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CHAPTER 1

Introduction

1.1 Introduction

Multiphase flow in porous media is encountered in a number of natural and
industrial applications. The formation and flow of discontinuous phases, formed
during the evolution of flow, has added to the complexity of the process. For
example, in air sparging of polluted groundwater, upward movement of air is
mainly in the form of discontinuous bubbles[Nyer and Suthersan, 1993, McCray
and Falta, 1996, Yang et al., 2005]. Similarly, in the course of potential melting
of gas hydrates, gas bubbles will exist as a discontinuous phase [Rempel and
Buffett, 1997, Walter et al., 1996, Tokida et al., 2004, Schout et al., 2018].
Another example relates to the simultaneous movement of water and gasses
in various layers of a fuel cell [Benziger et al., 2005, Sinha and Wang, 2007].
Another example is this of the Enhanced Oil Recovery (EOR)[Pope, 1980,
Payatakes, 1982, Chen et al., 2013, Hussain et al., 2013]. After the initial water
flooding of the reservoir, a significant amount of oil (50% - 70%) still remains
trapped in the pore space in the form of disconnected ganglia. The mobilization
of these ganglia is of crucial importance in an efficient recovery process with
a huge financial impact. Finally, the remediation of soil from Non-Aqueous
Phase Liquids (NAPLs) [Reddi, 1998, Sahloul et al., 2002, Nelson et al., 2008,
2009, Corapcioglu et al., 2009] also relies on the mobilization of stagnant NAPL
ganglia which remain trapped in the soil.

The current models of two-phase flow are based on Darcy’s law, and on
the assumption of the continuity of phases. However, as stated above, this
assumption does not hold by definition when the formation and flow of the
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discontinuous phases is studied. In an attempt to describe the flow of discon-
tinuous phases, various theories have been developed and employed, such as the
Percolation Theory, the Effective medium theory, in combination with (mod-
ified versions of) Darcy’s law. Each of these theories have their limitations in
fully describing the flow of discontinuous phase.

Despite the wealth of experimental work and the variety of analytical tech-
niques used for the understanding of the flow of discontinuous phases, there is
still important information missing. Such information is this of the pore scale
pressure under flow conditions. Pressure measurement and its variations at the
pore-scale cannot be measured internally due to the physical limitations of the
porous medium itself. Given this, pressure is traditionally measured and/or
controlled outside of the porous medium. In addition to the lack of any pore-
scale pressure measurements, there is no information available related to the
momentum exchange between the continuous and the disconnected phases, as
well as to the flow inside each trapped phase. Since the flow of the continuous
phase around the trapped phase controls the fate of the latter, the interaction
between the phases is of major importance.

The objective of this study is to combine novel and traditional methods to
perform multiphase flow experiments, in order to acquire information at the
pore scale for the first time in the literature, so as to get a better understanding
of the flow of discontinuous phases. These data can be used for the development
and testing of a theory for the macro-scale description of discontinuous two-
phase flow involving bubbles and/or droplets.

1.2 Outline of this thesis

In Chapter 2, the literature on the formation of discontinuous globules of liquid
phases during two phase flow in porous media, as well as their remobilisation
and flow through a porous medium is summarised. First, we focus on the mecha-
nisms that cause the disconnection of a phase, and the parameters that control
their trapping. Next, we turn our focus on the numerical and experimental
work that has been done to investigate this phenomenon. Finally, we discuss
the macro scale theories proposed for the description of this phenomenon.

In Chapter 3 we present a comparison between a numerical simulation and
an experimental study of drainage in a micro-model. The process is investigated
under quasi-static and dynamic conditions. The results show a good much
between the experimental and numerical work, however the duration of the
process varies significantly.

In Chapter 4 we present the manufacturing procedure for the production
of PDMS micro-models with integrated pore-scale fibre optic pressure sensors.
Such a set-up allows for pore-scale pressure measurements, which are important
for the better understanding of two-phase flow, and more specifically, the for-
mation and flow of discontinuous phases, and the improvement of the current
numerical models.
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In Chapter 5 we are focusing on the internal flow inside the trapped non-
wetting phase. We used Particle Tracking Velocimetry (PTV) to visualise the
flow inside the phase prior and during mobilization. The experimental results
show the interplay of capillarity and viscous forces between the two phases for
different trapped globules (droplets, blob, and ganglia). The internal flow of
the trapped globules varied with their type and local flow conditions.

In Chapter 6 we are presenting two-phase flow experiments focused on the
flow of discontinuous phases. The experiments were performed with the simul-
taneous injection of both phases under various flow rate ratios, resulting to the
formation and flow on non-wetting phase ganglia. We investigate the flow be-
haviour of the ganglia before and after steady state flow is established. During
steady state flow conditions, the behaviour of the ganglia is characterised by
the periodic flow of ganglia through an established "pathway". The flow rate
ratio, Ca, and pore network topology are the controlling factors for the size
and number of flowing ganglia.

Finally, in Chapter 7, the conclusions of this study and the suggestions for
future work are presented.





CHAPTER 2

Discontinuous phases in porous media - A review

Abstract

In this chapter, we summarise the existing knowledge on the disconnection of
liquid phases during two phase flow in porous media and their remobilisation
and flow through the porous medium. First, we focus on the mechanisms that
cause the disconnections of one of the phases and the parameters that control
their trapping. Next, we turn our focus on the numerical and experimental
work that has been done to investigate this phenomenon. Finally we focus on
the macro scale theories proposed for the description of the phenomenon.

2.1 Introduction

Immiscible displacement of fluids in porous media is one of the most widely
investigated phenomena, with a variety of applications such as enhanced oil
recovery (EOR), soil and groundwater contamination by of non-aqueous phase
liquids (NAPL) and mercury intrusion porosimetry (MIP). In two phase flow
systems, the displacement of one phase by the other is associated with the
disconnection of one of the phases. The behaviour of the trapped phase has
been extensively investigated, both numerically and experimentally. The overall
behaviour of the trapped phase has been correlated with various parameters.
However a clear conclusion of the driving forces has still not been understood.

In this chapter summarise the current knowledge on the disconnection of the
different phases under immiscible displacement and how these trapped phases
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are remobilised. First we will focus on the mechanisms that cause the discon-
nection of the phases and discuss the parameters that control the trapping and
the remobilisation of trapped phases. Following that, we give an overview of
the experimental and numerical research related to this phenomenon. More-
over, we present the existing macro-scale theories for the flow of non-wetting
phase ganglia. Finally, we present the challenges of this research area and where
the ongoing research should focus.

Definition of “Ganglion”

When a porous medium, initially saturated with a non-wetting phase, is flooded
with a wetting phase only a small fraction of the other phase is displaced.
Payatakes [1982] defined ganglion as a nodular blob of a non-wetting phase that
occupies at least one and usually several adjoining chambers of the void space
in a permeable medium. The residual non-wetting phase has been observed
to form a dispersed population of clusters [Payatakes et al., 1980, Payatakes,
1982, Constantinides and Payatakes, 1991]. Theses clusters are named ganglia
or bubbles, for liquid or gas state phases, respectively. In more detail, the
ganglia as classified based on their size in three categories: droplets, blobs, and
ganglia. The main difference between these terms is based on the size, shape
and the pores that the non-wetting phase is occupying while being trapped.

Figure 2.1: Flow and trapping of droplets (black phase) during two-phase flow.
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Figure 2.2: Blobs and droplets of non-wetting phase (black phase) as they are
trapped inside a micro-model during two-phase flow.

Figure 2.3: Residual saturation of non-wetting phase (black phase) as it dis-
tributed in the porous medium. Trapped phase is in forms of ganglia and blobs.

The smallest body of trapped non-wetting phase, droplets (Figures 2.1 and
2.2) are relatively round bodies of the phase that occupies a single pore and it
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is surrounded by a wetting phase film. Blobs (Figure 2.2) also occupy a single
pore in the pore space, but in comparison with the droplets the water film is
absent. Finally, larger concentration of non-wetting phase, which occupy more
than one pores, are called ganglion (Figure 2.3).

2.2 Formation of ganglia

During two-phase flow, the saturation of one of phases is reduced due to its dis-
placement by the other phase. Disconnection of the non-wetting phase mainly
occurs during imbibition, when the non-wetting phase is displaced by the wet-
ting phase, leading to the formation of clusters of the remaining phase known
as ganglia [Armstrong et al., 2015, Larson et al., 1981, Roof, 2013]. Capillary
forces dominate disconnection of the phase at pore scale, which takes place by
various mechanisms such as bypassing, snap-off, and Haines jumps. In addition
to that, ganglia can also be formed by the break-up of existing ganglia.

2.2.1 By passing

Bypassing is one of the trapping mechanism observed during multiphase flow in
porous media. This type of mechanism occurs when multiple pores with differ-
ent diameters and lengths are connected together. The variability of capillary
pressure leads certain throats to imbibe earlier than others. This finger-like
flow pattern of the wetting phase by passes pores occupied by the non-wetting
phase. Experimental work in doublet micro-model by Rose [1956] showed the
effect of bypassing in oil entrapment and residual saturation. This trapping
mechanism was also observed in our experiments work in PDMS micro-models,
similar to those used by Karadimitriou et al. [2014] (Figure 2.4). In these ex-
periments, we initially saturated the micro-model with the non-wetting phase
(water) and following that, we injected the wetting phase (Fluorinert FC-43).
In Figure 2.4, starting from the left of the image, you can see the wetting phase
advancing in the form of two fingers in either side of a volume of non-wetting
phase occupying a small number of pores, during imbibition.

Figure 2.4: The effect of by passing as it is investigated in silicon micro-models.
The wetting phase (black) is by-passed by the non-wetting phase (white). The
direction of flow is from right to left.
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2.2.2 Snap-off
Another mechanism that causes the formation of disconnected ganglia and is
well described in literature associated with oil recovery [Roof, 2013, Larson
et al., 1981, Mohanty et al., 1987] is snap-off. Snap-off occurs if local capillary
pressure rises above a threshold value [Lenormand et al., 1983], which is defined
as the ratio of the interfacial tension over the radius of the throat/pore where
snap-off occurs. This movement of the wetting phase along the pore wall will
force the non-wetting phase to pull away from the wall and eventually leading
to the formation of a filament that is not in contact with the pore wall. The
rapture of the filament leads to the formation of two daughter interfaces and
the disconnection of the phase. Experimental observation of two-phase flow in
micro-models (Figure 2.5), showed the evolution of the mechanism.

Figure 2.5: Evolution of snap-off leading followed by mobilization of the gan-
glion. In the red rectangular you can identify the evolution of the interface to
a filament and later its rapture. The direction of flow is from right to left.

2.2.3 Break-up
Break-up of ganglia is another mechanism that leads to trapped non-wetting
phase [Rücker et al., 2015, Payatakes, 1982]. This mechanism varies from the
previous since it acts on existing non-wetting phase ganglia. Break-up of gan-
glia occurs when at least a pair of interfaces, excluding the most upstream and
downstream, becomes unstable. This instability is manifested by local imbibi-
tion of one unstable interface followed by local drainage of another interface.
This rapid movement breaks a given ganglion into two newly formed ones. It
has been observed, the larger of the two formed ganglia undergoes mobiliza-
tion while the smaller one remains trapped due to break-up of the ganglion.
Moreover, the displacement of the daughter ganglia can be larger than one
pore[Rücker et al., 2015]. The evolution of the mechanism over time is pre-
sented in Figure 2.6. The ganglion formed in the centre of the figure is the
result of the instability of two interfaces, marked with red rectangulars.
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Figure 2.6: Evolution of ganglion break-up. The flow direction is from right to
left.

2.2.4 Haines jump

Haines jump is another mechanism that leads to the formation of discontinuous
phases. This effect is characterized by rapid advance of non-wetting phase over
a distance of a number of pore spaces before it rests again. During this instan-
taneous movement, the advancing non-wetting phase bypasses pores that are
occupied by wetting phase and this will eventually lead to disconnection of the
non-wetting phase. According to Larson et al. [1981], the disconnection can be
characterised as dynamic, since a meniscus carried through a position, at which
it could be stable only it was stationary. Armstrong et al. [2015] modelled the
velocity field during Haines jump to understand the transient dynamics that
occur. In addition to that they note that Haines jumps are inversely propor-
tional to the fluid-fluid interfacial tension, non-wetting phase viscosity and pore
topology.

2.3 Mobilisation and Motion of Ganglia

In addition to the importance of the formation and of ganglia, their remobil-
isation and contribution to two-phase flow has been the aim of a number of
studies [Melrose, 1974, Wardlaw and Mckellar, 1985, Payatakes, 1982, Avraam
and Payatakes, 1995, Amili and Yortsos, 2006, Armstrong et al., 2015, Hinkley
et al., 1987, Larson et al., 1977].

2.3.1 Mobilisation criteria

Describing the conditions that initiate the mobilization of ganglia have been
extensively investigated experimentally, theoretically and numerically. The ap-
proach for describing the mobilization criteria varied in the reviewed works. For
a ganglion to become mobile the pressure gradient at the two most distanced
interfaces must overcome the capillary pressure at these locations.

One of the first mobilisation criterions, Eq. 2.1, was that of Taber [1969],
who presented the mobilization criterion based on the work of Calhoun [1953],
Muskat [1949].

∆Pg = 2γ cos θ

(
1

rup
− 1

rdown

)
(2.1)
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where: ∆Pg is the pressure drop along the ganglion, rdown is the radius of
the constriction downstream of the trapped body, rup is the constriction at the
rear of the ganglion and θ is the contact angle.

In this framework Melrose [1974] defined a mobilization criterion for a
trapped ganglion due to the flow of the wetting phase and consequently the ap-
plied critical pressure gradient required for remobilisation. Based on the work
of Melrose [1965], they note that the critical pressure gradient required for
mobilization of a ganglion (Figure 2.7) is given by the Eq. 2.8.(

∆Pg
∆L

)
=
γ(Jdr − Jimb)

2NR
(2.2)

where: Jdr is the drainage curvature, Jimb is the imbibition curvature, R is
the radius of the spherical particles representing the solid phase (forming the
pore space), ∆L is the length of the ganglion, N is the ratio of the ganglion
length to the particle diameter and γ is the interfacial tension, Number N
represents the number of pores comprising a specific ganglion.

Figure 2.7: Pressure drop along a single ganglion.

A similar approach, Eq. 2.3, was applied by Datta et al. [2014] who used
Darcy’s law, as a mean-field assumption, to calculate the pressure drop along
the length of a ganglion

∆P =
µwQw
krwKA

Ltot (2.3)
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where: ∆P is the macroscopic pressure drop, µw is the viscosity of the
wetting phase, Qw is the wetting phase volumetric flow rate, krw the wetting
phase relative permeability, K the permeability of the medium and Ltot the
total length of the medium.

Moreover, in their model they defined mobilization criteria, Eq. 2.4 and Eq.
2.5, based on the local capillary pressure threshold at the upstream (P c

up) and
downstream interface (P c

down),

P c
up =

2γ cos θ

rup
(2.4)

P c
down =

2γ cos θ

rdown
(2.5)

Based on the Eq. 2.4 and Eq. 2.5 the pressure drop must exceed the capillary
pressure threshold shown in Eq. 2.6.

∆P g > P c
down − P cup =

2γ cos θ
(

rup

rdown
− 1
)

rup
(2.6)

An approach, that aims to define or link a simple number as a mobilisation
criterion, is the use of a critical capillary number that is required for the mo-
bilization of the ganglia. In their work, Wardlaw and Mckellar [1985], defined
the critical capillary number required for mobilization of a single ganglion with
known dimensions and position in the direction of flow. For a single ganglion,
the critical capillary number Ca∗ is presented in Eq. 2.7.

Ca∗ =
δke

ruprdown
(2.7)

where: δ = (1− rup

rdown
)

A similar approach was used by Melrose [1974], who used Darcy law to
correlate the critical pressure gradient, Eq. 2.8, to the corresponding capillary
number,

Ca∗ =
krwK

γφ

(
∆Pg
Ltot

)
crit

(2.8)

where: φ is porosity.
In comparison with the above approach Payatakes [1982] and later Avraam

and Payatakes [1995] supported the argument that Ca is not characteristic for
the mobilization of the ganglia. They defined Ganglion mobilization number
(Gm), which is the ratio of the driving force exerted on the ganglion due to the
flow of the wetting phase over the resistance due to capillary forces (Eq. 2.9),
is more relevant to the ganglia mobilization. For a ganglion to be mobilized the
mobilization number should be larger that unity (Gm>1). Moreover, the Ca
required to satisfy the local Gm must proportional to the relative permeability
of the wetting phase (among other things).
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Gm =
|∇P |βki

γ
(2.9)

where: βki is the maximum appendix mobility factor, as it presented by
Payatakes [1982].

In addition to that, the authors noted that the fate of the ganglia is also
related to the size and their orientation in the porous medium. In more detail,
they note that larger ganglia have higher probabilities to remobilise and smaller
probabilities to get strained.

To explain the mobilization criteria of solitary ganglion, Payatakes [1982]
focus on the interface equilibrium and interface movement. To express the equi-
librium of the interface he used three equations. First, the pressure difference
between the two phases (wetting and non-wetting) equals the interfacial ten-
sion (γ) of the two phases multiplied by the Gaussian curvature of the interface
(J).

Pnw − Pw = γJ (2.10)

Second, for the three phase point the equilibrium is defined:

γsnw = γsw + γcosθ (2.11)

where: γsnw is the interfacial tension between solid and non-wetting phase
and γsw is the interfacial tension between solid and wetting phase.

Finally, the third equation developed by Melrose [1970], regarding the sta-
bility of the interface. The interface is stable if:

dJ

dVnw
≥ 0 (2.12)

In addition to that Payatakes [1982] defined two interfaces with the max-
imum (Jdr) and minimum (Jimb) curvature as a function of the equilibrium
contact angle. These curvatures define the range in which the interface remains
stable.

Jimb(ϑe) ≤ J ≤ Jdr(θ) (2.13)

2.3.2 Mobilisation and flow mechanisms
The flow of ganglia is a very complex process, since the fate of a ganglion is not
only controlled by the flow conditions, with respect to the wetting phase, but
also on the behaviour of the other ganglia. The process is dominated by the
continues coalescence, break-up and stranding of ganglia. This phenomenon can
be described at different scales, either based on one ganglion or on a population
of ganglia.

The motion of a single ganglion can be described either as quasi-static or
dynamic [Payatakes, 1982, Payatakes and Dias, 1984]. The difference between
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these types of motion is the number of interfaces that are advancing. During the
quasi-static movement of a ganglion only one a pair of interfaces is advancing,
with the most upstream interface to perform imbibition and the most down-
stream interface drainage. On the other hand, the dynamic motion of a ganglion
is characterised by the advance of more than two interfaces. Experimental work
by Hinkley et al. [1987] showed the different behaviour of the ganglia based on
the flow conditions of the wetting phase. In their work, they related the motion
type based on the critical capillary number. When the applied capillary num-
ber slightly exceed the critical capillary number, then the ganglion will start
to move. However, is the capillary number is much higher than this threshold
capillary number, then the behaviour of the ganglion changes and the chance of
break-up increases. The probability of break-up is higher for the larger ganglia.
In their experimental results, they noticed that dynamic displacement takes
place at a capillary number that is one order of magnitude larger than the
critical. They observed the break-up of ganglion into two daughter ganglia,
which one of the two remained stranded while the other one was mobilised.
This break-up is because more than one interfaces perform drainage at the
same time. The probabilities for a ganglion to break-up or get strained was
investigated by Wardlaw and Mckellar [1985]. They concluded that large clus-
ters tend to break- up into smaller ganglia during remobilisation. At the same
time, small ganglia or blobs will always remain stained for capillary number
lower than the critical. Another mechanism noted by the authors is coalescence.
This mechanism wasn’t extensively observed in glass beads pack experiments.
They concluded that: in unconsolidated sands remobilisation occurs for capil-
lary numbers higher than the critical required for remobilisation of singlet and
residual saturation is not related to the blob size distribution present after low
capillary number water flooding. Finally, movement of ganglia is a process that
also includes their collision. Constantinides and Payatakes [1991] developed a
model that simulated ganglia collision and coalescence during two-phase flow.

Regardless of the flow motion type of a ganglion, it has been reported that
the average ganglion velocity of ganglia as they were displaced by the wetting
phase was smaller that of the wetting phase. In addition to that, for a fixed Ca
the average ganglia velocity is a function of they size. There are flow conditions
under which ganglia are flowing at larger velocities like in the case of Haine’s
jump [Armstrong et al., 2015].

A detailed description of the flow of a population of ganglia can be find
in the work of Avraam and Payatakes [1995, 1999], where they studied ex-
perimentally, using micro-models, steady-state two-phase flow in porous media
and they focused on the flow regimes and relative permeability. More spe-
cific, the defined four main flow regimes of non-wetting phase ganglia. These
regimes are: large-ganglion-dynamics (LGD), small-ganglion dynamics (SGD),
drop-traffic flow (DTF) and connected pathway flow. The first three of four
regimes are mainly based on ganglia flow while during the connected pathway
flow both phases are continuous.

Starting with large ganglion dynamics (LGD), this flow regime is charac-
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terised by the flow of relative large ganglia (larger than 10pores). The flow
of these large ganglia is dominated by the interaction of mobile and stranded
ganglia, as it described by Payatakes et al. [1980] and Payatakes [1982]. LGD
appears during low capillary number values (Ca 10−7 to 10−6) and high Sw
(Sw > 50%). At these condition large ganglia are prom to mobilization in
comparison with the smaller ones that barely move and remain stranded. In
addition to that, fission of ganglia under these conditions is limited. Decrease
of viscosity ratio, showed dominance of LGD, especially with increase of Ca
and lower Sw values. Another important observation is that flowing ganglia
tend to follow a preferential path, which is active or inactive in a fluctuating
manner.

When the mean size of ganglia is smaller than in previous case, smaller than
10 pores, the flow regime is described as small ganglion dynamics (SGD). The
transition from the LGD to SGD is gradual and there is no clear boundary
between these two regimes. Small ganglion dynamics regime is characterised
by higher Ca values and/or smaller Sw. Experimental observations by Avraam
and Payatakes [1995] indicate the distribution of both phases is uniform, as for
LGD. The reason behind the SGD is that previously large ganglia fuse into
smaller due to the higher velocities reached at these conditions. The production
of smaller ganglia, in addition to the breakup of large ganglia, is caused by the
coalescence and collision of all the ganglia. Further increase of Ca leads to the
domination of ganglia breakup over the other mechanisms and consequently
the evolution of SGD regime to drop-traffic flow regime (DTF).

Drop-traffic flow regime occurs at under higher Ca number (Ca > 5×10−6

and lower Sw (Sw < 55%) conditions that SGD. This regime is characterised
by flow of non-wetting phase droplets and/pr blobs that have sizes comparable
to the throat diameters of the porous medium. The formation of the droplet is
the result of continuous breakup of ganglia, under these conditions. In addition
to that, the droplets have been observed to be stabilised by the flow of wetting
phase, which counteracts the coalescence of ganglia. This regime, although it
occurs under high Ca number conditions, is also highly affected and controlled
by the viscosity ratio of the two phases, since high viscosity ratios tend to
favour the breakup of ganglia.

Further increase in Ca and decrease in water saturation leads to the forma-
tion of connected phases, both wetting and non-wetting, lead to a connected
pathway flow regime (CPF), as it is named by Avraam and Payatakes [1995].
This regime is characterized by the formation of distinct and interrupted path-
ways of both liquid phases at high capillary number condition. At the borders
of these pathways, it also observed a frequent formation of ganglia or droplets
that get separated from the continuous body of the phase. This observation
indicates the coexistence of ether SGD or DTF with CPF, based on Ca num-
ber and even more on the viscosity ratio. A reasonable explanation of this
phenomenon is given by Constantinides and Payatakes [1989].
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2.4 Parameters controlling the formation and mo-
bilization of ganglia

The flow regime which controls the flow of discontinuous phase is affected by nu-
merous parameters. The parameters hat have been reported to control the for-
mation and mobilization of non-wetting phase ganglia are the porous medium
geometry, the viscosity ratio between the two phases, the interfacial tension,
the capillary number with respect to the wetting phase, the fluid topology, and
the wettability of the porous medium.

2.4.1 Porous medium geometry

The geometrical characteristics of the porous medium can play a major role in
the fate of non-wetting phase ganglia. In the literature, geometrical character-
istics have been called different things, such as pore topology, local topology
or pore morphology [Payatakes and Dias, 1984, Larson et al., 1977, Lowry and
Miller, 1995, Emami Meybodi et al., 2011, Morrow, 1979, Romano et al., 2011,
Ng and Payatakes, 1980, Payatakes, 1982, Armstrong et al., 2015, Rose, 1956].
The most important characteristics of the porous medium have been discussed
by Payatakes [1982] in a review on immiscible micro displacement and ganglion
dynamics.

The pore size plays a major role in the disconnection of non-wetting phase.
Early experimental work by Rose [1956] in pore doublets concluded that ganglia
tend to be trapped in small pores where they obtain the smallest possible
energy. Non-wetting phase trapped in a small tube has more surface contact
with the solid and the wetting phase in comparison with a larger tube, making
it a smaller energy. Rose [1956] also proposed the use of more complicated
pore networks for better understanding the effect of pore size and geometry on
non-wetting phase trapping. Experimental work by Morrow [1979], focused on
mobilisation of residual oil, showed that the force required for the mobilization
of trapped ganglia is sensitive to the ratio of ganglion length to characteristic
pore size. The importance of pore size in trapping is evident in some numerical
works focused on residual saturation; mechanistic network modelling [Lowry
and Miller, 1995], percolation theory [Larson et al., 1977], pore scale modelling
with density functional hydrodynamics (DFH) [Armstrong et al., 2015]. They
showed that high pore size variability leads to a bigger population of large
ganglia, while at the same time creates the critical flow condition required for
the remobilisation of the trapped phase.

Pore-throat aspect ratio also affects the residual saturation of non-wetting
phases and its structural parameters [Lowry and Miller, 1995]. The effect of
aspect ratio is mainly visible during imbibition. Increase of aspect ratio is
accompanied by the increase of non-wetting phase disconnection and conse-
quently to higher residual saturation. At high aspect ratios, throat radii are
significantly smaller than the pore bodies resulting to smaller effective inter-
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facial. The importance of aspect ratio on ganglion dynamics has also been
reported in the review by Payatakes [1982].

Finally, another parameter noted for controlling the trapping and mobiliza-
tion of oil ganglia is connectivity [Payatakes and Dias, 1984]. Larson et al.
[1977] used the percolation theory to describe the trapping and flow of residual
non-wetting phase. They concluded that the connectivity of the pores dictates
their distribution and interconnectivity. In contrast to the findings of Larson
et al. [1977], pore network modelling by Lowry and Miller [1995] concluded
that connectivity has a minor effect on the distribution of ganglia volume.

2.4.2 Viscosity ratio

The importance of viscosity ratio, k=µnw/µw, for trapping and mobilization of
ganglia has been reported in numerous works [Valavanides et al., 1996, Hinkley
et al., 1987, Payatakes and Dias, 1984, Avraam and Payatakes, 1995, Vizika
et al., 1994].

Viscosity ratio has a direct effect on the flow regime and the trapping of non-
wetting phase [Lenormand et al., 1988]. In fact the extent of viscous fingering
affects the size of the ganglia [Payatakes and Dias, 1984]. When the viscosity
ratio is unfavourable, k>1, the increase of Ca, regarding the wetting phase,
leads to the formation of large ganglia, while for favourable viscosity ratio, the
ganglia sizes are significantly smaller.

The importance of viscosity ratio is even greater on the reduction of residual
saturation and mobilization of trapped ganglia. For favourable viscosity ratios,
the increase of Ca leads to a decrease of residual saturation. For unfavourable
conditions, the residual saturation seems to increase up to a Ca threshold value
before it decreases [Payatakes and Dias, 1984].

Moreover, the effect of viscosity ratio is also evident on the average velocity
of ganglia [Valavanides et al., 1996, Hinkley et al., 1987]. Under favourable
viscosity ratio conditions, the velocity of ganglia is similar or comparable with
that of continues phase. On the other hand, for unfavourable conditions the
velocity is smaller. During the flow of ganglia, the increase of viscosity ratio
leads to an increase of ganglia break-up and stranding. In addition to these
observations, under favourable viscosity ratio conditions singlets, ganglia occu-
pying one pore, tend to move with higher velocities than larger ganglia. This
effect has not been observed during unfavourable conditions.

2.4.3 Interfacial tension (IFT)

Interfacial tension (IFT) has as also been reported to affect the trapping and re-
mobilisation of the trapped phase [Taber, 1969, Abrams, 1975, Yadali Jamaloei
et al., 2010].

Taber [1969] investigated the conditions required for the recovery of en-
trapped oil (non-wetting phase) in reservoir rocks during core flooding experi-
ments. The effect of IFT is evident on the remobilisation of the trapped phase,
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especially under low IFT values (less than 0.07dynes/cm). Experimental work
by Jamaloei et al. [2010] at low IFT support the observations by Taber [1969].
Moreover, they link the effect of low IFT with the porous medium geometry,
and high Ca conditions to the in increased recovery of the trapped phase. The
co-effect of pore geometry and low IFT is also evident in the work by Xu et al.
[2014].

In concordance with the observations by Taber [1969] core flooding experi-
mental work by Abrams [1975] also showed that under low-IFT conditions (0.1
dyne/cm) the flow of residual non-wetting phase is maintained. In this work
the importance of surfactants their effect on the decrease of IFT is also noted.

Finally, a summary on the effect of low-IFT during imbibition is presented
in the work of Yadali Jamaloei et al. [2010].

2.4.4 Capillary number of wetting phase

The effect of capillary number on trapping and mobilization of ganglia is exten-
sively studied see [Payatakes, 1982, Chatzls et al., 1988, Morrow, 1979, Wardlaw
and Mckellar, 1985, Chatzis et al., 1984, Hsu and Hilpert, 2015, Meakin et al.,
2000, Larson et al., 1981, Payatakes and Dias, 1984].

The mobilization of ganglia is caused by the increase of viscous drop pressure
due to the flow of the wetting that is expressed by the destruction of the initial
ganglion prior to its mobilization while the smaller of the newly formed ganglia
will eventually get stranded downstream. Experimental work has shown that
the increase of applied Ca leads to increase of ganglia mobilization regardless
of the variation of other parameters, such as permeability, interfacial tension or
viscosity ratio [Chatzls et al., 1988, Morrow et al., 1988, Morrow, 1979]. For the
mobilization of the trapped non-wetting phase to occur, the applied capillary
number must be 25 times higher than the capillary number at which trapping
occurred [Morrow et al., 1988]. More recent work on correlating Ca and blob
size distribution [Yadali Jamaloei et al., 2011] has showed that an increased
blob distribution requires higher Ca for mobilization, an effect that is more
profound in water-wet media. Moreover in the case of sandstones, in order to
achieve complete recovery of the trapped non-wetting phase, the applied Ca
should be 100 times higher than the capillary number required for mobilization
[Chatzis et al., 1984].

The size and shape of daughter ganglia, which are formed by the break-up
of larger ganglia prior to mobilization, are also affected by Ca [Krummel et al.,
2013, Payatakes, 1982]. Under high Ca conditions, the continuous break-up
and mobilization of ganglia lead to the generation of smaller and less elongated
ganglia. This behaviour of the ganglia, which occurs under dynamic conditions,
is due to the fact that the ganglion is not advancing one interface at a time, as
in quasi-static conditions, but more interfaces simultaneously.

The flow regime within which the mobilization of ganglia occurs is also
affected by Ca. Experimental work by Meakin et al. [2000] on secondary mi-
gration of non-wetting phase ganglia showed that, under low capillary number
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conditions, the ganglia are oriented along the flow direction. On the other hand,
at high capillary number the ganglia migrate in wave-like motions, caused by
the repeated fragmentation and coalescence events. Experimental observa-
tions, in glass two dimensional micro-models indicate that for Ca>10−6, the
non-wetting phase is flowing in the form of ganglia or blobs. But, for Ca values
higher than this threshold there is also the formation of connected pathways,
[Avraam and Payatakes, 1995, 1999]. The boundaries between the connected
pathway flow and ganglia or drop traffic flow have not been fully understood
and according to Avraam and Payatakes [1995] these flow regimes coexist and
contribute to the decrease of residual saturation.

2.4.5 Fluid topology

Disconnected non-wetting phase’s discontinuity and remobilisation are not only
controlled by the porous media characteristics or the flow conditions, but also
by geometrical characteristics (cluster size distribution) of the phases [Morrow,
1979, Larson et al., 1981, Payatakes, 1982, Lenormand et al., 1983, Chatzis
et al., 1988, Wardlaw and Yu, 1988, Avraam and Payatakes, 1995, Reddi, 1998,
Avraam and Payatakes, 1999, Niven, 2006, Chrysikopoulos and Vogler, 2006,
Schnaar and Brusseau, 2006, Herring et al., 2013, Georgiadis et al., 2013, Jiang
and Tsuji, 2016].

The initial distribution of the trapped phase is known to play a major
role of the remobilisation in the phase [Reddi, 1998, Schnaar and Brusseau,
2006, Oughanem et al., 2015, Jiang and Tsuji, 2016]. That is itself related to
the geometrical characteristics of the phase. In has been observed that high
initial connectivity and sphericity of the clusters leads to the mobilization of
the ganglia and thus a lower residual non-wetting phase saturation. The main
mechanisms for mobilization of disconnected clusters are the break-up and coa-
lescence of the ganglia that occurs only to the large ganglia [Reddi, 1998]. Large
ganglia although they have a distinct effect on residual non-wetting phase sat-
uration, however their population is significantly lower than of medium and
small ganglia. The majority of trapped phase is in the form of singlets [Schnaar
and Brusseau, 2006]. Finally, initial cluster size distribution can be used for
estimating the desaturation curve during remobilisation. This can be achieved
only if the non-wetting phase clusters do not break into smaller during remo-
bilisation [Oughanem et al., 2015].

Before focusing on the effect of ganglia sizes and their probability of mobi-
lization, it is important to note the importance of the fluid topology, in general,
on mobilization. Experimental work on sandstones concluded that capillary
trapping of the non-wetting phase and the topology after trapping controls the
probability of mobilization of this phase [Herring et al., 2013]. In concordance
with the above observation, experimental work by Schlüter et al. [2016], the
topology of the disconnected phase is characteristic for the underlying displace-
ment pattern. It is also important to note the effect of film formation between
non-wetting phase cluster. Pore wall roughness favours the formation of films
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that lead to interconnection of the trapped ganglia due to the formation of
films [Avraam and Payatakes, 1999].

Another parameter associated with non-wetting phase fluid topology is the
ganglion size distribution and its effect on trapping or mobilization of non-
wetting phase [Morrow, 1979, Ng and Payatakes, 1980, Larson et al., 1981,
Morrow et al., 1988, Mayer and Miller, 1993, Georgiadis et al., 2013]. The
majority of the residual saturation, 65-90% has been observed to be linked
to the population of large ganglia [Mayer and Miller, 1993, Georgiadis et al.,
2013], while small ganglia have a minor contribution to residual saturation. The
ganglion size plays an important role on their mobilization [Lenormand et al.,
1983]. Larger ganglia or ganglia with increased length in the direction of flow
are prone to easier mobilization. This is due to the local pressure gradient on the
two sides of a ganglia [Larson et al., 1981, Mayer and Miller, 1993, Georgiadis
et al., 2013]. In contrast to the above observations, Morrow [1979] stated that
elongated ganglia tend to resist mobilisation. The reason behind this statement
is that ganglia tend to deform thus, by adjusting the curvature of its interfaces
can accommodate the pressure drop along their length and remain trapped.
In addition to that, shorter ganglia tend to have higher transport rates than
larger [Chuangye et al., 2007]. Moreover, Chatzis et al. [1988] concluded that
the sequence upon ganglia, trapped under low capillary number, is independent
of their size.

2.4.6 Wettability

Wettability is another parameter that has been reported to affect the trapping
and mobilization of non-wetting phase ganglia [Yadali Jamaloei et al., 2011,
Iglauer et al., 2012, Emami Meybodi et al., 2011, Avraam and Payatakes, 1995,
1999, Mohanty and Salter, 1983, Raeesi and Piri, 2009, Morris et al., 1997].
The wettability of a solid with respect to a fluid is defined by the contact
angle between the surface and the liquid-vapour interface. The main effect of
wettability has been observed on ganglia size, formation of wetting phase film
and on mobilization of ganglia.

Payatakes and Dias [1984] in their review of ganglion dynamics in porous
media, noted the importance contact angle and more specifically the impor-
tance of dynamic contact angle. A detailed study of the effect of contact angle
was presented by Payatakes [1982], which was used to express the hydrostatic
equilibrium of the interface between two liquid phases. Contact angle is very
important for the stability of the interface, since the curvature of the interface
is dependent on it. The dynamic contact angle is of more importance, since it
varies during the movement of the interface (advancing or receding) [Morrow,
1975, Rillaerts and Joos, 1980, Hilpert, 2009].

Experimental studies on sandstones has shown that the size and location of
the ganglia in the pore space are directly connected with the wettability of the
medium [Yadali Jamaloei et al., 2011, Iglauer et al., 2012]. Non-wetting phase
ganglia tend to be located in the bigger pores. Thus, they have a wider size dis-
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tribution than the wetting-phase clusters. In addition to that, the wettability
and its effect on ganglion size are accompanied with specific flow mechanisms.
These mechanisms, as they have been described by Yadali Jamaloei et al. [2011],
are (i) non-wetting phase drainage in the form of tiny rivulets along the pore
walls; (ii) stinging of non-wetting phase due to elongation.

The formation of wetting phase cluster or ganglia has also been observed.
However, in media in strong wettability it has been observed the formation of
wetting phase films connecting neighbour ganglia or clusters [Emami Meybodi
et al., 2011, Avraam and Payatakes, 1995, 1999]. The thickness of this films
varies based on the wettability of the medium. In stronger wetted media the
film is considerably thicker than in media with mixed wettability. In addition
to that, these films contribute to the disconnection of the non-wetting phase
ganglia and the “lubrication” of their flow.

The understanding of remobilization and eventually flow of ganglia under
various wettability conditions has been the aim of both experimental and nu-
merical work (Morrow 1979; Mohanty and Salter 1983). Experimental work
by Morrow (1979) showed, that in comparison with fully wet media, in weakly
wetted media larger pressure differences are required to enable mobilization
of ganglia. In media with intermediate wettability the negative effect of wet-
tability was also observed. The effect of wettability was also obvious in the
numerical work by Mohanty and Salter (1983). Media with mixed wettabil-
ity showed higher residual non-wetting phase saturation, in comparison with
full wet conditions for either phase. Moreover, their simulation results showed
different desaturation evolution through time. In mixed wet media a gradual
reduction of residual saturation, however for strong wet media the residual non-
wetting phase saturation decreased sharply after a critical capillary number and
reaches zero at capillary number two orders of magnitude higher.

2.5 Pore-scale numerical simulation of discontin-
uous phase

2.5.1 Pore–network modelling
One of the earliest pore-network models for the simulation of transient be-
haviour of oil ganglia was developed by Payatakes et al. [1980], Ng and Pay-
atakes [1980]. The network was based on a three-dimensional cubic (or tetra-
hedric) lattice with uniformly spaced lattice points. Two neighbouring lattice
points were connected by a link containing a unit cell (UC). A two-dimensional
description of the cubic network is shown in Figure 2.8 . The unit cell was
assigned a sinusoidal shape, as shown in Figure, A unit cell was characterised
by the size of the constriction, denoted by d. All the other dimensions were
linked to d. The total length of a unit cell was less than the lattice spacing
(distance between two neighbouring lattice points). The combination of all half
unit cells connected to the a given lattice points was called conceptual elemen-
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tary void space (CEVS). There were six half unit cells in a CEVS for cubic
lattices and four in the tetrahedric lattices. The lattice spacing and size distri-
bution of UC constrictions were chosen so that they could match corresponding
information from the actual porous medium, as well as the measured porosity
and permeability. For this network, Ng and Payatakes [1980] formulated a set
of criteria for mobilization, break-up, and stranding of a solitary ganglion for
a wide range of conditions (capillary number) and ganglion sizes. A code was
developed for predicting the phases of ganglion mobilization by applying mo-
bilization criteria, at each phase of the mobilization process. This information
was then used by Payatakes et al. [1980] to solve a set of two equations for the
temporal and spatial evolution of populations of moving and stranded ganglia
in a one-dimensional macro scale flow field of the continuous phase. They used
their model to determine conditions under which an oil bank formation may
succeed or fail.

Figure 2.8: Conceptual elementary void space (CEVS) [Ng and Payatakes, 1980]

Following the work by Payatakes et al. [1980] and Ng and Payatakes [1980]
mentioned above, Dias and Payatakes [1986a] developed a pore-network model
focusing on the displacement of non-wetting phase the wetting phase, by focus-
ing on micro-displacement under quasi-static conditions. As micro-displacement
they defined the "displacing phenomena whose characteristic lengths are of the
order of 1-100 grain diameters". They network model was based on unit cell
of the same geometry as in the work of Payatakes et al. [1980]. In addition to
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that, in their model, they set rules for the displacement of the fluids and the
occurrence of break-up. In this pore network model, self-coalescence is not al-
lowed by the simulator. In case of stranding, the criterion used in this simulator
is the same used on the work of Payatakes et al. [1980].

The model developed by Ng and Payatakes [1980] was limited in simulating
the quasi-static behaviour of ganglia, without considering rates of break-up
and stranding, and ganglion velocities. Dias and Payatakes [1986a,b] to study
the motion of solitary ganglia extended the previous pore-network model for
simulating both quasi-static and dynamic motion of ganglia. They used the
same pore network of constricted-tube type cells, representing a sand pack of
200 × 100 pores with a porosity of 0.4. The mobilization and stranding criteria
applied in this model are the same as in the work by Ng and Payatakes [1980].
Their research was focused on the average ganglion velocity and its dependency
on various parameters such as ganglion size, capillary number, viscosity ratio
and dynamic contact angle.

Their model to simulated the dynamic behaviour of ganglia, although more
computational demanding, took in account the viscosities of both fluid phases,
allowed the simultaneous movement of more than two menisci downstream, and
calculated the flow rates and the ganglion velocities.

The above detailed work on simulating the behaviour of a single ganglion
during two phase flow, led to the development of numerical models that could
simulate the behaviour of a population of ganglia. Constantinides and Pay-
atakes [1991] developed a pore-network model that simulated ganglia collision
and coalescence during two-phase flow and it is based on the work by Dias
and Payatakes [1986b] and Constantinides and Payatakes [1989]. This model
is dealing with two problems: the bulk motion of ganglia in the pore network
and the collision of two menisci in the same pore. By coupling these simulated
problems the model is focused in the process of collision and coalescence of two
ganglia and the conditions at which coalescence is possible or not. To repre-
sentatively simulate and analyse this phenomenon, the model is also focusing
on the behaviour of the wetting phase "trapped" between the two ganglia and
the effect of wetting film that fills the pore wall micro roughness and that sur-
rounds the ganglia. Simulating the ganglion collision and the drainage of the
wetting film takes place at different time scales and the model also takes this
in account. The coalescence probability is given as a function of Ca, viscosity
ratio, contact angle and the size of ganglia.

In continuation of the previous work, Valavanides et al. [1996] developed a
3D pore network simulator to investigate the cooperative flow of dense popula-
tion of ganglia during two-phase flow in consolidated porous media. In addition
to that, they also study the different behaviour between solitary ganglia and
ganglia that are part of a dense population of ganglia. Their results indicate
that stranding and breakup coefficients are larger for solitary ganglia in com-
parison with those that are part of denser population. Moreover, the "mode"
of ganglion break up is independent of wetting phase saturation and viscos-
ity ratio. In the same framework, Valavanides and Payatakes [2001] developed
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a statistical model to simulate steady state two-phase flow in porous media.
This model is based on the experimental observations of Avraam and Payatakes
[1995] that showed the evolution of two "prototypes flows" named connected
pathway flows (CPF) and disconnected-oil flow (DOF). The latter can be fur-
ther divided in three flow regimes (LGD, SGD and DTF) based on the size of
the mobile ganglia or droplets. To simulate these different flow regimes, they
incorporated the observed pores-scale mechanisms into each prototype flow. In
this this study, DOF represents the cooperative effect of ganglia and droplets
form all three sub-disconnected oil flow regimes, which per the authors makes
it suitable for using effective medium theory (EMT). Both prototype flows
are interlocked under the same pressure gradient, that is valid for steady-state
flow conditions. In their conclusions, they state that the model predicts the
non-linearity of the flow and the effect of the system parameters.

Finally, pore-network modelling has also been used for investigating the
behaviour of non-wetting phase ganglia. Lowry and Miller [1995] developed a
pore network model (spheres and cylinders) to determine residual saturation,
the volume of formed ganglia and their characteristics and finally the interfacial
areas as a function of the pore scale geometric parameters. This model assumes
a strong wet porous medium and the continuity of the wetting phase, to ensure
no trapping of wetting phase. In addition to that, the model assumes a piston
like displacement during drainage and imbibition with the addition to film flow
and choke-off, for each cycle respectively. Experimental validation of the model
indicated a good much of the non-wetting phase distribution but a poor quan-
titative agreement. The authors strongly support then need of a constitutive
theory for the residual saturation. Pore network modelling had also been used
by Raeesi and Piri [2009] to investigate the effect of wettability and trapping
on the relationships between saturation, capillary pressure and interfacial area.
Their simulation results, for water wet systems, indicated a difference between
the interfacial area after main drainage and after water flooding, where the
later is significantly larger.

2.5.2 Lattice-Boltzmann method (LB)

Another method used for simulating the flow of ganglia during two-phase flow
is Lattice-Boltzmann (LB). Yiotis et al. [2013] used Lattice-Boltzmann (LB)
model to simulate the dynamics of ganglia during two-phase flow. In their
simulations showed the undergoing break-up and coalescence of non-wetting
phase ganglia. This undergoing break-up and coalescence of ganglia led to the
formation of two populations of ganglia based on their mobility (mobile or
trapped). The concluded that the mass partition between the mobile and im-
mobile parts of the non-wetting phase is directly dependent on Bond Number
(Bo) and the phase saturation. The process is investigated under steady state
conditions, when the rate of coalescence and break-up is equal, where three
flow regimes can be identified. These regimes where characterised based on the
Bo at each regime. At high Bo conditions the ratio of mobile to stranded gan-
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glia increases as well as the breaking rate and consequently the population on
small blobs/ganglia. Finally, their simulation results showed that the transition
between single and two-phase flow takes place after a critical Bo value and the
mobilised non-wetting phase volume increased nonlinear until the domination
of viscous forces.

More recently, in their research on the role of phase topology and ganglion
dynamic during two-phase flow Armstrong et al. [2012] used LB method to
simulate the two-phase flow. In their conclusion the emphasise the importance
of ganglion dynamics on the transport of non-wetting phase, that explains rel-
ative permeability rate dependences. In addition to that, they focus on the
importance of fluid topology and its evolution at a constant saturation and
the resulting effect has macro scale implications, since fractional flow depends
on the flow conditions. By summarising their results they conclude in three
points: first on fact that Darcy formulation for two-phase flow has contribu-
tions originate from connected pathway flow and dissipative pore-scale events,
second two flow regimes coexist during fractional flow and third Euler charac-
teristic provide a way to characterise connectivity of the flow regimes at the
macro scale. The Euler characteristic can be used to incorporate fluid topology
into Darcy-scale thermodynamic models. Finally, they note on the fundamental
limitations of traditional multiphase flow formulations based on Darcy law.

2.5.3 Percolation theory

Larson et al. [1977] proposed the use of percolation theory to describe the
flow of non-wetting phase blobs or ganglia during the imbibition in a porous
medium. In their theory, they defined three major regions, is the direction of
flow, using as reference the distance of the region border to the injection area of
the wetting phase. The region close to the injection point of the wetting phases
noted as Y = 0 the flow is characterized by the formation of blobs and only
wetting phase is flowing. On the other hand, at large distances (large Y ) the flow
is characterised by a continuous regime of the non-wetting phase. Finally, are
distance Y = Y ∗ there is a transition region between the two other flow regimes.
At distance Y ∗, where the transition takes place, the Snw = Xc (percolation
threshold for the void space), that is the non-wetting phase saturation that the
phase no longer maintains long range connectivity.

Despite the effect of the distance from the injection point of the wetting
phase the applied capillary number (NCa) is another parameter that has an
effect on the flow type and the desaturation efficiency based on the size of the
ganglia (n∗) according to the equation 2.14:

n∗ ' λN−1
Cakrwφ (2.14)

where: λ ≡ α
β2 (α, β are dimensionless constants), krw is the relative per-

meability at a specific saturation and φ is porosity.
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Based on this equation at vanishingly low capillary numbers the length of
the ganglia that can be mobilized is infinite large and therefore the flow regime
is characterized by continuous non-wetting phase flow, while already existing
ganglia will remain stranded. Thus, the residual non-wetting phase saturation
after imbibition can be defined as:

Snwrw = lim
NCa→0

Snwr(NCa) (2.15)

In order to have flow of the non-wetting phase saturation must exceed the
percolation threshold for low capillary numbers. Based on equation 2.15:

Snx = XC → Snwrw = XC (2.16)

This has been experimentally justified that Snwr asymptotically aproaches
Snwrw, as NCa becomes smaller.

In comparison with low capillary number conditions, under increased capil-
lary number conditions non-wetting phase ganglia longer that n∗ will flow while
shorter than this value they will remain stranded. Break-up of non-wetting
phase break-up into blobs occurs when Snwr = XC .

The distribution of projected lengths of the ganglia are given by the function
f(n), that is the expected number of blobs with length n in the medium divided
by the total number of pores. The fraction of the pores occupied by the blobs
is nf(n). Finally the average volume of trapped non-wetting phase per pore
volume at a given NCa is:

Snwr =

n∗∑
n=1

nf(n) (2.17)

The topology of the porous media and more specific the lattice controls the
percolation threshold as it is defined by equation 2.18 :

X = XC =
1

σ
(2.18)

As it is characterized by the connectivity of the pore space of the medium.
To sum up with percolation theory for the residual phase, as it is proposed

by Larson et al. [1977], the importance of the topology of the pore space is
evident on the two parameters λ and σ noted above. Factor λ characterises the
pore-geometry-dependent resistance to the meniscus between the liquid phases
and factor λ characterises the pore-topology-dependent number of alternative
routes the meniscus can move through.
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2.6 Macroscopic theories

2.6.1 Theory proposed by Hilfer
Theoretical work by R. Hilfer and his collaborators developed a theory for
describing two-phase flow in porous media. This theory, in comparison with the
extended Darcy based theories, incorporates the energy balance, in addition to
mass and momentum balance that is only be taken in account by the previous
theories [Hilfer, 1998]. The development of this theory is based on the two
basic problems regarding the above mentioned macroscopic theories. The first
problem, according to the author, is that these theories and I quote "they
must be considered physically incorrect", since the present permeability as
a function of saturation and not on the surface area between the fluids and
between the fluids and the solid phase. The second problem is that the functions
of relative permeability of the two phases (krw(SW ), krnw(Sw)) and capillary
pressure Pc(Sw) are dependent on saturation, while they also dependent on
velocity and pressure. Therefore, they are not considered to be constitutive
relations characterising the system.

This theoretical work by Hilfer [1998], in comparison with the extended
Darcy based theories, incorporates the energy balance, in addition to mass and
momentum balance that is only be taken in account by the previous theories.

The work by Hilfer and Doster [2010], based on the work by Hilfer [1998],
focuses on the mobilization of trapped non-wetting phase. In their approach,
they divide both fluid phases in two components based on the continuity of
each component. Based on this approach, the mass balance equation is:

∂(ϕi%i)

∂t
+
∂(ϕi%iui)

∂x
= Mi (2.19)

where: ρi(x, t) is the mass density, ϕi(x, t) is the volume fraction and ui(x, t)
is the phase velocity.

Momentum balance:

ϕi%i
Di

Dt
ui − ϕi

∂Σi
∂x
− ϕiFi = mi − uiMi (2.20)

where: Σi is the stress tensor of the phase, Fi is the body force per unit
volume acting to the phase, mi is the momentum transfer in the phase from
all the other phases and finally Di

Dt = ∂
∂t + ui∂

∂x is the material derivative. In
the case of the non-percolating phase, the stress tensor Σi is defined by the
momentum flux across the surface, in a three-dimensional continuum.

One of the main assumptions in this theory is that he discontinuous element
of each phase is accounted as immobile and that it only exchanges mass with
the continuous element. In contradiction with such assumption, experimental
data support the that during two-phase flow, especially after main imbibition,
non-wetting phase is trapped in the form of ganglia, which can be mobilised.
as well as continuous elements of the phase. During their mobilisation, the
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non-wetting phase ganglia not only exchange mass with the continuous non-
wetting phase, when it is formed, but also with other ganglia. Consequently,
this assumptions does not hold, except for specific flow conditions.

2.6.2 Theoretical model proposed by Valavanides & Pay-
atakes

Valavanides and Payatakes [2001] developed a theoretical model based on the
decomposition of steady-state two-phase flow in porous media. This model is
based on the experimental observations by Avraam and Payatakes [1995] and
Avraam and Payatakes [1999], which adopted in the pore-network model devel-
oped by Valavanides et al. [1996] and Valavanides et al. [1998]. As presented in
Section 2.5.1, the flow of non-wetting phase can be considered as composition
of various prototype flows. In this work they divide the non-wetting phase flow
in disconnected oil flow (DOF) and connected-oil pathway flow (CPF), as is it
presented in Figure 2.9.

Figure 2.9: Decomposition of non-wetting phase flow in discontinuous oil flow
(DOF) and connected-oil pathway flow (CPF), as adopted by Valavanides and
Payatakes [2001]

Due to the decomposition of two-phase flow the approach for the description
of flow is different to the theories presented above. The continuous pathway
regime is described as single phase flow, based on the assumption that no
wetting phase is flowing and/or is trapped at this region. They define as β the
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volume fraction of the pores space dominated by this flow regime. The rest of
the porous medium is dominated by the disconnected oil flow regime (DOF),
and its volume fraction is defined as (1−β). Finally, they used β and Sw, water
saturation, as flow arrangement variables in order to have an indication of the
controlling flow pattern.

Based on the above statements, the steady-state two-phase flow can be
described with the set of seven equations. The continuous pathway flow fo the
non-wetting phase is described by Darcy’s law:

Uo,CPF =
1

κr
x (2.21)

where: κ is the wetting/non-wetting phase viscosity ratio, x is the reduced
common pressure gradient and r is the wetting/non-wetting phase flow-rate
ratio.

The overall wetting phase mass balance is expressed in Eq.2.22 and the
overall non-wetting phase mass balance in Eq. 2.23.

(1− β)Uw,DOF = 1 (2.22)

βUo,CPF + (1− β)Uo,DOF = 1 (2.23)

The total oil arrangements is expressed in Eq.2.24, with the use of the flow
arrangement variables noted above:

β + (1− β)So,DOF = 1− Sw (2.24)

The non-wetting phase ganglion normalisation condition is described by
Eq.2.25:

Imax∑
i=1

= nGi N
G
i = 2Nd (2.25)

where: nGi is the reduced density of the i-class ganglia, NG
i is the total

number of unit cells occupied by any i-class ganglia, and Nd is the network
lattice dimensionality.

The pore-scale vs macroscopic oil ganglion mass balance in the DOF region
is expressed by Eq. 2.26.

Imax∑
i=1

inGi m
G
i (x)uGi (x) = 2rUo,DOF (2.26)

where: mG
i is the assigned mobilisation probability ot any i-class ganglia,

and uGi is the velocity of an i-class ganglion’s mass centre.
Finally Eq.2.27 expresses the effective medium theory (EMT) equation for

the DOF region.
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ω
∑
jik

∑
b

∑
n

P bjik,m ×
(1 + r)− xβ

κ −
xgbjik,n(x)(1−β)

k

(1 + r − xβ
k )(σ2 − 1) + xgbjik,n

(x)(1−β))
k

+(1− ω)
∑
jik

fjik

×
(1 + r)− xβ

k −
xg1Φ

jik(1−β)

k

(1 + r − xβ
k )(σ2 − 1) +

xgIΦ
jik(1−β)

k

= 0

(2.27)

where: P bjik,n is the occurrence probabilities of the various ganglion cells in
the ganglion cells domain, gbjik.n is the reduced conductance of a b-type jik-
class cell in a n-ganglion, g1Φ

jik.n is the conductance of a jik-class cell during
single phase flow, and σ is the pore-network coordination number.

2.7 Summary and Future research

Multiphase flow in porous media is encountered in a number of natural and in-
dustrial applications. The formation and flow of discontinuous phases, formed
during the evolution of flow, has added to the complexity of the process. The
current models of two-phase flow are based on Darcy’s law, and on the as-
sumption of the continuity of phases. However, this assumption does not hold
by definition when the formation and flow of the discontinuous phases is stud-
ied. In an attempt to describe the flow of discontinuous phases, various theories
have been developed and employed, such as the Percolation Theory, the Effec-
tive medium theory, in combination with (modified versions of) Darcy’s law.
Each of these theories have their limitations in fully describing the flow of
discontinuous phase.

Despite the wealth of experimental work and the variety of numerical tech-
niques used for the understanding of the flow of discontinuous phases, there
is still important shortcomings in the description of these processes. These
include the lack of a macro-scale model for the description of discontinuous
globules, absence of pore-scale information on the pressure and velocity fields,
and inadequate knowledge of momentum transfer between phases. Pressure and
its variations at the pore-scale cannot be measured due to the limitations of
the measurement probes. Traditionally, pressure is measured and/or controlled
outside of the porous medium. Therefore, there is need for the development of
a microfluidic device, which would allow pore-scale pressure measurement.

In addition to the lack of any pore-scale pressure measurements, there is
no experimental information available related to the momentum exchange be-
tween continuous and disconnected phases, or the flow inside each trapped
phase. Since the flow of the continuous phase around the trapped phase con-
trols the fate of the latter, the interaction between the phases is of major
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importance. In order to visualise the flow inside the trapped non-wetting phase
and the continuous wetting phase, both phase can be doped with fluorescent
particles. Particle Tracking Velocimetry (PTV) in combination with Fluores-
cent microscopy can be used for analysing the movement of these particles and
consequently quantifying the momentum exchange between the two phases.





CHAPTER 3

Study of Multi-phase Flow in Porous Media: Comparison
of SPH Simulations with Micro-model Experiments

Abstract

We present simulations and experiments of drainage processes in a micro-model.
A direct numerical simulation is introduced which is capable of describing wet-
ting phenomena on the pore scale. A numerical smoothed particle hydrodynam-
ics model was developed and used to simulate the two-phase flow of immiscible
fluids. The experiments were performed in a micro-model which allows the
visualisation of interface propagation in detail. We compare the experiments
and simulations of a quasi-static drainage process and pure dynamic drainage
processes. For both, simulation and experiment, the interfacial area and the
pressure at the inflow and outflow are tracked. The capillary pressure during
the dynamic drainage process was determined by image analysis.

3.1 Introduction

In this work we present a comparison between direct numerical simulations of
immiscible two-phase flow in a porous structure based on Smoothed Particle
Hydrodynamics (SPH) and the results obtained from micro-model experiments.

Kunz, P., Zarikos, I.M.,Karadimitriou, N.K., Huber, M.,Nieken, U., Hassanizadeh, S.M.:
Study of multi-phase flow in porous media: comparison of SPH simulations with micro-model
experiments. Transp. Porous Media 114(2), 581–600 (2015).
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First SPH simulations of multi-phase flow in porous structures on the pore
scale have been performed by Tartakovsky and Meakin [2006] and Tartakovsky
et al. [2015]. Still comparisons with experiments are very rare and focus mostly
on the dynamics of a single interface, like a capillary rise. The need for an
experimental work where a number of capillaries, like a porous structure, would
be used became evident.

Both quasi-static and dynamic drainage experiments were performed in
a Poly-DiMethyl-Siloxane (PDMS) micro-model [Karadimitriou et al., 2013,
Zarikos et al., 2018]. The fluids used as the wetting and the non-wetting phase
were Fluorinert FC-43 and water dyed with ink, respectively. The dynamic
drainage experiments were performed under constant pressure conditions. Flow
through the micro-model was visualised with the use of a custom open air mi-
croscope. The acquired images were stored in a computer for further processing
[Karadimitriou et al., 2014].

The images acquired by the visualisation set-up were subsequently processed
to obtain information on the interfacial area between the wetting and the non-
wetting phase, as well as between the two fluids and the solid phase. Phase
saturation and the pressure in the reservoir at the inlet was also captured. In
this way, a direct comparison of experiments and simulations was obtained.

For the simulations a modified version of the Lagrangian SPH method [Gin-
gold and Monaghan, 1977] is used to easily track the moving interfaces of
the multi-phase flow. To account for interface and contact-line phenomena the
Navier-Stokes equations are extended by the Continuum Surface Force model
(CSF) [Brackbill et al., 1992] to describe the forces acting on the interface and
the Contact Line Force model (CLF) [Huber et al., 2013] to describe wall-fluid-
fluid interactions. These models allows us to track the extension of all interfaces
and contact lines.

The simulations are performed in 2D to capture the details of the hori-
zontal interface propagation. The influence of the top and bottom wall of the
micro-model on the viscous drag is included into the Navier-Stokes equation.
Additionally a constant contribution to the capillary pressure is assumed by
the interfacial curvature in vertical direction.

3.2 Experiment

3.2.1 Experimental set-up

The experimental set-up is the one used in various studies by Karadimitriou
et al. [2014, 2012], Zarikos et al. [2018] . The micro-model used for the experi-
ment had a rectangular shape with dimensions 2.5x 1mm. It consists of a big
void, which corresponds to the size of the micro-model, with a random distri-
bution of round pillars. This configuration creates a pore network with average
pore diameter of 160µm (Figure. 3.1). The micro-model was fabricated accord-
ing to the work of Karadimitriou et al. [2013] . First a silicon wafer with the
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Figure 3.1: Micro-model pore network

Figure 3.2: Micro-model position on the set-up

imprinted micro-model was created using photolithography. Subsequently this
wafer was used as mold on one PDMS slab. A second PDMS slab was then
used to cover the micro-model.

The experimental set-up consists of three major parts. The first part is
the image acquisition system, which consists of a light source, a prism, camera
lenses and a monochromatic camera. The second part, consists of two reservoirs
containing the two liquid phases where an equal number of pressure transducers
are fixed to measure the pressure difference in the reservoirs (Figure. 3.2).
The inlet and outlet of the micro-model are connected to the two reservoirs.
The third part of the set-up contains the pumping system, which controls the
applied pressure to the reservoir of the non-wetting phase. More details about
the experimental setup can be found in the work of Karadimitriou et al. [2013].

3.2.2 Two-phase flow experiments

The two-phase flow experiment has been performed according to Karadimitriou
et al. [2013] . The micro-model is connected with the two reservoirs. Each
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reservoir contains a different liquid phase, one being the wetting phase and
one the non-wetting phase. In this experiment, due to the hydrophobicity of
PDMS, water (blue ink) is the non-wetting phase and Fluorinert FC-43 is the
wetting phase. Figure 3.1 shows the micro-model fully wetted with Fluorinert.
In all experiments we acquired images of the phase propagation. From those
images all interfacial areas and the capillary pressure at the wn-interface was
determined.

Dynamic Drainage Experiment

The dynamic drainage experiment consisted of one full drainage process. Dur-
ing drainage a constant external pressure was applied to the reservoir con-
taining the non-wetting phase. The pressure is controlled by a pressure valve
(Bronkhorst) and maintained a stable pressure during the experiment. In order
to achieve dynamic conditions the applied pressure was kept at 1.86 kPa during
the drainage process. Images of the process were taken with a rate of 5 fps.

Quasistatic Drainage Experiment

The quasi-static experiment has been performed using a flow control. The
drainage process was paused for eight times to let the system relax. One image
was taken in each relaxed condition and the current pressure in the reservoir
was measured.

3.3 Model Description

Isothermal flow of immiscible and incompressible Newtonian fluids in a con-
tinuous domain is described by the Navier-Stokes equations. The Lagrangian
formulation reads

ρ
Dv

Dt
= −∇p+ µ∇2v + ρg + FV OLwn + FV OLwns , (3.1)

where the term −∇p+µ∇2v results from a pressure gradient and viscous stress
in the system. Further g represents any body force like gravity. FV OLwn and FV OLwns

are volumetric forces which represent the forces acting at the interface between
the wetting and non-wetting phase and the forces at the contact line between
the two fluids and the wall. For incompressible fluids the continuity equation
simplifies to

Dρ

Dt
= −ρ (∇ · v) = 0. (3.2)

3.3.1 Implementation in SPH
We chose the SPH method because of it’s mesh-free nature. Hence SPH can
treat the propagation of multiple interfaces in a pure Lagrangian manner. Also
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the splitting and merging of existing interfaces is an easy task in SPH. A com-
parable accuracy of SPH with other methods like Lattice-Boltzmann or FEM
in flow through porous media was shown by Sivanesapillai et al. [2014]. SPH
is an interpolation method where properties are evaluated at certain interpo-
lation points to approximate a continuous field. These points, which represent
a certain volume, are called particles and move in the system in a Lagrangian
manner. In SPH the interpolation formula for any quantity A(r) is an approx-
imation to an integral interpolant of the form [Monaghan, 2011]

A(r) =

∫
A(r′)W (r− r′, h)dr′ ≈

∑
j

mj Aj
ρj

Wij , (3.3)

where Aj = A(rj) and Wij = W (ri−rj , h) is a kernel function with smoothing
length h = 2.1. We use the C2 spline function by Wendland [1995]

W (r, h) =
7

4πh2

{
(1− q

2 )4 (2q + 1) if q < 2

0 else
, (3.4)

where q = |r|/h. This kernel was shown to have a lower tendency for particle
clustering compared to other kernels [Szewc et al., 2012]. A detailed introduc-
tion into the SPH theory can be found for example in the review of Monaghan
[2005].

SPH formulation for multi-phase flow

Our multi–phase model is based on the model presented by Szewc et al. [2012],
with the exception of the viscous force, where we chose the formulation of
Morris et al. [1997]. We chose this formulation, because it produces an accurate
velocity profile in low Reynolds number flow in a channel [Morris et al., 1997].
The acceleration due to the viscous force is formulated as((

1

ρ
∇ · µ∇

)
v

)
i

=
∑
j

mj (µi + µj) rij · ∇iWij(h)

ρi ρjr2
ij

vij , (3.5)

with rij = ri − rj .This formulation conserves linear momentum exactly, while
angular momentum is only approximately conserved. The density of the parti-
cles is assumed to be constant ρi = mi/V0 because of incompressibility. Here
V0 is the volume of one particle, which is constant for all the particles. The
pressure force is originally introduced by Morris [2000] as

−
(

1

ρ
∇p
)
i

= −
∑
j

mj
pi + pj
ρi ρj

∇iW (~rij , h) . (3.6)

Surface Tension in SPH

Different numerical methods are available to model surface-tension in SPH.
The most common one is the Continuum Surface Force model (CSF) which was
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introduced by Brackbill et al. [1992] and brought to SPH by Morris [2000]. This
approach does not conserve momentum exactly and some spurious currents
occur at the interface. However, the method has proven to be very stable [Szewc
et al., 2013]. An extension to the CSF model which includes forces at the
contact line (CLF) was proposed by Huber et al. [2013]. There is a momentum
conserving variant of the CSF method available, where the effect of surface
tension is added as a correction to the momentum stress tensor [Lafaurie et al.,
1994]. We tested the implementation of Hu and Adams [2006], but the effect
of spurious currents, especially at the contact line, was larger compared to the
classical CSF model. Tartakovsky and Meakin [2006] used a less computational
demanding method based on a methodically different approach from Nugent
and Posch [2000]. They describe the macroscopic effect of surface tension with
attractive and repulsive forces to avoid the calculation of the local curvature at
the interface. One disadvantage of this method is that the force won’t vanish
at straight interfaces. Considering all methods we decided to use the CSF/CLF
model for this work. With the assumption of a constant surface tension σwn
between wetting and non-wetting phase the CSF model reads

FV OLwn = fwn δwn = σwn κwn nwn, (3.7)

where fwn, δwn, σwn, κwn and nwn are the surface force, volume reformula-
tion parameter, surface tension coefficient, curvature and the normal vector of
the interface between the two immiscible phases. The volume reformulation is
necessary to transfer the forces acting at the interface or contact line into the
Navier-Stokes equations for the fluid domain. The normal vector is calculated
using the color (or indicator) function c.

nwn =
∇ c
[c]

(3.8)

where [c] = |cw − cn| is the change in c at the interface. In SPH Eq.(3.8) can
be written as

nwn,i =
1

[c]

∑
j

mj

ρj
(cj − ci)∇iWij , (3.9)

Here |nwn| can be used as volume reformulation δwn,i. The local curvature of
the interface is defined as

κwn = −∇ · n̂wn, (3.10)

where n̂wn is the normalized normal vector. The curvature is discretized in
SPH as:

κwn,i = −
∑
j

mj

ρj
(n̂wn,j − n̂wn,i) · ∇iWij (3.11)
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We also tested other implementations for the CSF model. Adami et al. [2010b]
proposed a formulation which performs the volume reformulation with a density
weighting. This formulation tends to an increased mixing of the two phases.
We also implemented the formulation of Hu and Adams [2006] which results
in increased spurious currents at the contact line. The chosen formulation still
showed a tendency for mixing of the two phases and spurious currents at the
interphase. This is a common issue for the CSF model with a high ratio between
surface tension and viscosity. However the mixing effect was small enough to
avoid an extra repulsive force at the interface, as the one proposed by Grenier
et al. [2009].

The momentum balance at a contact-line tangential to the wall including
the volume reformulation reads [Huber et al., 2013], [Hassanizadeh and Gray,
1993]

FV OLwns · νns = (σns − σws + σwn (ν̂ns · ν̂wn︸ ︷︷ ︸
− cos θ

)) δwns, (3.12)

where ν̂kl are unit vectors pointing away from the contact line (see Figure.
3.3(a)). They lie on the kl-interface and are orthogonal to the contact line
itself. δwns is the volume reformulation parameter for the contact line force
[Huber et al., 2013].

3.3.2 Corrected SPH

We use the correction of the kernel and the correction of the gradient introduced
by Bonet and Lok [1999] in this research work for all computed properties. We
do this for three reasons:

1. The calculation of the normal-vector n and the curvature κ does not
have full support in the domain [Morris, 2000], [Adami et al., 2010a] (see
Figures. 3.3(b), 3.3(c)).

2. The simulations are performed with open-boundaries. This means that
new particles can enter the system and others leave it. In this inlet and
outlet zone the particle distribution is not perfect. In order to minimize
the errors at the open-boundaries the application of corrected kernels and
their gradients is crucial.

3. The convergence with increasing particle resolution in a disturbed system
is only guaranteed with higher order methods [Fatehi and Manzari, 2011],
[Tartakovsky et al., 2015].

The corrected kernel can be described by:

W̃ij =
Wij∑
j VjWij

=
Wij

Si
, (3.13)
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νwn
νws νns

Figure 3.3: 3.6 fig:ContactLine shows the contact line at the connection point
of the unit vectors ν̂kl, where each vector ν̂kl is located tangential on the cor-
responding interface. ((b)) shows the missing support in the calculation of ni
close to a wall and in ((c)) the curvature κi is only calculated using particles
which hold the condition |nj | > 0

.

where Si is called the Shepard-function of particle i. The gradient of this cor-
rected kernel becomes

∇W̃ij = ∇
(
Wij

Si

)
=
∇Wij − Wij ∇Si

Si

Si
, (3.14)

with ∇Si =
∑
j Vj∇Wij . To ensure that any linear property field is evaluated

correctly and angular momentum is conserved, the following condition must be
fulfilled:

Li =

∑
j

Vj∇W̃ij ⊗ (−rij)

−1

. (3.15)

Thus the corrected gradient of the corrected kernel reads:

∇̃W̃ij = Li∇W̃ij (3.16)

Those corrected gradients of the corrected kernels were used for all formula-
tions.

3.3.3 Incompressibility Treatment and Time Integration
In our work we use the truly incompressible SPH (ISPH) method based on
the Projection Method introduced by Cummins and Rudman [1999]. In ISPH
the pressure can be calculated by solving a Pressure Poisson Equation (PPE).
There are two criteria available from the continuity equation (Eq. 3.2) to satisfy
the incompressibility condition. Either the divergence of the velocity is zero or
the density-field is invariant over one time-step.

∇ ·
(

1

ρ
∇p
)

=
div ~v∗

∆t
=
ρ0 − ρ∗

ρ0∆t2
. (3.17)
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Eq. 3.17 is discretized as

∇ ·
(

1

ρ
∇p
)
i

=
∑
j

mj

ρj

4

ρi + ρj

pij ~rij
| ~rij |2

· ∇iWij (h) (3.18)

(
div ~v∗

)
i

=
∑
j

mj

ρj

(
~v∗j − ~v∗i

)
· ∇iWij (h) (3.19)

The intermediate velocity v∗ is computed from the momentum balance, but
excluding the pressure force:

v∗ =

(
µ

ρ
∇2v + g +

1

ρ
FV OLwn +

1

ρ
FV OLwns

)
∆t+ vt. (3.20)

We use a time-integration scheme with a divergence-free velocity field and a
density-invariant field (ISPH_DFDI) introduced by Hu and Adams [2007]. The
velocity at the new time step is computed by:

vt+1 = v∗ −
(

1

ρ
∇p
)
·∆t (3.21)

We additionally use the particle shifting technique (ISPH_DFS) from Xu et al.
[2009]. The shifting was implemented at the end of the time-step to overcome
tensile-instabilities which could for instance occur from a homogeneous Carte-
sian initial particle distribution or the change in interfacial area. The integration
scheme can be found in the work of Xu et al. [2009].

3.3.4 Boundary Conditions

Solid Wall Boundary Conditions

The imbibition and drainage processes in the micro-model happen at low
Reynolds numbers. Additionally the Knudsen numbers of the two present liq-
uids in the smallest channels is still very small (Kn < 10−5). Therefore it is
valid to use no-slip boundary conditions introduced by Morris [2000] for both
liquids in the SPH simulation to realistically model laminar flow. It is impor-
tant to mention, that there is no projected velocity at the wall particles when
the pressure Poisson equation is solved (Eq. 3.19). The no-slip condition is only
applied when calculating the viscous force (see Figure 3.4(a)).

Inflow/ Outflow Condition

In this work we use Dirichlet boundary conditions of the projected pressure
field at the inlet and outlet. We impose a divergence free boundary condition
at the inlet and outlet by mirroring the particles at the open boundary and
keeping the velocities of the mirrored particles. In Figure 3.4(b) the mirrored
particles at the open boundary are shown. Also the occurrence of small void
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Figure 3.4: ((a)) shows the artificial velocity for boundary particles to simulate
a no-slip boundary condition for a particle at a solid wall. ((b)) illustrates the
velocities of the mirrored particles at the open boundary.

spaces at the inlet and outlet is represented by the different distance of the
particles from the boundary. The same mirroring technique is used to specify
the Dirichlet boundary condition for the pressure. This condition at the domain
boundary (where no particles are located) is fulfilled by defining the pressure
of the mirrored particles j′. For a mirrored particle j′ this pressure is defined
as:

p′j = 2pw − pj , (3.22)

where pw is the desired pressure at the inlet or outlet. The conditions for open
pressure boundary conditions then are given as:

3.3.5 Implementation

The presented SPH models are implemented in SiPER. SiPER is an ISPH code
developed by our group at the University of Stuttgart. It is specialized on multi-
phase flow in complex porous media. It is a MPI parallel implementation in
standard C language. We use the boomerAMG preconditioner and BiCGStab
solver from HYPRE and PETSc library for solving the PPE.

3.4 Simulation

3.4.1 Validation of the 2D-Simulation

The imbibition and drainage process in a porous structure is driven by in-
terfacial forces and a pressure gradient, respectively. Moreover the propagation
speed is constrained by viscous forces. Before performing the simulations of the
micro-model, the model was validated by two test-cases. In the first test-case
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the flow profile in a single-phase Poiseuille-flow is validated and in the second
test-case a dynamic capillary rise is compared with a reduced model.

Poiseuille Flow

The Poiseuille flow is a simple test-case to verify a correct implementation of no-
slip boundaries at the solid wall and viscous forces in general. In most literature
of SPH, Poiseuille flow is applied by using periodic boundary conditions in the
direction of the flow and applying a body force to accelerate the fluid. In this
work we apply a pressure gradient between inlet and outlet with Dirichlet
boundary conditions for the pressure as driving force (see Sec. 3.3.4). In this
way we can use the Poiseuille flow also as test-case for the pressure field and
the acceleration term arising from a pressure gradient.
We consider a two-dimensional, rectangular domain with a length of Lx =
3D = 480µm and a height of Ly = D. In y-direction we apply no-slip wall
boundary conditions. The fluid has a density of ρ = 1000 kg

m3 and a dynamic
viscosity of µ = 0.001Pa s. The Reynolds number is Re =

ρ~uavgD
µ = 7.1. The

dimensionless velocity is defined as ~u∗ = ~u
~umax

. The dimensionless positions are
x∗ = x

D and y∗ = y
D . The corresponding pressure difference between in- and

outlet is ∆p∗ = ∆p
~u2
avgρ

= 5.06. Initially the system is at rest. The domain size
is set to 7500 particles.
In Figure 3.5(a) velocity profiles for three times t∗ = t·~umax

D are shown. In Figure
3.5(b) the error in the pressure field is plotted over the dimensionless position
x∗. It is computed by err =

psimulation−panalytic

panayltic
. The new introduced Dirichlet

boundary condition for the pressure at the inlet and outlet is proven to work
very accurate, which is expressed in an error in the simulated pressure field
of less than 0.002 % across the domain. The good agreement of the simulated
velocity profiles (Figure 3.5(a)) result from an accurate pressure field and valid
formulations of the viscous and pressure forces (see Eqs. 3.5 and 3.6). The mean
error of the local velocity at time t∗3 is given with erru = 0.50 %.

Capillary Rise

In this simulation the capillary rise between two flat parallel walls is examined.
The height of the system is H = 9.3mm and the gap between the plates is
d = 1.55mm wide. We compare our SPH simulation with a reduced model.
The reduced model uses a global momentum balance of the two-phase system
between the plates. The same approach but in a round capillary with only
one fluid was used by Fries and Dreyer [2008]. The model setup is shown in
Figure 3.6. The two main assumptions in the reduced model are a parabolic
flow profile over the whole domain and a constant curvature at the interface.
With the relation hn = H − hw the two remaining independent variables are
the height of the wetting phase hw and the contact angle θ. Blake and Haynes
[1969] proposed a linear correlation of the dynamic contact angle θ and the
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Figure 3.5: ((a)) shows the analytic (lines) and computed velocity profiles
(symbols) of the Poiseuille flow between the two plates for three time steps
(t∗1 = 0.67, t∗2 = 1.46 and t∗3 = 4.17. ((b)) shows the error of the computed
pressure field over the length of the plates at t∗3.
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Figure 3.6: In ((a)) the setup of the reduced model introducing all parameters
is shown and in ((b)) the combined momentum balance of the two liquids is
given.
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Figure 3.7: ((a)) shows the simulated dynamic contact angles over the corre-
sponding contact-line velocities during the capillary rise and in ((b)) the average
level of Fluorinert during the capillary rise is plotted over time

contact-line velocity U in the vicinity of the static contact angle θ0:

U =
σwn
ξ

(cos(θ0)− cos(θ)) . (3.23)

Here ξ is called the intrinsic friction coefficient and has the unit Pa s. θ0 is
the static contact angle and θ is the apparent/dynamic contact angle. This lin-
ear relation has also been used in our SPH-simulation (Figure 3.7(a)) with an
intrinsic friction coefficient of ξ = 0.041Pa s for the water-Fluorinert system.
Blake [2006] found a similar friction coefficient for a comparable system (16%
glycerol/water on PET). If the curvature of the interface is quasi-static during
the capillary rise the assumption is valid, that the interface velocity d hw/dt and
the contact line velocity U are the same. With this equation one can solve the re-
duced model with the information of the dynamic contact angle. To stay close to
the respective experiment we chose water (ρn = 1000 kg, µn = 1.0 · 10−3 Pa s)
as light non-wetting phase and Fluorinert (ρw = 1800 kg, µw = 4.7 · 10−3 Pa s)
as denser wetting phase. The static contact angle is the same as the one in
the experiment θ0 = 45◦ and the surface tension is σwn = 0.055Nm , which cor-
responds to the surface tension between water and Fluorinert. The pressure
boundary conditions where chosen to be ptop = 0Pa and pbottom = ρn g H = 91.2Pa.
In Figure 3.7 the good correlation of the evolution of the capillary rise between
the reduced model and the SPH-simulation is shown.

3.4.2 Simulation of a Drainage Processes in a Porous Struc-
ture

The geometry of the porous structure in the simulation is the same as the one of
the PDMS micro-model in the experiment (comp. Figure 3.1). The length of the
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simulation domain including the inflow channel is l = 3.48mm with a resolution
of the whole porous structure of 1200x 362 particles. So each particle represents
an area of 2.9x 2.9µm. We perform two different types of simulations. The first
type is a dynamic drainage process with a fixed pressure difference between
inlet and outlet. The other type is a quasistatic drainage process, where the
displacement of the wetting phase is performed in multiple steps with relaxation
times in between to measure system properties under static conditions.

Dimension reduction

All simulations of the micro-model were performed in 2-D in order to limit
the computational load. By reducing the vertical dimension, we assumed a
parabolic flow profile in vertical direction, to take the additional viscous friction
into account and a constant curvature of the interface in vertical direction.

Viscous Force
The cross-sections of all capillaries in the micro-model have the shape of a
rectangular duct. The viscous drag resulting from the no-slip condition at the
bottom and top wall of the micro-model strongly influences the permeability
κ of the system. With the assumption of a parabolic flow profile in vertical
direction the flow of a rectangular duct is well approximated if the width b of
the duct is larger than the height a. For this reason an additional viscous force
is applied to take care of the dimension reduction in the simulation:

Dvi,red
Dt

=
Dvi
Dt
− 12µi vi

ρi ∗ a2
(3.24)

The validation of this approach was carried out in a channel with a ratio b/l = 3.
The height was defined as in the experiment a = 100µm and the pressure dif-
ference was chosen ∆p = −10Pa. The width varied from 80µm < b < 500µm,
which corresponds to the minimum and maximum width of the channels in the
micro-model. The average channel width of the micro-model was b = 160µm.
In Tab. 3.1 the influence of the dimension reduction is shown. The error in per-
meability of the mean pore size is ≈ 6%, which is not negligible but it decreases
quickly in larger channels where the most dynamics take place. We included
the comparison of the permeability between two flat plates (see last row in Tab.
3.1) to highlight the contribution of the dimension reduction in the other cases.
The analytic solution for a flow in a rectangular duct is given for example by
Tuller and Or [2001]:

v̄ =
a2Bs
4µ

(
−dp
dz

)

Bs =
1

3
− a

b

64

π5

∞∑
n=1

tanh
(
b
a
π(2n−1)

2

)
(2n− 1)5

,

(3.25)

where we stopped the series at n = 1000.



Study of Multi-phase Flow in Porous Media: Comparison of SPH Simulations
with Micro-model Experiments 47

Table 3.1: Comparison of theoretic values of the permeability of rectangular
ducts and simulation results using the dimension reduction.

width [µm] height [µm] κduct [m2] κsim [m2] error [%]

80 100 2.748 · 10−10 3.035 · 10−10 11.45
160 100 5.093 · 10−10 5.360 · 10−10 6.21
500 100 7.283 · 10−10 7.382 · 10−10 2.31
160 ∞ 2.073 · 10−9 2.071 · 10−9 0.12

Surface Force
The capillary pressure of a rectangular duct is equal to

(3.26)

pc = pn − pc =
σwn
rc

, (3.27)

where the radius of the curvature rc = 1
κ can be determined as [Joekar-Niasar

et al., 2009]:

8(π/4− θ)rc + [2(a+ b)− 8
√

2 cos(π/4 + θ)rc] cos(θ)

ab− 4r2
c [
√

2 cos(π/4 + θ) cos(θ)− (π/4− θ)]
=

1

rc
, (3.28)

where a and b is the height and the width of the channel and θ is the static
contact angle. The surface tension between Fluorinert and water is σwn =
0.055Nm . The static contact angle in the micro-model was identified as θ ≈ 45◦.
In this case Eq. 3.28 simplifies to:

κ =
1

rc
=

(
2

a
+

2

b

)
cos(θ). (3.29)

Because the total curvature now adds up by the horizontal and vertical exten-
sion of the duct, the only necessary assumption for a reduction of dimension is
a static contact angle of the interface on the top and bottom walls. Then we
can get pc by computing only the horizontal curvature in the simulation and
adding the constant contribution from the vertical curvature.

pc = σκh + 2
0.055 N

m cos(45◦)

100µm
= σκh + 778Pa (3.30)

Dynamic Drainage Process

For the dynamic drainage process we performed several simulations with the
pressure difference between inlet and outlet ∆p ranging from 1.678 to 5.778 kPa.
Then we compared the simulated and experimental drainage process with
∆p = 1.86 kPa. In Figure 3.8 the simulated flow path after 94ms is shown
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together with the flow path in the experiment after 1.45 s. In Figure 3.9 multi-
ple simulated drainage processes with different applied pressure gradients are
shown. We study the propagation of the interfacial area between wetting and
non-wetting phase Awn, the interfacial area between wetting and solid phase
Aws, the Helmholtz free energy F and the saturation of the wetting phase Sw.
In an isothermal and isochoric system the change of the Helmholtz free energy
F is only affected by interface formation:

F (t) = Awn(t)σwn −Aws,(t) (σns − σws) + const. (3.31)

Here Awn is approximately computed as product of the measured horizontal
length of the wn-interfaces in the 2D-simulations

Lwn,h =
∑
i

|nwn,i|V0, (3.32)

where V0 is the volume of one particle in the 2D simulation, and the constant
vertical length of the curved interface

Lwn,v =
a (π − 2 θ)

2 cos(θ)
= 111µm (3.33)

Awn = Lwn,h Lwn,v. (3.34)

Aws is computed as sum of the vertical and horizontal ws-interfaces:

Aws =
∑
i

(|nws,i|V0 a+ 2 δw,iV0) . (3.35)

where δw,i is defined as:

δw,i =

{
1 if particle i belongs to the wetting phase
0 if particle i belongs to the non-wetting phase

(3.36)

During the dynamic simulation we determined the capillary pressure from the
output of the pressure field (see Figure 3.8(b)). The capillary pressure was
identified from the pressure difference at interfaces between the continuous
wetting and non-wetting phase. Thus intrusions of the wetting phase had no
effect on the measured capillary pressure.

Quasistatic Drainage Process

The quasistatic drainage process in the simulation is set up as follows. The
system is initially fully wetted with Fluorinert. The non-wetting phase is pushed
with a certain velocity in the system. The boundary conditions are still Dirichlet
boundary conditions for the pressure and homogeneous Neumann boundary
conditions for the velocity as described in Sec. 3.3.4. We use a PI-controller
for the inlet pressure to obtain an average velocity in the inflow channel v̄dyn.
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Figure 3.8: Figures. ((a)) and ((b)) show the phase evolution after 94ms
with the corresponding dynamic pressure field during a drainage process with
1.86 kPa. In ((c)) all wn-interfaces are shown and in ((d)) the experimental
drainage process is shown after 1.45 s.
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Figure 3.9: shows the different behavior of the dynamic drainage processes
when applying pressure gradients between 1678 and 5778Pa. We stopped the
simulation in the case of ∆p = 1678Pa after the barrier was reached. In the
other cases the end of the plotted line is equal to a breakthrough.
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The setpoint of the average inflow velocity is set to v̄dyn = 1 · 10−2m
s . The

pressure at the outlet is fixed at p = 1.0 kPa. The Fluorinert is displaced until
the saturation Sw has dropped by 5% in the domain. After that the setpoint of
the velocity is set to v̄stat = 0 m

s for a certain time interval ∆tstat = 1 · 10−2s
to let the system relax. The capillary pressure was measured from the pressure
difference between inlet and outlet in the relaxed system. Then the setpoint of
the average inlet velocity is switched back to v̄dyn.

3.5 Results and Discussion

We have performed both simulations and experiments in a geometric identical
micro-model with the goal to get a detailed insight into the underlying physical
processes. The CSF/CLF-model in the SPH-simulations was able to predict a
flow path in the dynamic drainage process which is very close to the one found
in the experiment (Figure 3.10). The flow path in the simulated quasistatic
drainage process is also similar to the one found in the experiment. Here one
more pore body gets drained in the simulation when the saturation lowered to
Sw = 0.35 (Figure 3.11). The measured capillary pressures at specific satura-
tions fit very well with the experiment for both the dynamic (Figure 3.13(a))
and the quasistatic (Figure 3.14(a)) case. In both cases the peak in the capillary
pressure at Sw ≈ 0.7 is captured in simulation and experiment.

The SPH-simulation can give very interesting insights into the dynamic
drainage process (see Figure 3.8). The variation of the local capillary pressure
at the different interfaces can be monitored in detail. Also the interfacial area
in 2D can be determined with an easy summation over the SPH-particles.
Nonetheless the measured interfacial areas show a significant difference in both
the dynamic and quasistatic drainage process. The comparison of the interfacial
areas are shown in Figure 3.13(b) for the dynamic drainage and in Figure
3.14(b) for the quasistatic process. The main part of this difference results
from the larger number of small intrusions of wetting-fluid captured in the
SPH-simulations. Another part of the difference could also be explained by the
different evaluation processes. In the simulation the interfacial area is computed
by a simple product of the measured interface in 2D and a constant contribution
of the height of the micro-model, which will overestimate the interfacial area
by some percent.

In the simulations we performed several drainage processes with increasing
pressure difference (Figure 3.9). Apart from a faster decrease in the saturation
of the wetting phase, also the total change in saturation at breakthrough varies.
In Figure 3.12 a comparison between the final states before breakthrough of the
simulated drainage process with an applied pressure difference of ∆p = 1.86 kPa
and ∆p = 2.778 kPa is shown. With a pressure difference of only ∆p = 1.86 kPa
one can see a clear effect of capillary fingering, both in the simulation and
the experiment (compare final states in Figure 3.10). This effect vanishes at
pressure gradients of ∆p = 2.778 kPa and higher. This observation corresponds
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Visualization of
Experiment Simulation

Sw = 0.82, t = 0.05 s Sw = 0.83, t = 9ms

Sw = 0.67, t = 0.85 s Sw = 0.69, t = 39ms

Sw = 0.64, t = 1.25 s Sw = 0.66, t = 52ms

Sw = 0.43, t = 1.45 s Sw = 0.41, t = 94ms

Figure 3.10: Dynamic drainage process: The Figures in the left column show the
flow path in the experiment over time. The images in the right column show the
flow path in the simulation with ∆p = 1.86 kPa at corresponding saturations.
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Visualization of
Experiment Simulation

Sw = 0.79 Sw = 0.75

Sw = 0.55 Sw = 0.55

Sw = 0.29 Sw = 0.35

Figure 3.11: Quasistatic drainage process: The figures in the left column show
the system at rest under equilibrium conditions in the experiment. The images
in the right column show static conditions in the simulation at corresponding
saturations.
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∆p = 1.86 kPa, t = 110ms ∆p = 2.778 kPa, t = 43ms

Figure 3.12: Comparison of the final states of the simulated drainage processes
with ∆p = 1.86 kPa and ∆p = 2.778 kPa.

to the work of Joekar-Niasar [2012], who showed in a non-equilibrium pore-
network simulation that pressure-saturation curves depend on the capillary
number.

From Figure 3.9 one can also find a remarkable difference in the interfacial
areas between the cases of ∆p = 2.278 kPa and 5.778 kPa. Even the amount of
displaced wetting-phase is very similar, Awn gets approximately twice as large
in the case of ∆p = 5.778 kPa, while Aws stays smaller. The reason for this
effect are remaining films of wetting-phase in pores which have been drained
very fast. A major disagreement between simulation and experiment is found
in the dynamics of the displacement process (Figure 3.15). We assume two
different effects, we haven’t captured in the simulation, causing the higher vol-
ume flux in the simulation. The first effect is an additional flow resistance in
the experimental micro-model setup, which could originate for instance from
a flow resistance at the connections of the micro-model with the reservoirs.
To capture this resistance we compared the measured and simulated volume
flux for a single-phase flow of dyed water. With a fixed pressure gradient of
∆p = 1.86 kPa the simulated volume flux was 0.88 ml

min where the measured
volume flux was only 0.32 ml

min . So the permeability of the whole micro-model
setup in the experiment is about 2.75 times lower than in the simulation. With
this knowledge we can take the simulated saturation profile and add an addi-
tional resistance term for single-phase flow (RSP) which is linear to the current
reciprocal volume flux (cf. Figure 3.15(b)):

1

V̇RSP
=

1

V̇SIM
+ a

1

V̇SIM
, (3.37)

with a = 1.75. While the dynamics of the saturation change for the saturation
region of Sw < 0.6 now become similar with the additional resistance, this is
not true in the time before (’RSP’ in Figure 3.15(a)).

In the experiment the bottle effect at a saturation of Sw ≈ 0.7 is holding
the process at almost rest for one second, where the effect is by far not that
strong in the simulation. The chosen pressure difference for the comparison with
∆p = 1.86 kPa lays just slightly above the theoretic entry pressure at Sw ≈ 0.7.
Therefore we expect another effect called "stick-slip" [Blake and Shikhmurzaev,
2002], which is associated with slow contact line movement, being responsible
for the remaining offset. The "stick-slip" region is characterized by a strong de-
pendence of the dynamic contact angle on the capillary number (Ca). While the
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Figure 3.13: In Figure ((a)) a capillary pressure - saturation plot for the dy-
namic drainage process is shown for both simulation and experiment. In ((b))
the evolution of the measured interfacial area between wetting and non-wetting
phase is plotted.
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Figure 3.14: In Figure ((a)) the capillary pressure - saturation plot for the
quasistatic drainage process is shown for both simulation and experiment. In
Figure ((b)) the evolution of the measured interfacial area between wetting and
non-wetting phase is plotted.
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Figure 3.15: Figure ((a)) shows the propagation of the saturation during the
dynamic drainage process in the experiment and simulation. In Figure ((b))
the propagation of the simulated drainage process is shown in detail.
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CLF-model properly captures the dynamic contact angle at high Ca-numbers,
it can’t capture the "stick-slip" behavior related to contact angle hysteresis on
rough surfaces. To get an idea how this "stick-slip" behavior could change the
drainage process a second resistance is added. This resistance at the contact
line (RCL) increases with lower volume fluxes and could be expressed by a
power law of the form:

1

V̇RCL
=

1

V̇RSP
+ b

(
1

V̇RSP

)c
. (3.38)

With b = 7.8 · 10−3 and c = 2.5 the modified drainage process gets very similar
to the experimental one (’FCL’ in Figure 3.15(a)). Therefore a more detailed
analysis of the wetting dynamics of water and Fluorinert on PDMS for low Ca-
numbers is necessary for a better understanding of the "stick-slip" behavior
of the system of interest. This study illustrates that a detailed knowledge of
the dynamic contact angle is also important when simulating flow with low
Ca-numbers, where static contact angles can be assumed constant most of the
time. With a model to describe the dynamics of the contact line separated
from the interface, like the CLF-model, it is possible to include information on
roughness in an extended model description in the future.

3.6 Conclusion

We performed simulations and experiments of a drainage process in a small
micro-model. The implemented SPH model is able to describe the effects of
surface tension in a multi-phase system. We found good agreement between
simulations and experiments for the flow path and the evolution of the capillary
pressure. Combined with the easy tracking of interfacial areas, SPH-simulations
are an appropriate tool to capture pc − Sw − awn relationships for larger ge-
ometries in the future. The uniqueness of those relationships could be studied
during drainage and imbibition, which was proposed by Hassanizadeh and Gray
[1993]. Apart from those good correlations a major difference in the dynamic
evolution of the drainage process was found. We assume surface roughness and
sticking effects play a major role when displacing a wetting fluid from a porous
structure. These effects need further investigations.





CHAPTER 4

Manufacturing a micro-model with integrated fibre optic
pressure sensors

Abstract

The measurement of fluid pressure inside pores is a major challenge in exper-
imental studies of two-phase flow in porous media. In this paper, we describe
the manufacturing procedure of a micro-model with integrated fibre optic pres-
sure sensors. They have a circular measurement window with a diameter of
260µm, which enables the measurement of pressure at the pore scale. As a
porous medium, we used a PDMS micro-model with known physical and sur-
face properties. A given pore geometry was produced following a procedure we
had developed earlier. We explain the technology behind fibre optic pressure
sensors and the procedure for integrating these sensors into a micro-model, and
demonstrate their utility for the measurement of pore pressure under transient
two-phase flow conditions. Finally, we present and analyse results of single and
two-phase flow experiments performed in the micro-model and discuss the link
between small-scale fast pressure changes with pore-scale events.

4.1 Introduction

Two-phase flow in porous media is a process encountered in various applications
such as oil recovery [Muskat, 1949, Melrose, 1974], soil remediation [Mayer and

Zarikos, I.M., Hassanizadeh, S.M., van Oosterhout, L.M., van Oordt, W. Transp. Porous
Med 122(1), 221–234 (2018).
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Hassanizadeh, 2005], CO2 sequestration [Uemura et al., 2011, Kazemifar et al.,
2015] and many other industrial systems.

Multiphase flow in porous has been experimentally investigated with the
use of micro-models, as well as natural porous media. The advantage of micro-
models over natural porous media is that the medium characteristics, such as
pore size, pore connectivity, wettability, and pore-throat aspect ratio, are fully
controlled and defined. Apart from the well-defined properties of the medium,
micro-models are advantageous compared to natural porous media, mostly be-
cause they allow for direct visualisation. Traditional imaging techniques, such
as microscopy, offer high data acquisition rate allowing the monitoring of pore-
scale dynamic phenomena, which may occur in less than one second. Thus,
processes such as disconnection and remobilisation of the non-wetting phase
can be monitored and better understood. The extended use of micro-models
in two-phase flow studies has led to the development of various manufactur-
ing techniques and micro-models from different materials and with different
properties [Karadimitriou and Hassanizadeh, 2012]. Typically, micromodels
have been made of glass [Wardlaw and Yu, 1988, Ioannidis et al., 1991, Sahloul
et al., 2002, Karadimitriou et al., 2012], silicone [Zhang et al., 2011, Wang
et al., 2013] and Polydimethylsiloxane (PDMS) [Karadimitriou et al., 2013,
2014, Zhang et al., 2013, Kunz et al., 2016].

Up to now, fluid pressure measurements during two-phase flow experiments
in micro-models have been mainly performed in external lines or in inlet/outlet
areas of the micro-model. For example, absolute or differential pressure be-
tween the inflow and outflow reservoirs of the micro-model has been measured
with dedicated pressure sensors [Karadimitriou et al., 2014, Tsakiroglou et al.,
2007, Kunz et al., 2016]. However, external pressure measurements, despite
being valuable, are not representative of the pressure distribution inside the
micro-model pore space.

Pressure measurements at the pore scale are challenging and the current
technology is limited to a few potentially applicable techniques, such as pres-
sure sensitive paints (PSP) and atomic deposited piezometers. The first of these
techniques has been employed in aero-space engineering [Liu et al., 1997]. This
technique was developed to measure pressure applied on a surface covered by
the paint. The spatial resolution of the technique is affected by the coverage of
the surface by PSP and the resolution of the detection system [McLachlan and
Bell, 1995]. It is based on the emitted light wavelength from a paint containing
luminophore. For example, in the case of air pressure measurement, emitted
wavelength is affected by the increase in the number of oxygen molecules col-
liding on the paint surface, when more pressure is applied. This technique has a
number of shortcomings for micro-model applications. The pressures estimated
at the pore scale are in the range of a few hundreds to a few thousands pascal.
But pressure sensitive paints are usually used to measure pressures in the range
of hundreds of kPa to MPa. Recent work on pressure sensitive paints has led
to the development of paints based on Diketopyrrolopyrrole (DPP8), which are
sensitive in the range of 700-5000Pa [Chung et al., 2015]. We performed tests
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on the use of this wax-type paint. We found that it cannot be used in micro-
model applications. PDMS tends to swell when in contact with this organic
chemical. In addition to that, DPP8 didn’t seem to react in the pressure range
noted by Chung et al. [2015]. The second technology that could allow the pore-
scale measurement of a fluid pressure is based on the piezoelectric properties
of certain materials. Atomic deposition of piezoelectric sensors [Kuoni et al.,
2003] on one of the micro-model inner surfaces would ideally give us a complete
mapping of the pressure field inside the micro-model. However, manufacturing
of such models is challenging and extremely expensive. This is probably the
reason that such models have not been developed for pressure measurement
in micro-models until now. Therefore, we developed a cost-effective pressure
measuring technique that would allow us measuring pressure at the pore scale.
The purpose of developing such a micro-model is to obtain pore-scale pressure
values that can be used to increase our understanding of two-phase flow, and
in particular the formation and remobilisation of discontinuous non-wetting
phase.

In this paper, we describe the fabrication of a micro-model, made of PDMS,
with integrated fibre optic piezometers. We demonstrate that these sensors
provide pore-scale pressure measurements during two-phase flow. We show
that the sensor show an almost linear pressure distribution during steady-state
single phase flow. The variation of pore pressure with time at each sensor
location clearly show the effect of minor and major pore-filling events as well
as breakthrough of the fluids when they reach the micro-model outlet.

4.2 Fabrication Procedure

4.2.1 Micro-model characteristics

The micro-model used in this study had three parts. The main part was the
pore network formed by the void space between two slabs of PDMS connected
by a large number of randomly distributed non-overlapping cylindrical pillars
(shown as white circles in Figure 4.1), having similar pore topology as in previ-
ous works [Ng et al., 1978, Reddi, 1998, Tallakstad et al., 2009]. The diameters
of the cylinders, which represent the solid phase of the porous medium, were
chosen from a random distribution, with maximum and minimum values of
80µm and 20µm, respectively. The cylinders all had the same height equal to
the desired depth of the micro-model network. I n order to accommodate the
fibre optic piezometers (described in detail in section 2.3), we needed a mini-
mum depth of 320µm. The network’s dimensions were 4mm by 26mm and it
had a porosity of 50%.

The second part of the micro-model was the inlet and outlet ports. This
model had two separate inlet ports, one for each phase, and one common outlet
port. The two inlet ports allow for the simultaneous injection of two fluid phases
from the same side, for the investigation of ganglia behaviour, similar to the
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works of Avraam and Payatakes [1995, 1999]. The outlet port is in the middle
of the outlet area; it is not shown in Figure 4.1 as it is on the other PDMS
slab.

The third part of the micro-model was a set of measurement ports where
the fibre optic piezometers can be inserted. In this design, we had five ports,
two for each fluid at the inlet, one at the outlet and two along the micro-model.
In Figure 4.1, the positions of the sensors are shown as black vertical lines.

Figure 4.1: Micro-model image. The black colour corresponds to pore network
of the micro-model. The pressure sensors locations are shown by five small
bars. During two-phase flow experiments, non-wetting phase is injected from
the lower inlet and the wetting phase is injected by the upper one.

4.2.2 Soft Lithography

Manufacturing of PDMS micro-models was based on soft lithography [Quake
and Scherer, 2000, Markov et al., 2010]. Soft lithography is a technique that
is based on the use of elastomeric materials to produce micro and nano-scale
structures. A detailed description of the manufacturing procedure can be found
in the work of Karadimitriou et al. [2013]. Here a short summery is given.

Mold manufacturing

First, a silicon wafer was spin-coated with the liquid polymer SU8-2025 (Mi-
croChem) according to the recipe, proposed by the supplier. The thickness of
the coating was dictated by the target depth of the micro-model i.e. 320µm.
This could not be applied in one step and had to be made in four layers. Given
the viscosity of SU8-2025, each layer thickness was limited to 80µm. First, a
layer of 80µm was spin coated and the wafer was soft baked at 65◦C and 95◦C,
for 3 and 8 minutes respectively. This was repeated three more times to achieve
the required thickness. In order to ensure the adequate evaporation of the poly-
mer’s solvent, after the first layer, the soft baking time was increased by 20%
for every baking cycle.

The digitally generated pore network, described in section 4.2.1 and shown
in Figure 4.1, was printed on a transparency. The transparent mask was placed
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on the soft baked photoresist coating and was exposed to UV light. The expo-
sure times were calculated based on the recipe of SU-8 and the energy of the
UV lamp for a film of 320µm. This was followed by the post-exposure baking
(hard baking) at 65◦C and 95◦C, for 4 and 15 minutes respectively.

After exposure, the silicon wafer was developed for 30mins with SU-8 devel-
oper (MicroChem). During this step, the unexposed photoresist was dissolved
by the developer. An image of the result is shown in Figure 4.2. To check
whether the thickness was correct, the wafer was systematically measured with
a profilometer. Afterwards, the wafer was baked at 150◦C for 30min. Finally,
the wafer was silanized in a vacuum chamber with Trichloro (1H,1H,2H,2H-
pefluorooctyl) silane. The final product was a mold bearing the negative of the
image shown in Figure 4.1.

Figure 4.2: Microscope image of the silicon wafer after development.

Micro-model production

The wafer was used as a mold for the fabrication of the micro-models. A mixture
of 50gr of PDMS and 5gr of curing agent was prepared. The mixture was
degassed in a vacuum chamber, before it was poured carefully into a petri dish
containing the mold. In another petri dish, we poured enough mixture to make a
solid slab for covering and sealing the micro-model. The two petri dishes were
degassed in a vacuum chamber before they were cured in the oven at 68◦C.
The two cured parts were removed from the petri dishes and placed in a small
chamber for the silanization step [Zhou et al., 2010]. Usually the silanization
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step is done after the model is sealed [Karadimitriou et al., 2013]. However, in
order to prevent the potential effect of this treatment on the pressure sensors,
which could affect their performance, we performed the silanization process
prior to the insertion of the pressure sensors and the sealing of the micro-model.
The final steps in the manufacturing of the micro-model were the insertion of
the pressure sensors and the bonding of the two slabs of the micro-model. First,
the sensors were placed by hand in the pre-set locations. Finally, the two slabs
were bonded together with a corona discharge [Haubert et al., 2006"] and then
the micro-model was kept in room temperature for 24 hours for the bonding
to mature. Although the silanization step preceded the bonding of the micro-
model, we didn’t encounter issues with sealing the micro-model.

4.2.3 Fibre optic pressure sensors

Obviously, a pressure sensor for pore-scale measurements must have the same
or smaller dimensions as the pores. Traditional pressure sensors have at least
one order of magnitude larger dimensions, usually in the range of millimetres.
Therefore, they cannot fit in the pore space of a micro-model. Fibre optic
pressure sensors [Bao et al., 2013] can be used for measuring pressure at this
scale. These are miniature Fibre Optic Piezometers (FOP - MIV) (Smartec),
which are used for fluid pressure measurements in live tissues. The sensors used
in this micro-model are the FOP-M260-SHEATHED model (Figure 4.3). These
sensors have a diameter of 260µm and they are covered with a protective sleeve,
which gives an overall diameter of 320µm.

Figure 4.3: Schematic representation of a fibre optic pressure sensor. The pres-
sure sensor and 300µm of optical fibre were embedded into the micro-model
wall.

A schematic presentation of the pressure sensor is shown in Figure 4.3.
The sensor consists of the following parts: a cylindrical cavity formed between
a flexible membrane, with a reflective inner surface, and a reference optical
surface at the optical fibre end. This configuration constitutes a Fabry-Pèrot
interferometer [Totsu et al., 2005]. The fluid pressure acting on the membrane
deforms it. This consequently changes the cavity’s length. The light, emitted
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from a light source travels through the optical fibre into the cavity, reflects
the membrane’s surface and finally travels back though the optical fibre to the
spectrometer. The measured spectrum of the light, altered by the change in
cavity length, is translated into pressure.

Their measurement range is from -40kPa up to 40kPa, with a resolution
of 40Pa and accuracy of 0.6% of the full range, which makes them ideal for
monitoring pressure at the pore scale. Moreover, the acquisition rate of 250Hz
is sufficient for fast monitoring of pressure changes commonly encountered in
dynamic two-phase flow experiments. The sensors were tested in various ways.
First, we used them to measure air pressure under controlled conditions. In an-
other test, we placed a sensor at the bottom of a graded cylinder filled with one
meter of water. The level of water was reduced by increments of five centimetres
and the sensor readings were collected. We found a strictly linear variation of
the sensor readings with the height of the water. Next, once the sensors were
embedded in the micro-model, we saturated the micro-model with the wetting
phase and subjected it to a known pressure. We then recorded sensors readings
under no flow conditions. In all cases, deviations of the pressure measurements
from known values were in the range of the resolution (i.e. 40Pa). Finally, we
checked pressure measurements during steady-state single-phase flow experi-
ments at know flow rate. This is described shortly.Results showed that the
sensors response with flow rate was linear, as it can be seen in Figure 4.4.
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Figure 4.4: Pressure measured by each sensor at various flow rates.
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4.3 Flow experiments

4.3.1 Experimental set-up
The experimental set-up is shown in Figure4.5. It consisted of (a) four CMOS
cameras, (b) a box with three beam splitters, (c) an optical lens, (d) a prism
and (f) a light source.

Figure 4.5: The experimental set-up: (a) High resolution CMOS camera, (b)
Box with three beam splitters, (c) Optical lens, (d) Prism, (e) Micro-model
location, (f) Light source

The set-up can be considered as an "open air microscope", which allows
the user to observe in real time the whole micro-model at high spatial and
temporal resolutions. The micro-model is illuminated with a collimated light
source and the transmitted light is diverted thought a prism to an optical lens
and the beam-splitter box. This box with three beam splitters produces four
identical images of the micro-model going out in four perpendicular directions.
Each of those images is projected onto the CMOS of one optical camera placed
around the box. The visualization parts are described in detail in previous
works [Karadimitriou et al., 2014].

Pressure measurement was performed by means of five fibre optic piezome-
ters, integrated into the micro-model (Figure 4.6). These sensors are connected
to a signal conditioner, which is equipped with FPI-HR Module. This module
is using a polynomial fit instead of a traditional regression fit to ensure better
accuracy. The locations of pressure sensors are shown in Figure 1. The final
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Viscosity (Pa ×s) Density (kgr/m3) IF tension (mN/m)
Water 0.9 ×10−3 1000 58Fluorinert 4.7 ×10−3 1860

Table 4.1: Fluid properties used in the two-phase flow experiments (at 21◦C).

part of the experimental set-up is the flow control unit. The injection of fluids
is controlled by two syringe pumps (Harvard Apparatus Pump 11 Pico Plus
Elite). To ensure the accuracy (±0.35%) of the injection rate and the volume
of the injected phases, the syringes used were air-tight 5 ml Hamilton glass sy-
ringes. The syringes were connected to the micro-model with 1/16" FEP tubing
(Inacom).

Figure 4.6: Picture of the micro-model on the experimental set-up: (a) Wetting
phase injection tube, (b) Non-wetting phase injection tube, (c) Fibre optics,
(d) Pressure sensor. The inset shows the sensor embedded in the micro-model
wall, with its tip in contact with the fluid in the pore.

4.3.2 Experimental procedure
Polydimethylsiloxane (PDMS) is naturally hydrophobic. Therefore, Fluorinert
FC-43 was used as the wetting phase and water dyed with Ecoline 237 as the
non-wetting phase. Properties of the two fluids can be found in Table 4.1.

First, we performed single-phase flow experiments, during which the model
was filled with Fluorinert FC-43 (the wetting phase) at all times. In these ex-
periments, we injected Fluorinert at five different flow rates with pore-scale
Reynolds number ranging from 1.3 to 13. The aim of these experiments was
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to test the response of the pressure sensors under flow conditions. Moreover,
these data were used for calculating the permeability of the micro-model. In
our two-phase flow experiments, the micro-model was initially saturated with
the wetting phase (Fluorinert FC-43). Then we performed a primary drainage
by injecting dyed water (non-wetting phase), from one of the inlet ports, at a
flow-rate of 0.1ml/min until breakthrough occurred. After breakthrough the im-
bibition was initiated by injecting Fluorinert at the same flow rate (0.1ml/min)
from the same side of micro-model. Both water and Fluorinert could freely leave
the micro-model from the outlet area.

4.4 Results

4.4.1 Single phase flow experiments

The single-phase flow experiments were performed at five different flow rates,
mentioned above. Figure 4.7 shows the pressure variation along the micro-
model. Note that the value of only one of the two inlet sensors is shown as they
measured the same pressure value. In calculating the distance between the inlet
sensor and the first sensor in the micro-model, we have taken an approximate
tortuous path within the pores. The distance between all other sensors was
measured as the straight line. It is evident that the pressure varied almost
linearly for all flow rates, as expected. This result proves that the sensors
measured the correct pressure during flow conditions. Finally, knowing the
pressure drop across the micro-model for each flow rate, the permeability was
calculated using Darcy’s Law, and was found to be 2.7±0.04×10−9m2.

4.4.2 Two phase flow experiments

Drainage

Figure 4.8 shows images of the micro-model at four different times during
drainage. The flow rate of the non-wetting phase (shown in dark colour) was
kept constant at 0.1ml/min (Ca= 3.7×10−5. One of the inlet ports was closed.
At the initial stages, the invasion formed a front but later evolved into two
fingers on the two sides of the micro-model. Measured pressure values of four
sensors, as well as the water saturation averaged over the whole micro-model
(Snw), are plotted against time and shown in Figure 4.8. The outlet pressure
remained constant until the breakthrough of the non-wetting phase occurred.
Comparing the measured pressure curves with the increase of the non-wetting
phase saturation, it is evident that the sensors responded to the spread of the
non-wetting phase in the micro-model. We note that the overall pressure drop
(i.e. the difference between the inlet and outlet pressures) decreased as more
and more water displaced Fluorinert. This is due to the fact that the water
viscosity is lower.
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Figure 4.7: Pressure drop over the micro-model during single phase flow. During
all five different flow rates the pressure drop remained linear.

Figure 4.8: Images acquired during the primary drainage. The wetting phase,
with which the micro-model was initially saturated is shown in white and the
non-wetting phase is shown in black colour.

When the non-wetting phase reached the first sensor inside the micro-model
at 2.4 sec (indicated by the first red dotted line in Figure 4.9), the pressure
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increased to around 800Pa, due to the fact that the non-wetting phase pressure
is larger than the wetting phase pressure, because of capillarity. The pressure
at this location remained elevated throughout the duration of drainage, but
gradually decreased over time, again because water has a lower viscosity. A
similar rise occurred in the pressure measured by the second sensor, when the
non-wetting phase reached it at 5.4 sec (indicated by a second dotted line).
Further, we notice a step drop in pressure readings at the inlet and at sensor 1
around 4.2sec when the two fingers shown in Figure 4.8c were formed. Finally,
the pressure at inlet and the two sensors inside micro-model dropped at 6.2sec
(indicated by the third red dotted line), when the upper non-wetting phase
finger (Figure 4.8d) reached the outlet. Note that after breakthrough of the
non-wetting phase, its saturation remained almost constant. We also notice an
unexpected decrease in the pressure at the first sensor such that it becomes
smaller than the pressure at the second sensor. We cannot explain this reversal
of pressure gradient based on images, as the pore occupancy does not change.
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Figure 4.9: Evolution of pressure and non-wetting phase saturation over time
at the four measurement locations during drainage.

In Figure 4.9, we notice some fluctuations in the measured pressures. This
behaviour is due to various pore filling events, such as Haine’s jumps and local
imbibition during drainage. Note that pressure acquisition rate was much higher
than the imagining frame rate used in these experiments. So, although we could
measure pressure fluctuations, we could not capture Haine’s jump.
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Imbibition

After breakthrough occurred, we ended the injection of non-wetting phase (wa-
ter) and flow stopped. As a result, the non-wetting phase pressure at the inlet
dropped to 760Pa, as it can be seen at the start of imbibition measurements
in Figure 4.10. Then, imbibition was initiated by injecting Fluorinert (wetting
phase) from one inlet port at a flow rate of 0.1ml/min (Ca=1.69−4); so, again
the flow was from left to right. The distribution of fluid phases, at key moments
of imbibition, is shown in Figure 4.11. The variation of pressure measured by
four sensors and the change of non-wetting phase saturation are shown in Fig-
ure 4.10. Similar to drainage, the pressure increased at the beginning of the
cycle to provide the pressure gradient needed for the flow of the two liquids.
Initially, the pressure drop was small as the non-wetting phase (water) formed a
continuous phase and could be displaced by Fluorinert. However, after 4.4 sec-
onds, the non-wetting phase became discontinuous and could not be removed
anymore. The wetting phase saturation was still less than 50% and it remained
below 60%. So, the overall relative permeability was low and a relatively high
pressure drop was needed for maintaining the flow of the wetting phase. The
wetting phase reached the first pressure sensor at 2.75 sec after the imbibition
started and the second sensor at 4.25 sec (4.11b and 4.11c, respectively); at
those times the corresponding pressure showed a step increase.
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Figure 4.10: Evolution of pressure and non-wetting phase saturation over time
at the four measurement locations during imbibition. The red rectangular indi-
cates the peak in pressure caused as the wetting phase invades two bottleneck
pores shown in Figure 10d.
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As in the case of drainage, the pore filling events caused fluctuations in the
measured pressures. An important event is the occurrence of a pressure peak,
recorded by at the inlet sensor and the two inside sensors at 7.6 sec, and a
subsequent decrease at 8.2 (see the period shown by a red rectangle in Figure
11). This pressure increase was due to the fact the discontinuous nonwetting
phase had blocked the width of the micromodel in the areas shown by red
arrows in Figure 4.11c. The wetting phase pressure had to build up for it to
be able to invade the two smallest pores marked by red arrows. Once those
pores were opened (see the next image, Figure 4.11d), the pressure dropped as
a large number of pores were contributing to the flow of wetting phase.

Figure 4.11: Images acquired during the main imbibition. The wetting phase,
shown in white, displaced the non-wetting phase, shown in black, from left to
right. The red arrows mark the throats which control the wetting phase flow,
which caused an increase in pressure between 7.6 and 8.2 sec.

4.5 Conclusions

Direct measurement of pressure at the pore scale has been a challenge in ex-
perimental studies of two-phase flow. In this work, we have succeeded in incor-
porating a micro pressure transducer in a micro-model allowing us to measure
pore pressure within the micro-model. Our experimental results show that these
types of micro-models can contribute to a better understanding of two-phase
flow. Detailed pressure data reveal small-scale events that occur during drainage
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and imbibition. Formation of fingers, overcoming a bottle neck formed by pores
that have to be invaded during imbibition or drainage, and breakthrough of a
phase lead to clear rise or drop in measured pore pressures. Trapping and mobi-
lization of non-wetting phase, in the form of ganglia and/or blobs, is controlled
by these pore scale events. Therefore, these types of micro-models can lead to
a better understanding of this phenomenon. Finally, obtaining pressure infor-
mation at this scale, will also contribute to the testing of pore-scale numerical
models. Previous works [Kunz et al., 2016] showed a time scale mismatch be-
tween experimental and numerical works. Pore-scale pressure measurements
can be used to calibrate and correct these models, leading to more accurate
numerical results.





CHAPTER 5

Velocity distributions in trapped and mobilised
non-wetting phase ganglia in porous media

Abstract

Understanding the mobilisation of trapped globules of non-wetting phase dur-
ing two-phase flow has been the aim of numerous studies. However, the driv-
ing forces for the mobilisation of the trapped phases are still not well under-
stood. Also, there is little information about what happens within a globule
before, at the onset, and during mobilization. In this work, we used micro-
particle tracking velocimetry in a micro-fluidic model in order to visualise the
velocity distributions inside the trapped phase globules prior and during mo-
bilisation. Therefore, time-averaged and instantaneous velocity vectors have
been determined using fluorescent microscopy. As a porous medium, we used a
polydimethylsiloxane (PDMS) micro-model with a well-defined pore structure,
where drainage and imbibition experiments were conducted. Three different ge-
ometries of trapped non-wetting globules, namely droplets, blobs, and ganglia
were investigated. We observed internal circulations inside the trapped phase
globules, leading to the formation of vortices. The direction of circulating flow
within a globule is dictated by the drag force exerted on it by the flowing wet-
ting phase. This is illustrated by calculating and analyzing the drag force (per
unit area) along fluid-fluid interfaces. In the case of droplets and blobs, only one
vortex is formed. The flow field within a ganglion is much more complex and

Zarikos I.M., Terzis A., Hassanizadeh S.M., Weigand B. (2018). Velocity distributions in
trapped andmobilised non-wetting phase ganglia in porous media. Scientific Reports 8.
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more vortices can be formed. The circulation velocities are largest at the fluid-
fluid interfaces, along which the wetting phase flows, and decreases towards the
middle of the globule. The circulation velocities increased proportionally with
the increase of wetting phase average velocity (or capillary number). The vor-
tices remain stable as long as the globules are trapped, start to change at the
onset of mobilization, and disappear during the movement of globules. They
reappear when the globules get stranded. Droplets are less prone to mobiliza-
tion; blobs get mobilised in whole; while ganglia may get ruptured and get
mobilised only partially.

5.1 Introduction

Immiscible two-phase flow in porous media is encountered in a large variety of
applications and industrial processes. In some cases, such as in oil and gas in-
dustry as well as in soil remediation, one of the liquid phases (oil, gas, or organic
liquid pollutants, which are the nonwetting phase) remains partially trapped
and cannot be recovered. In some other cases, such as in CO2 sequestration,
the aim is the trapping of CO2 in the porous medium, ensuring its perma-
nent storage. While these applications have different goals, they all share the
presence of a fluid phase that does not occupy a contiguous space. The major
challenge with the presence of a discontinuous phase during two-phase flow is
the correct macroscopic description of the flow of both continuous and trapped
phases. Traditional macroscopic two-phase flow theories are based on Darcy’s
law, which is valid only if both fluid phases occupy contiguous domains. Also,
for developing a physically-based theory for the description of movement of a
discontinuous phase, the underlying physical processes and mechanism must be
unravelled. In particular, the momentum transfer between the two fluid phases
and the role of the flow of continuous phase in the movement of the discontinu-
ous phase is of major importance. Therefore, the experimental investigation of
the behaviour of the trapped phase, and its mobilization, are of major impor-
tance for the understanding of its behaviour and consequently the formulation
of a macroscopic theory.

When a porous medium, initially saturated with a non-wetting phase, is
flooded with a wetting phase, even at relatively high saturations of the non-
wetting phase, some of it may break into dispersed clusters. Theses clusters are
named ganglia or bubbles, in the case of liquid or gaseous phases, respectively.
More specifically, dispersed clusters of the non-wetting phase are classified into
three categories based on their size and shape: droplets, blobs, and ganglia.
The smallest body of trapped non-wetting phase is called droplet; these are
relatively round bodies that fit within a single pore and are surrounded by
the wetting phase. Larger globules are called blobs; they occupy a single pore
fully. Finally, larger clusters of non-wetting phase, which occupy more than

Zarikos I.M., Terzis A., Hassanizadeh S.M., Weigand B. (2018). Velocity distributions in
trapped andmobilised non-wetting phase ganglia in porous media. Scientific Reports, 8.
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one pores, are referred to as ganglia. [Payatakes, 1982] defined ganglion as a
nodular blob of a non-wetting phase that occupies at least one and usually
several adjoining chambers of the void space.

Trapping and mobilisation of trapped non-wetting phase has been the sub-
ject of numerous studies. In these studies, the behaviour of trapped phase has
been linked to a variety of parameters, such as capillary number, viscosity ratio,
and fluid topology. Here, we define the capillary number as the ratio of product
of average wetting phase flow velocity and its viscosity to the fluid-fluid interfa-
cial tension. It is observed that the mobilisation or complete removal of ganglia
from the host porous medium is possible only if the wetting phase flows at high
capillary numbers [Taber, 1969, Melrose, 1974, Morrow et al., 1988, Chatzis
et al., 1984, Ramstad and Hansen, 2006, Zinchenko and Davis, 2013, Datta
et al., 2014]. The effect of capillary number, Ca (usually defined in terms of the
wetting phase), on trapping and mobilization of ganglia has been extensively
studied [Payatakes, 1982, Morrow et al., 1988, Wardlaw and Mckellar, 1985,
Chatzis et al., 1984]. Experiments have shown that the increase of Ca leads to
a bigger chance of ganglia mobilisation, regardless of other physical and flow
parameters Chatzis et al. [1988]. It is reported that for the mobilization of the
trapped non-wetting phase to occur, the imposed capillary number must be
25 times larger than the capillary number at which trapping occurred Morrow
et al. [1988]. In the case of sandstone, in order to maximise recovery of the
trapped non-wetting phase, the applied Ca number should be 100 times larger
than the capillary number required for trapping Chatzis et al. [1984]. Figure 5.1
shows the internal circulation in the form of counter-rotating vortices within a
stationary droplet surrounded by another flowing fluid, marked by a red circle,
as adopted and modified from [Dong and Sau, 2017].

The viscosity ratio has also a direct effect on the flow regime and the trap-
ping of non-wetting phase [Lenormand et al., 1983]. In particular, it affects the
size of ganglia formed during imbibition. Unfavourable viscosity ratio condi-
tions during drainage, i.e. when the non-wetting phase viscosity is larger than
that of the wetting phase, is known to cause capillary fingering, which in turn
may lead to the formation of large ganglia. In cases of favourable viscosity ratio,
however, the ganglia sizes are significantly smaller, since the advancing front is
macroscopically smooth Payatakes and Dias [1984]. As a result, the extent of
viscous fingering affects the size of the ganglia Hinkley et al. [1987]. The impor-
tance of viscosity ratio is even greater on the mobilization of trapped ganglia
and the reduction of residual saturation. For favourable viscosity ratios, the in-
crease of Ca leads to a larger decrease of residual saturation. For unfavourable
conditions, the residual saturation increases up to a Ca threshold value before it
decreases Payatakes and Dias [1984]. Viscosity ratio has a distinct effect on the
average velocity of ganglia too. Under favourable viscosity ratio conditions, the
velocity of ganglia is similar or comparable with that of the continuous phase.
For unfavourable conditions, however, the velocity is smaller. In addition to
these observations, under favourable viscosity ratio conditions, droplets, blobs,
and ganglia occupying one pore, tend to move with larger velocities than larger
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ganglia Valavanides et al. [1996], Hinkley et al. [1987]. This effect has not been
observed under unfavourable conditions.

The initial distribution of the trapped phase is known to play a major role
in the mobilisation potential of the phase [Reddi, 1998, Jiang and Tsuji, 2016,
Oughanem et al., 2015, Schnaar and Brusseau, 2006, Mayer and Miller, 1993,
Morrow, 1979, Georgiadis et al., 2013, Ng and Payatakes, 1980, Lenormand
et al., 1983, Herring et al., 2013]. In experimental work by [Schlüter et al., 2016],
it has been observed that high initial connectivity of trapped non-wetting phase
clusters and the orientation along the flow direction lead to the mobilization
of the ganglia and thus a lower residual non-wetting phase saturation. The
majority, 65-90%, of the residual saturation has been observed to be linked to
the population of large ganglia [Georgiadis et al., 2013, Mayer and Miller, 1993],
while small ganglia have a minor contribution to residual saturation. Although
large ganglia have a distinct effect on residual non-wetting phase saturation,
their population is significantly smaller than that of medium and small ganglia.
The ganglion size plays an important role on their mobilisation Lenormand
et al. [1983]. Some have reported that larger ganglia or elongated ganglia are
prone to easier mobilization. This is due to the local pressure difference on the
two sides of a ganglion [Larson et al., 1981, Mayer and Miller, 1993, Georgiadis
et al., 2013]. However, Morrow [1979] stated that elongated ganglia tend to
resist mobilization. Others have also reported that shorter ganglia tend to have
higher transport rates than larger ones [Taber, 1969, Melrose, 1974, Morrow
et al., 1988, Chatzis et al., 1984, Ramstad and Hansen, 2006, Zinchenko and
Davis, 2013, Datta et al., 2014]. The main mechanisms for mobilization of
clusters are the break-up and coalescence of the ganglia, which occurs only to
the large ganglia Reddi [1998].

Figure 5.1: Internal circulation in the form of counter-rotating vortices. The
red circle represents the liquid–liquid interface between the liquid sphere and
the fluid flowing around it. Adopted and modified from Dong and Sau [2017]

Despite the wealth of literature focused on the entrapment and mobilisa-
tion of ganglia, there is no experimental study of the momentum exchange
between two fluid phases and its effect on the remobilisation and movement
of the non-wetting phase. There are some two-phase systems, albeit not in
porous media, where such studies have been carried out. One example is the
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flow around droplets inside another fluid [Hnat and Buckmaster, 1976, Bhaga
and Weber, 1981, Maxworthy et al., 1996, Fatkhullina and Akhatov, 2015,
Wegener et al., 2014]. In case of spherical droplets, an internal circulation in
the form of counter-rotating vortices, shown in Figure 5.1, has been observed
Winter and Melton [1990], Timgren et al. [2008], Dong and Sau [2017]. This
is due to the momentum transfer between the two immiscible fluids, which
depends strongly on their viscosity ratio [Oliver and Chung, 1985, Li et al.,
2015]. Similar recirculations have been observed within falling droplets, with
their intensity influenced by the resulted drag coefficient Ninomiya and Ya-
suda [2006]. Another situation analogous to the ganglia in porous media is the
movement of microfluidic droplets in micro-channels Serizawa et al. [2002], van
Steijn et al. [2008, 2009], Baroud et al. [2010]. Experimental and numerical
works on liquid-liquid slug flows in capillary channels have shown internal re-
circulations within both phases, which were affected by capillary forces Sarrazin
et al. [2006], the viscosity ratio between the fluids [Ma et al., 2014, Liu et al.,
2017], the channel flow velocity and the slug size [Kashid et al., 2005, 2007].
Low capillary numbers resulted in slower channel flows and large slugs caused
the attenuation of recirculation zones inside the mobilised slugs. There are two
fundamental differences between such two-phase flow systems and the case of
entrapped non-wetting phases in porous media. One is the presence of capillary
forces that can cause the trapping of ganglia and the other is the blocking of
droplets or ganglia by the solid phase. The geometry of the porous medium is
of course much more complex than a micro-channel, and large local variations
in wetting phase velocity field may exist. Stagnant areas may exist where the
wetting phase velocity could be close to zero. In such areas, the viscous drag
exerted on the fluid-fluid interface would be negligible, and thus there would
no momentum exchange between the two fluid phases. These are passive in-
terfaces. In areas that the wetting phase velocity is nonzero, we have active
interfaces, where momentum exchange occurs, resulting in circulations within
the ganglia.

The mobilization of non-wetting phase globules is controlled by the fol-
lowing four forces: drag forces exerted by the flowing wetting phase, friction
exerted by the solid phase, capillary forces, and the pressure differences in the
wetting phase across a globule. As explained above, the drag force is believed
to cause flow circulation within the globule. In fact, in order to quantify the
drag force, one needs to measure detailed velocity field in the vicinity of the
fluid-fluid interface within either the wetting phase or the non-wetting phase.
In other words, knowledge of induced flow inside trapped non-wetting globules
is important for the overall understanding of their fate. An effective technique
for obtaining such information is microscopic particle velocimetry, where flo-
rescent tracers within the fluids are imaged in order to obtain the fluid velocity
field. There are two major approaches: Particle Tracking Velocimetry (PTV)
and Particle Imaging Velocimetry (PIV). PTV is a Lagrangian-based approach
and provides trajectories and velocity magnitudes of flowing fluid, where PIV
is Eulerian based and gives the velocity contour lines. Reviews of these tech-
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niques can be found in the work of Lindken et al. [2009]. These techniques have
been widely used in microfluidic devices [van Steijn et al., 2008, 2009, Timgren
et al., 2008, Ninomiya and Yasuda, 2006].

In this study, we have developed a micromodel setup and employed micro-
scopic particle tracking velocimetry (µPTV ) in order to visualise and quantify
the flow inside trapped non-wetting phase. Our aim is to follow the development
of velocity field within individual droplets, blobs, and ganglia as the wetting
phase capillary number increases, until the mobilisation of trapped phase oc-
curs. We quantify the drag force exerted along the fluid-fluid interfaces and
discuss its role in determining the direction of circulating flow within a globule.
We discuss the reasons behind the fact that some non-wetting phase glob-
ules mobilise and some do not. Our highly-controlled experiment and detailed
information about the velocity field within the trapped phase elements and mo-
bilization of some of them will be also valuable for the testing and validation
of direct pore-scale simulation methods such as Lattice-Boltzmann models.

5.2 Materials and Methods

The experiments were conducted in a porous medium represented by a square
2D micro-model. The micro-model was made of polydimethylsiloxane (PDMS)
and its fabrication was based on a standard soft lithography technique, de-
scribed in detail by [Karadimitriou et al., 2013, Zarikos et al., 2018], among
others. The porous medium was generated by a random distribution of 35
octagonal pillars in a square domain of 800 × 800 (µm)2. The pillars had a
normal size distribution with a mean radius of 54 µm and minimum and max-
imum values of 46 µm and 89 µm, respectively. A schematic representation
of the micro-model, with the solid pillars in black, is shown in Figure 5.2(a).
The thickness (or depth) of the micro-model was 50µm, which was close to the
average pore throat size. This means that the pores have an aspect ratio close
to 1:1, and that capillarity phenomena are not dominated by the micro-model
depth. The inlet of the porous network was connected through a 3-way valve
with two long tubes for the injection of the liquid phases while the outlet tube
was connected to the drain reservoir, as shown in Figure 5.2(b). Either side
of the micro-model could be used as inlet; with the other side becoming the
outlet.

We used a low surface tension electronic liquid (Fluorinert FC-43, 15.8
mN/m) as the wetting phase and distilled water as the non-wetting phase. Wa-
ter was doped with a fluorescent tracer. This was made of spherical Rhodamine
6G particles with a diameter of 0.86 µm and density of 1.05 kg/m3 density.

The micro-model was initially saturated with the wetting phase (Fluo-
rinert). Then it was drained by injecting the non-wetting phase (doped water).
After that, the main imbibition was initiated, with the injection of the wetting
phase, leading to the disconnection of the non-wetting phase. The injection
rate of the wetting phase was kept constant until steady state was reached; i.e.,
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Figure 5.2: Geometrical characteristics of the microfluidic model (left) and
schematic representation of the setup (right). The micro-model is square and
has a depth of 50µm.

there was no change in saturation and none of the globules were moving. The
flow rate of the wetting phase was then increased stepwise until one or more
non-wetting phase globule were mobilised.

During each steady-state flow condition, the evolution of the trapped non-
wetting phase elements were recorded and the local velocity distributions, inside
those elements, were obtained using Particle Tracking Velocimetry (PTV) Lind-
ken et al. [2009]. Particle tracking velocimetry techniques are widely used to
measure the trajectories and velocity magnitudes of moving particles and they
have been successfully used in microfluidic devices coupled with fluorescent mi-
croscopy Datta et al. [2014], Lindken et al. [2009], Blois et al. [2015]. In our set-
up, we used a La Vision MicroPIV system with a Carl Zeiss AxioObserver.Z1
microscope. The fluorescent particles, used as tracers of the non-wetting phase,
were excited at a wavelength of 542 nm through a Carl Zeiss HBO 100 illumi-
nator and identified at their emitting wavelength (612 nm) by a IDS CMOS
camera (UI-3180CP, 2592×2048). The trajectory and velocity magnitude of the
particles were determined from consecutive image pairs of the video sequence.
The algorithm makes use of binary intensity matrices in order to determine the
centroids and calculates the instantaneous velocity field from a single pair of
images. Depending on the trapped non-wetting phase momentum, the frame
rate of the video sequence was varied between 50Hz to 300Hz. The velocity
vectors have been determined with an uncertainty less than 3%.

5.3 Results and discussions

5.3.1 Introductory remarks

Our goal is to quantify and analyse the velocity distributions in trapped non-
wetting phase prior and during mobilisation. For a better understanding of
the process, three different types of trapped bodies are identified and investi-
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gated separately: droplets, blobs, and ganglia. The trapped fluid bodies smaller
than a single pore are known as droplets. Blobs are larger than a droplet and
fully occupy a single pore. So, they have more contact surfaces with the solid
phase. The effect of capillary forces is therefore more pronounced compared to
droplets, adding complexity to the momentum transfer and mobilisation pro-
cesses. Larger trapped non-wetting phase bodies, which occupy more than one
pore, are referred to as ganglia. As explained above, the capillary number was
increased stepwise until mobilisation of some trapped elements took place. In
the cases of droplets and blobs, this covered a range of about two orders of
magnitude. We focus on two key features of the process: the evolution of in-
duced internal flow due to viscous drag, and the mobilisation of the trapped
phase.

5.3.2 Droplets

In Figure 5.3, two small droplets, as two red dots, are indicated. The velocity
distribution in the larger droplet at various capillary numbers (Ca) is also
shown in Figure 5.3. For this droplet, contrary to a droplet in a fluid body (see
Figure 5.1), two counter-rotating vortices are not observed. Instead, we see an
anti-clockwise circulation cause by the local flow pattern of the wetting phase.
This is because the wetting phase flows only along the underside of the droplet;
there is a stagnant zone in the upper part of the droplet, as the upstream pore
is blocked by the smaller droplet. Therefore, there is an asymmetry in the local
velocity distribution and the centre of rotation is closer to the lower part of the
droplet. In addition, lower velocities are observed at the solid-liquid interface
due to the no-slip condition there. At small capillary number, the flow within
the droplet is in a small region along the perimeter. The increase of capillary
number leads to an inwards evolution of the flow circulations and eventually
the full circulation of the non-wetting phase inside the droplet.
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Figure 5.3: Flow distributions in a trapped droplet at various capillary numbers
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Figure 5.4: Velocity magnitudes along the red and green dashed lines in Figure
5.3, respectively

The magnitudes of velocity vectors inside the droplet along the dashed red
and green lines, shown in Figure 5.3, are presented in Figure 5.4. As we can see,
when Ca increased from 3.38×10−5 to 1.69×10−4, the wetting-phase velocity
also increased reaching an average value of 4160 µm/s. Obviously, this affected
the rotation intensity and the shape of the droplet. The flow velocity inside the
droplet increased significantly reaching velocities of 275 µm/s at the lower side
of the droplet, as shown in Figure 5.4. We used the data given in Figure 5.4 to
calculate the drag force per unit area exerted on the droplet surface at points
A, B, and C. The drag force per unit area is equal to −µdv/ds, calculated at
s = 0, where s is the distance from the fluid-fluid interface along the dashed
line. The calculated values of drag forces for different capillary numbers are
given in Table 5.1. As we can see, at any given capillary number, the largest
drag force is exerted along the lower side of the droplet (point A), where the
wetting phase flow velocity is largest. The resulting drag force from the moving
wetting phase is to the right, such that a anti-clockwise circulation is created
within the droplet. Because of the stagnation zone in the wetting phase in
the upper part of the droplet, only a small pressure difference between upper
and lower part of the droplet is expected. Therefore, the wetting phase cannot
dislodge the droplet even if its flow rate is drastically increased. One should
note that the droplet experiences friction (and thus resistant to mobilization)
from the top and bottom surfaces of the micro-model, too. As it can be seen
from Figure 5.3, the droplet shape changed from circular to oval when capillary
number was increased. However, , even when wetting phase capillary number
was increased to 6×10−3.

5.3.3 Blobs

Figure 5.5 shows a blob (Blob-1) trapped between two pillars and the side wall
of the micro-model; it has three liquid-liquid and three solid-liquid interfaces,
as well as the liquid-solid contact area with the top and bottom surfaces of the
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Figure 5.5: Flow distributions in a trapped blob (Blob-1) for various capillary
numbers
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Figure 5.6: Flow distributions in a trapped blob (Blob-2) for various capillary
numbers. Note that in this experiment, the micro-model was rotated 180◦

micro-model. The velocity vectors indicate an anti-clockwise rotation of the
entrapped body, which is a direct consequence of the position of the blob in
the velocity field of the wetting phase and drag force(s) exerted by the wetting
phase. The magnitudes of velocity vectors inside the blob along the dashed
red line, shown in Figure 5.5, are presented in Figure 5.7. Higher velocities
are observed on the lower liquid-liquid interface, where the wetting phase has
its highest velocity, in comparison with the other interfaces of the blob. By
increasing the capillary number from 3.38×10−4 to 1.69×10−3, the circulation
velocities of the blob increase up to 300 µm/s. In addition, the rotation centre
is shifted towards the high velocity region approaching the lower liquid-liquid
interface. Note also that for all capillary numbers, higher velocities are reached
at the liquid-liquid interfaces while the internal blob velocities at the solid-
liquid boundaries remain small. The above trends are more pronounced for
the larger capillary number of 1.69×10−3. The drag forces at points A and B
are calculated and presented in Table 5.1. It is clear that the drag force at
the downstream interface is much larger, and is responsible for anti-clockwise
direction of rotation.

Figure 5.6 shows another experiment with an entrapped blob (Blob-2) hav-
ing a “fidget spinner-like” shape and with its arms being the liquid-liquid in-
terfaces. Here, the position of the blob in the wetting velocity field is such that
the circulation direction in the blob is clockwise. This is due to the fact in
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this case the wetting phase flows over the upper and right sides of the blob;
a small droplet prevents the wetting fluid from flowing below the blob. This
can be clearly observed as the capillary number increases from 6.75×10−5 to
4.05×10−4. The maximum velocities are observed at the downstream interface
reaching values of 350 µm/s while the momentum transfer at the bottom in-
terfaces is significantly lower. This is all evident from the plot of magnitudes of
velocity vectors inside the blob along the dashed red line presented in Figure
5.7. The drag forces per unit area at points A, B, and C (shown in Figure 5.6)
are calculated and presented in Table 5.1. It is clear that the drag force along
interface B is larger, and together with the drag force along interface A cause
the clockwise direction of rotation in the blob.
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Figure 5.7: Velocity magnitudes inside Blob-1 and Blob-2 along the red dashed
lines shown in Figures 5.5 and 5.6, respectively.

First, despite their similar size, for the same capillary numbers, Blob-2
shows higher circulation velocities than Blob-1, as shown in Figure 5.6. The
is due to the difference in active liquid–liquid interfacial area, across which
momentum transfer occurs. The ratio of liquid-liquid interfacial area–to–total
interfacial area (Sll/Stot) for the two blobs is fairly similar; 22.24% and 23.37%,
respectively (see Table 5.2). In case of Blob-1, the drag force is applied only
to the lower interface, with an area of about 5000µm2. Whereas, in the case
of Blob-2, the drag force acts on the most upstream and the most downstream
interfaces, with a total area of 9700µm2. Also, the location at which a blob is
trapped is important. Higher wetting phase velocities are expected near the
centre of the micro-model, and Blob-2 is closer to this region.

The mobilisation of blobs is a process that is clearly linked to the mo-
mentum transfer from the wetting phase. However, the pore structure and the
behaviour of other trapped clusters also play an important role and add to the
complexity of the process. First, we note that when there is flow and at any
capillary number, the upstream interface is rather flat under the pressure of the



Velocity distributions in trapped and mobilised non-wetting phase ganglia in
porous media 87

Stot
(
µm2

)
Ssl
(
µm2

)
Sll
(
µm2

)
Ssl/Stot Sll/Stot

Droplet 16800 2250 14500 13,3% 86,6%
Blob-1 52336 40716 11650 77.76% 22.24%
Blob-2 55430 42480 12950 76.63% 23.37%
Ganglion 62800 31850 30950 50.07% 49.93%

Table 5.2: Geometrical characteristics of the non-wetting phase clusters

Figure 5.8: Instantaneous mobilisation contours for (a) Blob-1 at Ca =
6.75×10−3 and (b) Blob-2 at Ca = 5.4×10−4

non-wetting phase. The downstream interface, however, has a larger curvature
and thus a higher capillary pressure so that the downstream pressure within
the non-wetting phase is large. This ensures that, although there is a pres-
sure gradient within the wetting phase, the effective pressure difference within
the non-wetting phase remains zero; so that the non-wetting phase does not
flow. There would be a small pressure gradient induced by the flow circulation
within the globule. At larger capillary numbers, the upstream interface becomes
slightly flatter and downstream interface bulges more (see the three images in
Figures 5.5 and 5.6), in order to accommodate the larger pressure gradient
within the wetting phase, and the globule remains trapped. This change of
curvatures of upstream and downstream interfaces cannot be sustained as the
wetting phase flow rate is increased and, at some capillary number, mobiliza-
tion would occur. The mobilisation of Blob-1 took place at a Ca 20 times larger
than the Ca at which it was trapped. For the case of Blob-2, the required Ca
was 8 times larger.

At the mobilization capillary number, one of the interfaces become unstable,
a pressure gradient is established within the globule, and it starts to flow.
Figure 5.8 shows instantaneous mobilisation snapshots at the critical capillary
number. Note that velocity vectors were not possible to be recorded during
mobilisation due to the limited frame grabbing capabilities with reasonable
resolution. However, the tracing of the fluorescent particles allowed a real-
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Figure 5.9: Flow distributions in a trapped ganglion for various capillary num-
bers

time visualisation experiment, and the various outlines of the blobs during the
mobilisation process are extracted and shown in Figure 5.8. While Blob-1 is
mobilised fully and starts to leave the pore within 1.5 seconds, it takes Blob-2
more than 25 seconds to get mobilised. The reason for this large difference in
mobilization time is the size of the downstream pore throat that get invaded.
For Blob-1, the pore throat size L1 is much larger than L2 for Blob-2. This
means that the resistance offered to the flow of the ganglion is much less for
Blob-1 than for Blob-2 and it takes less time to leave the pore. Also, as Blob-1
starts to move, the pore opens up to the flowing wetting phase (at 0.7 sec after
mobilization; see Figure 5.8a), and wetting phase exerts significant drag force
on the globule and accelerates the full mobilization. This does not happen in
the case of Blob-2.

5.3.4 Ganglia

Figure 5.9 shows a ganglion that occupies five pore bodies and has eight solid-
liquid and eight liquid-liquid interfaces. This ganglion was formed under a cap-
illary number of 1.01×10−4. The wetting fluid flows mostly downwards along
the upstream interface of the ganglion and creates four vortices, all rotating
anti-clockwise and forming a “loop-pulley” flow pattern. The rotation direction
is controlled by the location of the ganglion in the micro-model and the wetting
phase flow direction and velocity.

As in the case of blobs, flow velocity is highest along the liquid-liquid inter-
faces. However, there is an area of relatively high velocity near the solid-fluid
interface that is in the inner side of the ganglion. The wetting phase capillary
number was increased stepwise, with a constant increment of 0.34×10−4, up
to Ca= 2.7×10−4, at which the ganglion was broken up. The flow fields within
the ganglion at different capillary numbers are shown in Figures 5.9 and 5.10.
We see a significant deformation of the ganglion, with the upstream interface
flattening under the pressure of the wetting phase and being pushed towards
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Figure 5.10: Flow distributions in a ganglion during deformation, prior to break-
up

the solid-liquid interface. At the same time, the curvature of the most down-
stream interface increases. This is made evident in Figure 5.10c, where contour
lines of the ganglion at different capillary numbers are drawn. We see the thin-
ning of a filament of non-wetting phase formed next to the inner solid–liquid
interface. At the highest capillary number, the downstream interface becomes
unstable, flow within the thin filament of non-wetting phase virtually stops and
the ganglion ruptures there.

Breakup of a ganglion is a common occurrence that leads to a partial mo-
bilisation of ganglia. The breakup, as described by Lenormand et al. [1983], is
commonly characterised by the deformation of the ganglion and the formation
of a non-wetting phase filament. The increase of wetting phase flow local veloc-
ity and pressure causes the filament to get thinner and eventually to rupture.
Due to the rapture, two daughter ganglia are formed. This happened in the
case of the ganglion shown in Figures 5.9 and 5.10.

After breakup, the upper part of the ganglion remained stranded while the
lower part was mobilised and moved as a blob. Its locations at different times
at the time of breakup and after that are shown in Figure 5.11. The mobilised
lower part moved only for a short distance and time and it got stranded in
the downstream pore. Clearly, the capillary number and associated pressure
gradient in the wetting phase was not large enough to keep it mobilised. The
movement of the blob during the mobilization phase was a combination of very
brief pause (Figure 5.11d) and further mobilization. Immediately after breakup,
three vortices were formed (indicated by VA, VB, and VC in Figure 5.11b). The
vortices disappeared as the blob moved further (Figure 5.11c), reappeared again
as the blob was briefly stranded (Figure 5.11d), disappeared as the blob moved
on (Figure 5.11e), and finally two vortices were established after stranding
(Figure 5.11f). When the globule moves, the flow velocities almost everywhere
within the globule are approximately equal and in the direction of its movement.
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Figure 5.11: Instantaneous velocity vectors during snap-off and mobilisation of
the ganglion.
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5.4 Conclusions

We performed two-phase flow experiments with focus on observing the evolu-
tion of flow within trapped non-wetting phase globules prior, during, and after
their mobilisation. Flow visualisation and quantitative velocity measurements
were obtained using Particle Tracking Velocimetry (PTV).

The experimental results show the interplay of capillarity and momentum
transfer between the two fluid phases for different trapped globules. At all
time, when the non-wetting phase globules (droplets, blobs, and ganglia) are
trapped, vortices are formed within them. The circulation velocities are larger
at the fluid-fluid interfaces, along which the wetting phase flows, and decreases
towards the middle of the globule, which is a stagnation zone. In the case of
ganglia (i.e., large globules), more than one vortex are formed. The circulation
velocities increased proportionally with the increase of wetting phase average
velocity (or capillary number). For example, when the average wetting phase
average velocity increased from 16.670 µm/s to 40.000 µm/s, the maximum
velocity within a blob increased up to 350 µm/s. The vortices remain stable as
long as the globules are trapped and start to change at the onset of mobilization
and disappear during the movement of the globules. They reappear when the
globules get stranded, again.

The trapped globules can become mobilised due to the momentum transfer
from the wetting phase; this occurs in the form of viscous drag as well as a dif-
ference in the local wetting phase pressure between upstream and downstream
liquid-liquid interfaces of the globules. Droplets are trapped at a relatively low
capillary number and do not mobilise even at high capillary numbers. This
is because they can adopt their shape in order to minimise the drag force.
Also, the pressure difference in the wetting phase along the droplet is not large
enough to dislodge it. Blobs can get mobilised once the momentum transfer is
large enough to dislodge them. In concordance with the literature, Blob-1 was
mobilised at a Ca 20 times larger than the trapping Ca Chatzis et al. [1984].
However, Blob-2 was mobilised at Ca 8 times larger than the trapping Ca.
This concludes that the local flow conditions are the main controlling factors
for their mobilisation. A blob trapped near the side walls of the micro-model
was less prone to mobilisation than those trapped more towards the middle of
the micro-model.

The flow field within a ganglion is much more complex than the other two
globule types. There could be circulation velocities near liquid-solid interfaces
and in some regions the circulation flow may stop when capillary number in-
creases. At sufficiently high capillary number, as the drag force and the pressure
of wetting phase on various interfaces of a ganglion increase, the ganglion gets
ruptured at the area where there is no flow within the ganglion, and parts of it
is mobilised. This typically happens at a lower capillary number than the criti-
cal capillary number of blobs. Therefore, the mobilised part becomes stranded
again.
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Our results show the evolution of the internal flow within non-wetting phase
trapped globules and the mobilisation of discontinuous phases. For obtaining
more information about the momentum exchange between phases, it would
be desirable to dope the wetting phase with fluorescent particles and perform
direct visualisation of both flow fields.



CHAPTER 6

Experimental investigation of ganglia transport in
porous media

Abstract

In this chapter, we present an experimental study on the flow behaviour of non-
wetting phase ganglia. We conducted two-phase flow experiments with concur-
rent injection of both phases, at various flow rate ratios. As a porous medium
we used a Poly-Di-Methyl-Siloxane (PDMS) micro-model with integrated fibre
optic pressure sensors. The behaviour of the flowing ganglia was analysed both
prior and after steady-state flow was established. Prior to steady-state flow, the
behaviour of ganglia can be described as chaotic, while after steady-state flow
was reached their behaviour became more systematic. Pore-scale pressure mea-
surement and image analysis showed continuous fluctuations both in pressure
and saturation, despite steady-state flow has been reached. These fluctuations,
where characteristic for the flow mechanisms, the applied capillary number,
and the pore network geometry. Finally, the surface plot of the Pc, Sw, and
awn obtained from this experiments was good, despite the limited range of
saturation The fitting parameters show a strong dependency of Pc with awn.

6.1 Introduction

Most of the concepts and theories developed to describe two-phase flow, like
Darcy’s law, relative permeability and its relation to saturation changes, assume
that the phases under consideration are always connected. However, during
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drainage and imbibition, the receding phase can easily get disconnected, which
is nearly always the case in natural systems. The most common example of such
a condition, which is also of huge financial interest, is the disconnection of oil in
a reservoir after water flooding. After the whole process is complete, oil exists
in the pore space only in the form of ganglia with a variety of sizes and shapes,
occupying a significant percentage of the available pore space (25% - 50%).
This picture can easily be generalised to nearly all applications of immiscible
two-phase flow. Even though this effect of the creation and flow of ganglia is
very common, up to now there has not been a consistent theory able to link the
physical properties of fluids and porous medium, and the boundary and local
conditions that the fluids experience during flow on one hand to the creation,
behaviour, and fate of ganglia, on the other hand.

Immiscible two-phase flow in porous media is characterised by the discon-
nection and the flow of disconnected non-wetting phase. The flow of the non-
wetting phase ganglia, as they are named, cannot be described with traditional
theories based on Darcy’s law. This is due to the violation of the main assump-
tion of this theory, namely the continuity of phases.

The experimental observations of the flow of the non-wetting phase ganglia
by [Avraam and Payatakes, 1995, 1999] showed the occurrence of various flow
regimes. These regimes were dependent on the flow conditions, characterised
by the wetting phase capillary number (Ca) and saturation of the wetting
phase (Sw). At low Ca (10−7 to 10−6), the flow of the non-wetting phase was
characterized by the formation and flow of large ganglia, occupying more than
10 pores, and a wetting phase saturation (Sw) larger than 50%. Smaller non-
wetting phase ganglia were observed to form at higher capillary numbers and/or
smaller Sw. The small ganglia are the product of the coalescence, collision, and
break-up of bigger ganglia. A further increase of Ca (Ca > 10−6), together with
a Sw below 55%, leads to the formation and flow of droplets of non-wetting
phase. Finally, higher Ca lead to the formation of a connected pathway flow
regime, characterised by the continuity of both phases.

One of the main controlling factors for the disconnection and flow of non-
wetting phase ganglia are the geometrical characteristics of the porous medium
[Payatakes and Dias, 1984, Larson et al., 1977, Lowry and Miller, 1995, Emami
Meybodi et al., 2011, Morrow, 1979, Romano et al., 2011, Ng and Payatakes,
1980, Payatakes, 1982, Armstrong et al., 2015, Rose, 1956]. Pore size distribu-
tion [Rose, 1956, Morrow, 1979, Payatakes, 1982] , pore size variability [Larson
et al., 1977, Lowry and Miller, 1995, Armstrong et al., 2015], pore-throat aspect
ratio [Lowry and Miller, 1995, Payatakes, 1982], and pore connectivity [Larson
et al., 1977, Payatakes and Dias, 1984, Lowry and Miller, 1995] are the con-
trolling factors for the formation and the size of the formed non-wetting phase
globules. Non-wetting phase globules tend to be trapped in smaller pores, in
order to obtain the smallest possible energy [Rose, 1956]. High pore size vari-
ability causes the generation of large ganglia and the flow conditions required
for their remobilisation. The formation of ganglia is also linked to a high pore-
to-throat aspect ratio, which leads to the increase of the non-wetting phase’s
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disconnection and the increase of the residual non-wetting phase saturation.
On the other hand, high pore connectivity results in higher chances of ganglia
mobilization.

In this work, we performed two-phase flow experiments with simultaneous
injection of both phases at various flow rate ratios and Ca. These experimen-
tal conditions caused the formation and flow of non-wetting phase ganglia. The
behaviour of the ganglia was analysed before and after a steady-state was estab-
lished. The analysis is focused on the flow of ganglia during steady-state flow in
comparison with pore scale pressure measurement. The results showed a peri-
odicity in the flow pattern during steady-state flow conditions. This periodicity
was also observed in the pore scale pressure measurements. In addition to that,
the detailed pore-scale pressure data are characteristic of the flow pattern, and
more specifically the number of flowing ganglia.

6.2 Materials and Methods

6.2.1 Micro-model
The micro-model used in this work in fabricated with the use of optical lithog-
raphy [Zarikos et al., 2018]. As described in Chapter 4, the micro-model is made
of Poly-Di-Methyl-Siloxane (PDMS) and has three parts: pore network, inlet
and outlet reservoirs, and host locations for the optical fibre pressure sensors.
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Figure 6.1: Micro-model image. The black colour corresponds to pore network
of the micro-model. The pressure sensors locations are shown by five small bars.
During the two-phase flow experiments, non-wetting phase is injected from the
lower inlet and the wetting phase is injected by the upper one, simultaneously.

The pore network was generated by a random distribution of circular columns
in a 5 x 35 mm2 domain, as shown in Figure 6.1 , with a porosity of 48%. The
height of columns, which gives us the target depth of the micro-model, was
320 µm. This depth was needed in order to accommodate fibre optic pressure
sensors, which have a diameter of 320 µm. In order to ensure that the pillars
will not collapse during fabrication, an aspect ratio of 1:5 (diameter:height)
was taken in account. The pore and pore throat size distributions, used for the
design of the micro-model, are shown in Figures 6.2 and 6.3 , respectively. The
mean pore size was 192µm and the mean pore throat size was 134 µm. Five
pressure locations were designed for the installation of the FOP-MIV pressure
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sensors, used for the pore-scale pressure measurements. More details regarding
the pressure sensors and the way they were incorporated in the flow network can
be found in Chapter 4. Finally, the intrinsic permeability of the micro-model
was experimentally measured to be equal to 1.19×10−9m2.
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Figure 6.2: Pore size distribution of the pore network.
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Figure 6.3: Pore throat size distribution of the pore network.
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6.2.2 Experimental set-up
Details of the experimental set-up, the visualisation experiments, the fluids
used in this experiment, the manufacturing of the micro-model with the inte-
grated pressure sensors, the flow control, and the pressure measurement can be
found in Chapter 3 and Chapter 4.The fluids used in this experiments were a
low surface tension electronic liquid (Fluorinert FC-43,) as the wetting phase,
and dyed water, as the non-wetting phase. The properties of these fluids are
presented in Table 6.1.

Viscosity (Pa ×s) Density (kgr/m3) IF tension (mN/m)
Water 0.9 ×10−3 1000 58Fluorinert 4.7 ×10−3 1860

Table 6.1: Fluid properties used in the two-phase flow experiments (at 21◦C).

6.2.3 Experimental procedure
The micro-model was initially saturated with the wetting phase. The exper-
iments were initiated by the simultaneous injection of wetting and the non-
wetting phases, at various flow rate ratios. In two sets of experiments, the
wetting phase flow rate was kept the same and the non-wetting phase flow rate
was reduced by a factor 10. This to wetting/non-wetting flow rate ratios of
1:1 and 10:1. In a third set of experiments, denoted by 10:1*, the non-wetting
phase flow rate was the same a as 1:1 experiment but the wetting phase flow
rate was increased by a factor 10. More details are shown in Table 6.2.

Ratio
Flowrate 1:1 10:1 10:1*

Non-wetting phase 0.01ml/min 0.001ml/min 0.01ml/min
Wetting phase 0.01ml/min 0.01ml/min 0.1ml/min

Table 6.2: Flow conditions.

After the initial saturation of the model with the wetting phase and under
no-flow conditions, the pressure sensors were corrected for the atmospheric pres-
sure, and zero pressure was set. The pressure was logged at a frequency of 5Hz
(every 200ms), in order to be able to link pore-scale phenomena with variations
in the pressure [Zarikos et al., 2018]. The micro-model was continuously mon-
itored with the use of an open air microscope, presented in Section 4.3.1.This
allowed us to obtain images of fluids distribution, which were recorded at a
rate of four frames per second (fps). Both image acquisition and pressure mea-
surement were synchronised. The acquired images were used for estimating the
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non-wetting phase saturation, interfacial area, and capillary pressure. More
details about the image analysis can be found in Section 6.2.4 below.

6.2.4 Image analysis

The analysis of the acquired images is based on the Interface Description Lan-
guage (IDL) [Exelis Visual Information Solutions. 2010]. The workflow for the
calculation of saturation, interfacial area, and capillary pressure are briefly pre-
sented below.

Each camera was imaging one fourth of the micro-model, which has been
shown to correspond to a representative elementary volume (REV) of the micro-
model. Each REV was analysed independently. In order to identify the pore
space for image processing, we had the micro-model saturated with the wetting
phase only. Then, each REV (camera region) was imaged and the wetting phase
was marked with a fixed grayscale value, representing the available pore space.

The two phases were separated by a threshold pixel value (α), assigned to
the non-wetting phase at the interface. Grayscale values larger than this thresh-
old were considered to belong to the wetting phase (white) and lower values to
the non-wetting phase. At the border between the phases, a circular arc was
fitted to the interface connecting the two three-phase points, where wetting,
non-wetting, and solid phase meet. Also, the contact angle θ was measured on
the images.

The interfacial area anw is calculated as:

anw = 4 · rw · rd · θ2 (6.1)

where rd and rw are the in-depth and planar radii of curvature of the interface,
respectively. They were calculated as follows:

rw =
w

2 · cosθ
(6.2)

rd =
d

2 · cosθ
(6.3)

where w is the chord length of the arc fitted to the interface and d is the depth
of the micro-model.

The wetting and non-wetting phase saturations were calculated from the
equations below:

Sw =
Nw
Ntot

(6.4)

Snw = 1− Sw (6.5)

where Nw is the total number of pixels whose greyscale value is larger than α,
and Ntot is the total number of pixels assigned to the pore space.
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The capillary pressure of each interface is calculated based on Young-Laplace
equation:

pc = σ(
1

w
+

1

d
) · w
rw

(6.6)

Finally, the average capillary pressure was calculated by weighting the local
capillary pressure with the corresponding interfacial area:

pc =

∑N
i=1 p

i
c · ainw∑N

i=1 a
i
nw

(6.7)

6.3 Results and Discussion

The simultaneous injection of both phases, regardless of the ratio at which
they are injected, results in the formation and subsequent flow of non-wetting
phase ganglia. First, we focus on the different behaviours observed during the
evolution of the flow, prior and after steady-state has been established, and
their effect on pressure. The behaviour of the ganglia is the same for all cases,
therefore at this part we only focus on the 1:1 ratio experiment. Secondly, we
compare the flow pattern of each phase under different flow conditions with
respect to the local pressure measurements and saturation, under steady state
flow conditions. Finally, we investigate the relationship between Sw, Pc, and
awn for all experiments.

6.3.1 Prior to steady-state flow

Until steady-state had been reached, the movement of ganglia was characterised
by their continuous trapping, collision, and remobilisation. The trapping of the
non-wetting phase was controlled by the pore network topology and the induced
pressures by the local flow conditions. As flow evolved, a significant number of
ganglia remained trapped. This resulted in a change in local flow conditions
and strongly affected the behaviour of the ganglia entering this part of the
micro-model. At the early stages of the experiment, the movement of ganglia is
characterised by the collision between mobile and trapped ganglia, resulting in
the generation of larger and easier to remobilise globules, as it is shown in Figure
6.4. In this case, a mobile (red) ganglion merges with a trapped (blue) ganglion.
The fate of the newly formed ganglion, as stated above, depends on the local
flow conditions. It can either remain trapped until the local wetting phase
pressure increases and the local capillary becomes low enough for mobilisation
to occur, or it remains trapped and another ganglion merges with it. In this
case, the latter took place.
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Flow direction

��� ��� ���

Figure 6.4: Trapping, coalescence, remobilisation, and stranding of a single
ganglion. This image sequence corresponds to the part of the pore space where
sensor P1 is located, see (Figure 6.1). The blue coloured ganglion was trapped,
Figure 6.4a) when a moving ganglion, in red colour, flowed downstream. When
collision took place (Figure 6.4b) the newly formed ganglion moved down-
stream where it got stranded again (Figure 6.4c). The green coloured ganglion
was flowing downstream without interfering with the colliding ganglia, while
the black ganglia ganglia remained trapped at all times. This event took place
during the 1:1 ratio experiment.
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Figure 6.5: The evolution of flow before steady-state is reached. In Figure 6.5a,
the wetting phase flows in a contiguous domain (shown in blue) and the non-
wetting phase is disconnected (shown in black). There are also small pockets
of disconnected wetting phase (shown in red colour). As the flow continues, at
some point the wetting phase becomes disconnected (now shown in red colour in
Figures 6.5b to 6.5e). This leads to a pressure build up, and a ganglion becomes
remobilised (shown in green colour) and the wetting phase becomes connected
again (Figure 6.5f). This event took place during the 1:1 ratio experiment.

At this stage, the collision of ganglia is not the only mechanism causing
the flow of ganglia. As it can be observed in Figure 6.5, the distribution of
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ganglia in the pore space (fluid topology) can be a controlling factor for their
mobilisation, once the local flow conditions dictate it. More specifically, the non-
wetting phase distribution can cause local pressure build-up, due to the limited
throats available for the flow of the wetting phase, leading to the simultaneous
mobilization of more than one ganglion.

In the case presented in Figure 6.5, the ganglia were distributed in such
a way that the wetting phase became disconnected. This caused an increase
in pressure, as it measured upstream at the inlet (Pw_in) and also locally
(P1), presented in Figure 6.6 . This pressure build-up is maintained until t
= 305 sec, when a non-wetting phase ganglion advanced downstream, before
it becomes stranded again. At this moment another ganglion, shown in green
colour, flows downstream leading to generation of another zone of disconnected
wetting phase, marked with green dashed lines, (t = 309,75 sec). This cause
another pressure build-up from t = 310 sec until the reconnection of the wetting
phase at t = 319,5 sec. It is important to note that during the formation of the
second trapped wetting phase zone, at t = 309,75 sec, the interfaces of ganglia
downstream of this zone deformed and advanced slightly downstream. This can
explains the observation that the peak in pressure measured, during the second
pressure build-up, was lower than the previous one by 200 Pa.
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Figure 6.6: Pressure evolution at various positions during the disconnection
and reconnection of the wetting phase.
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6.3.2 Steady-state flow conditions

Once steady state was reached, the flow behaviour of the non-wetting phase
changed to a more stable flow pattern. In comparison with the behaviour
described above, the non-wetting phase ganglia were flowing along a well-
established “pathway”. This “pathway” is presented in green colour in Figure
6.7a. During their flow, the ganglia were exchanging mass with the already
trapped ganglia. This was achieved by merging with the trapped ganglia lo-
cated along the pathway, as it shown in Figure 6.7c. The moving ganglion was
significantly increased in volume, as it is visible by comparing Figures 6.7b and
6.7d. The movement of the ganglion is shown in Figures 6.7d to 6.7e.

Flow direction

Active pathway during steady state flow T=242,5sec T=244sec

T=246,5sec T=249,5sec T=251sec

(a) (b) (c)

(d) (e) (f)

Figure 6.7: Flow path of non-wetting phase ganglia during steady-state two-
phase flow, though the second quarter of the pore network, with respect to the
inlets. This event took place during the 1:1 ratio experiment.

This systematic flow pattern is directly related to a periodic change in
pressure and saturation, throughout steady-state flow. Figure 6.8 presents the
periodicity of the pressure variation during steady state. In this case the pe-
riodicity is 40secs. The amplitude of the fluctuations is not constant. This is
due to mass exchange between the trapped and mobile non-wetting phase. As a
result, the permeability of the “pathway” changes and consequently the wetting
phase pressure. A closer look at the period, when the ganglion in Figure 6.7 was
flowing, is presented in Figure 6.9. It is evident that the pressure is not stable
during this period due the pore filling events, causing these fluctuations. The
periodicity is related to the ratio at which the two fluids are injected and the
size of the flowing ganglion is related to the flow rate at which the non-wetting
phase is injected.
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Figure 6.8: Wetting phase pressure during steady-state flow.
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Figure 6.9: Details of wetting phase pressure variation under steady-steady flow
condition during the flow of one ganglion though the pore network.
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6.3.3 1:1 ratio Experiment

The 1:1 ratio experiment was conducted by the simultaneous injection of both
phases, at a flow rate of Q=0.01 ml/min (Ca=1.61×10−4). The micro-model
was initially saturated with the wetting phase. After the initiation of the exper-
iment, the non-wetting phase invaded the majority of the large pores close to
the inlet, causing the flow of the wetting phase to be limited to a single throat
at the lower part of the model. Once the non-wetting phase came close to by-
pass this throat and consequently disconnect the wetting phase, the generation
of ganglia started.

Figure 6.10: Flow pattern during steady-state two-phase flow. Flow direction
is from right to left.

The flow reached a steady state after breakthrough of the non-wetting phase
took place and a stable “pathway” was established (Figure 6.10 ). It was ob-
served that both phases were flowing along the “pathway” in an alternating
sequence of non-wetting phase ganglia and wetting phase. In this case, the
non-wetting phase was flowing in packs of six ganglia, with a duration of 15
secs, followed by 5 secs of no ganglia flow. During this period the volume of
the non-wetting phase connected to the inlet was increasing, as it was observed
by the advance of the interfaces. The next “wave” of ganglia initiated after the
advancing interfaces came close to by-pass again the wetting phase, at the same
location.
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Figure 6.11: Pressure measurements during steady-state two-phase flow at 1:1
ratio.

This periodic “wave” type of ganglia flow, can also be observed in the pres-
sure and saturation measurements acquired during the experiment. Figures 6.11
and 6.12 show the measured pressures and saturation during steady-state flow.
The pressure fluctuations are linked with the changes in non-wetting phase
saturation. A closer look at the pressure data, and a direct comparison with
the acquired images indicates that the time required for the wave of six ganglia
to flow through the model caused a pressure increase with the same duration
(Figure 6.11). For example, between t=375 sec and t=390 sec, six distinct gan-
glia were formed, flowed, and left the pore space. The flow rate calculated with
image processing was found to be equal to 0.01 ml/min, as the imposed flow
rate of the non-wetting phase.

Although the volume of the formed ganglia corresponds to the imposed flow
rate, their volume was not constant. The ganglia were exchanging mass with
the trapped elements of the non-wetting phase. This can be observed in Figure
6.12, where the measured non-wetting phase saturation varied between 52% and
54%. Comparing the size of the flowing ganglia and the change in saturation,
it was observed that, during this period the non-wetting phase saturation was
increasing, the size and the velocity of the flowing ganglia was smaller.
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Figure 6.12: Saturation variations during steady-state two-phase flow at 1:1
ratio.

6.3.4 10:1 ratio Experiment

The 10:1 ratio experiment was conducted by keeping the wetting phase flow
rate as in the 1:1 experiment (i.e., Q=0.01 ml/min), and decreasing the non-
wetting phase flow rate by a factor 10 (i.e., Q=0.001 ml/min). As in the previous
experiment, the non-wetting phase invaded the large pores close to the inlet,
in an attempt to by-pass and disconnect the wetting phase.

The steady-state condition was reached significantly faster than in the case
of the 1:1 ratio experiment, namely by 100 secs. The flow, as before, was con-
trolled by a “pathway” though which both phases were flowing (Figure 6.13).
In comparison to the previous experiment, due to the lower non-wetting phase
flow rate, the frequency of the flowing ganglia decreased. More specifically,
each “wave” contained one ganglion which required 25 secs to flow though the
“pathway”. By the time this ganglion would exist the pore network, another
ganglion was formed. The periodicity of the ganglia flow in this experiment
matched the periodicity of the wetting phase pressure and non-wetting phase
saturation variations shown in Figures 6.14 and 6.15.

The volume of formed ganglion during one period was 0.4mm3, the same as
in the case of the 1:1 ratio experiment. This volume equals to the applied flow
rate of the non-wetting phase. The similarity of ganglia size in these experiments
is related to the volume of pores where ganglia were formed. In fact, in these
experiments, the ganglia were formed in the same pores and locations.
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Figure 6.13: Flow pattern during steady-state two-phase flow. Flow direction
is from right to left.

200 250 300 350 400 450
0.0

0.5

1.0

1.5

2.0

Pr
es

su
re

 (k
Pa

)

Time (sec)

 Pw_in
 P1
 P2

Pressure along the pore network
10to1 ratio experiment

Figure 6.14: Pressure measurements during steady-state two-phase flow at 10:1
ratio.

An important comparison between Figures 6.10 and 6.14 must be made.
The increase of the wetting phase pressure between the two experiments had
a different trend. In the of case of the 1:1 experiment, we observe a stepwise
increase in pressure, with 6 distinct steps equally spaced in time. On the other
hand, in the case of the 10:1 experiment, the pressure increase is sharper and
in one step. This can also been observed in the change of saturation during
steady-state flow (Figure 6.15). The change is sharped than in the case of the
1:1 ratio experiment, due to the generation of a single ganglion. The mass
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exchange between the ganglia and the immobile element of the non-wetting
phase is limited, in comparison with the 1:1 ratio experiment.
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Figure 6.15: Saturation variations during steady-state two-phase flow at 10:1
ratio.

The presence of one flowing ganglion at any moment in the pore network in
10:1 experiment allows for the comparison between the wetting phase pressure
and the pressure drop inside the ganglion, shown in Figure 6.16. The pressure
drop inside the ganglion was calculated based on the curvatures of upstream
and downstream interfaces and Eq 6.6. Once the ganglion is formed, at t=250
sec and undergoes mobilisation, a positive pressure drop was measured. As it
can be observed in Figure 6.16, the increase in wetting phase pressure can be
clearly linked to the increase of pressure drop inside the ganglion. Once the
ganglion invaded the pores downstream of the location of P1 sensor at t=258
secs, the pressure at P1 increased and the fluctuations recorded matched those
of the pressure inside the ganglion. We should note that the zero values of
the ganglion pressure drop are due to missing data and not due to actual zero
pressure drop.
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Figure 6.16: Comparison between the measured wetting phase pressure at the
inlet and inside the pore network with the pressure drop inside the flowing
ganglion

6.3.5 10:1* ratio Experiment

The 10:1* ratio experiment was conducted under a wetting phase flow rate of
0.1 ml/min (Ca = 1.61×10−4) and non-wetting phase flow rate of 0.01 ml/min.
Under these conditions, we observed flow of non-wetting phase both in the form
of ganglia and within a continuous pathway (Figure 6.17 ). Ganglia were formed
mainly in the last 1

4 of the pore network. This comes in concordance with the
observation by [Avraam and Payatakes, 1995], stated that non-wetting phase
connected pathway occur at Ca >10−5.

Similar to the previous experiment, we observed a systematic generation
and flow of ganglia. In this case, each wave consisted of two ganglia of 0.5mm3

in volume each, lasting 9 secs. As in the previous experiments, this fluctuation
is linked to the flow of ganglia. In average the time required for the formation
of a single ganglion and its flow through the 1

4 of the pore network was 4,5
secs, with a few milliseconds between the next ganglion is formed. This can be
observed in the pressure measured, as two separate picks during one maximum.
In addition to that, the location at which the ganglia are forming and flowing
is downstream of P2. In concordance with the above observations, the pressure
changes in the wetting phase were measured by all sensors upstream location
of the flowing ganglia (Figure 6.18).
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Figure 6.17: Flow pattern during steady-state two-phase flow. Flow direction
is from right to left.
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Figure 6.18: Pressure measurements during steady-state two-phase flow at 10:1*
ratio experiment.

In comparison with the experiments, presented above, the change of satu-
ration (Figure 6.19) indicates mass exchange between the flowing ganglia and
the immobile non-wetting phase. In addition to that, the presence of a con-
tinuous non-wetting phase pathway masks the effect of the flowing ganglia on
saturation.



Experimental investigation of ganglia transport in porous media 111

200 225 250 275 300
0.40

0.42

0.44

0.46

0.48

0.50

0.52

0.54

0.56

0.58

0.60

Sa
tu

ra
to

n 
(S

nw
)

Time (sec)

Saturation during steady-state flow
10to1* ratio experiment

Figure 6.19: Saturation variations during steady-state two-phase flow at 10:1*
ratio.

6.3.6 Pc, Sw and awn surface

The data for Pc, Sw, and awn acquired from the image analysis, during steady
state flow, were plotted as shown in Figure 6.20. The data were fitted by surface
defined by Eq. 6.8 below. The fitting of the surface is good, with R2 = 0.946.
The fitting is affected by the limited range of saturation (Sw), which varies
between 0.6 and 0.45 only. Compared with micro-model experiments performed
by [Karadimitriou et al., 2014], where the saturation had a similar range (0.5-
0.7), the fitting of the surface is better. This is related to the difference in
flow behaviour of the non-wetting phase. In the experiments by Karadimitriou
[Karadimitriou et al., 2014], the non-wetting phase was fully trapped, while in
the experiments presented above the non-wetting phase is partially mobile in
the form of ganglia. The flow of ganglia caused the fluctuation of Pc, which is
also evident in the values of Sw and awn. Finally, the fitting parameters show
a strong dependency of Pc with awn. The fitting of the data was based on the
function below (Eq. 6.8), as proposed by Joekar-Niasar [2012].

anw = a · S · (1− S)β · P γc (6.8)
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Figure 6.20: Surface formed by the fitted data points acquired from all the
experiments

The best-fit parameters are presented in Table 6.3, below:

Parameter Value Confidence levels
α 1.4 e+10 1.1e+10, 1.7e+10
β 4.64 4.58, 4.70
γ -2 -2.0, -1.9
R2 0.946

Table 6.3: Fitting parameters, confidence levels, and R2 for the fitted surface
in Figure 6.20

6.4 Conclusions

We performed two-phase flow experiments with the simultaneous injection of
both phases focusing on the generation and flow of non-wetting phase ganglia.

The experimental results show a different flow behaviour of the ganglia
prior and after steady state flow is established. Prior to steady state flow, the
behaviour of the ganglia can be characterised as chaotic. Their behaviour is not
consistent and varies as the flow evolves. On the other hand, when steady state
flow is established, they show a stable flow behaviour through a well-developed
“pathway”.

The size and the population of ganglia are dependent on the applied Ca,
with respect to the wetting flow rate, and the flow rate ratio between the phases.
It was observed that under the same Ca, the size of the formed ganglia was
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identical. More importantly, they were formed at the same location in both
experiments, at the same Sw, and the same non-wetting phase distribution
at that location. The flow rate ratio, although it doesn’t affect the size of
the ganglia, it affected their number. Under the conditions investigated, the
population of ganglia formed and moving were six times larger during the 1:1
ratio experiment, in comparison with the 10:1 ratio experiment. The reason for
the larger number of ganglia is maintaining the mass balance of the injected
non-wetting phase. Finally, the size of the ganglia was controlled by the volume
of the pores within they were formed.

The experimental conditions investigated during steady state flow showed a
periodic flow behaviour of the ganglia. Regardless if the ganglia were flowing in-
dependently or in packs of six, the periodicity was observed. More importantly,
the shape of the pressure curves, despite the periodicity of the phenomenon,
were characteristic for the number of ganglia formed and flowed. In the case of
a single ganglion the pressure increase is sharp with one distinct peak, while
in the cases of multiple formed ganglia the pressure increase has a stepwise
form equal to the number of ganglia. In addition to the number of formed gan-
glia, the pressure fluctuations can be linked to the fluctuations of the pressure
difference between the upstream and downstream interfaces of a ganglion.





CHAPTER 7

Summary & Conclusions

7.1 Summary

Multiphase flow in porous media is encountered in a number of natural and in-
dustrial applications. The formation and flow of discontinuous phases, formed
during the evolution of flow, has added to the complexity of the process. The
current models of two-phase flow are based on Darcy’s law, and on the as-
sumption of the continuity of phases. However, this assumption does not hold
by definition when the formation and flow of the discontinuous phases is stud-
ied. In an attempt to describe the flow of discontinuous phases, various theories
have been developed and employed, such as the Percolation Theory, the Effec-
tive medium theory, in combination with (modified versions of) Darcy’s law.
Each of these theories have their limitations in fully describing the flow of
discontinuous phase.

Simulating numerically two-phase flow in porous media, even when no gan-
glia are formed or flow, is challenging. In Chapter 3 we compared drainage
experiments with SPH-simulations. We found a good agreement between sim-
ulations and experiments for the flow path and the evolution of the capillary
pressure. However, a major difference in the dynamic evolution of the drainage
process was found. Nevertheless, SPH technique is an appropriate tool to cap-
ture pc−Sw−awn relationships for larger geometries in the future. The unique-
ness of those relationships could be studied during drainage and imbibition,
which was proposed by Hassanizadeh and Gray [1993].

Direct measurement of pressure at the pore scale can be a useful tool in bet-
ter understanding of two-phase flow in porous media. As presented in Chapter
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4 we have succeeded in incorporating a micro pressure transducer in a micro-
model, allowing us to measure pore pressure within the micro-model. Detailed
pressure data reveal small-scale events that occur during drainage and imbibi-
tion. Formation of fingers, overcoming a bottleneck formed by pores that have
to be invaded during imbibition or drainage, and breakthrough of a phase lead
to a clear rise or drop in measured pore pressures. Trapping and mobiliza-
tion of non-wetting phase, in the form of ganglia and/or blobs, is controlled
by these pore scale events. Finally, pressure information at this scale will also
contribute to the testing of pore-scale numerical models. Previous works [Kunz
et al., 2016] showed a time scale mismatch between experimental and numerical
works. Pore-scale pressure measurements can be used to calibrate and correct
these models, leading to more accurate numerical results.

The interaction between the continuous wetting phase and the trapped non-
wetting phase has not been investigated experimentally. The combination of
fluorescent microscopy and Particle Tracking Velocimetry (PTV) allowed the
visualisation of flow inside the ganglia. The results, presented in Chapter 5,
show the evolution of the internal flow within non-wetting phase trapped glob-
ules and during the mobilisation of discontinuous phases. The trapped globules
can become mobilised due to the momentum transfer from the wetting phase;
this occurs in the form of viscous drag as well as a difference in the local wet-
ting phase pressure between upstream and downstream liquid-liquid interfaces
of the globules. The experimental results show the interplay of capillarity and
momentum transfer between the two fluid phases for different trapped globules.
At all time, when the non-wetting phase globules (droplets, blobs, and ganglia)
are trapped, vortices are formed within them. Different types of non-wetting
phase globules showed a different behaviour due to their shape, as well as the
local flow conditions. For obtaining more information about the momentum
exchange between phases, it would be desirable to dope the wetting phase with
fluorescent particles and perform direct visualisation of both flow fields.

Local flow conditions are the controlling factor for the mobilisation and flow
of the trapped non-wetting phase. Their variations during different stages of
the flow evolution are evident in the behaviour of ganglia. The experimental
results show a different flow behaviour of the ganglia prior and after steady-
state flow is established. Prior to steady-state flow, the behaviour of the ganglia
can be characterised as chaotic. Their behaviour is not consistent and varies
as the flow evolves. On the other hand, when steady-state flow is established,
they show a stable flow behaviour through a well-developed “pathway”.

Two-phase flow experiments with simultaneous injection of both phases,
presented in Chapter 6, show a dependency of the ganglia size on the ap-
plied wetting phase Ca the ratio the flow rates of the phases, and the pore
geometry. Although the flow rate ratio, did not affect the size of ganglia, it
affected their number. The size of ganglia was controlled by the volume of the
pores within which they were formed. The experimental conditions investigated
during steady-state flow showed a systematic flow behaviour of the ganglia.
Regardless if the ganglia were flowing independently or in packs of six, this
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systematic flow behaviour was observed. More importantly, the shape of the
pressure curves (at all locations), despite the periodicity of the phenomenon,
were characteristic for the number of ganglia formed and flowed.

7.2 Experimental Innovations

Traditionally, pressure measurements during two-phase flow experiments are
conducted externally, mainly in reservoirs connected to the porous medium. In
these methods, only average pressure is measured and pore-scale pressure vari-
ations cannot be recorded. These local variations are due to pore-scale events,
which in the case of discontinuous phases can be linked with the formation, col-
lision, and flow of ganglia. The measurement of these local pressure variations
can be of great value for understanding such phenomenon. Moreover, pressure
information at the pore scale can be used for testing existing pore-scale numer-
ical models. For this reason, a micro-model with integrated optic fibre pressure
sensors was manufactured. These fibre optic sensors were placed at the inlet
and outlet, as well as along the perimeter of the pore network. The use of these
sensors (320 µm in diameter) allowed the measurement of local pressure vari-
ations along the micro-model. In addition to that, the high resolution of the
sensors (i.e. 40Pa) was ideal for minor pressure changes to be measured, which
wasn’t possible in the case of traditional pressure measurement set-ups.

In addition to the pore-scale pressures measured in this work, the use of
Particle Tracking Velocimetry (PTV) was used for the first time for visualising
the internal flow of trapped non-wetting phase. This allowed, for the first time,
the evaluation of the effect of viscous drag on the momentum exchange between
the two phases and on the mobilisation of the trapped phase.

7.3 Suggestions for future work

The importance of more detailed experimental work for the better understand-
ing of two-phase flow and the movements of remobilised non-wetting phase has
been made evident in this work. We obtained pore-scale pressure measurements
and visualised momentum exchange between the phases. The improvement of
these techniques, as well as their combination, could make a significant contri-
bution to the already existing knowledge.

One of the limitations of the pore-scale pressure measurement technique,
presented in Chapter 4, was the size of the optic fibre pressure sensor (320
µm). For the micro-model to accommodate this sensors, it was designed with a
depth equal to the diameter of the sensor. Micro-model produced with the use
of soft lithography are designed with with an aspect ratio (width:height), of the
features forming the pore space, up to 1:10. By deviating from this ratio, the
integrity of the micro-model both during its fabrication and the experiment
can be compromised. In the case of a large aspect ratio design, the features



118 7.3. Suggestions for future work

forming the pore space (i.e. pillars) can be damaged during removal of the
PDMS slabs from the silicon wafer. On the other hand, the bonding between
the two slabs can be weak, due to the limited surface in the area of the pore
network, leading to potential leakages. In our case an aspect ratio of 1:5 was
chosen. The complexity of the pore network, number of pores, throats, and
porosity, were controlled by the minimum feature that could be designed with
a diameter that did not violate this aspect ratio. The solution to this problem
can be the development of a micro-model, where a layer of piezoelectric sensors
can be atomically deposited on the bottom of the flow network. This technique
will allow an even more detailed pressure measurement inside the micro-model.
By combining this technique and image analysis, similar to the one used in
Chapter 6.2.4, the ganglia mobilisation will be better understood.

In Chapter 5, we presented the use of Particle Tracking Velocimetry (PTV)
for visualisation of flow inside the trapped phase. This was achieved by the
dispersion of fluorescent particles in the non-wetting phase (water). Although
the induced flow is visualised and quantified there is no direct comparison with
wetting phase flow around the trapped phase. Therefore, we would propose
these experiments to be performed by dispersing fluorescent particle in both
phases. For the pair of fluids used in these experiments, there are only fluo-
rescent particles commercially available for the non-wetting phase. The surface
properties of the particles can been altered, to match the properties of the fluid
in which they will be dispersed. However, the chemical properties of Fluorinert
are difficult to be matched with the surface properties of particles.

Finally, we believe that the combination of the above techniques will provide
us all the missing information related to immiscible two-phase flow in porous
media and more specifically the flow of discontinuous phase.
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Samenvatting

Meerfase-stroming in poreuze media komt voor in zowel natuurlijke als indus-
triële toepassingen. Het ontstaan en de stroming van twee discontinue fasen,
die zich kunnen vormen gedurende de evolutie van vloeistofstroming, voegt
een extra laag complexiteit toe aan dit proces. Zo komen discontinue bubbels
bijvoorbeeld voor bij ‘air sparging’ van verontreinigd grondwater, waar de geïn-
jecteerde lucht opwaarts stroomt in de vorm van discontinue gasbubbels. Ook
gedurende het potentieel smelten van gashydraten vormen de gasbubbels een
discontinue fase. Een ander voorbeeld is de gelijktijdige verplaatsing van wa-
ter en gassen in de verscheidene lagen van een brandstofcel. Nog een voor-
beeld treedt op bij tertiaire oliewinning (ofwel ‘Enhanced Oil Recovery’). Na
de initiële invasie van het reservoir met water blijft een groot deel van de olie
gevangen in de poriën van het gesteente in de vorm van discontinue ganglions
(discontinu olielichamen) (50%-70%). Het mobiliseren van deze ganglions is van
cruciaal belang voor het bereiken van een zo hoog mogelijke winbaarheidsfactor
en heeft daarmee ook grote financiële implicaties. Tenslotte is ook de bodem-
sanering van organische vloeistoffen (NAPLs) afhankelijk van de mobilisatie
van in de grond vast zittende NAPL ganglions.

De huidige modellen van tweefasen-stroming zijn gebaseerd op de wet van
Darcy en de aanname van continuïteit van de fasen. Deze aanname is echter
per definitie niet houdbaar wanneer men de vorming en stroming van discon-
tinue fasen wil bestuderen. In een poging om de stroming van discontinue fasen
te beschrijven zijn meerdere theorieën ontwikkeld en toegepast, in combinatie
met (aangepaste versies van) de wet van Darcy. Voorbeelden hiervan zijn de
“percolation theory” en de “effective medium theory”. Deze theorieën zijn echter
niet in staat de stroming van discontinue fasen volledig te beschrijven.

Ondanks de rijkdom aan experimenteel werk en het tal van analytische
technieken die gebruikt zijn om de stroming van discontinue fasen te begrijpen
ontbreekt er nog steeds noodzakelijke kennis. Het gaat hierbij met name om de
druk op de porieschaal gedurende vloeistofstroming. Het intern meten van druk
en drukvariaties op de porieschaal is onmogelijk vanwege de fysieke limitatie
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van poreuze media. Om deze reden wordt de druk bij proefopstellingen van
oudsher gemeten en/of gecontroleerd buiten het poreuze medium. Bovendien
is er geen informatie beschikbaar over de uitwisseling van momentum tussen
de continue en discontinue fasen, en ook niet over de stroming binnen een
individuele stagnante fase. Gezien het lot van de stagnante fase wordt bepaald
door de omringende stroming van de continue fase is de interactie tussen beide
van cruciaal belang.

Het doel van deze studie is het combineren van nieuwe en traditionele meth-
oden voor het uitvoeren van meerfase-stromingsexperimenten, om daarmee
voor het eerst in de wetenschappelijke literatuur porieschaal informatie te verw-
erven en hiermee ons inzicht in de stroming van discontinue fasen te vergroten.
De verkregen data kan worden gebruikt voor het ontwikkelen en testen van een
macroschaal beschrijving van discontinue tweefase-stroming met bubbels en/of
druppels.


