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Résumé

En raison de l’attraction moléculaire, l’interface entre différents fluides a tendance à

minimiser sa surface, ce qui constitue le phénomène de tension superficielle. En conséquence,

il existe une différence de pression à travers l’interface entre les deux fluides, ce qui peut

avoir un impact sur le comportement des fluides et de la matrice solide qui les contient. La

"marche" des Gerridae sur l’eau, la remontée spontanée d’un liquide dans des tubes fins et le

glissement libre d’une goutte sur la surface d’une feuille de lotus sont autant de manifestations

des forces capillaires. En particulier, l’effet des forces capillaires peut être de plus en plus

important lorsque l’échelle de longueur devient petite, comme dans les matériaux granulaires

de subsurface ou encore les milieux poreux fibreux des piles à combustible. Il est clair

que la compréhension des effets capillaires sur le transport des fluides est d’une importance

capitale en raison de leur implication dans divers processus naturels et industriels, tels que

la récupération assistée de pétrole, la séquestration géologique de dioxyde de carbone, la

conception des piles à combustible ou l’infiltration d’eau dans les sols.

Malgré des recherches approfondies sur l’impact des propriétés des fluides et des condi-

tions d’écoulement sur les écoulements multiphasiques disponibles dans la littérature, certains

verrous scientifiques subsistent. Tout d’abord, les mécanismes physiques à l’échelle de la

surface des grains dus à la présence de rugosité et de d’arêtes vives sont souvent négligés

dans les analyses théoriques et les simulations numériques ; c’est le cas par exemple des

phénomènes de transition de mouillage de Cassie-Wenzel et de pincement (« pinning ») des

ménisques aux arêtes vives. Cela conduit à une estimation inexacte des angles de contact

effectifs transitoires pendant le processus de déplacement fluide-fluide, alors que l’angle de

contact effectif a déjà été identifié comme l’un des principaux paramètres d’influence dans les

modèles d’écoulement multiphasique. Ensuite, l’influence des caractéristiques topologiques

de l’espace poreux sur le processus d’invasion des fluides a reçu beaucoup moins d’attention

que les propriétés des fluides et les conditions d’écoulement. Par exemple, la caractérisation
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iv RÉSUMÉ

et l’impact du désordre topologique des milieux poreux sur le déplacement des fluides restent

relativement inexplorés. En outre, l’influence combinée de la quantité de liquide et de la

procédure expérimentale de préparation sur la structure de l’assemblage de matériaux granu-

laires humides obtenus par pluviation, ainsi que le processus de séchage ultérieur, nécessitent

des études plus approfondies. Dans cette thèse, nous étudions ces problèmes en utilisant des

méthodes expérimentales et numériques, dans le but de faire le lien entre les observations à

l’échelle macroscopique et les mécanismes physiques à l’échelle de la surface et du grain.

Les objectifs de la recherche sont énumérés ci-dessous:

• Comprendre l’effet du désordre, de la forme des particules et de la rugosité de

la surface sur le processus de déplacement fluide-fluide dans les milieux poreux.

(Chapitre 4 & Chapitre 5)

• Développer un modèle rigoureux de réseau de pores qui peut être appliqué aux

milieux poreux avec des grains de différentes formes. (Chapitre 4)

• Sonder les facteurs qui contrôlent le mouvement spontané des gouttelettes sur des

surfaces structurées et explorer différentes formes pour améliorer le mouvement.

(Chapitre 3)

• Chercher une loi universelle pour décrire la compacité de matériaux granulaires

humides préparés par pluviation pour différentes tailles de particules et hauteurs de

chute libre, et étudier les processus de séchage ultérieurs. (Chapitre 6)

Une revue de la littérature (chapitre 2) commence par les théories et les expériences sur les

propriétés de mouillage des liquides sur des surfaces rugueuses. Ensuite, le phénomène de

pincement de la ligne de contact au niveau des arêtes vives est discuté, et ses applications

naturelles et industrielles pertinentes sont examinées. Nous passons ensuite à des systèmes

plus complexes, à savoir les milieux poreux, où l’accent est mis sur l’interaction entre les

fluides et le solide : comment le liquide affecte la structure et la réponse mécanique de la

matrice solide ; et comment les caractéristiques topologiques et les propriétés physiques

du solide influencent le transport des fluides. Enfin, nous abordons certaines méthodes de

modélisation numérique avancée qui ont été employées pour étudier le transport multiphasique

dans les milieux poreux.
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Dans le chapitre 3, nous commençons par un système relativement simple : une gouttelette

d’eau sur une surface. Nous démontrons qu’en concevant soigneusement la structure du

substrat, il est possible d’obtenir le mouvement directionnel spontané d’une gouttelette. Ceci

est réalisé en créant un gradient d’énergie libre sur la surface en utilisant le phénomène de

pincement aux arêtes vives, qui peut entraîner la gouttelette sans apport d’énergie externe.

Nous étudions ensuite comment le mouvement peut être amélioré en utilisant un modèle

validé expérimentalement, ce qui nous renseigne sur la conception de la structure de surface

pour optimiser le transport des gouttelettes, avec de nombreuses applications techniques, y

compris la récolte du brouillard, la séparation eau-huile et les dispositifs microfluidiques.

Dans le chapitre 4, un modèle étendu de réseau de pores est développé pour sonder l’effet

des formes de particules sur les processus quasi-statiques de déplacement fluide-fluide dans

les milieux poreux. En incorporant au modèle l’effet de pincement aux bords aigus déjà

mentionné, nous sommes en mesure d’effectuer des simulations numériques efficaces dans

une large gamme de conditions de mouillage et de formes de particules différentes, et de

démontrer l’influence significative de la forme des particules en analysant plusieurs métriques

caractéristiques pendant le processus de déplacement multiphasique. L’algorithme proposé

étend considérablement les capacités de ce type de méthodes de réseaux de pores en termes

de suivi d’interface, qui n’étaient auparavant appliqués qu’aux grains sphériques.

Le chapitre 5 se compose de deux parties qui étudient les écoulements multiphasiques

en utilisant la méthode Lattice-Boltzmann multi-composants. Dans la première partie, basée

sur les observations expérimentales existantes, une théorie décrivant l’évolution temporelle

de l’angle de contact pour tenir compte de la transition de mouillage de Cassie-Wenzel sur

des surfaces rugueuses est proposée. Cette théorie est ensuite incorporée dans la méthode

Lattice-Boltzmann pour la simulation des processus de déplacement fluide-fluide. L’effet de

la transition de mouillage est mis en évidence en comparant l’efficacité du déplacement et

la mobilisation des ganglions piégés pour différents temps caractéristiques de la transition

de mouillage. La deuxième partie se concentre sur le rôle de la topologie. Plus précisément,

un indice de désordre est proposé pour caractériser quantitativement le désordre topologique

des milieux poreux. Un diagramme de phase de la morphologie d’invasion sous différents

désordres et conditions de mouillage est obtenu en réalisant des simulations systématiques.
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Grâce à l’analyse des modes d’instabilité à l’échelle des pores, les effets de la mouillabilité et

du désordre topologique sur l’écoulement multiphasique sont unifiés.

Dans le chapitre 6, nous passons au transport de masse diffusif dans les milieux poreux.

Nous présentons tout d’abord une méthode expérimentale simple pour la génération par

pluviation de matériaux granulaires humides avec la compacité souhaitée. En considérant

l’importance relative des forces gravitationnelles et capillaires, d’un point de vue énergétique,

un modèle est développé pour prédire la compacité finale en fonction des propriétés du

matériau et des conditions de préparation, ce qui est vérifié par les résultats expérimentaux

obtenus. En utilisant la méthode de préparation des échantillons proposée, nous étudions

ensuite le processus de séchage des matériaux granulaires non saturés à faible teneur en

eau initiale, qui est relativement peu exploré dans la littérature. À l’aide de divers outils

expérimentaux, dont un appareil photographique à haute résolution, une balance analytique

et la technique de résonance magnétique nucléaire, l’évolution de la structure solide et la

distribution du liquide pendant le processus d’évaporation sont capturées. Nous observons

l’effondrement des matériaux granulaires induit par le séchage, et les statistiques de ces

événements d’effondrement donnent un aperçu du rôle de l’effet Kelvin vers la fin du proces-

sus d’évaporation, qui explique l’augmentation observée de la vitesse de séchage, celle-ci

s’écartant de la théorie classique de l’évaporation limitée par la diffusion.

Les principales conclusions pouvant être tirées de cette étude expérimentale et numérique,

à différentes échelles de longueur, des effets capillaires sur le transport de liquide dans les

milieux granulaires non saturés sont résumées comme suit:

• Le phénomène de pincement aux arêtes vives peut être utilisé pour obtenir un

mouvement spontané des gouttelettes sur des surfaces à motifs. Le modèle proposé

pour décrire le mouvement des gouttelettes sur une surface avec un coin de forme

arbitraire est validé. De plus, on constate que les surfaces avec des coins convexes

ont le potentiel d’être plus performantes en termes d’amélioration de la distance

totale de transport.

• • En incorporant l’effet de pincement aux arêtes vives dans un modèle de réseau

de pores, nous avons étendu l’algorithme de suivi d’interface existant pour simuler

l’écoulement multiphasique dans le régime quasi-statique pour différentes formes de
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grains solides. Il s’avère que l’augmentation de l’angularité introduit non seulement

une plus grande hétérogénéité dans la géométrie des pores, mais amplifie également

l’effet de pincement des ménisques au niveau des angles aigus. Macroscopiquement,

cela conduit à une transition plus précoce du déplacement stable vers la digitation

capillaire.

• Le comportement en fonction du temps de l’angle de contact dû à la transition

de mouillage de Cassie-Wenzel est important et doit être pris en compte pour les

simulations d’écoulement multiphasique, en particulier pour les milieux poreux où la

rugosité de la surface solide ne peut être négligée. En effet, la transition de mouillage

peut effectivement modifier l’angle de contact apparent pendant le processus de

déplacement, ce qui détermine quand, où et si un événement de remplissage des

pores aura lieu.

• Le désordre topologique des milieux poreux ainsi que la mouillabilité ont un grand

impact sur la morphologie d’invasion de l’écoulement multiphasique. L’augmentation

du désordre et de l’angle de contact favorise la digitation, ce qui conduit à un plus

grand nombre de ganglions de la phase défensive piégée. Les fluctuations de la pres-

sion capillaire critique locale calculée à partir des événements d’instabilité à l’échelle

du pore montrent un accord avec l’observation macroscopique de l’efficacité du

déplacement.

• Des matériaux granulaires de porosité différente sous une même force de cohésion et

une même taille de particule peuvent être générés en contrôlant la hauteur de chute

libre des particules. Le modèle dérivé en utilisant le bilan énergétique a une meilleure

capacité à prédire la compacité finale de l’assemblage de milieux granulaires régis

par les forces capillaires ou les forces de van der Waals par rapport à celui dérivé du

bilan de force.

• En raison de l’effet Kelvin, il existe du liquide sous forme de ponts liquides dans la

région sèche apparente, ce qui empêche l’effondrement des matériaux granulaires

humides lâches jusqu’à la fin du processus de séchage, lorsque plus aucun liquide ne

peut être extrait. La présence de liquide au-dessus du front de séchage secondaire
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explique également l’évaporation accrue du liquide à un stade ultérieur du processus

de séchage.

En résumé, ces travaux axés sur le transport de fluides multiphasiques dans les milieux poreux

approfondissent la compréhension du lien entre les mécanismes à l’échelle microscopique

et les observations macroscopiques, ce qui apporte de nouvelles perspectives et contribue à

une description plus précise des phénomènes physiques. Plusieurs perspectives peuvent être

données:

• Il est prometteur d’appliquer le modèle développé pour prédire le processus de

transport de liquide sur des surfaces à motifs afin d’améliorer les performances

d’applications réelles, telles que la collecte d’eau et la séparation spontanée eau-

huile.

• Le modèle de réseau de pores proposé peut être étendu pour considérer des formes

de particules arbitraires telles que celles obtenues directement à partir d’images de

matériaux granulaires réalistes. Comme la mouillabilité et la géométrie des pores

ont un impact significatif sur la résistance capillaire locale, il est essentiel de saisir

avec précision les formes des matériaux granulaires pour prédire avec exactitude les

processus de déplacement. Il est également possible de considérer les effets visqueux

en introduisant la dissipation visqueuse dans les différentes phases du fluide, puisque

différents événements d’instabilité, c’est-à-dire la digitation capillaire et la digitation

visqueuse, peuvent se produire en fonction des propriétés du fluide et des conditions

d’écoulement.

• Bien que l’effet de la transition de mouillage sur l’écoulement multiphasique ait été

démontré par des simulations, des travaux expérimentaux systématiques sont néces-

saires pour fournir davantage d’informations. En outre, les travaux expérimentaux

sur le comportement en fonction du temps de l’angle de contact dû à la transition

de mouillage de Cassie-Wenzel ont été principalement menés sur des surfaces à

motifs artificiels. Les expériences sur des surfaces rugueuses aléatoires faciliteront

le développement et la validation de la théorie généralisée de la description du

processus de transition.
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• Actuellement, l’indice de désordre proposé pour caractériser les milieux poreux

n’est applicable qu’à des assemblages de sphères monodisperses. Des extensions

supplémentaires portant sur la définition de l’indice pour des milieux poreux plus

généraux avec différentes formes et tailles de particules sont nécessaires.

• Les paramètres explorés expérimentalement lors du processus de préparation de

matériaux granulaires humides par pluviation restent limités (taille des particules

et hauteur de chute libre). Des simulations numériques utilisant par exemple la

méthode des éléments discrets peuvent fournir plus d’informations sur l’effet d’autres

paramètres, tels que les coefficients de friction de glissement et de roulement. Un

autre aspect consiste à étudier la validité de l’hypothèse d’isolement de chaque

événement de chute au cours du développement de la théorie. Actuellement, on

suppose que chaque particule tombe individuellement, et que le réarrangement des

particules mobilisées n’a aucune influence sur le processus de l’événement d’impact

précédent ou suivant. Cependant, la chute et l’impact collectif de plusieurs particules

peuvent introduire une physique plus complexe.

• Les preuves de l’existence de liquide dans la région sèche apparente, c’est-à-dire

l’évaporation accrue et l’effondrement concentré à la fin du processus de séchage,

sont indirectes. L’observation réelle du liquide fournirait des preuves plus directes,

bien que la résolution requise pour observer de si petites quantités de liquide (de

l’ordre de 1 m) soit exigeante. En outre, une autre tâche importante consiste à

développer un modèle théorique pour expliquer la valeur exacte de la teneur en eau

de transition, en dessous de laquelle l’augmentation observée de la vitesse de séchage

apparaît. Cela impliquera un contrôle plus strict des conditions expérimentales,

notamment de la température et de l’humidité relative, pour le processus de séchage

à partir de différentes teneurs en eau initiales.



Abstract

Fluid transport phenomena in granular media are of great importance due to various

natural and industrial applications, including CO2 sequestration, enhanced oil recovery,

remediation of contamination, and water infiltration into soil. Although numerous studies

exist in the literature with aims to understand how fluid properties and flow conditions impact

the transport process, some key mechanisms at microscale are often not considered due to

simplifications of physical phenomenon and geometry, limited computational resources, or

limited temporal/spacial resolution of existing imaging techniques.

In this Thesis, we investigate fluid transport phenomena in granular media with a focus

on the capillary effects. We move from relatively simple scenario on patterned surfaces to

more complex granular media, tackling a variety of liquid-transport related problems that all

have extensive industrial applications. The bulk of this Thesis is composed of six published

papers. Each chapter is prefaced by an introductory section presenting the motivation for the

corresponding paper and its context within the greater body of work.

In order to explain the characteristics of fluid transport in porous media observed at

macroscopic scale, physical mechanisms at micro and pore scale must be understood. When

liquid comes into contact with rough grains with irregular shapes, depending on surface

feature and liquid properties, the liquid may progressively fill the grooves of the surface, or

get pinned at sharp corners, which consequently results in deviation of the effective contact

angle from the intrinsic one. These phenomena occurring at nano/micro-scale are captured

and incorporated into the pore-network model and lattice Boltzmann method to investigate

multiphase displacement process. At pore scale, by considering different invasion instability

modes, we study the collective impact of contact angles and pore geometry by numerical

simulation, unifying the effects of wettability and topological disorder of porous media.

At macroscopic scale, the influence of capillary forces from liquid bridges on the packing

structure of wet granular assembly is experimentally studied. A model is proposed based on

x
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energy balance to predict the resulting packing fraction, which is validated by results from

experiments and past literature. Finally, drying experiments are conducted to investigate the

evolution of liquid distribution and solid structure during evaporation process.

This Thesis reveals the impact of some previously neglected physical phenomena at mi-

croscale on the fluid transport in granular materials, providing new insights and methodology

for describing and modelling fluid transport process in porous media.
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CHAPTER 1

Introduction

Due to molecular attraction, the interface between different fluids has the tendency of minim-

izing its surface area, which is the phenomenon of surface tension. As a result, there exists a

pressure difference across the interface between the two fluids, which can consequently impact

how fluids and the surrounding solid matrix behave. Water striders (Gerridae) “walking” on

water, spontaneous rise of liquid in narrow tubes, and droplet freely sliding on the surface of

lotus leaf, are all manifestation of capillary forces. Particularly, the effect of capillary forces

can be increasingly significant when the length scale becomes small, such as in subsurface

granular materials and fibrous porous medium within fuel cells. Clearly, understanding the

capillary effect on fluid transport is of paramount importance due to its involvement in various

natural and industrial processes, such as enhanced oil recovery, carbon dioxide sequestration,

fuel cell design, and water infiltration into soils (Blunt et al., 1993; Nadim et al., 2000; Lipiec

et al., 2006; Szulczewski et al., 2012; Lake et al., 2014; Matter et al., 2016).

Despite extensive investigations on the impact of fluid properties and flow conditions on

multiphase flow exist in the literature, some challenges remain. Firstly, physical mechanisms

at the scale of grain surface due to presence of roughness and sharp corners are often neglected

in theoretical analyses and numerical simulations, such as the phenomena of Cassie-Wenzel

wetting transition and pinning of menisci at sharp edges. This leads to inaccurate capture of

transient effective contact angles during fluid-fluid displacement process, where the effective

contact angle has already been identified as one of the key controlling parameters determining

the displacement patterns of multiphase flow. Secondly, the influence of topological features

of pore space on fluid invasion process, compared with fluid properties and flow conditions,

has received much less attention. For example, both the characterisation and impact of

1
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topological disorder of porous media on fluid displacement remain relatively unexplored.

Further, the combined influence of liquid and experimental procedure on the packing structure

of wet granular materials, as well as the subsequent drying process, require further studies. In

this Thesis, we investigate these problems using experimental and numerical methods, aiming

to bridge the connection between observations at macroscopic scale and physical mechanisms

at surface and grain scale. The research objectives are listed below:

• Understand the effect of disorder, particle shape, and surface roughness on fluid-fluid

displacement process in porous media. (Chapter 4 & Chapter 5)

• Develop rigorous pore-network model that can be applied to porous media with

grains of different shapes. (Chapter 4)

• Probe the factors that controls the spontaneous droplet movement on structured

surfaces and explore the different shapes for enhancing the motion. (Chapter 3)

• Seek a universal law for description of the packing of wet granular materials for

different particle sizes and free fall heights, and investigate the subsequent drying

processes. (Chapter 6)

The Literature Review (Chapter 2) starts with the theories and experiments on the wetting

behaviour of liquid on rough surfaces. Then, the phenomenon of contact line pinning at

sharp edges is discussed, and its relevant natural and industrial applications are reviewed.

This is followed by moving into more complex systems, i.e., porous media, where the focus

is placed on the mutual influence of fluids and solids: how liquid affects the structure and

mechanical response of solid matrix; and how topological features and physical properties of

solids impact fluid transport. Finally, we touch on some state-of-the-art numerical modelling

methods that have been employed to study the transport phenomena in porous media.

In Chapter 3, we begin with a relatively simple system: a water droplet on a surface. It is

demonstrated that with a careful design of the substrate structure, the spontaneous directional

movement of a droplet can be achieved. This is done by creating a free energy gradient on the

surface through utilizing the sharp edge pinning phenomenon, which can drive the droplet

without external energy input. We further investigate how the motion can be enhanced using an
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experimentally validated model, providing insights in surface structure design for optimizing

droplet transport, which has many engineering applications including fog harvesting, water-oil

separation, and microfluidic devices (Bai et al., 2010; Zheng et al., 2010; Li et al., 2013; Bai

et al., 2014; Cao et al., 2014; Zamuruyev et al., 2014; Tani et al., 2015; Wang et al., 2015;

Zhu et al., 2016; Al-Khayat et al., 2017; Li et al., 2017; Morrissette et al., 2017; Tian et al.,

2017; Zhao et al., 2017; Luo et al., 2018; Si et al., 2018).

In Chapter 4, an extended pore-network model is developed to probe the effect of particle

shapes on quasi-static fluid-fluid displacement processes in porous media. By incorporating

the aforementioned sharp edge pinning effect into the model, we are able to carry out efficient

numerical simulations under a wide range of wetting conditions and different particle shapes,

and demonstrate the profound influence of particle shapes through analysing several key

characteristic metrics during the multiphase displacement process. The proposed algorithm

significantly extends the capability of this type of pore-network methods, i.e., the interface

tracking algorithms, that were previously only applied to spherical grains (Cieplak et al., 1988,

1990).

Chapter 5 consists of two sections studying multiphase flows both using the multi-component

lattice Boltzmann method (Shan et al., 1993, 1995; Kruger et al., 2017). In the first part,

based on existing experimental observations, a theory describing the time-dependent contact

angle due to Cassie-Wenzel wetting transition on rough surfaces is proposed, which is then

incorporated into the lattice Boltzmann method for simulations of fluid-fluid displacement

processes. The effect of wetting transition is highlighted through comparing displacement

efficiency and mobilisation of trapped ganglia under different characteristic time of wetting

transition. The second part focuses on the role of topology. Specifically, a disorder index is

proposed to quantitatively characterise the topological disorder of the porous media. A phase

diagram of invasion morphology under different disorders and wetting conditions is obtained

by systematic simulations. Through analysing the instability modes at pore scale, the effects

of wettability and topological disorder on multiphase flow is unified.

In Chapter 6, we move to diffusive mass transport in porous media. We firstly present a

simple experimental method for generation of wet granular materials with desired packing
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fraction. Through considering the relative importance of gravitational and capillary forces,

from an energy perspective, a model is derived to predict the final packing fraction given

material properties and packing condition, which is verified by experimental results. Using

the proposed sample preparation method, we then study the drying process of un-saturated

granular materials with a low initial water content, which is relatively unexplored in the

literature. Using various experimental tools, including high-resolution camera, analytical

balance, and nuclear magnetic resonance technique, the evolution of solid structure and

also the liquid distribution during evaporation process is captured. We observe the drying-

induced collapse of granular materials, and the statistics of these collapse events provide

insights on the role of Kelvin effect near the end of evaporation process, which explains the

observed enhancement in drying rate, deviating from the classical theory of diffusion limited

evaporation (Brutsaert et al., 1995; Shokri et al., 2011).

The last Chapter provides several concluding remarks on this Thesis, including discussions

on the challenging questions remaining in the field and potential future works.



CHAPTER 2

Literature Review

This Chapter begins with looking at theories and experiments of wetting behaviour of liquid

on surfaces with roughness features or sharp edges, and their relevant natural and industrial

applications are reviewed. This is followed by moving into more complex systems, i.e.,

porous media, where the effects of capillary forces due to liquid bridges on the mechanical

behaviour of granular materials are reviewed. Then, the current understanding of influence of

fluid properties and flow conditions on fluid-fluid displacement process is discussed. Finally,

we touch on some numerical modelling methods, with focus on the pore-network models and

the lattice Boltzmann method, that have been employed to study the transport phenomena in

porous media.

2.1 Wetting on Rough Surfaces

The wetting phenomenon, occurring when a liquid being in contact with a solid surface, is

ubiquitous in nature and industrial applications. The wetting behaviour is governed by the

surface energies between different phases. On a chemically homogeneous smooth surface,

in the case of complete wetting, i.e., the spreading parameter S = �SG � (�SL + �LG) > 0,

where �SG, �SL, and �LG denote the interfacial tension between solid-gas, solid-liquid, and

liquid-gas phases, respectively, the liquid wets the surface completely. Note that the interfacial

tension between liquid and gas phases is more commonly known as “surface tension”. When

S < 0, however, the contact angle ✓, defined as the angle measured within the liquid phase at

the liquid-solid-gas contact line (“triple line”) is described by the Young’s equation:

cos ✓ =
�SG � �SL

�LG
, (2.1)

5
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Wetting on rough surfaces

!! !

Onda1996_CA_Fractals

a)

b) c)

FIGURE 2.1: Wetting on rough surfaces. (a) Schematic of a droplet on a
solid substrate. From left to right: partial wetting on an ideal smooth surface,
Wenzel state on rough surface, and Cassie-Baxter state on rough surface. (b)
The apparent contact angle becomes greater on rough surfaces (bottom) than
the one on smooth surface (top), adapted from (Onda et al., 1996). (c) Apparent
contact angle on fractal rough surface ✓f vs intrinsic contact angle ✓, adapted
from (Onda et al., 1996).

which can be easily derived by applying force balance at the triple line. This angle measured

on an ideal smooth surface is also called the intrinsic contact angle ✓0. When roughness is

present on the solid surface, the apparent contact angle may deviate from the intrinsic one,

depending on the surface features and wetting state (Fig. 2.1(a)). If the liquid completely fills

the grooves of the surface, i.e., in Wenzel state, the apparent contact angle can be calculated

as (Wenzel, 1936):

cos ✓ = r cos ✓0, (2.2)

with r the roughness ratio, defined as the total area divided by the projected area of the

rough surface. Since r � 1, Eqn. (2.2) indicates that the wettability is always enhanced

with the presence of roughness, i.e., more hydrophobic (hydrophilic) for intrinsically hy-

drophobic (hydrophilic) wetting conditions. As shown in Fig. 2.1(b), the surface becomes

super-hydrophobic for rough surface (bottom photo), compared with the smooth one (top

photo). Fig. 2.1(c) shows the theoretical and experimental results of contact angles on fractal

rough surfaces (Onda et al., 1996; Shibuichi et al., 1996). If, however, air is trapped between

solid-liquid interface, the apparent contact angle is determined by Cassie-Baxter equation
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Cassie-Wenzel transition Papadopoulos, 2013, PNAS
Mishra, 2015, Applied materials & interfaces

Bormashenko et al, 2015, Advances in 
colloid and interface science

Seo et al, 2018, PNAS.

a) b) c)

d)

FIGURE 2.2: Cassie-Wenzel wetting transition. (a) Schematic showing the
energy barrier that needs to be overcome to transition from meta-stable Cassie-
Baxter wetting state to Wenzel state, adapted from (Bormashenko, 2015)
(b) The progress of wetting transition on rough PDMS is accompanied by
significant variation in apparent contact angle, adapted from (Mishra et al.,
2016). (c) Evolution of apparent contact angle of droplet on structured surface
with micro-pillars, adapted from (Papadopoulos et al., 2013). (d) Effect of
volatility on the time-dependent cavity-filling rate, adapted from (Seo et al., 2018).

(Cassie et al., 1944; Marmur, 2003; He et al., 2004):

cos ✓ = r� cos ✓0 + 1� �, (2.3)

with � 2 [0, 1] the fraction of projected solid-liquid contact area. Note that with � = 1,

Eqn. (2.3) reduces to Eqn. (2.2). Efforts have been devoted to investigate the factors that

determine which wetting state will take place, including the intrinsic wettability of the surface

and surface roughness features (Feng et al., 2008; Bormashenko, 2015; Cho et al., 2020).

Further, the transition of wetting state from Cassie-Baxter to Wenzel state has been subjected

to extensive investigations through both numerical and experimental methods (Moulinet et al.,

2007; Sbragaglia et al., 2007; Zhao, 2007; Peters et al., 2009; Oliveira et al., 2011; Lopes

et al., 2013; Papadopoulos et al., 2013; Mishra et al., 2016; Seo et al., 2018). From an energy

perspective, there exists an energy barrier that needs to be overcome for the transition to take

place (Fig. 2.2(a)), and the magnitude of the energy barrier is found to depend on geometry

of micro-structures (Yoshimitsu et al., 2002; Nosonovsky, 2007; Nosonovsky et al., 2008;
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Bahadur et al., 2009; Amabili et al., 2016; Domingues et al., 2017; Arunachalam et al.,

2019), intrinsic contact angle (Seo et al., 2018), size of surface features (Butt et al., 2015),

hydrodynamic pressure (Zheng et al., 2005), line tension (Bormashenko et al., 2013), and

concentration of dissolved air in water (Seo et al., 2018). Greater energy barrier corresponds

to increasing stability of Cassie-Baxter state, resulting in slower transition to Wenzel state.

The speed of wetting transition can vary dramatically, depending on the aforementioned

factors and also the liquid properties, such as interfacial tension and viscosity (Moulinet

et al., 2007; Sbragaglia et al., 2007; Peters et al., 2009; Seo et al., 2018). As a result, the

macroscopic contact angle can vary in a time-dependent manner (Fig. 2.2(b,c)), such as the

experimental observations on rough PDMS plates by Mishra et al (Mishra et al., 2016). Seo

et al (Seo et al., 2018) identified factors affecting the transition speed using bright-field and

confocal fluorescence microscopy. Understanding the wetting behaviour on rough surfaces

is of great importance in surface science due to its various practical applications such as

product design (Wang et al., 2020a). Further, since for most natural grains, the surface is

not perfectly smooth and surface roughness is often present, understanding the influence of

surface roughness on the multiphase displacement process in porous media has been gaining

increasing amount of focus in recent years (Babadagli et al., 2015; Hu et al., 2019b; Ju et al.,

2019; Mehmani et al., 2019; Tanino et al., 2020; Liu et al., 2021; Zhang et al., 2021). In

Chapter 5, the impact of Cassie-Wenzel wetting transition on multiphase flow in porous media

will be investigated using the multi-component lattice Boltzmann method. Focus is placed on

how the time-dependent effective contact angle (as a result of wetting transition) can modify

the displacement processes.

2.2 Sharp Edge Pinning

Due to inhomogeneity of surfaces, the triple line can be pinned at a specific location while

undergoing motion. This pinning phenomenon can be attributed to several potential reasons,

including variation in (i) chemical composition of the surface (leading to increase in intrinsic

contact angle as per Eqn. (2.1)) (Alheshibri et al., 2013); (ii) surface roughness (leading to

increase in apparent contact angle as per Eqn. (2.3)); or (iii) local surface geometry in the from
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FIGURE 2.3: Sharp edge pinning phenomenon. (a) Schematic showing the
pinning of the triple contact line at the sharp corner. (b) Spontaneous direc-
tional movement of droplet utilising the sharp edge pinning effect. Motion
towards the anti-gravitational direction is achived without external energy
input, adapted from (Zheng et al., 2017). (c) and (d) Photos and schematic
showing the mechanisms of continuous unidirectional spreading of liquid on
the rim of the pitcher of Nepenthes alata, adapted from (Chen et al., 2016).

of the presence of a sharp corner (Fig. 2.3(a)). The last scenario is of particular interest as it

can be described purely by a geometrical extension of Young-Dupre equation (Gibbs, 1961;

Oliver et al., 1977), from which the equilibrium state of apparent contact angle ✓ measured

within the invading fluid at the triple line can be determined by:

✓0  ✓  ✓0 + (180� � ↵), (2.4)

with ✓0 and ↵ the intrinsic contact angle and the angle subtended by the two surfaces forming

the edge, respectively. This sharp edge pinning phenomenon has been observed on surfaces

in natural systems, such as Nepenthes alata, which aids the continuous unidirectional liquid

transport (Chen et al., 2016) (Fig. 2.3(c,d)). This phenomenon has also been utilised to design

microfluidic devices to achieve spontaneous liquid transport, where the pinning effect results

in a net positive capillary force, driving the movement of liquid without external energy input

(Tan et al., 2016; Zheng et al., 2017; Chatterjee et al., 2018) (e.g., Fig. 2.3(b)). In Chapter
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3, by utilising the sharp edge pinning phenomenon, we theoretically and experimentally

demonstrate the spontaneous movement of a droplet under the driving force from interfacial

tension, and reveal key factors influencing the transport distance.

In more complex systems such as porous media, the pinning of meniscus (interface between

two liquids) at sharp edges of grains during multiphase flow leads to a wide distribution of

measured contact angle even in chemically homogeneous porous media (AlRatrout et al.,

2018; Blunt et al., 2019, 2021). Since the contact angle has been identified as one of the key

controlling factors for fluid-fluid displacement processes (Crisp et al., 1948; Purcell, 1950;

Cieplak et al., 1990; Mason et al., 1994; Holtzman et al., 2015; Trojer et al., 2015; Jung

et al., 2016; Zhao et al., 2016; Primkulov et al., 2018; Ran et al., 2018; Wang et al., 2019,

2020b), it is vital to consider the sharp edge pinning phenomenon in both theoretical analysis

and numerical models, since this phenomenon can modify the apparent contact angles that

determine the pore-scale invasion mechanisms (Cieplak et al., 1988, 1990; Holtzman et al.,

2015), especially for grains with non-smooth surfaces.

2.3 Liquid Bridges in Granular Materials

In granular materials, it has been found that the existence of liquid can impact the mechanical

properties of the solid matrix (Cho et al., 2001; Fournier et al., 2005; Scheel et al., 2008a;

Scheel et al., 2008b; Lu et al., 2009; Fall et al., 2014). Specifically, with increasing amount

of liquid, different regimes have been identified for partially saturated granular materials,

including pendular, funicular, and capillary regimes (Wu et al., 1984; Yuan et al., 0000). At

pendular regime, liquid bridges form between particles (Fig. 2.4(a)), resulting in a negative

pressure within the liquid, exerting attractive force between the particles such that the origin-

ally cohesionless granular materials start to behave as if they were cohesive (Fig. 2.4(e)). The

force due to liquid bridge depends on various liquid properties and geometrical conditions,

such as interfacial tension, separation distance between grains, surface roughness, contact

angle, and volume of liquid (Weigert et al., 1999; Rabinovich et al., 2005; Butt, 2008; Butt

et al., 2009). In the case of vanishing separation distance, i.e., between contacting grains, the

capillary force can be estimated by (Halsey et al., 1998; Rabinovich et al., 2005; Butt et al.,
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FIGURE 2.4: Liquid bridges in granular materials. (a) Schematic of a liquid
bridge between two spherical particles. (b) Measured capillary force of a
single liquid bridge as a function of relative volume loss during evaporation
for different separation distances, adapted from (Mielniczuk et al., 2014). (c)
visualisation of capillary bridges in granular materials using X-ray tomography,
adapted from (Scheel et al., 2008b). (d) visualisation of capillary bridge using
confocal microscopy, adapted from (Fournier et al., 2005). (e) Tensile strength
(filled squares) and critical acceleration (open circles) of a wet granular pile
at different volumetric water content, adapted from (Scheel et al., 2008b). (f)
Force-displacement curves for wet and dry Iranian sand, adapted from (Fall
et al., 2014). (g) Porosity of packed granular media using standard pouring
method for different liquid content, adapted from (Feng et al., 2000).

2009):

Fc = 2⇡�R cos ✓, (2.5)

where � is the interfacial tension, R is the radius, and ✓ is the contact angle. It is interesting

to see that Eqn. (2.5) implies the magnitude of the force is insensitive to the volume of

liquid. This is because that at relatively low water content, with increase in liquid volume,

the increase in liquid-solid contact area balances with decrease in Laplace pressure (Halsey

et al., 1998; Rabinovich et al., 2005; Butt, 2008; Butt et al., 2009), which has been confirmed

by experiments (Scheel et al., 2008b; Mielniczuk et al., 2014) (Fig. 2.4(b)). However, if

more liquid is added into the granular material, liquid bridges start to coalesce, forming

liquid clusters with greater volume accompanied by decrease in capillary pressure, reducing

the cohesive force. As a result, the macroscopic properties of granular materials, such as
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friction (Fig. 2.4(f)), packing fraction (Fig. 2.4(g)), and shear strength, have non-monotonic

relationship with the liquid content (Wu et al., 1984; Feng et al., 1998, 2000; Fall et al., 2014).

In Chapter 6, a simple experimental procedure is presented for generation of wet granular

assembly with different packing fraction. We then develop a model based on energy balance

to describe the results of packing fractions of different particle sizes and free fall heights.

The effects of capillary forces within the liquid bridges are further investigated in a series of

drying experiments..

2.4 Multiphase Flow in Porous media

According to the the pioneering studies by Lenormand et al (Lenormand et al., 1988, 1989),

patterns of multiphase flow strongly depend on the capillary number (i.e., relative strength of

viscous force to capillary force) and the viscosity ratio of the two fluids. Fig. 5(a) shows the

phase diagram of invasion morphology under different flow conditions and fluid properties,

including capillary fingering, viscous fingering, and stable displacement. Further, the profound

influence of wettability (i.e., contact angle) has been demonstrated both numerically and

experimentally (i.e., Fig. 2.5(b)) (Crisp et al., 1948; Purcell, 1950; Cieplak et al., 1990; Mason

et al., 1994; Holtzman et al., 2015; Trojer et al., 2015; Jung et al., 2016; Zhao et al., 2016;

Primkulov et al., 2018; Ran et al., 2018; Wang et al., 2019, 2020b).

From a pore-scale perspective, Cieplak & Robbins (Cieplak et al., 1988, 1990) explain

the transitions between macroscopic invasion patterns by the pore scale instability events

(Fig. 2.5(c)), and the non-local cooperative pore filling event, or overlap event, is found to

stabilize the invasion front. The occurrence and effect of overlap event is further explored

by Holtzman et al (Holtzman et al., 2015) via a pore-network model across a wide range

of wetting conditions and flow conditions (Fig. 2.5(d)). Other factors such as topological

disorder and grain shapes and roughness have been subjected to active research (Holtzman

et al., 2010; Hu et al., 2019a) (Fig. 2.5(e)). In Chapter 5, we propose an index to characterize

the disorder of the porous media, and conduct systematic simulations of multiphase flow

across a wide range of contact angles and disorder. It is found that increase in contact angles
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FIGURE 2.5: Multiphase flow in porous media. (a) Phase diagram of mul-
tiphase flow. C and M denote capillary number and viscosity ratio, respect-
ively, adapted from (Lenormand et al., 1988). (b) Invasion morphologies of
radial injection experiments on Hele-Shaw cells under varied capillary number
and wetting conditions, adapted from (Trojer et al., 2015). (c) Schematic
showing the pore-scale instability events considered in the PNM, adapted from
(Cieplak et al., 1988). (d) The frequency of the cooperative pore-filling events
(or overlap) under different capillary number and wetting conditions, adapted
from (Holtzman et al., 2015). (e) The frequency of the cooperative pore-filling
events for porous media with different disorder �, with � the width of the
uniform distribution of particle diameters d 2 [1� �, 1 + �]d̄, adapted from
(Holtzman, 2016).

and disorder collaboratively destabilises the displacement processes, which is because the

greater fluctuations in the local capillary resistance.

2.5 Numerical Modelling

As a supplement to experiments, various numerical methods have been developed to simulate

transport of fluids, including molecular dynamics (MD) at atomic scale (Amabili et al., 2016;
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Prakash et al., 2016; Amabili et al., 2017; Tinti et al., 2017), classical Navier-Stoke equation

solvers such as finite volume (FV) method, meso-scale methods such as the Lattice Boltzmann

Method (LBM) (Shan et al., 1996; Guo et al., 2002; Chen et al., 2014; Liu et al., 2015; Kruger

et al., 2017) and smoothed-particle hydrodynamics (SPH) (Bandara et al., 2013; Bao et al.,

2019), and the pore-network method (PNM) based on simplified pore geometry and/or flow

conditions.

Among these methods, LBM has been extensively used for simulation of single and multiphase

flows due to its capability of handling complex geometries and also being able to be massively

parallelised. The PNM, on the other hand, has been applied in various investigations of

macroscopic invasion patterns due to its significantly lower computational cost. Therefore,

these two methods will be discussed in more detail in the following sections.

2.5.1 Lattice Boltzmann Method

Originated from the lattice gas model, the lattice Boltzmann method is based on solving

the Boltzmann equation. It can be shown that the Navier-Stokes equation can be recovered

through Chapman-Enskog analysis (Mohamad, 2011; Kruger et al., 2017). The basic quantity

of LBM is the discrete velocity distribution function fi(x, t), or particle population, and the

discretized Boltzmann equation is:

fi(x+ ci�t, t+�t) = fi(x, t) + ⌦i(x, t), (2.6)

which indicates that the particles move with a velocity ci to a neighboring point during each

�t. Also, they are affected by the collision operator ⌦i(x, t), through which the particles

among population fi are redistributed. One of the simplest and efficient collision operator,

the Bhatnagar-Gross-Krook (BGK) scheme, is

⌦i(x, t) = �fi � f eq
i

⌧
�t, (2.7)

which relaxes the population toward the equilibrium state f eq
i at a rate defined by the
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LBM – 2D, 3D, multiphase/component, contact angle 
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FIGURE 2.6: Lattice Boltzmann simulations of multiphase flow. In-
vading fluid is injected front the left in all subplots. (a) Final
fluid distributions (steady-state) in the dual-permeability microfluidic sys-
tem using LBM. (i-vi) correspond to capillary number of log(Ca) =
{�4.36,�4.16,�4.06,�3.59,�3.36,�3.06}, adapted from (Liu et al., 2014).
(b) Non-wetting fluid distribution at breakthrough time using LBM. (i-iv) cor-
respond to viscosity ratio M = {15, 10, 1, 0.5}, adapted from (Bakhshian et al., 2019).

relaxation time ⌧ . The equilibrium distribution function is given by:

f eq
i (x, t) = !i⇢


1 +

u · ci
c2s

+
(u · ci)2

2c4s
� u · u

2c2s

�
, (2.8)

with !i the weight for the ith direction. For application in multiphase problems, different

approaches have been proposed to introduce the interactions between different phases, includ-

ing the free-energy model (Swift et al., 1995, 1996), color-fluid model (Gunstensen et al.,

1991), and Shan-Chen (SC) model (Shan et al., 1993, 1995). In SC model, the inter-particle

force is introduced as:

F SC(�)(x) = � (�)(x)
X

�̃ 6=�

G�̃�

X

i

!i 
(�̃)(x+ ci�t)ci�t, (2.9)

with  (�) the "effective" density function for � component, and G is a simple scalar that

controls the strength of the interaction. The interactions with solid boundary including

description of contact angles can be achieved by adopting different fictitious wall densities

(Huang et al., 2007). Although the BGK collision scheme is simple to implement and

comparatively efficient, it suffers from limited stability and accuracy under certain conditions,



16 2 LITERATURE REVIEW

Pore-network Model: IP, stick-and-balls, interface tracking algorithm

Lenormand_1988_Displacement.pdf

Valvatne2004PNM.pdf

a)

b) d)

burst touch

overlap(i) (ii)

c)

(iii)

(i) (ii)

(i) (ii) (iii)

(i) (ii) (iii)

FIGURE 2.7: Pore-network modelling for multiphase flow. (a) Simulation of
fluid-fluid displacement using (i) invasion percolation, (ii) diffusion limited
aggregation (DLA), and (iii) anti-DLA, adapted from (Lenormand et al., 1988).
(b-i) 3D image of sandstone and (b-ii) generated topologically equivalent
network representation, adapted from (Valvatne et al., 2004). (c) Interface
tracking algorithm proposed by Cieplak & Robbins (Cieplak et al., 1988, 1990).
(i) Pore-scale instability events, (ii) invasion morphology for contact angle of
179� (drainage), and (iii) invasion morphology for contact angle of 58� (weak
imbibition), adapted from (Cieplak et al., 1988). (d) The extended PNM for
consideration of 3D effects. (i) Corner flow event, (ii) capillary bridge event,
(iii) invasion morphology of radial injection PNM simulation at breakthrough
for contact angle of 40� with dark blue and light blue regions representing
fully invaded pores and partially invaded pores, respectively, adapted from
(Primkulov et al., 2018).

especially when the density and viscosity ratios start to deviate from unity. To overcome these

problems, two-relaxation-time (TRT) and multi-relaxation time (MRT) collation operators

have been proposed (Kruger et al., 2017). Fig. 2.6 show examples of LBM simulation for

multiphase flow across different Capillary numbers and viscosity ratios. Further development

and extensions of the LBM has been subjected to extensive studies, such as high-order LBM

for improved stability and accuracy (From et al., 2019, 2020), and macroscopic LBM for

reduced computational cost (Chen et al., 2017; Zhou, 2021).
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2.5.2 Pore-Network Models

Since most numerical methods based on solving Navier-Stokes equations are computationally

demanding, and macroscopic invasion morphology observed in experiments often cannot

be reproduced due to limited computational resources, the pore-network method offers a

rigorous and computationally efficient way to study the displacement processes. Fig. 2.7(a)

shows the simulated invasion morphology of capillary fingering, viscous fingering, and

stable displacement via invasion percolation (IP) (Wilkinson et al., 1983), diffusion limited

aggregation (DLA) (Witten et al., 1981), and anti-DLA, respectively (Lenormand et al.,

1988). Further development based on these simple algorithms include consideration of

trapping (Masson et al., 2014) and gravity (Wilkinson, 1984; Frette et al., 1992; Meakin

et al., 1992; Chaouche et al., 1994), and volume capacitance model to capture the size of

Haines jumps (Måløy et al., 1992; Furuberg et al., 1996). Although these algorithms are

simple to implement and very efficient, only qualitative agreement at extreme flow conditions

(vanishing viscous/capillary effect) can be obtained. Besides, the impact of wettability is not

captured.

Another approach to simulate multiphase flow involves firstly constructing pore space based

on either artificially generated or realistic CT scans of porous media, where the pores and

throats are represented by equivalent simple geometries, such as spheres and cylinders (Blunt,

1998; Valvatne et al., 2004; Blunt, 2017). The local capillary entry pressure can be estimated

as:

Pc =
2� cos ✓

r
, (2.10)

with � the interfacial tension, r the equivalent radius of the pore/throat space. The pore/throat

is invaded if the pressure within invading phase is greater than Pc. This means that the

non-local cooperative pore filling event is not captured, unless extra invasion criterion such

as the stochastic model is included to modify the calculation of Pc based on local filling

configurations (Blunt, 2017).

In the work by Cieplak & Robbins (Cieplak et al., 1988, 1990), a PNM model is proposed by

considering the basic pore-scale instability events, where both the local burst/touch events
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and non-local overlap events can be captured, and the fluid-fluid interface motion during the

displacement process is tracked. Their results show that decrease in contact angle promotes

the overlap events, which smoothens the invasion front, and consequently reduces the trapping

events of defending phase. Recent advances based on this algorithm include incorporation

of viscous effects (Holtzman et al., 2015; Primkulov et al., 2019), and consideration of

corner flow under extreme wetting condition in the quasi-static regime (Primkulov et al.,

2018). In Chapter 4, we will further extend the work of Cieplak & Robbins by expanding

the applicability of the PNM, such that multiphase flow in porous media of arbitrary grain

shapes can be simulated. Based on the new PNM, we investigate the effect of particle shape

on multiphase flow.

2.6 Summary

The fundamentals and recent advances of the wetting and transport phenomena have been

reviewed with focus on the effect of capillary force on both surfaces and in porous media.

Although significant progress has been achieved in terms of general understanding of the role

of wettability and geometrical features, many challenges still remain. For the Cassie-Wenzel

wetting transition on rough surfaces with features of nano/micrometer size, although extensive

experimental works have been conducted, there lacks more quantitative description of the

transition process from a theoretical point of view. Further, how the time-dependent behaviour

of the contact angle would impact the multiphase displacement process in granular materials

remains unexplored.

Besides, there is a need to further understand the liquid transport process on engineered

surfaces, such as those patterned surfaces that utilise the sharp edge pinning effect to achieve

spontaneous droplet transport. More accurate description of the transport phenomenon can

help understand and also aid the design and optimization process of microfluidic devices.

Understanding fluid behaviour at sharp edges can also facilitate the development of PNM,

especially for capturing the pinning of menisci at pore scale, thus to account for irregular

particle shapes other than circles as in many works of the past literature.
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Finally, although it is known that the behaviour of granular materials can be modified with

the presence of liquid, further quantitative investigations on how capillary forces alter the

packing structure of granular materials is needed. At the same time, how the packing structure

of granular materials in turn impact the transport phenomenon through either multiphase

displacement processes or evaporation is worth studying. In the following chapters, we

present studies in the form of six published papers, as the bulk of this Thesis, to tackle some

of these problems in detail.



CHAPTER 3

Spontaneous Droplet Motion on Structured Surfaces

In this Chapter, we aim to probe the factors that controls the spontaneous droplet movement

on structured surfaces and explore the different shapes for enhancing the motion. Inspired

by the sharp edge pinning phenomenon, we design and manufacture a substrate on which

the spontaneous movement of droplets can be achieved. We develop a theoretical model

for the description of the droplet movement process, and verify it based on experimental

results. Then, using the validated model combined with theoretical analysis from an energy

perspective, the factors determining the movement process are identified, and guidelines for

optimising wedge shape for spontaneous droplet transport are provided.

Corresponding paper: Wang, Z., Owais, A., Neto, C., Pereira, J.-M., Gan, Y. (2021). Enhan-

cing Spontaneous Droplet Motion on Structured Surfaces with Tailored Wedge Design. Adv.

Mater. Interfaces, 8, 2000520.

I was the primary researcher and author of this paper, being supervised by A/Prof. Yixiang

Gan, Prof. Chiara Neto, and Prof. Jean-Michel Pereira.
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ment,[22–25] roughness gradient through 
varying the spacial roughness ratio,[8,26–30] 
or surface structural gradient.[2,3,31–37] It 
has also been shown that spontaneous 
motion can be achieved between non-
parallel[38–40] or flexible plates.[41] Besides, 
Chen et  al.[42] demonstrated the contin-
uous unidirectional liquid spreading on 
the peristome surface of Nepenthes alata, 
which inspired many surface designs for 
liquid transport.[43–45] Among these dif-
ferent approaches to induce spontaneous 
liquid motion, surfaces with wedge-shaped 
pattern with width gradient turn out to be 
effective and relatively simple to manufac-
ture.[1,46–49] Motion on these wedge-shaped 

surfaces is driven by the interfacial tension due to the droplet 
confinement and deformation near the tip to drive the droplet, 
that is, a non-zero net capillary force acting along the three-
phase contact line of the droplet. From an energy perspective, 
the existence of a free Gibbs energy gradient leads to the self-
propelled motion of the droplet. Alheshibri et al.[46] illustrated 
the unidirectional spreading phenomena of water droplets on 
heterogeneous hydrophobized Cu and hydrophilic Al surfaces 
and analyzed the criteria for liquid transport using the force 
balance. Through simulation and experiments, Tan et  al.[50] 
investigated the enhancement of water collection using wedge-
shaped gradient surfaces. Zheng et al.[48] developed a governing 
equation describing the droplet motion on wedge-shaped sur-
faces. However, there are still several challenges remaining, 
including the enhancement of velocity and/or distance of the 
transportation, and precise control of the movement.[35]

In this work, a theoretical model is developed to describe the 
droplet movement on surfaces with arbitrary wedge shapes. 
Different from previous works where the straight edges are 
considered,[46,48,50] the proposed model is applicable to wedges 
with edges described by a given profile function y = y(x). Experi-
ments were conducted to compare with model predictions. 
Then, based on the model, we make a quantitative comparison 
of liquid transport performance on surfaces with different 
shapes. Finally, through theoretical analysis, we identify the 
factors affecting the distance of the transportation and provide 
guidelines for wedge shape design for optimized spontaneous 
liquid transport.

2. Theoretical Model
The governing equation for droplet motion on the surface with 
curved-wedge pattern described by a known profile function 

Spontaneous liquid transport has a wide variety of applications, including 
fog harvesting, microfluidics, and water-oil separation. Understanding of 
the droplet movement dynamics on structured surfaces is essential for 
enhancing the transport performance. In this work, a theoretical model 
describing the movement process of droplets on surfaces with prescribed 
wedge shapes is developed. Agreement is observed between the predictions 
from the model and experimental results. Through theoretical analysis and 
quantitative comparison between the transport performance of different 
wedge shapes, the factors affecting the movement process are identified 
and guidelines for wedge shape optimization for spontaneous droplet  
transport are provided.
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1. Introduction

Spontaneous directional transport of liquid has many applica-
tions, such as fog harvesting,[1–9] water-oil separation,[10–12] and 
microfluidic devices.[13–16] One ubiquitous phenomenon of 
liquid transport without external energy input is the capillary 
rise driven by surface tension.[17–21] Efforts have been made to 
achieve spontaneous droplet motion by introducing a capillary 
pressure gradient on solid surfaces. This can be achieved by cre-
ating a wettability gradient through chemical or thermal treat-

Adv. Mater. Interfaces 2020, 2000520
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y = y(x), as shown in Figure 1, can be derived through Newton’s 
second law:

( )
2

2V
d x
dt

F F F Fc v h gρ = − + +  (1)

where Fc is the actuation force from the interfacial ten-
sion, acting along the edges as indicated by orange curves in 
Figure  1. Fv is the resisting force from viscous dissipation, Fh 
is the force due to the presence of contact angle hysteresis, and 
Fg represents the force from gravity. The driving capillary force, 
Fc, can be calculated through integrating the capillary pressure 
along the edges:

4 sin
cos

sin( )
d2 edgeF Rc B∫γ β θ

θ β
θ= −

−φ

π β+
 (2)

where γ is the interfacial tension between liquid and air, β is 
the half opening angle, RB is the base radius of the droplet, 
θedge is the contact angle along the edge due to the sharp edge 
effect,[51] which can be determined by individually depositing 
droplet on circular plates with a series of radii.[48] For a given 
wedge shape, the droplet volume must be large enough for 
the droplet to be in contact with the edges in order to initiate 
the movement. Therefore, given the local minimum wedge 
width 2ym and contact angle θ, in the limiting case of no con-
tact angle hysteresis, the base diameter of the droplet needs 
to be larger than the wedge width, that is, 2RB > 2ym, where 

3 sin
(2 cos )(1 cos )23R

V
B

θ
θ θ π

=
+ −

, or, the droplet volume needs 

to satisfy 
(2 cos )(1 cos )

3sin
m
3 2

V
y θ θ π

θ
> + −

. It is assumed that the 

droplet shape remains approximately spherical during the 
motion. This is true when the size of the droplet is smaller 
than the capillary length, defined as /( )l gc γ ρ= ∆ , where γ 
is the interfacial tension, ∆ρ denotes the density difference, 
and g is the gravitational acceleration. For a water droplet 
placed on a silicon wafer at room temperature, lc ≈ 2.7 mm, 
which corresponds to droplet volumes being smaller than 
7 µL. For a spherical droplet placed on a large smooth sub-
strate, the value of static contact angle along the triple line 
is between the values of the advancing and receding contact 
angle. If the size of the substrate is gradually decreased, 
the apparent contact angle will increase due to sharp edge 

pinning effect,[51] eventually being larger than the advancing 
contact angle. Therefore, the value of θedge can be deter-
mined geometrically, which can be represented as a function 
of the volume of the droplet and the base radius RB (or the 
width of the wedge). Figure 2 shows cos θedge as a function 
of RB for droplets of volumes V = [3, 4, 5] µL with a contact 
angle of θ = 115° (on smooth surface without wedge), and the 
corresponding relationship can be linearly fitted: cos θedge = 
a1RB + a2.

Then, using the linearly fitted expression for cos θedge, 
Equation (2) can be integrated and Fc can be expressed as

4 sin sin(2 )
sin(2 )
8

sec csc 4 ln(tan ) cot(2 )1 2 2
2

F R
a R

a

c B

B

γ β ψ
ψ ψ ψ ψ ψ( )

=

× − + −





 (3)

with

( )/ 2 and min arcsin(
sin

),
2

0x
RB

ψ φ β φ β β π β= − = + +





 (4)

For curved edges with given shape y(x), β varies with the loca-
tion of base circle:

arctan
( ) ( )y x y x

x x
F B

F B

β = −
−







 (5)

where xF and xB are the x coordinates of intersections between 
y(x) and base circle at the front and back, respectively (Figure 1). 
The resisting force due to the presence of the contact angle hys-
teresis, Fh, is calculated as:

( )cos ( )cosF k y x y xh B R F Aγ θ θ( )= −  (6)

where k is a parameter accounting on the geometrical effect of 
the droplet with a typical range of [1,π].[52] Here, a k value of 

Figure 1. Top view schematic for droplet motion on the wedges with 
the edge described by profile function y = y(x). The direction of droplet 
motion is indicated by the blue arrow.

Figure 2. The cosine of contact angle along the edge cos θedge as a func-
tion of RB for droplets with volumes V = [3, 4, 5] µL (crosses, squares, 
and circles, respectively) and their corresponding linear fitting (solid 
lines).
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1 will be used here for simplicity. The force due to viscous dis-
sipation is given by

,F A
v
d

v η=  (7)

where η is the liquid viscosity, d is the thickness of the thin 
boundary layer, and A is the contact area between the droplet 
and substrate (area enclosed by blue and orange lines in 
Figure  1.) Equation (7) indicates that the force due to vis-
cosity increases as the droplet moves along the wedge due to 
larger droplet-substrate contact area A, further slowing down 
the movement.[47,53] Finally, the force due to gravity with an 
inclination angle θincline is Fg  = ρVgsin θincline. Here, θincline is 
defined as the angle between the surface and horizontal direc-
tion. Although θincline = 0 in all our experiments, it is included 
here for generality. Therefore, given a wedge shape with profile 
function y = y(x), after obtaining all the forces, the description 
of droplet movement can be obtained by numerically solving 
Equation (1).

3. Experiments and Results
Surfaces with different patterns were manufactured by cryo-
etching a silicon (Si) wafer using a standard photoresist to 
dig a 98 µm-deep frame featuring the borders of the wedges. 
The designed wedges can be described by the profile functions 
y = 0.009775x2 + 0.01534x − 0.03014 (in mm, will be referred 
as the curved wedge) and y  = tan (3°)x  + 0.2661 (in mm, the 
straight wedge). The shapes of the wedges are indicated by the 
red-solid lines (curved wedge) and blue-dashed lines (straight 
wedge) in Figure 3C, respectively. The Si wedges were coated 
by a self-assembled monolayer of octadecyltrichlorosilane 
(OTS) according to the method published by Brzoska et al.[54]. 
Si wafers were thoroughly cleaned by successive sonication in 
ethanol and acetone, then blown with dry high purity nitrogen, 

then exposed to CO2 snow jet to remove particulates, then 
plasma-treated in air for 30 s. Next, the cleaned Si wafers were 
immersed in OTS solutions in toluene (3 mm) for 15 min under 
dry conditions (RH < 10%). Finally, the coated surfaces were 
sonicated in pure toluene to remove physisorbed layers of OTS. 
The coated surfaces exhibited advancing angle θA and receding 
angle θR of 115° ± 1° and 97° ± 1° on a smooth surface meas-
ured by goniometer (KSV Cam 200), respectively. A photograph 
and a schematic showing the top view and side view of curve 
wedge are shown in Figures 3A and 3B, respectively. Droplets 
with volumes of 3, 4, and 5 µL were formed using a precise 
syringe and placed onto the structured surface with different 
initial locations. The movement of droplets were recorded with 
a time interval of 0.016 s, and subsequent data analysis was 
carried out in MATLAB. A 4-µm droplet moving on the curved 
wedge is shown in Figure 3D. Four videos showing the move-
ment of droplets of 3, 4, and 5 µL with three different starting 
locations for both curved and straight wedges are provided in 
Supporting Information.
Figure 4 shows the locations of droplets with volumes V = [3, 

4, 5] µL (with 0.8% relative error) as a function of time on curved 
wedge during the first 0.2 s. Points are the results from the 
experiments with initial droplet location x0 = [4.7, 5.6, 6.4] mm  
(±0.1 mm). For each experimental condition, point shapes rep-
resent results retrieved from three different repetitions. It is 
found that the droplets experience fast movement during the 
first 0.1 second. Similar values of final location xfinal can be 
observed for droplets with the same volume. The final location 
is further away with increasing droplet size. In order to check 
the validity of the model, the boundary thickness d needs to be 
determined experimentally. However, due to low viscosity of 
water and limited substrate size, it is difficult for droplets to 
reach constant speed on the surface at a certain tilting angles. 
Therefore, using one set of experimental data with droplet size 
of 3 µL and x0 = 4.7 mm, d can be fitted by minimizing the 
residuals between data from model and experiments, which are 
found to be 4× 10−6 m. This value was then used in the model to 

Figure 3. A) Photograph of the top view of the curved wedge. B) 3D schematic of a moving droplet on the curved wedge. C) Straight (blue-dashed line) 
and curved (red-solid line) wedges described by the profile function y = tan (3°)x + 0.2661 and y = 0.009775x2 + 0.01534x − 0.03014, respectively (x and 
y are in mm). D) Snapshots of a video during movement of a 4-µL droplet on the curved wedge. The color is added to show the droplet advancement 
at different times.
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produce the fits shown as solid lines in Figure 4, which shows 
good agreements between model prediction and experimental 
results. For 4- and 5-µL droplets, one can notice slight under-
estimation of droplet velocity, especially for small initial loca-
tion x0, and the underestimation is more significant in larger 
droplets. We attribute this phenomenon to the effect of inertia: 
upon detachment of droplet from the needle, it is observed in 
the experiments that the droplets are squeezed and bounce on 
impact with the surface, leading to larger contact line length 
along the wedge, and consequently larger driving force Fc. We 
anticipate the effect of bouncing is more significant 1) for larger 
droplets, 2) during early stage of droplet motion, and 3) for 
wedges with smaller opening angle, where Fc is more sensitive 
to the contact line length.

On straight wedges, the model underestimates the velocity 
during the early stage of movement associated with droplet 
bouncing effect, and fails to provide satisfactory predictions 
for droplet motion. This may attribute to, as discussed previ-
ously, the smaller local opening angle on the straight wedge 
(constant 6°) compared with the curved wedge (varies from 
11° to 20° during droplet movement). However, as shown in 
Figure  5, good agreement on the final location xfinal can be 
observed for both curved and straight wedges, where the 
errorbars represent the standard deviation. A systematic 
study on the evaluation of gravitational effect on spontaneous 
droplet motion can be conducted through incorporating 
established theory,[55] which, however, is beyond the scope of 
current work.

4. Tailored Design for Droplet Transport
In this section, surfaces with different wedge shape designs 
are compared quantitatively based on the proposed model. 
Then, we analyze the droplet motion from an energy perspec-
tive, deriving the equation for calculating maximum traveled 
distance within a prescribed time and identifying factors that 
influence the movement process. Finally, we summarize the 
results and provide design guidelines for droplet transport on 
surfaces with wedge-shaped patterns.

Three distinct wedge shapes with profile functions y1  = 
0.0375x0.823 (concave), y2  = 0.075x1.00 (straight, opening angle 
α = 8°), and y3 = 0.150x1.177 (convex), are shown in Figure 6A. 
The corresponding driving force Fc for droplets with volumes 3 
and 4 µL as a function of x are shown in Figure 6B. The previ-
ously determined d was used for the calculations. Although the 
wedge shapes are visually similar, it is observed that the forces 
due to capillary pressure are significantly different, where con-
cave wedge has the maximum initial Fc, whereas Fc of convex 
wedge decreases more slowly. We can also conclude that 
Fc increases with increasing droplet volume for a given wedge 
shape due to larger edge contact length. Figure  6C,D shows 

Figure 4. Motion of water droplets on the curved wedge during the first 0.2 s starting at different initial locations x0 = [4.7, 5.6, 6.4] mm for droplet 
volumes V = [3, 4, 5] µL. Points show the experimental results (three repeated experiments are marked with different symbols for each x0 location), and 
solid lines represent predictions from the model.

Figure 5. Final droplet location as a function of volumes for straight 
(blue-squares) and curved (red-circles) wedges. The final location is 
recorded after more than 10 s of initial droplet motion, where no further 
movement can be detected. Solid lines are predictions from the model. 
Error bars represent standard deviation.
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the corresponding location and velocity as a function of time. 
Note that during the experiments, it was found that there exists 
a minimum value for the initial location x0 depending on the 
droplet volume and width of the wedge, smaller than which the 
droplet cannot be placed stably onto the wedge. However, for 
simplicity, we assume the droplets can be placed at an initial 
location x0 = 2 mm. It can be seen that droplets on the convex 
wedge travel furthest. One can also notice that the terminal loca-
tion xf increases as the volume of droplets becomes larger, con-
sistent with the experiments.

In order for a droplet to move “spontaneously”, it needs to 
be placed at an initial state with high free Gibbs energy Ginitial. 
After the motion, G decreases by ∆G, ending at Gfinal. The 
amount of change in Gibbs energy ∆G is the total available 
actuation energy for droplet movement, which is the energy 
input Einput as

input initial finalE G G G= ∆ = −  (8)

The Gibbs free energy G from the interfacial energetic terms 
can be calculated by

G A A ASL SL SG SG LG LGγ γ γ= + +  (9)

where the subscripts, LS, LG, and SG, stand for liquid-solid, 
liquid-gas, and solid-gas, respectively. γ is the interfacial  
tension. With the total surface area of the droplet 

Adrop = ALS + ALG and the total surface area of wedge, Awedge = 
ASL + ASG, by applying Young’s equation:

(1 cos )*G G ALG LSγ θ= − +  (10)

where G* = AwedgeγSG + γLGAdrop, and θ is the equilibrium contact 
angle. If we assume the total surface area of the droplet, Adrop, 
remains constant during the movement, then G* can be treated 
as a constant, and the total energy input Einput can be simplified as

( )(1 cos )input ,final ,initialE A ALG LS LSγ θ= − +  (11)

where ALS, final and ALS, initial are the final and initial contact area 
between droplet and the substrate, respectively, indicated by 
the area enclosed by blue and orange lines in Figure  1. Equa-
tion  (11) implies that in order to increase the available Einput, 
apart from choosing liquids with larger surface tension, we can 
decrease ALS, initial by placing the droplet near the wedge tip or 
reducing the initial local opening angle, and increase ALS, final 
by increasing the final local opening angle.

During the movement process from initial position x0 to 
final position xf, Einput is dissipated due to viscosity, forces from 
contact angle hysteresis, or converted into gravitational energy. 
Therefore, the energy budget can be written as

( , ) ( ) dinput
0

E F x
dx
dt

F x F xv h g
x

x f

∫= + +





 (12)

Figure 6. A) Shapes of convex (black), straight (blue), and concave (red) wedge shapes and their corresponding profile functions. B) The corresponding 
driving force Fc as a function of location on different surfaces. Solid and dashed lines represent the forces for 3 and 4 µL droplets, respectively. C,D) 
Location and velocity as a function of time.
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Equation  (12) shows that the energies dissipated due to 
contact angle hysteresis and gravity (for θincline ⩾ 0) increases 
monotonically with total traveled distance ∆x, independent of 
the movement velocity. Therefore, in order to more “efficiently” 
use the available energy and achieve further traveled distance 
within a prescribed time t0, the term Ev needs to be mini-
mized. As the viscous force is a linear function of velocity v, 
the optimal movement strategy is to keep a constant speed v = 
L/t0 (see Appendix). Thus, the theoretical maximum traveled 
distance max, 0L t  can be calculated by solving

(1 cos )( )
max,t

input ,final ,initial
0x

E
F F F

A A
F F Fv h g

LS LS

v h g

γ θ∆ =
+ +

= + −
+ +

 (13)

In the case of unlimited time, or t0 → ∞, the wedge should have 
a shape, based on Equation (3), such that the Fc is slightly larger 
than Fh  + Fg, so the droplet moves with infinitesimal velocity, 
minimizing Ev  ≈ 0 and achieving maximum traveled distance. 
Equation (13) also explains why a convex wedge is better in terms 
of droplet transportation as shown in Figure  6C. On the one 
hand, a convex wedge geometrically has smaller ALS, initial and 
larger ALS, final, resulting in larger Einput. A smaller local opening 
angle near the tip (where both the droplet-edge contact length 
and the contact angles are large) and larger local opening angle 
further away suit the need for maintaining a constant velocity.
Figure  7 shows the comparison of the performances of 

straight wedges with different opening angles (α ∈ [3°, 12°]) and 
convex wedge with a profile function y = 0.15x1.2 for total traveled 
distance ∆x. The droplet has a volume of 4 µL with an initial loca-
tion x0 = 1 mm and wedge width of 0.3 mm for all cases. It is 
observed that there is a non-monotonic relationship between 
the opening angle and ∆x. The driving force Fc for a straight 
wedge with α = 3° is so small and the droplet stops early. As α 
increases, Fc increases, resulting in larger ∆x, reaching a max-
imum at around α = 7°, after which ∆x decreases due to smaller 

contact length between droplet and edge. The black-dashed line 
in Figure 7 indicates that the ∆x for the convex wedge is greater 
than all straight wedge shapes, showing a clear improvement due 
to the change of wedge geometry. The inset in Figure 7 shows the 
comparison of shapes of convex wedge (black-dashed line) and 
straight wedges (blue-solid lines) with α = [5°, 8°]. It should be 
pointed out that the optimum shape of wedge does not neces-
sarily satisfy a power law profile function, and the exact profile 
needs to be determined by solving Equations (13) and (3) with 
consideration of all resisting forces, especially the wedge-shape-
dependent force from contact angle hysteresis.

Therefore, for given set material properties, that is, contact 
angles, liquid viscosity, contact angle hysteresis, the transport 
distance of spontaneous droplet motion on structured surfaces 
can be enhanced through increasing both the available actua-
tion energy (Equation (11)) and efficiency of energy usage (Equa-
tions (12) and (13)). On the other hand, if one aims for achieving 
a high transport velocity during a short distance, it has been 
demonstrated that droplet movements with larger wedge local 
opening angle (concentrated energy release) and smaller size of 
droplet (more relatively significant contributions from the capil-
lary force) are faster.[34,46,48] Note that all these material param-
eters can be identified from experimental data, as demonstrated 
in this work. In addition, other methods targeting the improve-
ment of material properties can be used to further enhance the 
liquid transport, in particular, reducing the contact angle hyster-
esis by surface coating.

5. Conclusion
A theoretical model for the description of spontaneous direc-
tional droplet motion on structured surfaces is developed, 
which is applicable for surfaces with arbitrary wedge shapes. 
Experiments have also been conducted for validation purposes. 
Good agreements are observed between the predictions from 
the model and experimental results. Through quantitative com-
parison of droplet motion on surfaces with different shapes and 
theoretical analysis, we found wedges with convex shapes have 
the potential of performing significantly better than straight ones 
in terms of total traveled distance due to larger energy input and 
more efficient energy usage. The theoretical framework devel-
oped here enables a tailored design for achieving targeted modes 
of droplet motion. Our work deepens the understanding of spon-
taneous liquid transport on surfaces with wedge-shaped gradient 
and provides insights on surface design to enhance the effective 
transport distance. Further optimized designs are warranted 
based on the proposed theoretical analyses.

Appendix
Minimization of Linearly Velocity-Dependent Energy Dissipation

To travel a distance L within time t0, assume the resistance 
force f = kv where k is a constant. The total energy dissipation

d d
0 0

E f x k v x
L L

∫ ∫= =  (A.1)

Figure 7. Total traveled distance ∆x for straight (blue-dot line) as a func-
tion of opening angle α. The ∆x for the convex wedge (black-dashed line) 
is added for comparison. The inset shows the wedge shapes for curved 
(black-dashed line) and straight wedges for α = [5°, 8°]. The solid-red line 
marks the initial location of the droplet.
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Case 1: 
0

v
L
t

v= = , the total dissipated energy

1E kvL=  (A.2)

Case 2: ( )*v v v t= + , where v*(t) is the velocity deviation from 
v . Since the total traveled distance is still L:

d ( )d d
0

*

0

*

0

0 0 0

L v t v v t L v t
t t t

∫ ∫ ∫= = + = +  (A.3)

we have

d 0*

0

0

v t
t

∫ =  (A.4)

Consider d d ( )d*x v t v v t= = + , the dissipated energy

d [ ( ) ]d

d ( ) d

2
0

* * 2

0

*

0

* 2

0

0

0 0

E k v x kvL k vv v t

kvL kv v t k v t

L t

t t

∫ ∫
∫ ∫

= = + +

= + +
 (A.5)

From Equation  (A.4), the second term on the right hand side 
becomes zero. Thus,

( )2
* 2

0
1

0

E kvL k v dt kvL E
t

∫= + ≥ =  (A.6)

The above equation indicates velocity function for case 2 cannot 
be more efficient than case 1, and the equal sign holds only if 
v* = 0.
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CHAPTER 4

Effect of Grain Shape on Quasi-Static Fluid-Fluid Displacement

In this Chapter, we aim to understand the effect of particle shape on fluid-fluid displacement

process in porous media. Following the previous chapter on the sharp edge pinning phe-

nomenon, we incorporate it into the pore-network model originally proposed by Cieplak &

Robbins (Cieplak et al., 1988, 1990) for simulations of multiphase displacement process in

the quasi-static regime. The proposed algorithm also includes the volume capacitance model

(Måløy et al., 1992; Furuberg et al., 1996) to capture both the evolution of capillary pressure

signal and sizes of Haines jumps. We conduct systematic simulations across a wide range

of wetting conditions and particle shapes, revealing profound influence of particle shape on

multiphase flow via analysis of various metrics during displacement.

Corresponding paper: Wang, Z., Pereira, J.-M., & Gan, Y. (2021). Effect of grain shape

on quasi-static fluid-fluid displacement in porous media. Water Resources Research, 57,

e2020WR029415.
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1. Introduction
Fluid-fluid displacement in porous media is a common phenomenon encountered in a wide range of nat-
ural and industrial processes, such as water infiltration into soil (Lipiec et†al.,†2006), carbon sequestration 
(Matter et†al.,†2016; Szulczewski et†al.,†2012), enhanced oil recovery (Blunt et†al.,†1993; Lake et†al.,†2014), 
and remediation of contamination in aquifer systems (Nadim et†al.,†2000). As indicated by the pioneering 
works by Lenormand et†al.†(1988) and Lenormand and Zarcone†(1989), the multiphase displacement pat-
terns strongly depend on the capillary number (i.e., relative strength of viscous force to capillary force) and 
the viscosity ratio of the two fluids, and a phase diagram including capillary fingering, viscous fingering, 
and stable displacement was presented. Since then, extensive efforts have been devoted to further investi-
gation of how fluid properties, flow conditions, and topological characteristics of the porous media modify 
the invasion morphology (Armstrong et†al.,†2014; Holtzman,†2016; Hu et†al.,†2019; Ju et†al.,†2020; Rabbani 
et†al.,†2018; Wang et†al.,†2019; Xu et†al.,†2014; Yortsos et†al.,†1997). Specifically, both numerical and exper-
imental works have revealed the profound influence of wettability (i.e., contact angle) in two-phase flows 
(Cieplak & Robbins,†1990; Crisp & Thorpe,†1948; Holtzman & Segre,†2015; Jung et†al.,†2016; Mason & Mor-
row,†1994; Primkulov et†al.,†2018; Purcell,†1950; Ran et†al.,†2018; Trojer et†al.,†2015; Wang et†al.,†2019,†2020; 
Zhao et†al.,†2016). However, the effective contact angle, as one of the key controlling factors, is often un-
known prior to the displacement process due to the complex geometry of pore space. Even for chemically 
homogeneous porous media, a wide distribution of contact angles has been observed due to the roughness 
and pinning of menisci at sharp edges (AlRatrout et†al.,†2018; Blunt et†al.,†2019,†2021). Therefore, it is im-
portant to understand how particle shape affects the effective contact angles, which can consequently alter 
the pore-scale instability events and macroscopic invasion morphology (AlRatrout et†al.,†2018; Cieplak & 
Robbins,†1990; Geistlinger & Zulfiqar,†2020; Holtzman & Segre,†2015; Zulfiqar et†al.,†2020).

In the quasi-static regime of multiphase flow where capillary force dominates the displacement, various 
numerical approaches have been developed to supplement experiments, including Navier-Stokes equation 
solvers and pore-network models. The methods of the latter category have been successfully applied in the in-
vestigation of macroscopic invasion patterns due to significantly less computational cost (Blunt,†1998,†2001; 
Cieplak & Robbins,† 1988,† 1990; Holtzman,† 2016; Holtzman & Segre,† 2015; Hu et† al.,† 2019; Primkulov 
et† al.,† 2018). A subclass of pore-network models, the interface tracking algorithm, initially proposed by 

Abstract We study how grain shapes impact multiphase flow in porous media in the quasi-static 
regime using an extended pore-network model. The algorithm allows the explicit determination 
of different types of pore-scale instabilities and tracks the interface motion during the fluid-fluid 
displacement process. It also includes the volume capacitance model, such that both the evolution of 
capillary pressure signal and sizes of Haines jumps can be captured. Further, it considers the pinning 
of menisci at sharp edges of grains, through which the distribution of effective contact angles can be 
obtained. Simulations are carried out across a wide range of wetting conditions for different particle 
shapes. Our results show that the effective contact angle distribution during displacement widens as the 
grain becomes more angular, which consequently modifies the macroscopic fluid invasion morphology. By 
analyzing various characteristic metrics during displacement, including capillary pressure signal, Haines 
jump size distribution, and fractal dimension, our results highlight the profound influence of particle 
shape on the multiphase flow.
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Cieplak and Robbins†(1988) and Robbins†(1988,†1990) and recently extended by Primkulov et†al.†(2018) for 
consideration of corner flow, has been found successful in reproducing multiphase displacement experi-
ments in Hele-Shaw cells (Chapuis et†al.,†2008; Holtzman,†2016; Holtzman & Segre,†2015; Ran et†al.,†2018; 
Trojer et†al.,†2015; Zhao et†al.,†2016). This method captures the pore-scale invasion mechanisms by taking 
into account the local pore geometry, including the cooperative pore-filling event, which stabilizes the in-
vasion during imbibition (Cieplak & Robbins,†1988,†1990; Holtzman & Segre,†2015). However, up to now, 
this type of pore-network model is applicable to perfectly spherical particles, whereas grains with irregular 
shapes are prevalent in natural systems such as sand packs, and solid walls characterized by surface with 
sharp edges due to manufacturing limitations are encountered in microfluidics. These non-smooth surfaces 
can often lead to pinning of menisci during the displacement process, which results in effective contact an-
gles deviating from the intrinsic one, altering the capillary resistance at local pore/throat. It is worth noting 
that surface roughness has also proven influential on the effective contact angle during the fluid-fluid dis-
placement process (AlRatrout et†al.,†2018; Chen et†al.,†2018; Mehmani et†al.,†2019; Zulfiqar et†al.,†2020). One 
option to distinguish the impact from particle shape and roughness on contact angle is whether the effect 
is transient. Due to surface roughness, the effective contact angle can change as the liquid fills the grooves 
of the surface, leading to a time-dependent behavior of contact angle. This phenomenon has been exten-
sively observed in experiments (Mishra et†al.,†2016; Moulinet & Bartolo,†2007; Papadopoulos et†al.,†2013; 
Sbragaglia et†al.,†2007; Seo et†al.,†2018), where the effective contact angle could be described by the Wenzel 
or Cassie-Baxter model, depending on the wetting states (Cassie & Baxter,†1944; Gao & Yan,†2009; Mar-
mur,†2003; Wenzel,†1936). On the other hand, the pinning of the meniscus at sharp edges (Gibbs,†1961; 
Oliver et†al.,†1977), is a thermodynamically stable configuration. In the current study, we thus focus on the 
latter phenomenon in the quasi-static displacement process.

Here, we develop an extended pore-network model (called EPONM) to probe the effect of particle shape on 
quasi-static fluid-fluid displacement. The model incorporates the explicit determination of basic pore-scale 
instabilities based on the study of Cieplak and Robbins†(1988,†1990). It also includes the volume capacitance 
model (Furuberg et†al.,†1996; Måløy et†al.,†1992), which allows us to capture both the evolution of capillary 
pressure signal and sizes of Haines jumps. Different from the original algorithm where the volume capaci-
tance is a prescribed constant (Furuberg et†al.,†1996; Måløy et†al.,†1992), it is calculated based on local pore 
geometries without extra assumptions. More importantly, the sharp edge pinning effect is added to consider 
the pinning of the menisci (Gibbs,†1961; Oliver et†al.,†1977). Our results for different grain shapes indicate 
that increase in angularity leads to wider distribution of contact angles, which explains the observed great-
er fluctuations in capillary pressure. Besides, it is found that compared with more spherical particles, the 
mean capillary pressure for angular grains is greater in drainage whereas smaller in imbibition. We quantify 
and analyze the correlation between grain shape and size distribution of Haines jumps, interfacial length, 
and fractal dimension across a wide range of wetting conditions. The implications of our findings are then 
discussed.

2. Extended Pore-Network Model
To model the two-dimensional (2D) flow patterns observed in Hele-Shaw cells filled with vertical posts (Hu 
et†al.,†2019; Primkulov et†al.,†2018; Trojer et†al.,†2015; Zhao et†al.,†2016) with controlled particle shapes, 
the porous medium is represented by polygons (instead of circles in past studies) placed on 2D triangular 
lattice. The invading fluid is injected from the center of the simulation domain. Based on a purely geomet-
rical extension of Young-Dupre equation (Gibbs,†1961; Oliver et†al.,†1977), the equilibrium state of effective 
contact angle � measured within the invading fluid at the triple line follows:

T T T Dd d � q �0 0 (180 ), (1)

where �0 and � are the intrinsic contact angle and the angle subtended by the two surfaces forming the edge, 
respectively (Figure†1a). Since in this work the focus is placed on the regime of quasi-static displacement, 
the advancement of liquid front is governed by capillary force, and the viscous effect is ignored.

In the framework of interface tracking algorithm, the menisci move forward through two types of advance-
ments: (1) pressure-driven events and (2) spontaneous events (relaxation). With a constant injection ve-
locity boundary condition, the capillary pressure builds up accompanied by change in shapes in menisci, 
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until either the meniscus jumps toward the next mesh point due to the 
local contact angle being greater than the upper bound according to 
Equation†1 (unpin event), or the meniscus touches other grain, forming 
two new menisci (touch event). Regarding the fineness of the mesh, the 
number of mesh points needed per edge is denoted by M†=†E/N, with 
E the effective number of mesh points per grain and N the number of 
edges a grain has. It is found that E†=†24 is sufficient for the studied grain 
shapes, leading to the corresponding number of mesh points per edge 
M†=†6, 4, and 2 for square, hexagon, and dodecagon, respectively (Fig-
ure†1b). This is verified by checking both the macroscopic invasion mor-
phology and pore-scale instability events (see the supporting information 
for the mesh sensitivity test). After each pressure-driven event, the newly 
invaded area is subtracted from the total volume capacitance (Furuberg 
et†al.,†1996; Måløy et†al.,†1992; area between red and blue-dashed lines 
in Figure†1d), from which the pressure within the invading fluid is up-
dated according to the remaining volume capacitance, that is, redistrib-
uting the total volume back to each active meniscus assuming all are at 
thermodynamic equilibrium, that is, all have the same curvature. Then, 
potential overlap events and further advancement events including unpin 
and/or touch are checked and executed. This process is carried out until 
the smallest capillary resistance at the invasion front is greater than the 
remaining pressure within the invading fluid. Note that after each time 
step, trapping is checked and all menisci that belong to trapped regions 
are deactivated to prevent any further movement. Figure†1c shows the 
schematic of several advancement steps initialized by a pressure-driven 
unpin event. Figure†1d shows local snapshot of invasion morphology at 
two consecutive time steps. The blue-solid lines denote the menisci shape 
after the previous relaxation step, and red-solid lines denote the menisci 
shape associated with the next minimum critical capillary pressure. The 

flow chart of the algorithm is shown in Figure†2. More details on the algorithm, such as the calculation of 
critical capillary pressure, determination of instability modes, and conversion between pressure and vol-
ume can be found in the supporting information.

To investigate the effect of particle shapes, squares, hexagons, and dodecagons were chosen as representa-
tive grains with decreasing angularity (Figure†1b). The one-by-one rectangular simulation domain contains 
in total 7,520 particles placed on triangular lattice, corresponding to 94 columns of 80 vertically aligned 
grains with constant porosity of 0.5912†±†0.0005 (see a sample packing structure in Figure†3a). Disorder is 
introduced by (i) inducing 10% variation in particle size with a uniform distribution and (ii) random rota-
tion of particles in (0°, 360°). The capillary pressure signal, total injected fluid volume (area in 2D), and size 
of Haines jump are recorded at each step, until the invasion front reaches the boundary. Simulations were 
carried out for each particle shape with five randomly generated porous media under contact angles rang-
ing from 45° to 165° with 15° increment. For displacement processes with contact angles below 45°, the 3D 
phenomenon corner flow starts to appear (Primkulov et†al.,†2018; Zhao et†al.,†2016), which is currently not 
captured in the model, and thus those processes are not covered in the present study.

A typical evolution of the invasion front until breakthrough for hexagonal grains with an intrinsic contact 
angle of �0†=†120° is shown in Figure†3a. Crimson represents the initial stage whereas yellow indicates the 
late times. The displacement pattern contains rather ramified structures with significant trapping, which 
represents the capillary fingering in drainage. Figure†3b(i) shows the evolution of the dimensionless cap-
illary pressure calculated as the curvature  * *1 /cP r , with r* being the radius of the meniscus. The pres-
sure-driven events and spontaneous events are marked by red circles and yellow cross, respectively. Clearly, 
multiple spontaneous events can take place following a pressure-driven event, which is a manifestation 
of a Haines jump. In the limit of vanishing capillary number, Haines jump can be regarded as effectively 
instantaneous compared with the speed of fluid injection at the inlet. Thus, after conversion from step into 
time, which is expressed as volume of injected area normalized by the average pore area, Figure†3b(ii) shows 
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Figure 1. (a) Pinning of menisci at corners leads to greater effective 
contact angle. (b) Investigated grain shapes in this work with the 
different number of edges N. The black dots represent the mesh points. 
(c) Schematic showing different invasion types. {1–2, 2–3, 3–4, 4–5(5�)} 
correspond to {unpin, overlap, touch, unpin} events, respectively. Blue 
arrows mark the movement direction of menisci. (d) Snapshots of invasion 
morphology at two consecutive steps. Blue-solid lines represent menisci 
after relaxation of the previous step. Red-solid lines represent menisci at 
the critical state (in this case an unpin event marked by the red circle will 
take place). The shaded area is invaded, accompanied by retraction of 
menisci from red lines at iT†=†N to blue lines at iT†=†N†+†1.
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the pressure signal as a function of *
injA . The *

cP  values at same invasion progress are marked by the same 
number in Figures†3b(i) and†3b(ii). Specifically, the processes marked by (1–2) and (2–3) represent a fast 
Haines jump accompanied by drop in pressure, and slow injection of invading fluid until the next critical 

*
cP  is reached, respectively. Figure†3b(iii) shows *

cP  signal for the whole simulation. Similar pressure signal 
signatures in a stick-slip manner have been observed in experiments at quasi-static condition (Furuberg 
et†al.,†1996; Måløy et†al.,†1992; Moura et†al.,†2020).

3. Results and Discussion
The phase diagram of the displacement patterns across a wide range of contact angles for different particle 
shapes is shown in Figure†4a. The invasion morphology for medium with dodecagons at �0†=†45° is compact 
with rather smooth front. This hexagonal shape is a direct result of the grain placement in the triangular 
lattice, which has been observed in the previous study (Holtzman,†2016; Lenormand,†1990). However, with 
increase in angularity, despite the displacement pattern is still relatively stable without trapping, the inva-
sion front becomes more irregular, indicating a shift of the dominance of local pore geometry from lattice 
structure toward grain shape. The results at �0†=†60° demonstrate similar trend, with trapping events start-
ing to occur for angular grains. With the increase of �0, the displacement patterns experience a transition 
from compact displacement to capillary fingering. The distribution of the normalized throat size *

tL , calcu-
lated as the shortest distance between adjacent grains divided by the throat size of the volume equivalent 
spheres, is shown in Figure†4b. Although the media have similar grain size distribution (10% variation with 
uniform distribution) and arrangement (placed on triangular lattice), the *

tL  distribution varies drastically 
for different grain shapes, with wider span for more angular grains, similar to the effect from increasing 
topological disorder (Wang et†al.,†2019). Another influence of particle shape is the smaller average throat 
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Figure 2. Flow chart of the pore-network model.
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size as angularity increases, despite almost constant porosity. For media filled with dodecagons, the aver-
age throat size is close to 1, that is, the average throat size is similar to media with perfect spheres, which 
implies that the shape of dodecagons can be regarded as very close to spherical particles. Figure†4c shows 
the effective contact angle distribution � at the end of displacement (after the final relaxation process when 
invasion front reaches the boundary) for the case with an intrinsic contact angle �0†=†120°. Note that there 
is one effective contact angle per triple line (and thus two per meniscus). Due to the sharp edge pinning 
effect, the distribution narrows for grains with decreasing angularity. In the case of perfect spheres, one 
can expect a single value of �†=†�0 according to Equation†1. Therefore, Figures†4b and†4(c) summarize the 
important influences of particle angularity on pore geometry features and contact angle distribution, which 
will consequently impact the capillary pressure signal and invasion morphology.

3.1. Capillary Pressure Signal

As indicated in Figure†5a, the evolution of dimensionless capillary pressure *
cP  shows larger fluctuations for 

media with squares compared with more spherical grains (dodecagons), implying greater randomness in lo-
cal capillary resistance. At the same time, larger mean value is observed with increasing �0, which is a direct 
result of greater curvature of menisci. The distribution of *

startP , the avalanches starting pressure, can also be 
directly obtained from the simulation (Figure†5b), where *

startP  is the capillary pressure at pressure-driven 
event (red circle in Figure†3b(i)). For experiments conducted using spherical glass beads in drainage, *

startP  
is found to distribute within a relatively narrow region (Furuberg et†al.,†1996; Måløy et†al.,†1992; Moura 
et† al.,† 2020). The *

startP  distribution is linked to the total volume capacitance stored in all active menisci 
(Furuberg et†al.,†1996), which reflects the characteristics of pore geometry. For spherical grains with given 
packing structure, the capillary resistance is distinct between “pore” and “throat,” leading to the fact that 
the avalanches are likely to initialize (and finish) at same location and consequently similar *

startP . As the 
shape of particle becomes more angular, the distribution of *

startP  widens as a result of increased impact from 
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Figure 3. (a) Invasion morphology with hexagon grains (Number of edges N†=†6) and �0†=†120°. The color represents displacement patterns at different steps. 
The initial positions of menisci are shown as cyan lines. (b) Process of capillary pressure signal: (i) Evolution of dimensionless capillary pressure calculated 
as the local curvature  * *1 /cP r  in terms of number of step. Red circle marks the critical capillary pressure, where the pressure-driven advancement occurs. 
Yellow crosses represent the consequent spontaneous events (relaxation). (ii) Conversion from step into time expressed in terms of injected fluid area *

injA  which 

is normalized by the average pore area. The time for Haines jump is regarded as instantaneous, that is, only the start and end of *
cP  are “felt” at the inlet. The *

cP  
values at same invasion progress are marked by the same number in (i) and (ii). (iii) Capillary pressure signal during the whole simulation. The black box is (ii).
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Figure 4. (a) Displacement patterns at the end of the simulation for different wettability conditions and grain shapes. 
Blue color represents the invading fluid injected from the center of domain. Gray color represents grains. Insets in the 
last column show the typical grain arrangement of a zoomed region. The simulation ends when the invading fluid 
reaches the boundary. (b) Distribution of normalized throat size for a typical set of porous media of different grain 
shapes, calculated as the shortest distance between adjacent grains divided by the throat size of volume equivalent 
spheres. (c) Contact angle distribution of one typical simulation at the end of simulation with an intrinsic contact angle 
�0†=†120° for different grain shapes. The dashed lines mark the average value for the corresponding data.

Figure 5. (a) Capillary pressure signals *
cP  for media with squares and dodecagons at �0†=†60° and �0†=†120°. Only last 20% of invasion is plotted for 

visualization purpose. (b) Corresponding avalanches starting pressure *
startP  distribution for cases in (a), which is the *

cP  at pressure-driven event (red circle in 
Figure†3b(i)). (c) Mean and standard deviation in *

cP  for all grain shapes and wettability conditions. Values are calculated from five individual simulations.
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random orientations of grains and pinning of menisci, which is clearly demonstrated in Figure†5b. Figure†5c 
depicts the mean and standard deviation of *

cP  for all grain shapes and wettability with each value calculated 
from five individual simulations. As expected, the average capillary pressure increases with increasing con-
tact angle, and the fluctuations in capillary pressure are found to be larger for more angular grains across 
all wetting conditions. Besides, it can be observed that *

cP  is greater (smaller) for angular grains in drainage 
(imbibition) conditions, with a crossover at around �0†|†90°, which can be attributed to the change in pore 
and throat size distribution. It is well understood that the throat (pore) size controls the invasion process in 
drainage (imbibition). Figure†4c indicates that greater angularity leads to smaller average throat size, and 
in the meantime greater average pore size (as the porosity is the same), which explains the observed higher 
capillary pressure in drainage and lower capillary pressure in imbibition.

3.2. Haines Jumps and Patterns Characteristics

The size of Haines jump can be obtained as the area filled between two pressure-driven events (shaded 
area in Figure† 1d), where filling events of single and multiple pores are observed. Both the cumulative 
pressure jump sizes and intervals distributions during drainage experiments have been found to follow an 
exponential law (Furuberg et†al.,†1996; Måløy et†al.,†1992), which is consistent with the simulation results 
(inset in Figure†6a). The time interval between two jumps is expressed as the injected area of invading fluid, 
and the area of invading fluid is expressed in terms of number of average pore volume, calculated as the 
total pore space divided by the number of pores. Note that the distribution of the cumulative intervals is 
shifted upwards by 0.5 for visualization purpose. The power exponent �, which is regarded as a signature 
of the displacement process (Furuberg et†al.,†1996; Måløy et†al.,†1992), is plotted for different grain shapes 
and wetting conditions (Figure†6a). It is shown that � increases with the intrinsic contact angle, reaching a 
plateau at around �0†=†120°. Also, in general, the angularity positively correlates with the power exponent. 
The power exponent � from Måløy et†al.†(1992) in drainage experiment with glass beads is added as black-
dashed line for comparison. Since the contact angle was not reported, it is assumed that �0†>†120°. Their 
value of � is close to the less angular grains (hexagons and dodecagons), which is consistent with the fact 
that glass beads are comparatively round and smooth.

The average meniscus width *
ml  (or the average throat size where menisci are present), normalized by the 

throat size of porous medium of same porosity filled with mono-dispersed spheres, can reveal the distribu-
tion of menisci sizes for different particle shapes and wetting conditions. Figure†6b shows *

ml  as a function 
of intrinsic contact angle for different angularities with or without consideration of menisci belonging to 
trapped region. For all active menisci (solid lines), *

ml  decreases with increasing �0, reflecting stronger sta-
bility of pinned meniscus at small throat. Besides, despite constant porosity for all simulations, the average 
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Figure 6. (a) Power exponent � for different grain shapes and wetting conditions. The black-dashed line is from Måløy et†al.†(1992) in drainage experiment 
with glass beads (since the contact angle is not reported, it is assumed that �0†>†120°). Inset: Cumulative Haines jump sizes (blue squares) and intervals (red 
circles) distribution for a typical simulation at N†=†12 with �0†=†120°. The intervals distribution is shifted by 0.5 for visualization purpose. Lines represent 
exponential fitting with 1.29 and 1.30 for jump sizes and interval sizes, respectively. (b) The normalized average meniscus width *

ml  as a function of intrinsic 
contact angle. Solid (dashed) lines represent values calculated from active (all) menisci. (c) Fractal dimension calculated using the box-counting method as a 
function of intrinsic contact angle, with shaded area showing the standard deviation of five simulations.
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meniscus size is found to be smaller in angular grains as a result of (i) wider distribution of throat sizes 
(Figure†4b), and (ii) greater capacity of pinning (upper bound in Equation†1) as the local corner becomes 
sharper, leading to wider distribution of effective contact angles (Figure†4c). If both active and inactive me-
nisci are considered, however, a non-monotonic relationship is observed. This is a result of incompressibil-
ity of the trapped ganglia that prevent the menisci from further advancement and ultimately being pinned 
at narrower throats. Due to increased amount of trapping at larger contact angle (see Figure†4a), this effect 

becomes significant at extreme non-wetting condition that leads to increase in *
ml . This also implies that the 

pressure within the trapped ganglia could be lower than the capillary pressure signal measured at the inlet.

To quantify the displacement patterns, the fractal dimension Df, as a measurement of the degree to which a 
pattern fills space, is calculated using the box-counting method. Figure†6c demonstrates the transition from 
stable displacement with a Df of around 1.96 toward the regime of capillary fingering with Df†|†1.84, which 
is consistent with previously documented values of 1.96 and 1.83 for compact growth and invasion perco-
lation, respectively (Blunt,†2017; Lenormand & Zarcone,†1989; Primkulov et†al.,†2018; Trojer et†al.,†2015; 
Wilkinson & Willemsen,†1983; Zhao et†al.,†2016). Furthermore, in spite of considerable variation (standard 
deviation, represented by the shaded area), an early transition toward capillary fingering, that is, smaller Df 
at the same �0, can be observed for grains with greater angularity, which confirms the qualitative observa-
tion in the displacement patterns in Figure†4a. This could be partially explained by, apart from the variation 
in local pore structure, the increase of average effective contact angles in angular grains assemblies due to 
sharp edge pinning effect, which is evident in Figure†4c.

In this study, though we considered simplified particle shapes (regular polygons), more general and com-
plex shapes can be easily implemented by changing the coordinates of grain vertices and updating the local 
corner angles accordingly. Also, it is possible to consider the viscous effect by incorporating, for example, 
the recently proposed moving capacitor model (Primkulov et†al.,†2019). Furthermore, in the current work, 
the change in distribution of effective contact angle and throat size has been regarded as a direct result of 
variation in particle shape (Figures†4b and†4c), as simultaneous variations in these two quantities, under 
fixed porosity, are inevitable with change in particle shape. It could be interesting to solely look at the im-
pact of menisci pinning phenomena at sharp edges by excluding the change in throat (or pore) size distri-
bution, although this would lead to different overall porosity of samples. Note that, for the choice of particle 
shapes investigated in this study, square grain is chosen as the most angular case instead of triangle. This is 
because that with current porosity 0.5912, there will be overlaps of grains, if the shape is triangle, when they 
are randomly rotated. Since the porosity is already relatively large and we do not want to further increase it, 
also, we try to avoid manually specifying extra criterion during media generation and ensure fully random 
(homogeneous and isotropic) porous media, the most angular shape for current grain arrangement and 
porosity without grain overlap is square. On the other hand, dodecagon is used to represent circular grain, 
as the algorithm is not capable of doing perfect circles since the calculation of critical capillary pressure and 
advancement of menisci is based on discretization of the grains, and perfect circles correspond to infinite 
number of mesh points. Nevertheless, it was shown that the case for dodecagon is close to circle, as the 
average throat size is very close to the porous media filled with perfect circles (Figure†4b).

4. Conclusions
In conclusion, we presented the EPONM to probe the effect of grain shapes on quasi-static fluid-fluid dis-
placement in porous media. The model incorporates the mechanisms of pore-scale instabilities (Cieplak & 
Robbins,†1988,†1990), volume capacitance model (Furuberg et†al.,†1996; Måløy et†al.,†1992), and sharp edge 
pinning effect (Gibbs,†1961; Oliver et†al.,†1977). This allows us to reproduce the multiphase flow patterns 
across a wide range of wetting conditions for different grain shapes. The algorithm, with further extension, 
that is, mainly on geometry description and generalization on determination of instability modes, should 
be applicable to porous media with arbitrary grain shape/location, such as reconstructed pore geometry 
from scan of rocks, offering a rigorous approach for investigation of how topological features modify the 
multiphase displacement in porous media.
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At the pore scale, increase in grain angularity not only introduces greater heterogeneity in pore geometry, 
but also amplifies the effect of menisci pinning at corners. This is directly reflected by the variations in 
distributions of throat sizes (Figure†4b) and effective contact angles (Figure†4c), which consequently im-
pact both the mean value and fluctuation of the capillary pressure signal (Figure†5a). Macroscopically, an 
earlier transition from stable displacement toward the regime of capillary fingering is observed both quali-
tatively from the invasion morphology (Figure†4a) and quantitatively as indicated by the fractal dimension 
(Figure† 6c). Various characteristic metrics have been calculated for comparison with past experimental 
works, including the distribution of avalanches starting pressure, Haines jump size, and interval. Reason-
able agreement is observed, and impacts of grain shape are discussed. In particular, under the condition of 
same porosity for all studied cases, the average size of menisci is found to be smaller in porous media with 
angular grains, showing a tendency of pinning at narrower throats as a result of wider distribution of throat 
sizes (Figure†4b) and greater pinning strength (Equation†1).

Our results have provided independent corroboration of wide distribution of contact angles observed ex-
perimentally in mineralogically homogeneous porous media. The profound influences of grain shape are 
highlighted by systematically analyzing the displacement processes, deepening the understanding of the 
interplay between pore geometry and wettability. The proposed pore-network model offers an efficient ap-
proach for the investigation of multiphase flow in natural porous media.

Data Availability Statement
Data sets associated with this work are available online (https://doi.org/10.6084/m9.figshare.13369733).
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CHAPTER 5

Multiphase Flow modified by Wettability and Disorder

Multiphase flow in porous media is commonly encountered in a wide range of natural

and industrial processes, such as water infiltration into soil (Lipiec et al., 2006), carbon

geosequestration (Szulczewski et al., 2012; Matter et al., 2016), enhanced oil recovery (Blunt

et al., 1993; Lake et al., 2014), and remediation of contamination in aquifer systems (Nadim

et al., 2000). Although there are extensive studies on the role of wettability on multiphase flow,

the effect of disorder remains relatively unexplored. In this chapter, we study the fluid-fluid

displacement process numerically using the lattice Boltzmann method, with focus placed on

unifying the effect of wetting condition and topological disorder of porous media.

41



42 5 MULTIPHASE FLOW MODIFIED BY WETTABILITY AND DISORDER

5.1 Effect of Wetting Transition during Fluid Displacement Process

The first paper in this chapter includes the development of a theory describing the time-

dependent behaviour of apparent contact angle due to Cassie-Wenzel wetting transition. The

theory is then incorporated into the multi-component lattice Boltzmann method for simulation

of fluid-fluid displacement process. By introducing a dimensionless time ratio Dy, the relative

speed of pore invasion event and wetting transition can be represented. Systematic simulations

are conducted across a wide rate of Dy. We analyse the displacement process focusing on

the displacement efficiency and statistics of trapped defending phase at different Dy. We

show that the total pressure gradient due to both viscous and capillary effects needs to be

considered for consistent description of ganglia mobilization events.
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ABSTRACT: The effects of wettability on multiphase displacement in
porous media have been studied extensively in the past, and the contact
angle is identified as an important factor influencing the displacement
patterns. At the same time, it has been found that the effective contact
angle can vary drastically in a time-dependent manner on rough surfaces
due to the Cassie−Wenzel wetting transition. In this study, we develop a
theoretical model at the pore scale describing the apparent contact angle
on a rough interface as a function of time. The theory is then incorporated
into the lattice Boltzmann method for simulation of multiphase
displacement in disordered porous media. A dimensionless time ratio,
Dy, describing the relative speed of the wetting transition and pore
invasion is defined. We show that the displacement patterns can be
significantly influenced by Dy, where more trapped defending ganglia are
observed at large Dy values, leading to lower displacement efficiency. We investigate the mobilization of trapped ganglia through
identifying different mobilization dynamics during displacement, including translation, coalescence, and fragmentation. Agreement is
observed between the mobilization statistics and the total pressure gradient across a wide range of Dy values. Understanding the
effect of the wetting transition during multiphase displacement in porous media is of importance for applications such as carbon
geosequestration and oil recovery, especially for porous media where solid surface roughness cannot be neglected.

■ INTRODUCTION
Fluid−fluid displacement in porous media is an important
phenomenon in many natural processes and engineering
applications, including water infiltration into soils,1 enhanced
oil recovery,2,3 and carbon geosequestration.4,5 The displace-
ment patterns are influenced by the characteristics of solid and
liquid phases, including pore size distribution and topological
disorder, fluid properties, and flow conditions.6−13 When
gravity is negligible, the multiphase displacement is governed
by the interplay between capillary and viscous forces, which
can be described by the capillary number = �

�Ca v , where μ is
the viscosity of defending fluid, v is the characteristic velocity
of invading fluid, and σ is the interfacial tension between the
fluids. Besides, wettability, or contact angle, also has significant
impacts on the displacement process. Here, the contact angle is
measured within the invading fluid. When the contact angle of
the invading phase becomes smaller, the invasion front tends
to be stabilized due to increased occurrence of cooperative
pore-filling events,14−16 which leads to higher displacement
efficiency. When the contact angle further decreases, however,
the displacement efficiency may decrease due to corner
flow.12,17,18

It has been found that the wettability of solids can vary in a
wide range due to direct ionic bonding, Coulomb interactions,

and precipitation.19 A recent study by AlRatrout et al.20

showed that the apparent contact angle is correlated with the
surface roughness, being lower on rougher surfaces, which
results from the accumulation of water in crevices. Mehmani et
al.21 investigated the effects of pore-scale roughness on
displacement processes in sandstones, and they also found
that increase in roughness results in smaller effective contact
angle, which consequently stabilizes the displacement and
facilitates the recovery process. However, in a study on two-
phase flow displacement in rough fracture by Chen et al.,22 as
the surface becomes rougher, an increase in the apparent
contact angle was observed during the multiphase displace-
ment process. The relationship between apparent contact angle
and surface roughness can be determined using the Wenzel or
Cassie−Baxter model, depending on the wetting states.23−26 If
the invading fluid is partially in contact with the surface, i.e.,
some defending phase is trapped in the crevices due to limited
relaxation time in a relatively fast displacement process, the
apparent contact angle will become larger according to the
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Cassie−Baxter equation. If the invading fluid moves slowly
such that it can completely fill the grooves on the surface, it is
called a Wenzel state, leading to a smaller apparent contact
angle for intrinsically water-wet media. The equilibrium
contact angle can be determined by the modified Cassie−
Baxter equation:24−26

� � � �= + �rcos cos 1eq w 0 (1)

where ϕ ∈ [0, 1] is the proportion of projected liquid−solid
contact area (in the case of two-fluid displacement in porous
media, ϕ is the proportion of projected invading fluid−grain
contact area); rw is the surface roughness ratio greater than or
equal to 1, defined as the total area divided by the apparent
area; and θ0 is the intrinsic contact angle.
The aforementioned transition of wetting states, or Cassie−

Wenzel wetting transition, has been investigated extensively
through both experiments and simulations.27−35 The energy
barrier that needs to be overcome for the transition to take
place is found to be dependent on the geometry of
microstructures,36−42 size of surface features,43 hydrodynamic
pressure,44 line tension,45 intrinsic contact angle,31 and
concentration of dissolved defending phase in the invading
phase.31 A larger energy barrier corresponds to increased
stability of the Cassie−Baxter state, leading to slower transition
to the Wenzel state. The typical time for the wetting transition

to completion ranges from seconds to days, depending on the
aforementioned factors and liquid properties, including
interfacial tension and viscosity.28−31 It has been also found
that hierarchical surface structure can dramatically increase the
stability of the Cassie state, slowing the transition.46−48 On the
other hand, external excitations, such as vibration, can help in
overcoming the energy barrier, accelerating the wetting
transition.49−51 Mishra et al.27 demonstrated that the apparent
contact angle changes from around 140 to 60° due to the
wetting transition on rough polydimethylsiloxane (PDMS)
plates as the time of the contact increases. Seo et al.31

experimentally showed a lognormal relation between the
intrinsic contact angle and the average time required for pore
filling. As a result, the effective contact angle during multiphase
fluid displacement in porous media with rough grains can be
vastly influenced by the wetting state. The contact angle has an
impact on the morphology of the invading fluid and the
geometry of the menisci, which determines when, where, and
whether a pore-filling event will take place. Usually the pore-
filling events, e.g., two menisci merging, happen instantly. Since
in contrast the time scale of the change in contact angle is not
instantaneous, the local wettability is kept unchanged during
pore-filling events. The available time for the progress of the
wetting transition is related to the local speed of pore invasion,
which can be controlled by the injection velocity. Therefore,

Figure 1. (A) Our simulated porous medium contains in total 440 circular obstacles with diameter d = 0.06. The area enclosed by the black dashed
line is the simulated area, while our results and analysis are based on the area of interest to exclude the empty space near the boundaries, which is
marked by the red solid line. The invading fluid is injected from the left with a constant velocity Vin. Constant pressure boundary condition is set at
the outlet. Periodic boundary condition is imposed at top and bottom of the simulation area. (B) Schematic of actual rough grains with an effective
contact angle θ (left) and equivalent grains in simulations with an equilibrium contact angle θeq = θ (right). (C) Equilibrium contact angle θeq as a
function of the fictitious wall density ρw. Blue circles represent simulation results, and the solid line is the corresponding fitting curve using a sixth
order polynomial. (D) Schematic showing the induced error in contact angle during invasion due to simplification on wettability of grains. (top)
Under constant velocity, with homogeneous surface features, the effective contact angle on the rough surface is expected to be a constant. (bottom)
The effective contact angle decreases due to the simplification, leading to underestimation of the contact angle at a latter stage of local pore
invasion.
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we hypothesize the existence of a competition between the
progresses of pore invasion and wetting transition, which
influences the effective contact contact angle during the
advancement of the invading fluid, consequently affecting the
multiphase displacement patterns.
In this work, a theoretical model describing the local

apparent contact angle for each individual grain as a function
of time is proposed. This model is then incorporated into the
lattice Boltzmann method for simulation of multiphase
displacement in porous medium, such that the wettability of
each individual grain in the medium depends on the time of
contact between the solid and the invading fluid. To
characterize the dynamic effect of wetting transition in
multiphase displacement, we define a dimensionless parameter

= �
�Dy WT

PI
, where τWT and τPI are the characteristic times of

wetting transition and pore invasion, respectively. Then, we
study how the time-dependent behavior of the contact angle
influences the multiphase displacement process in porous
media.

■ METHODOLOGY
Media Geometry and Simulation Method. The

medium is a rectangular domain filled with circular obstacles
to simulate the solid phase (Figure 1A). Through varying the
diameter of the obstacle d, the porosity of the medium can be
controlled. Initially, these obstacles are regularly placed on a
triangular lattice, and the spacial disorder is introduced by
iterative Monte Carlo movement of each obstacle with an

apparent diameter dapp = λd. In this study we fix λ = 1.2. The
detailed process has been explained in a previous study.11 With
the choice of a periodic domain with x ∈ [0.0433, 3.8538] and
y ∈ [0, 1] filled with 440 obstacles having a diameter of 0.06,
the overall porosity is Φ = 0.674.
The conventional Shan−Chen multiphase lattice Boltzmann

method with D2Q9 lattice is adopted for our two-dimensional
(2D) numerical simulations.52,53 In this study, the Bhatnagar−
Gross−Krook (BGK) approach is preferred to the multi-
relaxation-time (MRT) one due to extra computational
resources and complexity required for the latter.54 We choose
a mesh size of 800 × 3200 lu2 (lu, lattice unit) for the
simulation area such that at least 10 lattices are in between the
smallest throat to ensure the grid is fine enough.55 The
invading and defending fluids both have a density of 1 lu. The
kinematic viscosity ν for both fluids is 0.1667 lu, leading to a
viscosity ratio of 1. The interfacial tension can be calculated
using the Young−Laplace equation, which is σ = 0.215 lu. The
invading fluid is injected from the left with a constant velocity
of V in = 0.002 lu, leading to a capillary number

= =�
�Ca 0.0016Vin def . Comparing with past literature,10,16

this implies that the flow process is under a viscous dominated
regime. However, since both fluids have the same viscosity and
the displacement is neither favorable (viscous stabilizing effect)
nor unfavorable (viscous fingering), the influence of surface
tension is still expected, which is shown in the next section.

The pore scale Reynolds number = =�
�Re 0.57V L( / )in t ,

where L̅t = 32 lu is the average throat size. The outlet pressure

Figure 2. Time dependence of (A) liquid−solid contact proportion ϕ and (B) equilibrium contact angle θeq, under different characteristic times of
wetting transition τWT. Note that time is in lattice unit (lu). (C) Equilibrium contact angle “experienced” by the invasion front along the latter half
of particle (d = 48 lu). The red dashed arrow indicates the direction of increasing Dy = {0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, ∞}. (D) Average
equilibrium contact angle θeq as a function of Dy; the error bar indicates the standard deviation. The black dashed line shows the value of θeq with
Dy = ∞ with a standard deviation of zero. The inset shows the standard deviation of θeq vs Dy in a semilog plot.
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at the right end is set to be a constant of 0.33 lu. Periodic
boundary condition is applied at the top and bottom of the
simulation area. The effective contact angle of spherical grains
with rough surfaces is simulated by an equivalent contact angle
on smooth grains as shown in Figure 1B.
In the Shan−Chen multiphase scheme, the contact angle can

be tuned by adjusting the fictitious wall density ρw, a parameter
which influences the interaction strength between liquid and
solid.53,54,56 Figure 1C shows the equilibrium contact angle as
a function of ρw. It can be seen that θeq monotonically
decreases from 180 to 0° with the increase of ρw from 0 to 1.
For simplicity, a sixth order polynomial is used for describing
this relationship, which is shown as the solid line in Figure 1C.
Time-Dependent Wetting Transition Model. In order

to quantitatively relate the progress of the wetting transition to
time, the Arrhenius equation with an activation energy being
the adhesion energy is used in a recent study by Seo et al.31

Here, we use a similar approach to consider the rate of the
Cassie−Wenzel wetting transition:

�
� = = �

= �

A
t

A k A A k

k C

( ) ,

with e E RT

wenzel
cassie total wenzel

/a (2)

where C (unit, 1/s) is the pre-exponential factor which can be
a function of fluid viscosity and surface geometry; Ea is the
activation energy, which has been shown to be a function of
intrinsic contact angle and interfacial tension;31 and Awenzel and
Acassie are the surface areas under the Wenzel state and the
Cassie state, respectively. After solving the partial differential
equation, we arrive at

� �= = + � �A
A

1 ( 1)e ktwenzel

total
0 (3)

where ϕ0 is the initial liquid−solid contact fraction at t = 0. It
should be pointed out that three distinct regimes have been
identified during wetting, including (1) rapid spreading stage
after several milliseconds of initial contact;57,58 (2) groove-
filling stage controlled by local forces, which is the focus in the
current study; and (3) evaporation and condensation stage.31

Equation 3 concerns the second stage; therefore, it is
appropriate to assume a nonzero ϕ0 after the first stage. The
parameter k can be regarded as a transition rate, which is
inversely proportional to the characteristic time of wetting
transition τWT = 1/k; then we have

� �= + � ��1 ( 1)e t
0

/ WT (4)

Figure 2A shows the evolution of ϕ with an initial solid−
liquid contact fraction ϕ0 = 0.4 for different characteristic times
of wetting transition τWT. Small values of τWT correspond to
cases where fast groove-filling events take place, and ϕ quickly
approaches 1, transiting to the Wenzel state. As τWT increases,
the speed of the wetting transition slows down, but ϕ also
ultimately approaches 1 as time increases. For intrinsically
hydrophobic rough surfaces with a thermodynamically stable
Cassie state, τWT = ∞, which means the Cassie−Wenzel
wetting transition will not occur spontaneously. Figure 2B
shows the time evolution of the equilibrium contact angle
calculated from eq 1 with a roughness ratio rw = 1.1. In all cases
θeq decreases from 126.9 to 90.2°. Note that, as mentioned
previously, the value of the characteristic time of wetting
transition τWT is a function of both surface features and fluid
properties. However, in the current work, to limit our

investigation to the effects of the wetting transition during
multiphase displacement, we do not aim to formulate theories
on the characteristic time of the wetting transition. Instead,
τWT values are prescribed, covering a wide range of values.
To incorporate eq 4 into the lattice Boltzmann method, for

each individual grain, the fictitious wall density is updated as a
function of contact time tc iteratively. The contact time can be
calculated by tc = Ti − Ti

c, where Ti and Ti
c are the current time

step and the time step when the invading fluid comes into
contact with the grain, respectively. The event of contact is
detected by scanning all peripheral lattices of a grain. A value
of 0 is adopted for tc when there is no contact. Figure 2B shows
how the equilibrium contact angle changes with solid−liquid
contact time tc at each individual grain for different
characteristic times of wetting transition. This implies that
the effective equilibrium contact angles can be different along
the invasion front, depending on the invasion velocity. For a
faster invasion front, corresponding to the situation where
invasion takes place quickly and the time available for the
wetting transition is limited, the equilibrium contact angle is
larger. Therefore, the heterogeneity in the time scale of pore
invasion can be simulated during multiphase displacement,
where an invasion front with faster velocity experiences a larger
effective contact angle. It is important to point out that, in
order to significantly reduce the computation cost, we assume
the wettability of a single grain to be homogeneous; i.e., all the
peripheral lattices of one grain are updated together and have
the same value of ρw. Realistically, it is not the case since the
wetting state of one single grain can vary depending on the
location; i.e., the contact angle would only change in the
immediate vicinity of the contact line such that freshly covered
sections of the grain would initially have high corresponding
contact angles. Therefore, this assumption leads to under-
estimation of the contact angle for regions that have not been
touched by invading fluid, while their neighbor lattices on the
same grain have. However, when there is a large difference
between the characteristic times of wetting transition and pore
invasion, this error reduces significantly, which will be further
discussed next. Note that, although in this work we focus on
the Cassie−Baxter wetting transition, other theories describing
different mechanisms affecting the contact angles such as the
use of surface-active agents (e.g., surfactants, nanoparticles,
etc.) can also be incorporated into the lattice Boltzmann
method using a similar approach, which is however beyond the
scope of the current work.
The rate of local pore invasion is quantified by defining the

characteristic time of pore invasion:

� = �
d

V /PI
in (5)

where d = 48 lu is the grain diameter. With Vin = 0.002 lu and
Φ = 0.674, τPI is calculated to be 16 164 lu. Then, the ratio of
time scales of wetting transition and pore invasion Dy is
defined as

�
�

=Dy WT

PI (6)

A large value of Dy represents cases where local pore invasion
proceeds much faster than the wetting transition, where the
defending fluid is trapped in the crevices of grains, leading to a
larger contact angle due to the Cassie wetting state. Smaller
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Figure 3. (A) Displacement patterns at percolation under varying Dy. The white solid curve at Dy = 6 marks front length ll along the invasion front.
The length of the dashed arrow is front width lw. The black color shows the location of defending fluid and grains, while the red color shows the
density fluctuation of invading fluid, which represents pressure variation in the lattice Boltzmann method. (B) Wettability distribution at
percolation for different values of Dy. Larger Dy indicates slower process of wetting transition compared with pore invasion. Colors represent values
of the fictitious wall density ρw.

Figure 4. (A) Evolution of normalized total trapped ganglia area Ag,tot* . The inset shows the final residual saturation of defending fluids Sr for
different Dy values. The dashed line corresponds to the value of Sr with Dy = ∞. (B) Number of ganglia as a function of ganglia size Ag. (C)
Evolution of normalized interfacial length ll* and width lw* for Dy = 6. (D) Correlation between the derivatives of Ag,tot* and ll* for Dy = 6. The
correlation coefficient is R = −0.914. For other cases, R = {−0.858, −0.761, −0.909, −0.895} for Dy = {0.1, 3, 12, ∞}, respectively.
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values of Dy indicate a fast wetting transition toward the
Wenzel state.
Since homogeneous roughness feature is assumed and Dy is

fixed during each individual simulation, the same effective
contact angle is expected during the whole displacement
process, despite some local variations depending on the
invasion dynamics. However, due to the assumption on the
simplified wettability of each grain as mentioned before,
instead of having similar equilibrium contact angles θeq’s, the
θeq that is actually “experienced” by the invasion front will tend
to decrease as the invasion front advances along each
individual grain, as shown in Figure 1D. This error in contact
angle may influence the pore-scale mechanisms during
displacement, including burst, touch, and overlap.11,18,59

Consider the rear side of one throat, i.e., after the invasion
front passing through the minimum throat with adjacent grains
and one of the pore-scale mechanisms is about to take place,
Figure 2C shows the equilibrium contact angle at the invasion
front along the latter half of the grain (d = 48 lu), assuming a
constant velocity v = Vin/Φ. The red dashed arrow shows the
direction of increasing Dy = {0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4,
12.8, ∞}. It is observed that all θeq’s have the decreasing
tendency except for infinite Dy. Figure 2D and the inset show
the average and standard deviation of equilibrium contact
angle θeq as a function of Dy, respectively. Clearly, the error
reaches a maximum at Dy ≈ 1, indicating a comparable time
scale between the wetting transition and pore invasion, and
decreases as Dy moves away from 1. Therefore, we choose τWT
= 104 × {0.1, 5, 10, 20, ∞}, which gives the corresponding Dy
≈ {0.1, 3, 6, 12, ∞}. Note that, in order have a wide range of
Dy values, it is also possible to fix τWT while changing τPI
through changing, for example, the injection velocity Vin.
Nevertheless, we choose to fix τPI because (1) the computation
cost greatly increases with low Vin, (2) the numerical stability

of simulation decreases with large Vin, and (3) change in Vin
results in different Ca values, which introduces extra variables
such as the effect from the dynamic contact angle hysteresis
due to viscous dissipation.60−63

■ RESULTS AND DISCUSSION
Displacement Efficiency. The displacement patterns at

percolation for five different Dy values are shown in Figure 3A,
which qualitatively demonstrates the influence of wetting
transition speed on the invasion morphology. The trapped
defending fluid and grains are represented by black color. Red
color shows the invading fluid. With increase in Dy, or larger
characteristic time of wetting transition, it is observed that the
invasion front becomes less stable and a larger amount of
defending fluid is trapped inside the medium.
In order to quantitatively reveal the effect of Dy, Figure 4A

shows the evolution of total area of trapped ganglia Ag,tot* ,
which is defined by Ag,tot* = Ag,tot/(dh), where d and h are the
grain diameter and injection width in lattice unit, respectively,
and Ag,tot is the total area of trapped ganglia in lattice unit.
Here, “ganglia” refers to the trapped clusters of defending fluid,
although different names may be used according to the cluster
size.64 Stepwise increases in Ag,tot* are observed, corresponding
to individual trapping events. When the wetting transition
progresses slowly during the displacement process (corre-
sponding to large Dy), the contact angle at pore scale becomes
larger due to more defending fluids trapped in the surface
grooves. This increase in effective contact angle suppresses
cooperative pore-filling events, promoting trapping,16,65

consistent with past results.11−14,16 Moreover, the volume of
trapped ganglia for cases with large Dy (Dy = 12, slow wetting
transition) can be very close to the one with Dy =∞ where the
wetting transition does not take place. However, from Figure
3B, there are significant differences in the wettability

Figure 5. (A) Pressure distribution of invading fluid in lattice unit at percolation P̅ in lattice unit along x-direction, which is averaged along y-
direction. (B) Equilibrium contact angle θeq from theory (lines, plotted against L) and simulations (symbols, plotted against L*) for different Dy
values. (C) Total pressure gradient along L for different Dy values. (D) Number of events of merging (Nmerg) and fragmentation (Nfrag) at different
Dy values. The dashed lines correspond to values with Dy = ∞. (E) Distribution of vg, an indication of mobilized ganglia, along L from simulations
(blue circular circles), and the total pressure gradient in lattice unit from theory (red solid lines).
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distribution between Dy = 12 and Dy = ∞ except for the
region near the invasion front. This implies that changes in
contact angles behind the invasion front do not have a
significant impact on the total trapping volumes, although they
may affect the redistribution of the trapped ganglia. Figure 4A
also shows that the simulation time (or percolation time) for
different Dy values ranges from 7 × 105 to 8.5 × 105 time steps,
which correspond to an actual time of around 20 h using 16
CPUs. The inset shows the residual saturation of defending
fluid Sr for different Dy values. The black dashed line
represents the Sr value with Dy = ∞. It is worth noting that
it is possible to observe further reduction in residual saturation
for porous media due to the connectivity of the defending
phase trapped in the crevices of the pore space. But this
phenomenon can only take place after breakthrough.66

The interfacial length in lattice unit ll can be defined as the
total front length between the defending fluid and the union of
invading fluid and grains, as shown by the white solid curve in
Figure 3A. The normalized value can be calculated as ll* = ll/h.
The interfacial width lw is the span of ll in the direction of
injection, indicated by the dashed double arrow. It can also be
normalized by lw* = lw/h. Figure 4C shows the changes of
interfacial length (blue curve) and width (red curve) during
the displacement for the case with Dy = 6. It can be seen that
they both fluctuate around a value while having a similar trend.
Figure 4D shows the correlation between the derivatives of
Ag,tot* and ll*, which are denoted by Ag,tot*′ and ll*′, respectively. A
correlation coefficient of R = −0.914 is found, indicating that,
for each trapping event, the total trapped area increases, while
both ll and lw decrease, smoothing the invasion front. The
patterns observed in Figure 4C,D also appear similarly in other
cases with different Dy values (R = {−0.858, −0.761, −0.909,
−0.895} for Dy = {0.1, 3, 12, ∞}, respectively).
Ganglia Size Distribution. Figure 4B shows the ganglia

size distribution for different Dy values at percolation. In the
size range from 10 to 104 lu, a power-law relation is present
between the number of ganglia and ganglia size for all
simulation results except Dy = 0.1. In the case of Dy = 0.1, the
effective contact angle is smaller than in other cases such that
fewer trapping events occur during displacement, consequently
leading to fewer trapped ganglia. The value of the exponent of
the power-law relation, or the slope of the black dashed line as
in Figure 4B, is associated with structure of the pore network,
and a wide range of values have been observed.67 In this case
an exponent of −0.45 is seen, indicated by the black triangle.
Note that there are upper and lower bounds for the power-law
relation of the distribution due to the limited size of the
simulation domain and the minimum pore size, respectively.
One can notice the large deviations of ganglia number at small
Ag, where fewer trapping events occur at lower Dy values,
implying that the wetting transition facilitates the stable
displacement.
Ganglia Mobilization. We also look at the mobilization of

trapped ganglia during the two-phase flow. The trapped
defending phase can be mobilized due to the momentum
transfer from the invading phase when viscous drag plays an
important role.64 Figure 5A shows the pressure distribution of
invading fluid in lattice unit at percolation along the
normalized length of area of interest L for different Dy values,
where each value is averaged along the transverse direction.
Overall, linear viscous pressure drop can be observed for all Dy
values, with larger viscous pressure gradient for larger Dy
values, although the difference is not significant for Dy > 3.

However, viscous pressure alone is not sufficient for describing
the mobilization of trapped ganglia, since the spacial wettability
gradient can also exert pressure onto the defending phase due
to the time-dependent local contact angles. Figure 3B shows
the wettability distribution of the porous medium at
percolation. The colors represent the values of the fictitious
wall density ρw, which is a direct function of contact angles
according to Figure 1C. A wettability transition zone can be
seen in the diagram, and the width of the transition zone is
affected by Dy. For a more quantitative representation of the
wettability distribution, symbols in Figure 5B show the
equilibrium contact angle θeq along L with a bin size of 0.04,
which is again averaged in the transverse direction from the
simulation results. To compare with theory, a Lagrangian
length scale needs to be introduced to convert time into spacial
information:
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S X

1
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i in

r AOI (7)

where XAOI is the longitudinal length of area of interest in
lattice unit. Note that L* = 1 represents the location of
invasion front, whereas L* < 1 represents the location 1 − L*
behind the invasion front. Then, the theoretical spacial
wettability distribution is plotted with L* as solid lines in
Figure 5B. It can be seen that the theory matches well with the
simulation results. Since the contact angle is larger near the
front, from the perspective of defending fluid, this wettability
gradient should facilitate the mobilization. To combine the
pressure gradient from both viscous drag and interfacial
tension, the total pressure gradient can be estimated as
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where L̅̅t is the average throat size. Figure 5C shows the total
pressure gradient ∂P/∂L along L for different Dy values. It is
interesting to see that although the effective contact angle and
total trapped defending ganglia are the largest for Dy = ∞, due
to the contribution from wettability change, the corresponding
pressure gradient fails to dominate others, especially near the
invasion front, whereas cases with Dy = 6 and Dy = 12 show
larger pressure gradients, implying higher driving force for
ganglia mobilization.
To verify our hypothesis, or the driving force for mobilizing

ganglia, the distance of movement in lattice unit of each
ganglion within a certain period (in this case 1000 time steps)
or the characteristic velocity of ganglia vg is plotted as blue
circles in Figure 5E for different Dy values. These movements
of an individual ganglion, or translation events, are a direct
reflection of ganglia mobilization. The corresponding total
pressure gradient is also shown as a red solid line. We can see
concentrated mobilization events near the invasion front for all
Dy values at L ≈ 0.9. This is simply a technical issue due to the
fact that we have more data near the invasion front during the
injection process. Qualitatively, it can be seen that the
distribution of vg reasonably agrees with the total pressure
gradient ∂P/∂L.
During the displacement process, apart from translation

events, the trapped defending fluid can also experience other
types of dynamics, including coalescence where two ganglia
merge into one, and fragmentation where one ganglion
becomes two. The number of occurrences of these events
should provide an indication on the ganglia mobilization.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.9b03780
Langmuir 2020, 36, 2449−2458

2455



Figure 5D shows the number of merging and fragmentation
events for different Dy values. A nonmonotonic relationship
can be observed, and the trapped ganglia are more “active”
with Dy = {6, 12}, consistent with the results from Figure 5E.
It is important to point out that the extent of influence due to
change in contact angle can be different based on fluid
property and flow conditions. For example, Holtzman and
Segre16 showed that further decreases in contact angle below
60° in the capillary dominated regime do not have a significant
impact on the frequency of cooperative pore-filling events. The
impact of variation in contact angle is also found to be
dependent on porosity and disorder.68 Besides, during flow
processes in the viscous dominant regime with a viscosity ratio
much larger or smaller than 1 (either stable displacement or
viscous fingering), the effect of interfacial tension will diminish
compared with viscous pressure; consequently, the impact on
displacement patterns due to change in contact angle is
expected to decrease. Also note that the events of ganglia
motion, merging, and fragmentation are reported up to the
time of percolation. Longer simulations are likely to introduce
additional events until steady state is reached. However, since
the main purpose of the current work is to compare the ganglia
mobilization for the same geometry to highlight the effect of
Dy, we did not further investigate the post-breakthrough
behavior.

■ CONCLUSIONS
The nontrivial correlation between the apparent contact angle
and surface roughness in multiphase displacement is identified.
We attribute the different behaviors of the apparent contact
angle to the relaxation time available for the progress of the
wetting transition, which is constrained by the speed of pore
invasion. A theoretical model describing the time scale of the
Cassie−Wenzel wetting transition is developed, where the
equilibrium contact angle can be directly related to time. Then
the model is incorporated into the lattice Boltzmann method
for simulation of multiphase displacement in disordered
porous media.
To quantitatively describe the competition between two

characteristic pore-scale processes of wetting transition and
pore invasion, a dimensionless time ratio, Dy, describing the
relative speed of these two mechanisms is defined. We show
that the displacement patterns can be significantly influenced
by Dy at percolation, where more trapped defending ganglia
are observed at large Dy due to either fast invasion velocity or
slow wetting transition, leading to lower displacement
efficiency. Through studying different mobilization dynamics
of trapped ganglia, including translation, coalescence, and
fragmentation, agreement is shown between the mobilization
statistics and the total pressure gradient, considering the effects
of both viscous drag and capillary pressure.
Our study reveals the possible significant effect of injection

velocity and surface roughness on the transient contact angle
during displacement in porous media, which consequently
affects displacement patterns. We also want to emphasize the
potential underestimation of the effective contact angle during
displacement, as the experimentally measured correlation
between the contact angle and roughness after the displace-
ment process has been completed could be inaccurate due to
subsequent wetting transition and fluid redistribution.
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5.2 Disorder Characterization and its Effects on Fluid Displacement

The second paper in this chapter focuses on the characterisation of topological disorder

of porous media, and its combined effects with wettability on fluid displacement process.

A novel disorder index Iv is proposed based on the Voronoi diagram. Porous media with

different Iv are generated using Monte-Carlo process. Simulations of multiphase flow under

different disorder and wetting conditions are carried out, and a phase diagram showing the

impact from both factors is produced. By analysing the critical capillary pressure at pore scale,

which considers both pore geometry and contact angle, we unify the impact of wettability and

topological disorder on multiphase flow.
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We investigate the effects of topological disorder and wettability on fluid displacement
in porous media. A modified disorder index Iv is proposed to characterize the disorder of
porous media. By changing Iv , different displacement patterns (stable displacement and
fingering) under the same flow condition and fluid property are obtained. We analytically
demonstrate how increase in disorder promotes fingering due to uneven distribution of
local capillary pressure. It is shown that the displacement efficiency for different wettability
conditions and disorder well correlates with the distribution of local capillary pressure. A
power-law relation between fluid-fluid interfacial length and saturation of invading fluid
is proposed by taking geometry into account, where the parameters in power-law relation
can be predicted by the capillary index, Ic, unifying the effects of topological disorder and
wettability.

DOI: 10.1103/PhysRevFluids.4.034305

I. INTRODUCTION

Displacement of multiphase fluids in porous media is involved in many industrial and natural
processes, such as injection of CO2 into geological formations [1,2], enhanced oil recovery [3,4],
remediation of contamination in aquifer systems [5], and water infiltration into soil [6]. Studies have
been conducted with a focus on impacts of flow conditions and fluid properties on displacement of
multiphase flows [7,8], and effects of gravity [9] and wettability [10–12], while less attention has
been paid on correlating the pore-scale disorder of porous media with the fluid displacement.

The displacement patterns, including capillary fingering (CF), viscous fingering (VF), and stable
displacement (SD), are primarily controlled by capillary number, Ca, and viscosity ratio, M,
between the defending and invading fluids [13–18]. When the invading fluid is more viscous than
the defending fluid, i.e., M < 1, the displacement patterns tend to shift from SD to CF with the
decrease of Ca, indicating the dominance of the interfacial tension. While in the case of M > 1,
increase of Ca modifies the flow toward VF. At the same time, wettability is also proven to play
an important role: Increasing contact angle of invading fluid results in more efficient displacement
at all Ca [19–21], but when the contact angle exceeds a critical value, the trend is reversed due to
corner flow [12].

Another important factor that influences fluids displacement is disorder of the porous media. For
flows dominated by capillary effects (low Ca), increase in disorder promotes fingering, leading to a
transition from SD to CF [10,22]. While for large Ca with M > 1, high disorder modifies the viscous
fingerings to become more chaotic instead of having ordered patterns in regular media [13]. When
both capillary and viscous effects are important, Holtzman [23] found that increase in disorder leads
to higher interfacial area and lower displacement efficiency due to trapping. Holtzman [23] also offer
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subtle observations on effects of disorder by considering both capillary and viscous effects through
scaling analysis [23]. However, many pore-scale simulation models assume quasistatic displacement
[15], thus not capable of properly simulating dynamic mechanisms which are crucial even in slowly
driven systems [21]. Despite a recent improvement of pore-scale simulation on ability of capturing
nonlocal nature of interface dynamics [21], some processes during multiphase flow still remain
un-captured such as droplet fragmentation [24]. In addition, due to the complex interplay among
fluids properties, flow conditions, and topological features, the study of disorder effects on fluid
displacement remain an active area of research, and attracts increased attention in the recent years
with the help of development in microfluidics and advances in computational methods.

Multiphase flow in porous media has been studied both experimentally using micromodels
[12,15,16,25–27] and numerically by a range of simulation methods. Pore-network (PN) models,
though computationally efficient, have limited predictive capability and accuracy due to simplifi-
cation of pore geometries and/or flow equations [28–30]. Statistical models including diffusion-
limited aggregation (DLA), anti-DLA, and invasion percolation (IP) have been used to simulate VF,
SD, and CF, respectively. However, these “specialized” models cannot capture transitions between
different regimes [18,31]. Grid-based methods with interface tracking such as volume of fluid (VOF)
method and level set (LS) method have been proposed to study multiphase flow in porous media
[32–36]. However, they suffer from numerical instability at the interface when interfacial tension
becomes dominant for microdroplets [37]. In addition, they have only been applied to simple pore
geometries due to relatively high computational costs. The lattice Boltzmann method (LBM), as a
mesoscale method, has been developed into a powerful tool for flow simulation in porous media
[38–42]. Comparing to other numerical methods, the LBM is particularly suitable for pore-scale
simulation of multiphase flows due to its ability of handling complex geometries and also being
able to be massively parallelized. Therefore, it has been applied to study many problems in fluid
mechanics [43–45].

In this paper, we investigate the effects of disorder and their coupling with wettability on fluid
displacement in porous media. To better describe multiphase flow in porous media, a modified
disorder index Iv is proposed to characterize disordered geometry by reflecting the degree of
fluctuation of local porosity. Samples are generated to have distinct values of Iv for numerical
simulations using lattice Boltzmann method. Through controlling the disorder of geometry, we are
able to produce different displacement patterns (stable displacement and fingering) under the same
capillary number and viscosity ratio, providing new insights toward the conventional displacement
phase diagram which is independent on system geometry. We demonstrate how increase in disorder
collaborated with interfacial phenomena promote fingering due to uneven distribution of local
capillary pressure. It is shown that for different wettability conditions and disorder, the displacement
efficiency well correlates with the distribution of local capillary pressure. Finally, a power-law
relation between fluid-fluid interfacial length and saturation of invading fluid is constructed. The
parameters in power-law relation can be predicted by the capillary index, Ic, which combines the
effects of topological disorder and wettability.

II. METHOD

A. Media generation and characterization

Our geometry is a rectangular domain filled with circular obstacles to simulate the solid phase in
porous media as as as shown in Fig. 1. The porosity of the medium, defined as the ratio of void area
to total area in the 2D space, is controlled by varying the diameter of the obstacles. These obstacles
are initially regularly placed on a triangular lattice.

To characterize the disorder of the medium, we use similar idea from Laubie et al. [46] but a
different calculation method: Instead of using fixed square meshing in their study of mechanical
behavior of solid material (originally named as Id ), a Voronoi diagram is constructed for obtaining
the local porosity, then a disorder index Iv can be defined as the corrected standard deviation of local
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FIG. 1. Our porous medium is composed of 440 circular obstacles with diameter d = 0.06, which are
initially regularly placed on a triangular lattice. The area enclosed by black dot-dash line is the simulated area
with injection width H and longitudinal length W , while our results and analysis are based on the area of
interest (LAOI), which is enclosed by red solid line. Geometrical periodicity in horizontal and vertical direction
is ensured inside periodic boundary (purple-dashed line). The invading fluid is injected from the left with a
constant velocity Vinj. The pressure at the right end is set to be constant Pout. Periodic boundary condition is
imposed at top and bottom of the simulation area.

porosity:

Iv =

√∑N
n=1(φn − φ̄)2

N − 1
, (1)

where N is the number of obstacles in the domain, φn is the local porosity within the Voronoi cell,
and φ̄ is the overall porosity of the medium.

Disorder is introduced by Monte Carlo iterative movement of each obstacle with an apparent
diameter Dapp = λD with λ ∈ [1, Dmax/D], where D is the original diameter of obstacle and Dmax

is the maximum diameter to achieve the maximum packing, e.g., ideally
√

3π
6 in 2D, and its value

depends on the system dimension and number of obstacles. Thus, λ = 1 corresponds to a fully
disordered system where no restriction is applied during perturbation except that overlap is avoided,
while λ = Dmax/D corresponds to a regular system where no obstacle is able to move since they
are already in contact with each other according to their apparent diameter. Here, we focus on
media with obstacles of same size. Periodicity is ensured in both horizontal and vertical direction
for obstacle distribution and for the consequent Voronoi diagram in the periodic boundary (Fig. 1).
During each time-step, perturbation is applied to each particle, after which the disorder index Iv is
calculated. This process stops when Iv stabilizes around a certain value for given λ (the fluctuations
in Iv are generally smaller than 5% at the end). Thus, Iv = 0 corresponds to a perfectly ordered
system, exhibiting no variation in local porosity; whereas large values of Iv correspond to disordered
systems by reflecting fluctuation of local porosity with respect to fully ordered one. We found that
the disorder index Iv has a monotonic correlation with λ: as λ decreases, Iv increases and the system
becomes more disordered. It is also found that the achievable maximum value of Iv is dependent
on the size of system domain, total number of obstacles, and the overall porosity. With our choice
of a simulation domain with a length to width ratio W/H = 4, and a periodic domain with x ∈
[0.1299, 3.9404] and y ∈ [0, 1] filled with 440 obstacles having a diameter of 0.06 (corresponding
to an overall porosity of 0.6735), Iv ∈ [0, 0.08]. Using this method, five geometries with distinct
disorder have been generated for simulation with Iv = [0, 0.020, 0.036, 0.047, 0.054] (see Fig. 2).
Generally, with increasing Iv , the medium becomes more disordered and the variations in throat sizes
becomes larger.
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FIG. 2. Generated porous media and corresponding throat size probability distribution. From top to bottom,
Iv = 0, 0.020, 0.036, 0.047, 0.054.

It is necessary to elaborate on reasons to introduce Iv instead of directly using λ as the disorder
parameter [10,23,25,47]. First, although a monotonic relation has been observed between λ and Iv ,
from the definitions, λ is a parameter for generating the geometry controlling the minimum distance
between obstacles, while Iv is the parameter for geometry characterization. Second, at the start of
perturbation, the disorder of geometry can be quite different (usually in an increasing trend) for
the same λ, until a sufficient number of iterations have passed. This is reflected by Iv having an
increasing tendency followed by fluctuation around a constant value, without which it is hard to
define how many iterations are “sufficient.” Finally, due to the the construction of Voronoi diagram
for calculating Iv , each local porosity is dependent on its proximity of adjacent obstacles. Therefore,
a large Iv not only reflects the uneven spacial distribution of individual obstacles, but also implies
the existence of dense clusters, which has strong influences on regional trapping as we will show in
our results.

B. Simulation method

Standard lattice Boltzmann method with D2Q9 lattice is used for our 2D numerical simulations,
which includes streaming and collision steps as

fi(x + ci$t, t + $t ) = fi(x, t ) + %i(x, t ), (2)

where fi is the density distribution function in ith direction. In this study, Bhatnagar-Gross-Krook
(BGK) approach was preferred to multirelaxation time (MRT) one due to extra computational
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resources and complexity required for the latter [42]. The BGK collision operator is

%i(x, t ) = − fi − f eq
i

τ
$t, (3)

which relaxes the distribution function towards an equilibrium f eq
i at a rate determined by the

relaxation time τ . The equilibrium distribution function is given by

f eq
i (x, t ) = ωiρ

[
1 + u · ci

c2
s

+ (u · ci )2

2c4
s

− u · u
2c2

s

]
, (4)

where ωi is the weight for the ith direction. We use Shan-Chen multicomponent model originally
proposed by Refs. [38,39]. They introduced an interparticle force as

F SC(σ )(x) = −ψ (σ )(x)
∑

σ̃ $=σ

Gσ̃ σ

∑

i

ωiψ
(σ̃ )(x + ci$t )ci$t, (5)

where ψ (σ ) is the “effective” density function for σ component, and G is a simple scalar that
controls the strength of the interaction. To model immiscible fluids, the interaction strength
G must be positive, simulating the repulsive force between different components. By adopting
different fictitious wall densities, contact angles can be tuned [48]. Regularized boundary condition
proposed by Latt and Chopard [49] is adopted to achieve second-order accuracy. For more detailed
information about lattice Boltzmann method, we refer to Mohamad [50] and Kruger et al. [42]. We
choose a mesh size of 800 × 3200 lu2 (lu: lattice unit) for the simulation area such that at least 10
lattices are in between the smallest throat to ensure the grid is fine enough [51]. Each time after the
generation of media, the minimum throat distance rmin is determined. To ensure minimum number
of lattices Nmin along rmin, the number of lattices required in vertical direction for the simulation
domain is calculated as Mv = Nmin

rmin
× H , and Mh = 4 × Mv for horizontal direction, where H is the

height of the simulation domain shown in Fig. 1. Note that this method assumes rmin and principal
directions can be aligned. For example, with Nmin = 10 and rmin = 0.02, the mesh needs to be (at
least) 500 × 2000. Finer mesh is required as the topological disorder increases (reduce in apparent
diameter leads to smaller possible rmin). After examining all possible cases, we finally choose a
mesh of 800 × 3200 to ensure Nmin = 10 for all simulation cases. The kinematic viscosities for both
fluids are 0.1667 lu. The invading and defending fluids have densities of 1 and 0.8 lu, respectively,
leading to a viscosity ratio M = 0.8. The interfacial tension can be calculated using Young-Laplace
equation, which is 0.2152 lu. The invading fluid is injected from the left with a constant velocity
of Vinj = 0.005 lu, leading to a capillary number Ca = Vinjµdef

γ
= 0.0031. The pore-scale Reynolds

number is less than 10. The outlet pressure at the right end is set to be a constant of 0.2667
lu. Periodic boundary condition is applied at top and bottom of the simulation area. Overall, 25
simulations are carried out for five different disorders (Iv = 0, 0.020, 0.036, 0.047, 0.054) and five
different contact angles (θ = 35◦, 62◦, 89◦, 109◦, 128◦).

III. RESULTS AND DISCUSSION

The displacement patterns for different wettability conditions and topological disorder are shown
in Fig. 3. These are qualitative demonstrations of effects of wettability and disorder on fluid
displacement in porous media. Note that these snapshots correspond to the final stage of simulation,
which is when the invading fluid reaches the right end of the periodic boundary (see Fig. 1).
Generally, stronger fingering and larger trapped area of defending fluid are observed when the
medium becomes more disordered (increasing Iv) and more hydrophobic (increasing θ ), implying
a less efficient displacement, consistent with previous observations [9–12,19–21,23,52]. Figure 3
also demonstrates the “competition” between the destabilizing effect due to uneven distribution
of capillary resistance and stabilizing effect from cooperative pore filling events, which have a
higher occurrence when contact angle is small. To provide quantitative information about these
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FIG. 3. Displacement patterns (from data of invading fluid) for different disorder (left to right, Iv =
0, 0.020, 0.036, 0.047, 0.054) and wettability (top to bottom, θ = 35◦, 62◦, 89◦, 109◦, 128◦). The color
map represents the density of invading fluid in lattice unit. Note that in LBM, the density fields of invading and
defending fluids are stored in separate matrices. Here only the matrix storing data of invading fluid is shown.
The blue color (density of invading fluid being zero) stands for the location of defending fluid, and the density
fluctuation represents the pressure variation.

patterns, the normalized fluid-fluid interfacial length, L∗ = interfacial length
width of geometry , is calculated and plotted

as a function of saturation of invading fluid S for each time-step (Fig. 4). Note that to exclude the
boundary effect at outlet we conduct representative volume analysis and found an area of interest
with LAOI = 3 well captures the displacement data, so it is within this area (Fig. 1) our results are
based on. Figure 4 shows that the rates at which interfacial length increase are larger as the media
become more disordered (following the direction of black arrow) for all wettability conditions. This
dependence becomes stronger as the contact angle increases, which again can be explained by the
stabilizing effect of wettability [20,21]: trapping is mitigated by cooperative pore filling, or overlap,
during displacement for disordered media (corresponding to the four collapsed curves for θ = 35◦).
As the contact angle increases, this “mitigating effect” is reduced such that more trapping events
occur, leading to higher interfacial length. Furthermore, we also quantify (a) the residual saturation
[Figs. 5(a) and 5(c)] and (b) the ratio of final interfacial length to saturation [Figs. 5(b) and 5(d)] as
functions of Iv and θ : increase in Iv and θ leads to decrease in displacement efficiency and increase
in interfacial length per unit of saturation. These results again demonstrate the combined impacts of
topological disorder and wettability.

To analytically investigate how wettability and disorder cooperate together to influence fluid
displacement, we start with the equation that contain the physics of fluid displacement in multiple

FIG. 4. Normalized fluid-fluid interfacial length (L∗) as a function of saturation of invading fluid (S)
for different wettability and topological disorder. The black arrow indicates the direction of increasing
disorder: Iv = 0, 0.020, 0.036, 0.047, 0.054 corresponding to blue, orange, yellow, purple, and green curves,
respectively.
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(a) (b)

(c) (d)

FIG. 5. (a) Final saturation of invading fluid Sr (or displacement efficiency, which is the fraction of
defending fluid that has been displaced from the media at the end of the simulation) as a function of Iv and θ .
(b) Final normalized interfacial length L∗ over final saturation Sr as a function of Iv and θ . (c), (d) Same data
set as a function of contact angle θ for different topological disorders. Black arrow indicates the direction of
increasing values of Iv from 0 to 0.054.

throats as suggested by Lenormand et al. [15]:

q = K1
(
P − Pc1

)+ + K2
(
P − Pc2

)+ + · · · =
N∑

n=1

Kn
(
P − Pcn

)+
, (6)

where q is is the total flow rate, N is total number of throats, Kn is the hydraulic conductance
at local pore throat n, P is the pressure difference of invading and defending fluids, and Pcn is
the local capillary pressure providing resistance to the invasion of throat n. Locally, as long as P
is smaller than Pcn , there is no displacement. Then, the pressure difference between invading and
defending fluids increases as more invading fluid is injected, resulting in P > Pcn at throat n, leading
to local throat invasion. Thus, in absence of viscous fingering, it is the uneven distribution of local
capillary pressure that leads to uneven invasion of pores and consequent trapping and fingering,
which ultimately affects the fluid-fluid interfacial length and displacement efficiency. To calculate
the maximum allowable capillary pressure Pc,max before a throat is invaded, we consider three
basic pore-scale mechanisms: “burst,” “touch,” and “overlap” [53]. First, the equation for capillary
pressure Pc at throat n in porous medium filled with circular obstacles of same diameter can be
calculated by

Pcn = 2γ sin(α + θ − 90◦)
hn − d cos(α)

, (7)
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FIG. 6. (a) Schematic figure for calculation of local capillary pressure as a function of center-to-center
distance of particle h, radius r, contact angle θ , and filling angle α. (b) Schematic figure for calculation of αcrit ,
which is the maximum allowable α, larger than which the local throat being considered (red dashed line) will
be invaded.

where γ is the interfacial tension, h is the center-to-center distance of obstacles, d is the diameter,
and α is the filling angle shown in Fig. 6(a). Then, we define that the throat is invaded if (i) the
front of invading fluid comes in contact with the next obstacle (touch), or (ii) α reaches αoverlap
corresponding to cooperative pore filling event (overlap), assuming that obstacles are placed on
triangular lattices [Fig. 6(b)]. Thus, for given contact angle θ , the critical angle αcrit can be calculated
as αcrit = min(αtouch,αoverlap), where αtouch is calculated based on θ and αoverlap = 90◦. Different
characteristic front shape indicated by αoverlap may be used by other researchers depending on the
porosity of the medium [21]. In our study it is found αoverlap will not significantly impact the results
and 90◦ is adopted. Finally, for every throat, the Pc,max can be calculated as

Pc,max = max(Pc),α ∈ [−90◦,αcrit], (8)

which is the maximum capillary pressure before the front reaches any of the instability state at burst,
touch, or overlap. It is found that log-normal curves can well fit most of the Pc,max distributions,
and the probability distributions of Pc,max for different Iv and θ are plotted in Fig. 7. It shows that
as the medium becomes more disordered, the distribution of Pc,max spreads out. In the meantime,
increase in contact angle of invading fluid amplifies this effect, which further increases the variation
in Pc,max. Thus, the Pc,max distribution captures the interplay among wettability and geometry of

FIG. 7. Probability distribution of local maximum capillary pressure for different disorder and wettability
(histogram for Iv = 0 and probability density function for log-normal fitting of other values of Iv). Black
dashed arrow indicates the direction of increasing contact angle. Blue, orange, yellow, purple, and green colors
correspond to θ = 35◦, 62◦, 89◦, 109◦, 128◦, respectively.
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FIG. 8. Final saturation Sr as a function of standard deviation of logarithm maximum capillary pressure for
different topological disorder and wettability.

the system, reflecting the resultant capillary resistance, which should have close relationship with
the displacement patterns. To validate this hypothesis, the final saturation of invading fluid Sr , or
displacement efficiency, is plotted against the standard deviation of ln(Pc,max) in Fig. 8 for all
our simulation cases. Collapses of curves for different wettability conditions and disorder can be
observed, showing a linear relationship with a correlation coefficient R = −0.9261.

On the other hand, regarding the fluid-fluid interfacial length, Liu et al. [54] found that
the interfacial length L and saturation of invading fluid S can be correlated with a power-law
relationship: L = kSβ , where k and β are fitting parameters depending on the geometry. Here,
we propose a modified correlation between interfacial length and saturation assuming a power-law
relation between normalized interfacial length L∗ and “injection length” vt :

L∗ = L
H

= k(vt )β = k(φW S)β , (9)

where, v is the injection velocity, t is time, H is the injection width (across which the invading fluid
is injected), φ is porosity, W is the domain longitudinal length, S is saturation of invading fluid, k
and β are parameters that can be estimated based on capillary index Ic depending on system disorder
and wettability conditions, which is defined as

Ic = Iv,max − Iv
Iv,max − Iv,min

cos(θmax) − cos(θ )
cos(θmax) − cos(θmin)

, (10)

where Iv,max is the maximum disorder index depending on overall porosity of the geometry and total
number of obstacles inside the system, being 0.08 for the current setting. Iv,min = 0 is the disorder
index for fully ordered system. cos(θmax) and cos(θmin) are −1 and 1, corresponding to θ = 180◦ and
θ = 0◦, respectively. As we have discussed previously that increase in contact angle and topological
disorder promotes fingering, therefore, Ic is a direct indicator of the collaborative effect due to
medium geometry and wettability conditions. A small value of Ic implies relatively large θ and
Iv , which leads to less efficient displacement, while larger values of Ic would correspond to more
stable displacement. We plot the parameters β and ln(k) from Eq. (10) as function of Ic in Fig. 9(a)
and found that with Ic < 0.5, both β and ln(k) show a strong linear relation with Ic, having R of
−0.9467 and 0.9958, respectively. For Ic > 0.5, the displacement patterns are all stable, resulting
in small β and large ln(k), indicating weak dependence of L∗ on Sr : L∗ is only composed of the
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(a) (b)

FIG. 9. (a) β (blue cross) and ln(k) (orange circle) in Eq. (9) as a function of Ic. The blue dashed line and
orange solid line are the best fit lines for β and ln(k), respectively. Black dashed line indicates the theoretical
value for ln(k) in perfect stable displacement. (b) Contour plot of Ic as functions of topological disorder (Iv)
and wettability (θ ).

fluid front, being almost constant during the stable displacement. In Fig. 9(a), the black dashed line
and a value of 0 correspond to the theoretical values for ln(k) and β for perfect stable displacement.
Clearly, it can be seen that Ic can also be used to classify displacement patterns Fig. 9(b). As shown
in Fig. 3, 25 patterns are separated into three regions by the dashed line (Ic = 0.5) and solid line
(Ic = 0.3) depending on the values of Ic. A smaller value of Ic implies larger interfacial length per
unit of saturation. Note for the left-bottom displacement pattern in Fig. 3, if we zoom in and observe
carefully, trapping event actually occurs at every obstacle during which small bubbles are formed,
leading to much larger interfacial length between fluids than it appears to be. Overall, the proposed
power-law relation [Eq. (9)] together with capillary index Ic [Eq. (10)] provide a rigorous method to
capture the quantitative relation between L∗ and Sr for different disorder and wettability conditions,
offering a reasonable way to predict the value of interfacial length.

In the current study, to focus on the effects of disorder and its coupling with wettability
on fluid displacement in porous media, the injecting velocity in all simulations are the same,
implying a constant capillary number Ca. Although the influence of Ca is not investigated, based on
numerous past works, since it is the uneven distribution of capillary pressure that leads to unstable
displacement, a decrease in Ca would make all the displacement patterns shown in Fig. 3 more
unstable since the capillary effect would become more significant. We also limit our attention
to situations where Saffman-Taylor instability, or viscous fingering, is not present by setting the
viscosity ratio M = 0.8.

IV. CONCLUSION

We systematically study the impact of topological disorder and its coupling with wettability on
multiphase flow in porous media via fluid-fluid displacement simulation using lattice Boltzmann
method. It has been shown that the disorder of porous media and wettability play a significant
role on the fluid-fluid displacement patterns. In addition to the overall porosity of the medium, the
consideration of an appropriate “disorder index” is required to capture the effects of microstructure
on fluid displacement. The modified disorder index Iv is able to characterize geometries with
different disorder by reflecting the degree of fluctuation of local porosity based on Voronoi
diagram. Our results show larger contact angle and increasing disorder promote fingering, leading
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to larger fluid-fluid interfacial area and lower displacement efficiency. To analytically investigate
how wettability and disorder collaboratively influence displacement, we calculate the maximum
allowable local capillary pressure Pc,max based on three pore-scale mechanisms during displacement:
burst, touch, and overlap. It is found that the standard deviation of ln(Pc,max) strongly correlates with
the displacement efficiency for all wettability conditions and disorder. We proposed a more general
power-law relation and defined the capillary index Ic, which offers a rigorous way to capture the
quantitative relation between L∗ and Sr for different disorder and wettability conditions.

While in current work we only consider obstacles of same size, for media with different sizes
of grains, modified Voronoi diagram can be adopted to generate the disorder index by taking the
varying radii into account. We provide qualitative and quantitative insight into how geometrical
features and wettability conditions collaboratively impact the fluid displacement, paving the way
for further study of disorder and wettability control on multiphase flow in porous media.
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5.3 Summary

It is demonstrated in this Chapter that the consideration of physical mechanisms at micro-scale

(Cassie-Wenzel wetting transition on rough surfaces) and pore-scale (different instability

events) is crucial for understanding the displacement patterns of multiphase flow. Specifically,

the simulation results indicate that slower wetting transition leads to greater effective contact

angles along the invasion front during displacement, which consequently suppress cooperative

pore filling events and promote trapping. Additionally, greater fluctuations in distribution

of capillary resistance resulted from disordered pore geometry and larger contact angle tend

to destabilises the displacement process, leading to smaller sweep efficiency and greater

fluid-fluid interfacial area.



CHAPTER 6

Packing and Drying of Unsaturated Granular Material

The packing structure of wet granular materials is of great interest due to its various industrial

applications and importance for the understanding of many fundamental physical problems.

Additionally, understanding the subsequent drying of partially saturated porous media is also

important in food processing, drugs and cosmetics synthesis in the pharmaceutical industries,

and soil treatment in agriculture. In this chapter, we experimentally investigate the packing

of wet monodisperse spheres, and present a simple experimental procedure to control the

resulting packing fraction of the granular assembly. Using the proposed method, we then

study the drying process of granular materials with low initial liquid content using image

analysis and magnetic resonance imaging technique. These works provide new insights on

the packing and drying process of partially saturated granular materials.
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6.1 Packing of Wet Spheres

The existing description of packing fraction of assembly formed by falling cohesive particles

in the literature is from (Yang et al., 2000; Dong et al., 2006, 2012), where the key governing

parameter is a dimensionless force ratio, i.e., the ratio of interparticle force to gravity. Greater

force ratio corresponds to smaller packing fraction. However, this model does not take the

packing method into account. Thus, it cannot capture the process of particle rearrangement

due to the potential variations in impact velocities of falling particles. In this section, we

present a simple experimental method for generating granular media with controlled falling

height, and propose a model from an energy perspective to predict the resulting packing

fraction. Good agreement is found between the model and experimental results for both wet

particles where capillary force dominates and dry powders where van der Waals forces are

essential.
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We experimentally investigated the packing of wet monodisperse spheres with controlled falling height. The
packing fraction are found to decrease with smaller grain size and free fall height. A model describing the effects
of interparticle force and falling height on packing fraction is developed by introducing a dimensionless length
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A universal law is observed for both wet particles where capillary forces dominate and dry powders where van
der Waals forces govern the packing behaviour. This study deepens the understanding of packing of cohesive
spheres and provide a simple experimental method for generating granularmediawith tailored packing fraction.
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1. Introduction

The random packing of granular materials has been subjected to ex-
tensive studies due to its various industrial applications and importance
for the understanding of many fundamental physical problems [1–6].
The packing fraction of monodisperse cohesionless frictional particles
ranges from ~0.55 (random very loose packing) to ~0.64 (random
close packing), depending on the packing method and particle friction
coefficient [7–16]. For frictionless particles, O'Hern et al. showed
narrowed jamming threshold as the system size increases, approaching
0.648 in 3D, close to random close packing [14,15].Moreover, studies on
the effects of tapping on system of monodisperse spheres attribute the
increase of packing fraction to thepropagation of ordered packing struc-
ture from the boundary [17–19]. On the other hand, the packing fraction
is found to decrease with smaller effective gravity or greater friction co-
efficient [7,12,16]. Further, Farrell et al. experimentally demonstrated
how Stokes number controls the approach to the loose packing limit
by varying the particle and fluid properties [10]. In the context of statis-
tical mechanics, Ciamarra and Coniglio showed that the granular en-
tropy, which reflects the number of mechanically stable states of
volume fraction of a granular assembly, vanishes at upper and lower
bound of packing fractions, while reaching a maximum at random
loose packing [11]. Their work provided the first-principle definition
of the commonly observed random loose packing fraction.

For spheres with diameter typically less than 100 μm, the van der
Waals force becomes significant. The attractive interparticle force starts
to influence the packing fraction, which have been observed both nu-
merically and experimentally [20–27]. Through imposing a controlled
external magnetic field on iron spheres, Forsyth et al. demonstrated
lower packing fraction with greater interparticle forces [28], and they
concluded that the void fraction of spherical particles depends only on
the ratio of interparticle cohesive force to particle weight. Their claim
was further confirmed by DEM simulations of settling of fine particles
[24,26,29]. In fact, thevanderWaals forceexplains the formationof frag-
ile low density configurations such as quicksand [23,25], and packing
fraction as low as 15% has been experimentally created using ballistic
deposition [22].

For larger particles, the effect of van derWaals force on packing frac-
tion becomes negligible. However, the addition of liquid strengthens the
cohesive force due to formation of liquid bridges [5,6,30–32]. Feng and
Yu observed an increase in porosity of mono-sized glass beads when
grains are addedwithwater, followed by a plateau regimewhere poros-
ity is insensitive to liquid content. Finally, the porosity decreases when
more water is added. Similar behaviours have been observed in
bidisperse and polydisperse systems [34–36]. The origin of these three
distinct regimes can be readily understood by the relationship between
liquid content and capillary force in granular media. At very low liquid
content (asperity or roughness regime [37]), the capillary force in-
creases with liquid volume due to surface roughness. However, further
increase in liquid content does not result in additional increase in inter-
particle force because the increase in liquid-solid contact area balances
with decrease in Laplace pressure [30,32,37,38]. This has been experi-
mentally confirmed by measurements of the capillary force due to
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liquid bridge at grain scale and the tensile strength of wet granular pile
at macroscopic scale [5,39]. Finally, menisci coalesce before the slurry
state where liquid is in excess and no capillary effects exist [33,40,41].

The aforementioned studies of packing of wet cohesive spheres
mostly focus on the effects of grain size, interparticle forces, and solid/
liquid properties. Less attention has been paid in packing methods,
given that most experiments were carried out by pouring grains into
the container [27,28,33,42,43]. To systematically probe the influence
of packing method on the packing state of granular materials, in this
work, a simple experimental method for preparing granular media
with desired packing fraction is presented. We investigate the effect of
falling height hfall on packing fraction of wet monodisperse spherical
glass beadswith different grain sizes. A previously proposed relation de-
scribing the packing fraction [20,21,24] is extended by introducing a di-
mensionless length scale, representing the degree of compaction due to
gravity, where the effects of falling height can be captured.

2. Experiments

Glass beads with a density of 2460 kg/m3 [44] were mixed with
water at an initial volumetric water content w0 = 5 ± 0.1% to ensure
the granular medium is in pendular state and liquid bridges are formed
[5,31,44]. Then, the wet grains are placed in a sieve, which was shaked
by a vibration machine (Impact SV008 Electromagnetic Sieve Shaker,
frequency 50 Hz and intensity 3.3 mm). A cylindrical container with
inner diameter 13.70 ± 0.01 mm and inner height 44.94 ± 0.12 mm
is placed hfall away under the sieve, being supported by struts that are
disconnected with the vibration machine. Once the vibration is initial-
ized, wet grains fall progressively from the sieve into the container, sim-
ilar to a sedimentation process. Fig. 4(a) shows the schematic of the
experiment setup. The same equipment has been used in a previous
work by Than et al. [44]. Note that in order to ensure a constant hfall dur-
ing the experiments, ideally, the supporting system shouldmove down-
wards such that the surface of the grains stays at the same level asmore
grains fall into the container. However, we did not aim to produce such
equipment due to extra complexity involved. Once the container is full,
the grains in excesswere carefully removed using a sharp plate, andme-
diumwas weighed before and after drying in an oven overnight at 105
∘C. The sieve grid size {0.2,1,1.5,3.15}mmwere used for glass beadswith
average diameters {97,375,568,1594} μm, respectively (Fig. 1(c)). These
sizes allowpassing formaximumof two to three spheres and avoid clus-
ters of grains (namely, aggregates or agglomerates, which leads to less
homogeneous packing structure) [40,43,45]. The cumulative grain size
distribution determined by laser diffraction technique (using Beckman
Coulter Vsm + Ls Variable Speed Fluid Module Plus) is shown in Fig. 1
(b). Note that the data for packing of 97 μm wet grains are obtained
from Than et al. [44]. For packing of dry grains, given relative large

size of glass beads (generally larger than 100μm), the van der Waals
force is not expected to significantly affect the packing fraction
[26,29,46]. Therefore, the system is simply packed by the pouring
method. To ensure there is no formation of liquid bridges at lab condi-
tion due to capillary condensation, thewater contents at “dry” condition
weremeasured to be less than 0.03%, being smaller than 0.07%, atwhich
the liquid bridges start to form [31].

3. Results and discussion

Fig. 2 shows the packing fraction ρ of monodisperse glass beads
under dry or wet condition. For dry grains, the packing fraction is
close to random loose packing of 0.6, consistent with past observations
[33]. There is a slight decrease in ρ for smaller grains. Onemay argue this
could result from the boundary effects [36,47]. Nevertheless, in the
study of packing of cohesionless spheres in cylindrical containers
by Zou and Yu [47], both the side-wall effect and top-bottom-
wall effect (or thickness effect) lead to decrease in packing fraction
for smaller system domain (corresponding to larger grains with the
same container), which contradicts the trend in our results. Therefore,
the decrease in packing fraction for smaller grains, despite small mag-
nitude, is likely due to van der Waals force [20,26,33]. The packing
fraction for wet grains is generally smaller than dry condition, and
this decrease is more significant for smaller spheres. In addition, the
colorbar shows the effects of free fall height hfall on ρ, with denser
packing at greater hfall.

Previous studies have demonstrated increases in ρ with higher liq-
uid content at very low liquid content regime (typically less than
1 ~ 2 % depending on grain size distribution) [33,36,42,43]. However,
Fig. 3(a) shows the relationship between ρ and w for all grain sizes,
where no significant correlation between w and ρ can be seen. As
discussed before, this is because the medium is in pendular state, and
the capillary force due to liquid bridges is not sensitive to variations
in water content within this regime [5,33,39]. By rearranging the
dataset, Fig. 3(b) more quantitatively shows ρ as a function of hfall. It
can be observed that ρ increases monotonically with hfall, ranging
from around 0.3 to random loose packing of 0.6 marked by black-
dashed line. Although ρ increases with hfall for the investigated range
of hfall, it is expected the packing fraction will eventually reach a pla-
teau as hfall further increases due to either (1) the particle reaches the
terminal velocity due to air drag and the kinetic energy is saturated,
or (2) the packing fraction approaches 0.6 and the system starts to
jam. For D = 1594 μm grains, the packing fraction is about 0.6 at the
smallest hfall; whilst for larger hfall > 150 mm, bounces were observed
and the container could not be completely filled. However, even with
greater hfall it is expected that the packing fraction will not surpass
the value at dry condition as particles are already jammed.

Fig. 1. (a) Schematic of the system for packing ofwet spheres. (b) Cumulative grain size distribution. Values in bracket represent standarddeviation. (c) Photos of glass beadswith different
sizes.
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To quantify the interplay between gravity and interparticle forces on
packing fraction, a model has previously been proposed for fine parti-
cles [20,24,29]:

ρ ¼ ρ0 1−ea⋅r
b

! "
, ð1Þ

where ρ0 is the packing fractionwithout thepresence of attractive inter-
particle forcewith values between random loose packing (0.6) and ran-
dom close packing (0.64), a and b are fitting parameters, and r is the
“force ratio” of the magnitudes of interparticle force to the gravity. As
explained by Yang et al. [20], the force ratio, r, provides a quantitative
description of the resistance force restricting the relativemovement be-
tween particles during formation of a packing. However, the “force ra-
tio” alone is not sufficient in capturing the process of particle
rearrangement due to the potential variations in impact velocities of
falling particles, which can lead to different numbers of breaks and for-
mations of new liquid bridge bonds within the granular network that
withstands the impact. This can be reflected by that fact that Eq. (1) will
produce a single value of ρ for any given grain size with different hfall.

Therefore, in order to capture the energy state of the falling particle
upon impact, a more appropriate approach here is from an energy per-
spective where an “energy ratio” can be introduced:

rE ¼ F inter⋅l
Ek

, ð2Þ

where Finter is the interparticle force, l is the characteristic length,
representing the displacement during the process of particles rear-
rangement, and Ek is the kinetic energy upon impact, which can be ap-
proximated as the gravitational potential energy. Here, rE represents the
proportion of kinetic energy dissipated due to interparticle forces
(e.g., through enhanced frictional force from liquid bridges). Therefore,
rE approaches to unity when the interparticle cohesive forces are signif-
icant comparing to gravity. Previous studies have indicated that the ra-
tio of interparticle force to gravity needs to be much larger than one (in
the order of 10) in order for the interparticle force to have significant ef-
fect on packing fraction [20,29]. This can be explained by the fact that
there is no preferred direction in the interparticle force due to random
arrangement of grains, unlike gravity [20]. Forwet spheres, the capillary
force Fc due to liquid bridges can be calculated as Fc = 2πγR cos θ
[30,32,37], where γ is the surface tension, R is the radius, and θ is the
contact angle. Thus, for the force ratio Fc

Fg
¼ 3γ cos θ

2R2ρg
≈10 with the average

contact angle between glass beads andwater θ≈ 60∘ [48] and density of
2460 kg3/m, an approximate threshold grain size can be obtained as

D∗ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
6γ cos θ
10⋅ρg

q
≈ 950 μm. For grain sizes larger than D ∗, rE ≪ 1, and it is

expected that the packing fraction is close to random loose packing
0.6, insensitive to free fall height, which is confirmed by Fig. 3(b). For
grain sizes less thanD ∗, rE approaches to 1. Under this regime, a dimen-
sionless length scale can be introduced l ∗ = l/D, which reflects the rela-
tive displacement during the process of particle rearrangement. Then,
with Eq. (2), assuming rE = 1 for simplicity, one obtains:

l∗ ¼ Ek
F inter⋅D

: ð3Þ

Therefore, l ∗ can be regarded as the the degree of compaction due to
gravity, i.e., the extent of particle rearrangement towards a denser state
from the packing state of diffusion limited aggregation. Either smaller Ek
or greater Finter lead to decrease in l ∗, implying less compaction and thus
looser packing state. It is worthmentioning that, for the case ofwet par-
ticleswith negligible van derWaals forcewhere the interparticle force is
mainly from capillary force, l ∗ can be thought as a generalization of

Fig. 2. Packing fraction ρ of dry (solid line with errorbar) or wet (circles) monodisperse
glass beads. The errorbar represents the standard deviation of 6 measurements. The
colorbar represents different free fall height hfall. Data from literature are added for
comparison (experiments using pouring method [33] and DEM simulation [40]). The
packing fraction normally observed at random close packing (RCP) and random loose
packing (RLP) are marked by dashed line and dash-dot line, respectively.

Fig. 3. (a) The influence of volumetric water content w on packing fraction is not significant. (b) Packing fraction ρ increases with larger height of free fall hfall for different grain sizes.
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Weber number l∗ ¼ ρDv2
12γ cos θ ¼

We
12 cos θ, which provides a measure of rela-

tive importance of inertia compared to surface tension. Fig. 4 plots the
packing fraction as a function of l ∗. Collapse of data can be observed
for different grain sizes and free fall heights. For grain size larger than
D ∗, as mentioned before the forces from liquid bridge will not be the
major source of energy dissipation, i.e., rE ≪ 1. Therefore, rE = 0.1 is
used as an estimation for D = 1594 μm. Also, the model from Eq. (1)
with l ∗ replacing r are plotted with solid line with fitted a = − 19.2,
b = 0.478 and ρ0 = 0.602.

We also check the validity of the model for describing dry grains
with diameter less than 100 μmwhere van derWaals force plays an im-
portant role. The attractive van der Waals force between two particles
can be calculated by [20,21,29]:

Fv ¼
A
6

64R3
i R

3
j sþ Ri þ Rj
$ %

s2 þ 2Risþ 2Rjs
$ %2 s2 þ 2Risþ 2Rjsþ 4RiRj

$ %2 , ð4Þ

where Ri, Rj are radii of the two spheres, A is the Hamaker constant that
is related to material properties, being 6.5 × 10−20 J for glass beads, and
s is the separation distance with typical value of 1 × 10−10 m [1,21].
With monodisperse spheres and assuming the separation distance is
much less than the grain radius, Eq. (4) reduces to Fv = AR/(12s2). Data
from literature of packing of fine powders are shown as “+” signs in
Fig. 4. Sincewedid notfind the corresponding fallingheight for the data,
the hfall is fitted to be 5 mm. However, this value is likely to be smaller
than the typical hfall in laboratory conditions. One of the sources of the
error could be from the calculation in interparticle forces, especially
when the accurate estimation of the separation distance s can be diffi-
cult. This error will lead to a shift of data in the horizontal direction in
Fig. 4. Nevertheless, the general shape of the data from literature, which
is independent of hfall or s, matches well with the proposed theory.

In the current study of glass beads falling within air, the kinetic en-
ergy right before the impact is approximated by the gravitational poten-
tial energy. However, if the particles are settling within a surrounding
fluid with large viscosity [10,24,29], firstly, Ek cannot be estimated as
the initial gravitational potential energy due to significant viscous dissi-
pation during settlement process. Secondly, the extra viscous resistance
during the short period of particle rearrangement upon impact needs to
be considered, i.e., the numerator in the expression of rE (Eq. (2)) should
include extra terms to take into account the effect from the surrounding
fluids depending on the fluid property, through which the current the-
ory built on energy conservation can be further extended.

4. Conclusions

The packing of wet monodisperse spheres was experimentally stud-
ied. Glass beads with different sizes were packed under controlled fall-
ing height. It is observed that both grain size and free fall height
significantly impact the packing fraction. A dimensionless length scale
is introduced, which reflects the extent of particle rearrangement to-
wards a denser state due to impacts from falling grains, extending the
existing model for describing the packing fraction of cohesive spheres,
where the effect of falling heights can be well captured. Based on the
proposed theory, collapses of data are observed for both wet particles
where capillary force dominates and dry powders where van der
Waals force is essential. Our study deepens the understanding of pack-
ing of cohesive spheres and provide a simple experimental method for
preparing granular media with desired packing fraction by using the
proposed universal law.
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6.2 DRYING OF LOOSELY PACKED WET GRANULAR MATERIALS 75

6.2 Drying of Loosely Packed Wet Granular Materials

In this paper, loosely packed wet granular materials are firstly generated using the experimental

procedure reported in previous section. Then, drying experiments are conducted. Via

analytical balance, high-resolution camera, and magnetic resonance imaging technique, we

obtain the evolution of liquid distribution and packing structure of the granular media during

the drying process. An enhancement in evaporation is observed and explained by Kelvin

effect. We also observe concentrated drying-induced collapse events near the end of drying

process, which implies the existence of liquid bridges in the apparent dry region, providing

insights on the drying process of partially saturated granular materials, especially near the

end of evaporation.

Corresponding manuscript: Wang, Z., Maillet, B., Pereira, J.-M., & Gan, Y. (2021). Towards

the end of drying of granular materials: Enhanced evaporation and drying-induced collapse.

Water Resources Research, 57, e2021WR030125.
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1. Introduction
Drying of porous media is essential in relation with many applications, such as drugs and cosmetics syn-
thesis in the pharmaceutical industry, thermally enhanced oil recovery, and drying of textiles, grains, and 
food. Particularly, soil drying is of great environmental importance, as it controls the water, energy and 
solutes transfer between the atmosphere and subsurface. The basic mechanisms of drying of saturated 
porous media have been identified as two distinguishable stages (Brutsaert & Chen,†1995; Coussot,†2000; 
Or et†al.,†2013; Shokri et†al.,†2009; Lehmann et†al.,†2008; Yiotis et†al.,†2012a; Yiotis et†al.,†2012b; Thiery 
et†al.,†2017). In the first stage, although the primary drying front (below which the medium is saturated) is 
receding into the medium, the evaporation of liquid at the surface is constantly being supplied through cap-
illary flow, leading to a constant evaporation rate, which is limited by the external conditions (i.e., velocity 
and relative humidity of surrounding air), until either a critical surface water content (Or et†al.,†2013) or a 
characteristic depth (Lehmann et†al.,†2008) is reached. Then, the evaporation enters the second stage, and 
the drying rate starts to decrease as a result of dominance of vapor diffusion, which is accompanied by the 
secondary drying front (separating the dry region and capillary flow region) receding into the porous media 
(Coussot,†2000; Yiotis et†al.,†2012a,†2012b; Thiery et†al.,†2017; Shokri & Or,†2011). A schematic showing 
the drying process of porous media is shown in Figure†1. Efforts have been made to predict this transition 
mainly through the force balance among capillary, viscous, and gravitational forces, depending on prop-
erties of liquid and solid matrix, such as surface tension, viscosity, wettability, and pore size distribution 
(Coussot,†2000; Or et†al.,†2013; Lehmann et†al.,†2008; Yiotis et†al.,†2012a,†2012b; Thiery et†al.,†2017; Shokri 
& Or,†2011). Nevertheless, most existing studies focused on the drying process of initially saturated porous 
media, and the drying of partially saturated media with low liquid content, especially towards the extreme 
end of drying, remains relatively unexplored.

For porous media at low water content, that is, in the pendular state (Fournier et†al.,†2005; Scheel et†al.,†2008a; 
Than et†al.,†2016), water exists mainly in the form of liquid bridges, making the granular material cohesive 
as a result of the capillary force from liquid bridges (Butt & Kappl,†2009; Fournier et†al.,†2005; Rabinovich 
et†al.,†2005; Scheel et†al.,†2008a,†2008b). As a result, studies have demonstrated a significant decrease in 

Abstract We experimentally study the drying of loosely packed wet glass beads at low initial 
water content. The drying rate is found to decrease at the start, corresponding to the decreasing rate 
period controlled by vapor diffusion, followed by a deviation in drying rate from the diffusion limited 
evaporation. The propagation of drying front associated with a sharp saturation gradient is identified 
through both image analysis and magnetic resonance imaging technique. The drying-induced collapse 
of granular medium is observed and quantified. The concentrated collapse at the end of drying suggests 
the existence of liquid in the form of liquid bridges in the apparent dry region until the end of drying 
process. Collapse event is found to be local, that is, a clear boundary can be identified for each collapse 
event, below which the loosely packed medium remains intact. This indicates the existence of a saturation 
gradient in the apparent dry region. The drying dynamics and collapse statistics suggest that the observed 
transition of drying regimes is due to Kelvin effect. This work demonstrates for the first time the drying 
enhancement phenomenon due to Kelvin effect even for grains with size of hundreds of micrometers, and 
provides insights on the drying process of partially saturated granular materials, especially near the final 
period of evaporation.
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packing fraction of wet porous media compared with dry (or fully saturated) media (Feng & Yu,†1998; Mi-
tarai & Nori,†2006; Wang et†al.,†2021; Yang et†al.,†2003). This may have several implications for the dynamics 
of drying processes. First, as reported in the literature, for cohesionless particles with size typically greater 
than 100†µm (negligible van der Waals forces), the lower limit of packing fraction is around 0.55 (random 
very loose packing) (Ciamarra & Coniglio,†2008; Farrell et†al.,†2010; Jerkins et†al.,†2008; Onoda & Lini-
ger,†1990; Vo et†al.,†2020). Therefore, drying-induced collapse may occur in loosely packed wet granular ma-
terials (e.g., packing fraction less than 0.55 for mono-sized spheres) as the liquid bridges disappear during 
evaporation. Besides, since the liquid bridges can be regarded as isolated in the pendular regime, the initial 
drying stage is expected to be fundamentally different from the saturated case where the connected liquid 
network can supply liquid towards the medium surface through capillary flow. Particularly, several studies 
have suggested that, apart from capillary flow, the film flow at grain surface due to adsorption can maintain 
the connectivity of liquid phase (Tuller & Or,†2001; Tuller & Or,†2005; Wang et†al.,†2013; Wang et†al.,†2018). 
It is thus interesting to examine the potential influence of film flow on the drying process, especially at low 
initial water content.

In this work, we experimentally investigate the drying of loosely packed wet glass beads at low initial volu-
metric water content (�2%). Such low initial water is chosen in order to focus on the drying process near the 
end of drying, which also allows the generation of loosely packed granular assembly and investigation on 
the drying-induced collapse. The specimen was first prepared with desired packing fraction (�0.45) through 
a recently reported experimental procedure (Than et†al.,†2016; Wang et†al.,†2021), after which the drying 
experiment was conducted. The statistics of collapse events during drying as well as the evolution of liq-
uid distribution were obtained through image analysis and magnetic resonance imaging (MRI) technique, 
which provide global and local insights on physical mechanisms that govern the drying process.

2. Experiments
Materials and specimen preparation: Mono-sized glass beads of average diameter 375.5†µm (standard de-
viation 31.8†µm) are chosen with consideration of a) to exclude the effect from van der Waals forces on 
packing structure, and b) to have significant decrease in packing fraction once water is added (Feng & 
Yu,†1998; Mitarai & Nori,†2006; Than et†al.,†2016; Wang et†al.,†2021; Yang et†al.,†2003). The cumulative 
grain size distribution determined by laser diffraction technique (using Beckman Coulter Vsm†+†Ls Vari-
able Speed Fluid Module Plus) is shown in Figure†2b. The specimen was mixed thoroughly with water at 
volumetric water content 5†±†1% (Than et†al.,†2016; Wang et†al.,†2021; Bruchon et†al.,†2013). Then, a sieve 
containing the wet glass beads was shaked by a vibration machine. A cylindrical container with inner diam-
eter 13.70†±†0.01†mm and inner height 44.22†±†0.12†mm was placed under the sieve, which was supported 
by struts that are disconnected with the vibration machine. Wet grains fell progressively from the sieve 
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Figure 1. Schematic showing the drying process of porous media. In the constant rate period, evaporation of liquid at 
surface is supplied by capillary flow. After reaching a characteristic length L*, the second drying front starts receding 
into the medium, marking the transition towards decreasing rate period.
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into the container once the vibration starts. The free fall height of grains, that is, the distance between the 
sieve and the container can be adjusted to control the resulting packing fraction (Wang et†al.,†2021). After 
the specimen preparation, the initial volumetric water content and packing fraction were measured to be 
w0†=†1.7†±†0.2% and �0†=†0.45†±†0.01, respectively. With the choice of grain and container size, which leads 
to a particle diameter-to-container diameter ratio smaller than 0.1, the boundary effect from the container 
wall can be neglected (Chiapponi,†2017; Wang et†al.,†2021).

Drying experiments: The specimens were dried at laboratory conditions at temperature of 21†±†1°C and 0.55 
relative humidity. The weight of each specimen was recorded every minute by an analytical balance (Sarto-
rius CP224S) with nominal resolution of 0.1†mg, and photos were taken every 10†min by a camera (Canon 
600D). Generally, the drying experiment under described conditions took around 45†h to complete. The end 
of drying can be identified once the specimen weight stops changing and remains at a constant value with 
fluctuations of the resolution of balance (also indicated by the relatively sharp turning point of drying rate, 
for example, in Figure†2a). The completion of drying process was further verified by comparing the residual 
water content of specimen, calculated from the weight difference before and after heating in oven overnight 
at 105°C, to that of dry specimen in laboratory condition, both of which were 0.029†±†0.001%. The cumula-
tive drift of balance was found to be less than 0.5†mg during the entire experiment.

MRI profiling experiment: The nuclear magnetic resonance imaging (MRI), as a non-invasive and non-de-
structive method, has proven effective in probing the evolution of saturation profile during the evaporation 
process (Ben Abdelouahab et†al.,†2019; Coussot,†2020; Thiery et†al.,†2017). Here, the drying experiments 
were also conducted to obtain the evolution of 1D saturation profile using MRI (Bruker Minispec mq20 
equipped with a field gradient) under similar experimental conditions as a supplement to provide qualita-
tive characterization of the drying process. Due to the limitation on the size of NMR tube for the mini-spec-
trometer, the specimen size is smaller, that is, inner diameter of 6.9†mm and inner height of 14.5†mm. To 
remove the grains sticking at the inner wall, vibration is applied to the container such that grains on the wall 
fall down due to inertia. As a result of the extra vibration, the packing fraction of the granular assembly is 
around 0.58 for the MRI experiment, equal to the packing fraction of medium packed at dry condition, thus 
no collapse event is expected during the MRI experiment.

A multi-echo sequence with 128 echos was applied during the evaporation process. The echo time was 
7.4†ms, much smaller than the typical relaxation time of the water at 40†ms to avoid a T2 weighting. The 
field of view was 20†mm, greater than the specimen height. The number of pixels was 128, corresponding to 
a spatial resolution of 0.16†mm. An averaging by three pixels was carried out to smooth the data. The recy-
cle delay was 2†s (much greater than the total duration of the multi-echo sequence and typical value of the 
longitudinal relaxation time T1 of the water in this specimen) to reach the magnetization equilibrium and 
to avoid warming of the specimen. The signal was accumulated 128 times in order to increase the signal-to-
noise ratio, leading to the cycle period of about 4.3†min. A Fourier transform of each echo and a Gaussian 
filter were applied. An exponential fit of odd echos for each pixel was done to get the amplitude, which is 
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Figure 2. (a) Change of volumetric water content as a function of time for two typical experiments with initial packing fractions �0†=†0.448 and �0†=†0.468. 
Inset: corresponding specimen weight as a function of time. (b) Cumulative grain size distribution of glass beads with average diameter 375.5†µm (standard 
deviation 31.8†µm). (c) Photos of specimen taken at initial and final stages of drying. Scale bar represents 10†mm.
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proportional to the mass of water corresponding to each pixel. The integration of each 1D profile gives the 
total NMR signal, which is proportional to the total mass of water.

At the same time, we measured the NMR relaxation through a Carr-Purcell-Meiboom-Gill (Meiboom & 
Gill,†1958) (CPMG) sequence composed of a first �/2-pulse and 2,500 �-pulses during 500†ms distributed 
in linear intervals. The repetition time is 2† s for relaxation of protons. This sequence was repeated 128 
times to increase the signal-to-noise ratio. By means of Inverse Laplace Transform (ILT) with a procedure 
of non-negative least square fit to the data with Tikhonov regularization (similar to the “Contin” method 
as in (Provencher,†1982; Whittall & MacKay,†1969)), the transverse relaxation time T2 distribution can be 
resolved. We refer to (Coussot,†2020; Faure & Rodts,†2008; Valori et†al.,†2013) for more details on NMR. Note 
that the 1D profile and CPMG experiments were carried out intermittently in a loop function, leading to an 
effective time resolution of around 9.9†min. Table†1 summarizes the experiments conducted in this work.

3. Results and Discussion
3.1. Evaporation Rate and Propagation of Drying Front

Figure†2a shows the change in volumetric water content (and specimen weight in the inset) as a function of 
time for two typical experiments with initial packing fractions of 0.448 and 0.468. For both experiments, the 
rate of change in weight decreases at the initial stage, entering a roughly linear stage after t†|†15†h, implying 
a constant drying period. Note that this observed constant drying regime is different from the one during 
the “Constant Rate Period” as in Figure†1, where the latter occurs at the beginning of the drying process at 
high liquid content. Finally, the liquid content does not further change after about 40†h, marking the end of 
the evaporation. Note that the non-zero liquid content measured at the end of experiment is 0.029†±†0.01%, 
which is equal to the liquid content of “dry” glass beads at laboratory condition. This is a result of adsorptive 
forces such that very small amount of liquid can exist at laboratory condition when no liquid is manually 
added into the media. Figure†2c shows two photos taken at the initial and final stages of drying period, 
where significant settlement of grains can be seen.

Since the packing fraction is found to be strongly influenced by the interparticle forces (Blum & 
Schräpler,†2004; Dong et†al.,†2006; Lohse et†al.,†2005; Parteli et†al.,†2014; Umbanhowar & Goldman,†2006; 
Yu et†al.,†2003; Yang et†al.,†2000,†2007), the drying-induced collapse, as explained earlier, originates from the 
structural instability of the loosely packed granular material once the liquid bridges evaporate, such that the 
assembly transitions from cohesive state to cohesionless state as the capillary force diminishes. Although 
it has been argued that decrease in liquid content does not result in variation in interparticle forces from 
liquid bridge because the decrease in liquid-solid contact area balances with increase in Laplace pressure 
(Butt,†2008; Butt & Kappl,†2009; Halsey & Levine,†1998; Rabinovich et†al.,†2005), at very low liquid content 
(asperity or roughness regime (Halsey & Levine,†1998)), the capillary force decreases sharply with smaller 
liquid volume due to surface roughness, which has been demonstrated in force measurement experiments 
in liquid bridges during drying process (Hueckel et†al.,†2020; Mielniczuk et†al.,†2014,†2015). This implies the 
existence of a critical water content at which the collapse will be triggered.
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No. Exp. D (µm) hfall (mm) Container �0 Technique

6 376(±32) 100 standard 0.45(±0.01) camera†+†balance

1 376(±32) 150 standard 0.53 camera†+†balance

1 1,594(±171) 100 standard 0.59 camera†+†balance

1 376(±32) N.A small 0.58 NMR

Note. From left to right columns: number of experiments, particle diameter (standard deviation in bracket), free 
fall height for specimen generation, container type, initial packing fraction (standard deviation in bracket), and 
experimental technique.“standard” corresponds to cylindrical container with inner diameter 13.70† mm and inner 
height 44.22†mm. “small” corresponds to cylindrical container with inner diameter of 6.9†mm and inner height of 
14.5†mm.

Table 1 
List of Experiments
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Figure†3a more clearly shows that the drying rate �m starts to decrease at the beginning of the experiment, 
entering a roughly constant rate period after 15†h (marked by the gray region). Then �m maintains at this 
level before decreasing to zero at the end of evaporation. To compare the observed drying rate with evapo-
ration controlled by vapor diffusion, the inset plots �� 2m  as a function of time, where a linear relation can 
be observed during the first 15†h (black-dashed line), consistent with the theory on the basis of Brutsaert & 
Chen†(1995) and experiments during the “second” drying period for initially fully saturated media (Shokri 
& Or,†2011). This confirms that the liquid bridges can be regarded as effectively isolated, and the effect from 
film flow is not significant.

From image analysis, as shown in Figure†3b, the propagation of drying front can be identified through com-
paring the contrast between two consecutive photos (also see Supporting Information Movie†S1). It is found 
that the speed of receding drying front initially decreases, before entering a constant regime after t†|†15†h, 
in line with the transition of drying rate. After the end of drying process (�42†h), the drying front cannot 
be identified. Figure†3c shows the evolution of specimen height h during drying. The changes in h is found 
to be rather discrete, corresponding to individual collapse events. Also, it can be seen that the majority of 
the decreases in h occurs near the extreme end of the experiment. To evaluate the packing fraction of the 
granular medium, the initial packing fraction can be calculated by �0†=†Vg/Vc, with the volume of grains 
Vg calculated from the total weight of dry grains divided by the density, and the volume of the container Vc 
calculated from its dimension. Then, according to the photos taken during the drying process, the packing 
fraction at different time can be calculated by �†=†�0h0/h, where h0 and h are the initial and current height of 
the specimen determined from the image. The inset shows the corresponding packing fraction determined 
from images. The times of collapse events are marked as red-dashed-dotted lines in Figures†3a and†3b.

To ensure the determination of drying front from image analysis actually reflects the saturation profile 
within the granular medium, and shed light on the liquid distribution during the drying process, drying ex-
periment was conducted using NMR technique under similar experimental conditions. Figure†4a shows the 
evolution of 1-D saturation profile during NMR experiment, where light yellow color represents early stage 
and dark red indicates late times with 50†min increments. The saturation, represented by the NMR signal, is 
found to have similar value along the vertical direction at the start, indicating saturation homogeneity and 
that the medium is relatively well mixed. As the drying front recedes into the medium, the water content 
remains unchanged below the drying front, whereas the saturation above the drying front drops to a value 
smaller than the noise of NMR signal (less than �0.05%). Figure†4a also demonstrates that the saturation 
gradient at the drying front is relatively sharp (around 2†mm). It is interesting to note that, visually, the 
spacing between the 1D profiles is relatively the same, indicating a drying front propagating downwards 
linearly with time, consistent with the drying regime with relatively constant drying rate. Near the end of 
drying, a transition can be identified (marked by the black-dashed line). After this transition, the drying 
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Figure 3. Drying dynamics of a typical experiment. (a) Drying rate �m as a function of time. Red-dotted lines mark the time of collapse event. Inset: �� 2m  as a 
function of time. Black-dashed line is the linear regression based on data up to t†=†15†h. Gray area represents the transition between drying regimes. (b) Depth 
of drying front versus time. Inset shows the color map of difference between two consecutive images (only top region is shown for visualization purpose).  
(c) Height of glass beads specimen versus time. The identified collapse events are shown as blue dots. Inset: evolution of packing fraction calculated based 
on specimen height. Dashed line and dotted-dashed line represent the packing fractions at dry condition using pouring method (0.58) and random very loose 
packing (RVLP) state (0.55), respectively. Shaded area represents standard deviation.
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region becomes stable in space, and the remaining saturation near the bottom of specimen progressively 
approaches the end state, which is marked by the black-solid line. Figure†4b plots the accumulated NMR 
signal as a function of time, which is the sum of area under the curve at different times from Figure†3a. 
After an initial sharp drop, the decrease in water content again decreases roughly linearly, consistent with 
the previous observations. Note that the residual NMR signal after the evaporation finishes was found to 
be non-zero, which could result from the noise of the NMR signal itself and/or from the irreducible water 
content (the water content at dry state under laboratory conditions). But this should not influence the result 
as same signal was found for dry specimens.

3.2. Evolution of Liquid Distribution

The longitudinal relaxation time T1, also known as the spin-lattice relaxation time, characterizes the rate at 
which the nuclei return to alignment with the magnetic field. The transverse relaxation time T2, also called 
the spin-spin relaxation time, characterizes the time at which the transverse component of the magnetiza-
tion of the nuclei comes back to the equilibrium in the magnetic field. The value of relaxation times depend 
on the molecular dynamic. For the liquid water in a porous medium, they depend on the pore size, the 
saturation, and whether the water is adsorbed on the pore surface. Information on molecular dynamics and 
water distribution/movement across a very wide range of length and timescales can be obtained by meas-
urements of relaxation times (Valori et†al.,†2013). Through CPMG (Carr-Purcell-Meiboom-Gill) experiment 
(Meiboom & Gill,†1958), the transverse relaxation time T2 during drying can be obtained, which reads as 
(Valckenborg et†al.,†2001; Valori et†al.,†2013):

O O| � |bulk
2 2

1 1 ,S S
T V VT (1)

where � is the surface relaxivity (unit: m/s), bulk
2T  is the relaxation time of bulk water, S is the wet surface 

area, and V is the volume of water. The term from bulk
2T  can be neglected in Equation†1 according to Tarr 

and Brownstein criterion (Brownstein & Tarr,†1979) since the dimensionless parameter a�/D is found to be 
much less than 1, corresponding to the fast diffusion region (also denoted as surface limited relaxation), 
where a is the characteristic size of liquid cluster, and D†|†2.3†◊†10�9 m2s�1 is water self-diffusion coefficient 
at 25 °C (Holz et†al.,†2000). Figure†4c shows the evolution of T2 distributions, where the arrow indicates 
increasing time. At early times, a peak at T2†|† 100† ms can be seen. If look closely, a secondary “peak” 
marked by the blue-dashed box (deviation from the gradually decreasing trend of NMR signal for smaller 
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Figure 4. (a) Evolution of the 1-D NMR signal (direct indication of water content) profile. The transition from light 
yellow to dark red indicates snapshots at progressive time intervals. The time increment for each profile is 50†min.  
(b) Accumulated NMR signal versus time. The black-dashed-dotted line is added only to guide the eye. (c) Evolution of 
transverse relaxation time T2 during drying experiment. Blue-dash-dotted line follows the peak value of T2 at different 
times. The blue-dashed box marks the location of secondary “peak” (deviation from the gradually decreasing trend of 
NMR signal for smaller T2). Inset: Evolution of representative T2, calculated as the weighted average of the distribution. 
In all plots, black-dashed lines and black-solid lines denote the same time, that is, 22.42 and 27.29†h, respectively.
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T2) is also present at T2†|†2†ms, and these two peaks tend to merge as time increases due to the decreasing 
signal-to-noise ratio. Since liquid in non-saturated granular material can exist in the form of both liquid 
bridges between grains and thin films on grain surface (Fournier et†al.,†2005; Scheel et†al.,†2008a; Tuller 
& Or,†2005; Wang et†al.,†2016), it is likely that populations in the vicinities of T2†|†100†ms and T2†|†2†ms 
correspond to the liquid bridges and thin films, respectively. To test this hypothesis, for given initial volu-
metric water content, assuming liquid bridges contribute to the majority of liquid volume, we can estimate 
the average volume of liquid bridge in monodisperse spheres assuming a coordination number N†|†6 (Liu 
et†al.,†1999; Fei & Narsilio,†2020). Then, using the relation (Weigert & Ripperger,†1999):

TE 3 40.12 sin ( ) ,p aV d C C (2)

The half-filling angle � can be obtained, where dp is particle diameter, Ca†=†1 for particles in contact, and 
C�†=†1†+†1.1 sin � is the correction factor for contact angle �. Finally, the volume-to-area ratio can be ex-
pressed as:

TE
S E

 
�

3 40.12 sin ( ) .
(1 cos )
p ad C CV

S
 (3)

From Equation†3 and Equation†1, combined with the ratio of T2 of two populations (2 and 100†ms for liquid 
films and liquid bridges, respectively) and the constant surface relaxivity � (composition of solid matrix 
does not change), the average thickness of thin film, which is simply calculated as h†=†V/S, is found to be 
h†�†[0.17, 0.25] µm for contact angle �†�†[0°, 60°]. Past studies have indicated that the film thickness h is 
of the same order as roughness of grains (Han et†al.,†2009). For example, the film thickness is found to be 
h � 0.6†µm for Fontainebleau sandstone of roughness depth 1†µm (Han et†al.,†2009). Thus, for typical glass 
beads of roughness � 0.5†µm (Fournier et†al.,†2005), the film thickness is expected to be � 0.3†µm, which 
agrees well with the calculated value. To check the assumption that the total volume of liquid film is much 
smaller than that of liquid bridges, the volumetric water content under the condition where all surface areas 
are covered by thin film is found to be � 0.2%, much smaller than the total initial water content of � 4.3% 
in NMR experiment.

Therefore, Figure†4c implies that the liquid exist mainly in the form of liquid bridges (high NMR signal), 
and the contribution from the thin films can be effectively ignored. The trajectory of T2 with maximum 
NMR signal is shown as blue-dot-dashed line. It remains almost constant before the transition marked by 
black-dashed line, then experiencing a sharp decrease. This is indeed consistent with the previous obser-
vation where the drying front recedes into the porous medium, leading to a significant decrease in total 
volume of liquid (corresponding to decrease in NMR signal), but with no significant change of the ge-
ometrical feature of liquid clusters (corresponding to constant T2). The latter is mainly represented by the 
volume-to-area ratio of the liquid bridges that make up the bulk of liquid volumes (those below the drying 
front). The volume-to-area ratio only starts to decrease near the end of drying, corresponding to a drying 
region that is stable in space (Figure†4a after the black-dashed line), during which the representative volume 
of liquid bridges decreases. Similar tendency can be reflected from the representative T2 (Inset of Figure†4c), 
calculated as the weighted average of T2 distribution at different times, where it decreases slowly before 
t†=†22.4†h due to the weighted averaging process, and a sharp decrease can be observed after the transition. 
It is interesting to note that the spatial shift of saturation profile (front propagation) in Figure†4a corre-
sponds to the decrease in signal intensity of T2 distribution in Figure†4c, whereas a spatially stable decrease 
in saturation after the transition (t†=†22.4†h) corresponds to the shift in value of representative T2. These 
observations together reveal the global and local evolution of volume and shape of liquid clusters.

3.3. Drying-Induced Collapse

Given the observation of the drying front and sharp saturation gradient propagating downwards continu-
ously, one would expect similar statistics of collapse events that are correlated with the drying front. How-
ever, surprisingly, Figure†3c shows that the collapse events (blue dots) occur in a rather discrete manner, 
with most collapse events occurring at the very end of drying. This has two implications. First, liquid 
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bridges exist in the dry region above the drying front with corresponding water content that is too small 
to be detected by NMR technique (less than �0.05%), but sufficient to support the loose structure of the 
medium. Although we are unable to find past works on the critical liquid content that marks the onset of 
most drying-induced collapses, the variations of the tensile/shear strength of non-saturated granular ma-
terials, as well as the packing fraction of wet grains, should bear the indicative information on the critical 
liquid content, as the fundamental grain-scale mechanism that controls the aforementioned macroscopic 
behaviors is the interparticle cohesive forces due to liquid bridges. For spherical grains such as glass beads, 
the threshold liquid content is indeed found to be rather small (<1%) (Cho & Santamarina,† 2001; Feng 
& Yu,†1998; Scheel et†al.,†2008a). Particularly, the degree of saturation at maximum shear-wave velocity, 
which is directly related to the shear modulus, is determined to be �0.7% (Cho & Santamarina,†2001), be-
low which the shear modulus plummets with decreasing water content. This critical liquid content can be 
effectively regarded as an upper bound for the critical saturation for the collapse, since the unstable loosely 
packed structure will not be able to withstand gravity of particles once the enhancement in interparticle 
frictional resistance due to liquid bridges (reflected by shear modulus) is reduced. Note that this threshold 
value is likely to be sensitive to particle shapes and grain size distribution (Cho & Santamarina,†2001; Wu 
et†al.,†1984; Zou et†al.,†2001,†2003), which is worth investigating in future works. Second, contrary to past 
hypothesis that the liquid in the apparent dry region cannot be further extracted and equals to the air-dry 
value (Thiery et†al.,†2017; Wang et†al.,†2019), it indeed can be further reduced near the end of drying, which 
is signaled by the collapse events.

To ensure the repeatability of the experiments and gain sufficient statistical information on drying-induced 
collapse, the specimen height versus time from six experiments are plotted in Figure†5a. Again, concentrat-
ed collapses are observed at t†|†40†h depending on initial water content and minor fluctuations in relative 
humidity and temperature, and almost no collapse event occurs in the first 30†h even with significant appar-
ent dry region after propagation of drying front (Figure†3c). The corresponding packing fraction � calculated 
from image analysis is shown in Figure†5b. The solid and dot-dashed lines represent the packing fractions 
measured at dry condition using pouring method (Wang et†al.,†2021) and lower limit of random very loose 
packing (RVLP) (Ciamarra & Coniglio,†2008; Farrell et†al.,†2010; Jerkins et†al.,†2008; Onoda & Liniger,†1990), 
respectively. As can be seen in Figure†5b, the packing fraction increases from � 0.45 to � 0.55 after collapse, 
close to the RVLP. Note that there is an underestimation of the packing fraction, as the surface is no longer 
perfectly smooth after collapse such that the occupied volumes of particles determined from 2D images are 
typically greater than actual ones. This may explain some of the final packing fractions are still smaller than 
the RVLP limit.

Apart from the identification of drying front and collapse height, the individual collapse region, character-
ized by its length lc can also be obtained from the image analysis. First, the image contrast (subtraction of 
image matrix) between every two consecutive images is calculated. Then, the cumulative image contrast 
along the horizontal direction is calculated, giving an array along the vertical direction. If no collapse event 
occurs during the time between these two images, the cumulative contrast array should be mainly noise 
with relatively small values. If, however, a collapse event happens, the image contrast array should contain 
greater values since there is significant difference between two consecutive images. Figure†5c shows the 
image contrast array before (cn†�†1), at (cn), and after (cn†+†1) an individual collapse event. Three distinct 
regions can be identified: (a) large contrast region with cumulative horizontal contrast above 2,000, which 
represents the region that is filled before the collapse, but empty after; (b) moderate contrast region with 
contrast smaller than 2,000 and greater than 300, which represents the region that is filled with initial pack-
ing state, but collapses into different (denser) packing state after; (c) small contrast region with contrast less 
than 300, where there is no change in structure and the fluctuations are mainly from image noise. Note that 
the changes in image contrast at the boundaries of different regions are relatively sharp, and it is found that 
minor variations in these empirically selected threshold values do not significantly impact the results. In the 
case of Figure†5c, the distance between the black-dashed lines is thus lc. Note that the individual collapse 
region length lc is calculated as the effective one, that is, it only represents the region that evolves from loose 
state towards denser state at each individual collapse, without the cumulative effect from previous collaps-
es. The inset shows the photos before and after an initial collapse event, where the region below the white-
dashed line remain unaffected. This suggests that even in the apparent dry region, there exists a saturation 
gradient, which may correspond to a third drying front that separates the specimen by the effectiveness of 
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the capillary bridge through a critical water content. The region below this drying front can withstand the 
impact of collapse above it and remain intact due to the capillary force. As one of the main findings, this 
third drying front has not been discovered before. However, a more thorough investigation requires higher 
resolution of measuring device and more controlled experimental condition, which is beyond the scope of 
current work.

Figure†5d depicts the correlation between change in height and individual collapse region length. Filled and 
hollow circles represent initial and subsequent collapse events for each experiment in different colors. Error 
bars represent the standard deviation of surface profile fluctuations from image analysis. It shows that the 
initial collapse events tend to have greater region of impact. In addition, most points can be described by a 
theoretical line assuming the packing fraction changes from 0.45 to 0.58 for each individual collapse event 
(see appendix for calculation of this line). This again indicates that the nature of collapse is local. Besides, 
it shows that both the initial packing structure before collapse, and the change in packing fraction for each 
individual collapse event, are relatively homogeneous.
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Figure 5. (a) Height versus time for six repeated experiments. Concentrated collapse events are observed near the end 
of drying (t†|†40†h). (b) Corresponding packing fraction determined from the image analysis. Solid line and dotted-
dashed line represent the packing fractions at dry condition using pouring method (0.58) and random very loose 
packing state (0.55), respectively. (c) Typical data of the sum in the horizontal direction of difference of two consecutive 
images right before (cn†�†1), at (cn), and right after (cn†+†1) a collapse event. Distance between the black-dashed lines 
represents the individual collapse region length lc. Inset: photos right before/after a collapse event. The region above 
the white-dashed line collapses, whereas the region below remains unaffected. (d) Statistics of collapse events for six 
experiments: change in height �h versus individual collapse region length lc. Filled and hollow symbols represent 
the first and subsequent collapse events, respectively. Error bars represent the standard deviation of surface profile 
fluctuation. Black-dashed line shows the theory when packing fraction changes from 0.45 to 0.58 homogeneously.
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3.4. Transition in Drying Regimes

One possible reason that results in the observed transition in drying regimes, that is, the decreasing rate 
regime to constant rate regime indicated by the gray region in Figure†3a, could be the theory of enhanced 
vapor diffusion in non-saturated porous media (Webb & Ho,†1998; Shahraeeni & Or,†2008), that is, in the 
presence of thermal or capillary gradient, the vapor can condensate on one side of liquid island and subse-
quently evaporate from the other side, which reduces the effective diffusion path length. Nevertheless, the 
enhancement factor in this model decreases with decreasing saturation, being close to one at low saturation 
(Shahraeeni & Or,†2008). Since the initial water content is also low in the current study (�2%), and the tran-
sition takes place in later stage of drying (at even lower water content), the enhanced diffusion theory alone 
cannot explain the observed results.

Besides, the effect from film flow at low water content regime has been explored in the recent years (Tuller 
& Or,†2001; Tuller & Or,†2005; Wang et†al.,†2013; Wang et†al.,†2018; Wang et†al.,†2016; Wang et†al.,†2019), 
where the liquid connectivity is maintained through the thin liquid film at the grain surface. As a result, 
the drying flux through the film flow is proportional to the specific surface area of the granular medium, 
which implies that the drying flux at transition in drying regimes, if mainly transported through film flow, 
should be sensitive to the grain size. However, we did not observe this phenomenon and the critical drying 
rate at which the transition occurs is similar for 376†±†32†µm and 1,594†±†171†µm glass beads (Figure†A1 
in the Appendix).

Actually, it is likely that the observed phenomena is due to Kelvin effect. The Kelvin equation ln p*†=†�Vm/rRT  
indicates that the relative vapor pressure at the liquid-gas interface p* depends on the capillary pressure 
�/r, with � surface tension, Vm molar volume, r the radius of curvature of liquid-gas interface, R universal 
gas constant, and T temperature. As the drying front propagates and the region of the porous medium 
above it approaches dry condition, the curvature of liquid bridges above the drying front quickly in-
creases (as their volume decreases), causing a drop in vapor pressure at the surface of liquid bridges and 
slowing down the drying process of those very small liquid bridges in the apparent dry region. Thus, the 
Kelvin effect explains the delayed evaporation of small liquid bridges that are responsible for supporting 
the loosely packed granular materials, leading to the observation that the occurrences of most collapse 
events are concentrated near the very end of the whole drying process. As the evaporation proceeds, the 
overall drying rate decreases due to greater diffusion distance according to Fick's law, whereas a greater 
number of menisci are exposed to evaporation, thus leading to a deviation from the theory where Kelvin 
effect (and thus the presence of liquids above the drying front) is not considered. The enhancement in 
drying rate due to Kelvin effect is also reported in a recent work using pore-network simulation (Maalal 
et†al.,†2021). It is worth noting that this phenomenon can be regarded as an equilibration process (Thiery 
et† al.,† 2017). However, different from capillary flow where the equilibration takes place within liquid 
phase due to difference in capillary pressure, it is due to constrain in the vapor pressure according to 
Kelvin equation. Although without detailed discussion, similar drying enhancement phenomenon at low 
saturation (less than 5%) is also present in the study by Thiery et†al.†(2017). In fact, the Kelvin effect can be 
significant either for very fine particles or very low water content (Thiery et†al.,†2017; Yang et†al.,†2020), 
and the current study demonstrates for the first time the drying enhancement phenomenon due to Kelvin 
effect for grains with size of hundreds of micrometers.

In this study, glass beads were chosen as the model granular materials for the drying experiment. 
With careful choice of the particle diameter according to previous studies (Than et† al.,† 2016; Wang 
et†al.,†2021), the effect from van der Waals forces can be effectively excluded, and the loosely packed 
wet granular assembly with packing fraction significantly less than the one at cohesionless state (0.58 
in this case) can be generated. For other granular materials, however, depending on the initial state 
of the granular assembly and particle properties, different behavior can be expected. For example, for 
finer particles with other cohesive forces apart from capillary force, the resulting packing fraction after 
collapse due to disappearance of liquid bridges can be some intermediate value between the initial and 
cohesionless state, depending on the relative significance of the cohesive force to the gravity (Blum 
& Schräpler,† 2004; Dong et† al.,† 2006; Lohse et† al.,† 2005; Parteli et† al.,† 2014; Umbanhowar & Gold-
man,†2006; Yang et†al.,†2000,†2007; Yu et†al.,†2013). Besides, for grains with greater surface roughness, 
on the one hand, enhanced structural stability might be expected due to greater friction coefficient. On 
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the other hand, the effectiveness of the small liquid bridges might decrease, that is, increase in surface 
roughness is associated with smaller capillary force from small liquid bridges as a result of the asperity 
or roughness regime (Halsey & Levine,† 1998), which can consequently lead to an earlier transition 
towards cohesionless (or less cohesive) state during the drying process. These competing mechanisms 
originated from change in surface roughness, and other factors such as particle shape and grain size 
distribution, are worthy of further investigation. In addition, the experimental condition at which the 
evaporation process occurs is also likely to impact the drying behavior. The drying rate in the current 
study is relatively slow, that is, it takes about 2†days for the drying of granular materials with 2% initial 
water content to complete under standard laboratory condition. With faster drying rate due to higher 
temperature, lower relative humidity, or imposed external airflow in the environment, the influence of 
Kelvin effect on the drying rate may become less significant even near the end of drying process. The 
aforementioned aspects, as well as more systematic and quantitative characterization of the drying 
process with the help of more accurate equipment and thorough control of experimental condition, are 
some examples of future research directions.

4. Conclusions
The drying of loosely packed granular materials from low initial water content was experimentally studied. 
The drying rate is found to decrease from the beginning, corresponding to the decreasing rate period con-
trolled by vapor diffusion, which is associated with a propagation of drying front with a sharp saturation 
gradient identified through image analysis and magnetic resonance imaging. Then, a deviation in drying 
rate from diffusion limited evaporation is observed. The enhancement of the evaporation at the later stage 
of drying process is attributed to Kelvin effect.

We also observed the drying-induced collapse of granular medium due to its structural instability as the liq-
uid bridges evaporate and capillary forces decrease. The concentrated collapse at the end of drying suggests 
the existence of liquid in the form of liquid bridges in the apparent dry region due to Kelvin effect, which 
can be further extracted near the end of drying process. Through analyzing the collapse statistics, it is found 
that collapse event is local in space and time, which implies that, apart from previously identified primary 
and secondary drying fronts, there exists a third drying front in the apparent dry region, which propagates 
relatively quickly at the end of drying.

Appendix A 
Drying Curves at Different Initial Packing Fractions and Grain Size
Figure†A1 shows the drying curves (evolution of specimen weight, drying rate �m, and �� 2m ) for grains at 
different initial packing fractions (a-c) and larger grain size (d). The black-solid lines are linear fittings 
based on data at early stages of drying, which represent the theory predicted based on Fick's law. An 
enhancement in drying rate can be observed in all experiments, which corresponds to a downward devi-
ation from the linear relation. The drying rates at which this transition occurs are �3†g/min for all cases 
(as in �m-t plots).

Determination of Theoretical Line Relating lc and �h

The line can be determined based on the idea of conservation of volume, that is, volume occupied by the 
grains remain the same. For a given volume before collapse, the volume V1 = Alc, with A the cross-section 
area, lc the height (also the collapse region length). Let �1 be the packing fraction before collapse, leading 
to the volume occupied by grains Vg†=†�1V1. After collapse, if the packing fraction is �2, Vg†=†�2V2, with 
V2†=†A(lc ��h) the volume after collapse. So, Vg†=†�1V1†=†�2V2, that is, �1Alc†=†�2A(lc ��h), in other words, 
�h†=†lc(1†�†�1/�2).
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6.3 Summary

We have showed that the proposed theoretical model for predicting the packing fraction of

granular assembly formed by falling particles has good agreement with experimental data for

different grain sizes and free fall height, which provides an effective approach for generation

of granular assembly with tailored packing fraction. Further, the experimental study on drying

of loosely packing granular medium at low initial water content reveals the evolution of liquid

distribution during the drying process. The existence of liquid in the apparent dry region,

although not directly observable with existence technique due to limited resolution, can lead

to interesting phenomena, including the enhanced evaporation and concentrated collapse

events at the end of drying process.



CHAPTER 7

Conclusions and Future Work

In this Thesis, the capillary effect on the liquid transport phenomenon in granular media is

investigated numerically and experimentally across various length scales (Fig. 7.1). Major

conclusions achieved in this Thesis are summarized as the following:

• The sharp edge pinning phenomenon can be utilised to achieve spontaneous droplet

movement on patterned surfaces. The proposed model for description of droplet

motion on surface with wedge of arbitrary edge shape is validated. Further, it is

found that surfaces with convex wedges have the potential of performing better in

terms of enhancing total transport distance.
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• By incorporating the sharp edge pinning effect into the pore-network model, we have

extended the existing interface tracking algorithm to simulate multiphase flow in the

quasi-static regime for different particle shapes. It is found that increase in angularity

not only introduces greater heterogeneity in pore geometry, but also amplifies the

effect of menisci pinning at sharp corners. Macroscopically, this leads to an earlier

transition from stable displacement toward capillary fingering.

• The time-dependent behaviour of contact angle due to Cassie-Wenzel wetting trans-

ition is important and needs to be taken into account for simulations of multiphase

flow, especially for porous media where solid surface roughness cannot be neglected.

This is because wetting transition can effectively alter the apparent contact angle dur-

ing displacement process, which determines when, where, and whether a pore-filling

event will take place.

• The topological disorder of porous media together with wettability have great impact

on the invasion morphology of multiphase flow. Increases in disorder and contact

angle promotes fingering, leading to more trapped defending phase. The fluctuations

of local critical capillary pressure calculated from pore-scale instability events show

agreement with macroscopic observation in displacement efficiency.

• Granular materials with different porosity under same cohesive force and particle

size can be generated by controlling the free fall height of particles. The model

derived using energy balance has better capability in predicting the final packing

fraction of granular media governed by capillary forces or van der Waals forces

compared with one derived from force balance.

• Due to Kelvin effect, there exists liquid in the form of liquid bridges in the apparent

dry region, which prevents the collapse of loosely packed wet granular materials until

the end the drying process when no further liquid can be extracted. The presence of

liquid above the secondary drying front also explains the enhanced evaporation of

liquid at later stage of drying process.

In summary, these works focusing on the fluid transport phenomena deepens the understanding

of the connection between mechanisms at microscale and macroscopic observations, which
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provide new insights and contributes to more precise description of the physical phenomena.

Several directions for future works following the Thesis include:

• It is promising to apply the developed model for predicting the liquid transport

process on patterned surfaces to improve the performance of real-world applications,

such as water harvesting and spontaneous water-oil separation.

• The proposed pore-network model can be further extended to consider arbitrary

particle shapes such as those directly obtained from scans of realistic granular

materials. As both the wettability and pore geometry significantly impact the local

capillary resistance, accurately capturing the shapes of granular materials is essential

for accurate prediction of the displacement processes. It is also possible to consider

viscous effects by introducing the viscous dissipation within different fluid phases,

since different instability events, i.e., capillary fingering and viscous fingering, can

occur depending on the fluid property and flow condition.

• Although the effect of wetting transition on multiphase flow has been demonstrated

through simulations, systematic experimental works are needed to provide more

insights. Further, the experimental works on time-dependent behaviour of contact

angle due to Cassie-Wenzel wetting transition have been mainly conducted on

artificially patterned surfaces. Experiments on random rough surfaces will facilitate

the development and validation of the generalised theory of the description of the

transition process.

• Currently, the proposed disorder index in characterising porous media is only applic-

able to monodisperse spheres. Further extensions on the definition of the index for

more general porous media with different particle shapes and sizes are needed.

• The parameters experimentally explored during the process of packing of wet granu-

lar materials remain limited (particle size and free fall height). Numerical simulations

such as discrete element method can provide more information on the effect of other

parameters, such as sliding and rolling friction coefficients. Another aspect is to

investigate the validity of the treatment of isolating each falling event during the

theory development. Currently, it is assumed that each particle falls individually, and

the rearrangement of influenced particles has no influence on the process of previous
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or next impact event. However, collective falling and impact of multiple particles

can introduce more complex physics.

• The evidence on the existence of liquid in the apparent dry region, i.e., enhanced

evaporation and concentrated collapse in the end of drying process, are indirect.

Actual observation of the liquid would provide more direct evidence, although the

required resolution to observe such small liquid cluster (in the order of 1 µm) is

demanding. Further, another important task is to develop a theoretical model to

explain the exact transition of water content, below which the observed enhancement

in drying rate appears. This will involve more strict control of experimental condition,

including temperature and relative humidity, for drying processes with different

initial water contents.
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