic surfaces. The

physics of the droplet motion was explored considering various parameters such

as capillary number, droplet size and contact angle. It has been observed that

higher capillary number for the non wetting droplet droplet detaches completely

without breaking especially on superhydrophobic surfaces. It was observed that the

deformation of the droplet increases with angle of inclination of substrate. For the

mixed-wet surface, the wetted length and area keeps changing with time between

maximum and minimum values.
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Chapter 4

Influence of Viscosity and

Wettability on Droplet

Displacement Behavior

4.1 Introduction

The displacement of immiscible fluids is vital in the processes, such as enhanced

oil recovery or the transport of non-aqueous phase liquids in the soil via water or

surfactant flooding. The net efficacy of these processes depends on transportation

of fluids through the network of pores and throats that make up the medium. There

are many possible fluid-fluid displacement scenarios in such cases. However, viscos-

ity ratio and wettability remain the key factors which govern the dynamics of the

displacement of the fluid. Also, the interfacial instability is observed when fluid fill-

ing the voids of a porous medium is displaced by a less viscous one [58, 59]. Saffman

and Taylor [99] have shown that the interface is unstable in the absence of surface

tension. Homsy [129] had given a comprehensive review for instability of interface.

Several researchers [10, 21, 130, 131, 132, 133] studied the effect of wall wettability

on the immiscible displacement of droplet. Dimitrakopoulos and Higdon [134] stud-

ied the displacement of fluid droplets in viscous pressure-driven flows. However, the

influence of viscosity-wettability interaction on displacement of the droplet remains

largely overlooked. In this context, the underlying two-phase dynamics of droplet
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motion on the surface with uniform and mixed wettabilities is discussed.

X Y

Zg

Figure 4.1: Computational domain

4.2 Problem Specification

In the present work, influence of viscosity and wettability on the displacement be-

havior of the droplet have been studied. Length, breadth and width of the used

computational domain (see Fig. 5.1) are taken as 300, 81 and 41 (in lattice units).

Simulation parameters are given in the Table 4.1. The droplet is initially placed

at z = 251. The motion of the droplet is induced by a constant gravitational force

along the z-direction. The dynamics of droplet is explored over a range of viscosity

ratios for different contact angles (θ = 78◦, 118◦) and also for Ca = 0.35, 0.66, 0.81

using S-C lattice Boltzmann Model. No slip boundary condition is applied at the

walls in x- and y-direction whereas the periodic boundary conditions are applied in

z-direction. Since the interface is diffused, it is taken at the location where both

the fluids have equal number density. Results are presented in the form of time

evolutions of wetted length (b) and wetted area (A) for different capillary numbers

and wettability scenarios.
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Table 4.1: Parameter values used in simulations for the study of viscosity-wettability

interaction

Parameter Value

length of the microchannel (l) 300

width(h) 40 in the x-direction

breadth(w) 81 in the y-direction

Relaxation time of the wetting phase τ1 1.0

Relaxation time of the non wetting phase τ2 1.0

Fluid-fluid interaction parameter g11 = g22 0

g12 = g21 0.1

V
h3 0.2

4.3 Results and Discussion

Extensive research effort has been recently put on studying surface wettabilities

[56, 135, 136, 137] because of its usefulness in industrial or engineering processes; for

example, the enhanced oil recovery application process where wettability of reservoir

rocks plays crucial role affecting the properties of fluid-rock interactions, such as

residual oil saturation, relative permeability and capillary pressure. Also, viscosity

becomes more important when the viscosity of residual oil is higher than that of the

injected gas resulting in an unstable displacement. This in turn leads to undesirable

phenomenon like viscous fingering causing poor recovery efficiency. Owing to the

variation of rock composition, wettability alternation also affects the flow. Hence it

is imperative to understand the combined effect of viscosity and wettability on the

dynamics of multiphase flows. The following sections attempt to unveil the effect of

these parameters on the displacement behavior of the droplet in various wettability

scenarios.
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4.3.1 Droplet dynamics on the surface with uniform wetta-

bility

The primary aim of this investigation is to systematically evaluate the two-phase

constitutive closure relations via appropriate numerical experiments on droplet mo-

tion for the parameters like wettability (g2w), viscosity ratio, capillary number on

temporal evolution of wetted area and length under the applied gravitational force.

4.3.2 Effect of viscosity ratio on moving droplet

Simulation of droplet motion was performed to understand the effect of viscosity

ratio keeping all other parameters constant. The taken viscosity ratios were µ2

µ1

=

1, 3, 5. The viscosity ratios were obtained on similar lines as that of [138]. Relaxation

parameter (τ) is chosen to get the desired kinematic viscosity and ultimately the

viscosity ratio. The droplet motion shows reduction in wetted length and area

as explained earlier (see Fig. 4.2). The high viscosity ratio indicates the strong

cohesive force which results in lesser contact area with wall. Hence, it can be seen

that the wetted area reduces with higher viscosity ratio. It must be noted that

capillary number is not too high in this case. This has resulted in similar nature of

deformation of droplet irrespective of viscosity as seen from the bending of interfaces.

4.3.3 Effect of viscosity ratio on hydrophilic surfaces

It is well known that wettability suggests the ability of one fluid to spread on a

solid surface and to form a wetting film [139]. The nature of wettability affects

displacement of fluid to a large extent, for example in the oil extraction from the

rocks. Also, the pattern of wettability is governed by the nature of surface, fluid in

contact etc. [140]. Hydrophilic surface allows a droplet of water to spread out. The

affinity between water and a surface influences not only the behavior of a static drop

of water, but also greatly affects the motion of a moving droplet. In order to study

the effect of viscosity ratio, simulations were performed on hydrophilic surface with

g2w = - 0.02 at Ca = 0.35. Time evolution of wetted length and area on hydrophilic

surface for various viscosity ratios is shown in Fig. 4.3.

With regard to a droplet which lies on a wall, the capillary forces and external
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Time = 0.0 Time = 2.0 Time = 4.6 Time = 6 Time = 0.0 Time = 2

(a) (b) (c) (d) (e) (f)
Time = 4.6 Time = 6 Time = 0.0 Time = 2 Time = 4.6 Time = 6

(g) (h) (i) (j) (k) (l)

Figure 4.2: Dynamic behavior of the droplet with different viscosity ratio under

gravity at Ca = 0.35 and g2w = 0.05: (a)-(d) µ2

µ1

= 1, (e)-(h) µ2

µ1

= 3, (i)-(l) µ2

µ1

= 5
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forces like gravity deforms its shape (see Figs. 4.4 and 4.5). Also, the tendency

of liquid to wet on hydrophilic surface leads to more deformation and bending of

meniscus as compared to hydrophobic surface. The spreading of the droplet looks

similar irrespective of the viscosity ratio as seen from the Fig. 4.5. The fluid/solid

interaction can also be seen to affect from the evolution of the wetted area and

wetted length (see Fig. 4.3) as droplet moves. It was found that the wetted length

and area grow monotonically for the wetting droplet for lower viscosity ratios like

1, 2. However, for higher viscosity ratios like µ2

µ1

= 4, 5, the wetted length and area

decrease (see Fig. 4.3) till the droplet gets detached. This is due to the fact that at

high viscosity ratio the area of the droplet adhering to wall will get reduced because

of strong cohesive nature. But for low viscosity ratio, the hydrophilicity dominates

and hence the droplet continues to spread and adhere to the wall increasing wetted

area and length. This shows that for hydrophilic surfaces, the wettability will be

influential at low viscosity ratios only.
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Figure 4.3: Effect of viscosity ratio at Ca = 0.35 and g2w = - 0.02 : (a) time evolution

of wetted length, (b) time evolution of wetted area
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µ2/µ1 = 1 µ2/µ1 = 2 µ2/µ1 = 3 µ2/µ1 = 4 µ2/µ1 = 5

(a) (b) (c) (d) (e)

Figure 4.4: The shape of the droplet at different viscosity ratios at Ca = 0.35 and

time = 5.3 for g2w = −0.02 ((y,z)-plane view at x = 40): (a) µ2

µ1

= 1, (b) µ2

µ1

= 2, (c)

µ2

µ1

= 3, (d) µ2

µ1

= 4, (e) µ2

µ1

= 5

µ2/µ1 = 1 µ2/µ1 = 2 µ2/µ1 = 3 µ2/µ1 = 4 µ2/µ1 = 5

(a) (b) (c) (d) (e)

Figure 4.5: The shape of the droplet at different viscosity ratios for g2w = −0.02 at

Ca = 0.35 and time= 5.3 ((x, z)-plane view at wall): (a) µ2

µ1

= 1, (b) µ2

µ1

= 2, (c)

µ2

µ1

= 3, (d) µ2

µ1

= 4, (e) µ2

µ1

= 5
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4.3.4 Effect of viscosity ratio on hydrophobic surfaces

The simulations were repeated for the hydrophobic surface with g2w = 0.05 for Ca

= 0.35 to understand the dynamic behavior of the droplet for a range of viscosity

ratios (see Fig. 4.2). The wetted length and wetted area, both decrease with time

as expected even for low viscosity ratios like µ2

µ1

= 1, 2 as shown in Fig. 5.2. The

hydrophobicity and cohesive forces along with the driving force help the droplet

to move further. Hence, one can observe correspondingly quicker detachment of

droplet as a whole compared to hydrophilic surface. This finally yields in complete

detachment of the droplet from the wall as well (see Fig. 4.2). Thus, it can be

concluded that hydrophobic surfaces do not show different character for low and high

viscosity ratios. However, the deformation is more in the case of higher viscosity ratio

which is consistent with hydrophilic surfaces. Also, the detachment of the droplet

will be fast for higher viscosity ratios. The nature of deformation on hydrophobic

surface looks similar in spite of different viscosity ratios as seen in Figs. 5.2, 4.7 and

4.8.
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Figure 4.6: Effect of viscosity ratio at Ca = 0.35 and g2w = 0.05 : (a) time evolution

of wetted length, (b) time evolution of wetted area
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µ2/µ1 = 1 µ2/µ1 = 2 µ2/µ1 = 3 µ2/µ1 = 4 µ2/µ1 = 5

(a) (b) (c) (d) (e)

Figure 4.7: The shape of the droplet at different viscosity ratios for g2w = 0.05 at

Ca = 0.35 and time = 5.3 ((y, z)-plane view at x = 40): (a) µ2

µ1

= 1, (b) µ2

µ1

= 2, (c)

µ2

µ1

= 3, (d) µ2

µ1

= 4, (e) µ2

µ1

= 5

µ2/µ1 = 1 µ2/µ1 = 2 µ2/µ1 = 3 µ2/µ1 = 4 µ2/µ1 = 5

(a) (b) (c) (d) (e)

Figure 4.8: The shape of the droplet at different viscosity ratios for hydrophobic

surface g2w = 0.05 at Ca = 0.35 and time = 5.3 ((x, z)-plane view at wall): (a)

µ2

µ1

= 1, (b) µ2

µ1

= 2, (c) µ2

µ1

= 3, (d) µ2

µ1

= 4, (e) µ2

µ1

= 5
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4.3.5 Effect of viscosity ratio on mixed-wet surfaces

It is well known that surfaces in many practical situations do not possess uniform

wettability. Even it is possible to alter surface chemistry or structure to improve

surface wetting properties. Chemical modifications of surfaces alone can typically

enhance the water contact angles from 120◦ up to the extreme values of contact

angles near 180◦ [128]. Adjustment of microroughness of the surface can make it

either more hydrophilic or more hydrophobic depending on the original chemical

properties of surfaces. In this context, it would be interesting to understand the

effect of viscosity ratio on droplet behavior for mixed-wet surface. LBM is employed

here to numerically study the effects of viscosity ratio on the displacement of the

droplet on mixed-wet surface.

Simulations were carried out at Ca = 0.35 for the mixed-wet surface (see sec-

tion 3.3.4) with g2w = ±0.02. It can be inferred from Fig. 4.9 that the droplet

spreads in hydrophilic region as expected in the early stages of flow evolution due

to hydrophilicity of the surface. However, it rapidly contracts inward along the hy-

drophobic surface thereby decreasing its contact area in hydrophobic region. This

can be observed from the variations of the wetted length and area as depicted in Fig.

4.10. The nature of deformation of the droplet is similar irrespective of the viscosity

ratio (see Fig. 4.9). However, the wetted area and length decrease with increase in

viscosity ratio which is consistent with earlier observation on hydrophobic surface.

It may be noted that the stretching/elongation of the droplet which leads to increase

in wetted length depends on capillary number. Since the capillary number in this

case is not high, the viscosity and wettability play major role in time evolution of

wetted length and area.

As time proceeds, the droplet continues to spread on the hydrophilic area leading

to the deformation of the initial shape (see Fig. 4.11). The wetted area of the droplet

is found to be reducing with time in case of higher viscosity ratio like µ2

µ1

= 5. This

is obvious as high viscosity ratio corresponds to strong cohesive forces which along

with gravity force aid the droplet motion reducing its contact area as time proceeds

till it gets detached. The orientation of the droplet along the direction of motions

due to driving force bends the interface. However, the extent of bending has been

observed to be more at higher viscosity ratios as shown in Fig. 4.12
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µ2/µ1 = 1 µ2/µ1 = 2 µ2/µ1 = 3 µ2/µ1 = 4 µ2/µ1 = 5

(a) (b) (c) (d) (e)

Figure 4.9: Shape of the droplet at different viscosity ratios for surface g2w = ±0.02

at Ca = 0.35 and time = 5.3 ((x, z)-plane view at wall): (a) µ2

µ1

= 1, (b) µ2

µ1

= 2, (c)

µ2

µ1

= 3, (d) µ2

µ1

= 4, (e) µ2

µ1
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Figure 4.10: Effect of viscosity ratio at Ca = 0.35 and g2w = ±0.02 : (a) time

evolution of wetted length, (b) time evolution of wetted area
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Time = 4 Time = 6.6 Time = 9.3 Time = 4 Time = 6.6

(a) (b) (c) (d) (e)
Time = 9.3 Time = 4 Time = 6.6 Time = 9.3

(f) (g) (h) (i)

Figure 4.11: Dynamic behavior of the droplet at different viscosity ratios for the

surface with wettability g2w = ±0.02 and Ca = 0.35 (a)-(c) µ2

µ1

= 1, (d)-(f) µ2

µ1

= 3,

(g)-(i) µ2

µ1

= 5
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µ2/µ1 = 1 µ2/µ1 = 2 µ2/µ1 = 3 µ2/µ1 = 4 µ2/µ1 = 5

(a) (b) (c) (d) (e)

Figure 4.12: Shape of the droplet at different viscosity ratios for mixed-wet surface

g2w = ±0.02 at Ca = 0.35 and time = 5.3 ((y,z)-plane view at x = 40 wall): (a)

µ2

µ1

= 1, (b) µ2

µ1

= 2, (c) µ2

µ1

= 3, (d) µ2

µ1

= 4, (e) µ2

µ1

= 5

4.3.6 Effect of viscosity and capillary numbers on droplet

dynamics

The displacement of the droplet is a complicated phenomenon in the presence of

gravity. The motion of droplet is governed by the competition of capillary force,

viscous force and gravity. When the surface wettability is considered, it also has

an influence on the interface profiles. In order to investigate the effect of capillary

number for different viscosity ratios on droplet displacement, simulations were per-

formed for a range of Ca. The force required to set the droplet in motion must be

greater than the viscous forces and surface tension forces taken together.

Figures 4.13 and 4.14 show the different patterns and flow regimes depending

on the interplay between the various forces characterized by capillary numbers and

viscosity ratios. It can be observed that at higher capillary number, the extent of

deformation of droplet is more for all viscosity ratios as compared to low capillary

number. Also, at low capillary number like Ca = 0.10, the viscosity ratio does not

seem to be so effective as it is at high capillary number. This is justified since the

wettability and surface tension are also responsible for deformation and displacement

of the droplet. At Ca = 0.66, droplet breaking is seen at high viscosity ratio like
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µ2

µ1

= 3, 5 whereas for low viscosity ratio µ2

µ1

= 1, the droplet is being stretched and is

about to shed off the major portion of it. The wetted area reduces with the increase

in Ca and viscosity ratio (see Fig. 4.14).

At low values of Ca = 0.10, the wetted length and area increase for lower viscosity

ratios (e.g., µ2

µ1

= 1) whereas for higher viscosity ratio µ2

µ1

= 3, 5 reduce because of

strong cohesive forces as explained earlier (see Figs. 4.15(a)-(b)). However, at higher

values of Ca = 0.66 (see Figs. 4.15(c) -(d)), both wetted length and area reduce

with time irrespective of viscosity ratio, because of the increase in viscous stresses

along the interface.

For the mixed-wet surface, the displacement and deformation are different as

compared to uniformly wet surface because of alteration in wettability from hy-

drophilic to hydrophobic. Figure 4.16 shows the effect of Ca for different viscosity

ratio. It is clear that deformation is more at high values of Ca for all values of vis-

cosity ratio but the nature of stretching scenario depends largely on location of the

droplet. For example when droplet is completely in the hydrophilic region, it spreads

more as compared to when it is in hydrophobic region. The elongation of droplet

is more when it lies partially in hydrophobic and hydrophilic regions. Elongation of

the droplet is maximum for high viscosity ratio at such position since high viscosity

reduces the tendency to wet on the surface. When the droplet is in hydrophobic

region, it contracts thereby reducing its wetted area but its wetted length increases

to conserve the mass. It may be noted that even for high Ca = 0.66, there is no neck

formation or shedding of some portion of droplet for mixed-wet surface. This shows

that droplet motion is slower in any case for mixed-wet surface. Time evolution

study also re-confirms this fact as shown in Fig. 4.17. Wetted length and area both

decrease at high viscosity ratio like µ2

µ1

= 5 whereas increase for low viscosity ratio

like µ2

µ1

= 1 .

4.3.7 Viscosity-wettability interaction

A generic viscosity-wettability interaction can be best summarized by time evolution

of wetted length and area as shown in Fig. 4.18. The wettability and viscosity

dependence of the droplet displacement is manifested for a range of viscosity ratios.

It can be safely adjudged that displacement of droplet is faster on hydrophobic and

high viscosity ratio regime. This is justifiable since high viscosity and hydrophobicity

both result in less contact area which assists in moving the droplet faster in the wall.

TH-1289_10610305



4.3 Results and Discussion 89

µ2/µ1 = 1 µ2/µ1 = 3 µ2/µ1 = 5 µ2/µ1 = 1 µ2/µ1 = 3

(a) (b) (c) (d) (e)

µ2/µ1 = 5 µ2/µ1 = 1 µ2/µ1 = 3 µ2/µ1 = 5

(f) (g) (h) (i)

Figure 4.13: Effect of capillary number: The shape of the droplet at different vis-

cosity ratios for hydrophobic surface g2w = 0.05 at time = 5.3 ((y,z)-plane view at

x = 40 ): (a)-(c) Ca = 0.10, (d)-(f) Ca = 0.35, (g)-(i) Ca = 0.66

TH-1289_10610305



90 Influence of Viscosity and Wettability on Droplet Displacement Behavior

µ2/µ1 = 1 µ2/µ1 = 3 µ2/µ1 = 5 µ2/µ1 = 1 µ2/µ1 = 3

(a) (b) (c) (d) (e)

µ2/µ1 = 5 µ2/µ1 = 1 µ2/µ1 = 3 µ2/µ1 = 5

(f) (g) (h) (i)

Figure 4.14: Effect of capillary number: The shape of the droplet at different vis-

cosity ratios for hydrophobic surface g2w = 0.05 at time = 5.3 ((x,z)-plane view at

wall) for (a)-(c) Ca = 0.10, (d)-(f) Ca = 0.35, (g)-(i) Ca = 0.66
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Figure 4.15: Effect of capillary number for different viscosity ratios on hydrophobic

surface (g2w = 0.05): (a) time evolution of wetted length for Ca = 0.10 , (b) time

evolution of wetted area for Ca = 0.10, (c) time evolution of wetted length for Ca

= 0.66 , (d) time evolution of wetted area for Ca = 0.66
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µ2/µ1 = 1 µ2/µ1 = 3 µ2/µ1 = 5 µ2/µ1 = 1 µ2/µ1 = 3

(a) (b) (c) (d) (e)

µ2/µ1 = 5 µ2/µ1 = 1 µ2/µ1 = 3 µ2/µ1 = 5

(f) (g) (h) (i)

Figure 4.16: Effect of capillary number: shape of the droplet at different viscosity

ratios for mixed wet surface g2w = ±0.02 at time = 5 ((x,z)-plane view at wall) for

(a)-(c) Ca = 0.10, (d)-(f) Ca = 0.35, (g)-(i) Ca = 0.66
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Figure 4.17: Effect of capillary number for the surface with g2w = ±0.02: (a) time

evolution of wetted length, (b) time evolution of wetted area
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Figure 4.18: Comparison of effect of viscosity ratios for different wettability patterns

for Ca = 0.35: (a) time evolution of wetted length, (b) time evolution of wetted area
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Thus, it can be concluded that high viscosity ratio and hydrophobicity together

form key ingredients for droplet displacement. It may be noted that the strength of

wettability alteration can also affect the variations in wetted length and area and

actually hinder the swift motion of the droplet. These results can be very useful in

various applications, like enhance oil recovery and fuel cell wherein such wettability

scenario is very common.
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4.4 Closure

Simulations of the displacement of a three-dimensional immiscible droplet on various

wettabilities and viscosity ratios in a channel were carried out to understand the

physics of viscosity-wettability interaction. It was observed that temporal evolutions

of wetted length and wetted area show that the displacement of droplet is faster on

hydrophobic and high viscosity ratio regimes. It has been seen that the effect of

viscosity ratio is not significant to influence the droplet motion at lower capillary

number. However, at high capillary numbers, higher viscosity ratio aids droplet

motion, reducing the wetted area.
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Chapter 5

Combined influences of

Confinement and Wettability on

Droplet Displacement Behavior

Droplet dynamics in confined geometries has received a high degree of scientific at-

tention in the last decades owing to its industrial applications, e.g., food emulsions,

cosmetics and polymer blending. An insight into the droplet dynamics for different

confinement configurations is vital since confinement affects the nature of defor-

mation [141, 142] and the droplet surface interaction. For example, in case of the

confined blends with a droplet-matrix structure, the size of the droplet phase may

become comparable to the dimensions of the flow geometry. In this context, many

investigators have attempted to explore the effect of confinement on the droplet

dynamics [141, 143, 144]. In this context, the underlying two phase dynamics of

droplet motion on the surface with different confinement configurations is discussed.

Earlier investigations start with the pioneering work of Taylor [145, 146] who

analyzed the dynamics of droplets dispersed in an immiscible fluid. Kang et al.

[10, 11] have simulated the displacement of the two and three dimensional immisci-

ble droplet subject to gravitational forces in a duct with lattice Boltzmann method.

They investigated the effects of the contact angle and capillary number on droplet

dynamics. Mukherjee [21] investigated 3-D droplet motion using D3Q19 two-phase

Shan and Chen lattice Boltzmann model on a patterned duct wall with varying wet-
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98Combined influences of Confinement and Wettability on Droplet Displacement Behavior

tability. However, the effect of confinement in conjunction with wettability remain

largely overlooked and needs to be studied in greater detail.

5.1 Problem Specification

In the present work, effect of confinement on the displacement behavior of the droplet

has been studied. Length, breadth and width of the computational domain (see

Fig.5.1) considered here are 300, 81 and 41 (in lattice units) respectively. The droplet

is initially positioned at z = 251. The droplet motion is achieved due to gravitational

force applied along the z-direction. S-C model is used with two immiscible fluids

in which droplet (fluid 2) is placed in the domain filled with displacing fluid (fluid

1). No slip boundary condition is applied at the walls in x- and y-direction. The

periodic boundary condition is applied in z-direction. Interface is taken at the

location where both the fluid have equal number density since interface is diffused for

S-C model. Results are discussed in the form of time evolution of wetted length (b)

and wetted area (A) for the surface with different wettability in various confinement

configurations. The simulation parameters used for all simulations are as given

below

X Y

Zg

(a)

Figure 5.1: Computational domain
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Table 5.1: Parameter values used to study the influence of confinement

Parameter Value

Fluid-fluid interaction parameter :

g11 = g22 0

g12 = g21 0.1

5.2 Results and Discussion

An insight into the droplet dynamics for different confinement configurations is

vital since confinement affects the nature of deformation [141, 142] and the droplet

surface interaction. For example, in case of the confined blends with a droplet-matrix

structure, the size of the droplet phase may become comparable to the dimensions of

the flow geometry. In this context, many investigators have attempted to explore the

effect of confinement on the droplet dynamics [141, 143, 144]. Hence, it is imperative

to understand the combined effect of confinement and wettability on the dynamics

of multiphase flows. The following sections attempt to gain insight into the effect

of these parameters on the displacement behavior of the droplet.

5.2.1 Droplet dynamics on the surface with uniform wetta-

bility

The primary goal of this investigation is to systematically evaluate the two-phase

constitutive closure relations via appropriate numerical experiments on droplet mo-

tion for the parameters like wettability (g2w), confinement on temporal evolution of

wetted area and length under the applied gravitational force.

5.2.2 Effect of confinement on moving droplet

It is well known that confinement ratio of the droplet is a vital parameter in addi-

tion to the capillary number and the viscosity ratio as far as the droplet dynamics

is concerned. Hence, the dynamic behavior of the confined droplet in duct is inves-

tigated as a function of wettability and confinement ratio. It may be noted that the
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confinement ratio (2R
h
) is defined as the ratio between the droplet diameter 2R and

the wall separation h.

In this context, the simulation of droplet motion is performed for the hydrophobic

surface with g2w = 0.05 for Ca = 0.35 for 2R
h

= 0.62, 0.75, 0.86 and 0.94 (see Fig.

5.4). The fluid properties used in the simulations are listed in Table 5.1. The

confinement ratio (2R
h
) of the droplet in a duct is varied by changing the width (h)

and the droplet radius (R). Figure 5.2 shows the time evolution of wetted area
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Figure 5.2: Effect of confinement at Ca = 0.35 and g2w = 0.05 : (a) time evolution

of wetted length, (b) time evolution of wetted area

and length for hydrophobic surface. The reduction of wetted length and area with

time is observed to be less in case of high confinement ratio i.e., 2R
h

= 0.94. As

the droplet gets more confined, it aligns more in the direction of flow. Hence, the

droplet experiences a weaker flow with additional stabilizing wall effects.

5.2.3 Effect of wettability on moving droplet with various

confinement ratios

In order to investigate the effect of confinement ratio in conjunction with wettabil-

ity, the simulations were performed on hydrophilic and hydrophobic surface. The

fluid/solid interaction coefficient is set to g2w= -g1w = 0.05 corresponding to a static
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contact angle of 118◦ whereas for the hydrophilic region g2w = -g1w= - 0.02 leading

to a static contact angle of 78◦ [10, 11]. The hydrophobicity of the surface along with

the driving force aids the droplet to move further. This finally yields in complete

detachment of the droplet from the wall as well (see Fig. 5.3). It can be concluded

that hydrophobic surfaces do not show different character for low and high confine-

ment ratios. However, the deformation is more in case of low confinement ratios

followed by the detachment of the droplet (see Figs. 5.3 (a)-(d)). On the contrary,

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.3: Shape of the droplet with different confinement ratio at Ca = 0.35 for

g2w = 0.05: (a)-(d) for 2R/h = 0.62 at time = 0, 3.12, 6.24 and 9.36, (e)-(h) for

2R/h = 0.94 at time = 0, 3.12, 6.24 and 9.36

the deformation of the droplet is different in nature in case of hydrophilic surface.

This is particularly due to the wetting tendency of the droplet on hydrophilic sur-

face. Although, the droplet elongates during deformation in the direction of motion

along the wetting surface, it can be observed that the extent of elongation and
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spreading of the droplet are found to be more (see Figs. 5.4 (a)-(d)) on the surface

with low confinement. It may be noted that at higher confinement ratio, stabilizing

effect of the wall and the wetting tendency of the surface causes deformation in

the direction of motion only, thus flattening of the droplet along the surface (see

Figs. 5.4 (e)-(h)). Figure 5.5 shows the time evolution of the dimensionless wet-

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.4: Dynamic behavior of droplet with different confinement ratios at Ca =

0.35 for g2w = - 0.02: (a)-(d) for 2R/h = 0.62 at time = 0, 3.12, 6.24 and 9.36,

(e)-(h) for 2R/h = 0.94 at time = 0, 3.12, 6.24 and 9.36

ted length b/b0 and wetted area A/A0 between the wall and the sliding droplet on

hydrophobic and hydrophilic surface. For hyodophilic surface, both wetted length

(b/b0) and wetted area (A/A0) increase with time at first, then decrease slowly. At

low confinement ratio (2R
h

= 0.62), it is observed that both wetted length and area

increase monotonically due to the weaker wall effect which causes the droplet to

flatten and spread along the surface. For the non wetting case, both b/b0 and A/A0
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Figure 5.5: Effect of wettability for various confinement ratios at Ca = 0.35 : (a)

time evolution of wetted length, (b) time evolution of wetted area

dramatically decrease with time and reach zero when the droplet totally detaches

from the wall. The time of detachment differs with the confinement ratios. It can

be seen that the detachment of the droplet occurs earlier in case of low confinement

ratios as compared to high confinement ratios. Figure 5.6 shows the effect on in-

terface of the droplet due to different confinement ratios. It can be seen that the

shape of the droplet is greatly stretched from its original static shape, especially

for low confinement ratios matching with our earlier observations. The important

point to note here is that the nature of the wettability of surface dictates the way

in which droplet deforms. For instance, in case of hydrophilic surface the wetting

tendency compels the droplet to adhere to the surface during deformation, whereas

for hydrophobic surface, the droplet detaches as a result of deformation ultimately.

5.2.4 Effect of capillary number on moving droplet with var-

ious confinement ratios

It is well known that the displacement of the droplet not only depends on the relative

magnitude of viscous forces and gravity, but also on their relative magnitude with

respect to the heterogeneous capillary forces. A dimensionless number is defined to
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2R/h = 0.62 2R/h = 0.75 2R/h = 0.86 2R/h = 0.94

(a) (b) (c) (d)

2R/h = 0.62 2R/h = 0.75 2R/h = 0.86 2R/h = 0.94

(e) (f) (g) (h)

Figure 5.6: Effect of wettability for different confinement ratios at Ca = 0.35, y,

z-plane view at x mid-plane, (a)-(d) contour plot for g2w = - 0.02, (e)-(h) contour

plot for g2w = 0.05
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quantify the relative magnitudes of these forces. The capillary number is the typical

ratio of the viscous pressure drop at pore scale to the capillary pressure given by Ca

= ρ2V g

σh
where V is the volume of the droplet. It must be noted that each driving force

term, responsible for initiating the droplet motion, can be taken as a representative

of a particular capillary number [11]. It may be noteworthy that different capillary

numbers can be obtained by changing the gravitational factor, g. In this study,

numerical experiments are performed on different wettability patterning under the

influence of different driving force terms i.e., Ca for a range of configuration ratios.

Figure 5.7 depicts the dynamics of droplet on hydrophobic surface at different times

for Ca = 0.1 and 0.35 for low and high confinement ratio i.e., 2R/h = 0.62, 0.94

respectively. It can be observed from time evolution of wetted length and area that
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Figure 5.7: Effect of capillary number for various confinement ratios for the hy-

drophobic surface (g2w = 0.05): (a) time evolution of wetted length, (b) time evo-

lution of wetted area

the contact length of the droplet decreases irrespective of confinement ratio. The

droplet moves faster in the case of the high confinement ratio thereby detaching

from the surface earlier as compared to the droplet with low confinement. This

establishes the fact that confinement affect the droplet dynamics in addition to

other factors like wettability. Most interesting observation is that for low Ca =

0.1, the rate of reduction of wetted length and area is slower initially up to certain
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time. Thereafter wetted area and length of the droplet remain more or less constant

because the droplet virtually gets stalled. The effect of confinement is not observed

distinctly in this case as in high Ca case. However, the simulations on hydrophilic

surfaces show the effect of wetting tendency of the surface besides the effect of

confinement on droplet motion (see Fig. 5.8). For low Ca, it is seen that the
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Figure 5.8: Effect of capillary number for various confinement ratios for the hy-

drophilic surface (g2w = - 0.02): (a) time evolution of wetted length, (b) time evo-

lution of wetted area

wetting length and area of droplet reduces with time irrespective of confinement

ratio. However, for Ca = 0.35, the wetted length and area are seen to increase

with time for low confinement ratio i.e. 2R/h = 0.62. This is attributed to the

deformation and stretching of the meniscus due to the increase in viscous stresses

along the interface. The high confinement ratio has the stabilizing effect on the

droplet configuration thus maintaining the wetted length and area more or less

constant. The contour plot in Fig. 5.9 shows more deformation of droplet along the

direction of motion. It can be seen that the droplet starts beading up on the lower

end for all confinement ratios and capillary numbers irrespective of the wettability

of the surface. Although the deformation is low in the case of high confinement

ratios (2R/h = 0.94), the shape of droplet and extent of interface bending is seen

to differ depending on surface wettability. For example, at Ca =0.1, the droplet
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Figure 5.9: Effect of capillary number (contour plot at time = 6.25): (a)-(d) for the

hydrophobic surface (g2w = 0.05), (e)-(h) for the hydrophilic surface (g2w = - 0.02)
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is more or less of initial configuration on hydrophilic surface (see Fig. 5.9 (g))

whereas there is bending/deformation of interface on hydrophobic surface (Fig. 5.9

(c)). This observation can be seen more clearly in the case of high capillary number

even in case low confinement ratios; although the interface literally flattens/orients

along the hydrophilic surface (see Fig. 5.9 (f)) because of wetting tendency. This

proves the fact that wettability and capillary number in conjunction with degree of

confinement govern the dynamics of the droplet.

5.3 Closure

Simulations of the displacement of a three-dimensional immiscible droplet for differ-

ent confinement ratios in a duct are carried out by the lattice Boltzmann method.

The simulation has demonstrated that confinement ratio influences the dynamic

behavior of droplet. Temporal evolution of wetted length and wetted area shows

that change in droplet morphology is greater at low confinement ratios. Droplet

shape is highly affected by wettability and degree of confinement, especially at low

capillary number. Excessive change in the morphology of the droplet is observed on

hydrophobic surface as compared to hydrophilic surface for low confinement ratios.
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Chapter 6

Investigation of Mobilization of

Trapped Blob in a Sinusoidal Duct

under Capillarity Induced

Resonance

6.1 Introduction

In the recent past, vibrational and acoustic stimulation of oil reservoirs has been

investigated for possible application in enhanced oil recovery [66, 70, 80]. Hilpert

et al. [70] estimated the frequencies of pulsing pressure in channel that increases

the volume of the displaced non-wetting phase. Many studies have discussed how

vibrations overcome capillary entrapment that keeps the fluids in place [86, 147]

which emphasized the enhancement in two-phase flow by vibrations under field and

laboratory conditions. Hilpert [1] discussed the use of capillarity induced resonance

to mobilize blobs by exciting them at their resonant frequency. However, the influ-

ence of different wettability scenarios like uniform, mixed-wet in conjunction with

capillarity induced resonance on mobilization of the trapped blob is hardly explored

which is the main focus of the present study.
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Investigation of Mobilization of Trapped Blob in a Sinusoidal Duct under Capillarity

Induced Resonance
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Figure 6.1: Simulation geometry showing non wetting phase blob in a sinusoidal

channel with periodic boundary conditions

6.2 Problem Specification

The work in this chapter presents a lattice Boltzmann S-C method to simulate the

acoustically induced oscillation of the interfaces of a trapped blob in a sinusoidal

channel geometry. The main aim is to identify the operating parameters for the

mobilization of the trapped blob, particularly as a function of surface wettability.

Menisci are pinned at the solid surface as a result of geometric roughness, thus

mobilization requires to overcome pinning. The acoustic excitation is modeled as a

body force. Lattice Boltzmann S-C model is considered here for the system with two

immiscible fluids in which blob (fluid 2) is placed in the domain filled with displacing

fluid (fluid 1). Length, breadth and width of the computational domain (see Fig.

6.1 considered for the study are taken as 100, 48 and 48 (in lattice units). The blob

is initially located at the center of the domain i.e., z = 50. The motion of the blob

is induced by an acoustic force along the z-direction. The dynamics of the blob is

studied for the parameters like thickness of the blob, frequency applied, nature of the

wettability No slip boundary condition is applied at the walls in x- and y-direction

whereas the periodic boundary conditions are applied in z-direction. Displacement

of meniscus of the blob is found by locating the interface at the midsection along x

axis where the number density of both the fluids is equal [11].
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6.3 Theory: Linear Response of a Blob with Pinned

Contact Lines in a Sinusoidal Channel

The fluid percolation through pore channel can be considered equivalent to finite

yield stress in the fluid. In such case, it can be presumed that the flow takes place

only after the application of a certain pressure gradient. This so called ‘capillary

trapping’ is seen when meniscus is ‘pinned’ due to mechanical irregularities like

roughness or chemical impurities on walls. Because of pinning of the interface, the

curvature of the interfaces along the wall varies as the pressure increases. However,

the three-phase contact line at the wall does not move. It adjusts the radius of

curvature at surface [148]. It requires finite force to be applied to release the contact

line [70, 86, 103, 149]. The system with pinned interface resonate much like a mass

on a spring [84] and the damping is provided by the viscosities of the fluids. If

the initially flat interface at equilibrium is distended, the surface tension acts like a

spring to restore it to its flat configuration. If the fluids in the system are subjected

to perturbations, the interface and the fluids should oscillate harmonically with

frequency and resonance observed [84]. It is obvious that the displacement will be

more at the resonating frequency.

In this work, it is assumed that the contact line between the fluid and the surface

is pinned to surface. The surface roughness is modeled by adding solid-phase pixels

on both sides of the channel for two selected sites where three-phase contact points

could be pinned. The small roughness height is taken so that it does not have

significant effect on the flow but will be able to ‘trap’ the three-phase contact line.

The blob is subjected to transient body force in the z-direction. LB simulations

are run to investigate whether the numerical model can simulate the resonance of

trapped non wetting phase blobs. The transient force applied on the blob can be

expressed as given below.

W (t) =W (0) + δW sin (ωt) (6.1)

where

W (0) is a constant body force

δW sin(ωt) is the perturbation

The constant body forceW (0) can be taken equivalent to an imposed pressure gradi-

ent in the wetting phase [1] whereas the perturbation δW sin(ωt) can be considered
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Table 6.1: Parameter values used to study the effect of capillarity induced resonance

Parameter Value

Density of fluid 1 0.035

Density of fluid 2 0.965

Length of the duct (l) 100

Breadth(h) 48 in the x-direction

Width(w) 48 in the y-direction

Fluid-fluid interaction parameter g11 = g22 0

g12 = g21 0.1

Relaxation time of the wetting phase 0.80

Relaxation time of the non wetting phase 0.80

as a vibration of the pore walls and/or an oscillatory pressure gradient. Hence, cap-

illarity induced resonance can be exploited to mobilize trapped non wetting phase

by acoustic and elastic waves. Since the no constant body force is applied, W (0) =

0 and θ+0 = θ−0 ; where θ
+
0 = θ−0 are the blob equilibrium contact angles at the top

and bottom menisci, respectively. First the non wetting phase blob is initialized for

a straight pore channel and equilibrium is reached through numerical simulation.

The fluid properties used in the simulations are listed in Table 6.1.

A particle distribution function bounce-back scheme [125, 126, 127] is imposed

at the walls to obtain no-slip boundary condition. It may be noted that for a node

near a boundary, some of its neighboring nodes lie outside the flow domain. Hence,

unique definition of the distribution functions at these no-slip nodes is not known.

The bounce-back scheme is a simplest way to fix these distributions on the wall node

[150]. The bounce-back scheme implies that when a particle distribution streams

to a wall node, it scatters back to the node it has come from. Periodic boundary

conditions applied along the channel axis at z = 0 and z = l. The channel radius is

denoted by R whereas the non wetting phase blob length and length of the wetting

phase blob are indicated by Ln and Lw respectively (see Fig. 6.1). It may be noted

that the periodic boundary condition connects the non wetting phase blob over the
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outlet and inlet of the channel. The simulations are carried out on similar lines of

Hilpert [1]. Figure 6.1 shows the lengths Ln and Lw measured from the distances in

the respective fluids between the three-phase contact points.

It may be noted that estimation of the viscous pressure drop for sinusoidal ge-

ometry is more complicated than for a straight pore channel. Hilpert [1] has used

the model of Metzner [70, 151] to develop analytical model very similar to the one

proposed for the straight pore channel. However, in model proposed by Hilpert [1],

the radius of the pore channel varies according to Eq. (6.2).

R (z) = width + A ∗ sin
( π

lz
∗ z
)

for 0<z<lz (6.2)

where

A = (ly/2) - width

ly - length in y-direction

The calculation of characteristic frequency (see Eq. (6.6)) for the sinusoidal channel

considers variable size of radius by defining mean radius R̄ averaged over the regions

occupied by the two fluids Eq. (6.3).

R̄ (z) =
1

Ln

∫

R (z) dz (6.3)

Resonating frequency ω0 can then be calculated using equation given by Hilpert [1]

as below.

ω0 =

√

2γ
(

g
(

θ+0
)

+ g
(

θ−0
))

(Lnρn + Lwρw) R̄2
(6.4)

where

g (θ0) = sin(θ)

(

2− π − 2θ − sin (2θ)

2

sin (2θ)

cos4(θ)

)

−1

(6.5)

ωc is the characteristic frequency chosen to nondimensionalize δx and δW and is

given by

ωc =
ν

R̄2
(6.6)

The non dimensional excitation frequencies are expressed as

Xn =
ω

ωcn
(6.7)

Xw =
ω

ωcw

(6.8)
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It may be noted that subscript n and w indicate non wetting and wetting phase

respectively

The frequency response can be given according to the equation [1] given below.

χ = w2
c

δx

δW
(6.9)

where

δx = Blob displacement

δW = Amplitude of the force applied

To quantify blob displacement the blob’s center of mass is calculated [1] as follows :

z(t) =

∫ ∫ ∫

zρ (x, y, z, t) dxdydz
∫ ∫ ∫

ρ (x, y, z, t) dxdydz
(6.10)

6.4 Results and Discussion

The primary aim of this work is to systematically evaluate the two-phase consti-

tutive closure relations via appropriate numerical experiments on mobilization of

blobs due to capillary-induced resonance. The effect of various parameters like wet-

tability (g2w), blob thickness, width of blob and frequency on displacement of blob

is explored. In this context, first, a series of numerical simulations are carried out

to understand the physics behind blob motion for pinned contact surfaces.

6.4.1 Effect of frequency on the response of the blob

In order to understand the dynamics of the blob, numerical experiments are per-

formed to estimate the mean displacement of the blob at various excitation frequen-

cies. The change of displacement of blob with respect to time is plotted for a pinned

contact line configuration. The simulation parameters used for this case are g2w=

0.01, δW = 0.0001, ω = 0.002. Figure 6.2 depicts the response of the blob excited by

an oscillating body force δW (t) = δW sin(ωt) in z-direction, where the ω is discrete

excitation frequency ranging from 0 to 1.5 ω0. The amplitude of force applied is

δW = 0.00005. The kinematic viscosities of both fluids are equal, ωcn = ωcw. The

lengths of the non wetting phase and wetting phase are 40 and 60 respectively. The

χ values are determined from Eq. (6.9). The temporal response to a given excitation

δW (t) can be estimated from the frequency response χ (ω). The overall agreement
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Figure 6.2: Effect of frequency on the blob with pinned contact lines in a sinusoidal

channel (a) variation of displacement, (b) frequency response of the blob for acoustic

excitation, (c) comparison of frequency response of the blob displacement in 3-D duct

with that of Hilpert [1]
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in the trend between the simulation results and that of Hilpert [1] is good (see Fig.

6.2 (c)), although the present study is done for three dimensional geometry whereas

Hilpert [1] has performed LB simulation for two dimensional domain. The simulated

resonant frequency is quite near to the predicted one by Eq. (6.4) given by Hilpert

[1]. The deviation between the value of displacement δx and frequency response χ

of our results and that of Hilpert [1] is likely due to the amplitude of force and the

geometry they used (see Fig. 6.2 (c)). The characteristics frequency ωc found from

Eq. (6.6) is 0.000184. It can be seen that for resonant frequency ω = ω0 = 0.0026,

the mean displacement is maximum. The non dimensional resonant frequency X0 is

14.24 for g2w = 0.01. For the frequencies more than resonance frequency, the mean

displacement of the blob decreases and becomes steady for very high frequencies.

6.4.2 Effect of capillary number on resonance behavior of

two-phase flow

The equilibrium shape of meniscus of the liquid in contact with the solid surfaces is

determined by the balance of capillary forces by acoustic excitation in the face of the

wetting properties of the liquid/solid/gas system. This wettability-capillarity inter-

action governs the displacement behavior of two-phase flows. The extent to which

the blob oscillates depends on the frequency and the amplitude of force δW , wet-

tability of the surface, geometry and the capillary number. Also, at resonance the

displacement is found to be maximum. Hence, it would be interesting to understand

the resonance behavior of the trapped blob on differently wetted surface for various

capillary numbers. It is well known that the capillary number is a measure of the

relative importance of viscous and surface tension forces. For a given magnitude of

acoustic excitation (δW ), we defined the capillary number (Ca) = ρ2V δW
σh

, where ρ2

indicates the density of non wetting phase and V is the volume of the trapped blob.

The surface tension (σ) depends on viscosity and wettability and is actually indica-

tive of the work of deformation required for the trapped blob to move through the

narrow necks of pore channels. It may be noted that different capillary numbers are

obtained by changing δW . Different flow regimes can be observed depending on the

capillary number [152]. For very low Ca, the displacement is governed by the het-

erogeneity of the capillary pressures along the interface [152, 153] which results into

capillary fingering regime. For high Ca values, the viscous forces overcome capillary
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effects. This results into a viscous fingering regime with a rapid breakthrough of

the non wetting fluid into the wetting fluid. Figure 7.10 (a) shows the displacement

of the blob for various capillary numbers for the frequency close to the resonance

frequency i.e., ω = 0.003. The blob oscillates about its mean position in a periodic

manner (see Figs. 7.10 (a) and 6.4 (c)-(d)) and displacement of the blob increases

with capillary number. Contour plots as shown in Figs. 7.10 (c)-(e) also reiterates

the same fact.

6.4.3 Effect of wettability on the response of the blob

In this section, the effect of wall wetting characteristics on the blob dynamics of

pinned as well as sliding contact line is discussed. It is well known that wettability

is the indication of the ability of one fluid to spread on a solid surface and form

a wetting film [139]. The nature of wettability influences displacement of fluid to

a large extent, for example in the oil extraction from the rocks. Also, the pattern

of wettability varies depending on the nature of surface, fluid in contact [140]. For

instance, the angles of contact for water-wet, neutrally-wet and oil-wet configuration

are less than, close to and larger than π/2 respectively. Kovscek et al. [154] proposed

a model which considers the variation in surface wettability of the rock by direct

contact of oil. It is assumed that porous medium is filled with water i.e., water wet

prior to invasion of oil. The formation of thin film of water once oil enters into the

pore prevents direct contact of oil with the solid surface. However, this film can

collapse at threshold capillary pressure resulting in direct contact of oil into solid

surface thus changing wettability. Hence, the influence of wettability on response of

the blob is studied here in detail. Figures 6.4 (a)-(b) show more displacement and

χ for the hydrophilic surface with g2w = −0.01 as compared to hydrophobic surface

with g2w = 0.01 for pinned configuration. This is primarily owing to the tendency

of liquid to wet on hydrophilic surface leading to more deformation and bending

of meniscus. Highly wetting surface g2w = −0.02 (see Fig. 6.4 (c)) shows greater

displacement and χ in comparison to weakly wetting surface g2w = −0.01. The

same holds true in case of strongly hydrophobic surfaces as shown in Fig. 6.4 (d).

Thus we can conclude that the strength of wettability also determines the extent of

displacement.
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Figure 6.3: Effect of capillary number: (a) variation of displacement for ω = 0.003,

(b) frequency response of the blob, (c) snapshots of the blob at time step = 1800

for Ca = 0.23, (d) snapshots of the blob at time step = 1800 at Ca = 1.15, (e)

snapshots of the blob at time step = 1800 at Ca = 2.30
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6.4.4 Effect of mixed wettability on the response of the blob

This section explores the behavior of blob on the surface with mixed wettability

which is a common characteristics in the case of rock oil reservoir. The blob is so

placed that the meniscus has same wettability on either side (see section 3.3.4 for

schematic). It has been found that the blob displaces to a lesser extent for the surface

with mixed wettability as compared to the surface with uniform wettability (see Fig.

6.5 (a)). This happens due to varying contact angle in differently wetted region.

Figure 6.5 (b) shows that the nature of the response of the blob is similar both for

pinned and sliding contact line configuration in case of mixed wettability. However,

displacement is centered around initial pinned location for pinned configuration

as compared to sliding contact configuration where meniscus follows the moving

contact line. This results in offsetting the displacement from initial position. Effect

of frequency on the displacement and frequency response (χ) for mixed and uniform

wettability is shown in Fig. 6.5 (c).

It can be observed that the peak displacement occurs at around ω = 0.0035

for mixed wettability i.e., at relatively lesser frequency as compared to uniform

wettability. The same behavior is seen for the frequency response χ as shown Fig. 6.5

(d). Hence, it can be concluded that resonance frequency changes with wettability

and the change is less for the surface with mixed wettability as compared to the

surface with uniform wettability.

6.4.4.1 Effect of capillary number for different wettability configuration

The wettability of two immiscible fluids for a given surface is a crucial factor which

determines the shape of menisci and also the displacement. Hence, study is under-

taken to understand the resonance behavior at differently wetted surface for Ca =

0.23, 2.30. The contour plots in Fig. 7.11 are plotted at resonance frequency ω =

0.003 for a range of surface wettability. It has been seen that deformation/bending

of the meniscus is more on hydrophilic surfaces i.e., g2w = −0.01,−0.02 as compared

to the hydrophobic surfaces (non wetting phase blob) i.e., g2w = 0.01, 0.02. However,

for surfaces with mixed wettabilities i.e., g2w = ±0.02, 0.05, deformation is more as

compared to the surface with uniform wettability. It may be noted that blob is so

placed that meniscus lies in hydrophilic region where it tends to wet to a greater

extent (see Fig. 4.15) and central portion of the blob is kept in hydrophobic region.

Also, it is interesting to note that the deformation is more for the surface with
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Figure 6.5: ((a)-(b) Comparison of dynamic behavior of the blob, (a) mixed and
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(a) (b) (c) (d) (e) (f)

(g) (h) (i) (j) (k) (l)

Figure 6.6: Behavior of the blob with pinned contact lines in a sinusoidal channel

by acoustic excitation for different wettability configurations. Snapshots of the blob

during excitation:(a)-(f) at Ca = 0.230 and (g)-(l) at Ca = 2.30, for g2w = - 0.02, -

0.01, 0.01, = 0.02, ± 0.02, ± 0.05
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g2w = ±0.05 as compared to g2w = ±0.02. This is quiet obvious since the alter-

ation in wettability is higher in case of g2w = ±0.05, so that when blob enters

the hydrophilic strip/region with g2w = −0.05 (see Figs. 7.11 (k)-(l)), the strong

wetting tendency stretches the meniscus leading to more bending of the meniscus.

The effect of capillary number can also be adjudged for the surface with different

wettability configurations in terms of amount/magnitude deformation of the blob

meniscus. The deformation of meniscus and the mean displacement are greater for

higher capillary number.

6.4.5 Capillarity wettability interaction

A generic capillarity-wettability interaction can be best summarized by surface plots

as shown in Fig. 7.12. The wettability dependence of the blob displacement is

manifested for different capillary numbers for a range of frequencies. It can be safely

argued that peak displacement occurs at the resonance frequency i.e., ω = 0.003 (see

Fig. 7.12 (a)). However, at higher capillary number for example, Ca = 2.30, the

system shows overdamped behavior showing greater displacement throughout the

range of frequency (see Fig. 7.12 (b)). The driving force dominates the effect of

wettability of the surface. Hence, it can be stated that wettability tends to be more

effective particularly at lower capillary numbers and use of resonance frequency can

be of great help for greater displacement. This result could be very useful while

dealing with mobilization of the trapped blobs.

6.4.6 Effect of width on the response of the blob

The thickness of the blob should be much shorter than the wave length of sound at

an excitation frequency (ω) to satisfy the assumption of incompressibility [1]. Again

the thickness of the blob Ln is taken such that Ln ≪ R so that the velocity field

in the blob can be approximated by that in an infinitely long channel [86]. The

width of the channel largely influences the viscous pressure drop. Viscous drop at

the center will be lesser for higher width. In order to understand the influence of

width on the displacement of the same volume of the blob, simulations are run for

various values of width (R = w/2).

It can be seen from Figs. 6.8 (c)-(d) that for higher width, the displacement of

the blob is more. However, the maximum χ value decreases as seen in Fig. 6.8 (b)
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Figure 6.7: Capillarity wettability interaction for (a) ω = 0.003, 0.005, 0.007, (b)

Ca = 0.23, 1.15, 2.30

TH-1289_10610305



6.4 Results and Discussion 125

ω

D
is

pl
ac

em
en

t

0 0.002 0.004 0.006 0.008
2

3

4

5

6

7

8

9

10
R =
R =
R =

22
24
27

ω/ω
χ

5 10 15 20 25 30 35
0

0.002

0.004

0.006

0.008

0.01
R =
R =
R =

c

22
24
27

(a) (b)

Istep

Lo
ca

tio
n

27000 30000 33000
44

46

48

50

52

54

56

58
R =
R =
R =

22
24
27

Radius

D
is

pl
ac

em
en

t

21 22 23 24 25 26 27 28 29 30
4

5

6

7

8

9

10

(c) (d)

Figure 6.8: Effect of width on the response of the blob: (a) Displacement of the blob

for a range of frequencies, (b) Frequency response of the blob, (c) Dynamic response

of the blob for ω = 0.002, (d) Variation of displacement for a range of width
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since the value of χ is inversely proportional to the R2(see Eq. (6.4)). So overall

effect is that the displacement increases with the width but frequency response χ

(see Fig. 6.8 (b)) decreases at the same time. Also, the shift in the value of frequency

ratio ω
ωc

at which the peak value of displacement or χ occurs can be observed. Also,

for higher width the maximum value for displacement (see Fig. 6.8(a)) is observed at

relatively lower frequency. It can be observed that for maximum value of frequency

response, χ occurs at relatively higher frequency ratio (see Fig. 6.8 (b)). This could

be very useful in estimating the displacement of the blob for network of pores where

the width may vary from one location to the other.

6.4.7 Mobilization of trapped blobs

It is well known that irregular geometry provides more opportunities for the blob

to be trapped than the simple-shaped channels. Also, the net displacement of the

blob depends on how often the blob gets trapped because of the obstruction in the

network of pores. Hence, it would be interesting to gain some more insight on the

mobilization of the trapped blobs. In this context, investigation of the hypothesis

that capillarity induced resonance can be exploited to mobilize blobs trapped in the

sinusoidal pore channel is done. First, the numerical experiments are done to find out

the frequency at which the blob shows maximum response. The blob as shown in Fig.

8.2 (a) is subjected to acoustic excitation δW = sin(ωt) for a range of frequencies.

The maximum displacement of the blob is found at around ωmax = 0.003. Then, the

blob is excited at selected frequencies ωn ranging from 0 to 1.5 ωmax with a body

force W (t) = W (0)+ deltaW sin(ωt). It may be noted that amplitude δW is varied

such that mobilization has occurred for a small number of excitation frequencies ω

presumably close to ωmax. It is found that the mobilization has occurred for W (0)

= 0.000046 and δW = 0.000006. Figure 8.2 shows the snapshots of the simulations

for the blob at steady state for ω = 0.001 and 0.003. It can seen that for ω = 0.001,

no mobilization has occurred. The head (top) meniscus, undergoes drainage and

passes the pore throat. However, the blob gets trapped since the tailing (bottom)

meniscus (undergoing imbibition) is stuck in a wide portion of the pore space(i.e.,

pore body). This demonstrates that the blob oscillates around the equilibrium

state (see Fig. 6.10 (a) when it is excited at the frequency well below the resonant

frequency ωmax. However, the blob moves a significant distance when excited at

ω = 0.003 (close to ωmax) as shown in Fig. 6.10 (b). The blobs tailing meniscus
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 6.9: Snapshots of mobilized blob (a)-(d) at ω = 0.001 and (e)-(h) at ω =

0.003 for time step = 0, 12000, 13200, 16000 respectively
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passes the pore body (see Fig. 8.2 (e)-(h)). To ascertain that whether mobilization

occurred, the mean blob position is quantified by the time-average value of z(t)

during the last excitation cycle, z for all values of ω as shown in Fig. 6.10 (c).

The filled symbol shows mobilization. The frequency response χ of the blob is

very high as expected for the value of ω near to ωmax. One can see that the blob

moved a significant distance at a frequency close to ωmax and the trailing meniscus

passes the pore body. It is observed that mobilization occurred for only a few

excitation frequencies (ω = 0.0026 and ω = 0.003), both of which are close to ωmax.

The blob is displaced by around 13 lattice units. Also, it can be seen that a net

displacement i.e., mobilization of the blob has only occurred for a few frequencies,

which are very close to ωmax. These results support the hypothesis that blob can be

optimally mobilized by excitation at its resonant frequency. or
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Figure 6.10: Mobilization of a blob in a sinusoidal pore channel: (a) excitation at ω

= 0.001, (b) excitation of the blob at ω = 0.003, (c) mean blob position during the

last excitation cycle at various values of ω
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6.5 Closure

The response of the blob in the sinusoidal channel to an oscillatory force by the lat-

tice Boltzmann method is simulated. The effect of the parameters like wettability of

the surface, frequency, capillary number on menisci oscillation and consequently on

the displacement of the blob is studied. Results of numerical experiments confirm

the hypothesis that trapped blobs can be mobilized using capillarity induced reso-

nance. The mobility of the blob reduces for the surfaces with mixed wettability as

indicated by less displacement as compared to the surface with uniform wettability.

It has been observed that the mobilization of the blob is governed by the nature of

geometry i.e. curvature of surface. The blob trapped in domain with varying cross

section shows less mobilization as compared to the one with uniform cross section for

the same input conditions. The study on combined effect of wettability and geome-

try reveals that mobilization is more for hydrophobic surface on the geometries with

uniform cross section. However, effect of geometry and wettability would not be so

significant at high capillary number. It can be concluded that the excitation of a

trapped blob near to its resonant frequency leads to a net displacement of the blob.

In this context, an optimal excitation strategy might be significant in mobilization

of residual non wetting phase in channels or real porous networks that these simple

models represent.
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Chapter 7

Mesoscopic Analysis of Blob

Dynamics in a Tube with Varying

Radius

7.1 Introduction

The displacement of the trapped blob is governed by the nature of geometry as

discussed in earlier chapter since the shape of the geometry controls the nature of

entrapment opportunities, magnitude of excitation and resonance frequency which

in turn affect the mechanism of blob mobilization. The displacement is observed to

be large for the polygonal and sinusoidal pore channels as compared to the channel

with disc packing [1]. The understanding the fluid flow phenomena when it comes to

the tortuous paths of rock pores, packed beds and lung bronchioli makes it even more

complex as compared to that of a single straight tube. The process of mobilization of

trapped blob is entirely different in case of varying cross-sectional geometry and an

insight into the mechanism of mobilization may be useful in optimally utilizing the

phenomenon of capillarity induced resonance. Hence, the effect of wettability cou-

pled with capillarity induced resonance on mobilization of the trapped non wetting

phase blob in a tube with varying constriction is studied.
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7.2 Problem Specification

The objective of the present work is to simulate the displacement of the blob to

bolster our understanding about the effect of physicochemical parameters like wet-

tability, geometry and capillarity induced resonance on physical mechanism of mo-

bilization. The dimensions of the computational domain (see Fig. 7.1) are as given

in Table 7.1. The S-C model here considers the system with two immiscible fluids

X Y

Z

Ln

Lw

Lz

h

Figure 7.1: Computational domain showing non wetting phase blob in a tube with

varying radius with periodic boundary conditions

in which blob (fluid 2) is placed in the domain filled with displacing fluid (fluid 1).

The blob is initially placed in the center of the domain at z = 50. The motion of the

blob is induced by a sinusoidal acoustic force along the negative z-direction. The

dynamics of the blob was explored based on thickness of the blob, frequency applied,

nature of the wettability using S-C lattice Boltzmann Model. No slip boundary con-

dition is applied at the walls in x- and y-direction whereas the periodic boundary

conditions are applied in z-direction. The transient force applied on the blob can

be expressed as given below.

W (t) =W (0) + δW sin(ωt) (7.1)

where W (0) and δW sin(ωt) are constant body force and perturbation respectively.
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Table 7.1: Parameter values used to study the fluid flow through varying radius

tube

Parameter Value

Length of the tube (l) 100

Radius of the tube at inlet and outlet (h) 20

Maximum radius of the tube(hmax) 24

Density of fluid1 0.035

Density of fluid2 0.965

Relaxation time of the wetting phase τ1 0.80

Relaxation time of the non wetting phase τ2 0.80

Fluid-fluid interaction parameter g11 = g22 0

g12 = g21 0.1

7.3 Results and Discussion

7.3.1 Dynamic response of the blob

In order to get insight on the dynamic behavior of the blob, the mean displacement

of the blob for a range of excitation frequencies was analyzed. It is evident from

the contour plot shown in Fig. 7.2 (a)-(c) that blob oscillates under the influence

of acoustic excitation ( δW sin(ωt)). It can be observed that the meniscus follows

the flow by varying its radius of curvature [70]. The meniscus deformation largely

depends on the volume ∆V of the trapped blob and motion of the contact line. It is

noteworthy that the contact line may remain microscopically pinned for certain value

of ∆V beyond which motion of contact line may occur. Charlaix and Gayvallet [85]

have described the range of volume in this context. The variation of displacement

of blob with respect to time is plotted for the surface with wettability g2w = 0.01

for a pinned contact line at ω = 0.0035 and amplitude of force δW = 0.0001. It

can be seen from the Fig. 7.2 (d) that the meniscus of the blob oscillates about

its mean position periodically. The period of oscillation depends on the frequency

used. However, the amplitude of oscillations is governed by the parameters like
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amplitude of force, wettability of the surface and geometry. Figure 7.3 shows the

frequency response in which the blob was excited by an acoustic excitation F3k =

δW sin(ωt), where the ω is discrete excitation frequencies ranging from 0 to 1.5

ω0. The force amplitude is δW = 0.00005 and the characteristic frequencies of

both the fluids are taken equal i.e., ωcn = ωcw. The lengths of the wetting phase

slug and non wetting phase slug is 60 and 40 lattice units respectively. The χ

values are estimated from Eq. (6.9). The frequency response χ (ω) can be useful

to calculate the temporal response to a given excitation δW (t). Figure 7.3 shows

the mean displacement about the equilibrium position for various frequencies (ω).

First, the characteristic frequency ωc found from Eq. (6.6) is 0.00025 which is used

for all the simulations unless otherwise explicitly mentioned. It can be seen that at

resonant frequency ω = ω0 = 0.0035, the mean displacement is maximum. The non

dimensional resonant frequency X0 is 15 for g2w = 0.01. For the frequencies more

than resonance frequency, the mean displacement of the blob gradually reduces and

becomes steady for very high frequencies.

7.3.2 Effect of force on the response of the blob

In order to study the influence of force on the response of the blob, the simulations

were performed for two different amplitudes of the force δW = 0.0001 and 0.00005

for the same configuration. It can be observed that displacement of the blob was

found to be greater for δW = 0.0001 as compared to δW = 0.00005 which is quiet

obvious and physical also. The variation of χ is also plotted over frequency ratio
ω
ωc

which re-confirms the similar behavior. Figure 7.4 depicts that χ reduces with

increasing frequency so also the displacement. It may be noted that although the

nature of variation of χ is same however, the magnitude is more for δW = 0.0001.

7.3.3 Effect of damping on the response of the blob

The damping of the fluid has considerable effect on the dynamics of the blob. The

magnitude of damping changes with viscosity of the fluid. Hence, the simulations

were performed with various values of viscosity. Figure 7.5 shows the underdamped

and overdamped system keeping all other parameters constant. It can be seen that

the system exhibits the overdamped character for the applied frequency more than

that of characteristic frequency wc. It may be noted that the relaxation parameter
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Figure 7.2: LB simulation of excitation of a blob with pinned contact lines by an

oscillatory body force. Three snapshots of the blob during excitation at istep (a)

0, (b) 3600, (c) 4400 for g2w = 0.01 at δW = 0.0001, (d) periodic oscillation of the

meniscus for δW = 0.0001 at ω = 0.0035.
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Figure 7.3: Effect of Frequency (a) variation of displacement of the blob (b) fre-

quency response with pinned configuration

τ determines viscosity which in turn decides the characteristic frequency. For ν =

0.1 and = 0.166, the characteristic frequencies are around 0.00025 and 0.0004 re-

spectively. The non-dimensional resonant frequency X0 is 8.75 for ν = 0.16 whereas

X0 = 14 for ν = 0.1. This indicates that for the frequencies corresponding to X0

> 8.75, the system with ν = 0.16 behaves like overdamped system whereas system

with ν = 0.1 shows underdamped character. Keeping all conditions being equal, it

is expected that adding viscosity to the model increases the added resistive force.

This in turn, increases the the threshold value of acceleration required to liberate

a blob from its entrapped configuration. Thus, the fluid with more viscosity makes

the system overderdamped.

7.3.4 Effect of radius on the response of the blob

In order to study the effect of radius on the displacement of the same volume of the

blob, the simulations were done for various values of radius. For R̄ = 24 and 30, the

characteristic frequency are around to be 0.00017 and 0.00011 respectively. It may

be noted that the radius of the pore mainly affects the viscous pressure drop. The

greater the radius the lesser will be viscous pressure drop at the center and hence,
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Figure 7.4: Effect of Force (a) frequency response for δW = 0.0001, (b) frequency

response δW = 0.00005, (c) variation of displacement of the blob
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Figure 7.5: Effect of damping: Frequency response of an underdamped (X0 = 14)

and an overdamped(X0 = 7.25) blob with pinned contact lines (a) variation of

displacement of the blob, (b) Variation of χ of the blob, (c) variation of χ
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frequency
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the greater displacement (see Fig. 7.6 (a)). It is observed from Fig. 7.6 (c) that

the mean displacement of the blob increases with radius. The maximum χ value

reduces as shown in Fig. 7.6 (b) since the value of χ is inversely proportional to the

R̄2 (see Eq. (6.4)). Although the displacement increases with the radius (see Fig.

7.6 (b)) χ value reduces. There is a shift in the value of frequency ratio ω
ωc

at which

the maximum value of displacement or χ occurs. It is observed that at higher radius

the peak value for displacement occurs at relatively lower frequency ratio whereas

for χ it occurs at relatively higher frequency ratio. This could be useful in predicting

the displacement of the blob for network of pores where the radius may vary from

one location to the other.

7.3.5 Blob response for sliding and pinned contact line

As mentioned earlier pinned contact lines is observed in natural porous media due to

their surface roughness and chemical heterogeneities. This may result into stationary

contact line even when it is subjected to an oscillatory flow. The motion of the blob

is governed mainly by amplitude and frequency of the flow field. It may be noted

that the sliding contact lines do not occur normally except in hypothetical case

where contact line do not touch the defects of the surface i.e., the surface is fully

covered by a liquid film. Three phase contact line is not seen for such system. As

already known the meniscus follows the induced flow without any change in shape

for sliding motion of the contact line [84]. However, this type of motion requires a

sufficiently wetting surface. It may be noted that total force required to mobilize

the blob must overcome the viscous forces and surface tension forces. Figure 7.7

shows the response of the blobs for pinned and sliding contact lines. As seen from

Fig. 7.7 (a) the mean displacement of the blob for the ω = 0.0035 for pinned surface

is more as compared to sliding contact line surface. It can be safely adjudged that

the system with pinned contact line shows underdamped character whereas system

with sliding blob shows overdamped character (see Figs. 7.7 (b) and (c)).

7.3.6 Effect of wettability on the response of the blob

In this section, attempt is made to gain fundamental understanding about the effect

of wall wetting characteristics on the blob dynamics on pinned as well as sliding

contact line. As already known wettability indicates the ability of one fluid to
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Figure 7.6: Effect of width (a) variation of displacement of the blob with frequency,

(b) frequency response with pinned configuration, (c) variation of displacement of

the blob with width
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Figure 7.7: Comparison of the response of the blob for pinned and sliding contact

line configuration: (a) displacement of the blob with time, (b) variation of displace-

ment of the blob with frequency, (c) Frequency response for sliding and pinned

configuration for g2w = 0.01 and δW = 0.00005
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spread on a solid and form a wetting film [139]. The nature of wettability affects

the displacement of fluid to a great extent, e.g., in the extraction of oil from rocks.

Moreover, the pattern of wettability changes depending on the nature of surfaces,

fluids in contact [140]. For instance the contact angles for water-wet, neutrally-wet

and oil-wet configuration are less than, close to and larger than π/2 respectively.

Kovscek et al. [154] proposed a model which considers the change in wettability

of the rock surface by the direct contact of oil. Porous medium is assumed to be

filled with water and water wet prior to invasion of oil. As oil enters into it a thin

film of water does not allow direct contact of oil with the solid surface. However, at

threshold capillary pressure the film collapse which results in direct contact of oil

into solid surface thus changing the wettability. Hence, the effect of wettability on

response of the blob is studied in this section.

7.3.6.1 Effect of uniform wettability on the response of the blob

Figures 7.8(a)-(b) show greater mean displacement and χ for the hydrophilic surface

with g2w = −0.01 as compared to hydrophobic surface with g2w = 0.01 for pinned

configuration. Strongly wetting surface g2w = −0.04 (see Fig. 7.8 (d)) shows less

displacement and frequency response χ as compared to weakly wetting surface g2w =

−0.01. The same behavior is seen in case of strongly hydrophobic surfaces as shown

in Fig. 7.8(c). This is due to the fact that flow in varying radius tube finds it

difficult to mobilize because of sharp changes in wettability at the interface.

7.3.6.2 Effect of mixed wettability on the response of the blob

The blob response was explored for the surface with mixed wettability. The mixed

wettability describes the varying wetting characteristics of the solid wall comprised

of hydrophilic (HI) and hydrophobic (HO) regions. The blob was located in such

a way that wettability on both side of meniscus is same for this study (see Fig.

7.9 (a)). It was seen that mean displacement of the blob was less for mixed-wet

surface as compared to for the surface with uniform wettability (see Fig. 7.9 (b)).

This is due to contact angle variation in differently wetted region. Figure 7.9 (c)

shows that although the mean displacement for mixed wettability with pinned and

sliding contact line is similar in nature, displacement for pinned configuration is

centered around initial pinned location. However, the meniscus has followed the

TH-1289_10610305



7.3 Results and Discussion 143

ω/ω

D
is

pl
ac

em
en

t

4 8 12 16 20 24 28 32 36
0

2

4

6

8

g2w = 0.01
g2w = - 0.01

c ω/ω
χ

4 8 12 16 20 24 28 32 36
0

0.002

0.004

0.006

0.008

0.01

g2w = 0.01
g2w = - 0.01

c

(a) (b)

Istep

Lo
ca

tio
n

4000 6000 8000
46

47

48

49

50

51

52

53

54

55 g2w = 0.01
g2w = 0.04

Istep

Lo
ca

tio
n

2000 4000 6000

46

47

48

49

50

51

52

53

54

55 g2w = - 0.01
g2w = - 0.04

(c) (d)

Figure 7.8: Effect of wettability on the response of the blob: (a) variation of displace-

ment of the blob with frequency, (b) frequency response with pinned configuration,

(c)-(d) effect of strength of wettability for: (c) hydrophobic surface, (d) hydrophilic
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Figure 7.9: Effect of mixed wettability on the response of the blob: (a) schematic of

the domain for mixed wettability surface, (b) effect of uniform and mixed wettability

for pinned configuration, (c) effect of pinned and sliding contact configuration for

mixed wettability surface
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moving contact line in case of sliding configuration thus offsetting the displacement

from initial position.

7.3.7 Effect of capillary number on the response of the blob

The shape of menisci of the liquid in contact with solid surface depends on the

balance of capillary forces and acoustic excitation in the face of the wetting proper-

ties of the liquid/solid/gas system. Thus, wettability-capillarity interaction controls

the displacement behavior of two-phase flows. It is very crucial to understand the

resonance behavior of the trapped blob on the surface with different wettability for

various capillary number which is novelty of this work. It may be noted that vari-

ous capillary numbers are obtained by varying the δW , the magnitude of acoustic

excitation. For a given δW , we determine Ca = ρ2V δW
σh

where

ρ2-density of non wetting phase

V -volume of the trapped blob

h-radius of the tube

However, the capillary number can also be varied by changing the blob size or the

surface tension, but changing the magnitude of acoustic excitation force is the most

convenient. Figure 7.10 (a) shows the displacement of the blob for different capillary

number for the frequency near to the resonance frequency i.e., ω = 0.0035. It can be

observed that there is increase in the displacement of the blob from mean position

with capillary number.

Figure 7.10 (b) also shows similar trend over the range of frequencies. At higher

capillary number for instance Ca = 1.65 the system exhibits underdamped behavior

whereas for Ca = 0.165, 0.825 the system exhibits the underdamped character show-

ing peak displacement at around ω = 0.0035. Contour plots (see Figs. 7.10 (c)-(e))

show the effect of capillary number keeping all other parameters constant. It can

be observed that at higher capillary number, the deformation/bending of meniscus

is more as compared to lower capillary number.
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Figure 7.10: Effect of capillary number at g2w = 0.01 (a) variation of displacement

for ω = 0.0035, (b) frequency response of the blob,(c)-(e) snapshots of the blob taken

at time step = 4000 for Ca = 0.165, 0.825 and 1.65 respectively
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7.3.8 Resonance behavior for different wettability configu-

ration

The wettability of two immiscible fluids on a given surface is important factor which

governs the shape of menisci and also the displacement. Hence, simulations are done

to understand the resonance behavior on the surface with differently wettability for

Ca = 0.165, 0.825, 1.65. The contour plots in Fig. 7.11 are plotted at resonance

frequency ω = 0.0035 for a range surface wettability. It has been seen that deforma-

tion/bending of the meniscus is more on hydrophilic surfaces i.e., g2w = −0.01,−0.02

as compared to hydrophobic surfaces (non wetting phase blob) i.e., g2w = 0.01, 0.02

. However, for surfaces with mixed wettabilities i.e., g2w = ±0.01, 0.02 the defor-

mation is more as compared to the surface with uniform wettability. The blob is

placed in such away that meniscus lies in hydrophilic region where it tends to wet

to a more extent (see Fig. 7.9 (a)) and middle portion of the blob is kept in hy-

drophobic region. The deformation of meniscus is greater in case of the surface with

g2w = ±0.02 as compared to g2w = ±0.01. This is quiet obvious since the variation

in wettability is more in case of g2w = ±0.02. When blob enters the hydrophilic

strip/region with g2w = −0.02 (see Figs. 7.11 (k), (l)), the highly wetting tendency

stretches the meniscus resulting into more bending of the meniscus. The effect of

capillary number can also be seen in terms of amount/magnitude of deformation of

the meniscus. For higher capillary number, the deformation of meniscus and the

mean displacement are found to be greater.

7.3.8.1 Capillarity wettability interaction

A generic capillarity-wettability interaction can be best summarized with the use of

surface plots as shown in Fig. 7.12. The dependence of the blob displacement on

wettability is explored for different capillary numbers for a range of frequencies. It

can be seen that maximum displacement occurs at the resonance frequency i.e., ω =

0.0035 (see Fig. 7.12 (a)). However, at higher capillary number for example, Ca =

1.65, the system exhibits overdamped behavior with more displacement throughout

the range of frequency (see Fig. 7.12 (b)). The driving force predominates the effect

of wettability of the surface. Hence, it can be safely concluded that wettability tends

to be more influential particularly at lower capillary numbers. The optimal use of

resonance frequency can be very instrumental for achieving maximum displacement.
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Figure 7.11: Effect of capillary number for different wettability configuration: (a)-

(f) snapshots of the blob during excitation at Ca = 0.165, (a) g2w = - 0.02 (b) g2w

= - 0.01 (c) g2w = 0.01 (d) g2w = 0.02 (e) g2w = ± 0.02 (f) g2w = ± 0.05, (g)-(l)

snapshots of the blob during excitation at Ca = 1.65, (g) g2w = - 0.02 (h) g2w = -

0.01 (i) g2w = 0.01 (j) g2w = 0.02 (k) g2w = ± 0.02 (l) g2w = ± 0.05
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Figure 7.12: Capillarity wettability interaction for (a) ω = 0.003, 0.005 and 0.009,

(b) Ca = 0.23, 1.15 and 2.30 respectively
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This could be of great practical relevance while dealing with mobilization of the

trapped blobs.

7.3.9 Mobilization of trapped blobs

It is already known that irregular geometry like tube with varying radius offers

greater opportunities for the blob to be trapped than the simple shaped channels.

This affects the displacement of the blob especially in network of pores. Hence, it

becomes important to understand the physics behind the mobilization of trapped

blob. In this section, we have investigated capillarity induced resonance of trapped

blob in the tube with varying radius. The blob as shown in Fig. 8.2 (a) is subjected

to acoustic excitation δW = sin(ωt) for a range of frequencies. The frequency for

peak displacement is found through these simulations and in this case it is ωmax

= 0.0035. Then the mobilization of the blob is studied for an applied body force

f(t) = f0 + δW sin(ωt) at selected frequencies ranging from 0 to 1.5 ωmax. The

magnitude of applied force is chosen such as to result mobilization for a small number

of excitation frequencies ω close to ωmax. In this case, the mobilization of the blob is

observed at f(0) = 0.000014 and δW = 0.000035. It can be seen that, at frequency

ω = 0.001 mobilization of the blob is insignificant (see Figs. 8.2(a)-(c). However,

for the frequency close to resonant frequency ω = 0.0035, the appreciable amount

of mobilization has taken place (see Figs. 8.2 (d)-(f)).

At frequency ω = 0.001, the head (top) meniscus undergoes drainage, passes

the throat. However, the blob gets trapped since the tailing (bottom) meniscus

(undergoing imbibition) is stuck in a wide portion of the pore space (i.e., pore

body). As a result, the blob oscillates around the equilibrium state (see Fig. 8.3

(a)). When the blob is excited at ω = 0.0035 close to ωmax, the blob has been

displaced significantly (see Fig. 8.3 (b)). The blobs tailing meniscus passed the

pore body, the bottle-neck for imbibition. It can be inferred that mobilization of

the blob is more when excited at ω = 0.0035, which is near to ω0 as compared to at

ω = 0.001, which is quiet below the resonant frequency ωmax.

To quantify the mobilization of the blob, the mean blob position is estimated by

the time average value of z(t) during the last excitation cycle, z for all values of ω

as shown in Fig. 8.3 (c). The filled symbols show the mobilization of the blob. The

frequency response χ of the blob is very high as expected for the value of ω near

to ωmax. It is observed that the mobilization has occurred for only a few excitation
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(a) (b) (c)

(d) (e) (f)

Figure 7.13: Snapshots of mobilized blob (a)-(c) at ω = 0.001 and (d)-(f) at ω =

0.003 for time step = 0, 4000 and 8200 respectively
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Figure 7.14: Mobilization of a blob in a sinusoidal pore channel (a) excitation at ω

= 0.001, (b) excitation of the blob at ω = 0.0035, (c) Mean blob position during the

last excitation cycle at various values of ω
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frequencies (ω = 0.0032 and ω = 0.0035), both of which are close to ωmax. The blob

is displaced by around 25 lattice units. It can be seen that mobilization of the blob

occurred for a few frequencies which are very close to ωmax. This could be very well

used in designing the strategies dealing with the mobilization of the blob.
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7.4 Closure

The blob response in the tube with varying constriction subjected to an oscillatory

force is investigated for pinned and sliding contact surfaces. The effect of the pa-

rameters like wettability of the surface, frequency, capillary number and amplitude

of the force applied on the displacement of the blob is analyzed and discussed. The

displacement of the blob is found to be more for the wider tube as compared to

that of the narrower ones’. Resonance study for a range of capillary numbers shows

that meniscus bending also is governed by wettability of the surface. Wettability-

capillarity interaction is studied in depth to reveal the resonance behavior of the

trapped blob on differently wetted surface for a range of capillary number. Wetta-

bility proves to be more influential particularly at lower capillary numbers. Hence,

application of resonance frequency for such configurations could be very instrumen-

tal in obtaining maximum displacement of the blob.
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Chapter 8

Effect of Geometry on Blob

Dynamics

8.1 Introduction

The complexity in understanding the physics of liquid displacement is attributed to

the fact that it is a function of several physicochemical properties which includes

wettability of the surface, capillary number and capillarity induced resonance [1].

Besides this, the nature of the geometry [155, 156] determines intra-pore fluid flow

behavior. Thus, pore geometry is one of the most important governing factors in

the flow of fluids through porous rocks. In most of investigations, a particularly

useful conceptualization assumes the pore space as a collection of channels through

which fluid can flow. The effective width of these channels may or may not vary

along its length. The relatively wide portions of the channel is usually described as

pore bodies. The narrow and the constrictive part of pore openings is called throat

usually separate the pore bodies. The boundaries of these pores commonly consist

of three distinct regions: (1) fluid interface with solid, (2) constriction or throat

of pore space, or (3) interface with adjacent pore. Pore dimensions are commonly

specified by an effective radius of the pore body or throat. Although the pore shape

is not known, it could be assumed depending on the models like e.g. cylindrical

pores cylindrical pores, circular in cross section and so on. It is important to note

that the displacement of the blob depends on the exact geometry. For instance, the

displacement is large for the polygonal and sinusoidal pore channels as compared
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to the disc packing. The resonance frequency being one of the vital parameter in

the mobilization is found out at the frequency a blob shows maximum response. In

the present work, blob dynamics in the domains with constant (rectangular duct,

tube) and varying cross sections (sinusoidal, convergent-divergent duct and tube

with varying constriction) is investigated. The analysis of blob dynamics is focussed

mainly on :

1. Extent of mobilization

2. Nature of entrapment opportunities

3. Resonant frequency

4. Magnitude of excitation required to mobilize the blob

8.2 Problem Specification

Present work studies the mobilization of the blob trapped in a channels with uniform

and varying cross section. First the blob dynamics in a tube with uniform cross

section has been studied followed by mobilization study for different geometrical

configurations. Length and radius of tube used for the study (see Fig. 9.1) are taken

as 100 and 20 (in lattice units) respectively. Bounce back boundary conditions at

walls and periodic boundary conditions along the tube axis at z = 0 and z = l are

applied. The tube radius is denoted by R whereas the non wetting and wetting

phase length are shown by Ln and Lw respectively. Later numerical experiments

are conducted on channels of different shape with uniform and varying cross section

namely, tube, convergent divergent, rectangular and tube with varying cross section

to investigate the effect of geometrical configurations on the mobilization of blob for

various wettability scenarios. Present work considers the system with two immiscible

fluids in which blob (fluid 2) is placed in the domain filled with displacing fluid

(fluid 1). The blob is initially positioned in the center of the domain at z = 50.

It is subjected to the sinusoidal acoustic force along the negative z-direction as the

driving force which causes its motion. The dynamics of the blob is studied for

different physicochemical properties which include geometry, frequency applied and

nature of the wettability. The interface between the two fluids being diffused is taken

at the location where both the fluids have equal number density [11]. Displacement

of meniscus of the blob is quantified by locating the interface at the mid-section along
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Figure 8.1: Computational domain showing tubular geometry

x axis. First, linear response of a blob inside a circular tube subjected to acoustic

excitation is studied to understand capillarity induced resonance mechanism. This

is followed by a investigation on effect of geometry on mobilization of trapped blob.

It may be noted that the contact line between the fluid and the solid surface is

considered to be pinned to surface. The surface roughness is created by addition of

solid phase pixels on both sides of the tube for two selected locations where three-

phase contact points could be pinned. The small roughness height is chosen so that

it will not have considerable effect on the flow in the tube but will be able to ‘trap’

the three-phase contact line. The blob is subjected to a transient body force in the

z- direction. LB simulations were performed to explore whether the numerical model

can simulate the resonance of trapped non wetting phase blobs. The transient force

on the blob can be given as given below.

W (t) = W (0) + δW sin(ωt) (8.1)

where W (0) and δW sin(ωt) are constant body force and perturbation respectively.

It may be noted that the constant body force W (0) can be considered equivalent

to an imposed pressure gradient in the wetting phase [1] whereas the perturbation

δW sin(ωt) can be taken as a vibration of the pore walls and/or an oscillatory pres-

sure gradient with frequency (ω). Thus, capillarity induced resonance can mobilize

trapped non wetting phase by acoustic and elastic waves. First, the non wetting
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Table 8.1: Parameter values used to study the effect of geometry on mobilization of

trapped blob

Parameter Value

length (l) 100

Radius (w) 20

Density of fluid1 0.035

Density of fluid2 0.965

Relaxation time of the wetting phase τ1 0.80

Relaxation time of the non wetting phase τ2 0.80

Fluid-fluid interaction parameter g11 = g22 0

g12 = g21 0.1

phase blob was initialized for a pore tube and equilibrium was reached via numeri-

cal simulation. Tube used for numerical simulation is shown in Fig. 9.1. The fluid

properties taken for the simulations are listed in Table 8.1.

8.3 Results and Discussion

The numerical experiments on mobilization of blobs due to capillary induced reso-

nance were carried out to understand its mechanism. In this regard, first series of

numerical simulations was carried out to unveil the physics behind blob motion for

pinned contact surfaces.

8.3.1 Mobilization of trapped blobs

Mobilization of trapped blob can be done effectively if blob is excited at the res-

onance frequency which could lead to an enhanced mass transfer [157]. Hence, it

becomes crucial to understand the physics behind the mobilization of trapped blob.

In this section, we have investigated capillarity induced resonance of trapped blob
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in the tube. First, the numerical experiments are conducted to ascertain the fre-

quency at which the blob shows maximum response. The blob as shown in Fig. 8.2

(a) is excited with acoustic excitation δW sin(ωt) for a range of frequencies. The

maximum displacement of the blob is found at around ωmax = 0.003. Then, the

Istep = 0 Istep = 8000 Istep = 12000

(a) (b) (c)

Istep = 0 Istep = 8000 Istep = 12000

(d) (e) (f)

Figure 8.2: Snapshots of mobilized blob: (a)-(c) at ω = 0.001, (d)-(f) at ω = 0.0032

blob is subjected to the excitation at selected frequencies ωn ranging from 0 to 1.5

ωmax with a force W (t) = W (0) + δW sin(ωt). The amplitude of force δW is var-

ied so that mobilization occurred for a small number of excitation frequencies ω

presumably close to ωmax. It is observed that the mobilization occurred for W0 =
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Figure 8.3: Mobilization of a blob in a tube (a) excitation at ω = 0.001, (b) excitation

of the blob at ω = 0.0032, (c) mean blob position during the last excitation cycle at

various values of ω
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0.000014 and δW = 0.000035. Figures 8.2 (a)-(c) show the snapshots of the simula-

tions for the blob for the frequency at which no mobilization has occurred whereas

Figs. 8.2 (d) -(e) depict the snapshots at the highest excitation frequency at which

mobilization has occurred. When the blob is excited at ω = 0.0032 close to ωmax,

the blob has been displaced significantly (see Fig. 8.3 (b)). Excitation of the blob

at ω = 0.0032 which is near to ω0, causes blob mobilization whereas excitation at

ω = 0.001, which is below the resonant frequency ωmax, causes the blob to oscillate

around the equilibrium state (see Fig. 8.3 (a)).

To know whether mobilization has occurred or not, the mean blob position is

quantified by taking the time average value of z(t) during the last excitation cycle, z

for all values of ω as shown in Fig. 8.3 (c). The filled symbol indicates mobilization

of the blob. The frequency response χ of the blob is more as expected for the value

of ω close to ωmax. We can see that the blob has been displaced to a significant

distance at a frequency near to ωmax. It is observed that the mobilization happened

for only a few excitation frequencies (ω = 0.0032 and ω = 0.0032), both of which

are near to ωmax. The blob is displaced by around 48 lattice units. Also, it can be

observed that a net displacement i.e., mobilization of the blob has occurred for a

few frequencies, which are very close to ωmax. These results confirm the hypothesis

that blob can be optimally mobilized by excitation at its resonant frequency.

8.3.2 Effect of geometry on mobilization

A basic understanding of influence of pore geometry and surface properties like wet-

tability on mobilization of the blob as far as the transport of multiphase flow is

concerned is essential. After establishing the fact that capillarity induced resonance

aids in mobilization of the trapped blob, it remains to be examined how the mech-

anism of mobilization get influenced by the surface properties like wettability for

various geometrical configurations. In this context, the present section discusses

the effect of geometry i.e., nature of curvature in conjunction with wettability on

the mobilization of the blob. The study is undertaken on geometries (rectangular,

tubular, convergent divergent and tube with varying cross sections) with same mean

radius but different curvature i.e. uniform and varying cross section as shown in Fig.

8.4. The transient force (δW sin(ωt)) is applied keeping all other parameters con-

stant. The mean displacement of the blob is found to be more in the case of the

geometry with uniform cross section as compared to the varying cross section (see
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(a) (b) (c) (d)

Figure 8.4: Different geometries used for comparison: (a) tube with uniform cross

section, (b) tube with varying cross section, (c) rectangular, (d) convergent divergent

Fig. 8.5). The mobilization study on trapped blob as explained earlier is further

extended by considering channels of different shapes with uniform and varying cross

section to investigate the effect of nature of curvature. The blob is excited with

transient force W (t) =W (0) + δW sin (ωt) to ascertain the response of the blob for

different geometrical configurations. The contour plots shown in Figs. 8.6 and 8.7

clearly demonstrate the effect of curvature of the geometry on dynamics of the blob.

The mobilization of the trapped blob is also studied for different driving forces.

It may be noted that each driving force term, responsible for initiating the blob

motion, can be perceived as representative of a particular capillary number (Ca)

[11]. The effect of different driving strengths i.e., capillary number for geometries

with uniform and varying cross section is analyzed. It was found that at Ca = 0.75,

the nature of geometry curvature dictates the mechanism of mobilization. For the

tube with uniform cross section, the extent of mobilization is more in general and

the effect of wettability can be seen with more mobilization in case of hydrophobic

surface (see Fig. 8.8 (a)). Most interesting observation is that, for tube with varying

cross section, the extent of mobilization of the blob is found to be less. Moreover,

the effect of wettability is not so considerable (see Fig. 8.8 (b)). At higher Ca = 1.5,

it is seen that the effect of wettability is negligible both for tube with uniform and

varying cross section as shown in Figs.8.8 (c)-(d). The effect of capillary number on
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Figure 8.5: Effect of geometry on dynamic response of the blob at ω = 0.003 on

hydrophobic surface at Ca = 0.75
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Figure 8.6: Contour plot at istep = 1600 for different geometries at Ca = 0.75: (a)

tube with uniform cross section, (b) tube with varying cross section, (c) rectangular,

(d) convergent divergent
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(a) (b) (c) (d)

Figure 8.7: Contour plot at istep = 1600 for different geometries at Ca = 1.5: (a)

tube with uniform cross section, (b) tube with varying cross section, (c) rectangular,

(d) convergent divergent

mobilization of blob can be observed as shown in Fig. 8.8 (c)-(d). This reiterates the

fact that the mobilization of the blob is influenced to a great extent by wettability

at low Ca only as explained earlier.
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Figure 8.8: Effect of geometry on mobilization: (a) for hydrophobic surface at Ca

= 0.75, (b) for hydrophilic surface at Ca = 0.75, (c) for hydrophobic surface at Ca

= 1.5, (d) for hydrophilic surface at Ca =1.5
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8.4 Closure

It has been observed that the mobilization of the blob is governed by the nature of

geometry i.e. curvature of surface. The blob trapped in domain with varying cross

section shows less mobilization as compared to the one with uniform cross section

for the same input conditions. The study on combined effect of wettability and

geometry reveals that mobilization is more for hydrophobic surface on the geometries

with uniform cross section. However, effect of geometry and wettability would not

be so significant at high capillary number.
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Chapter 9

Mesoscopic Modeling of Fluid

Flow in a 3-Dimensional Porous

Medium

9.1 Introduction

Simulating multiphase fluid flow in porous media has been the field of interest owing

to its several applications in physical sciences, life sciences, and engineering. The

important applications include study of oil recovery, fuel cells, microfluidics and

contaminant remediation in aquifers [23, 101, 129, 155, 158]. It is well known that

immiscible flows exhibit different characteristics depending on the physicochemical

properties like wettability, viscosity ratio and porosity of the microstructure affect-

ing the advance of the fluid in the porous microstructure [159, 160]. In fact, the

competition among the viscous, capillary and gravity forces determines fluid dis-

placement behavior [160]. Recently Huang et al. [161] have studied the immiscible

displacement in porous media using multiphase lattice Boltzmann method. They

have analysed the stable displacement, viscous fingering and capillary fingering for

a range of capillary number and viscosity ratio. However, the immiscible displace-

ment of fluid front in conjunction with capillarity induced resonance in porous media

remain largely overlooked. The objective of this study is to acquire an in-depth un-

derstanding of fluid flow in porous media. In this context, the present work addresses
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the effect of porosity of microstructure, wettability and capillary number coupled

with capillarity induced resonance on the advance of the fluid.

9.2 Problem Specification

Present work simulates the fluid flow in the porous media to bolster our under-

standing about the effect of physicochemical parameters like wettability, porosity

and capillarity induced resonance on physical mechanism of mobilization. The di-

mensions of the computational domain (see Fig. 9.1) are as given in Table 9.1.

Porous media generated can be uniquely defined by means of the physical topology

which defines the locations of the solid obstructions with respect to the allowed

fluid streams. In our simulations, the porous medium is generated by placing square

pillars with same size (see Fig. 9.1). Any two square pillars are not allowed to

overlap. This simplified idealized porous media is undertaken for the study of fluid

flow to focus on wettability and porosity dependence of fluid flow behavior under

the capillarity induced resonance. The S-C LB model considers the system with

two immiscible fluids in which non wetting phase (fluid 2) is placed in domain filled

with displaced fluid (fluid 1). The non wetting phase (NWP) is initially placed at

the inlet of the domain. The motion of the fluid is induced by a constant pressure

gradient along with sinusoidal acoustic force in the x-direction. The dynamics of the

fluid flow were explored based on displacement of the fluid for different set of condi-

tions namely, wettability, porosity and forcing strength i.e., the acoustic excitation

applied. The inlet and outlet of the domain are kept at constant pressure. Periodic

boundary conditions are applied in y- and z-directions. In the displacement simu-

lations, the domain is initially occupied by the wetting fluid. The wetting fluid is

displaced along x-direction by the non wetting fluid i.e., drainage. Study of the fluid

flow is also presented for the porous structure with porosity φ = 0.54, 0.65 and 0.80

in hydrophilic, hydrophobic and mixed-wet scenario. The porosity of the domain is

0.65 for all the simulations unless and otherwise explicitly mentioned. The different

flow behavior stemming from the forcing strength and pressure gradient applied is

analysed.
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Figure 9.1: 3-D view of porous structure

9.3 Results and Discussion

The primary goal of this investigation is to evaluate mobilization of fluid through

porous media due to capillary induced resonance via appropriate numerical experi-

ments. The effect of various parameters like wettability (g2w), porosity and frequency

on displacement of fluid thorough porous media is discussed.

9.3.1 Simulation Setup

Based on the two-phase S-C LB model [22], a static capillary pressure experiment is

designed assuming negligible influence of capillary number and viscosity ratio on the

two-phase transport within the microporous media. Figure 9.2 schematically shows

the numerical experiment, based on the work by Pan et al. [162], where immiscible

displacement for two-phase flow through a porous structure has been conducted. A

non wetting phase reservoir is added to the porous structure at the front end (x = 0)

and a WP reservoir is added at the back end (x = L). It should be noted that for the

primary drainage (PD) simulation in the hydrophobic structure, fluid 2 is the NWP

and fluid 1 is the WP. Fixed pressure boundary conditions which are equivalent to

fixed densities within the LB framework, were applied at the first layer of the NWP

reservoir and the last layer of the WP reservoir. Fixed pressure boundary conditions

were imposed by assigning the equilibrium distribution functions calculated with

zero velocity and specified density at the reservoirs, to the distribution functions,
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based on the early work by Grunau [163]. The primary drainage process has been

started with zero capillary pressure, by assigning the NWP and WP densities in

the first layer of the NWP reservoir to be 150 and 0 respectively, and 0 and 150 in

the last layer of the WP reservoir. Thereafter, the capillary pressure is increased

incrementally by decreasing the WP reservoir density while maintaining the NWP

reservoir density at the fixed initial value. It may be noted that the pressure gradient

drives the NWP into the initially WP saturated porous medium by displacing it. A

lattice site is considered to be occupied by the NWP if the NWP density at that

node is larger than half of the fixed NWP density; otherwise the node is assumed

to be WP occupied. Since the interface is diffused, it is taken at the location

where density of the fluid is more than or equal to the half of invading phase.

The location of fluid front is tracked from the other extreme end in x-direction

and averaged over the section to quantify the location of invading fluid. The two-

df rgeaas

SA

Wetting
phase reservoir

WP Saturated domainSDF

dff
GDSAS

SSX

rgdaAASGHS

Non−wetting
phase reservoir

Figure 9.2: Schematic diagram of the capillary pressure experiment

phase LB modeling framework devised here could be further extended to simulate

the scenario of fluid flow owing to additional transient force to the existing pressure

gradient. This can be useful to understand the effect of capillarity induced resonance

on fluid front movement under different configurations of porosity and wettability.

This numerical experiment evaluates the response of driving force as function of

percentage saturation and displacement as a direct manifestation of the underlying

pore structure and wettability conditions. The term percentage saturation, here

indicates the ratio of pore space occupied by the invading fluid to the total pore

space. It may be noted that the pore space is considered to be occupied by the

invading fluid when the density of the pore is more/equal to half of invading phase.

The model input parameters for this numerical experiment are given below in Table

9.1.

Figure 9.3 shows the movement of fluid front with time for applied pressure
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Table 9.1: Parameter values used to study the fluid flow through porous media

Parameter Value

Length of the domain (l) 83

Width of the domain (W ) 46

height of the domain (h) 45

Density of fluid1 at inlet 10−5

Density of fluid2 at inlet 150

Density of fluid1 at outlet 150

Density of fluid2 at outlet 10−5

Relaxation time of the wetting phase (τ1) 1

Relaxation time of the non wetting phase (τ2) 1.42

Fluid-fluid interaction parameter g11 = g22 0

g12 = g21 0.001

gradient. It can be seen that fluid has advanced into porous media occupying the

pore space already filled with wetting phase.

9.3.2 Capillarity induced resonance in porous media

In this study, we address the dependence of fluid flow on physicochemical properties

like on wettability and porosity in conjunction with capillarity induced resonance

in a 3-dimensional porous medium. The behavior of fluid flow both under drainage

and imbibition is studied for different porous structures. The driving force causing

the fluid flow consist of pressure gradient at the inlet and outlet of porous structure

in addition to the acoustic excitation at an appropriate frequency. The numerical

experiments were conducted to ascertain the frequency and magnitude of acoustic

excitation so as to get the maximum mobilization of fluid front under the specified

conditions. This procedure is adopted as explained in the reported literature by

various investigators [1].

The basic idea about adding the acoustic excitation is to achieve the considerable
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(a) (b)

(c) (d)

Figure 9.3: Advancement of fluid front without acoustic excitation: (a) time istep

= 2000, (b) time istep = 4000, (c) time istep = 6000, (d) time istep = 8000

fluid front movement as suggested by Iassonov and Beresnev [86] who reported the

effect of low frequency sonic vibrations on the flow of non aqueous phase liquids

(NAPL) through a porous medium. They further stated that vibrations can consid-

erably reduce minimum pressure gradient needed to mobilize entrapped fluid and

increase the average flow rate. This could be of utmost importance to understand

the mobilization of reservoir fluids with acoustic stimulation technologies. Thus vi-

brations becomes the most effective in the zones of relatively low pressure gradients.

There is excellent review by Beresnev and Johnson [80] on the techniques of elastic

wave stimulation of oil production to increase the efficiency of oil recovery methods.

In this work, the fluid flow is excited by a transient body force in the x-direction. LB

simulations were run to simulate the fluid flow under capillarity induced resonance.

The transient force applied can be expressed as given below.

W (t) =W (0) + δW sin(ωt) (9.1)

where

W (0) and δW sin(ωt) are a constant pressure gradient and the perturbation as acous-

tic excitation (with frequency ω and amplitude of excitation δW ) respectively. The
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constant body force W (0) can be taken equivalent to an imposed pressure gradient

in the wetting phase [1] whereas the perturbation (δW sin(ωt)) can be viewed as a

vibration of the pore walls and/or an oscillatory pressure gradient. Hence, capillar-

ity induced resonance can be exploited to mobilize fluid in porous media by acoustic

waves. The fluid properties used in the simulations are listed in Table 8.1. It may be

noted that all units are in lattice units unless otherwise stated specifically. In order

(a) (b)

(c) (d)

Figure 9.4: Advancement of fluid front with excitation: (a) time istep = 2000, (b)

time istep = 4000, (c) time istep = 6000, (d) time istep = 8000

to get insight on the dynamic behavior of fluid flow, the mean displacement of the

invading fluid for a range of excitation frequencies has been analyzed. It is evident

from the contour plot shown in Fig. 9.4 that fluid front is displaced more when sub-

jected to acoustic excitation in addition to the existing pressure gradient. Figure 9.5

also reiterates that the additional transient force like acoustic excitation can be of

great help to mobilize the fluid flow through porous media. Numerical experiments

were carried out for a range of frequency (ω) to find out the resonating frequency at

which the mobilization of the fluid is maximum for a given magnitude of excitation

(see Fig. 9.6) on the similar lines as that of Hilpert [1]. It can be observed that

the displacement of the fluid front and percentage saturation are maximum for ω

= 0.0001. For the frequencies more than ω = 0.0001, the mean displacement of the
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Figure 9.5: Effect of acoustic excitation on fluid flow: (a) mobilization of non wetting

phase, (b) percentage saturation with time

fluid front gradually reduces and stable fluid front is formed. Also, the percentage

saturation increases with time indicating that more and more pores are filled with

invading fluid thereby displacing the existing phase.

9.3.3 Effect of force on the response of the blob

In order to study the influence of force on the response of the fluid flow, the sim-

ulations were performed for three different amplitudes of the force δW = 0.0001,

0.0005 and 0.001 for the same configuration. The displacement of the invading phase

is found to be greater for δW = 0.001 as compared to δW = 0.0001 and 0.0005 as

shown in Fig. 9.7. In the numerical simulations of fluid flow through porous media,

a pressure gradient is applied to drive the system. In this context, numerical simu-

lations have been carried out to ascertain the behavior of the fluid flow in response

to the applied pressure gradient. It may be noted that the pressure gradient is es-

tablished by keeping a density gradient in the system and this is the only approach

to implement the boundary condition of a pressure gradient [164]. Figure 9.8 shows

behavior of fluid flow for applied pressure gradient based on density. The contour

plot in Fig. 9.9 also shows that mobilization of fluid flow with stable fluid front is
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non-wetting phase, (b) percentage saturation with time

more for higher pressure gradient which is in line with our earlier observations in

case of effect of force at the same time.

9.3.4 Effect of wettability on the response of the blob

In this section, an attempt is made to gain fundamental understanding about the

effect of wall wetting characteristics on dynamics of the fluid flow through porous

media. Wettability being the ability of one fluid to spread on a solid and form a

wetting film [139] influences the fluid front movement. Also, there is a variation in

the wettability of the rock surface depending on the composition of its constituents

[154]. Hence the fluid flow is studied for the porous medium with uniform as well

as mixed-wet surface. The mixed wettability describes the varying wetting char-

acteristics of the solid wall comprised of hydrophilic (HI) and hydrophobic (HO)

regions (see Fig. 9.10). Figure 9.11 shows the effect of wettability on fluid flow.

If the invading fluid is wetting and fluid to be displaced to non wetting which is a

typical case of imbibition; the advancement of fluid front is found to be more. This

is mainly because the fluid already occupying the pore space is non wetting and its

easier to move which reduces the resistance to the fluid flow through porous media.
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(a) (b)

Figure 9.9: Effect of pressure on fluid front movement at time istep = 8000 for φ =

0.65, (a) ρ = 150, (b) ρ = 250

HI − Hydrophilic

HO − Hydrophobic

ffddd

   HO        HI    HO         HI

Figure 9.10: Schematic of the domain for mixed-wet configuration

Figure 9.12 shows the effect of strength of wettability on displacement of fluid.

It can be seen that if the invading fluid is strongly wetting and fluid to be displaced

is strongly non wetting, then displacement would be more. On the contrary, it is not

same if the invading fluid is non-wetting in nature leading to less mean displacement.

The percentage saturation also shows the same trend.

Figure 9.13 shows contour plot at time istep = 8000 for the invading fluid with

different wettability. It can be seen that the invading fluid with g2w = - 0.04 has

undergone more displacement than that of the fluid with g2w = - 0.02 and also the

non wetting fluid with g2w = 0.05 and 0.10. Displacement of fluid front is highly

affected by the driving force although the capillary force remains significant. Figures
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Figure 9.11: Effect of wettability on the advancement of fluid front: (a) mobilization

of invading phase, (b) percentage saturation with time

9.14 and 9.15 show the location of fluid front at time istep = 8000 for magnitude of

acoustic excitation keeping all other parameters constant. It can be observed that

relative position of fluid front appears to be same when the magnitude of acoustic

excitation is more i.e. δW = 0.0005 and the effect of wettability is not apparent.

This is attributed basically to relative magnitude of forces causing the motion. Since

driving force is more, the effect of wettability is not noticeable. On the contrary, it

is very clear from Fig. 9.14 that the fluid front has travelled to a more extent when

the invading fluid is hydrophilic. Here the driving force is relatively less and effect

of wettability is clearly illustrated. Thus, it can be safely concluded that the flow

of fluid is highly affected by the nature of wettability wherever driving force is not

dominant.

9.3.5 Effect of porosity on the response of the blob

Porosity being the percentage of void space in a media is an indicative of the portion

of the total volume that is not occupied by or isolated by solid material. The basic

character of the pore space affects the nature of movement of water, air, and other

fluids, the transport and the reaction of chemicals. The porosity of a rock depends
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Figure 9.12: Effect of hydrophilicity: (a) mobilization of invading phase, (b) per-

centage saturation with time; Effect of hydrophobicity: (c) mobilization of invading

phase, (d) percentage saturation with time
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(a) (b)

(c) (d)

Figure 9.13: Effect of strength of wettability showing mobilization of wetting invad-

ing phase: Contour plot to show the effect of hydrophilicity, (a) g2w = - 0.02, (b)

g2w = - 0.04; Contour plot to show the effect of hydrophobicity, (c) g2w = 0.05, (d)

g2w = 0.10
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(a) (b)

(c)

Figure 9.14: Effect of wettability on fluid front movement: contour plot at time

istep = 22000 at φ = 0.65 for δW = 0.0001: (a) g2w = -0.02, (b) g2w = ± 0.02, (c)

g2w = 0.05
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(a) (b)

(c)

Figure 9.15: Effect of wettability on fluid front movement: contour plot at time

istep = 22000 at φ = 0.65 for δW = 0.0005: (a) g2w = -0.02, (b) g2w = ± 0.02, (c)

g2w = 0.05
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(a) (b)

(c)

Figure 9.16: Effect of microporous structures with porosity: (a) φ = 0.54, (b) φ =

0.65, (c) φ = 0.80

on many factors, including the type of rock and its composition along with the

arrangement of grains of a rock. For example, crystalline rock such as granite has a

very low porosity whereas the gas diffusion layer in the fuel cell shows [21] typically,

have much higher porosities (0.6-0.65%). Porosity is very important in a porous

medium, where the interface between the two fluids consists of many menisci and

governs the nature of fluid flow. In this section, we have investigated the effect of

porosity on the fluid flow. Figure 9.16 shows the different porous microstructures

generated for the present study with porosity φ = 0.54, 0.65 and 0.8.

It may be noted that the fluid advancement through porous media mainly de-

pends on the relative magnitude of capillary forces, pressure gradient and acoustic

force [160]. It can be seen from the Fig. 9.17 that the fluid front movement and also

the percentage saturation are more in the porous media with higher porosity. This

can be justified as the resistance to the flow is less at higher porosity due to less

magnitude of capillary forces which tries to resist and restore the contact with sur-

face. It can be seen from Fig. 9.18 at time istep = 8000 that the fluid has advanced

more in case of higher porosity.
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Figure 9.17: Effect of porosity on the advancement of fluid front: (a) mobilization

of non wetting phase, (b) percentage saturation with time
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(a) (b)

(c)

Figure 9.18: Effect of porosity on fluid front movement for non wetting invading

phase g2w: contour plot at time istep = 8000 for (a) φ = 0.54, (b) φ = 0.65, (c) φ

= 0.80

(a) (b)

(c)

Figure 9.19: Effect of porosity on fluid front movement for wetting invading phase

g2w : contour plot at time istep = 8000 for (a) φ = 0.54, (b) φ = 0.65, (c) φ = 0.80
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9.4 Closure

Fluid flow through porous media is studied to understand the effect of porosity and

wettability on fluid flow under capillarity induced resonance. The present study

reveals that the displacement of the fluid through porous media depends on param-

eters like wettability of the surface, frequency along with the porosity. Flow through

the porous media with porosity φ = 0.54, 0.65 and 0.8 has been discussed. It is found

that the fluid advancement increases with porosity of medium. The study further

emphasizes the importance of an optimal excitation of the fluid flow based on the

frequency of excitation, amplitude of force applied and surface wettability for the

mobilization of fluid flow which may be useful in porous networks.
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Chapter 10

Conclusions and Future Work

10.1 Conclusions

The primary focus of this thesis work is to gain a detailed understanding of the un-

derlying multiphase dynamics of liquid displacement due to gravitation and acoustic

excitation. The capillarity wettability interaction in particular was explored to un-

derstand the effect of physicochemical parameters like wettability, geometry, angle

of inclination, capillary number, confinement ratio and viscosity ratio on droplet

dynamics. In addition to this, the transport of blob due to capillarity induced res-

onance was investigated in conjunction with the different wettability configuration.

The fluid flow through the porous media is also studied to understand the effect of

capillarity induced resonance, porosity and wettability on the advance of fluid front.

In a nutshell, the overall influence of capillarity-wettability interaction on droplet

and blob dynamics is discussed. The LBM Shan and Chen model is employed to

study the above issues and the series of studies conducted to address these questions

are summarised below.

Summary

In the chapter 1, the detailed background of the problems addressed in this research

work is discussed. It is followed by the extensive literature survey including both

experimental and numerical investigation on droplet and blob dynamics along with

flow through porous media.
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The LBM formulation with S-C model is discussed in chapter 2 in detail along with

an analytical model implemented for studying the capillarity induced resonance.

Also, the validation of the code and methodology is described in this chapter. The

static droplet test and bubble test is carried out to calibrate the model. The vali-

dation results shows good agreement with that of the reported literature.

Chapter 3 discusses the importance of fundamental understanding of droplet dy-

namics and the concomitant implications of wall wettability. The mesoscopic illus-

tration, based on the two-phase lattice Boltzmann model, of droplet dynamics in

a microchannel is presented in order to unveil the role of superhydrophobicity and

mixed wettability. The impact of critical physico-chemical determinants, including

capillary number and droplet size is explored in the context of droplet-wettability

interactions. Temporal evolution of wetted length and wetted area for a combina-

tion of wettability scenarios is furnished in detail in order to elucidate the droplet

displacement dynamics. Although, the droplet motion on superhydrophobic surface

is faster as compared to hydrophobic surface; the time evolution of wetted length

and area exhibiting the similar character as that of hydrophobic region. For the

mixed-wet surface, the wetted length and area keeps changing with time between

maximum and minimum values. The alternately hydrophobic and hydrophilic na-

ture of the surface results in elongation of droplet especially when it is in between

these surfaces. It was observed that for higher capillary number effect of mixed wet-

tabilty on droplet motion will not be significant anymore. However, for moderate

capillary number effect of mixed wettability is important. The variation of wetted

length and area for various wettabilty pattern is studied. It can be concluded that

for the surface with the strong hydrophilicity followed by strong hydrophobicity i.e.,

g2w = ± 0.16 droplet motion is slower compared to other surfaces. It was observed

that the effect of mixed wettability is not so significant for higher capillary number.

In chapter 4, the influence of wall wettability and viscosity on droplet dynamics are

discussed to understand the viscosity-wettability interaction. Temporal evolution of

wetted length and wetted area for a combination of viscosity ratios and wettability

scenarios is furnished in detail in order to elucidate the droplet displacement dynam-

ics. It is observed that capillary number and viscosity ratio play an important role

with disparate droplet behavioral patterns stemming from uniform and mixed-wet
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wall scenarios. It was observed that displacement of droplet is faster on hydrophobic

and high viscosity ratio regimes. Time evolutions of wetted length and area show

that with the increase in capillary number, droplet deforms to a more extent.

In Chapter 5, the effect of confinement on droplet dynamics is studied. The simula-

tion has shown that the confinement ratio affects the dynamic behavior of droplet.

The variation of wetted length and wetted area shows that change in droplet mor-

phology is greater at low confinement ratios. However, the change in the droplet

shape is a function of wettability also. It has been observed that the droplet shape is

greatly affected by wettability and degree of confinement, especially at low capillary

number. Excessive change in the morphology of the droplet is seen on hydrophobic

surface as compared to hydrophilic surface for low confinement ratios.

Chapter 6 is devoted to the analysis of mobilization of trapped non wetting phase

blob owing to capillarity induced resonance in a sinusoidal channel. The study deals

with the dynamic behavior of a three dimensional blob subject to acoustic exci-

tation using the lattice Boltzmann method. Both pinned and unpinned (sliding)

configurations are studied. The effect of amplitude of the force, width of the chan-

nel, viscosity, wettability and frequency on mobilization of blob are discussed. The

response of the blob at a resonant frequency on the surface with different wettabil-

ities is explored. It has been observed that at resonating frequency blob exhibits

peak displacement. The effect of wettability is not so significant at higher capillary

numbers. However, at low capillary number, the wettability becomes the prominent

factor to influence the mobilization of trapped blob.

Chapter 7 discusses effect of capillarity induced resonance on the mobilization of

trapped non wetting phase blob in a tube with varying radius. In this context,

the blob response in the tube with varying constriction subjected to an oscillatory

force is investigated for pinned and sliding contact surfaces. The displacement of

the blob is found to be more for the wider tube as compared to that of the nar-

rower ones. The displacement of the blob is seen to be less for sliding contact line

case as compared to the blob with pinned contact line. It can be concluded that

the displacement of the blob decreases for the surfaces with mixed wettability as

evident with less displacement as compared to the surface with uniform wettability.

It can be observed that the excitation of a trapped blob near to its resonant fre-

TH-1289_10610305



190 Conclusions and Future Work

quency results into a peak displacement of the blob. Resonance study for a range

of capillary numbers shows that meniscus bending also is governed by wettability

of the surface. Wettability-capillarity interaction is studied in depth to reveal the

resonance behavior of the trapped blob on differently wetted surface for a range of

capillary number.

Chapter 8 investigates the influence of geometrical configuration on transport of

two-phase flows on the mobilization of the blob is concerned. The blob response

has been found to be influenced with the structural resistance owing to the differ-

ent geometries of the domain. The variable cross section of the domain affects the

dynamics of the blob in a way that it offers more opportunities for the blob to get

entrapped as compared to the domain with uniform cross-section. Thus, dynamics

of the blob gets affected especially in terms of extent of displacement and the force

required to mobilize the blob. Nevertheless, the resonance frequency will remain

unaffected by the change in the curvature of geometry as long as the mean radius of

the channel remains same. This is so because the resonating frequency is function of

mean radius. The mobilization study for the trapped blob in a domain with variable

cross-section is undertaken. The geometries considered for this study includes tube

with varying constriction, sinusoidal and convergent-divergent channel. Although,

present work does not intend to compare the mobilization of the blob with different

geometries, it gives the insight into the effect of geometries on mobilization of the

blob. It was observed that for the geometries with varying cross-section the overall

extent of displacement is less for the same excitation as compared to the geometries

with constant cross sections.

Chapter 9 presents the study on displacement of the fluid through porous media.

The work reveals that the fluid flow depends on parameters like wettability of the

surface, frequency along with the porosity. It is seen that vibration in form of

acoustic excitation can prove to be significant in the mobilization of fluid through

the porous media. The mean displacement of the fluid is more in the case of invading

fluid with wetting phase.The effect is found to be more pronounced where the driving

force is not dominant. It was seen that the fluid advancement increases with porosity

of medium. The study further emphasizes the fact that optimal excitation of the

fluid flow based on the frequency of excitation, amplitude of force applied and surface

wettability for the mobilization of fluid flow which may be useful in porous networks.
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Lastly, it can be argued that the optimal excitation strategy with regards to the

mobilization of the blob needs the insight into the effect of the parameters such as

wettability, capillarity induced resonance and capillary number. This study is one

such attempt in this direction to understand the multiphase dynamics.

10.2 Future Scope of Work

The combined pore-scale modeling and mesoscopic analysis presented in the this the-

sis suggest the following recommendations for future study with the aim to enhance

the overall understanding of capillarity-wettability interaction and also to address

some of the important transport phenomena in multiphase flow.

The study of droplet motion described earlier indicates the importance of wall wetta-

bility on liquid water transport. Present lattice Boltzmann model does not consider

the effect of temperature. However, temperature affects the fluid flow in geophysical

applications such as oil recovery. Hence, there is a need to include the effect of

temperature while studying the effect of wall wettability on liquid transport. In this

regard, the present LB model can be extended to include non-isothermal effects.

Furthermore, coalescence of droplets on a solid surface with different wettability

configurations can be investigated. The present code can be used to study the

wettability behavior of coalescence of two or more droplet on hydrophobic, super-

hydrophobic, hydrophilic or mixed-wettable surfaces. Also, investigation on droplet

dynamics could be extended considering the effect of dynamic contact angle. This

study will provide further insight into the structure-wettability relation and the un-

derlying two-phase dynamics in general.

The study of blob dynamics is explored in conjunction with different wettability sce-

narios. It would be more insightful to investigate whether the continuous transport

of a trapped blob is best achieved by constantly varying the excitation frequency ω.

Also, the response of the blob with a spectrum of frequencies can be investigated in

order to adjust to the constantly changing resonant frequency of a mobilized blob.

Since the size and distribution of blob vary and so also, the resonant frequency, the

details study can be undertaken to address this issue. Consideration of the effect of

temperature variation on blob dynamics will make the predictions and the results
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more accurate. The transport of non wetting phase through disc packings would be

an interesting study to devise a more realistic and optimal excitation strategy which

might result in a significant mobilization of residual non wetting phase.

The present work is an attempt to evaluate the fluid flow through porous media

subject to acoustic excitation. The porous media used for the study is simple in

configuration with uniform arrangement of pores. The study of fluid flow on random

porous structure under capillarity induced resonance would bolster the understand-

ing of transport through porous media.
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